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Summary

Triple-negative breast cancers (TNBCs) are aggressive tumors which lack estrogen
receptor (ER), progesterone receptor (PR) and HER2 overexpression and account for
15%-20% of breast cancers. To understand the heterogeneity of TNBCs, they have
been classified into different molecular subtypes. Studies reported that IncRNAs were
dysregulated in many types of cancers and also play an important role in biological
functions of TNBCs including cell cycle, migration, cell proliferation, cell invasion, double

strand DNA break repair and metastasis.

But still attempts for the identification and characterizing the function of IncRNAs in
TNBCs, especially in the subtypes of TNBCs are very limited. With the difficulties in
discovering INcRNAs and predicting their functions through experimental approaches,
the increase in genomics and transcriptomics data availability computational
approaches might serve as screening to identify IncRNA targets for functional
characterization'. Many studies have also reported that the tumor microenvironment
plays an important role in tumor progression. Immune dysregulation is also one of the
hallmarks of cancer?. TNBCs are more aggressive tumors and at present the standard
of care treatment option is cytotoxic chemotherapy?. Currently, immunotherapy is under
study in treating TNBC with immune checkpoint inhibitors and many other targets. From
the very recent study, it is seen that several immunology related IncRNAs involved in
different cancer types were identified with computational pipeline ImmLnc*. Very few

immune IncRNAs have been studied in TNBCs so far®®.
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The present doctoral work explores the role of long non-coding RNAs in Triple negative
breast cancers (TNBCs). In the first part of the project we applied in-silico tools to
identify novel IncRNAs in the TNBCs and to infer their functions using co-expression
network analysis. The second part of the project focussed on the identification of
immune INncRNAs in TNBCs. Altogether, the present thesis reports valuable information
about IncRNA function in the subtypes of TNBCs and how they may contribute to the

shaping of the immune environment in TNBCs.
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1 Introduction

1.1 Breast Cancer and its classification

Breast cancer is one of the major cancer types that is the most common in women and
fifth leading cause of cancer death worldwide. According to Global cancer observatory
statistics (GLOBOCAN), breast carcinoma is diagnosed in women with approx. 2.3

million new cases and an estimated 685,000 deaths in 2020 worldwide’.

In the majority of the countries, breast carcinoma cases were almost one in four cases
and one in six cancer deaths and ranked first in incidence and mortality rates, followed
by colorectal, lung, and cervical cancers (Figure 1.1). The incidence and mortality rates
were different between the countries. Higher incidence rates and lower mortality rates
were seen in Australia, New Zealand, North America and the European countries’
(Figure 1.1). Higher incidence rates could be due to awareness about screening tools

and the early detection may lead to lower mortality rates.

Breast cancer is a heterogeneous disease which has been classified into different
subtypes to better understand their biological and clinical behaviour. Based only on
immunohistochemistry (IHC) of cellular markers, breast cancer has been classified into
three subtypes (a) hormone-receptor-positive defined as ER-positive and/or
PR-positive, HER2 negative (b) HER2 positive (c) triple negative breast cancer (TNBC),

defined by the ER negative, PR negative and HER2 negative (Figure 1.2).
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A) Incidence Mortality

Breast
684 996 (15.5%)

Breast
2 261 419 (24.5%)

Other cancers

Other cancers 1637 669 (37%)

3 489 618 (37.8%)

Lung
607 465 (13.7%)
Colorectum
865 630 (9.4%)
Stomach Colorectum
369 580 (4%) 419 536 (9.5%)
Corpus uteri Lung Pancreas Cervix uteri
417 367 (4.5%) 770 828 (8.4%) 219 163 (4.9%) 341 831 (7.7%)
Thyroid Cervix uteri Liver Stomach
448 915 (4.9%) 604 127 (6.5%) 252658 (5.7%) 266 005 (6%)
Total : 9 227 484 Total : 4 429 323
Breast Cancer new cases and deaths in 2020
B) Incidence Mortality

Australia and New Zealand
Western Europe A 15.6
Northern America . 12.5

Northern Europe . 13.7
Southern Europe X 133
Polynesia 223
Central and Eastern Europe A 153
South America y 14.0
Caribbean X 18.9
Melanesia 275
Southern Africa . 15.7
Northern Africa 18.8
World 136
Western Asia X 16.0
Eastern Asia
Micronesia I 16.2
Western Africa 223
South-Eastern Asia i 150
Central America
Eastern Africa X 179
Middle Africa 5 18.0
South-Central Asia . 131
150 100 50 0 50 100 150

ASR (World) per 100 000

Breast Cancer Incidence and Mortality rates
around the world in 2020

Figure 1.1: (A) Pie charts present the distribution of incidence and deaths for the
different cancer types in 2020 for incidence and mortality. (B) Bar chart of
region-specific incidence and mortality age- standardized rates for breast cancer in
2020. Rates are shown in descending order of the world age-standardized rate. Source:

GLOBOCAN 2020’

Taking advantage of available transcriptomic studies, breast cancers have also been

categorized into different molecular subtypes like luminal A, luminal B, basal-like and
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HER2-like® (Figure 1.2). Luminal A breast cancers are characterized by the ER-positive
and/or PR-positive, HER2 negative and have low levels of Ki-67 protein. They account
for 50-60% of all breast cancers, low histological grade tumors and have good
prognosis. Luminal B breast cancers represent 15-20% of breast cancers and are
ER-positive and/or PR-positive positive, HER2 positive/negative which have higher
levels of Ki-67 and worse prognosis than Luminal A tumors. Basal-like tumors are
frequently negative for ER, PR and HER2 and have an overlap with triple negative
phenotype cancers. HER2-like tumors represent 15-20% of breast cancer subtypes
which have a poor prognosis and are frequently negative for ER, PR and positive for

HER2°.

Breast Cancer Classification

a N
Based on cellular markers Based on gene expression
(immunohistochemistry) signatures (microarrays)

v \/

. a
Hormone sensitive ‘ Luminal A HERZE oLumB eBasakike eLumA oNomakike

Molecular

subtypes Triple negative HER2+  Luminal Bl Luminal A
ER-, PR-, HERZ

ER+ or PR+- or both, HER2- ER+ or PR+- or both, HER2-
el ol 15-20% 10-15%  20% 40 "
- . HER2 ‘ Luminal B [0 (IR |
ER — '
ER-, PR-, HER2+ ER+ or PR+- or both, HER2-
High (grade Il _
TNBC || HER2
= _ ER-, PR-, HER2- ER-, PR-, HER2+
Basal

Endecrine

ER-, PR-, HER2-

« Proliferation @ HER2 eLuminal « Basal

Figure 1.2: Classification of breast cancer based on immunohistochemistry and gene

expression signatures™.
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1.2 Triple Negative Breast Cancer

Among the subtypes of breast cancer, triple negative breast cancer (TNBC) which is
defined by the estrogen receptor negative, progesterone receptor negative and HER2
negative accounts for 15-20% of breast cancers, an aggressive subtype with poorer
prognosis than other subtypes of breast cancer and patients have a high incidence of
BRCA1/BRCA2 gene mutations™. Pregnancy is an important risk factor for women in
developing triple negative breast cancer compared to other subtypes of breast cancer™.
From the previous studies it is seen that women with multiple pregnancies have a
higher chance of developing triple negative breast cancer'?’. Till date cytotoxic
chemotherapy is the main standard treatment and several targeted therapies such as
PARP inhibitors are being investigated for treating TNBC patients'. TNBCs have shown
to be immunogenic, and from the recent study pembrolizumab (PD1 receptor specific

monoclonal antibody) combined with chemotherapy can be suggested to treat TNBC'"*?.

1.3 Classification of TNBCs

Triple negative breast cancer is a heterogeneous breast cancer group and aggressive
phenotype, lacking molecular targets. To understand clinical and biological behavior of
triple negative breast cancers Lehmann et al. proposed a computational approach,
applied on published datasets to classify TNBCs into six subtypes, namely basal-like1
(BL1), basal-like2 (BL2), mesenchymal (M), immunomodulatory (IM), mesenchymal
stem-like (MSL) and luminal androgen receptor (LAR) based on differential gene
expression profiles and gene ontologies' (Figure 1.3). Each subtype of TNBC has

different characteristics and is enriched in different pathways. BL1 is a proliferative
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subtype enriched in cell cycle, DNA replication and cell proliferation pathways. BL2
subtype tumors are involved in glycolysis, growth factor signaling pathways. M subtype
is more related to cell differentiation pathways and extracellular matrix interaction. The
IM subtype is enriched in immune processes like T-cell receptor pathway, JAK-STAT
signaling pathway and Th1/Th2 pathways. MSL subtype shares several transcriptomic
similarities and are enriched in genes related to mesenchymal stem cells and cell
motility. LAR subtype displays a luminal-like gene expression enriched in metabolic

processes and hormone signaling pathways.

Apart from Lehmann et al. molecular subtyping, Burstein et al. proposed a non-negative
matrix factorization model to classify TNBCs into four subtypes such as Basal-like
immune activated (BLIA) defined by cytokines and STAT signal transduction gene
expression, Basal-like immunosuppressed (BLIS) defined by immunosuppressive
activation inhibitor VTCN1, Mesenchymal (M) which is expressed by the growth factor
receptors and Luminal Androgen receptor (LAR) defined by androgen receptor

activation (AR) and luminal like expression pattern'® (Figure 1.4).

Similarly, Lie et al. (FUSCC classification) applied k-means clustering on the gene
expression data including both mRNAs, IncRNAs and classified 165 TNBC tumors into
four subtypes like Basal-like immunosuppressive (BLIS), Immunomodulatory (IM),
Mesenchymal-like (MES) and Luminal Androgen receptor (LAR)" (Figure 1.4). FUSCC
subtype classification was significantly associated with Lehmann et al. subtype

classification'” and also consistent with Burstein et al. subtypes™.
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Sub- Characteristics Molecular
types Target

Immunomodulatory Basal like 1

Proliferation drivers such | PARP1, RAD51, PLK1,
as cell cycle, cell division | TTK, CHEK1, AURKA/B
and DNA replication

Basal like 2

Growth factor and EGFR, mTOR, MET,
metabolic signaling with EPHA2
myoepithelial markers

Epitelial-to-mesenchymal PI3K, mTOR, IGF1R,
transition and SRC, PDGFR, FGFR
Mesenchymal differentiation
DNA damage responses | PARP1, RADS1, PLK1,
and cell proliferation TTK, CHEK1, AURKA/B
Hormonale-mediated AR, Hsp90, PI3K,
signaling-androgen FGFR4
Unstable receptor
Epitelial-to-mesenchymal SRC, PI3K, MEK1/2,
transition, differentiation, | mTOR, PDGFR, NFkB,
e MSL | jngiogenesis, stemness, | FGFR, IGFR, TGFBRIII
esenc _yma Luminal androgen growth factor
stem-like receptor
Immunemediated JAK %, LYN, STATs,
signaling IRF1/7/8, BTK, NFkB

Figure 1.3: Triple Negative Breast Cancers classification according to Lehmann et al’®

Burstein four subtypes 2016
LAR MES BLIS BLIA

IM LAR MES BLIS

Lehmann six subtypes . 01 5 FUSCC classification
Figure 1.4: Molecular subtyping of Triple negative breast cancers by Lehmann

classification into six subtypes, Burstein classification into four subtypes and recent

FUSCC classification into four subtypes’®

18


https://paperpile.com/c/Z5JshD/bgHB
https://paperpile.com/c/Z5JshD/V9yU

1.4 Non coding RNAs

Approximately 20,000-25,000 protein coding genes were estimated in the human
genome which account for around 2% of the human genome and the remaining 98% of
the genome were regarded as “dark matter” before, due to their inability to code into
proteins®. Implementation of next generation sequencing technologies have
revolutionized genome research and found that 90% of the human genome is
transcribed into RNA transcripts?’. Among these RNA transcripts, the majority are
noncoding RNAs (ncRNAs) that do not encode into proteins and are identified with
several mechanisms like DNA or RNA based duplications of genomic sequences?.
Several types of ncRNAs have been widely studied in the past decade. These include
small housekeeping RNAs like transfer RNAs (tRNAs), ribosomal RNAs (rRNAs) and
microRNAs (miRNAs), circular RNAs, small interfering RNAs (siRNAs) and long
noncoding RNAs (IncRNAs)®. Each of these ncRNAs is transcribed with any of the
three RNA polymerases? (RNA polymerase |, RNA polymerase || and RNA polymerase
[11). Among these ncRNAs, tRNA and rRNA play an important role in mRNA translation.
miRNAs are small single stranded non-coding RNAs with a length of 22 nucleotides that
are transcribed into primary miRNAs from DNA sequences and processed into
precursor miRNAs and mature miRNAs?. They play an important role in regulating
mRNA expression?. Circular RNAs are a class of ncRNAs, where 3° and 5" ends are
linked together by back splicing of exons of a pre-mRNA?. siRNAs are a length of 20-30
nucleotides that regulate the gene expression and can be used to study the function of

genes either by in-vivo or in-vitro experiments to treat cancer and other diseases?.
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Long non-coding RNAs are also a class of ncRNAs which are longer than 200

nucleotides and have different properties compared to other ncRNA types?.

1.5 Emergence of IncRNAs

LncRNAs have different types of origins®® 1) Protein coding genes might undergo
mutations which interfere with ORFs that lead to structural damage and transform into a
IncRNA 2) Two different sequences together generate an expressed noncoding
sequence after chromosomal rearrangement 3) non-coding RNA duplication events
might cause adjacent repeats and increase the length of the transcripts 4) Transposable

element insertion creates a functional IncRNA sequence (Figure 1.5).

Mutation of a Protein Coding Gene

»——»-l-——>- -

Chromosomal Rearrangement

—— + > —
Duplications

short ncRNA long ncRNA
—iy > EEE —

Transposon Insertion

- . — - -

Figure 1.5: Emergence of functional IncRNAs?

20


https://paperpile.com/c/Z5JshD/3P7NG
https://paperpile.com/c/Z5JshD/lpigs
https://paperpile.com/c/Z5JshD/lpigs

1.6 Long non coding RNAs

Long non-coding RNAs are the ncRNA transcripts with length greater than 200 base
pairs, lack open reading frames and do not code into proteins®**3'32, They are typically
very low expressed, have fewer exons compared to protein coding genes and have
been involved in several cellular functions. IncRNAs are transcribed by RNA
polymerase Il and are mostly spliced at 5 capped and some are polyadenylated at 3
end®. Approximately, 30,000 IncRNA transcripts have been described in GENCODE
reference annotation®. INcRNAKB database, which is an integration of six IncRNA
annotation databases CHESS*, FANTOM5%*%’  LNCipedia®, NONCODE?,
MiTranscriptome®® and BIGTranscriptome*!, contains 224,286 IncRNA transcripts from
77,199 IncRNA genes in human*?. Many IncRNAs have been described as biomarkers
in different cancer types*’, diseases* and are involved in several cellular functions such

as cell proliferation*®, cell cycle arrest*®, cell invasion*” and cellular differentiation*.

1.7 Classification of IncRNAs

Based on the IncRNA location in the genome

IncRNAs have been classified into five categories based on their genomic locations and
their relation to protein coding genes (a) Sense overlapping INcRNAs (b) Antisense
IncRNAs (c) Bidirectional IncRNAs (d) Intronic IncRNAs (e) Long intergenic non coding

RNAs (Figure 1.6).
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Sense overlapping are INcRNA sequences that overlap with the exons of protein coding
genes on the same strand. The overlap might be with the complete sequence of the
protein coding gene or a part of the protein coding gene®. In total, there are 189 sense
overlapping IncRNAs present in long non-coding RNA gencodev27 (GRCh38.p10)
annotation*. Several sense overlapping IncRNAs have been reported to be associated
with different cancer types. For example: LINC00189 is a sense overlapping INCRNA
that has been studied in various cancer types like bladder squamous cell carcinoma®,
renal cell carcinoma®’, cervical cancer®®>. Another sense overlapping IncRNA HCP5
(HLA class | histocompatibility antigen protein P5), is involved in many autoimmune
diseases and acts as an oncogene in many cancers®*. HCP5 also contributes to
cisplatin resistance in human TNBCs by regulating PTEN expression®. It is highly

expressed in spleen and thymus®® and plays an important role in immune regulation®.

Antisense IncRNAs are INcRNA sequences that overlap with the exons of protein coding
genes on the antisense strand. There are around 5500 antisense IncRNAs in long
non-coding RNA gencodev27 (GRCh38.p10) annotation**. Most of the antisense
IncRNAs are represented as “Genename-AS”. For example: ITGB2-AS1, which is
located on an antisense strand of protein coding gene ITGBZ2 on chromosome 21, could
promote migration and invasion of breast cancer®. Using strand specific sequencing,

antisense IncRNAs are identified to be true transcripts*.

Bidirectional IncRNAs or divergent IncRNAs were identified based on the discovery of

bidirectional transcription, which are located on the opposite strand and within 1kb of
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the promoter of the protein coding genes®’. It is difficult to identify bidirectional IncRNAs,
because of unreliable annotation of promoters and transcriptional start sites in the
genome®. Most of the bidirectional promoters were associated with neuronal genes and
were also found close to protein coding genes which were related to cellular functions
like cell cycle®. There are only 19 bidirectional INcRNAs present in genocode. For
example: TYMSOS a bidirectional IncRNA involved in cell proliferation, cell migration
and cell invasion in gastric cancer regulating ZNF703 by interacting with miRNA
miR-4739%.

(A) sense

\
o
E '

Exon 2 Exon 3 Exon 4 Exon 5
(B) antisense

|
.
‘ '3

Exon 2 Exon 3 Exon 4 Exon 5
(c) bidirectional
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Exon 2 Exon 3 Exon 4 Exon §

g

(D) intronic

|

. . Exon 2 Exon 3 Exon 4
(E) intergenic

\
s
r 5

Exon 2 Exon 1 Exon 2
Gene A Gene B

Figure 1.6: Classification of IncRNAs based on their proximity to the neighboring

protein coding genes in the genome**¢!
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Intronic INcRNAs are IncRNAs which derive entirely from an intron of a second
transcript. Intronic IncRNAs may appear in two schemes such as sense intronic
IncRNAs which are transcribed in the introns of a protein coding gene and do not
overlap any exons and antisense intronic IncRNAs, transcribed in the opposite direction
of a gene®. There are approximately 900 sense intronic IncRNAs in the gencode
annotation®. Some (~13% in Gencode) of the sense intronic INcRNAs are represented

as “Genename-IT" .

Long intergenic non-coding RNAs (lincRNAs) are a class of long non-coding RNAs that
have no overlap with any of the annotated protein coding genes®. lincRNAs are
associated with chromatin signatures and affect expression of genes®. Gencode v27
annotation annotates around 7,500 lincRNAs. lincRNAs are evolutionarily conserved
and involved in several functional roles in human diseases and development®®. Many
studies reported lincRNAs such as MALAT1%, LINK-A® and PVT1% as potential

biomarkers in several cancer types.

Based on the IncRNA effects on DNA sequences

Long non-coding RNAs have been localized in many places within the cell such as
chromatin, nucleus, cytoplasm and exosomes®®, which may suggest that it may show an
effect on DNA sequences*. Based on their effects they have been classified into
cis-acting IncRNAs and trans-acting INcRNAs (Figure 1.7). IncRNAs that are in close

proximity to the protein coding gene (neighbouring genes) on which they regulate are
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cis-IncRNAs and IncRNAs have an effect on genes that are on other chromosomes

(distal genes)®°. cis-IncRNAs mainly function through chromatin modifications.

cis acting IncRNA

Induction or repression of proximal genes;
Interaction with transcription complexes
or chromatin structure

= v [ BN

Gene A INCRNA gene Gene B

trans acting IncRNA

} Transcription

cki&':: d S

IncRNA gene

i

e

Induction or repression of distant
genes, different chromosomes

Interaction with transcription complexes,

chromatin structure, mRNA
mARA

Interaction with mRNAs
from other genes

Figure 1.7: Based on the effects of IncRNAs on DNA sequences cis-acting and

trans-acting IncRNAs were identified”

IncRNAs such as H197", HOTTIP”?, XIST”® are the most well characterized cis-IncRNAs
which have a transcriptional regulation as functional mechanism*. For example:
HOTTIP maintains active chromatin across 5" end of all HOXA genes and regulates the
expression of the genes in close proximity’*. Another cis-IncRNA X/ST induces silencing

of genes on the X chromososme, due to its interaction with polycomb repressive
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complex2 (PRC2)". On the other hand, HOTAIR is a well studied trans-IncRNA located
within the HOXC (Homeobox C) gene cluster on chromosome 12 and is co-expressed
with HOXC genes’. HOTAIR interacts with the PRC2 complex and promotes the

repression of the HOXD’” gene cluster on chromosome 2.

Based on the IncRNA mechanism of action

Long non-coding RNAs might regulate the expression of genes with several
mechanisms such as interacting with mRNAs, miRNAs, DNAs and proteins at
transcriptional and post-transcriptional levels®?’8. Based on these mechanisms of action,
IncRNAs are classified into four categories such as decoys, guides, scaffolds and

molecular signals™ (Figure 1.8).

IncRNAs act as molecular decoys which interact and inhibit the functions of miRNAs,
transcription factors, and proteins. They are regarded as negative regulators which
compete with sequences and structures for interacting®® (Figure 1.8). IncRNA Gas5
(Growth arrest specific 5) located on chromosome 1 acts as a molecular decoy for
glucocorticoid response element (GRE)®'. It interacts with the DNA binding domain of
glucocorticoid receptor, which blocks it from binding with glucocorticoid response
element and supresess glucocorticoid-responsive genes. Gasb is considered as a
riborrepressor which influences several functions like cell survival and metabolism®'.
Another IncRNA PANDA (Promoter of CDKN1A Antisense DNA damage activated RNA)
located on chromosome 6, functions as a decoy interacts with the NF-YA which is a

transcription factor to control the pro-apoptotic target genes expression®.
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Figure 1.8: IncRNA categorization based on the mechanism of functions”™

Guides are the IncRNAs which bind with the RNA binding proteins (RBPs) and direct
them to specific targets® (Figure 1.8). These IncRNAs might interact with either
cis-acting (neighboring genes) or trans-acting genes (distant genes) by acting as
activators or suppressors®2. Some of the IncRNAs such as HOTTIP, CCND1, COLDAIR,
XIST act as guides in cis and IncRNAs such as HOTAIR, lincRNA-p21 and PRC2

complex RNAs acts as guides in trans®.

Scaffolds bring the bound proteins into a chromatin remodeling complex and other

complexes or in spatial proximity” (Figure 1.8). IncRNAs like TERC (telomerase RNA)
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acts as scaffold for its proteins, HOTAIR functions as scaffold interact with LSD7 and
also PRC2 complexes®®, ANRIL® as an antisense IncRNA and also X/ST? interacts with
both PRC1 and PRC2 chromatin remodeling complexes. INncRNAs also act as scaffolds

for targeting and further heterochromatin protein 1 (HP1) localization®2.

Molecular signals are the IncRNAs which might silence or activate the genes based on
the stimulus™ (Figure 1.8). They act as markers for several biological events and are
involved in DNA damage response, regulation of gene expression and developmental
stage. lincRNA ROR (Regulator of reprogramming) acts as signal and is targeted by
pluripotency factors OCT4 and SOX2%. Other IncRNAs COLDAIR and COOLAIR serve
as signals involved in stress responses’®, PANDA and lincRNA-p21 are both involved in
DNA damage by interacting with transcription factors, and both HOTAIR and HOTTIP
IncRNAs which are found in the distal end of the HOXA gene cluster appear as
molecular signals of anatomic specific expression and are involved in embryonic

development®.

1.8 LncRNAs in TNBCs

Several studies reported INcCRNAs expression is dysregulated in TNBCs and plays a
crucial role in the regulation of biological processes like apoptosis, cell proliferation,
promoting epithelial-mesenchymal transition (EMT), cell migration and invasion®’. RMST
(Rhabdomyosarcoma 2 Associated Transcript) INCRNA located on chromosome 12,

might induce the block of GO/G1 phase thus inhibiting cell proliferation in TNBCs. It has
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a tumor suppressor role which inhibits cell proliferation, cell migration and promotes
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Figure 1.9: Functions of IncRNAs in Triple Negative Breast Cancers®

apoptosis®’ (Figure 1.9).

G2

LUCAT1 might interact and regulate miRNA miR-5702 and contribute to cell cycle
progression and metastasis in TNBCs® (Figure 1.10). MIR100HG binds with p27 to
inhibit cell cycle in G1 phase® and another IncRNA LINC00339 promote tumor
progression by sponging to miR-377-3p and activating miR-377-3p/HOXC6 signalling

pathway in TNBCs® (Figure 1.10).
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Figure 1.10: Some of the IncRNAs involved in regulation of cell cycle®

LncRNA NEAT1 plays an oncogenic role and regulates the cell cycle progression in
TNBCs® (Figure 1.10). GAS5 is downregulated in TNBCs and inhibits cell proliferation
and cell invasion through interacting with miRNA miR-196a-5p° and also regulates cell

apoptosis®.

Overexpression of LINC0O0096 interacts with miR-383-5p and regulates expression of
RBM3 thereby enhancing the cell proliferation and invasion®. PAPAS IncRNA acts as a
ceRNA based on its interaction with miR-34a and promotes cell migration and
invasion®. Several IncRNAs were reported as molecular signals, based on their
interaction with transcription factors to regulate the target genes expression. Some
other IncRNAs interact with proteins, other RNAs and are regarded as scaffolds.

LncRNA LINC02095 interacts with transcription factor SOX9 and promotes cell
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proliferation in breast cancer®. It was reported that IncRNA DANCR acts as an
oncogene which enhances PI3K/AKT signaling by activating serine phosphorylation of
RXRA and leading to TNBC carcinogenesis®’. PDCD4-AS1 is an antisense INncRNA that
regulates the expression and promotes the stability of mRNA PDCD4, forms RNA

duplex and controls cancer progression in TNBCs®.

From the previous studies it was reported that INncRNAs might cause cell proliferation in
TNBCs by regulating other IncRNAs. For instance, IncRNA DRHC downregulates the
HOTAIR expression and inhibits cell proliferation in TNBCs®. PTCSC3 overexpression
inhibits TNBC cell proliferation by downregulating IncRNA H79'. LncRNA NRON
overexpression led to downregulated IncRNA snaR, and inhibited cell proliferation in
TNBC cells™'. LncRNA AWPPH overexpression led to FZD7 upregulation and promoted
the growth of triple negative breast cancer'®. LUCAT? modulates the expression of
miRNA miR-5702 and promotes carcinogenesis and metastasis in triple negative breast
cancer®®, LncRNA ANRIL promotes tumorigenesis via sponging miRNA miR-199a in
TNBC cells’®. Few other IncRNAs MALAT1"% LINC01096'%®, TROJAN'®,
LINC00152"7, SNHG12'%® were also shown playing an important role in TNBC
tumorigenesis and apoptosis. Antisense IncRNA AFAP1-AS1, regulates MTH1
expression by interacting with miRNA miR-145 and promotes cell proliferation and

invasion in TNBCs'®,

It has been reported that TNBC patients have a high risk of developing metastasis,

which is one of the major reasons for the deaths worldwide'®. Many IncRNAs have
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been identified for their role in metastasis and cell invasion. LncRNA LINC00096
regulates miR-383-5p/RBM3 pathway which in turn promotes invasion and cell

proliferation in TNBCs®**.

Overexpression of antisense IncRNA NAMPT-AS regulates the NAMPT gene
epigenetically and promotes metastasis and tumor development in TNBC"'. Another
INcRNA CCAT1 downregulates miRNA miR-218 expression which in turn promotes
TNBC invasion and migration2. In TNBC MIR503HG works as a tumor suppressive
INcRNA which interacts with miR-103/OLFM4 axis and inhibits cell invasion and
migration'®. Antisense INncRNA ZEB2-AS1 identified as an oncogene which positively
regulates ZEB2 gene expression and promotes metastasis and cell proliferation in
TNBC™4. ARNILA which is a androgen receptor negatively induced IncRNA functions as
ceRNA by interacting with miRNA miR-204 and promotes metastasis and cell invasion

in TNBC''® (Figure 1.11).
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Figure 1.11: IncRNAs regulating cell metastasis and invasion in Triple negative breast

cancer®’

Previous studies show that the IncRNAs target various genes and are involved in
regulating drug resistance®' like chemotherapy drugs, radiotherapy and immunotherapy
drugs in TNBCs (Figure 1.12). For example: LINP1 enhances repair of DNA double
strand breaks by serving as a scaffold linking Ku80, DNA-PKcs and also plays a key
role in radiotherapy resistance in breast cancer''®. LINK-A is overexpressed in TNBC
and predicts immunosuppression and immunotherapy resistance®. The same IncRNA

also interacts with Phosphatidylinositol-3,4,5-trisphosphate and confers resistance to
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AKT inhibitors®®. LncRNA AWPPH and miRNA miR-21 interaction might regulate TNBC

cell proliferation and chemosensitivity''”. There are other IncRNAs BORG, H19, NEATT,

HIF1A-AS2, TUG1, GASS that mediate chemotherapy resistance in TNBCs (Figure

1.12). All these studies give us an idea about IncRNAs regulation for chemotherapy and

radiotherapy drugs resistance in TNBCs. More research needs to be done in future

about their mechanisms in TNBCs.
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Figure 1.12: IncRNAs involved in the regulation of immunotherapy, radiotherapy and

chemotherapy drugs resistance®’
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1.9 LncRNAs from immune point of view

Immune system is an important component for every being's survival. It protects from
foreign invaders such as parasites, viruses and bacterial attacks. For disease treatment
and drug development, it is very much important to know about the immune system. It
involves many types of organs, cells, tissues and proteins which are needed for the
immune system to work. Many studies showed that the immune system has the
potential to suppress the development of tumors''®'2, Many IncRNAs are expressed in
immune cells (Macrophages, CD8+ T cells, CD4+ T cells, B cells, Neutrophils, Dendritic
cells) and studies showed that they play an important role in innate and adaptive
immune system, linked to regulation of immune response and disease

development'?"122,

CD8+ T cells (Cytotoxic T lymphocytes / Killer T cells) are the most prominent immune
cells that protect from infected cells or cancer cells. They originate in the thymus of the
human body. CD8+ T cells secrete cytokines and play an important role in antitumor
effects. They produce cytotoxic granules perforin and granzymes to induce programmed
apoptosis. INcRNAs were associated with CD8+ T cells for the promotion of apoptosis
and regarded as functional regulators, which can act as a biomarker for
immunotherapy'®. It has been reported that CD8+ T cells also defend viruses and fight
against tumors. Study showed that INncRNA Morbid regulates CD8+ T cell survival in
response to viral infection’. Inhibition of NEAT7 IncRNA repressed tumor development
in hepatocellular carcinoma through regulation of miR-155/Tim-3 pathway'?. Expression

of Lnc-Tim3 influences the CD8+ T cell exhaustion which is associated with anti-tumor
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immunity and can be used as a potential target for better immune response'® (Figure

1.13).
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Figure 1.13: IncRNAs association with immune

molecular targets'®.
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cells by interacting with different

Macrophage cells originate from blood monocytes and play an important role in

regulating immune response to detect and kill bacteria or pathogens. They also produce

antigens to T-cells and activate other cells by releasing cytokines. Studies showed

IncRNAs were involved in macrophage growth and can activate or inactivate cell

signalling pathways, preventing apoptosis. With the help of molecular targets several

IncRNAs were associated with macrophage differentiation and other diseases. For

instance: HOTAIR IncRNA plays an important role in NF-kB activation and is proposed
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as a biomarker for immune response in macrophages'”. LncRNA ANCR
overexpression promotes invasion and metastasis via regulation of FoxO1 to slow down
macrophage M1 polarization'®. It has been shown that IncRNA AK085865 plays an

important role in regulating macrophage polarization both in-vitro and in-vivo'?°.

Dendritic cells are a type of antigen presenting cells (APCs) which mainly process
antigens on cell surface to the T-cells in the immune system. They basically link the
innate and adaptive immune systems. Experiments showed that dendritic cells process
antigens and play an important role in converting proteins to peptides on the MHC
molecules which are recognized by T lymphocytes. INncRNAs are involved in dendritic
cell growth, apoptosis and disease development. For example: Knockdown of INcRNA
NEAT1 induces tolerogenic phenotype in dendritic cells with the help of NLRP3
inflammasome™. IncRNA Lnc-DC was regarded as an important regulator for dendritic

cell growth and immune responses via modulation of TLR9/STAT3 pathway3".

Neutrophils are the type of granulocytes, make up 40 - 70% of all white blood cells in
the human body'*2. They help in healing damaged tissues and infections. IncRNAs were
seen playing a key role in regulating spontaneous neutrophil apoptosis'® and also
accelerate immune escape of ovarian cancer cells and might act as target for therapy'%.
HOTTIP promotes interleukin 6 expression and upregulates PDL1 in neutrophils and

accelerates immune escape in ovarian cancer cells'*.
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CD4+ T cells are the type of T cells that express CD4 protein on its surface, regulate
immune response and activate CD8+ T cells and B cells by secreting cytokines'®. They
are considered as the helper T cells and are important to activate macrophages and
dendritic cells for immune defenses from harmful infections. They have different
subtypes T-helper 1, T-helper 2, T-helper 9, T-helper 17, Tregs, and follicular helper T-
cell to counteract virus infections™®. It has been reported that in CD4+ T cells, IncRNAs
are identified as epigenetic and transcriptomic regulators by interacting with miRNA
targets, transcription factors™’. They were regarded as important for T-cell activation
and differentiation®. LncRNA MEG3 acts as a ceRNA by interacting with microRNA-17
and affects Th17/Treg balance in asthma patients'®. Linc-MAF-4 targets MAF gene and

regulates differentiation of Th1/Th2 cells in multiple sclerosis patients*.

B-cells originate in the bone marrow and produce antibodies called immunoglobulins to
fight against infections. Several immunoglobulins like 1gG, IgM, IgA, IgE and IgD play
distinct roles in both innate and adaptive immune responses™'. IncRNA expression is
associated with transcription factors and regulates the development of B-cells and cell
cycle regulation'. IncRNAs CRNDE and OIP5-AS were highly expressed in

proliferating B-cells and associated with cell cycle gene regulation?'3,
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2 Aim of the research project

Long non-coding RNAs have been found dysregulated in many cancer types and also
play an important role in cancer progression. Several studies previously reported on the
role of INncRNAs in triple negative breast cancer progression. However, attempts for the
identification and characterizing the function of IncRNAs in triple negative breast
cancers, especially in the subtypes of TNBCs are very limited. Several IncRNAs were
regarded as immune regulators in different diseases and cancer types which might act
as immunotherapy targets. In TNBCs, the function of IncRNAs in immune response is

not well explored.

My PhD project is focused on detecting novel IncRNAs, identifying overexpressed
IncRNAs specific to the subtypes and their functional characterization by applying
in-silico approaches in a publicly available dataset (FUSCC TNBC cohort). Additionally,
we also aimed at identifying immune IncRNAs and their association with TNBC
subtypes and selecting signature IncRNAs related to the immunogenicity of the

samples.
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3 Materials and Methods

3.1 Data collection, Read alignment and Ab-initio assembly

We downloaded the raw fastqs of 317 TNBCs and 44 non-tumor samples of FUSCC
cohort (Accession: OEP000155) that were prepared with a strand specific library and
sequenced using total RNA-seq with the rRNA depletion protocol from the National

Omics Data Encyclopedia (NODE)™* (http://www.biosino.org/node). RNA sequencing

quality was evaluated for all the samples using fastqc'*® and multiqc'. HISAT2'*” index
was built using GRCh38 genome and gencode v27 annotation files with --ss and --exon
options (Figure 1). RNA-seq reads were aligned to the GRCh38 reference genome
using HISAT2'#, followed by reference based assembly with StringTie’*” using gencode
v27 annotation. Next, a transcriptome was finally created by merging all assemblies
using --merge option from StringTie. Raw read counts were extracted using
featureCounts’™®. TPM was extracted using TPMcalculator’®. Raw fastqs of 1,040
breast cancer samples were downloaded from The Cancer Genome Atlas (TCGA) data

portal'™°. The data was aligned to the GRCh38 genome using HISAT2'#” and raw counts

extracted with featureCounts™®.

3.2 Identification of novel IncRNAs

In addition to gencode-annotated IncRNAs, for identifying novel IncRNAs we used
gffcompare™’ output to compare the assembled transcriptome to the annotation file and
look for transcripts assigned with classification codes that shows a relationship between

a transcribed fragment and the near by reference transcript (Figure 1). From the output
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of gffcompare, annotated transcripts found in gencode and IncRNAKB* were set side
and focussed on unannotated transcripts. The unannotated transcripts with class code
“7, “u”, “X” that represent intronic, intergenic and antisense to protein-coding genes were
then further filtered. First, all the unannotated transcripts with length less than 200 bp
and without exons were removed. Next, based on the expression, single exon
transcripts with FPKM > 1 in at least one sample and multi exon transcripts with FPKM
> 0.5 in at least one sample were kept for further steps. These transcripts were then
used as input into IncRNApipe’™? which uses CPC2, RNAFold and Infernal tools to
detect novel INcRNA transcripts. FASTA sequences of the transcripts were used to
calculate coding potential by CPC2'%® with UniRef90"** protein database and transcripts
with coding probability > 0.5 were flagged as “coding” and removed from the analysis.
The resulting ncRNAs were then used to predict secondary structure minimum free
energy using RNAFold™ from the ViennaRNA™"° package. The lower the entropy, the
more stable it is and thus more likely to be a ncRNA transcript. The remaining ncRNA
transcripts were further annotated using cmscan from Infernal’*® which searches
Rfam'’” database and discards transcripts that have any match with other RNA families.
Finally, the IncRNA transcripts found after using all the tools and filtering options, were

termed as novel IncRNAs.

3.3 TNBC subtype classification

For TNBC subtype classification, Lehmann et. al subtyping approach was used'™.
Initially, variance stabilizing transformations (VST) function from DESeq2’*® was applied

on raw counts data to produce transformed data on log2 scale which is normalized with
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respect to library sizes. The normalized data was then used as an input into the

TNBCtype'™ subtyping tool (https://cbc.app.vumc.org/tnbe/) to classify TNBCs. It uses

gene signature (n=2,188) for TNBC subtype prediction. The output from the tool shows
each sample is assigned to one of the TNBC subtypes (BL1, BL2, M, LAR, MSL and IM)
based on the highest correlation coefficient and p-value < 0.05. The transformed data of
317 TNBCs and 44 normal samples of the FUSCC cohort was used for principal

component analysis to check the distribution between the samples.

3.4 Differential Expression Analysis

Annotated IncRNAs and novel IncRNAs detected, were used for differential expression
analysis between the subtypes of TNBCs in the FUSCC cohort. LncRNAs with low
expression (< 1 log-counts per million in =2 30 samples) were filtered out. Using negative
binomial distribution, raw counts were modeled and a Wald test was applied from
DESeq2'® to perform differential expression analysis. Differentially expressed IncRNAs
were identified based on | log2FC | > 1 and FDR < 0.05. Followed by, differential
analysis was also performed between TNBCs (n=317) and normals (n=44) in the
FUSCC cohort for both annotated and novel IncRNAs. Similarly, differential analysis for
annotated IncRNAs was also performed between TNBCs (n=178) and non-TNBCs

(n=862) in the TCGA cohort.
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3.5 Co-expression network analysis

Co-expression network was constructed using Weighted gene co-expression network
analysis (WGCNA)™ R package with 14,020 protein-coding genes and 12,390 IncRNAs
(both annotated and novel INcRNAs) after filtering out genes which are not expressed in
at least 10 samples. Modules were identified using a dynamic tree cut approach,
followed by calculating the moduleEigengenes (1st principal component of each
module). To identify the relationship between modules and phenotypes, spearman
correlation was applied between the eigengenes (1st principal component of each
module) and TNBC subtypes. As we were primarily interested in upregulated IncRNAs,
modules which show significant positive correlation with the subtype and having higher

number of INcRNAs were considered as interesting modules for further analysis.

3.6 Functional enrichment analysis

Protein-coding genes correlated with any of the IncRNAs in the modules were used as
targets for identifying the IncRNA function. For this, modules with higher numbers of
IncRNAs co-expressed with protein-coding genes and their association with subtypes of
TNBCs, were selected. All the protein-coding genes in the selected modules were used
for Pathway enrichment analysis. We used ClusterprofileR'® and applied Gene
Ontology, KEGG and Reactome analyses for estimating enrichment in biological
processes and pathways for interesting modules. Pathways with a p-adjust < 0.05 were

selected.
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3.7 Immune IncRNA identification

Immune IncRNAs were identified with a three step process. 1) IncCRNA - Immune
pathways association 2) INcCRNA - Immune cells correlation 3) IncRNA - Tumor purity
correlation.

IncRNAs and immune pathways association:

To identify IncRNAs that associate with immune pathways, the computational approach
ImmLnc* was used. In brief, for each IncRNA-protein coding (PC) gene pair, a partial
correlation coefficient was calculated incorporating the pairwise correlation coefficients
between the IncRNA expression, the PC gene expression and tumor purity, where
tumor purity was estimated using ESTIMATE'®". The rank score for the IncRNA-PC
gene pair was then defined as the -log10(P-value) of the partial correlation, signed by
the direction of the partial correlation coefficient. For each IncRNA, the PC genes were
then ranked based on rank scores with the given IncRNA and used for gene set
enrichment analysis (GSEA) of immune pathways derived from Immport’®> an open
access data portal. Combining the enrichment scores and p-values from the GSEA
analysis, a IncRNA enrichment score (IncRES), ranging from -1 to 1, was calculated for
each immune pathway. INcRNAs positively and negatively associated with immune
pathways were selected based on |IncCRES score| > 0.995 and p-adjusted value (FDR) <

0.05.
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Association between IncRNAs and immune cells:

To check the association between IncRNAs and Immune cells, we first estimated the
immune infiltration levels from Tumor Immune Estimation Resource (TIMER 2.0)'®®
database using the gene expression data of FUSCC TNBCs. Spearman’s rank
correlation was applied between the IncRNA expression data and immune cells
infiltration levels. INcCRNAs correlated with immune cells were identified based on |r| >

0.4 and p-value < 0.05.

Correlation between IncRNAs and tumor purity:
Similarly, correlation between IncRNAs expression and tumor purity (computed using
ESTIMATE'®") of each sample, was calculated using spearman correlation and selected

IncRNAs based on correlation coefficient r < - 0.4 and significant p-adjusted value.

The final set of immune INcRNAs were defined as the overlap between all the above
three steps (INcRNAs - immune pathways, INcCRNAs - immune cells and IncRNAs -

tumor purity).

3.8 Immune IncRNA score calculation with ssGSEA

Using the expression of immune IncRNAs, ssGSEA'%* was applied to calculate immune
IncRNA score using the GSVA’®® R package. Based on the median of immune IncRNA

score, immune clusters Immune-High (IH) and Immune-Low (IL) were identified.
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3.9 Immunogenicity of the samples

Immunophenoscore (IPS) is an aggregated score calculated using the get/PS function
supplied by The cancer Immunome Atlas'® which is based on the expression of
representative genes of four immunophenotypes in tumor samples: MHC molecules
(antigen processing), immunomodulators, suppressor cells (Tregs and MDSCs) and
effector cells (CD8+ T cells and CD4+ T cells)'®. It also calculates mean expression
(z-score) of all the four immune genesets. The higher IPS aggregated score, the more
immunogenic the samples are, which is correlated with response to immunotherapy®.
Tumor inflammation signature (TIS) is a score which is associated with response to
anti-PD-1 treatment'®’. TIS score is estimated by applying gene set variation analysis
(GSVA) on the expression of 18 gene signatures that enriches for clinical benefit of
immunotherapy. Tumors with higher TIS score are associated with better response to
anti-PD-1 blockade'®. Using the gene expression data other immune related scores of
TNBCs were calculated. Mean of the expression levels of two cytolytic effectors
granzyme A (GZMA) and perforin (PRF1), a quantitative score of cytolytic activity (CYT)
has been calculated'®®. Similarly, based on the expression levels of MHC-I geneset'”, a
mean expression was calculated which is regarded as MHC score for TNBC patients.
Immune score which represents immune cell infiltration, was calculated from the
ESTIMATE'™" R package. Stromal TILs (sTILs) and Intratumoral TILs (iTILs) information
from H&E staining of TNBC patients was used from the clinical data of the FUSCC
cohort'*. Consensus TME'" is an integrative tool which uses multiple immune

genesets to calculate the abundance of multiple cell types of TNBC samples.
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3.10 Identification of most important IncRNAs related to Immune High

To identify the significant important INncRNAs related to the immune-high cluster, we
divided 317 TNBCs randomly into training (75% of samples) and testing (remaining 25%
of samples) datasets. Using the training dataset, differential expression analysis was
performed between identified Immune-High and Immune-Low clusters. We applied an
algorithm biosigner’”? to select IncRNAs that are most important for classifier
performance. It iterates through feature selection steps which include resampling,
ranking of INcRNAs according to their importance in the model and the identification of
significant INcRNAs until the model is restricted to significant IncRNAs or when there is
no feature left for evaluation. This algorithm is wrapped around three binary classifiers:
partial least squares discriminant analysis (PLS-DA), random forest (RF) and support
vector machines (SVM). As a final result, the algorithm assigns each significant IncRNA
to a tier for each of the three machine learning approaches. S tier is for IncRNAs in the
final signature, where IncRNAs are regarded significant in all iterations of feature
selection; A tier - IncRNAs found significant in all but the last iteration followed by B, C,
D and E tiers. The performance of the final models was evaluated on the testing

dataset.
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4 Results
4.1 Identification of novel IncRNAs in TNBCs

To identify novel IncRNAs in TNBCs , we downloaded data for 317 TNBCs and 44
normals of the FUSCC cohort which was sequenced using paired end strand-specific
total RNA-seq (rRNA depletion protocol). All the samples were aligned to the GRCh38
reference genome using HISAT2 and ab-initio assembly with StingTie. A total of 15,754
IncRNAs and 19,802 protein coding genes were annotated by gencode v27** gene
annotation in FUSCC samples (Figure 4.1A). Annotated transcripts and protein-coding
genes were excluded from the detection of novel IncRNAs and the remaining transcripts
that represent intronic, intergenic and antisense to protein-coding genes were then used

to detect novel IncRNAs.

We applied bioinformatic tools and filters to detect novel INcRNAs (Figure 4.1A). For
this, the unannotated transcripts with class code “i", “u”, “x” that represent intronic,
intergenic and antisense to protein-coding genes were used. Initially, some of the
transcripts were filtered out that have length < 200 bp and without any exons. Followed
by, single exon transcripts with FPKM > 1 in at least one sample and multi exon
transcripts with FPKM > 0.5 in at least one sample were used for further analysis. CPC2
(Coding Potential Calculator)'®® was run on transcripts to estimate coding potential and
removed transcripts that have coding probability > 0.5 which were flagged as “coding”.

The ncRNA transcripts were then filtered based on the stability of the secondary

structure using RNAFold followed by structure and sequence similarities with any other
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RNA families from the Rfam database using Infernal. From the above filtering steps we
finally identified a total of 5,716 novel IncRNAs (12,372 IncRNA transcripts) (Figure
4.1A). Among them 86.7% were located in intergenic regions (Intergenic), 2.4% were
antisense exonic overlap with protein-coding genes (Antisense Exonic), 10.7% were

antisense intronic that overlap with protein coding genes (Figure 4.1B).
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Figure 4.1: Identification and characterization of novel IncRNAs in TNBCs A)

Computational workflow to identify novel IncRNAs in 361 TNBCs. B) Pie chart showing

identified novel IncRNAs gene types percentage.

Looking at the characteristics of the detected novel IncRNAs, they were shorter than
annotated IncRNAs and protein-coding transcripts in length (Figure 4.2A). Novel

IncRNA transcripts have fewer exons when compared with annotated IncRNAs and
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protein-coding transcripts ([NL: median=2.0, mean=2.4]; [AL: median=3.0, mean=3.7];
[PC: median=6.0, mean=8.8]) (Figure 4.2B). We observed that the novel IncRNAs were
low expressed ([NL: median=1.9, sd=1.1]; [AL: median=2.1, sd=1.3]; [PC: median=3.7,
sd=1.9]) than protein-coding and annotated IncRNA transcripts (p-value < 0.001)
(Figure 4.2C). Also we found that, similar to annotated IncRNAs, novel IncRNA
transcripts have extremely low coding probability when compared to protein-coding
transcripts. There is a good separation between the coding potential score distributions
(Figure 4.2D). The 317 TNBC samples were categorized into BL1 (n=65), BL2 (n=24),
M (n=55), LAR (n=62), MSL (n=39) and IM (n=72) using TNBCtype'* subtyping tool.
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Figure 4.2: Characterization of identified novel IncRNAs comparing with protein-coding

genes, annotated IncRNAs A) Transcript length B) Exon number C) Expression D)
Coding Potential.
4.2 Differentially expressed IncRNAs in TNBCs

To identify INcRNAs that defined each TNBC subtype, initially raw read counts of
IncRNAs (including annotated IncRNAs and novel IncRNAs) were obtained using

featureCounts’®. Using negative binomial distribution, raw counts were modeled and a
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Wald test was applied from DESeq2'?® to perform differential expression analysis. We
identified 2,039 IncRNAs (648 up-regulated and 1391 down-regulated in BL1) between
BL1 and other subtypes combined, 518 IncRNAs (202 up-regulated and 316

down-regulated in BL2) between BL2 and other subtypes combined, 1684 IncRNAs
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Figure 4.3: Differential expression analysis between each subtype of TNBCs compared
to remaining subtypes combined. Heatmap depicts differentially expressed IncRNAs
which were selected based on |log2FC| > 1 and FDR < 0.05. Highlighted annotated

IncRNAs were already reported in different cancer types.
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(490 up-regulated and 1194 down-regulated in IM) between IM and other subtypes
combined, 1593 IncRNAs (564 up-regulated and 1029 down-regulated in M) between M
and other subtypes combined, 2055 IncRNAs (497 up-regulated and 1558
down-regulated in MSL) between MSL and other subtypes combined, 2503 IncRNAs
(1309 up-regulated and 1194 down-regulated in LAR) between LAR and other subtypes
combined were considered differentially expressed based on | log2FC | > 1 and false

discovery rate (FDR) < 0.05 (Figure 4.3).

Some of the overexpressed INncCRNAs specific to the subtypes in this study have been
reported previously about their role in different cancers. BL1 subtype INcCRNAs such as,

AC006329.1 is one of the recurrence associated six-IncRNAs identified that distinguish
high risk and low risk patients in colon cancer'’3. LINC00707 was upregulated and led to
cancer progression in bladder cancer' and also promotes cell proliferation and
invasion in colorectal cancer through miR-206/FMNL2 axis'’®. LINP1 promotes acute
myeloid leukemia progression through HNF4a/AMPK/WNTSA signaling pathway and
might be used as a therapeutic target for treatment'®. It also regulates dna double
strand break repair in TNBCs''®. BANCR (BRAF activated non-coding RNA) acts as an
oncogene in melanoma'’’, lung cancer'’®, gastric'”® and colorectal cancers'® associated
with clinical progression and poor prognosis. BLACAT1 expression is upregulated in
colorectal cancer which leads to poor prognosis and affects cell proliferation™’.
DDX11-AS1 promotes cell-cycle progression, cancer development in hepatocellular
carcinoma'®, non-small cell lung cancer'®, gastric cancer'® and colorectal cancer'®.

FOXP4-AS1 is overexpressed and regulates proliferation in colorectal cancer',
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promoting the growth of prostate cancer'®. MEG8 IncRNA, which is downregulated in
the BL1 subtype, is also downregulated in osteoarthritis, regulates apoptosis and might
be a target for treatment'®. Other IncRNAs LINC01116, H19 were also downregulated in

the BL1 subtype.

BL2 subtype upregulated IncRNAs, for example HOTTIP has been reported as an
oncogene which is associated with cell proliferation and migration in lung cancer',
hepatocellular carcinoma', colorectal cancer’'. Upregulation of LINC07980 in
esophageal squamous cell carcinoma enhances tumor progression'®?. LINC00520
promotes metastasis and tumor growth in melanoma'?. FENDRR is downregulated in
the BL2 subtype, also showed downregulation in gastric cancer, associated with poor
prognosis and regulates metastasis'. DLX6-AS71 downregulation decreased cell

proliferation, migration and invasion in epithelial ovarian cancer'®.

M subtype overexpressed INCRNAs such as SLC25A25-AS1 play an oncogenic role in
non-small cell lung cancer through miRNA-195-5p/ITGA2 axis'®. Other IncRNAs
AC027796.4, AC111170.3, AC111170.2 were upregulated and FENDRR is
downregulated in M subtype which has been reported as a chromatin modifier which

affects gene expression®.

MSL subtype upregulated IncRNAs include MIR100HG which is overexpressed and

linked to cetuximab resistance through wnt signaling along with miRNAs miR700 and

miR125b™". MEG3 which promotes tumor development of osteoblasts through
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wnt/beta-catenin signaling'®. In addition, several other IncRNAs (for example:
AC138207.4, LINC01013, LINC01197, PCAT19) were also upregulated, whereas others

(for example: HOTTIRP, HOTAIR) were downregulated in MSL subtype.

LAR subtype overexpressed IncRNAs, for instance LINC00624 acts as a decoy and
promotes hepatocellular carcinoma progression'®®. BCRP3 has been part of the ceRNA
network and found as a potential biomarker in lung adenocarcinoma. CASCS8 is
downregulated in the LAR subtype, and is involved in regulating glycolysis in bladder
cancer?®, Along with these, several other known IncRNAs have been upregulated and

downregulated in the LAR subtype.

IM subtype upregulated IncRNAs, ITGB2-AS1 associated with immune signatures and
chemotherapy outcome in acute myeloid leukemia®®!, LINC00944 immune related
IncRNA associated with breast cancer prognosis, LINC01871 is among the immune
IncRNA signatures in treating melanoma?*? and MIR155HG a biomarker associated with
immune checkpoint expression levels in multiple cancers®®. In particular, we also
identified novel IncRNAs upregulated and downregulated in respective subtypes.
Therefore, primarily these deregulated IncRNAs can be looked at to predict their
functional and regulatory mechanisms related to the subtypes of TNBCs with in-silico

approaches.

With the principal component analyses of the 361 samples (317 TNBCs and 44

normals) we observed that the samples were clustered together with respective to their
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subtypes and displayed a similar distribution based on the expression of protein-coding
genes, annotated INcRNAs and novel IncRNAs (Figure 4.4). The LAR subtype is far

away from the other subtypes in PCA and this observation is consistent with the

identification of most differentially expressed IncRNAs specific to the LAR subtype.
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Figure 4.4: PCA showing the samples segregation with respect to their subtypes based

on coding genes, annotated INcRNAs and novel IncRNAs.

4.3 Functional evaluation of IncRNAs with co-expression network

To identify the biological pathways in which IncRNAs are involved in each subtype of
TNBCs, we constructed a co-expression network analysis with 14,020 protein-coding
genes (PC) and 12,390 IncRNAs (both annotated (AL) and novel IncRNAs (NL)). Using

Weighted gene co-expression network analysis (WGCNA) we identified 20 modules

(Figure 4.5A).
As IncRNAs have low expression compared to mRNAs, we focussed on upregulated

IncRNAs. We calculated module eigengenes (1st principal component of modules) and

applied spearman correlation to define the relationship between the modules and the
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subtypes. Among the identified modules, M8 (r = 0.33, p-value < 0.001; PC = 66, AL =
7, NL = 4), M5 (r = 0.34, p-value < 0.001; PC = 56, AL = 1, NL = 0), M1 (r = 0.44,
p-value < 0.001; PC = 410, AL = 21, NL = 6) and M17 (r = 0.33, p-value < 0.001; PC =
65, AL = 1, NL = 0) were having a significant positive corrrelation with BL1 subtype. We
observed that M3 (r = 0.2, p-value < 0.001; PC = 221, AL = 12, NL = 3) is the only
module that has a positive correlation with BL2 subtype. Module M2 (r = 0.61, p-value <
0.001; PC = 1063, AL = 213, NL = 53) had a strong positive significant corrrelation with
IM subtype. M18 (r = 0.17, p-value = 0.003; PC = 52, AL = 2, NL = 0), M20 (r = 0.16,
p-value = 0.004; PC = 58, AL = 2, NL = 0), M8 (r = 0.12, p-value = 0.04; PC = 66, AL =
7, NL = 4), M16 (r = 0.12, p-value = 0.04; PC = 312, AL =21, NL = 1), M1 (r = 0.17,
p-value = 0.003; PC = 410, AL = 21, NL = 6) and M5 (r = 0.17, p-value = 0.002; PC =
56, AL = 1, NL = 0) modules showed a positive correlation with M subtype. M9 (r = 0.5,
p-value < 0.001; PC = 330, AL = 20, NL = 6) is the only module that showed strong
positive significant correlation with the MSL subtype. Modules M15 (r = 0.66, p-value <
0.001; PC =55, AL = 28, NL = 19) and M19 (r = 0.32, p-value < 0.001; PC =60, AL =5,

NL = 0) were positively correlated with the LAR subtype (Figure 4.5B).

For identifying INcCRNA function, we selected 6 interesting modules one for each subtype
(M1 ~ BL1, M3 ~ BL2, M2 ~ IM, M15 ~ LAR, M16 ~ M, M9 ~ MSL) based on the
highest number of INcCRNAs (upregulated annotated and novel IncRNAs) co-expressed
with protein coding genes and significant positive correlation between modules and

subtypes (Figure 4.6A, Table 4.1). Pathway Analysis was performed on the
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protein-coding genes in these modules to identify pathways related to each subtype.

(Figure 4.6B, Appendix Table 1)

Table 4.1: Modules identified from WGCNA with number of co-expressed
protein-coding and IncRNAs

Modules Protein-coding t:z;t:f: Novel LhcRNAs
M19 60 5 0
M13 71 1 0
M12 50 3 0

M6 1435 54 1

M18 52 2 0
M8 66 7 4
M20 58 2 0
M4 253 1 0
M10 45 3 1
M16 312 21 1

M1 410 21 6

M5 56 1 0
M14 48 4 0
M17 65 1 0

M7 84 0 0

M11 49 1 0
M15 55 28 19
M2 1063 213 53
M3 221 12 3

M9 330 20 6

Colored modules are selected for further analysis based on the number of
co-expressed annotated and novel IncRNAs along with Module - Phenotype
correlation
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Module M1 showed a significant positive correlation with BL1 subtype (r = 0.44, p-value
< 0.001; PC =410, AL = 21, NL= 6) in which protein-coding genes were enriched with
pathways related to cell cycle, DNA replication and double strand break repair which
play an important role in cell differentiation (Figure 4.6B, Appendix Table 1). Among
the 21 annotated IncRNAs, 6 IncRNAs AC006329.1 (Antisense RNA located on
chromosome 7), AC013391.2 (sense overlapping RNA located on chromosome 5),

ACO016205.1 (Intergenic IncRNA located on chromosome 18), DDX11-AS1 (Antisense

58



RNA located on chromosome 12), FOXP4-AS1

(Antisense  RNA located on

chromosome 6) and AP001505.2 (Intergenic INcCRNA located on chromosome 21) were

upregulated in TNBCs when compared with normals in the FUSCC cohort and also

upregulated in TNBCs when compared with non-TNBCs in the TCGA cohort (Figure

4.7, Table 4.2).
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M2, M9 and M15). Most significantly enriched pathways which have FDR < 0.05 were

displayed in the heatmap.

Among the novel IncRNAs in this Module M1, two of them MSTRG. 11483 (Antisense

Exonic to LRRC41) and MSTRG.9061 (Antisense Intronic to MTFR1L) located on

chromosome 1 were also upregulated in TNBCs when compared with normals (Figure

4.7, Table 4.2)
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Table 4.2: IncRNAs upregulated in BL1 vs other subtypes and also upregulated in TNBCs vs Normals and
TNBCs vs non-TNBCs

These IncRNAs are also associated with the Module M1 in WGCNA

IncRNA FUSCC_BL1vs | FUSCC_BL1vs [FUSCC_TNBCvs |[FUSCC_TNBCvs | TCGA_TNBCvs [ TCGA_TNBCvs

Type GeneSymbols | WGCNA Other_ﬁ:gZFC Other__padj Nor_i:gZFC Nor:padj nonT:I092FC nonTI'_padj
Annotated AC006329.1 M1 (BL1) 1.564306621 1.97E-09 3.114122711 5.88E-23 1.4309 7.56E-41
Annotated AC013391.2 M1 (BL1) | 1.023075524 4.48E-06 3.45499961 5.32E-18 0.59186 0.0313
Annotated AC016205.1 M1 (BL1) 1.441486435 3.93E-13 2.487463076 3.04E-24 1.084 5.54E-21
Annotated AP001505.2 M1 (BL1) 1.136935167 3.41E-12 1.111219846 1.78E-07 1.497 4.61E-52
Annotated DDX11-AS1 M1 (BL1) 1.056538245 1.95E-10 1.70895777 1.26E-17 1.2021 3.94E-60
Annotated FOXP4-AS1 M1 (BL1) | 1.417952699 4.18E-12 2177561536 1.26E-17 2.0093 1.51E-67

Novel MSTRG.11483 | M1 (BL1) 1.134830075 5.62E-13 3.309345386 1.50E-63 NA NA

Novel MSTRG.9061 | M1 (BL1) 1.071385576 1.01E-06 2.776862036 5.34E-13 NA NA
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Figure 4.7: Heatmap showing the expression of interesting IncRNAs that were
co-expressed with protein-coding genes in the identified modules. They were
overexpressed in their respective subtypes (vs Other subtypes) and TNBCs (vs
Normals) in the FUSCC cohort. Annotated IncRNAs were also seen overexpressed in

TNBCs (vs non-TNBCs) in the TCGA cohort.
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Module M3 showed association with BL2 subtype (r = 0.2, p-value < 0.001; PC = 221,
AL = 12, NL = 3). The coding genes in M3 were enriched in pathways including
extracellular matrix organization and signalling by MET (Figure 4.6B, Appendix Table
1). Annotated IncRNA AP000695.2 (Antisense RNA located on chromosome 21) and
novel IncRNAs MSTRG.180740, MSTRG.180762 (Intergenic IncRNAs located on
chromosome 5) and MSTRG.24184 (Intergenic IncRNA located on chromosome 1)
were upregulated in BL2 (vs Other subtypes) and TNBCs (vs Normals) (Figure 4.7,

Table 4.3).

Module M16 was associated with M subtype (r = 0.12, p-value = 0.04; PC = 312, AL =
21, NL = 1) Protein coding genes co-expressed with INncCRNAs are associated with
pathways like beta-catenin binding and chromatin organization (Figure 4.6B, Appendix
Table 1). IncRNAs such as AC027796.4 (Antisense RNA) and AC111170.2 (sense
intronic) were located on chromosome 17 and novel IncRNA MSTRG.130624
(Antisense intronic to MAVS) was located on chromosome 20 were upregulated in the M
subtype compared with other subtypes and also upregulated in TNBCs in the other

comparisons (Figure 4.7, Table 4.4)
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Table 4.3: IncRNAs upregulated in BL2 vs other subtypes and also upregulated in TNBCs vs Normals and
TNBCs vs non-TNBCs

These IncRNAs are also associated with the Module M3 in WGCNA

IncRNA GeneSymbols | WGCNA FUSCC_BL2vs FUSCC_BL2.v FUSCC_TNBC FUSCC_TNB_ TCGA_TNBCvsnon TCGA_TNBC.vsno
Type Other_log2FC | sOther_padj | vsNor_log2FC | CvsNor_padj T_log2FC nT_padj
Annotated | AP000695.2 |[M3 (BL2) 1.021902 0.001039 1.840553 7.61E-17 0.21515 0.037515
Novel [MSTRG.180740 | M3 (BL2) 1.1399 2.40E-05 3.069444 1.95E-71 NA NA
Novel [MSTRG.180762 | M3 (BL2) 1.042025 0.0019399 3.330093 1.83E-27 NA NA
Novel MSTRG.24184 | M3 (BL2) 1.068983 0.0190337 4.514372 2.02E-66 NA NA

Table 4.4: IncRNAs upregulated in M (Mesenchymal) vs other subtypes and also upregulated in TNBCs vs
Normals and TNBCs vs non-TNBCs

These IncRNASs are also associated with the Module M16 in WGCNA

FUSCC_Mvs [FUSCC_Mvs [FUSCC_TNBC |[FUSCC_TNBCvs |TCGA_TNBCvs | TCGA_TNBCvs
IncRNA Type |GeneSymbols | WGCNA ) . .
Other_log2FC | Other_padj |vsNor_log2FC Nor_padj nonT_log2FC nonT_padj
Annotated AC027796.4 M16 (M) 0.512343 0.0009368 0.4179891 0.00957841 0.3679657 2.04E-13
Annotated AC111170.2 M16 (M) 0.369826 0.0462604 0.569518 0.001212 0.610838 6.97E-05
Annotated AC111170.3 M16 (M) 0.273536 0.0464764 0.4118934 0.001710 0.240441 0.029869
Novel MSTRG.130624 | M16 (M) 0.458688 0.0006191 0.540190 6.85E-05 NA NA

63




Module M9 was significantly associated with MSL subtype (r = 0.49, p-value < 0.001;
PC = 330, AL = 20, NL = 6), where protein coding genes were enriched in pathways
related to focal adhesion, calcium signaling pathway, Wnt signaling pathway (Figure
4.6B, Appendix Table 1). Among the IncRNAs in this module, only a single annotated
IncRNA AC138207.4 (sense intronic located on chromosome 17) was found interesting

based on its upregulation in all the comparisons (Figure 4.7, Table 4.5)

Module M15 was significantly associated with the LAR subtype (r = 0.66, p-value <
0.001; PC = 55, AL = 28, NL = 19). Coding genes in M15 were related to metabolic
processes including fatty acid metabolism, tyrosine metabolism (Figure 4.6B,
Appendix Table 1). Annotated IncRNAs in this module included LINC00624 (Antisense
RNA located on chromosome 1), LINC01395 (intergenic IncRNA on chromosome 11)
and 11 other annotated IncRNAs that were upregulated in LAR subtype (vs Other
subtypes) and in TNBCs (vs Normals) in FUSCC. These IncRNAs were also
upregulated in TNBCs when compared with non-TNBCs in the TCGA cohort. 19 novel
IncRNAs were upregulated in LAR subtype and also upregulated in TNBCs when

compared to normals in the FUSCC cohort (Figure 4.7, Table 4.6).
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Table 4.5: IncRNAs upregulated in MSL vs other subtypes and also upregulated in TNBCs vs Normals
and TNBCs vs non-TNBCs

These IncRNASs are also associated with the Module M9 in WGCNA

IncRNA GeneSvmbols |WGCNA FUSCC_MSLvs | FUSCC_MSL [FUSCC_TNBC |[FUSCC_TNBCv |TCGA_TNBCvs | TCGA_TNBCvs
Type y Other_log2FC |vsOther_padj|vsNor_log2FC sNor_pad;j nonT_log2FC nonT_padj
Annotated AC138207.4 [M9 (MSL) 0.60511 8.69E-09 0.22872 0.02837 0.189326 0.0002640

Table 4.6: IncRNAs upregulated in LAR vs other subtypes and also upregulated in TNBCs vs Normals and
TNBCs vs non-TNBCs

These IncRNAs are also associated with the Module M15 in WGCNA
IncRNA FUSCC_LARvs | FUSCC_LAR |[FUSCC_TNBC |[FUSCC_TNBCv |[TCGA_TNBCvsn |TCGA_TNBCvs
Type GeneSymbols| WGCNA 0ther_TogZFC szther__ padj szor_E)gZFC sNor:padj onTZIogZFC nonTI'_padj
Annotated AC096751.2 |M15 (LAR) 4.11354 3.01E-23 1.86771 0.006711 1.20978 0.000135
Annotated AC112243.1 |M15 (LAR) 5.1722 3.89E-28 3.43207 8.12E-05 2.9216 3.99E-08
Annotated AL138881.1 |M15 (LAR) 4.8289 4.33E-34 2.96894 1.22E-06 0.87540 0.000197
Annotated AL353803.2 |M15 (LAR) 4.05401 7.19E-39 1.57671 0.011026 1.13226 4.03E-06
Annotated AL354719.2 |M15 (LAR) 4.35503 3.36E-50 2.50768 5.97E-07 0.84371 0.000153
Annotated AL355916.2 |M15 (LAR) 4.85988 3.15E-25 2.74466 0.000544 0.60841 2.61E-05
Annotated AL356804.1 |M15 (LAR) 5.08723 7.08E-40 2.35281 0.000408 0.760616 0.008963
Annotated AP000688.1 |M15 (LAR) 3.90924 2.01E-53 1.93102 2.24E-06 0.83853 2.32E-22
Annotated BCRP3 M15 (LAR) 3.48897 2.57E-61 1.92468 7.71E-07 0.297582 0.019586
Annotated LINC00624 |M15 (LAR) 5.57183 1.21E-29 4.80985 2.13E-12 1.34036 4.80E-44
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Annotated LINC01213 |M15 (LAR) 3.24421 1.11E-32 2.26868 1.55E-06 0.502478 0.001892

Annotated LINC01395 |M15 (LAR) 4.627 3.89E-54 2.55204 5.23E-08 1.54568 1.14E-11

Annotated SERHL M15 (LAR) 5.0369 2.35E-60 2.53677 8.54E-08 0.26308 0.0001319
Novel MSTRG.134576 [M15 (LAR) 6.5190 9.18E-36 2.1012 0.003763 NA NA
Novel MSTRG.147129 [M15 (LAR) 3.00198 2.22E-36 1.81308 3.07E-07 NA NA
Novel MSTRG.151531 [M15 (LAR) 6.26632 3.15E-31 2.1783 0.011647 NA NA
Novel MSTRG.151876 [M15 (LAR) 4.61020 5.69E-17 3.0178 0.00318 NA NA
Novel MSTRG.164552 [M15 (LAR) 4.96758 5.51E-35 3.05017 3.54E-08 NA NA
Novel MSTRG.164590 [M15 (LAR) 6.1196 1.73E-47 4.65654 3.79E-14 NA NA
Novel MSTRG.168187 [M15 (LAR) 4.06378 1.37E-19 3.10725 1.21E-07 NA NA
Novel MSTRG.168188 |M15 (LAR) 3.54981 3.63E-11 2.25059 0.011247 NA NA
Novel MSTRG.173491 |M15 (LAR) 3.78888 1.81E-18 1.6941 0.01719 NA NA
Novel MSTRG.18065 |M15 (LAR) 4.497092 1.54E-16 4.18623 1.48E-06 NA NA
Novel MSTRG.199816 |M15 (LAR) 4.05619 1.96E-43 2.70232 6.34E-11 NA NA
Novel MSTRG.220493 |M15 (LAR) 4.72934 2.06E-21 2.14181 0.002780 NA NA
Novel MSTRG.37951 |M15 (LAR) 4.02430 6.76E-25 2.69451 3.42E-06 NA NA
Novel MSTRG.46876 |M15 (LAR) 5.59951 1.23E-44 4.95237 2.56E-19 NA NA
Novel MSTRG.51267 |M15 (LAR) 4.99786 2.21E-20 3.32044 1.77E-06 NA NA
Novel MSTRG.59089 |M15 (LAR) 3.7384 5.61E-33 2.05059 0.000133 NA NA
Novel MSTRG.68051 |M15 (LAR) 4.98243 1.53E-16 2.64519 0.014355 NA NA
Novel MSTRG.91115 |M15 (LAR) 5.10277 1.00E-63 2.15576 3.78E-06 NA NA
Novel MSTRG.9506 |M15 (LAR) 2.96637 4.83E-13 2.68869 2.89E-08 NA NA
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Module M2, associated with the IM subtype (r = 0.61, p-value < 0.001; PC = 1063, AL =
213, NL = 53), was enriched with immune-response genes involved in B-cell receptor,
T-cell mediated pathway, JAK-STAT signaling pathway, antigen processing and
presentation (Figure 4.6B, Appendix Table 1) . A total of 130 annotated and 43 novel
IncRNAs in Module M2 were also upregulated in all respective differential analysis

comparisons (Figure 4.7, Appendix Table 2).

These co-expression relationships provide functional evidence demonstrating that the
identified modules were enriched for biological processes and pathways from Gene
Ontology (GO), KEGG and REACTOME. Among the identified modules, 6 modules
include a higher number of IncRNAs, both annotated and novel IncRNAs, suggesting
that these INcRNAs might play an important role in regulating the processes that support

the TNBC subtypes.
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4.4 The ldentification of immune IncRNAs in TNBCs

A three step process was applied to identify immune IncRNAs. 1) IncRNAs association
with immune pathways 2) IncRNAs correlation with immune cells infiltration 3) IncRNAs

correlation with tumor purity (Figure 4.8).

ImmLnc method

INcRNA — Immune Figure 4.8: Identification of

Pathway Association

6 immune cell Immune InCRNAS in TNBCS
types from TIMER

Immune IncRNAs IncRNA — Immune
Identification cells correlation

-
e Flowchart showing 3 steps

IncRNA - Tumor
Purity correlation

Tumor purity with to identify Immune IncRNAs.
ESTIMATE

ESTIMATE

As a first step to identify INncRNAs that associate immune pathways, we applied a
computational approach ImmLnc?, where we used protein coding (PC), annotated
IncRNAs and novel IncRNAs expression data of 317 FUSCC TNBCs with tumor purity
as a covariable, focussing on widely used 16 Immune pathways from ImmPort?**. We
identified 2,201 IncRNAs (1,782 annotated INcRNAs and 419 novel IncRNAs) that were
positively associated with 16 immune pathways based on IncRES score > 0.995 and
p-adjusted value (FDR) < 0.05. Similarly, 1,577 IncRNAs (1,276 annotated IncRNAs and
301 novel IncRNAs) were negatively associated with 16 immune pathways based on
IncRES score < -0.995 and p-adjusted value (FDR) < 0.05 (Figure 4.9). Majority of

IncRNAs were associated with immune pathway antigen Processing and Presentation,
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followed by TCR signaling pathway, Cytokine Receptors, Cytokines and BCR signaling
pathway. Immune pathways such as Antigen Processing and Presentation®®,
Cytokines?® and TCR signaling®®” were used as potential targets for Imnmunotherapy in

treating cancer (Figure 4.9).
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It has been reported that the immune reaction by immune cell infiltration is potentially
important in the tumor microenvironment (TME)?*. As we observed that INcRNAs are
associated with immune pathways, one could hypothesize that these INcRNAs may also
correlate with immune cell infiltration in tumors. To evaluate the correlation between
IncRNAs and Immune cells, we first estimated the immune infiltration levels from the
Tumor Immune Estimation Resource (TIMER 2.0)'®®* database using the gene
expression data of FUSCC TNBCs. Spearman’s rank correlation was then computed

between the INcCRNA expression data and immune cells infiltration levels. We identified
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1,006 IncRNAs (804 annotated and 202 novel IncRNAs) that showed significant positive
correlation with any of the immune cell infiltrates (285 IncRNAs for B-cells, 777 IncRNAs
for CD4+ T-cells, 198 IncRNAs for CD8+ T-cells, 296 IncRNAs for Neutrophils, 418
IncRNAs for Myeloid dendritic cells and 97 IncRNAs for Macrophages) based onr > 0.4
and p-adjusted value < 0.05, but didn’t find any IncRNAs negative correlation with

immune cells (Figure 4.10).

TIMER Immune cells * IncRNAs W spearman Correlation
0.0 025 0.50 0.75 1.0
CD8 T cell
CD4 Tcell -] | | Nl
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- Dendritic cell -
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804 Annotated IncRNAs 202 Novel IncRNAs
correlated with Immune cells correlated with Immune cells

Figure 4.10: Heatmap showing the correlation between immune cells and IncRNASs.

From the previous studies it was seen that protein coding genes that were negatively
correlated with tumor purity, were also positively correlated with immune cells?®. We
observed a negatively skewed distribution between IncRNAs and tumor purity
suggesting expression of INcRNAs were inversely correlated with tumor purity (Figure
4.11). A total of 872 IncRNAs (699 annotated IncRNAs and 173 novel IncRNAs) which
were negatively correlated with tumor purity, were also positively correlated with

immune cells.
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It has been reported that protein-coding genes associating immune pathways, are likely
to be positively correlated with immune cell infiltration and are inversely correlated with
tumor purity are immunology related genes and can be used for precision medicine
development?®#'° Similarly, IncRNAs have been found as regulators of immune
pathways and might be used as a valuable resource to advance identification of
immunotherapy targets*. To identify immunology related IncRNAs in TNBCs we
overlapped results from all the three steps (INCRNAs - immune pathways, IncRNAs -
immune cells and IncRNAs - tumor purity) and found 602 immune IncRNAs which

needed a further study (Figure 4.12, Appendix Table 3).
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Same procedure was also performed on the TCGA cohort TNBCs (n=178) and

identified 382 immune IncRNAs (Figure 4.13).
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Figure 4.13: Immune IncRNAs identification in TCGA TNBCs A) Bar plot showing the
number of IncRNAs identified with immune pathways association. B) Heatmap showing
the correlation between immune cells and IncRNAs. C) Distribution of correlation
coefficients between tumor purity and IncRNAs expression. D) Upset plot showing the

total number of immune IncRNAs identified from all the three steps in TCGA TNBCs.
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A significant overlap between the identified immune INcRNAs (n=479 [FUSCC] and n=382
[TCGA]) from both the cohorts, showed that TCGA analysis supports the validity of

FUSCC analysis (p-value < 0.001, odds ratio = 5.6) (Figure 4.14)

FUSCC cohort

348 132 250
TCGA cohort

Figure 4.14: Venn diagram with
only annotated immune IncRNAs
overlap between FUSCC and

TCGA cohorts.
p-value < 0.0001 cohorts

odds ratio =5.6

To evaluate how the identified immune InNcRNAs (n=602) enrich in the subtypes of
TNBCs of FUSCC cohort, single sample gene set enrichment analysis (ssGSEA) was
applied using their expression to calculate immune IncRNA score. We observed that the
IM subtype had higher immune IncRNA score compared to other subtypes of TNBCs,
followed by MSL, BL2, LAR, BL1 and M (p-value < 0.001 for all comparisons) (Figure
4.15A). Among 602 immune IncRNAs, 479 (80%) were annotated IncRNAs and 123
(20%) were novel IncRNAs. Among annotated immune IncRNAs, the most frequent
were antisense (35.4%) followed by intergenic (33.5%). The remainder was split
between sense overlapping (3.9%), sense intronic (13.7%), processed transcript (3.9%),
3prime overlapping ncRNA (0.2%). Among novel IncRNAs the majority of them were
intergenic (55.7%) followed by antisense intronic (29.5%) and antisense exonic (14.8%)

(Figure 4.15B).
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Figure 4.15: A) Immune IncRNA ssGSEA score between the TNBC subtypes. B) Pie

chart showing the gene types of novel and annotated Immune IncRNASs.

To understand the role of immune IncRNAs, we looked into antisense and sense
IncRNAs that overlap corresponding protein coding genes and might regulate their
exprression. Spearman correlation was applied between expression of antisense and
sense IncRNAs and the corresponding protein coding genes it overlaps. We found the
IncRNAs (both annotated and novel) are positively correlated with their corresponding
coding genes with an r > 0.5 and p-value < 0.05 (Figure 4.16A-B), but didn’t find any
negative correlation. IncRNAs highlighted in red color were also found strongly
correlated with their corresponding protein coding genes in the TCGA cohort (Figure

4.16A).
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Protein-coding genes which were strongly correlated with the above mentioned
antisense and sense InNcCRNAs were enriched with the immune pathways like T-cell

activation, B-cell receptor, chemokine signaling pathways (Figure 4.16C).
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Figure 4.16: A) Bar plot with antisense and sense annotated immune IncRNAs showing
positive correlation with their corresponding protein-coding gene it overlaps (Immune
IncRNA ~ Protein-coding gene). x-axis represent correlation coefficients and those
highlighted in red color on y-axis also showed strong positive correlation with their
corresponding protein coding genes in the TCGA cohort. B) Bar plot with antisense
novel immune IncRNAs showing positive correlation with their corresponding

protein-coding gene it overlaps. C) Pathway enrichment analysis performed on the
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protein-coding genes that were strongly correlated with antisense/sense immune
IncRNAs. Size and color of dots represent the number of genes involved in the specific

pathway and the statistical significance (adjusted p-value), respectively.

For example: CD48 is an immune cell activation marker involved in a wide variety of
immune responses?' and showed strong correlation with AL727985.1 (Antisense RNA
located on chromosome 1) expression. CORO1A disruption in T-cells promotes allograft
tolerance?'? and is strongly correlated with AC072645.3 (Antisense RNA located on
chromosome 16) expression. FLI-1 is reported to play an important role in immunity and
autoimmune diseases?®'® and is correlated with IncRNA SENCR (FLI-1 AS1) (Antisense
RNA located on chromosome 1) that regulates smooth muscle cell and endothelial cell

(EC) phenotypes?'.

4.5 Identification of Immune clusters

It has been suggested that cancer subtyping based on immune profiles may inform
which patients might respond to immunotherapy and which may not®'°2'>, High immune
evasion, low lymphocyte infiltration and low CD8+ might be related to Immune-low
cluster, whereas higher CD8+ and higher expression of immune checkpoint inhibitors
PD-1, CTLA-4 might be related to Immune-high cluster and might respond to
immunotherapy?'®. Based on this hypothesis, we classified TNBCs into two clusters
Immune-High (IH) and Immune-Low (IL) clusters based on the median of immune
IncRNA score (ssGSEA score) (FIgure 4.17A). Among the TNBC subtypes IM and MSL

were significantly associated with the IH group (both p-value < 0.001, odds ratio > 1,
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(Flgure 4.17A). On the other hand, subtypes M (p-value < 0.001, odds ratio < 1), BL1
(p-value < 0.001, odds ratio < 1) and LAR (p-value < 0.004, odds ratio < 1) were
significantly associated with the IL group (Flgure 4.17A). We observed that |H patients
had a higher distribution of cytolytic activity (CYT), major histocompatibility (MHC) and
immune scores compared to IL patients (FIgure 4.17B). Tumor inflammation signature
(TIS) measure has been shown to be enriched for patients who might respond to

anti-PD1 agent pembrolizumab®8,
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Figure 4.17: Classification of TNBCs into immune clusters A) Association of TNBC
subtypes with the identified Immune clusters. B, C and D) Distribution of immunogenic
scores between immune clusters. E) TIMER immune cells abundance between the
identified immune clusters. F) Average stromal and intratumoral tumor-infiltrating

lymphocyte (TIL) score between Immune-High and Immune-Low clusters. G) Immune
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checkpoint inhibitors PDL1, CTLA4, LAG3, PD1, PDL2 and TIGIT expression between
the immune clusters. H) Consensus TME (Tumor Micro Environment) immune cells

abundance between the identified immune clusters.

We observed the TIS score is higher in the IH cluster when compared to the IL cluster
(Flgure 4.17C). Similarly, immunophenoscore (IPS) was regarded as a predictor of
response to anti-CTLA-4 and anti-PD1 antibodies'™®. IPS is higher in IH tumors
compared to IL tumors (FIgure 4.17D). We also found higher levels of immune cell
infiltration (B-cells, CD4 T-cells, CD8 T-cells, Neutrophils, Macrophages, Dendritic cells)
in IH than IL clusters (p < 0.001) (Flgure 4.17E). Higher CD8 T-cell infiltration might
suggest that IH cluster patients respond to therapy?'®. Tumor infiltrating lymphocytes
(TILs) have been demonstrated as a biomarker for response to immune checkpoint
blockade?". H&E staining of FUSCC TNBCs predicted higher stromal and intra-tumoral
TILs score in IH than IL clusters (Flgure 4.17F). Higher expression of several immune
checkpoints such as PD1, CTLA4, PDL1, LAG3 and TIGIT were observed in IH,
compared to IL tumors (FIgure 4.17G). Immune cell abundance from Consensus TME
was observed higher in the IH cluster compared to the IL cluster (FIgure 4.17H). All the

above results suggest that Immune-High patients might be immunotherapy responders.

4.6 Signature IncRNAs related to Immune-High

Dysregulated immune IncRNAs among the immune clusters in training dataset were
used to identify biomarkers related to Immune-High cluster with the wrapper algorithm

biosigner around three classifiers (PLS-DA, Random Forest and SVM) which iterates
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through selection steps that include resampling, feature ranking according to their

importance in the model and the identification of significant IncRNAs, building the final

model (Figure 4.18A).
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Figure 4.18: A) Computational workflow to identify signature immune IncRNAs. B)

Identified signature immune IncRNAs related to Immune-High cluster from the machine

learning approaches. C) Confusion matrix plot showing the sensitivity, specificity and

accuracy for the three machine learning approaches.
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It returned 10 significant signature IncRNAs and the trained model for each of the
classifiers. Among them annotated IncRNA LINC01215 (“S” tier - final signature with all
three machine learning approaches) and novel INcCRNA MSTRG_243701 (“S” tier - final
signature with PLS-DA and SVM approaches, whereas “A” tier with RF but still can be
used for future prediction) which passed through all selection steps were regarded as
the most important signature INncRNAs related to the Immune-High cluster. The other 8
INcRNAs (LINC01934, LINC00861, CEP250-AS1, MSTRG_190999, AL160400.1,
LINC02422, AL096816.1, LINC02397) were detected as “S” signature IncRNAs only in
a specific single machine learning approach (Figure 4.18B). Finally, computed the
performances on testing dataset and observed good prediction values with all three
machine learning approaches (PLS-DA: sensitivity=0.79, specificity=0.82 and
AUC=0.80; RF: sensitivity=0.84, specificity=0.80 and AUC=0.81; SVM: sensitivity=0.80,
specificity=0.80 and AUC=0.80) (Figure 4.18C). These results show a good
performance model for categorizing the TNBCs into Immune-High and Immune-Low
clusters and also identified the most important significant signature IncRNAs belonging
to Immune-High cluster. All identified 10 signature IncRNAs were upregulated in

Immune-High compared to Immune-Low (Table 4.7).
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Table 4.7: Identified 10 signature IncRNAs related to Immune-High with ML approaches were
upregulated in Immune-High when compared with Immune-low

gene name log2FC padj chr start end gene type IncRNA type
LINCO01215 1.809304295 5.48E-15 chr3 108125821 108138610 lincRNA Annotated IncRNA
MSTRG.243701 1.494521438 9.50E-16 chrX 79368888 79372643 antisense_exonic Novel IncRNA
LINC01934 1.156149482 4.22E-10 chr2 181101932 181399559 lincRNA Annotated IncRNA
LINC00861 1.497092708 4.69E-12 chr8 125922308 125951249 lincRNA Annotated IncRNA
FO393401.1 1.031703841 2.13E-07 chr20 35476203 35490982 antisense_ RNA Annotated IncRNA
MSTRG.190999 0.8868440975 0.0006 chré 25350576 25450627 antisense_exonic Novel IncRNA
AL160400.1 1.219057445 1.69E-10 chré 25014952 25042170 lincRNA Annotated IncRNA
LINC02422 1.965432687 5.13E-16 chr12 31877079 31887203 lincRNA Annotated IncRNA
AL096816.1 1.553965182 3.41E-13 chré 107697299 107700218 TEC Annotated IncRNA
LINC02397 1.362967126 6.71E-05 chr12 92466451 92492091 lincRNA Annotated IncRNA
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5 Discussion

Many long non-coding RNAs have been suggested to play a role in Triple Negative
Breast Cancers (TNBCs), but their association with the subtypes of TNBCs has been
very limited. Similarly, research on immune IncRNAs in TNBCs has not been well
studied previously. So, here in this study we applied in-silico approaches to understand

the IncRNAs role in the subtypes of TNBCs and their immune regulation in TNBCs.

To detect novel IncRNAs in TNBCs, we analyzed the transcriptomic data of 317 TNBC
tumors and 44 normal samples. With some strict filtering steps and by applying
bioinformatic tools CPC2, RNAFold and Infernal we identified 5,716 novel IncRNAs.
Among these 86.7% were intergenic IncRNAs that do not overlap any of the
protein-coding genes, followed by antisense intronic and antisense exonic INCRNAs.
Compared with annotated IncRNAs and protein-coding genes, novel IncRNA transcripts
had fewer exons, shorter in length and expressed at low levels. These observations are
not unexpected given that intergenic regions are less well described and novel IncRNAs
likely have features that make them more difficult to detect than previously annotated

IncRNAs.

We identified subtype-specific IncRNAs, among which some of them have been studied
about their role in different cancer types. So, to identify their functional role in the TNBC
subtypes with in-silico approaches, initially co-expression network analysis was
performed with protein-coding genes, annotated IncRNAs and novel IncRNAs with

WGCNA™°. This revealed 20 modules, among which we identified 6 modules with
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higher number of IncRNAs co-expressed with protein-coding genes and having a
significant positive correlation between modules and subtypes (M1 ~ BL1, M3 ~ BL2,
M2 ~ IM, M15 ~ LAR, M16 ~ M, M9 ~ MSL). Apart from these 6 modules, Module M6
also has many IncRNAs (annotated n=54, novel n=1) co-expressed with coding genes,
but there is no correlation between this module and any of the subtypes. We found
IncRNAs in the subtype-specific modules that regulate cell cycle, DNA replication,
immune pathways, focal adhesion and metabolic processes. For example: FOXP4-AS1
is a IncRNA upregulated in all the three comparisons (BL1 vs other subtypes, TNBCs vs
normals and TNBCs vs non-TNBCs) and based on the co-expression network it might
be related to DNA replication and G2/M transition. It has been reported that
FOXP4-AS1 promotes cell proliferation, migration and plays an important role in
colorectal cancer progression'® is involved in cervical cancer progression via
regulating miR-136-5p/CBX4 Axis?'®. Another IncRNA DDX771-AS1, which is also
upregulated in the BL1 subtype and in TNBCs when compared to normals and
non-TNBCs, has been studied as a novel oncogene in various cancer types?'®.
LINC00944, upregulated in IM subtype, has been reported as a prognostic biomarker in
breast cancer®?® and is involved in the process of liver metastasis in colorectal cancer??'.
MIR155HG, which is also upregulated in the IM subtype, has been regarded as a
prognostic biomarker and associated with immune infiltration in different cancer types?®.
Similarly, other IncRNAs which play an important role in the respective subtypes, have
been studied as biomarkers in multiple cancers. LncRNAs have been identified as
regulators of gene expression in the immune system and have been shown to play a

prominent role in cancer progression. Immune INcRNAs have been studied in different
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cancers. Some immune IncRNAs have been studied in TNBCs so far®®, but there are
more to be investigated. To identify immune IncRNAs in TNBCs, we applied ImmLnc*
and detected 602 immune IncRNAs (479 were annotated and 123 were novel IncRNAs)
associated with immune pathways, positively correlated with immune cells and
negatively correlated with tumor purity. We further looked at the immune IncRNAs which
were antisense and sense, as they overlap protein-coding genes and might regulate
their expression. INcRNAs that are positively correlated with their corresponding coding
genes were seen regulating T-cell activation, B-cell receptor immune pathways. We
observed 175 immune IncRNAs (138 annotated and 37 novel IncRNAs) were highly
expressed in TNBCs when compared with normals based on log2FC > 1 and FDR <
0.05. Some of the identified immune INcRNAs have been reported in previous studies.
For instance: H19 IncRNA has been reported about its role in promoting macrophage
activation and hepatic inflammation in cholestatic liver disease???. RRN3P2 is one of the
IncRNAs in an immune IncRNA signature identified to predict the prognosis of bladder
cancer?, MIR155HG IncRNA overexpression in chronic obstructive pulmonary disease
patients led to regulation of M1/M2 polarization?*. Immune IncRNA MEG3 acts as a
competing endogenous RNA sponges miRNA-17 to regulate Treg/Th17 levels in
asthma patients'. There has been a study on immune IncRNAs HCP5 and MIAT which
acts as a ceRNA and sponges miRNA miR-150-5p which activates the expression of

PDL-12%.

We further classified TNBCs into two immune clusters Immune-High and Immune-Low,

based on the median of immune IncRNA score calculated by applying sSSGSEA. We
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observed higher immune cell infiltration, immune scores, TILs score and expression of
immune checkpoint inhibitors in Immune-High cluster compared to Immune-Low cluster,
which inform about patients in Immune-High cluster might respond to immunotherapy.
As a final aim of our study, machine learning approaches were applied and identified 10
signature INcRNAs that are related to Immune-High clusters. Among these, 2 IncRNAs
(LINC0O1215 and MSTRG_243701) were regarded as the most important signature
IncRNAs related to immune-high cluster, from all the three machine learning
approaches. LINC01215 has been reported among the seven-IncRNA prognostic
signatures which might predict prognosis in breast cancer and is associated with
immune cells and tumor mutation burden?®. The other 8 IncRNAs were regarded as
signatures in any of the machine learning approaches. In these LINC01934 has been
identified as cancer related IncRNA, regulating immune pathways in multiple cancer
types*. LINC00861 was significantly associated with immune checkpoints PD-1, CTLA4
and found as a potential target for immunotherapy to treat prostate cancer??’. IncRNAs
LINC02422 and LINC02397 were specific to the immune subtype (samples which are
identified for the pathway targetable by combinatorial immunotherapy) when compared
to Basal and CIN (chromosomal instability) subtypes identified in HPV neg HNSCCs

(head and neck squamous cell carcinomas)?%,

There are few limitations in this study. First, due to the lack of external total RNA-seq
datasets of TNBCs, subtype-specific IncRNAs were validated only in the TCGA dataset
which was generated by mRNA-seq, which would not have detected many intergenic
IncRNAs. Second, our study used in-silico methods to identify IncRNAs associated with

specific subtypes but lacks experimental validation of IncRNA function in the subtypes
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of TNBCs. Third, we have used only RNA-sequencing to understand the IncRNAs in
TNBCs. The study could be extended by looking at subtype-specific IncRNA association
with alterations in copy number alterations and DNA methylation by integrating

multi-omics analysis.

In summary, we detected novel IncRNAs and provided IncRNA association with the
subtypes of TNBCs through co-expression network analysis. Our results provide the
foundation for the functions of these INcCRNAs to be confirmed by in-vitro approaches. In
this study we also identified INcRNA associated with immune pathways, immune cells
and tumor purity which suggest that these IncRNAs may play a role in regulating the
immune environment of TNBCs. The subtype-specific I'cRNAs and signature immune
IncRNAs identified in this study provide valuable insights into IncRNA functions in

TNBCs.
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6 Conclusions

Although IncRNAs have been investigated in multiple cancers, including triple negative
breast cancers, their discovery and characterization remain challenging and many have
likely not been discovered due to their molecular features, such as their low expression.
Indeed, the identification and characterization of novel IncRNAs, especially the role of
IncRNAs in subtypes of TNBCs remain in the early stage. The molecular heterogeneity
between TNBC subtypes on the mRNA level is likely associated with a similar degree of
heterogeneity in terms of IncRNAs. Our in-silico analysis provides a glimpse into the

subtype-specific pathways in which IncRNAs may play a role.

Given the recent development of immunotherapy in TNBCs, it is important that we gain
a better understanding of the molecular mechanisms that regulate the immune
environment of TNBCs. Currently, little is known about how IncRNAs regulate immune
response. Our study identified a few INncRNAs that show particularly strong association
with a variety of immune features. Future functional experiments would be required to
determine if these INncRNAs would indeed regulate the tumor immune environment in

TNBCs.

In conclusion, our findings in this study revealed the presence of many novel IncRNAs

not previously known, and identified IncRNAs associated with TNBC subtypes and the

tumor immune environment.
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Genomic Analysis Revealed New
Oncogenic Signatures in
TP53-Mutant Hepatocellular
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Luca Quagliata’, Guglielmo Roma?, Yujin Hoshida®, Luigi M. Terracciano’,
Charlotte K. Y. Ng'<* and Salvatore Piscuoglio’

"nstitute of Pathology, University Hospital Basel, Basel, Switzerland, * Department of Biclogy, University of Naples Federico
N, Naples, Italy, * Division of Liver Diseases, Department of Medicine, Liver Cancer Program, Tisch Cancer Institute,
Graduate School of Biomedical Sciences, lcahn School of Medicine at Mount Sinai, New York, NY, United States,

! Department of Biomedicine, University of Basel, Basel, Switzerland

The TP53 gene is the most commenly mutated gene in human cancers and mutations
in TP53 have been shown to have either gain-of-function or loss-of-function effects.
Using the data generated by The Cancer Genome Atlas, we sought to define the
spectrum of TP53 mutations in hepatocellular carcinomas (HCCs) and their association
with clinicopathologic features, and to determine the oncogenic and mutational
signatures in TP53-mutant HCCs. Compared to other cancer types, HCCs harbored
distinctive mutation hotspots at V157 and R249, whereas comman mutation hotspots
in other cancer types, R175 and R273, were extremely rare in HCCs. In terms of
clinicopathologic features, in addition to the associations with chronic viral infection and
high Edmondson grade, we found that TP53 somatic mutations were less frequent
in HCCs with cholestasis or tumor infiltrating lymphocytes, but were more frequent
in HCCs displaying necrotic areas. An analysis of the oncogenic signatures based
on the genetic alterations found in genes recurrently altered in HCCs identified four
distinct TP53-mutant subsets, three of which were defined by CTNNBT mutations,
1g amplifications or 8g24 amplifications, respectively, that co-occurred with TP53
mutations. We also found that mutational signature 12, a liver cancer-specific signature
characterized by T>C substitutions, was prevalent in HCCs with wild-type TP53 ar
with missense TP53 mutations, but not in HCCs with deleterious TP53 mutations.
Finally, whereas patients with HCCs harboring deleterious 7TP53 mutations had worse
overall and disease-free survival than patients with TP53-wild-type HCCs, patients
with HCCs harboring missense TP53 mutations did not have worse prognasis. In
conclusion, our results highlight the importance to consider the genetic heterogeneity
among TP53-mutant HCCs in studies of biomarkers and molecular characterization of
HCCs.

Keywords: TP53 mutations, somatic mutations, copy number alterations, mutational signature, oncogenic
signature
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INTRODUCTION

Hepatocellular carcinomas (HCCs) display extensive histologic,
transcriptomic  and  genetic  diversity  (Lee et al,, 2004;
Boyault et al., 2007; Chiang et al., 2008; Hoshida et al., 2009;
Fujimoto et al., 2012; Guichard et al,, 2012; Ahn et al., 2014;
Schulze et al, 2015; The Cancer Genome Atlas Research
Network, 2017). On the genetic level, genes involved in liver
metabolism, Wnt and p53 signaling have been shown to be
recurrently altered (Fujimoto et al., 2012; Guichard et al., 2012;
Ahn et al., 2014; Schulze et al.,, 2015; The Cancer Genome Atlas
Research Network, 2017). The most frequently mutated protein-
coding genes are CTNNBI (encoding f-catenin) and TP53
(encoding p53), both mutated in 20-40% of HCCs (Fujimoto
et al., 2012; Guichard et al., 2012; Ahn et al., 2014; Schulze
et al, 2015; The Cancer Genome Atlas Research Network,
2017).

TP53 is the most frequently mutated gene in human cancers
(Kandoth et al, 2013). The p53 protein modulates multiple
cellular functions, including transcription, DNA synthesis and
repair, cell cycle arrest, senescence and apoptosis (Vogelstein
et al, 2000). Mutations in TP53 can abrogate these functions,
leading to genetic instability and progression to cancer
(Vogelstein et al,, 2000). Across 12 major cancer types (excluding
HCC), 42% of cancers harbored TP53 somatic mutations,
with at least 20% mutational rate in 10/12 cancer types and
TP53 mutations are associated with inferior prognosis and
unfavorable clinicopathologic parameters, such as tumor stage
(Kandoth et al, 2013). Furthermore, TP53-mutant tumors
are highly enriched among tumors driven by copy number
alterations (CNAs), with most remaining TP53-mutant tumors
associated with the presence of somatic mutations in the Wnt
and/or the RAS-RAF-ERK signaling pathways (Ciriello et al,,
2013).

The pattern of TP53 mutations is reminiscent of both an
oncogene and a tumor suppressor gene (Vogelstein et al,
2013). The majority (86%) of TP53 mutations are in the DNA-
binding domain (Olivier et al, 2010; Kandoth et al., 2013).
Most mutations in the DNA-binding domain are missense (88%)
and approximately 1/3 of missense mutations affect the hotspot
residues R175, G245, R248, R249, R273, and R282 (Olivier
et al,, 2010). Outside the DNA-binding domain, most mutations
(~60%) are nonsense or frameshift (Olivier et al., 2010). Mutant
p53 proteins may lose the tumor suppressive functions and exert
dominant-negative activities, but may also gain new oncogenic
properties (Olivier et al, 2010; Muller and Vousden, 2014).
Indeed, on the immunohistochemical level, p53 is generally
detectable to various extents in samples with missense mutations
but is undetectable in samples with truncating or frameshift
mutations (Hall and McCluggage, 2006; Soussi et al., 2014).

In HCC, TP53 mutational frequency has been reported to
range between 22 and 33% (Fujimoto et al., 2012; Guichard et al,,
2012; Cleary et al., 2013; Kan et al,, 2013; Ahn et al, 2014;
Jhunjhunwala et al., 2014; Shiraishi et al., 2014; Totoki et al., 2014;
Weinhold et al., 2014; Schulze et al., 2015; Fujimoto et al., 2016;
The Cancer Genome Atlas Research Network, 2017). However,
the frequency varies between geographic regions, etiological
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factors and carcinogen exposure, with more frequent TP53
mutations in regions where hepatitis B virus (HBV) infection
is endemic (Fujimoto et al,, 2012; Guichard et al,, 2012; The
Cancer Genome Atlas Research Network, 2017). Similar to other
cancer types, TP53-mutant HCCs have been associated with
features linked to poor prognosis, including high levels of alpha-
fetoprotein, high Edmondson grade, expression of stem-like
markers, and activation of pro-oncogenic signaling pathways
(Kiani et al., 2002; Breuhahn et al,, 2004; Lee et al.,, 2004; Peng
etal., 2004; Boyault et al., 2007; Chiang et al., 2008; Hoshida et al.,
2009; Goossens et al., 2015). Furthermore, patients with TP53-
mutant HCCs tend to have shorter overall (OS) and disease-free
survival (DFS) (Yano et al., 2007; Woo et al.,, 2011; Cleary et al.,
2013). However, it appears that not all TP53 mutations in HCCs
are equal. For instance, one of the most common mutation
hotspots affecting residues R248/249 has an overall frequency
of ~10% among TP53-mutant HCCs (Fujimoto et al., 2012,
2016; Ahn et al., 2014; Schulze et al,, 2015; The Cancer Genome
Atlas Research Network, 2017). In particular, the R249S mutation
resulting from G>T transversion has specifically been linked to
the combined effect of aflatoxin Bl exposure and HBV infection
(Bressac etal.,, 1991; Hsu et al., 1991) and this mutation is detected
in >75% of HCC from areas with high aflatoxin Bl exposure
(Gouas et al., 2009; Kew, 2010). Further hotspot mutations
affecting preferentially HCC are located at the residues V157 and
H193 (both at ~2%) (Fujimoto et al,, 2012, 2016; Ahn etal., 2014;
Schulze et al., 2015; The Cancer Genome Atlas Research Network,
2017). Both R249S and V157F have been associated with stem
cell-like traits and poor prognosis in HCC patients (Villanueva
and Hoshida, 2011; Woo et al., 2011).

Finally, molecular classification studies have invariably
grouped TP53-mutant HCCs under the umbrella of the
aggressive subclass, but it is also clear that this subclass is
molecularly, biologically and clinically heterogeneous (Boyault
et al., 2007; Hoshida et al., 2009; Goossens et al., 2015).

Given the diverse pattern of TP53 mutations, taking advantage
of The Cancer Genome Atlas (TCGA) dataset, in this study
we sought to determine the pattern of TP53 somatic mutations
in HCCs and its association with clinicopathologic features.
Additionally, as TP53 mutations are associated with HCC
molecular subclasses with poor prognosis, we sought to define
the oncogenic and mutational signatures among TP53-mutant
HCCs.

MATERIALS AND METHODS

Sample Selection and Histologic
Assessment

From TCGA liver hepatocellular carcinoma (LIHC) project (The
Cancer Genome Atlas Research Network, 2017), 373 tumors with
available somatic mutational data' (accessed April 2017) (Gao
et al,, 2013) were included in the study. Images of diagnostic
hematoxylin & eosin (H&E) slides were retrieved from the
cbioportal and reviewed by three expert hepatopathologists (SA,

'http:/{www.cbioportal.org
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MSM and LMT) according to the guidelines by the World
Health Organization (Bosman et al, 2010) to define the presence
or absence of cholestasis, Mallory bodies, tumor infiltrating
lymphocytes (TILs), vessel infiltration and necrotic areas. 4-point
scale Edmondson and Steiner system was adopted for tumer
grading as previously described (Edmondson and Steiner, 1954;
Alexandrov et al,, 2013). Clinical information were obtained from
the cbioportal (Gao et al., 2013).

Classification of TP53 Somatic Mutations
TP53 somatic non-synonymous and splice region mutations for
the 373 HCCs were retrieved from the cbioportal (accessed
April 2017) (Gao et al,, 2013). TP53 mutations were stratified
according to (i) the mutation type as single-nucleotide missense
mutations (also encompassing synonymous mutations affecting
splice region, Supplementary Methods and Supplementary
Table S1) or deleterious mutations (encompassing splice site,
nonsense, in-frame, and frameshift mutations); (ii) whether the
mutations were within or outside of the DNA-binding domain.
For correlative analyses with clinicopathologic parameters, the
sample (TCGA-DD-A1EE) with three TP53 mutations (A161S,
H193R and C277%) was classified as harboring deleterious
mutation.

The spectrum of TP53 mutations in non-LIHC TCGA
datasets were retrieved from the cbioportal (accessed June 2017,
Supplementary Table $2) (Gao et al., 2013). Mutation (lolliplot)
diagrams and Oncoprints were generated using cbioportal (Gao
etal., 2013).

Genomic and Transcriptomic Data
Analysis
Gene-level copy number (“gistic2_thresholded, 370/373
samples) and expression (“IlluminaHiSeq” 367/373 samples)
data were retrieved from the UCSC Xena Functional Genomics
Browser® accessed April 2017). Gene-level copy number data
were used to define genomic regions with differential frequencies
of copy number alterations between HCCs with missense TP53
mutations, with deleterious TP53 mutations, or with wild-type
TP53. Copy number states —2, —1, 0, 1, and 2 were considered
homozygous deletion, heterozygous loss, copy number neutral,
gain and high-level gain/amplification, respectively.

Transcriptomic data were in the form of gene-level,
log-transformed, upper-quartile-normalized RSEM  values.
Molecular classification was performed according to Hoshida
(2009), wusing the Nearest Template Prediction:
http://software.broadinstitute.org/cancer/software/genepattern.
The R package limma was used to perform quantile
normalization and for differential expression analysis. Multiple
correction was performed using the Benjamini-Hochberg
method. Genes with adjusted P-value < 0.05 were considered as
differentially expressed.

The number of somatic mutations per sample was obtained
from the cbioportal (Gao et al., 2013).

et al

*https://xenabrowser.net/datapages/?cohort=TCGA%20Liver%20Cancer%
20(LIHC)

Frontiers in Genetics | www.frontiersin.org
g

Oncogenic Signatures in TP53-Mutant HCC

Oncogenic Signatures

Oncogenic signature (“oncosign”) classification and the selection
of genomic features as ‘selected functional elements’ (SFEs) input
data were performed as described by Ciriello et al. (2013).
Specifically, we selected 29 significantly mutated genes that have
previously been reported as cancer genes (Futreal et al,, 2004;
Fujimoto et al., 2012; Kandoth et al, 2013; Lawrence et al.,
2014), 27 recurrent amplifications and 34 recurrent deletions as
SFEs (Supplementary Methods). Robustness of the subclasses was
assessed by removing 5, 10, or 20% of samples, reclassifying the
reduced dataset, and calculating the Jaccard coefficients over 20
runs (Ciriello et al,, 2013). Enrichment of genomic alterations was
assessed using Chi-squared and Fisher's exact tests, as described
(Ciriello et al., 2013).

Mutational Signatures

Decomposition of mutational signatures was performed using
deconstructSigs (Rosenthal et al., 2016), based on the set of 30
mutational signatures (“signature.cosmic”) (Alexandrov et al.,
2013; Nik-Zainal et al., 2016), for the 358 samples with at least
30 somatic mutations. Mutational signatures with >20% weight
were considered to have substantial contribution to the overall
mutational landscape. For each sample, the mutation signature
with the highest weight was considered the dominant mutational
signature.

Pathway Analysis
Pathways analysis was performed using Ingenuity Pathway
Analysis as previously described (Piscuoglio et al, 2014;
Martelotto et al, 2015). P < 0.001 was considered significant
(Supplementary Methods).

Statistical Analysis

Associations between TP53 mutations and clinical/histologic
features were assessed using Mann-Whitney U, Chi-squared
or Fisher's exact tests as appropriate. Survival analyses were
performed using the Kaplan-Meier method and the log-rank
test. Univariate and multivariate analyses for OS and DFS were
performed using the Cox proportional-hazards model. Mutual
exclusivity and co-occurrence of somatic mutations were defined
using the cbioportal (Gao et al, 2013). Statistical analyses
comparing copy number profiles and defining genes up-regulated
when gained or amplified and genes down-regulated when
lost were performed as previously described (Supplementary
Methods) (Piscuoglio et al., 2014). All tests were two-sided.
P < 0.05 were considered statistically significant. Statistical
analyses were performed with R v3.1.2 or SPSS v24 (IBM,
Miinchenstein, CH).

RESULTS

Clinicopathologic Characterization and

Molecular Classification of HCCs
TP53 mutation status was available for 373 HCCs subjected
to whole-exome sequencing by TCGA (The Cancer Genome
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Atlas Research Network, 2017). Analysis of the clinical details
of the patients revealed that the median age at diagnosis was
61 (range 16-90) and that 67.5% were male (Supplementary
Table $3). Half of the patients were Caucasian (50.8%), with
most remaining patients being Asian (43.9%). The most frequent
primary risk factor was alcohol consumption (33.1%), followed
by HBV (30.0%) and hepatitis C virus (HCV) infection (15.9%).
Overall, history of at least one primary risk factor was noted in
74.2% patients (Supplementary Table $3).

We performed a comprehensive histopathologic review of
the diagnostic H&E slides for all 373 included cases to assess
Edmondson grade, the presence of cholestasis, Mallory bodies,
vessel infiltration, necrotic areas, and TILs (Figure 1 and
Supplementary Table $3). Most samples were of intermediate
grade, with 33.2, 60.6, and 54% graded as of Edmondson
grades 2, 3, and 4, respectively. No sample was classified as
of Edmondson grade 1. Cholestasis, Mallory bodies, vessel
infiltration, necrotic areas, and TILs were present in 21.6, 22.0,
34.1, 24.8, and 47.3% of cases, respectively.

Molecular classification was performed for the 367 HCCs for
which expression data were available according to Hoshida et al.
(2009). 31.3, 21.5, and 47.2% of HCCs were classified as §1, S2
and S3, respectively (Supplementary Table $3).

Spectrum of TP53 Somatic Mutations in
HCCs

Given that TP53 is one of the most frequently mutated genes in
HCCs and its diverse spectrum of mutations in human cancers,
we sought to define the spectrum and type of TP53 mutations
found in HCCs. A total of 116 somatic non-synonymous TP53
mutations and 2 synonymous TP53 mutations affecting splice
regions were identified in 115 (30.8%) cases, including one case
with three distinct mutations and one case with two. Missense
(including missense and synonymous mutations affecting splice

Oncogenic Signatures in TP53-Mutant HCC

region, Supplementary Methods and Supplementary Table S1)
and deleterious (including nonsense, frame-shift, in-frame, splice
site) mutations accounted for 73 (62%) and 45 (38%), respectively
(Figure 2). Compared to other cancer types characterized by the
TCGA, there was no difference between HCC and non-HCC
tumor types in terms of the ratio of missense vs deleterious
mutations (P = 0.197, Fisher’s exact test).

Of the 73 missense and synonymous mutations affecting
splice region, 51 (70%) affected known hotspot residues (Chang
et al., 2016; Gao et al, 2017) and all but one (99%) affected
the DNA-binding domain (Figure 2A). All missense mutations
were predicted to be pathogenic by at least 2/5 in silico
mutation effect predictors, with the two synonymous mutations
affecting splice region also predicted to be disease causing
(Supplementary Methods and Supplementary Table S1). The
most frequent hotspot mutations were R249S (11/73, 15%),
HI193R (4/73, 5%), and R248Q/W (4/73, 5%). V157F, a mutation
not considered to be a hotspot residue (Chang et al, 2016;
Gao et al, 2017) but was reported as a mutation hotspot in
HCCs (Woo et al, 2011), accounted for 4/73 (5%) of the
missense mutations (Figure 2A). Compared to other cancer
types, mutations affecting V157 and R249 accounted for greater
proportions of the missense mutations in HCCs than in other
cancer types (4/73, 5% vs. 22/1787, 1.2%, P = 0.017 and
11/73, 15% vs. 21/1787, 1.2%, P < 0.001, respectively, Fisher’s
exact tests, Figures 2A,B). In particular, R249S accounted
for <0.5% of TP53 missense mutations in non-HCC TCGA
samples, but accounted for 15% of the missense mutations
in HCCs (P < 0.001, Fishers exact test). In contrast, the
most frequent hotspots in non-HCC tumors R273 (178/1787,
10.0% of missense mutations) and R175 (112/1787, 6.3%)
were only observed once and not at all, respectively, in
HCCs (P = 0.008 and P = 0.020, respectively, Fisher’s exact
tests).

FIGURE 1 | Histologic features of hepatocellular carcinoma. Low-power view of hepatocellular carcinomas with tumor infiltrating lymphocytes (), necrotic areas
(B), vessel infiltration (C), Mallory bodies (D), cholestasis (E) and of high Edmondson grade (F). Red arrows indicate the relevant histologic features.
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FIGURE 2 | The distribution and the spectrum of TP53 mutations. The distribution and spectrum of TP53 missense (A,B) and deleterious (C,D) mutations in
hepatocellular carcinoma (A,C) and in non-liver TCGA datasets (B,D). Diagrams represent the protein domains of p53 encoded by the TP53 gene. The presence of
a mutation is shown on the x axis (lollipop), and the frequency of mutations is shown on the y axis. Missense mutations are presented as green circles, deleterious
mutations (i.e., nonsense, frameshift, splice-site and in-frame) are depicted in black and brown circles. Plots were generated using cBioPortal tools
(http://www.cBioPortal.org) and curated manually.

Oncogenic Signatures in TP53-Mutant HCC

The 45 deleterious mutations comprised 13 (29%) nonsense
point mutations, 20 (44%) frameshift small insertions or deletions
(indels), 3 (7%) in-frame indels and 9 (20%) mutations affecting
splice sites. Unlike missense mutations, the 45 deleterious
mutations were spread across the TP53 gene, with 32 (71%) in
the DNA-binding domain, 3 (7%) in the tetramerization motif
and 10 (22%) outside of these two domains (Figure 2C). In other
cancer types, recurrent truncating mutations were observed at
R196 (44/926, 4.8% of deleterious TP53 mutations) and R213
(56/926, 6.0%), both of which were not observed in HCC
(Figures 2C,D).

Qur results demonstrate that the spectrum of TP53 mutations
in HCCs is distincet from that in non-HCC tumors, with
HCC-specific recurrent hotspot mutations and a near absence
of highly recurrent TP53 mutations found in other cancer

types.

TP53 Status Correlates with Specific
Histopathologic and Clinical Features of
HCCs

Next, we sought to define whether TP53 mutation status
correlated with clinicopathologic parameters. TP53 mutations
were more frequently found in male patients (35.9% vs. 20.7%
in female; P = 0.003, Fisher’s exact test) and in patients with
at least one primary risk factor (35.1% vs. 20.9%; P = 0.013,
Fisher’s exact test), especially in HCCs associated with HBV/HCV
infection (53.1% wvs. 39.7%; P = 0.021, Fisher's exact test,
Table 1). Patients from different racial backgrounds were
associated with different TP53 mutational frequencies (P = 0.001,
Chi-squared test, Table 1). Black or African Americans had
the highest frequency of TP53 mutations (70.6% vs. Asians,
36.5%, P = 0.009, and vs. Caucasians, 22.8%, P = 0.001,
Fisher’s exact tests), while Asians displayed more frequent TP53
mutations than Caucasians (P = 0.006, Fisher’s exact test). No
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association with age of patients or Child-Pugh classification was
abserved.

Correlation with histologic features revealed that TP53-
mutant HCCs were associated with high Edmondson grade,
accounting for 12.1, 38.5, and 65.0% of cases classified as
Edmondson grades 2, 3, and 4, respectively (P < 0.001,
Chi-squared test, Table 1). TP53 mutations were less frequent in
HCCs associated with cholestasis (17.5% vs. 38.4%; P = 0.003,
Fisher’s exact test) and were more frequent in HCCs with necrotic
areas (43.5% vs, 26.9%; P = 0.004, Fisher’s exact test, Table 1).
The presence of TILs was associated with less frequent TP53
mutations (37.4% vs. 62.6%; P = 0.013, Fisher’s exact test;
Table 1). No association was found between TP53 mutation status
and the presence of Mallory Bodies or vessel infiltration.

Further analyses comparing HCCs with missense or
deleterious mutations showed that patients with HCCs with
deleterious TP53 mutations were slightly older than those
with missense mutations (median 64 vs. 58, P = 0.049,
Mann-Whitney U test, Supplementary Table S4). After
excluding one patient (TCGA-DD-A1EE) with both deleterious
mutation (C277*) and hotspot missense (H193R) mutations,
the ages between the two groups were not different (P = 0.058,
Mann-Whitney U test). Of note, TP53 recurrent hotspots
V157F, R158H, HI193R, Y205, and R249S5 were exclusively
found in tumors of high Edmondson grade (grades 3/4,
P =0.038, Fisher’s exact test, compared to HCCs with other TP53
mutations).

Correlating  TP53 status  with molecular classification,
(Hoshida et al., 2009) TP53-mutant HCCs were preferentially
enriched in the S1 and S2 subclasses (36.5% and 42.5% vs.
21.8% in 83, P = 0.001, Chi-squared test, Table 1). Stratifying
TP53-mutant HCCs into those with missense or deleterious
mutations did not reveal association between TP53 mutation
types and molecular classification (P = 0.459, Chi-squared test,
Supplementary Table $4).
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TABLE 1 | Analyses of TP53 status and clinicopathologic parameters in the 373 HCCs from The Cancer Genome Atlas cohort (The Cancer Genome Atlas Research

Network, 2017).
Age {n = 372) Median years
Gender (n = 372) Female
Male
Child-Pugh classification grade A
(n = 243)
B
c
Race (n = 362) America Indian or Alaskan native
Asian
Black or African American
Caucasian
Histery of Primary Risk Factors At least one risk factor
(n = 353)
No risk factor
Edmondson Grade (n = 373) 2
3
4
Cholestasis {n = 370) Absent
Present
Mallory Bodies (n = 373) Absent
Present
Vessel infiltration (7 = 370) Absent
Present
Necrotic areas (n = 371) Absent
Present
Infiltrating lymphocytes (n = 372) Absent
Present
Molecular classification by S1
Hoshida et al. (2009, n = 367)
s2
s3

TP53 status P-value
Mutant [N (%)] Wild-type [N (%)]

59 61 0.200
25(20.7) 96 (79.3) 0.003
90(35.9) 161 (64.1)

65(29.4) 156 (70.6) 0.754
7(33.3) 14 (66.7)
0(0) 1(100)
1(50) 1 (50) <0.001
58(36.5) 101 (63.5)
12(70.6) 5(29.4)
42(22.8) 142(77.2)
92(35.1) 170(64.9) 0.013
19(20.9) 72(79.1)
15(12.1) 109 (87.9) <0.001
87 (38.5) 139 (61.5)
13(65.0) 7(35.0)
101 (38.4) 189 (85.2) 0.003
14(17.5) 66 (82.5)
94 (32.3) 197 (67.7) 0.280
21(25.8) B1(74.4)
72(29.5) 172 (70.5) 0.407
43(34.1) 83(65.9)
75(26.9) 204(73.1) 0.004
40 (43.5) 52 (56.5)
72(62.6) 124 (48.2) 0.013
43(374) 133(51.8)
42(36.5) 73(63.5) 0.001
31(42.6) 42(57.5)
39(21.8) 140(78.2)

Statistical comparisons were performed using Mann-Whitney U test, Fisher's exact test or Chi-Squared test. P < 0.05 was considered to be statistically significant.

These results demonstrate that, additional to the well-
established associations with the male gender, HBV/HCV
infection and high Edmondson grade, TP53 mutations were
less frequent in HCCs with cholestasis or TILs, but were more
frequent in HCCs with necrotic areas.

Genomic Instability Is Not Associated

with TP53 Mutation Type

Next, we compared the number of somatic genetic alterations
between TP53-wild-type and mutant cases. Mutational
burden was higher in TP53-mutant HCCs, HCCs with
missense TP53 mutations and HCCs with deleterious TP53
mutations than TP53-wild-type cases (P < 0.001, P < 0.001
and P = 0.004, respectively, Mann-Whitney U tests), but
no difference was observed between cases with missense
or deleterious mutations (P = 0.799, Mann-Whitney U
test, Supplementary Figure S1A). Similarly, TP53-mutant
HCCs, HCCs with missense TP53 mutations and HCCs
with deleterious TP53 mutations all harbored higher number
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of genes affected by CNAs compared with TP53-wild-type
cases (P < 0.001, P < 0.001 and P = 0.001, respectively,
Mann-Whitney U tests, Supplementary Figure S1B), with no
difference between cases with missense or deleterious TP53
mutations (P = 0.352, Mann-Whitney U test, Supplementary
Figure §1B).

Consistent with their increased chromosomal instability,
TP53-mutant HCCs displayed more frequent gains of
chromosomes 1p, 3, 10p and 19p and losses of half the
genome, notably of chromosomes 4, 5, 10q, 14, 17p, 18 and 19
(Supplementary Figures S2A-C). The CNA landscapes between
HCCs with TP53 missense or deleterious mutations were
remarkably similar (Supplementary Figure 52D).

To identify potential CNA drivers associated with TP53
mutations, we interrogated the genes overexpressed when gained
and genes downregulated when lost in the regions that showed
differential CNA frequencies between TP53-mutant and TP53-
wild-type cases (Supplementary Figure S2A). Pathway analysis
of the copy number-regulated genes revealed that TP53-mutant
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cases displayed deregulation in pathways associated with EIF2
signaling, protein ubiquitination pathway, RNA polymerase-
II complex and DNA repair pathways, and in molecular and
cellular functions related to cell death and survival, cell cycle,
DNA replication, recombination and repair (Supplementary
Figure $3).

TP53-Mutant HCCs Displayed
Heterogeneous Oncogenic Signatures

In HCCs, TP53 and CTNNBI mutations were largely mutually
exclusive (P = 0.028, Figure 3A) (Fujimoto et al, 2012;
Guichard et al., 2012; Schulze et al., 2015; The Cancer Genome
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Atlas Research Network, 2017). Additionally, TP53 and BAP1
mutations were also mutually exclusive (P = 0.004; Figure 3A).
In contrast, TP53 mutations co-occurred with RBI, JAKI and
KEAPI mutations (P = 0.028, P = 0.034 and P = 0.044,
respectively, Figure 3A). These observations suggest that TP53-
mutant HCCs likely constitute a genetically heterogeneous
subclass and may be subclassified into categories with distinct
oncogenic signatures.

To define the oncogenic signatures in TP53-mutant HCCs,
we performed unsupervised partitioning of the samples
into classes with distinct patterns of likely ‘driver’ genetic
alterations (or ‘selected functional elements, SFEs), (Ciriello
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et al, 2013) including mutations in 29 significantly mutated
genes, amplifications in 27 recurrently amplified regions,
and homozygous deletions in 34 recurrently deleted regions
(see Materials and Methods). Among the 144 TP53-mutant
HCCs with mutational and CNA data, we found median of
2 mutational (range 0-11) and 2.5 CNA (range 0-13) SFEs
in each case and identified four robust oncogenic signature
classes (OSCs, Figures 3B-E and Supplementary Figure S4A).
HCCs with missense or deleterious TP53 mutations did not
cluster separately (P = 0.305, Chi-squared test, Figure 3B),
nor HCCs of distinct transcriptomic subclasses (Supplementary
Figure S4B).

Inspection of the SFEs that characterized each OSC revealed
that OSC1 was defined by the presence of CTNNBI mutations
(100%, P < 0.001, Fishers exact test, Figure 3F). The
most frequent alteration in OSC2 was 8q24.21 amplification
(encompassing MYC, 67%, P < 0.001, Fisher’s exact test),
while the most frequent alterations in OSC4 were 1q21.3
(encompassing CHDIL and HORMADI, 60%) and 1q42.2
(encompassing TARBPI and EXOI, 63%) amplifications (both
P < 0.001, Fishers exact tests, Figure 3F). OSC3 was notable
for lacking highly recurrent genetic alterations, with the most
frequent alteration being 11q13.3 amplification (CCND1, 23%,
P = 0.011, Fisher’s exact test). Additionally, ARIDIA mutations
were enriched in OSC1 (35%, P < 0.001, Fisher’s exact test),
while 10q23.21 deletion (PTEN, 20%) and 6p25.2 amplification
(VEGFA, 23%) were enriched in OSC4 (P = 0.020 and P = 0.001,
respectively, Fisher’s exact tests). We also found that OSCI
harbored higher number of mutational SFEs and lower number
of CNA SFEs (P < 0.001 and P = 0.002, respectively, Mann-
Whitney U tests, Figures 3C,D) compared to other classes. By
contrast, OSC4 harbored higher number of CNA SFEs than
the other classes (P < 0.001, respectively, Mann-Whitney U
test, Figure 3D). The TP53 R249S hotspot mutation was not
associated with specific OSC classes (P = 0.591, Chi-squared
test). Finally, OSC1/2 were more frequently associated with the
presence of TILs than OSC3/4 (P = 0.028, Chi-squared test).
No other associations between histologic or clinicopathologic
parameters and OSCs were found.

These observations are concordant with the observation
that tumors are primarily driven by either somatic mutations
or CNAs but rarely both (Ciriello et al., 2013) (Figure 3E
and Supplementary Figures S4C,D). Furthermore, we identified
subclasses of TP53-mutant HCCs likely driven by co-occurring
CTNNBI mutations, 8q24.21 (MYC) amplification or 1q
amplification in a mutually exclusive manner.

Mutational Signatures in TP53-Mutant
HCCs

The somatic mutational landscapes are shaped by endogenous
and/or environmental biological and chemical processes
(Alexandrov et al., 2013). More than 10 mutational signatures
have been identified in liver cancers, including two liver cancer-
specific signatures 12 and 16 of unknown etiology, both of
which are characterized by frequent T>C substitutions but
with different sequence contexts (Alexandrov et al, 2013).
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To determine whether TP53-mutant HCCs harbored distinct
mutational signatures compared to TP53-wild-type HCCs,
we inferred the underlying mutational processes for the 358
HCCs with at least 30 somatic mutations (Alexandrov et al.,
2013; Nik-Zainal et al,, 2016). The age-associated signature 5,
(Alexandrov et al,, 2015) and the liver cancer-specific signatures
12 and 16 contributed substantially (>20% weight) to the
mutational landscapes in 17.0, 12.8, and 53.4% of the samples,
respectively (Figure 4). Together, 72.9% of HCCs harbored
signatures 5, 12 or 16 as the dominant signatures (14.0, 10.6, and
48.3%, respectively).

A comparison of the mutational signatures with substantial
contribution (>20%) to the mutational landscapes of TP53-
mutant or TP53-wild-type HCCs revealed that only the aflatoxin-
associated signature 24 was enriched among TP53-mutant HCCs
(7/114, 6.1% vs. 4/244, 1.6%, P = 0.042, Fisher’s exact test).

We further compared the mutational signatures between
HCCs with missense or deleterious TP53 mutations.
Interestingly, while 18.6% (13/70) of samples with missense
TP53 mutations displayed substantial contribution from
signature 12, only 4.5% (2/44) of samples harboring deleterious
TP53 mutations did (P = 0.044, Fisher’s exact test), with
signature 12 being the dominant signature in 15.7% (11/70)
and 2.3% (1/44) of samples with missense or deleterious TP53
mutations, respectively (P = 0.027, Fisher’s exact test, Figure 4).
No difference in other signatures was observed. The aflatoxin-
associated signature 24 was enriched among R249S-mutant
HCCs compared other TP53-mutant HCCs (4/11, 36% vs. 3/103,
3%, P = 0.001 for substantial contribution and 3/11, 27% vs.
2/103, 2%, P = 0.006 for dominant signature, Fisher’s exact tests).

Taken together, our results suggest that the different types
of TP53 mutations were associated with distinct mutational
processes. Specifically, signature 12 was rarely found in HCCs
with deleterious TP53 mutations.

Distinct Types of TP53 Mutations Are

Associated with Different Prognoses

Previous studies found that associations between the types of
TP53 mutations and prognoses in breast, and head and neck
cancers (Olivier et al., 2006; Ozcelik et al., 2007; Vegran et al.,
2013; Lapke et al.,, 2016). Here we hypothesized that patients
with HCCs harboring TP53 missense or deleterious mutations
may display different prognoses. Considering the patients with
available data on OS (n = 372) or DFS (n = 321), we found that
patients with TP53-mutant HCCs displayed a more aggressive
behavior including shorter OS and DFS than TP53-wild-type
patients (P = 0.018 and P = 0.005, respectively, log-rank tests,
Figure 5). Patients with missense or deleterious TP53 mutations
did not differ in OS or DFS (P = 0.129 and P = 0.148,
respectively, log-rank tests, Figure 5). Importantly, while patients
with deleterious TP53 mutations had worse OS and DFS than
TP53-wild-type patients (P = 0.004 and P = 0.001, respectively,
log-rank tests, Figure 5), there was no difference in OS or DFS
between patients with missense TP53 mutations and those wild-
type for TP53 (P = 0.192 and P = 0.084, respectively, log-rank
tests, Figure 5).
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As an exploratory analysis, we asked whether OSCs or
mutational signatures of TP53-mutant HCCs were prognostic.
Compared to OSC1 (28 months), OSC2 (26 months) and
0OSC3 (median not reached), OSC4 was associated with the
shortest median OS of 14 months, although the difference
was not statistically significant (P = 0.366, log-rank test;
Supplementary Figure S4E). Univariate Cox regression
analyses revealed that the aflatoxin-associated signature 24
(HR 3.275, CI 1.279-8.384, P = 0.013), HBV infection status
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and the presence of necrotic areas were associated with
poor prognosis (Supplementary Table S§5). However, in a
multivariate analysis, mutational signature 24 was not an
independent prognostic indicator (P = 0.242; Supplementary
Table S5).

Taken together, our results showed only patients with
deleterious TP53 mutations but not missense TP53 mutations
were associated with significantly worse OS and DFS in this
cohort.
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performed using log-rank tests. P < (.05 was considered statistically significant

DISCUSSION

In this study, we performed a detailed analysis of TP33
somatic mutational spectrum in HCCs, with nearly all missense
mutations (98%) and most deleterious mutations (73%) affecting
the DNA-binding domain. Notably, we found that the residues
mutated in HCCs differed from those in other cancer types.
Hotspot mutations R249S and VI157F were common in
HCCs but extremely rare in other cancers, while mutations
affecting R175 and R273, two of the most frequently mutated
residues in other cancers, were nearly absent in HCCs. This
latter observation also applies to other HCC datasets (Ahn
et al, 2014; Schulze et al, 2015), suggesting that TP33
mutational spectrum in HCC is distinct from that in other
cancers.

To determine the genotype-phenotype correlation between
TP53 mutation status and clinicopathologic parameters, we
performed a detailed assessment of histologic features using
H&E slides. We confirmed the established associations with the
male gender, HBV/HCV infection and high Edmondson grade.
Additionally, TP53 mutations were associated with the presence
of necrotic areas, and accordingly, with the absence of cholestasis,
a feature more frequently observed in well-differentiated HCCs.
Finally, we observed that the presence of TILs was associated
with less frequent TP53 mutations, in line with the favorable
prognosis associated with tumors with high TILs in other tumor
types (Mahmoud et al., 2011).

Analysis of the mutational signatures revealed that signatures
16 of unknown etiology and the age-associated signature 5
(Alexandrov et al,, 2015) were the most prevalent in HCCs. We
also found that signature 12 of unknown etiology, characterized
by frequent T>C substitutions, was prevalent in TP53-wild-
type and HCCs with missense TP53 mutations but were largely
absent in those with deleterious TP53 mutation. A previous
study reported that the W3 signature, which was highly similar
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to signature 12 (Fujimoto et al, 2012), was associated with
the age of patients. Here we found no difference in the age
of patients when we considered tumors with strictly missense
or deleterious TP53 mutations (i.e, excluding one patient
with both types). The basis of signature 12 is thus unclear
and further studies are required to elucidate its biological
significance.

Adopting the algorithm of “oncosign” (Ciriello et al.,, 2013),
we identified four robust subclasses of TP53-mutant HCCs with
distinct oncogenic signatures. Of these classes, one subclass was
likely driven by co-occurring CTNNBI mutations, while two
subclasses were likely driven by amplicon drivers on 1q and
8q. 121 amplification has been linked to hepatocarcinogenesis,
with ALCI (CHDIL) overexpression in HCC cells shown to
promote G1/§ phase transition and to inhibit apoptosis (Ma
et al., 2008). The authors further suggested that the oncogenic
function of ALCI might be associated with its role in promoting
cell proliferation by down-regulating p53 expression (Ma et al.,
2008). The 1q21 amplicon also contains HORMADI, a gene
that has been shown to drive chromosomal instability in breast
cancer (Watkins et al., 2015). As for 8q24, in addition to the
well-known oncogenic role of MYC, previous studies have also
shown that MYC amplification is an indicator of malignant
potential and poor prognosis in HCC (Lin et al, 2010), and
that the co-occurrence of MYC amplification and p53 alteration
may contribute to HCC progression (Kawate et al, 1999).
The remaining subclass did not have highly recurrent genetic
alterations. Interestingly, this subclass was numerically, though
not statistically, associated with the most favorable OS among the
four classes. One may speculate that TP53-mutant HCCs lacking
additional drivers may constitute a less aggressive subclass.
Of note, the features that characterized the four OSCs were
largely mutually exclusive, suggesting that distinct oncogenic
processes are operative in non-overlapping subsets of TP53-
mutant HCCs.
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TP53 mutation status predicts worse OS and DFS in HCC
patients (Yano et al., 2007; Woo et al.,, 2011; Cleary et al., 2013).
However, we found that patients with deleterious mutations, but
not those with missense mutations, were associated with worse
OS and DFS compared to patients wild-type for TP53. This
is in line with other tumor types, in which different types of
TP53 mutations have been associated with different prognoses
(Olivier et al., 2006; Ozcelik et al., 2007; Vegran et al,, 2013;
Lapke et al., 2016). In fact, the risk of death or relapse for
patients harboring deleterious mutation is 2.3 times (HR = 2.36
and 2.063, respectively) higher than TP53-wild-type patients.
The prognosis for patients with missense mutations appears
to sit between those with wild-type TP53 or deleterious TP53
mutations, albeit not statistically different from either group. It is
conceivable that the prognostic significance of the type of TP53
mutations may be confirmed in a larger cohort with extensive
follow-up.

It has been suggested that TP53 missense mutations have
varying capacity to transactivate p53 target genes and to
alter the responsiveness to chemotherapeutic agents in breast
cancer (Jordan et al., 2010). A differential expression analysis
using the HCC TCGA dataset comparing HCCs with TP33
missense mutations and those with TP53 deleterious mutations
identified TP53 itself as up-regulated but did not identify
significantly altered genes (data not shown). Furthermore,
HCCs harboring the missense mutations functionally shown
to lack the ability to transactivate genes with p53 response
elements (Jordan et al, 2010) did not differ from HCCs with
other missense mutations on the transcriptomic level (data
not shown). It is thus unclear precisely how the various TP53
mutations may differentially alter the transcriptomic landscape
of HCCs. Further functional studies may be required to elucidate
how the types of TP53 mutations may affect its biological
functions.

In HCC molecular characterization studies to date, HCCs are
typically classified as TP53-wild-type or TP53-mutant, where all
TP53 mutations were treated as equal (Fujimoto et al, 2012;
The Cancer Genome Atlas Research Network, 2017). However,
many studies have demonstrated that TP53 can be affected by
either (or both) gain-of-function or loss-of-function mutations,
with missense mutations preferentially displaying gain-of-
function or neomorphic properties (Muller and Vousden, 2014).
Our study has demonstrated that HCCs with missense or
deleterious TP53 mutations display similar clinicopathologic
features, mutational/CNA burden and oncogenic signatures, but
are associated with distinct mutational signatures. Clinically,
while patients with tumors harboring deleterious TP53 mutations
had worse prognosis compared to those wild-type for TP53,
there was no statistically significant difference between those with
missense mutations and those wild-type for TP53. Our study
highlights the importance to consider the type of TP53 mutations
in studies of biomarkers and molecular characterization of
HCCs.

Our study has limitations. Despite TCGA being the largest
genomic study of HCC, it is by no means the only large-
scale study. However, as one of our aims was to define
clinicopathologic correlates, we chose TCGA as it is the only
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study with publicly available H&E slides for pathology review.
Secondly, the power of the OS and DFS analyses was limited due
to the cohort size. Further studies may reveal whether prognosis
is related to the type of TP53 mutations, as has been shown in
other cancers. Thirdly, our analyses did not consider the non-
coding genome due to the nature of the sequencing performed
by the TCGA. Given the frequent mutations in non-coding
regions such as TERT promoter, MALATT and NEAT1 (Fujimoto
et al,, 2012; Schulze et al., 2015), it is conceivable that additional
oncogenic signatures within TP53-mutant HCCs may emerge.

CONCLUSION

Our study highlights the genetic heterogeneity among TP53-
mutant HCCs and that patients with HCCs harboring different
types of TP53 mutations may be associated with distinct
prognoses. Future work will be required to elucidate whether
the co-occurring genetic alterations act synergistically with TP53
mutations to promote carcinogenesis in HCCs.
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Fibroblast activation protein « (FAP) plays an important role in tissue remodeling and
helps tumor cells invade surrounding tissue. We sought to investigate FAP as a
prognostic molecular marker in colorectal cancer (CRC) using immunohistochemical and
transcriptomic data. FAP expression and clinicopathological information were obtained
from The Cancer Genome Atlas data set. The association of FAP expression and
tissue cellular heterogeneity landscape was explored using the xCell method. We
evaluated FAP protein expression in a cohort of 92 CRCs and 19 non-tumoral tissues.
We observed that FAP was upregulated in tumors both at the mRNA and protein
levels, and its expression was associated with advanced stages, poor survival, and
consensus molecular subtype 4. FAP expression was also associated with angiogenesis
and collagen degradation. We observed an enrichment in immune-cell process—related
genes associated with FAP overexpression. Colorectal cancers with high FAP expression
display an inflamed phenotype enriched for macrophages and monocytes. Those tumors
showed enrichment for regulatory T cell populations and depletion of Ty1 and natural
killer T cells, pointing to an immunosuppressive environment. Colorectal cancers with
high levels of stromal FAP are associated with aggressive disease progression and
survival, Our results suggest that FAP plays additional roles in tumor progression such
as modulation of angiogenesis and immunoregulation in the tumaor microenvironment.

Keywords: colorectal cancer, cancer-associated fibroblast, immunchistochemistry, FAP, gene expression

INTRODUCTION

Tumor-infiltrating immune cells as well as cancer-associated fibroblasts (CAFs) are important
components of the tumor microenvironment. In human cancer, the tumor microenvironment has
been suggested as a new component for the classification of malignant tumors including colorectal
cancers (CRCs) (1-3). In particular, CAFs play important roles in modulating tumor development
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and prognosis via releasing proteolytic enzymes, growth factors,
and immunomodulatory cytokines (4, 5).

Fibroblast activation protein « (FAP, also called seprase) is a
prolyl-specific serine proteinase, highly upregulated in fibroblasts
especially at sites of active tissue remodeling, including wound
healing and fibrosis (6, 7). In CRC, previous studies reported
the detection for FAP in more than 93% of the tumor. Among
those, 30% showed high intensity for FAP staining (8). High
FAP expression has been proposed as a biomarker for disease
progression in metastatic CRCs (9). Similarly in rectal cancer,
high FAP expression after preoperative chemoradiotherapy has
been associated with poor prognosis (9). Given the scientific
evidence, FAP has been considered as a candidate for targeted
therapy in CRC. So far, diverse approaches, including FAP-
targeting vaccines and immunotherapies, have been used
in preclinical studies to deplete FAP-positive cells (10-12).
Although these approaches have shown encouraging results in
preclinical studies, those tested in clinical trials have shown
limited efficacy, even in combination with chemotherapy (13-
15). Furthermore, FAP-targeting radioligands have been used for
in vivo imaging and targeted radionuclide therapy for a variety of
cancers including CRC (16, 17).

Most of the functions described for FAP are associated with
its enzymatic activity involved in tissue remodeling, which
helps tumor cells invade the surrounding tissue, penetrate the
blood vessel wall, and travel to form distant metastasis (18-
21). Recent evidence suggested that FAP in CAFs could also
play a critical role in regulating antitumor immune response
by inducing tumor-promoting inflammation (22-24). This is
particularly interesting because the majority of CRC patients are
resistant to immunotherapies, especially to immune checkpoint
blockades (25).

In our study, we sought to investigate FAP as a molecular
marker in CRC using immunohistochemical and transcriptomic
data. To investigate other potential roles of FAP in CRC,
we explored its association with the clinicopathological
characteristics of our in-house cohort. We further investigated its
association at the mRNA level with molecular features, pathways
and cell type populations in the tumor microenvironment using
The Cancer Genome Atlas (TCGA) data set.

MATERIALS AND METHODS

Patients and Specimen Characteristics

One hundred primary unselected, non-consecutive CRCs treated
at the University Hospital Basel between the years 2006 and
2012 were included in this study. A tissue microarray (TMA)
of these 100 tumors was constructed. Briefly, tissue cylinders
with a diameter of 1 mm were punched from morphologically
representative areas of each donor block and brought into
one recipient paraffin block (30 x 25mm) using the TMA
GrandMaster® (TMA-GM; 3D-Histech Ltd; Sysmex AG,
Horgen, Switzerland) technology. Each punch was derived from
the center of the tumor in an area with no necrosis so that
each TMA spot consisted of more than 50% tumor cells. For
30 cases, non-malignant adjacent mucosa was selected from
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the same donor block. The study was performed in accordance
with the Helsinki Declaration and approved by the ethics
committee (Ethics Committee of Basel, EKBB, no. EKBB 361/12).
Data were collected retrospectively in a non-stratified and non-
matched manner including patient age, tumor diameter, location,
pT/pN stage, grade, histologic subtype, vascular invasion, and
clinical outcome. Intratumoral and peritumoral lymphocytic
inflammation was evaluated using the original hematoxylin-eosin
(H&E) slides of the resection specimens used as donor block.
The tumor grade was categorized as low and high (=50, <50%
gland formation, respectively). The clinical outcome measure of
interest was overall survival time.

Immunohistochemistry

Immunohistochemistry (THC) was performed using an anti-
FAP antibody (Vitatex, Stony Brook, NY, USA; seprase/FAPw;
dilution 1:100). Staining was performed on a Leica Bond III
IHC staining system (Muttenz, Switzerland) using DAB as
chromogen. Immunoreactivity was evaluated semiquantitatively
as the proportion of positive staining in stromal cells in 10%
increments, as well as the maximal staining intensity (0 = none,
1 = weak, 2 = intermediate, 3 = strong) by two experienced
pathologists with expertise in gastrointestinal pathology (C.E.
and L.M.T.). In terms of the percentage of FAP-positive cells,
samples containing <10% of positive cells were classified as low,
whereas samples containing at least 10% of positive cells were
classified as high as suggested by Henry et al. (8). In terms of FAP
staining intensity, samples with intensities 0 or 1 were considered
low, whereas samples with intensities 2 or 3 were considered
high (8). In addition, 20 cases positive for FAP on TMA were
reevaluated using whole sections from formalin-fixed paraffin-
embedded tissue to study FAP expression heterogeneity. FAP
immunostaining was evaluated both in stroma adjacent to the
invasive tumor front and within the tumor center.

Tumor-Stromal Ratio

For all tumors, the tumor-stromal ratio on 4 um H&E-stained
tissue sections was calculated as described previously (26), and
the stromal percentage was estimated per 10% intervals. Tumors
were divided into stroma-high (>50%) and stroma-low (<50%)
groups according to their highest score.

Assessment of Tumor Budding

Tumor budding was evaluated according to the International
Tumor Budding Consensus Conference (ITBCC) method (27)
and was defined according to ITBCC as single tumor cells or
tumor cell clusters of up to four cells. Whole H&E-stained
tissue sections of the tumors were used. One pathologist (C.E.)
searched all tumor slides throughout at low magnification.
Densest budding area at the invasive front (hot spot) was selected
by visual estimation. Tumor buds in this area were counted at
20x magnification (field area, 0.785 mm?). Density of tumor
buds was assigned into three grades: grade 1 (BD-1): 0-4 buds;
grade 2 (BD-2): 5-9 buds; and grade 3 (BD-3): >10 buds.
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Microsatellite Instability

Immunohistochemical analyses of mismatch repair proteins were
performed for expression of the four mismatch repair proteins
MLH1, MSH2, MSH6, and PMS2 as previously described
(28). Tissue samples with tumor cells lacking nuclear staining
for at least one of these proteins were considered to have
a positive microsatellite instability (MSI) screening status,
hereafter referred to as MSIL Negative MSI screening status
based on immunohistochemical staining is hereafter referred to
as microsatellite-stable.

Analysis of TCGA Data Set

FPKM gene-level expression data for TCGA colorectal carcinoma
cohort (29) with 622 tumors and 51 non-tumoral tissues, defined
as “solid tissue normal,” were obtained from TCGA Genomics
Data Commons harmonized data portal using TCGAbiolinks R
package (30). The expression of FAP was compared between
tumors and normal tissues using the Student f-test. Tumor
samples were classified into FAP-high and FAP-low groups
based on the threshold of mean + 3 standard deviations of
normal tissues. Clinical information was obtained from the
Human Protein Atlas (Pathology Atlas) (31) CRC project for 596
TCGA CRCs.

Raw read counts of the TCGA CRC Project downloaded
using TCGAbiolinks package (30) were used for differential
expression analysis using the edgeR package (32). Genes with
low expression (<1 log-counts per million in >50 samples)
were filtered out. Normalization was performed using the
“TMM” (weighted trimmed mean) method (33), and differential
expression was assessed using the quasi-likelihood F test. Genes
with log-fold change =2 and false discovery rate (FDR) <0.05
were considered differentially expressed. Pathway enrichment
analysis of the upregulated genes from the differential analysis
between the FAP-high and FAP-low groups was performed using
clusterProfiler package (34), which supports Gene Ontology,
KEGG, and Reactome Pathways. Significantly enriched pathways
were selected based on FDR <0.05. Gene set enrichment
analysis (GSEA) of all analyzed genes ranked based on signed
p value according to the direction of the log-fold change was
performed using the fgsea package (35). Gene Ontology gene
sets from MSigDB (36) were used to identify significantly
upregulated/downregulated pathways. Molecular subtyping was
performed using CMScaller package (37), and the 622 TCGA
CRCs were classified into 97 CMS1, 170 CMS2, 95 CMS3,
195 CMS4 subtypes, and 65 unclassified. Cell type enrichment
analysis was performed with FPKM gene expression data using
xCell gene signatures-based method for cell types (38).

Statistical Analysis

Statistical comparisons between categorical variables were
performed using ¥ test or Fisher exact test where appropriate.
Statistical comparisons between numeric variables were
performed using t-test, Mann-Whitney U-test, or paired
Wilcoxon test. Survival analysis was performed using the
Kaplan-Meier method and log-rank test. For the TCGA cohort,
stratification of FAP expression for overall survival analysis was
performed using the maxstat R package (39). Univariate Cox
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regression analyses were performed to investigate the association
between overall survival and clinical variables. Variables
significant in univariate Cox regression analyses were included
in multivariate Cox regression analysis. All tests were two-sided,
and p < 0.05 was considered statistically significant. Statistical
power of statistical tests was estimated by 100 iterations of
bootstrapping. Statistical analysis was carried out with Prism
(v7.0; San Diego, CA, USA) and R (v.3.6.1; R Foundation for
Statistical Computing, Vienna, Austria. http://www.R-project.
org/).

RESULTS
Expression of FAP in Colorectal Cancers

We analyzed the expression of FAP at the protein level in stromal
cells by staining and scoring a TMA containing 100 CRC samples
and 30 non-tumoral adjacent tissues using IHC (Figure 1A).
After excluding samples for which the tissue core was absent or
had poor staining quality, 92 CRCs and 19 non-tumoral colon
samples were available for analysis. We observed a significantly
higher percentage of FAP-positive stromal cells in tumors
compared to non-tumoral tissues (p < 0.0001; Figure 1B). FAP
expression was detected in 91% (84/92) of the tumors. High
frequency (at least 10%) of FAP-positive cells was found in 78%
(72/92) of CRCs, whereas high FAP intensity was observed in 66%
(61/92, Figurel and Supplementary Figure 1A). Sixty-three
percent (58/92) had high frequency of FAP-positive cells with
elevated intensity (2 or 3). Although FAP staining was detectable
in 79% (15/19) of the non-tumoral tissue samples, both the
number of positive cells and the intensity were significantly lower
compared to tumoral tissue (both p < 0.0001; Figure 1B). Similar
results were observed when we considered the 19 matched pairs
of CRCs and non-tumoral colon samples (p = 0.005 for frequency
and p = 0.01 for intensity; Supplementary Figure 1B). Of the 15
non-tumoral tissue samples with detectable FAP expression, only
a single case showed a high percentage (>10%) of FAP-positive
(intensity 2) cells.

We then investigated the association between FAP expression
(both frequency and intensity) and the clinicopathological
characteristics of our cohort (Table1). We found that the
frequency of FAP-positive cells and that of cells with high FAP
intensity were significantly more frequently found in CRCs with
advanced stages (p = 0.01 and p < 0.05, respectively, Figure 1D).
Similarly, high FAP intensity was also associated with tumors
showing high tumor grade and lymphovascular invasion (p <
0.05 and p = 0.03, respectively, Table 1). The lymphatic invasion
was also associated with a high frequency of FAP-positive cells
(p = 0.09, Figure 1E and Table 1) and a high FAP intensity
(p < 0.01, Figure 1E and Table 1). We further observed a
stepwise increase in tumor budding according to the percentage
of FAP-positive cells (p = 0.009, Supplementary Figure 1C). No
significant association was found with age, sex, tumor location,
presence of MSI, stroma-to-tumor ratio, or venous invasion
(Table 1).

Furthermore, we determined whether there was an association
between the frequency of FAP-positive cells and overall
survival. High frequency of FAP-positive cells, but not FAP
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FIGURE 1 | FAP protein is overexpressed in CRC and is associated with worse overall survival. {A) Representative examples of FAP exprassion by
immunochistochemistry. FAP expression in (I} high percentage of tumor-associated stromal cells (700%); (Il) tumor-associated stroma with low number of positive cells
(5%); (Ill) normal tissue showing negative staining for FAP; (IV) FAP high-intensity staining in tumor-associated stromal cells (high); V) FAP low-intensity staining in
tumor-associated stromal cells (fow); and (V1) normal tissue showing FAP high-intensity staining in stroma cells. Scale bar: 50 um. (B) Percentage of cells showing
positive FAP staining in normal stroma and tumor-asscciated stroma (above). Scoring of FAP staining based on intensity in normal and tumor-associated stroma
(below). (C) Qverall survival analysis (Kaplan-Meier) of CRC patients from the TMA cohort after stratification for high and low percentage of FAP-positive cells. Number
of GRCs with high and low percentages of FAP-positive cells (above), as well as high and low FAP intensity (below) in (D) early and advanced tumor stages, and (E)
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intensity, was associated with worse overall survival (p = 0.02;
Figure 1C and Supplementary Figure 1D). Similarly, univariate
and multivariate Cox regression analyses showed that FAP
expression is an independent predictor of overall survival
(Supplementary Table 1).

To cross-validate our results, we retrieved the gene expression
data of 622 CRC cases from TCGA (29). In agreement with
the data obtained by IHC on the TMA (Figure 1B), tumor
samples expressed significantly higher levels of FAP compared
to normal tissues (p < 2.2e-16; Figure 2A). Association of FAP
expression with clinicopathological parameters demonstrated
that FAP overexpression was associated with more advanced
tumor stage (p = 0.02, Table 2 and Figure 2C). In terms of
outcome, we observed a trend toward worse overall survival
in patients with tumors with high FAP expression (p = 0.06;
Figure 2B and Supplementary Figure 2). Univariate analysis
found tumor stages and tumor location as predictors of overall
survival, whereas FAP expression showed a trend to it (p = 0.06;
Supplementary Table 2).

Taken together, our results suggest that FAP expression may
be prognostic in CRC.

Transcriptomic Analysis of FAP Expression

in Colorectal Tumors

To further understand the possible role of FAP in CRC,
we analyzed the transcriptomic data from the TCGA data
set (n = 622). We investigated the association of FAP
expression with the CRC molecular subtypes, and we observed
a statistically significant association with tumors classified as
CMS1 and CMS4 (p 0.02 and p < 0.001; Figure3A
and Table2). CMS1 and CMS4 have been reported to
be associated with an upregulation of immune response
genes and epithelial-to-mesenchymal transition, respectively
(40). In particular, the association with CMS54 suggests a
more aggressive origin of these tumors characterized by
FAP overexpression.

Then, we performed a differential expression analysis
between CRCs with high vs. low FAP expression. The
differential expression analysis revealed 655 up- and 9
downregulated genes. Consistent with previous reports
(41, 42), we found that the upregulated genes were
enriched in functions related to collagen degradation,
extracellular organization, regulation of cell-to-cell adhesion,
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TABLE 1 | Asscciation between FAP protein expression and clinicopathological features in the TMA cohort.

Clinical features Frequency

High FAP expression

Age (years)

<59 9 (82%) 2(18%)
60-69 16 (73%) 6 (27%)
70-79 24 (86%) 4(14%)
=80 23 (74%) 8 (26%)
Sex

Male 42 (78%) 12 (22%)
Female 30 (79%) 8(21%)
Tumor location

Cecum 14 (82%) 3(18%)
Ascending calon 12 (80%) 3 (20%)
Transverse colon 4 (80%) 1 (20%)
Descending colon 6 (67%) 3 (33%)
Sigmoid colon 20 (77%) 6 (23%)
Rectum 16 (80%) 4 (20%)
Stage

| 10 (59%) 7 (41%)
Il 19 (70%) 8 (30%)
[l 25 (93%) 2 (7%)
v 18 (86%) 3(14%)
Grade

Low 51 (75%) 17 (25%)
High 21 (88%) 3(12%)
Tumor: stroma*

Stroma low 55 (77%) 16 (23%)
Stroma high 17 (68%) 4 (32%)
Microsatellite instability*

MSI 9 (90%) 1 (10%)
MSS B2 (77%) 19 (23%)
Lymphatic invasion

Positive 26 (30%) 3 (10%)
Negative 34 (71%) 14 (29%)
Venous invasion*

Paositive 16 (76%) 5 (24%)
Negative 44 (76%) 14 (24%)
Lymphovascular invasion*

Paositive 32 (84%) 6 (16%)
Negative 33 (72%) 13 (28%)

All 2 % 2 contingency tables were analyzed with Fisher exact tests. All others by 42 test.
“Patients with data not available, unknown, and discrepancies.
**Statistical power estimated by bootsirapping.

and cell junction organization (Figure3B). Additionally,
pathways involved in epithelial cell proliferation, invasion,
and immune surveillance such as regulation of Wnt
signaling, ERKI, and ERK2 cascade and angiogenesis
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Low FAP expression

Intensity
P High FAP expression Low FAP expression P
0.64 7 (64%) 4 (36%) 0.1
11 (50%) 11 (50%)
23 (82%) 5 (18%)
19 (61%) 12 (39%)
1 34 (63%) 20 (37%) 0.66
26 (68%) 12 (32%)
0.6 13 (76%) 4 (24%) 0.73
8 (53%) 7 (47%)
4 (80%) 1 (20%)
5 (56%) 4 (44%)
16 (62%) 10 (38%)
13 (65%) 7 (35%)
0.03 11 (65%) 6 (35%) 0.14
13 (48%) 14 (52%)
20 (74%) 7 (26%)
16 (76%) 5 (24%)
0.28 40 (59%) 28 (41%) <0.05
20 (83%) 4 (17%)
1 48 (65%) 25 (35%) 1
14 (66%) 7 (34%)
0.45 9 (90%) 1(10%) 0.09
50 (62%) 31 (38%)
0.09 24 (83%) 5(17%) <0.01*
24 (50%) 24 (50%)
1 13 (61%) 8 (38%) 1
35 (60%) 23 (40%)
0.2 29 (76%) 9 (24%) 0.03
24 (52%) 22 (48%)

were also associated with FAP upregulation (Figure 3B).
We further performed a GSEA by ranking all expressed
genes based on the signed p-value from the differential
expression analysis according to the direction of the log-fold
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FIGURE 2 | FAP is upregulated in colorectal tumors. (A) FAP expression level in tumars (0 = 622) compared to non-tumoral tissue (n = 51) in the TCGA data set. (B)
Overall survival analysis (Kaplan-Meier) of CRC patients from the TCGA data set stratified by FAP expression (see also Supplementary Figure 2). (C) Colorectal
cancer patient characteristics grouped by FAP expression. Statistical comparisons of clinical and molecular parameters between tumors with high vs. low FAP
expression are shown in Table 2. Statistical comparisons were performed Mann-Whitney U-test in (A) and by log-rank test in (B).

FAP Expression in CRC

B YES
HNO

M Stages Il + 1V
Stages | + Il

change (Supplementary Figure 3). We observed that FAP
overexpression was associated with processes related to
epithelial-to-mesenchymal  transition, angiogenesis, tissue
remodeling, epithelial cell proliferation, and immune response
(Supplementary Figures 3, 4).

Because we observed that FAP overexpression was
associated with immune-related processes (Figure 3C and
Supplementary Figure 3), we sought to explore which immune
components may be involved. We observed that CRCs with
high FAP expression showed high expression of genes such
as FOXP3, CTL4, ICOS, and KLRGI (Figure 3C), which
are usually expressed in immune cell populations such as
regulatory T cells (Tregs) or in populations showing an
immunosuppressive phenotype. To evaluate whether FAP
overexpression was associated with the enrichment of specific
immune cell populations, we used xCell, a method to perform
cell type enrichment analysis from gene expression data for
64 immune and stromal cell types, on the TCGA CRC cohort.
Overall, we found that tumors with high FAP expression
were enriched for both immune and stromal cell types
compared to tumors with low FAP expression (Figure 3D and
Supplementary Figure 5). Populations such as endothelial
cells and fibroblasts were found to be more abundant in
FAP-overexpressing CRC (p = 3.le-13 and p = 69e-11,
respectively; Figures 3D,E). Similarly, macrophages, monaocytes,
and Tregs were also enriched in FAP-overexpressing samples.
Interestingly, FAP-overexpressing CRCs were depleted for
populations associated with antitumoral responses such as
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Tyl cells and natural killer T (NKT) cells, No significant
differences were found regarding CD8T cells, Ty2 cells,
or B cells.

Taken  together, our results suggest that FAP
may contribute to the poor prognosis of CRC by
modulating the tumor microenvironment not only by
driving angiogenesis but also by promoting a more
protumorigenic environment.

FAP Distribution in the Tumor Center and

Invasive Tumor Front

Given that the transcriptomic analysis suggests that FAP
may promote a protumorigenic environment, we investigated
whether the localization of FAP in the tumor could be associated
with its role in CRC invasion. We took advantage of 20 CRCs
that showed positive FAP staining in the TMA and stained
whole tissue sections to define FAP heterogeneity. Using whele
sections, we were able to visualize the tumor center and the
invasive front in 95% (19/20) of the samples. FAP staining
was visible in both tumor center and tumor front in all 19
cases (Figure 4A). Compared to the tumor center, FAP-positive
cells were more frequently found at the invasive front (p =
0.03; Figure 4B). The high frequency of FAP-positive cells at
the invasive front was associated with advanced tumor stage
(p = 0.03; Figure4C; right), but no significant association
was found between the frequency of FAP-positive cells in the
tumor center and tumor stage (Figure 4C; left). The presence of
lymphovascular invasion was significantly associated with high
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TABLE 2 | Asscciation between FAP mBNA expression and clinicopathological features in the TCGA cohort.

Clinical features Low FAP expression High FAP expression P
n (%) n (%)
Gender (n = 591) Female (n = 271) 133 (49.1%) 138 (50.9%) 0.81
Male (0 = 320} 154 (48.1%) 166 (51.9%)
AJCC stages (n = 571)" Stage | + Il (1 = 316) 167 (52.8%) 149 (47.2%) 0.02
Stage lll + IV {n = 255) 111 (43.5%) 144 (56.5%)
Microsateliite instability (n = 115)* MSl(n = 11) 7 (63.6%) 4 (36.4%) 0.42
MSS (n = 104} 53 (51.0%) 51 (49.0%)
CRC subtyping (1 = 556)* CMS1 (n = 97) 36 (37.1%) 61 (62.9%) <0.001**
CMS2 (n = 170) 129 (75.9%) 41 (24.1%)
CMS3 (n = 94) 86 (70.2%) 28 (29.8%)
CM34 (n = 195) 17 (8.7%) 178 (91.3%)
CRC location (n = 597)" Cecum (1 =n = 108) 56 (52.8%) 50 (47.2%) 04
Ascending colon (0 = 86) 31 (36.0%) 55 (64.0%)
Descending colon {n = 20) 9 (45.0%) 11 (55.0%)
Transverse colon (n = 38) 20 (52.6%) 18 (47.4%)
Sigmoid colon (i = 155) 75 (48.4%) 80 (51.6%)
Hepatic flexure (n = 26) 12 (46.2%) 14 (53.8%)
Splenic flexure (n = 7) 4 (57.0%) 3 (43.0%)
Rectosigmaid junction [n = 49) 24 (49.0%) 25 (51.0%)
Rectum (n = 110) 60 (55.0%) 50 (45.0%)

*Patients with data not available, unknown, and discrepancies.
) power >70% (esti i by boc ing).
All 2 x 2 contingency tables were analyzed with Fisher exact tests. All others by 4 test.
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FIGURE 3 | FAP is associated with pathways involved in tumor growth, invasion, and immunosuppressive tumor microenvironment. (A) Colorectal cancers grouped
by FAP expression. Statistical comparison of molecular subtypes between tumors with high vs. low FAP expression are shown in Table 2. (B) Figure shows selected
significantly enriched pathways from pathway enrichment analysis of the upregulated genes from a differential expression analysis between FAP-high vs. FAP-low. The
size of the dots indicates the number of upregulated genes in each pathway. The color of the dot indicates FDR, and x axis represents the fraction of upregulated
genes in the pathway. (C) Gene set enrichment analysis plots of GO immune response, where x axis shows ranked list of genes (ranked by the p-values signed
according to the direction of the differential expression analysis between FAP-high and FAP-low CRCs), and the vertical bars on the x axis show the genes that belong
to gene set. The y axis shows the enrichment score of the gene set. Heatmaps below show selected genes in the GO process. (D) Representative pictures showing
the enrichment of fibroblast on high FAP expression (left) and low number of fibroblasts on low FAP expression (right). (E) Heatmap shows the enrichment of immune
and stromal cell types in the TCGA CRGC cohort, as defined by the xCell method. Samples were stratified into FAP-high and FAP-low groups and then sorted based on
their xCell fibroblasts scores. Cell types that showed statistically significant difference between FAP-high and FAP-low groups are shown. Statistical comparisons were
performed using Mann-Whitney U-tests.
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FIGURE 4 | FAP expression is enriched in the tumor front area in colorectal tumor. (A) Representative micrographs of FAP distribution in the tumor center and at the
tumor front area. () FAP expression is higher at the tumor front compared to the tumor center; (Il) FAP expression does not show significant difference between tumor
center and tumor front, whereas neighbor non-neoplastic colonic mucosal stroma is completely negative. Scale bar: 200 um. (B) Percentage of cells showing
FAP-positive staining in the tumor front and tumor center areas (n = 19). (C) Percentage of cells showing FAP-positive staining in tumor center (left) and front (right) in
early and advanced tumor stage. (D) Percentage of cells showing FAP-positive staining in tumor center (left) and front (right) with lymphovascular invasion. Statistical
analyses were performed using Fisher exact tests for categorical variables and Mann-Whitney U-tests for numeric variables. All tests were two-sided, and p < 0.05
was considered statistically significant. Data in (B-D) are represented as mean £ SD.

frequency of FAP-positive cells in tumor center (Figure 4D, p =
0.04) but not in tumor front.

These results are in line with the results we obtained by TMA,
underlying the important role of FAP in tumor invasion.

DISCUSSION

FAP has been shown to be overexpressed in tumor-associated
stromal cells in epithelial tumors (43) and its presence has been
associated with worse prognosis. Moreover, tumors showing
upregulation of FAP present a high level of microvessel density
(44), which is also a marker for poor prognosis in several
epithelial cancers (45-47). In vivo studies have shown that FAP
overexpression in breast and colonic xenograft models leads to
more rapid development of subcutaneous tumors and enhanced
tumor growth (44). By contrast, inhibition of FAP activity in
colorectal xenograft models results in tumor growth attenuation
(48). Together, there is substantial evidence supporting the role
of FAP in tumor proliferation and metastasis (49). Moreover,
little is known about the molecular role of FAP in CRC and
its potential in modulating the tumor microenvironment. This
is particularly important because immune checkpoint inhibitors
have demonstrated little or no clinical activity in the majority of
patients with metastatic CRC (50).

In the present study, we investigated the expression of FAP
both at the RNA and protein levels in two independent cohorts
of CRC and its association with clinicopathological features.
Similarly to previous reports evaluating FAP expression using
IHC (8, 9, 51, 52), FAP was found upregulated in tumors
compared to non-tumoral tissues and was associated with poor
survival in both cohorts. In line with the poor prognosis,
we found that high frequency of FAP-positive cells and high
FAP intensity at the protein and RNA levels were associated
with advanced stages. Although our results are discrepant from
previous works showing FAP expression was also elevated in
early-stage CRC (8, 51), we also found that FAP expression
was associated with lymphatic invasion and tumor budding.
Lymphatic invasion has been used to estimate the aggressiveness
of colorectal tumors (53), whereas tumor budding is a surrogate
for epithelial-to-mesenchymal transition and is associated with
poor prognosis (54). The findings related to pathological features
are thus in agreement with the association with advanced stages.
Taken together, the association of FAP expression on the mRNA
and protein levels with multiple clinicopathological features
known to be associated with poor prognosis supports our finding
that FAP is also associated with tumor aggressiveness.

Most studies on FAP have focused on its potential value as a
prognostic marker in epithelial cancers, but little is known on
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how and why FAP may be prognostic. We, therefore, analyzed
the transcriptomic data from 622 CRCs in the TCGA. We
found that the majority of tumors with high FAP expression
were classified as CMS1 and CMS4 of the consensus molecular
subtypes. CMS4 tumors have been reported to overexpress
proteins implicated in stromal invasion, mesenchymal activation,
and complement pathways. The enrichment for CMS4 tumors
among tumors with high FAP expression suggests a more
invasive tumor phenotype, which agrees with our findings from
the TMA. In fact, our analysis of the TCGA transcriptomic
data also showed that CRCs with FAP overexpression were
enriched for stromal cell types, in particular for fibroblasts and
mesenchymal stem cells. Furthermore, most of the pathways
associated with FAP overexpression were related to extracellular
matrix, junction remodeling, and collagen degradation, all of
which have previously been associated with FAP expression.
We further found that epithelial-to-mesenchymal transition,
angiogenesis, and epithelial cell proliferation were also enriched
in FAP-overexpressing CRCs. Our results are in line with
previous studies that have demonstrated the involvement of
FAP in epithelial-to-mesenchymal transition, angiogenesis, and
in tumorigenesis (44, 49, 55). Additionally, our THC analysis
showed that the frequency of FAP-positive cells was associated
with tumor budding score, a very well-known pathological
marker associated with epithelial-to-mesenchymal transition and
tumor invasion. Overall, the findings from our analysis of the
TCGA are further supported by the observation that FAP was
preferentially found at the tumor invasive front, in agreement
with Sandberg et al. (56), suggesting a role in tissue invasion
and metastasis.

In addition to CMS54, we also found that FAP-overexpressing
CRCs were enriched in the subtype CMS1. While the most widely
described function of FAP on CAFs in CRC was extracellular
matrix remodeling (57), new evidence suggests that FAP on CAFs
also has critical roles in regulating antitumor immune response
by inducing tumor-promoting inflammation (58). Indeed, the
CMS1 subtype displays upregulation of proteins involved in
immune response pathways (40). We also found that FAP
overexpression is associated with an upregulation of genes
involved in immune cell response, suggesting that FAP may
promote an inflamed environment. Recent reports have proposed
that FAP expression may be associated with resistance to immune
therapies (22, 59). Using the xCell algorithm, we found that
populations such as Ty 1 and NKT cells were suppressed, whereas
Tregs were enriched in FAP-overexpressing CRCs, suggesting an
immunosuppressive environment in these tumors. Chen et al.
(23) reported that FAP expression promotes immunosuppression
in a CRC tumor model via the upregulation of CCL2. CCL2, a
member of the C-C chemokine family, regulates the recruitment
of myeloid cells, mostly macrophages and monocytes (60), into
inflamed sites to promote tumor growth (61, 62). In breast cancer,
Costa et al. (63) showed that CAF with high expression of FAP
was associated with increased CD257FOXP3" T lymphocytes
via the modulation of B7H3, DPP4, and CD73. Accordingly, we
also observed that macrophage and monocyte populations are
enriched in FAP-overexpressing CRCs.
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Although the statistical power of our study is limited by
the relatively small sample size of the TMA cohort, our study
is still one of the largest cohorts evaluating FAP expression
in CRCs. Our results support the well-known role of FAP in
promoting tumor growth and invasion. Based on our results, we
speculate that one of the mechanisms by which FAP promotes
tumorigenesis is linked to its ability to recruit endothelial
cells and to induce angiogenesis, together with its enzymatic
activity. Moreover, FAP will orchestrate a broad panel of other
cells to push microenvironment toward an immunosuppressive
environment, thus pruviding a niche for a more aggressive

CRC phenotype.
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Supplementary Figure 1 | (A) Table displays the distribution of frequency of
FAP-pasitive cells and FAP intensity in the TMA cohort. (B) Frequency (left) and
intensity (right) of FAP-positive cells in 19 non-malignant tissues and paired
malignant tissues. (C) Percentage of cells showing FAP-positive staining (left) or
intensity (right) associated with tumor budding score. (D) Overall survival analysis
(Kaplan—-Meier) of CRC patients from the TMA cohort after stratification (below) for
turmors with high FAP intensity vs tumors with low FAP intensity and (above) for
tumors with high frequency of FAP-positive cells and/or high FAP intensity vs
tumors with low frequency of FAP-positive cells and low FAP intensity. Data in
(B,C) are represented as mean + SD Statistical analyses were performed using
Fisher exact tests for categorical variables in (B), ANCVA in (C) and log-rank
(Mantel-Cox) tests for survival analysis in (D). All tests were two-sided, andp <
0.05 was considered statistically significant. * Statistical power >70%.
Supplementary Figure 2 | The plot shows the optimal cutpoint for the
stratification of TCGA CRC cohort into two groups, FAP-high and FAP-low, for
overall survival analysis

Supplementary Figure 3 | {A) Gene Set Enrichment Analysis plot shows
selected significantly enriched Gene Ontology gene sets from MSigDB database
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Abstract

Rationale: Adenylosuccinate lyase (ADSL) is an essential enzyme for de novo purine biosynthesis. Here we
sought to investigate the putative role of ADSL in colorectal carcinoma (CRC) carcinogenesis and response to
antimetabolites.

Methods: ADSL expression levels were assessed by immunchistochemistry or retrieved from The Cancer
Genome Atlas (TCGA) dataset. The effects of ADSL silencing or overexpression were evaluated on CRC cell
proliferation, cell migration and cell-cycle. In vive tumer growth was assessed by the chicken chorioallantoic
membrane (CAM). Transfected cell lines or patient-derived organoids (PDO) were treated with 5-fluorouracil
(5-FU) and 6-mercaptopurine (6-MP) and drug response was correlated with ADSL expression levels.
Metabolomic and transcriptomic profiling were performed to identify dysregulated pathways and ADSL
downstream effectors. Mitochondrial respiration and glycolytic capacity were measured using Seahorse;
mitochondrial membrane potential and the accumulation of ROS were measured by FACS using MitoTracker
Red and MitoSOX staining, respectively. Activation of canonical pathways was assessed by
immunohistochemistry and immunoblotting.

Results: ADSL expression is significantly increased in CRC tumors compared to non-tumor tissue. ADSL-high
CRCs show upregulation of genes involved in DNA synthesis, DNA repair and cell cycle. Accordingly, ADSL
overexpression accelerated progression through the cell cycle and significantly increased proliferation and
migration in CRC cell lines. Additionally, ADSL expression increased tumor growth in vive and sensitized CRCs
to 6-MP in vitro, ex vive (PDOs) and in vivo (CAM model). ADSL exerts its oncogenic function by affecting
mitochondrial function via alteration of the TCA cycle and impairment of mitochondrial respiration. The
KEAPI-NRF2 and mTORCI-cMyc axis are independently activated upon ADSL overexpression and may faver
the survival and proliferation of ROS-accumulating cells, favoring DNA damage and tumorigenesis.

Conclusions: Our results suggest that ADSL is a novel oncogene in CRC, modulating mitochondrial function,
metabolism and oxidative stress, thus promoting cell cycle progression, proliferation and migration. Our
results also suggest that ADSL is a predictive biomarker of response to 6-mercaptopurine in the pre-clinical
setting.

Key words: colorectal cancer, ADSL, mitochondria, fumarate, mTOR-MYC-axis
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Introduction

Glucose and nucleotide metabolism are altered
in cancer to promote cell reprogramming and survival
under stress conditions [1]. De novo purine nucleotide
synthesis, in particular, has been shown to play a
critical  role in  cancer cell growth under
nutrient-limited conditions, a common feature of the
tumor microenvironment [2,3]. Adenylosuccinate
lyase (ADSL) is an essential enzyme for de nove purine
biosynthesis and the purine nucleotide cycle [4,5],
where it plays a key role in the regulation of
adenosine monophosphate levels in the cells. Given
its crucial role in both cellular replication and
metabolism, it is not surprising that ADSL has been
found dysregulated in several malignancies,
including breast [6] and endometrial [6,7] cancers as
well as glioma [8]. In particular, ADSL expression has
been shown to be significantly upregulated and to be
oncogenic in triple-negative breast cancer by
enhancing tumor growth and invasiveness, at least
partially through the regulation of the long
non-coding RNA MIR22HG and, indirectly, cMYC
and ¢cMYC target genes expression [6]. Similarly,
ADSL has been shown to enhance the aggressiveness
of endometrial cancer cells by increasing cell
proliferation and migration, as well as invasive
potential via the regulation of the natural killer cells
lectin-like receptor C3 (KLRC3) expression by
fumarate [7].

The use of antimetabolites is a common strategy
in the treatment of cancer [9,10]. Antimetabolites are
small molecules that resemble nucleotide metabolites
and act by inhibiting the activity of enzymes involved
in DNA synthesis [10]. Fluorouracil (5-FU), a
pyrimidine analogue [9,11], is a notable example and
is the most commonly wused constituent of
chemotherapy combination regimens to treat
colorectal cancers (CRC) [9,12]. However, almost half
of CRC patients develop resistance to 5-FU-based
chemotherapy [13,14]. A previous study found that
ADSL activity was increased in pre-neoplastic colonic
lesions [15], but a comprehensive assessment of ADSL
in CRC has not been performed. In this study, we
sought to define the putative role of ADSL in CRC
carcinogenesis and response to 5-FU wusing a
combination of both in witro, ex vivo, and in vivo
models. Furthermore, given the central role of ADSL
in de nove purine synthesis, we evaluated ADSL
expression as a predictive biomarker of response to
the purine analogue 6-mercaptopurine (6-MP).

Methods

Patients and specimen characteristics
One hundred primary non-consecutive CRCs

treated at the University Hospital Basel between the
years 2006 and 2012 were included in this study. A
tissue microarray (TMA) of these 100 tumors was
constructed. For thirty cases non-malignant adjacent
mucosa was selected from the same donor block
(Supplementary Methods). Forty-three primary
CRCs and forty-five metastases, including matched
primary tumors and metastases of thirty-seven
patients, treated at the University Hospital Basel
between the years 1995 and 2015 were also used to
construct a second TMA. Both studies were
performed in accordance with the Declaration of
Helsinki and approved by the ethics committee
(Ethics Committee of Basel, EKBB 361/12). Data were
collected retrospectively in a non-stratified and
non-matched manner including patient age, gender,
location, stage, grade, vascular invasion, and clinical
outcome.

Analysis of The Cancer Genome Atlas (TCGA)
dataset

Gene-level expression data for the TCGA CRC
cohort [16] with 622 tumors and 51 normal tissues
were obtained from Genomics Data Commons
(Supplementary Methods). Tumor samples were
classified as ADSL-overexpressing (n = 218) and
non-ADSL-overexpressing (n = 404) based on the
threshold of mean + 2 standard deviations of the
normal tissues. Clinical information was obtained for
596 CRCs. Differential expression analysis was
performed using the edgeR package [17]. Gene set
enrichment analysis was performed using the fgsea
[18] package with genes ranked based on signed
p-value according to the direction of the log-fold
change (Supplementary Methods).

Cell culture

CRC-derived cell lines (HT-29, SW480, Caco-2,
and DLD-1) were authenticated by short tandem
repeats and cultures were confirmed to be free of
mycoplasma infection using the PCR-based Universal
Mycoplasma  Detection kit  (Supplementary
Methods). NCM460 normal colonic cell line was
purchased from INCELL Corporation and cultured
according to manufacturer’s instructions.

Transient gene knockdown and
overexpression

Transient gene knockdown was conducted using
ON-TARGET plus siRNA  transfection. Gene
overexpression was conducted using jetPRIME™
(#9154226, Polyplus-transfection, Supplementary
Methods).
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Immunoblot

Total protein lysates containing protease and
phosphatase inhibitors were treated with reducing
agent, loading buffer, boiled and loaded into
SDS-PAGE gels (4-12%). Proteins were transferred to
nitrocellulose membranes, blocked for 1 h and
incubated overnight at 4 °C with the following
primary antibodies: anti-ADSL (1 : 750; A000525,
Sigma), anti-B actin (1 5000; A5441; Sigma),
anti-c-Myc (1 : 1000, MA1-980, ThermoFisher), anti-56
(1 : 1000, 22175, Cell Signaling), anti-phospho-56
(Ser235/236) (1 : 2000, 4858S, Cell Signaling), anti 2-SC
antibody  (crb2005017d, Discovery  Antibodies),
anti-NRF2 (1 : 1000, D1C9, Cell Signaling),
anti-KEAP1 (1 : 1000, D6B12, Cell Signaling) and
anti-TOM20 (1 1000, D8T4N, Cell Signaling).
Membranes were subsequently incubated with
secondary goat anti-mouse or anti-rabbit antibodies
for 1 h at room temperature. Band intensity was
quantified using Image] software and the ratio of
proteins of interest/loading control was normalized
to their control counterparts (Supplementary
Methods).

Cell proliferation assay

Cell  proliferation was  assessed using
CellTiter-Glo™ Luminescent Cell Viability Assay
(#G7570, Promega, Supplementary Methods). For
drug treatment, transfected cells were re-plated in
96-well plates, and after 4 h, 5-Fluorouracil (5-FU)
(#51209, Selleckchem), 6-MP (#51305, Selleckchem) or
equal concentration of vehicle (DMSO) was added.
After 48 h of treatment, cell proliferation was assayed
using CellTiter-Glo™. Results were normalized to the
vehicle.

Migration assay

Cell migration was assayed wusing the
xCELLigence Real-Time Cell Analyzer (RTCA) DP
(ACEA Biosciences, Supplementary Methods). All
experiments were performed in triplicate. Results are
shown as meantSD. Statistical significance was
assessed by multiple t-test.

Cell cycle analysis by flow cytometry

Cells were transfected with control or ADSL
encoding plasmid. 24 h post transfection transfection
medium was replaced by either complete medium or
glucose-depleted medium and the cells were left to
grow for an additional 48 h. Cells were stained with
DAPI (10236276001, Sigma-Aldrich) and analyzed by
flow cytometry using the BD FACS Canto Il cytometer
(BD Biosciences). Data were analyzed using the
Flow]o software version 10.5.3 (https:/ /www.flowjo.
com, Supplementary Methods).

Generation of CRC patient-derived organoids
(PDOs)

CRC-patient liver metastases were obtained
from the University Hospital Basel following patient
consent and ethical approval (Ethics Committee of
Basel, EKBB, number EKBB 2019-02118). Surgically
resected tissues were transported to the laboratory in
ice-cold MACS buffer (cat #130-100-008, Miltenyi) and
were processed as previously described [19,20]
(Supplementary Methods). The medium was
supplemented with growth factors as previously
described [21].

Drug Treatment in PDOs

Tumor organoids were plated as single cells in a
96-well plate at a density of 1 x 10¢ cells in 10 pL
Matrigel droplets. Before treatment, cells were
allowed to recover and form organoids for 2 to 3 days.
At day 3, 6-MP at a final concentration of 2.5 uM or
5-FU at concentrations of 1.25, 2.5 and 5 pM or in
combination was added to the medium, and cell
viability was assessed after 5 day using CellTiter-Glo
3D reagent (#G9682, Promega). Luminescence was
measured on  Varioskan Microplate  Reader
(ThermoFisher Scientific). Results were normalized to
DMSO control. All experiments were performed twice
in quadruplicate.

Chorioallantoic membrane (CAM) assay

Fertilized chicken eggs were obtained at day 1 of
gestation and incubated at 37 °C with 60% humidity
for 9 days. At this time, an artificial air sac was
formed, and the CAM was accessed as previously
described [22] (Supplementary Methods). Caco-2
cells growing in tissue culture were inoculated on
CAMs at 2 x 10¢cells per CAM, on three to four CAMs
each. Embryos were maintained at 37 °C for 4 days
after which tumors at the site of inoculation were
excised using surgical forceps. Images of each tumor
were acquired using a Canon EOS 1100D digital
camera. Tumor size measurements were performed
by averaging the volume (height*width*width) of
each tumor using Image], as previously described
[23].

Immunohistochemistry (IHC)

Colonic cell lines were harvested by scraping
with cold PBS and fixed in 10% Paraformaldehyde
(PFA) for 30 min at room temperature. Similarly,
immediately after excision, CAM assay-explanted
tumors were fixed in 10% PFA for 2 days at room
temperature. PFA-fixed and paraffin-embedded cell
pellets and tumors were cut as 4 pm-thick sections.
Sections were stained with hematoxylin and eosin
(H&E) according to standard protocols.
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Immunohistochemical staining was performed
on a Benchmark immunohistochemistry staining
system (Bond, Leica) with BOND polymer refine
detection solution for DAB, using anti-ADSL (1 : 100,
A000525, Sigma HP), anti-cleaved caspase 3 (1 : 200,
96615, Cell signaling), anti-c-Myc (1 : 200, MA1-980,
ThermoFisher) and anti-phospho-56 (Ser235/236) (1 :
400, 48585, Cell signaling) primary antibodies as
substrate. Images were acquired using an Olympus
BX46 microscope.

For the analysis of the CRC TMA, ADSL
immunoreactivity was scored semi-quantitatively by
multiplying the proportion of ADSL positive cells (%)
and the staining intensity (0 = none; 1 = weak; 2 =
intermediate; 3 = strong). The median value of the
score in the tumor tissues (score median = 40) was
used as cut-off and samples containing a score lower
than the median were defined as ADSL-low (ADSL
score < 40) while samples containing a score higher
than the median were defined as ADSL-high (ADSL
score > 40). For all tumors, the tumor-stroma content
was calculated as described previously [24]
(Supplementary Methods).

For the quantification of cleaved caspase 3
(Cl.Casp3) staining performed on the tumors
extracted from the CAMs, Cl.Casp3 positive cells
were counted in a single high power field (HPF) with
the highest density of positive cells, at 400x
magnification.

RNA extraction and quantitative PCR

RNA extraction from snap-frozen tissues was
performed using TRIzol Reagent (Invitrogen)
according to manufacturer’s guidelines
(Supplementary Methods). ¢cDNA was synthesized
from 400 ng of total RNA. Quantitative RT-PCR
analysis was performed wusing SYBR Green.
Expression of GAPDH was used to normalize. mRNA
fold expression change was calculated by the 2-AACT
method as previously described [25]. All samples
were analyzed in triplicate.

Metabolite extraction and multiple pathway

targeted analysis (LC-MS Analysis)

Cell lysates were extracted and homogenized as
previously  described  [26,27]  (Supplementary
Methods). Dried sample extracts were re-suspended
in MeOH:H,O (4 :1, v/v) prior to LC-MS/MS analysis
according to the total protein content. Extracted
samples were analyzed by hydrophilic interaction
liquid chromatography coupled to tandem mass
spectrometry (HILIC - MS/MS) in both positive and
negative ionization modes as previously described
[28] (Supplementary Methods).

Analysis of metabolomic data

Comparative analysis of metabolic profiles
between ADSL overexpressing and control cells was
carried out using MetaboDiff [29]. Data were
normalized using variance stabilizing normalization
before comparing mean metabolite levels using the
student’s t test. P values were adjusted using the
Benjamini Hochberg procedure. Metabolic correlation
modules were defined using the weighted gene
coexpression network analysis methodology [30], and
identified modules were named according to the most
abundant pathway annotation in the module. The
metabolic correlation modules were then correlated
with ADSL overexpression to identify modules
significantly associated with the ADSL
overexpressing phenotype.

RNA sequencing and pathway analysis

Biological replicates were generated for all the
samples analyzed. Total RNA was extracted from
cells at 75% confluence using TRIZOL according to
the manufacturer’s guidelines. RNA was treated and
library generated as described in Supplementary
material and methods. Differential expression
analysis was performed using the DESeq2 Wald test.
Gene set enrichment analysis was performed using
the fgsea R package [18] and the Hallmark gene set
from the Molecular Signatures Database [31], using
the ranked t statistics from the DESeq2 Wald test.
Pathways with false discovery rate (FDR) < 0.05 were
considered to be significant. Results were visualized
using ggplot2 [32].

MitoTracker and MitoSOX staining

For the analysis of changes in mitochondrial
membrane potential, 48 h post-transfection ADSL
overexpressing and control Caco-2 cells were stained
with Mitotracker Red (MTR, M22425, Thermo Fisher).
Briefly, 5 x 10 cells were resuspended in 100 pL of
pre-warmed (37 °C) FACS buffer (0.1% BSA, dilute in
PBS) and placed in a 96-well U plate. Then, 100 pL of
MTR (100 nM) were added to the wells and cells were
incubated 20 min at 37 °C. The reaction was stopped
by addition of cold DMEM-10% FBS and incubating
for 5 min at 4 °C. Cells were washed twice with
DMEM-10% FBS and resuspend in 100 pL of FACS
buffer.

For analysis of mitochondrial production of
ROS, 48 h post-transfection control and ADSL
overexpressing Caco-2 cells were stained with
Mitosox red (M36008, Thermo Fisher). Briefly, 1 x 10°
cells were resuspended in 100 pL of pre-warmed
HBSS (Ca? and Mg?*) and placed in a 96-well U plate.
100 pL of Mitosox red (20 pM) diluted in prewarmed
HBSS was added to each well. Cells were incubated 20
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min at 37 °C. After incubation, cells were washed
twice with FACS buffer and resuspended in 100 pL of
FACS buffer.

All samples were analyzed using the CytoFLEX
cytometer (Beckman). Information about the
percentage of positive cells as well as Mean
Fluorescence Intensity were recorded for all the
samples and analyzed by FlowJo software version
10.5.3.

OCR and ECAR measurements

For analysis of the Oxygen consumption rate
(OCR) (in pmol/min) and extracellular acidification
rate (ECAR) (in mpH/min), the Seahorse XF-24
metabolic extracellular flux analyzer was used
(Seahorse Bioscience). Caco-2 and NCM40D were
plated onto Seahorse cell plates (8 x 10 cells per well)
in  serum-free  unbuffered DMEM  medium
(Sigma-Aldrich). Perturbation profiling of the use of
metabolic pathways was achieved by the addition of
oligomycin (1 pM), Carbonyl cyanide-4-(trifluoro-
methoxy)phenylhydrazone (FCCP) (0.5 pM) and
rotenone (1.3 pM) plus antimycin A (20 pM) (all from
Sigma-Aldrich). Experiments with the Seahorse
system were done with the following assay
conditions: 2 min mixture; 2 min wait; and 4-5 min
measurement. Metabolic parameters were then
calculated as previously described [33].

Fumarate measurement

Fumarate concentration in Caco-2 and NCM460
cells was measured using the Fumarate Assay Kit
(Abcam, 102516) following the manufacturer’s
instructions. Briefly, cells were plated in 96-well
plates 8 h after transfection and supernatant was
collected 24, 48, 72 and 96 h post-transfection. The
amount of fumarate was quantified relative to
fumarate standard curve.

Fumarate rescue experiment

Caco-2 cells were re-plated at a density of 5 x 10°
cells/well in a 96-well plate 8 h post transfection.
Dimethyl fumarate (Selleckchem, #52586) or vehicle
(DMSO) were added to cells 18 h before measuring
the cell index for the respective time points to a final
concentration of 50 uM. Proliferation was measured
using the CellTiter-Glo™ Luminescent Cell Viability
Assay (Promega, #G7570) at 24, 48, 72 and 96 h after
re-plating. Results were normalized to 4 h.

Statistical analysis

Statistical analyses were performed using Prism
software v6.0 (GraphP’ad Software) and R. For in vitro,
in vivo and ex vivo studies, statistical significance was
determined by the two-tailed unpaired Student's
t-test. The differences were considered statistically

significant at p < 0.05. All experiments were
performed at least twice. The statistical parameters
(e.g., the exact value of n, p values) have been noted in
the figures and figure legends. Bar plots with error
bars show mean * SD. Statistical comparisons for
categorical variables were performed using x* or
Fisher's exact tests where appropriate. Statistical
comparisons for numeric and ordinal variables were
performed using t-test, Mann-Whitney U test, paired
Wilcoxon test or Cochran-Armitage test for trend
where appropriate. Ordinal regression analysis was
performed using cumulative link models using the
‘ordinal’ R package. Survival analysis was performed
using the Kaplan-Meier method and log-rank test. For
the TCGA cohort, stratification of ADSL expression
for overall survival analysis was performed using the
‘maxstat’ [34] R package.

Results

ADSL is overexpressed in CRCs but its
expression does not increase with disease
stage

We  recently analyzed the large-scale
perturbation screen of the project DRIVE (Deep RNAi
Interrogation of Viability Effects in cancer), in which
7,837 genes were targeted with a median of 20
shRNAs per gene in 398 cancer cell lines across a
variety of malignancies [35]. In this analysis, we
identified the ADSL gene as one of the top putative
oncogenes in CRC. Indeed, 33 out of 35 CRC cell lines
profiled displayed significantly decreased cell
viability upon ADSL knockdown (p < 0.001; Figure
1A). To confirm the putative oncogenic role of ADSL
and its potential role as biomarker in CRC, we
performed ADSL IHC on two TMAs, one containing
100 CRC samples and 30 non-tumoral adjacent tissues
and the other containing 43 CRC primary samples
and 45 metastatic tissues. In the first TMA, after
excluding the samples with missing tissue core or
poor staining, 73 tumor samples and 13 non-tumoral
tissue cores were analyzed for ADSL protein
expression. Immunoscore results showed that ADSL
expression was significantly increased in tumor
tissues compared to non-tumor tissue areas (p = 0.001;
Figure 1B-C). Additionally, a regression analysis
found that ADSL immune scores showed a
downward trend with increasing disease stage (p =
0.035; Figure 1D). In the second TMA containing CRC
primary and metastatic tissues, we observed no
difference in ADSL expression levels between
primary and all types of metastasis (liver, lung, small
intestine, lymph node, abdominal wall, bone, bladder,
cutaneous, ovarian; Figure 1E-F and Figure S1A) or
between primary and paired liver metastasis (Figure
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S1B). Our results suggest that ADSL is overexpressed
in CRC but its expression is not increased upon tumor
progression.

We then asked whether ADSL expression was
associated with any clinicopathological feature in our
primary CRC patient cohort (Table S1). We found
that ADSL-low tumors were associated with
lymphatic and lymphovascular invasion, as well as
with low tumor-stroma ratio (all p = 0.001; Table S1),
all indicators of poor prognosis. No association with
microsatellite instability, tumor grade (Table S1), or
patient survival (Figure S1C) was observed.

To corroborate the results obtained with our
in-house cohorts we evaluated the mRNA expression
of ADSL in the 622 CRCs and 51 normal tissues in the
TCGA cohort [36]. In accordance with the THC results,
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we found that ADSL expression was significantly
higher in CRC samples compared to normal tissue (p
< 0.001; Figure 1G). Additionally, similar to our TMA
cohort of primary CRCs, ADSL transcript levels
showed a downward trend with increasing disease
stages (p < 0.001; Figure 1H and Table S2). However,
the difference in ADSL expression levels between
early- and advanced-stage patients was very modest
(Figure 1H). We also found that ADSL levels were
slightly higher in CRC tumors classified as CMS2 [37]
(p < 0.05 compared to other CMS subtypes, Figure
S2A), a molecular subtype characterized by epithelial
differentiation and strong upregulation of WNT and
MYC downstream targets [37]. No association
between ADSL expression and patient overall
survival was found (Figure S2B).
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Figure 1. ADSL is overexpressed in CRC. (A) Rank profile of cell viability upon knockdown of the ADSL gene in CRC cell lines with no genetic alteration in the ADSL gene.
Each bar in the waterfall plot represents one cell line. The value of each bar represents the rank of viability for the ADSL gene among all genes knocked down for a given cell line
in the project DRIVE. Thus ranks close to zero represent reduced viability while ranks close to one indicate cell growth upon knockdown of ADSL. The red ellipse in the rank
profile represents a no-change (random) viability band. (B} Representative micrographs showing ADSL staining in CRC and non-tumoral adjacent tissue: (I) nen-tumoral tissue
with low ADSL staining score; (Il) tumor tissue with low ADSL staining score; (/l) non-tumoral tissue with high ADSL staining seore and (V) tumor tissue with high ADSL staining
score. Semi-quantitative scoring of ADSL staining in (€) CRCs and non-tumoral adjacent tissues and (D) CRCs stratified by disease stage. (E) Representative micrographs
showing ADSL staining in CRC primary and metastasis tissue: (1) primary tumor with low ADSL staining score; (I1) metastasis tissue with low ADSL staining score; (Ill) primary
tumor with high ADSL staining score and (IV) metastasis tissue with high ADSL staining score. (F) Semi-quantitative scoring of ADSL staining in CRC primary and metastasis
tissue. (G) ADSL transcript expression in CRCs and normal tissues in the TCGA cohort [36]. (H) ADSL transcript expression in CRCs in the TCGA coharr, stratified by disease
stage. Statistical significance was assessed for (C, F-G) by unpaired student’s t-tests and for (D-H) by erdinal regression. Scale bars 50-100 pym,
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Taken together our data support the hypothesis
that ADSL acts as a potential oncogene in CRC and
suggest its possible implication in the early stage of
colorectal carcinogenesis.

ADSL has oncogenic-like properties in in vitro
and in vivo models of CRC

To validate the potential oncogenic role of ADSL
we screened ADSL protein expression in CRC cell
lines and selected the SW480 and DLD-1 cell lines,
with high endogenous levels, for knock-down
experiments, and the Caco-2 and HT-29 cells, with
low endogenous levels, for overexpression (Figure
S3A-B). We first sought to validate the results from
the project DRIVE and assessed if ADSL knock-down
would affect cell viability in CRC. By silencing ADSL
using a siRNA approach, we achieved a reduction of
ADSL protein expression by 70% and 80% 48 h
post-transfection in DLD-1 and 5SW480 cells,
respectively (Figure 2A and Figure S3C). In both cell
lines, transient ADSL knock-down significantly
decreased the proliferation rate compared to control
cells (Figure 2B and Figure S3D). Similarly, both
DLD-1 and SW480 ADSL-silenced cells showed a
significant reduction in the migration potential
compared to control cells (Figure 2C and Figure S3E).
These data support our hypothesis that ADSL is a
novel oncogene in CRC. However, the phenotype
observed upon ADSL depletion may also imply that
ADSL is an essential gene in colonic cells. To test this
hypothesis, we silenced ADSL expression in the
normal colonic cell line NCM460 (Figure S3F). Of
note, ADSL levels are already lower in normal cells
compared to colorectal tumor cells (Figure S3A).
ADSL gene knock-down did not significantly impact
the viability of NCM460 cells (Figure S3G),
suggesting that while it confers a proliferative
advantage to tumor cells, it does not have the same
effect/impact in normal colonic cells.

To mimic the conditions observed in human
CRC tissues and to validate the oncogenic role of
ADSL, we assessed cell proliferation and migration
potential upon forced overexpression of ADSL in
Caco-2 and HT-29 cells. We achieved 35% and 25%
increased ADSL  protein expression 48 h
post-transfection in Caco-2 and HT-29 cells,
respectively (Figure 2D and Figure S3H). In support
of our hypothesis, overexpression of ADSL in Caco-2
and HT-29 led to a significant increase in the
proliferation rate compared to control cells (Figure 2E
and Figure S3I). Similarly, the migration rate was
significantly increased in ADSL-overexpressing cells
compared to control cells (Figure 2F and Figure S3]).

To demonstrate the specificity of our results, we
performed rescue experiments. Specifically, we

restored ADSL expression levels in DLD-1 and Caco-2
cells where ADSL was silenced or overexpressed,
respectively (Figure 2G). Restoring ADSL to levels
similar to the endogenous expression rescued the
phenotype, thus suggesting that the effects induced
by ADSL modulation on cell proliferation were
on-target (Figure 2H).

To further demonstrate the putative oncogenic
role of ADSL in CRC, we modulated ADSL expression
and xeno-transplanted ADSL-overexpressing or
control CRC cells into the chicken chorioallantoic
membrane (CAM) to assess tumor growth in vivo.
Engraftment of tumor cells in the CAM has been
successfully used as a fast and reproducible model of
tumorigenesis [38,39]. Briefly, twenty-four hours
post-transfection, CRC cells were harvested,
re-suspended in Matrigel and seeded into the CAMs
(Methods). Four days later, the eggs were screened
for tumor formation and tumors were harvested
(Figure 2I). ADSL-overexpressing Caco-2 cells formed
significantly larger tumors compared to control cells
(Figure 2J). IHC analysis confirmed that the resected
tumors were indeed of human origin and that ADSL
overexpression could still be detected five days
post-transfection (Figure 2K and Figure S3K).

Qur in vitro and in vivo results provide evidence
of the role of ADSL as an oncogene in colorectal
carcinogenesis.

Dysregulation of ADSL affects cell cycle
progression and increases the DNA damage
marker YH2AX

To understand which signaling pathways might
be affected as a result of ADSL overexpression we
classified CRC patient samples from the TCGA cohort
as ADSL-overexpressing and non-ADSL-
overexpressing (Methods) and then performed
differential gene expression and gene set enrichment
analysis (GSEA). In accordance with the role of ADSL
in de novo DNA synthesis, we found an upregulation
of genes involved in the purine nucleoside
biosynthetic process pathways as well as DNA
replication and repair in the ADSL-overexpressing
samples (p adj = 0.025; Figure 3A and Figure S4A-B).
We found that expression of the ‘replicative” DNA
polymerase subunits POLA2, POLD2, and POLE2
genes, as well as the proliferative marker PCNA
correlated with ADSL expression (Figure S4B). Genes
involved in the firing of DNA replication (CDC45,
MCM2, CDTI) also showed significant positive
correlation with ADSL in CRCs (Figure S4B). Of note,
we found enrichment of genes involved in DNA
repair, and specifically DNA repair-associated DNA
synthesis (Figure 3A and Figure S4C). In particular,
S-phase  checkpoint genes involved in the
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downstream protection of stalled DNA replication
forks (e.g. RAD51) as well as S-phase signaling
mediators (e.g. CHEK2), previously reported to be
upregulated in CRCs, showed significant positive
correlation with ADSL expression (Figure S$4C) [40].
We therefore tested whether forced expression of
ADSL might drive DNA replication stress in CRC by
immunostaining H2AX phosphorylation at serine 139
(YH2AX), a sensitive indicator of both DNA damage

and DNA replication stress [41]. Indeed,
ADSL-silenced DLD-1 cells showed weaker staining
for yH2AX compared to control cells, while forced
expression of ADSL in Caco-2 strongly upregulated
yH2AX protein staining (Figure 3B).
ADSL-overexpressing CAM tumors also showed
higher expression of the DNA damage marker yH2AX
(Figure 3C and Figure S5A), further suggesting a role
of ADSL in DNA replication stress.

A B 20‘||:|s.cm PEagt G
DLD-1 = W siapst
= 154 -
Time () 24 48 72 ES §§
CTR+ - + - + - ‘%E‘]U P0G Eg’
sMDSL - + -+ -+ SE <0.001 =8
107 103 102 et} 5-p<ooo| PR
ADSL [~ v vt ] 3 '
83
roin — 2 O O
D E Time (h) F Time (h)
Caco-2 15 4.
= O cTrR p <0001
g . (|
Tme) 24 48 72 &2 I
GR + - 4 -+ . BB iz
ADSLox -+ -+ - i =52
112 1156 1 14 =2 g SE
e T T L F 1
Aot [ @
- 0
16 24
G
11305607
ADSL [ | &
P == J
CTR + - + - g 3
ADSIOX -+ - EE se8
SCTR + + - o EES
= + o+ g% i‘_.!E
= g
33 832
5
g 4
24 48 72
Time (h) Time (h)
I ADSL Cell suspension K ADSLO%

averexpression in Matrigel (1:1)

i &
24 hours '/
10 days "4 days @

Tumor cells Harvest
seeding tumors,

V-
Egg incubation

Tumor volume
(normalized to CTR )
Now bAoo

(=]

CTR  ADSL™

Figure 2. ADSL has oncogenic-like properties in in-vitro and in-vivo models of CRC (A) Immunaoblot showing ADSL expression in the DLD-1 cell line at 24, 48 and 72
h post siRNA transfection. (B) Proliferation and (C) migration capacity of DLD-1 ADSL-silenced cells compared to control cells. (D) Immunoblot showing ADSL expression in
Caco-2 cells at 24, 48, and 72 h post vector transfection. (E) Proliferation and (F) migration capacity of Caco-2 ADSL-overexpressing cells compared to control cells. (G)
Immuncblot showing ADSL expressicn in DLD-1 cells (upper panel) and Caco-2 cells (lower panel) 72 h post siRNA andfor vector transfection. (H) Rescue experiment showing
proliferation capacity of DLD-1 (left) and Caco-2 (right) cells with siRNA and/er vector transfection compared to control cells, (1) Schematic illustration of the CAM assay. (J)
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{n=12 wmors from 2 independent experiments); mean £ SD. Values are normalized to the mean of CTR. (K) Representative pictures of Caco-2 tumors extracted 4 days
post-implantation. Tissue sections were immunostained with ADSL. Scale bars 20-50 pm. For (C) and (F) 8, 16 and 24 correspond to 32, 40 and 48 h post transfection,

respectively.
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Figure 3. Dysregulation of ADSL affects cell cycle and induces replication stress (A) Normalized enrichment scores of significantly up-regulated pathways identified
by gene set enrichment analysis (GSEA) in ADSL-overexpressing (ADSLox) versus non-ADSL-overexpressing (non-ADSLox) CRCs. NES = normalized enrichment score. (B)
Representative pictures of control and ADSL-silenced DLD-1 cells and control ADSL-overexpressed Caco-2 cells immunostained with the DNA damage marker yH2AX. Scale
bars 20-50 pm. (€) Representative pictures of Caco-2 tumors extracted 4 days post-implantation. Tissue sections were immunostained with yH2AX. Scale bars 50-100 pm.
(D-E) Flow cytometry analysis of DAPI-stained DLD-1 (blue) and Caco-2 (orange) upon ADSL transient downregulation or upregulation in (D) complete medium and (E)
glucose-deprived medium. (F) Schematic representation of ADSL silencing or ADSL overexpression impact on cell cycle in CRC cell lines. Data are mean £ SD (D-E)n 2 3
replicates. For all experiments, statistical significance was assessed by multiple t-tests,

Pathways related to cell cycle, specifically G1 to  shown to be indirectly regulated by ADSL in
S phase transition, were also significantly upregulated  triple-negative  breast cancer [6] and whose
in ADSL-overexpressing versus  upregulation of target genes is a signature of the
non-ADSL-overexpressing CRCs (p adj = 0.025 CMS2 subtype [37]. In accordance with the
Figure 3A and Figure S4D). We found that ADSL  enrichment in the CMS2 molecular subtype,
expression correlated with many cyclins and cell-cycle ~ ADSL-overexpressing tumors also showed significant
checkpoints related genes. We also observed a  enrichment of the canonical WNT signaling pathway
correlation between the expression levels of ADSL  (p =0.037; Figure 3A).
and the MYC oncogene, whose expression has been
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Given the role of ADSL in de novo DNA synthesis
and that the cell cycle pathway, specifically G1 to S
phase transition, was also significantly upregulated in
ADSL-overexpressing CRCs, we hypothesized that
modulation of ADSL expression might also affect cell
cycle in CRC cells. We therefore assessed the
distribution of cells in the different cell-cycle phases
upon modulation of ADSL expression by flow
cytometry (FACS) (Figure S5B). Under normal
growth conditions (complete cell culture medium),
transient ADSL knock-down showed a tendency to
increase the percentage of DLD-1 and SW480 cells in
the S-phase, while ADSL overexpression significantly
increased the fraction of Caco-2 and HT-29 cells in the
G1 phase (Figure 3D and Figure S5C). To determine if
the accumulation of ADSL-overexpressing cells in the
G1 phase was a result of a block in G1 phase or an
indicator of faster cell cycle and increased
proliferation rate, we synchronized cells at the G1-S
transition checkpoint by glucose deprivation [42] and
again analyzed cell cycle upon modulation of ADSL
expression. Given the key role of ADSL in de novo
purine synthesis and glucose being the primary
substrate of this metabolic pathway, we expected to
have a stronger phenotype upon glucose restriction.
Indeed, under glucose-depleted growth conditions,
ADSL-silenced DLD-1 and SW480 cells could not
proceed from S to G2/M phase, which resulted in
significant accumulation of cells in S phase compared
to control cells, while no significant difference in the
proportion of cells in the S phase was observed
between ADSL-silenced and control cells in full
medium (Figure 3E and Figure S5D). By contrast,
ADSL overexpression facilitated cell transition from
S-phase to G2/M phase in both Caco-2 and HT-29
CRC cells (Figure 3E and Figure S5D).

Together with the exploratory analysis
performed on the TCGA cohort, our data suggest the
involvement of ADSL in the deregulation of cell cycle
and DNA repair/replication mechanisms during the
process of colorectal oncogenesis. In particular, our
results show that ADSL overexpression accelerates
progression through the cell cycle (Figure 3F).

ADSL expression levels predict response to
6-mercaptopurine in in vitro, in vivo and in
patient-derived organoids

The antimetabolite 5-FU is the most commonly
used chemotherapeutic agent for CRC treatment. To
evaluate whether ADSL expression could modulate
response to 5-FU, we compared the viability of Caco-2
ADSL-overexpressing and control cells upon
treatment with 5-FU. ADSL overexpression did not
significantly affect response to 5-FU in vitro (Figure
S6A-B). 5-FU is, however, a pyrimidine analogue,

while ADSL is involved in the conversion of the
intermediate molecule SAICAR into AICAR and
fumarate in the purine nucleotide cycle (Figure 4A).
We therefore asked whether ADSL expression levels
may instead better predict response to a purine
analogue antimetabolite, such as 6-mercaptopurine
(6-MP). 6-MP competes with inosine monophosphate
(IMP) thus inhibiting the same biosynthetic pathway
in which ADSL plays a role (Figure 4A). As
hypothesized, ADSL overexpression significantly
sensitized Caco-2 cells to 6-MP (p < 0.001; Figure
S$6C-D). Caco-2 cells overexpressing ADSL treated
with 6-MP also showed positivity for the apoptotic
marker cleaved caspase 3 (Figure S6E). To determine
whether modulating ADSL expression levels would
also affect response to 6-MP in vivo, we pre-treated
ADSL-overexpressing Caco-2 cells with 6-MP for 24 h
before implantation in the CAM and then screened for
tumor formation. In accordance with our results
obtained in vifro, treatment with 6-MP significantly
reduced volume only upon ADSL
overexpression (Figure 4B). Indeed, no significant
difference could be appreciated when comparing the
tumors derived from control cells treated with DMSO
or 6-MP, while the volume of tumors derived from
ADSL-overexpressing cells pre-treated with 6-MP was
significantly =~ smaller =~ compared to  ADSL-
overexpressing cells pre-treated with DMSO (Figure
4C), suggesting that ADSL expression also modulates
response to 6-MP in wvive. ADSL-overexpressing
tumors pre-treated with 6-MP also showed a
significantly stronger positive signal for cleaved
caspase 3, as well as morphological features of
apoptosis in H&E staining (e.g. hypereosinophilic
cytoplasm, nuclear fragmentation, “apoptotic
bodies”, Figure 4D-E and Figure S7), demonstrating
that 6-MP induces apoptosis more efficiently in
ADSL-overexpressing CRCs and supporting the
importance of an efficient purine nucleotide cycle for
the oncogenic activity mediated by ADSL.
Accumulating  evidence  indicates  that
CRC-patient  derived organoids (PDO) retain
molecular features of the original tumor, and they are
amenable to drug screening and response prediction
in a preclinical setting [43-45]. We therefore decided
to explore whether differences in ADSL level may
predict response to 5-FU or 6-MP in four PDOs
generated from liver metastasis of CRC patients
(PDO1 to PDO4; Table S3). The PDOs showed
different levels of ADSL protein expression by
immunoblot (Figure 4F). Immunohistochemical
analysis of ADSL showed cytoplasmic
immunoreactivity in all original tissues and their
derived organoids, with ADSL expression levels that
were consistent with the immunoblot results (Figure

tumor

http:/fwww.thno.org

147



Theranostics 2021, Vol. 11, Issue 9 4021

4G). All the PDOs retained the histopathological — specific morphology heterogeneity, ranging from
features of the original tumor tissue from which they  cystic to solid/compact phenotype (Figure 4G), as
were derived (Figure 4G and Figure S8). Indeed, well as a similar staining pattern for colorectal-
hematoxylin and eosin (H&E) staining confirmed that  specific markers (Figure S8).

tumor-derived organoids resembled the patient-
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cells in the tmor from (C). (F) Immuneblot showing ADSL protein expression in the different CRC-PDOs. Quantification is relative to the loading control (Actin). (G)
Representative pictures of matched tissue-organoids pairs. Both tissues and organoids sections were stained with Hematoxylin-eosin (H&E) (upper panel) and ADSL antibedy
(lower panel). (H) Percentage of viable cells relative to DMSO in CRC-PDOs treated with 2.5 uM of 6-MP. (1) Representative pictures of the organoid growth after 5 days
treatment with 2.5 pM of 6-MP. Data are mean £ SD (B, E, H) n 2 3 replicates. For all experiments, statistical significance was assessed by unpaired t-test. Scale bars are 50 and
100 pm for (D, G) and 200 pm for ().
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Using these CRC-PDOs, we explored whether
differences in ADSL level may affect response to 5-FU
or 6-MP in a pre-linical setting. Contrary to the
results obtained in wvitro, 5-FU treatment had a
moderate but significant effect in reducing cell
viability in ADSL-high PDOs (PDO1 and PDO4)
compared to ADSL-low PDOs (PDO2 and PDO3;
Figure S9A), suggesting that ADSL may also be
partially involved in the cell response to 5-FU. On the
other hand, consistent with our in vitro results, 6-MP
treatment on PDOs demonstrated a strong
ADSL-level-dependent response. In fact, PDOs with
high ADSL expression (PDO1 and PDO4) showed
higher sensitivity to 6-MP compared to PDOs with
lower ADSL expression (PDO2 and PDO3) in terms of
cell viability (Figure 4H) and cell proliferation (Figure
4I). To test whether 6-MP and 5-FU may act
synergistically in CRC, we treated PDO1 and PDO3,
respectively with high and low ADSL expression,
with different dosages of 5-FU alone or in
combination with a fixed dose of 6-MP. While the
addition of 6-MP to 5-FU significantly reduced the
percentage of cell viability in PDO1, the difference
between treatment with 6-MP alone or in combination
with 5-FU was minor (approximately 60% viable cells
with 6-MP alone versus 50% in combination with all
three concentrations of 5-FU; Figure S9B, left). On the
contrary, PDO3 was resistant to both treatments alone
or in combination (Figure S9B, right). Overall our
data do not support the synergistic effect of 6-MP and
5-FU and suggest that ADSL overexpression may
specifically sensitize CRCs to treatment with 6-MP.

ADSL overexpression causes mitochondrial
dysfunction and oxidative stress

To understand the molecular basis of oncogenic
properties of ADSL we performed targeted
metabolomic and global transcriptomic analysis on
ADSL-overexpressing and control Caco-2 cells (Figure
5A). In line with the well-defined role of ADSL,
ADSL-overexpressing cells showed a significant fold
increase in metabolites involved in purine as well as
pyrimidine biosynthetic processes (Figure S10A).
Likewise, metabolites from mitochondrial
tricarboxylic acid (TCA) cycle and beta-oxidation
were also significantly enriched (Figure S10A).
Mirroring the metabolomic data, gene set enrichment
analysis performed on the transcriptomic data
showed that oxidative phosphorylation and lipid
metabolism were indeed dysregulated in ADSL-
overexpressing cells, together with the up-regulation
of Myc targets (Figure 5B). Given that mitochondrial
processes such as oxidative phosphorylation and TCA
cycle were significantly dysregulated in both omics’
analyses, we hypothesized a role for ADSL in

regulating mitochondrial function in CRC. Indeed,
ADSL-overexpressing CRCs from the TCGA cohort
showed an enrichment in genes involved in oxidative
phosphorylation and mitochondrial respiratory chain
(Figure 3A). To further explore this hypothesis, we
measured the mitochondrial membrane potential of
ADSL-overexpressing and control cells using
MitoTracker Red. In line with the up-regulation of
oxidative phosphorylation seen at the gene expression
level, ADSL-overexpressing cells showed significantly
higher membrane potential (Figure 5C). However,
this was not reflected in a higher mitochondrial
respiration rate (Figure 5D). By contrast,
ADSL-overexpressing cells showed significantly
reduced oxygen consumption rate (OCR) compared to
control cells (Figure 5D). Specifically, ADSL
overexpression significantly impaired both basal and
ATP-coupled respiration as well as maximal
respiratory capacity in Caco-2 cells (Figure 5E). Leak
respiration and non-mitochondrial respiration were
also significantly reduced (Figure S10B).

Previous studies have demonstrated that
generation of reactive oxygen species (O2(*-), ROS) is
partially regulated by the membrane potential (Aym),
such that an increase in mitochondrial membrane
potential due to dysfunctional electron transport
favors ROS production [46]. Indeed, ADSL
overexpression significantly increased mitochondrial
ROS production in Caco-2 cells, as measured using
MitoSOX staining (Figure 5F).

Reduced aerobic respiration is usually
accompanied by a higher glycolytic rate in cancer cells
[47]. However,  ADSL-overexpressing  cells
additionally showed a significantly lower basal and
maximal  glycolytic capacity (Figure 5G-H).
Accordingly, we also demonstrated that the impact of
ADSL overexpression on cell cycle progression was
significantly greater upon glucose depletion (Figure
3D).

ADSL catalyzes the conversion of SAICAR to
AICAR as well as S-AMP to AMP, and in both
reactions fumarate is generated. Fumarate is a TCA
cycle intermediate and a well-known oncometabolite
which has been connected to ADSL oncogenicity in
endometrial cancer [7]. Additionally, fumarate
accumulation has been shown to cause respiratory
chain defects [48] as well as to impair glycolysis [49].
Accordingly, we found that ADSL overexpression led
to a significant fumarate accumulation in Caco-2 cells
in a dose-dependent manner (Figure 51 and Figure
§10C). Treating parental cells with dimethyl fumarate
(DMF), a cell-permeable form of fumarate,
significantly impared cellular respiration, albeit to a
lesser extent compared to ADSL overexpression
(Figure 5]). Specifically, DMF significantly impacted
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basal and ATP-coupled respiration of Caco-2 cells,
whilst there was no observable effect on maximal
respiratory capacity and leak respiration (Figure
S10D). Similarly, DMF significantly impaired the
glycolytic activity of parental Caco-2 cells (Figure 5K),
both at their basal and maximal capacity (Figure
S10E).

The KEAP1-NRF2 and the mTOR-cMYC axis
are independently activated upon ADSL
overexpression in CRC

To test the causality between fumarate increase
and the phenotype driven by ADSL dvsregulation, we
performed a rescue experiment by adding DMF to
DLD-1 cells after transfection with siRNAs against
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ADSL or control siRNAs. The addition of DMF
significantly increased the proliferation rate of
ADSL-silenced cells (Figure 6A). However, fumarate
only partially rescued the phenotype induced by
ADSL gene knock-down. We therefore asked which
other molecular mechanism could account for the
pro-proliferative role of ADSL in CRC. Given that
ADSL-overexpressing Caco-2 cells displayed a
significant enrichment for MYC-targets (Figure 5B
and Figure S11A) and that ADSL was previously
shown to activate the c-MYC pathway in triple
negative breast cancer [6], we therefore asked whether
a similar mechanism accurs in CRC.

While MYC mRNA levels only mildly increased

upon ADSL overexpression (Figure S11B), we
detected a 1.5- and 2-fold increase in the c-MYC
protein levels in ADSL-overexpressing Caco-2 cells at
48 and 72 h post-transfection, respectively (Figure
6B). The increase in c-MYC protein was further
detected by immunohistochemistry (Figure 6C) and
similar results were also obtained in the HT-29 cell
line (Figure S11C-D). Accordingly, c-MYC and ADSL
protein levels significantly and positively correlated
in CRC cell lines (Pearson r = 0.99, p = 0.004; Figure
6D). Supporting our in vitro data, ADSL-high tumors
are significantly enriched in the CRC molecular
subtype CMS2 (Figure S52A), characterized by a
strong upregulation of MYC targets.
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Figure 6. ADSL overexpression induces succination and mTOR activation and increases c-MYC protein expression. (A) Praoliferation capacity of DLD-| control
and ADSL-silenced cells treated with DMSO or fumarate (50 uM). (B) Immunoblot showing ADSL and e-MYC expression in the Caco-2 cells at 48 and 72 h post transfection. (C)
Representative pictures of control and ADSL-overexpressing Caco-2 cells immunostained with c-MYC. Scale bars 20-50 ym. (D) Immunoblot showing ADSL and c-MYC
expression in CRC cell lines (left). Correlation (linear regression) between ¢-MYC (Y-axis) and ADSL (X-axis) levels of expression (relative to actin). (E) Immunoblot showing
ADSL, ¢-MYC and phospho and total 56 expression in Caco-2 cells 48 h post-transfection. (F) Representative pictures of control and ADSL-overexpressed Caco-2 cells
immunestained with phospho-56 (p-56). Scale bars 20-50 pm. (G) Immuncblot showing ADSL and succination (2-SC) levels in Caco-2 cells 48 h post-transfection. (H)
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http:/fwww.thno.org

151



Theranostics 2021, Vol. 11, Issue 9

4025

Next, we asked through which mechanism
ADSL overexpression was able to induce ¢-MYC. It
was previously shown that ADSL levels modulate Akt
phosphorylation in endometrial cancer and that TCA
cycle defects, specifically the accumulation of
a-ketoglutarate (aKG), as well as ROS increase can
activate the mTOR signaling pathway [7,50-53].
mTORC1, a major regulator of cellular metabolism
and energetic state, has been shown to regulate MYC
mRNA translation [54,55]. Here we observed that S6
phosphorylation, a marker of mTORCI activation,
increased upon ADSL overexpression in both Caco-2
and HT-29 cells (Figure 6E-F and Figure SI11E).
Similarly, ADSL knock-down reduced phospho-56
and ¢-MYC levels in DLD-1 cells (Figure S11F).

Fumarate has been shown to modify thiol
groups in several proteins by forming 5-(2-succinyl)
Cys (25C) adducts, a process termed as succination
[56]. Succination of KEAP1, a repressor of the
transcription factor nuclear factor, erythroid 2 like 2
(NFE2L2/NRF2), is known to promote NRF2
stabilization and nuclear translocation [57], with
consequent induction of stress response genes [57-59].
Using an anti-25C antibody we tested whether ADSL
overexpression, via increasing Krebs cycle
intermediates such as fumarate, would increase
succination in CRC cells. Indeed, we detected higher
2SC levels in ADSL-overexpressing Caco-2 cells
compared to control (Figure 6G), while silencing
ADSL reduced succination to the endogenous level
(Figure S511G). Modulation of ADSL had similar
effects on 2SC levels in DLD-1 cells (Figure S11H).
The addition of fumarate also increased 2SC levels in
Caco-2, however the succination pattern slightly
differed from that induced by ADSL overexpression
(Figure 6H, left panel). As expected, 2SC levels
correlated with reduced KEAP1 levels and NRF2
upregulation upon both the addition of fumarate and
ADSL overexpression (Figure 6H, right panel).
However, fumarate alone did not induce Sé6
phosphorylation nor ¢-MYC up-regulation, indicating
that ADSL overexpression activates the mTOR-MYC
axis through mechanisms other than fumarate
accumulation (Figure 6H and Figure S11I).
Additionally, only ADSL overexpression and not
fumarate increased the expression of the
mitochondrial outer membrane protein TOM20, a
common marker of mitochondrial mass and/or
biogenesis (Figure 6H), which is also a typical
downstream effect mediated by ¢-MYC activation
[60].

Taken together our data indicate that ADSL
overexpression independently activates the NRF2
stress response pathway and the mTORCI-cMYC
axis. Activation of both NRF2 and mTORC1-cMYC

may help protect CRC cells from oxidative stress
while allowing cell survival and proliferation of DNA
damage-prone tumor clones (Figure 61).

Discussion

In the present study, we identified ADSL as a
novel putative oncogene in CRC. ADSL is a key
enzyme of de novo purine biosynthesis [4,5]. Increased
levels of ADSL have been observed in several cancer
types [6-8] and have been shown to increase
proliferation, migration, and invasive capability of
endometrial and triple-negative breast cancer cell
lines [6,7]. Here, we have demonstrated that ADSL is
upregulated in CRC at both the mRNA and protein
levels. However, while our TMA cohort of CRC
primary tumors suggested that ADSL expression was
reduced in advanced-stage tumors, we did not
observe any difference in ADSL expression in our
second TMA cohort consisting of primary CRC
tumors and CRC metastases. On the mRNA level,
ADSL expression levels also showed a downward
trend with increasing stages, albeit with very small
differences in expression levels between tumors of
different stages. Although it is unclear whether ADSL
levels are genuinely reduced in advanced-stage CRCs,
our results suggest that ADSL plays an oncogenic role
in CRC initiation rather than tumor progression,
which would be consistent with the upregulated
ADSL activity in colon pre-neoplastic lesions [15].

By modulating the expression levels of ADSL in
vitro, we showed that ADSL promotes proliferation
and migration in CRC cells, as well as tumor growth
in vivo in the CAM model. Additionally, we showed
that ADSL regulates cell cycle progression. Indeed,
silencing of ADSL blocked cells in the S-phase while
upon forced expression of ADSL, cells progressed
faster through the «cell cycle. Accordingly,
ADSL-overexpressing CRCs showed overexpression
of DNA synthesis and cell-cycle related pathways. In
particular, we found that ADSL overexpression
correlates with the expression of many genes coding
for DNA polymerases and S-phase signaling
checkpoints, many of which are part of a "DNA
replication  signature” found dysregulated in
colorectal cancer [40]. These findings demonstrate the
oncogenic effect of ADSL and emphasize that ADSL
may be a potential therapeutic target in CRC.

The pyrimidine analogue 5-FU is one of the most
commonly used chemotherapeutic agents for CRC
[9,13,61]. Given the essential role of ADSL in DNA
synthesis and cell cycle, we investigated its potential
as a predictive biomarker of response to 5-FU in vitro
and ex vivo. ADSL overexpression did not significantly
affect response to 5-FU in CRC cells, but it partially
affected response in CRC-PDOs. The discordant
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results may reflect the differential cellular response
between traditional two-dimensional cell culture
models derived from single clones compared to PDOs
that better represent tumor heterogeneity [62],
underlining the importance of using multiple
preclinical models for accurate drug-response
prediction. The pivotal role played by ADSL in de novo
purine biosynthesis led us to hypothesize that a
purine analogue rather than a pyrimidine analogue
may be more effective on ADSL-overexpressing
CRCs. Indeed, our data strongly indicate that ADSL
overexpression significantly sensitizes CRCs to 6-MP
both in vitro and in vivo. Additionally, we showed that
CRC-PDOs with high ADSL expression respond
better to 6-MP compared to ADSL-low PDOs. As a
chemotherapeutic agent, 6-MP is wused in the
treatment of acute lymphoblastic leukemia [63]. In the
context of gastrointestinal diseases, 6-MP as an
immunosuppressant is one of the cornerstones of
treatment in inflammatory bowel diseases [64,65], but
there is a substantial lack of studies on the use of 6-MP
in chemotherapy regimens in CRC. To our
knowledge, only one study has previously
investigated the potential use of 6-MP as a
chemotherapeutic agent in CRC [66], with no
detection of any substantial clinical benefit. We
speculate that patient stratification based on ADSL
expression may help better dissect the potential
benefit of 6-MP in the treatment of CRC.
Unfortunately, due to the lack of clinical studies
evaluating the effect of 6-MP in CRC patients, we
cannot draw any conclusion regarding the predictive
value of ADSL expression in response to 6-MP
treatment in the overall survival or disease-free
survival in patients.

Using targeted metabolomics and
transcriptomics analysis we showed that ADSL
overexpression mainly affects mitochondrial function,
leading to the accumulation of Krebs cycle
intermediates and altered oxidative phosphorylation.
In particular, we demonstrated that ADSL
overexpression lowered the oxygen consumption rate
(OCR) in CRC cells. Reduced cellular respiration is a
common strategy used by cancer cells to survive in
hypoxic conditions [67]. Although impairment in
oxidative metabolism is usually associated with
increased glycolysis in cancer [67], we found that
ADSL overexpression impairs glycolysis as well, thus
suggesting that other metabolic pathways might fuel
the  energetic and anabolic demands  of
ADSL-overexpressing CRC cells, such as fatty acid
metabolism that was also found significantly
up-regulated upon ADSL overexpression.

Fumarate is a TCA cycle intermediate and a
product of ADSL catalyzed reactions. Fumarate has

been shown to inhibit both mitochondrial respiration
[48] and glycolysis [49], as well as to mediate ADSL
oncogenic properties in other cancer types [7].
Although the forced expression of ADSL increased
fumarate  abundance which we postulated
contributed to the significant impairment of
mitochondrial respiration and glycolysis in the
parental CRC cells, treatment with exogenous
fumarate only partially mimicked the metabolic
phenotype induced by ADSL overexpression. Our
data indicate that dysregulation of additional
metabolites or target genes is required for the full
oncogenic potential of ADSL in CRC. Indeed, we also
found that ADSL overexpression, but not fumarate,
induces mTORC1 activation and c-MYC protein
increase in CRC cell lines. Our results are in line with
the current literature reporting that ADSL indirectly
modulates Akt  phosphorylation and c¢-MYC
activation in other cancer types [6,7]. Both mTOR and
¢c-MYC are well-known master regulators of cellular
metabolism and have been shown to regulate the TCA
cycle and mitochondrial function, thus driving
metabolic rewiring in cancer [68-70]. In particular,
both mTOR and ¢-MYC can stimulate the synthesis of
mitochondria-targeted  proteins and  promote
mitochondrial ~ biogenesis  [60,70], which could
partially explain the upregulation of nuclear-encoded
mitochondrial ~ genes. Decreased mitochondrial
respiration coupled with increased membrane
potential can result in ROS accumulation. Indeed,
ADSL overexpression increased mitochondrial ROS
levels in Caco-2 cells and triggered the accumulation
of DNA-damage, as proved by the overexpression of
yH2AX. Given that defects in both the TCA cycle and
ROS accumulation can activate the mTOR signaling
pathway [7,50-53], we speculate that, upon ADSL
overexpression, the accumulation of ROS leads to the
activation of the mTORC1-cMYC axis. mTOR and
¢-MYC in turn induce mitochondrial biogenesis
through a positive feedback loop which exacerbates
the phenotype. Our current data cannot discriminate
whether the c-MYC increase is induced by mTORC1
activation or vice versa, as well as to what extent
mitochondrial dysfunction with subsequent ROS
generation causes, or is caused by, the activation of
the mTORC1-cMYC pathway. Additional
experiments are required to elucidate in more detail
how ADSL overexpression drives these mechanisms.
Fumarate accumulation is also known to cause
protein  succination. Succination of regulatory
proteins such as KEAP1 and p62, causes the activation
of the NRF2-mediated response, which promotes
tumorigenesis by enhancing ROS detoxification.
Indeed, both fumarate and ADSL overexpression
induced higher levels of protein succination as well as
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the activation of the KEAP1-NRF2 pathway. While the
KEAPI-Nrf2 pathway might appear as an
independent pathway, the mTORC1-cMYC and the
KEAP1-Nrf2 pathway are tightly interconnected and
act synergistically in cancer initiation driven by ROS
accumulation. Indeed, it has been shown that
activation of both NRF2 stress-response and
mTORC1-cMYC axis are required for the survival and
expansion of ROS-abundant cells in the early stages of
hepatocarcinogenesis [71]. Additionally, while NRF2
is a regulator of redox homeostasis in quiescent cells,
in the presence of an active PI3K-Akt pathway, it can
also drive the expression of genes involved in
glutamine metabolism and the pentose phosphate
pathway [72]. We therefore hypothesized that by
inducing mitochondrial ~dysfunction and ROS
generation, ADSL acts as an oncogene in CRC by
up-regulating both NRF2 and mTORC1-cMYC axis.

In conclusion, our investigation highlights the
multifaceted role of ADSL as a new oncogene in
colorectal cancers and strongly supports a role for
ADSL overexpression in sensitizing tumor cells to
6-MP. Specifically, we demonstrated that ADSL
overexpression in CRC: 1) induces dysregulation of
the Krebs cycle and mitochondrial dysfunction, with
consequent 2) activation of the mTOR-cMYC
pathway, and 3) NRF2 stress response. Our results
show that ADSL overexpression is pleiotropic in CRC,
in the sense that it induces metabolic and
mitochondrial dysfunction with consequent oxidative
stress and ROS accumulation via a series of
interconnected pathways, which favors the survival of
stressed CRC cells and enable the accumulation of
DNA damage.
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Transcriptional Enhancer Factor Domain
Family member 4 Exerts an Oncogenic
Role in Hepatocellular Carcinoma by
Hippo-Independent Regulation of Heat

Shock Protein 70 Family Members

Mairene Coto-Llerena ,l‘z* Nadia T()sti,l‘ Stephanie Tﬂha-MBh]itZ‘2'3 Venkatesh Kantl"u::r]a,1 Viola Paradiso,l]()hn Gallon .2
Gaia Bianco,” Andrea Garofoli,' Souvik Ghosh "=/ * Fengyuan 'I‘ang,r’ Caner Ercan,' Gerhard M. Christofori,” Matthias S. Matter,'
Raoul A. Droeser,” Mihaela Zavolan,* Savas D. Soysal,“ Markus von Flite,” Otto Kollmar,* Luigi M. Terracciano,'

Charlotre K. Y. Ng ,h and Salvatore Piscuoglio 1.2

Transcriptional enhancer factor domain family member 4 (TEAD4) is a downstream effector of the conserved Hippo
signaling pathway, regulating the expression of genes involved in cell proliferation and differentiation. It is up-regu-
lated in several cancer types and is associated with metastasis and poor prognosis. However, its role in hepatocellular
carcinoma (HCC) remains largely unexplored. Using data from The Cancer Genome Atlas, we found that TEAD4
was overexpressed in HCC and was associated with aggressive HCC features and worse outcome. Overexpression of
TEAD4 significantly increased proliferation and migration rates in HCC cells in wvifre as well as tumor growth in
vive. Additionally, RNA sequencing analysis of TEAD4-overexpressing HCC cells demonstrated that TEAD4 over-
expression was associated with the up-regulation of genes involved in epithelial-to-mesenchymal transition, prolif-
eration, and protein-folding pathways. Among the most up-regulated genes following TEAD4 overexpression were
the 70-kDa heat shock protein (HSP70) family members HSPA6 and HSPAIA. Chromatin immunoprecipitation—
quantitative real-time polymerase chain reaction experiments demonstrated that TEAD4 regulates HSPA6 and HSPAIA
expression by directly binding to their promoter and enhancer regions. The pharmacologic inhibition of HSP70 ex-
pression in TEAD4-overexpressing cells reduced the effect of TEAD4 on cell proliferation. Finally, by overexpressing
TEAD4 in yes-associated protein (¥4P)/transcriptional coactivator with PDZ binding motif (Z4Z)-knockdown HCC
cells, we showed that the effect of TEAD4 on cell proliferation and its regulation of HSP70 expression does not
require YAP and TAZ, the main effectors of the Hippo signaling pathway. Conclusion: A novel Hippo-independent
mechanism for TEAD4 promotes cell proliferation and tumor growth in HCC by directly regulating HSP70 family
members. (Hepatology Communications 2021;5:661-674).

ranscriptional enhancer factor domain (TEAD) domain.! TEAD-regulated transcription  strictly
proteins are a family of transcription factors  depends on the binding of TEAD transcription fac-

(

that bind the consensus 5'-CATTCCA/T-3" tors with various c:():lctiv:ltors;,‘z'3J among which are
sequence through their shared TEA DNA binding the yes-associated protein (YAP) and transcriptional

Abbreviations: CAM, chorioallantoic membrane; ChIB chromatin Immunoprecipitation; CREAM, Cognitive Reliability and Error Analysis
Methed; CTGF, connective tissue growth factor; CTR, contrel; DMSO, dimethyl sulfoxide; EMT, epithelial-to-mesenchymal transition; GO,
Gene Ontology; GSEA, gene set envichment analysis; HCC, bepatocellular carcinoma; IgG, immunoglobulin; IHC, immunochemistry; kb, kilobase;
KNK437, heat shock protein family A inbibitor 1; gPCR, quantitative real-time polymerase chain reaction; gRT-PCR, guantitative reverse-
transcription polymerase chain reaction; seq, sequencing; TAZ, transcriptional coactivator with PDZ binding motif; TCGA, The Cancer Genome
Atlas; TEAD, transeriptional enbancer factor domain; TEAD4, transcriptional enbancer factor domain family member 4; YAF, yes-associated protein.

Received September 9, 2020; accepted November 24, 2020,
Additional Supporting Infermation may be found at onlinelibrary.wiley.com/doi/10.1002/hep4.1656/suppinfe.
*These authors contributed equally to this work.
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coactivator with PDZ binding motif (TAZ), two major
effectors of the Hippo signaling pathway,mj) and the
vestigial-like protein 1 (VGLLI).U’) In mammals,
TEAD: are highly conserved and widely expressed "
and play a pivotal role in development by mediating
cell proliferation and organ size control through the
Hippo signaling pathway.m In cancer cells, TEADs
regulate  proliferation, migration, differentiation,
epithelia]—to—mesenchgfmal transition (EMT), apop-
tosis, and invasion.!? In particular, TEAD factors
regulate the expression of progrowth factors, such
as connective tissue growth factor (CTGF), 1
cysteine-rich angiogenic inducer 61 (C)rrél),m) AXL
receptor tyrosine kinase (AXL),"? MYC proto-
oncogene bHLH transcription factor (Myf),m bac-
uloviral inhibitor of apoptosis repeat-containing 5
(survivin),(m and insulin-like growth factor binding
protein 5 (IGFBPS).(E’) Furthermore, overexpression
of TEADs and their association with a poor clinical
outcome have been reported in many cancer types,
including breast, lung, prostate, colon, and gastric can-

- 14-16
cers as well as melanoma and glloblastoma.( )

TEAD family member 4 (TEAD4), the gene

encoding for the transcriptional enhancer factor

HEPATOLOGY COMMUNICATIONS, April 2021

(TEF)-3, is overexpressed in several tumor types,
such as breast and gastric canccrs,m’) as well as
hepatoblastoma, the most common type of pedi-
atric liver cancer.”” Notably, TEAD4 acts as an
oncogene through Hippo signalingfdependcmug)
and signaling-independent mechanisms. ' In
hepatocellular carcinoma (HCC), it is known that
TEAD4 acts through the Hippo signaling path-
way, wherein the TEAD4/YAP complex cooper-
ates with forkhead box M1 (FOXM1) in inducing
chromosome instability.(w) It has also been shown
that up-regulation of the YAP2/TEAD4 axis by
sirtuin 1 (SIRT1) deacetylation of YAP2 promotes
HCC cell prolifcration.( O Furthermore, TEAD4/
YAP and hepatocyte nuclear factor 4a (HNF4a)
regulate hepatocarcinogenesis by reciprocal repres-
sion in mice and rats.?? Thus, until now, TEAD4
was thuugh’[ to plﬂy a YAP'dCPCnant fUlC iﬂ HCC
oncogenesis.

In this study, we show that TEAD4 is overex-
pressed in a subset of HCC and that it promotes
cell proliferation in HCC cells both in wvifrs and
in vive. We further show that TEAD4 directly regu-
lates HSP70 in a Hippo-independent mechanism.
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Materials and Methods

CELL LINES

HCC-derived cell lines (HepG2, SNU449, HLE,
and Huh?7) were maintained in a 5% CO,-humidified
atmosphere at 37°C and cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum, 1% penicillin/streptomycin (Bio-Concept,
Allschwil, Switzerland), and 1% minimal essential
medium-nonessential amino acids (ThermoFisher
Scientific, Basel, Switzerland). Stable Y4P- and TAZ-
knockdown Huh7 and SNU449 cell lines (described in
Tang et al.??) and their respective controls were main-
tained in complete medium supplemented with puro-
mycin (1 pg/mL). All cell lines were confirmed negative
for mycoplasma infection using the polymerase chain
reaction (PCR)-based Universal Mycnplasm:t Detection
kit (American Type Culture Collection, Manassas, VA).
For HSP70 inhibitor 1 (KNK437; CAS 218924-25-5;
Calbiochem, Sigma-Aldrich, St. Louis, MO), cells were
incubated with 100 pM of the inhibitor and the corre-
sponding dimethyl sulfoxide (DMSO) control.

HUMAN SAMPLES

Ten human, unselected, nonconsecutive HCCs
retrieved from the archives of the Institute of Medical
Genetics and Pathology at the University Hospital
Basel (Basel, Switzerland) were included in this study.
These 10 samples had already been prescreened for
HSP70 protein expression. The study was performed
in accordance with the Helsinki Declaration and
approved by the Ethics Committee of Basel. Data
were collected retrospectively in a nonstratified and
nonmatched manner, including patient age, tumor
diameter, location, prognostic tumor/prognostic node
stage, grade, histologic subtype, and vascular invasion.

IMMUNOHISTOCHEMISTRY

Immunohistochemistry (IHC) was performed as
described.”” Details are presented in the Supporting
Information.

PLASMIDS AND TRANSFECTION

For TEAD4 overexpression, pLV|[Exp]-enhanced
green fluorescent protein  (EGFP)/Neo-EF1A>
hTEAD4 was designed and ordered on the vector

COTO-LLERENA, TOSTI ET AL.

builder website (https://en.vectorbuilder.com/), and
the empty control vector was plasmid cytomegalovi-
rus (pCMV )-mir EGFP. For TEAD4 silencing, pSu-
per-retro-puro empty vector and pSuper-retro-puro
sh7EAD1/3/4 were adapted from Zhao et al. 'Y The
expression vectors were transiently transfected using
the jetPRIME transfection reagent (Polyplus, Illkirch,
France) following the manufacturer’s instructions. The
expression of the plasmids was evaluated by western
blot and quantitative reverse-transcription (qRT)-
PCR analysis. Cells were harvested 48 hours after
transfection for further experiments.

PROTEIN EXTRACTION
AND WESTERN BLOT RNA
EXTRACTION AND gRT-PCR AND
RNA SEQUENCING

Protein  extraction and western blot RNA
extraction along with qRT-PCR and RNA sequenc-
ing (RNA-seq) are detailed in the Supporting

Information.

PROLIFERATION AND
MIGRATION ASSAYS

Proliferation and cell migration assays were per-
formed using the xCELLigence Real-Time Cell
Analysis-dual purpose (ACEA Biosciences, San
Diego, CA) system. All experiments were per-
formed in triplicate. Results are shown as mean + SD.
Statistical significance was assessed by the 7 test.

WOUND-HEALING ASSAY

Twenty-four hours after transfection, a 100-pL
micropipette tip was used to create a scratch in the
cell monolayer in each well of the six-well plate. To
monitor the wound closure, representative phase-
contrast images of each well were taken at 0, 8, 12,
and 24 hours after the scratch was made. Each experi-
mental condition was evaluated in triplicate. Statistical
significance was assessed by the # test.

CHORIOALLANTOIC MEMBRANE
ASSAY

Fertilized chicken eggs were obtained from a
local hatchery (Gepro Gefligelzucht AG, Flawil,
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Switzerland) at day 1 of gestation and were incubated
at 37°C with 60% humidity for 10 days. The cells
were harvested 24 hours after transfection, suspended
(2 x 10° cells per choricallantoic membrane [CAM]
assay) in 10 pL. of medium (DMEM), mixed 1:1 with
matrigel (Matrigel Matrix; Ref. 354234; Corning,
Tewksbury, MA), and grafted onto the CAM of
9-day-old chicken embryos. The chicken embryos
were maintained in sve at 37°C for another 4 days,
followed by removal of the tumors. Pictures of each
tumor were taken with a Canon EOS 1100D digi-
tal camera. Tumor size measurements were performed
by averaging the volume (height x width x width) of

each tumor, using Image] as described.??

CELLTITER-GLO CELL VIABILITY
ASSAY

CellTiter-Glo  (G7573; Promega, Diibendorf,
Switzerland) was used to determine the number of
viable cells based on adenosine triphosphate content.
Twenty-four hours after transfection, cells were seeded
in a 96-well plate. After 8 hours, drug treatment was
added to the cells and cell viability was measured by
adding 100 pL of CellTiter-Glo/well at 24, 48, and
72 hours posttreatment. Statistical significance was
assessed by multiple 7 test. In sorafenib experiments,
results were normalized to DMSO. Curve fitting was
performed using Prism software (GraphPad Software,
San Diego, CA) and the nonlinear regression equation.

ANALYSIS OF CHROMATIN
IMMUNOPRECIPITATION
SEQUENCING DATA

Chromatin immunoprecipitation (ChIP)-seq data
for TEAD4 in the HepG2 human liver cell line were
produced using mouse monoclonal immunoglobulin
G (IgG) raised against recombinant protein TEAD4
and were obtained from the Gene Expression
Omnibus (accession number GSM1010875).2%%
Processed data as an hgl9 bigWig file were loaded
into Integrative Genomics Vicwer,(m and the “Find
Motif” tool was used to search for the most con-
served bases of TEAD4 binding motif within regions
of TEAD4 ChIP-seq peaks. TEAD4 binding motif
was obtained from the JASPAR 2018 database.””
TEAD4 enhancers were called from the TEAD4
broadPeak BED file using the Cognitive Reliability

664

HEPATOLOGY COMMUNICATIONS, April 2021

and Error Analysis Method (CREAM),? with
the options WScutoff = 1.5, Minlength = 1000, and
peakNumMin = 2. CREAM calls enhancers based
on clusters of peaks, taking into account the distri-
bution of distances between peaks in ChIP-seq data
from a given sample.

ChIP

Cells from four 10-cm Petri dishes at 70%-80%
confluence were crosslinked in 1% formaldehyde for
10 minutes with continuous shaking. The crosslink-
ing was stopped by adding 0.15 M glycine while
continuing shaking. After collecting the cells by
scraping, the pellet was washed 3 times with cold
phosphate-buffered saline. The nuclei of the cells
were isolated and lysed. Chromatin shearing was
performed using Bioruptor Pico (Diagenode, Liege,
Belgium). The number of cycles and the settings were
as described.”” At the same time, the antibody was
coupled with magnetic protein G beads (100-03D;
Invitrogen, Carlsbad, CA) by incubating 75 pL of
protein G beads with 10 pg of TEAD4 antibody
(TEF-3, sc-101184; Santa Cruz Biotechnology,
Dallas, TX) or 10 pg of mouse IgG (sc-2025; Santa
Cruz Biotechnology) as a negative control for 1 hour
with constant rotation. At the end of the sonication
process, an aliquot of the chromatin was kept as input
control for every sample and an equal amount of son-
icated chromatin was incubated with the previously
produced antibody-coupled magnetic beads at 4°C
overnight while rotating. The samples were washed
and then eluted (all buffers are as described in the
original protocol from Blecher-Gonen et al (0,
Ribonuclease treatment and then proteinase K treat-
ment were performed on all samples, followed by
overnight reverse crosslinking at 65°C with continu-
ous shaking. DNA purification was performed using
Agencourt AMPure XP (A63880; Beckman Coulter,
Brea, CA). TEAD4 abundance on specific target gene
promoters was quantificd by qRT-PCR compared to
IgG negative control. Primer sequences are listed in
Supporting Table S1.

STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad
Prism version 6.0 and R. For in wvifro and in viwve
studies, statistical significance was determined by the
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two-tailed unpaired Student # test. Differences were
considered statistically significant at P < 0.05. All
experiments were performed at least twice. The sta-
tistical parameters (i.e., the exact value of n, P values)
are noted in the figures and figure legends. Results are
shown as mean + SD.

Analysis of The Cancer Genome Atlas
Liver Data Set

Analysis of The Cancer Genome Atlas (TCGA) liver

data set is described in the Supporting Information.

Results

TEAD4 OVEREXPRESSION
PROMOTES HCC TUMOR
GROWTH IN VITRO AND IN¥VIVO

As TEADA overexpression has been associated with
poor clinical outcome in a number of cancer entities,
we asked whether TEAD4 overexpression plays a
similar role in HCC. We first confirmed that 7EAD4
was overexpressed in HCC using the TCGA data set.
Compared to the nontumoral livers, HCCs showed
TEAD4 overexpression (P < 0.001, Mann-Whitney
U test) in 21% (n = 73/371) of cases (Supporting
Fig. S1A,B). Additionally, we observed that TEAD4
expression was associated with aggressive HCC fea-
tures, such as high Edmondson grade, high stage, and
histologic changes, more frequently observed in severe
diseases, such as the presence of necrosis, pleomor-
phic, and multinucleated cells (P < 0.05; Supporting
Fig. S1C). Additionally, 7TEAD4-overexpressing
tumors were more enriched in Hoshida molecular
subtype S1, which is associated with higher prolif-
eration and worse outcome (Supporting Fig. S1C).
Furthermore, we observed that TEAD4 overexpres-
sion was associated with worse overall survival and
was independently prognostic in patients with HCC
in univariate and multivariate models (hazard ratio,
1.52; 95% confidence interval, 1.00-2.29) (Supporting
Fig. S1D; Supporting Table S2).

Having determined that TEAD4 is indeed over-
expressed in HCC, we modulated the expression of
TEAD4 in HCC cell lines, examined its effect on cell
growth, and further exploited these models to dis-
sect the possible oncogenic role of TEAD4. Using a
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complementary DNA  construct, we overexpressed
TEAD4 in two HCC cell lines with low endogenous
levels of TEAD4 expression (Huh7 and SNU449;
Supporting Fig. S2A,B). We further used short-
hairpin RNAs to silence TEAD4 in two HCC cell
lines with high endogenous levels of TEAD4 expres-
sion (HLE and HepG2; Supporting Fig. S2A,B). We
observed that 7TEAD4 overexpression significantly
increased proliferatien as well as cell migration in
both Huh7 and SNU449 cells (Fig. 1A,B; Supporting
Fig. S2C,D). On the contrary, TEAD4#-silenced
HLE and HepG2 cells significantly proliferated and
migrated less compared to control cells (Fig. 1A,B;
Supporting Fig. S2C,D). The wound-healing assay
further confirmed the role of TEAD4 in regulating
the migration potential of HCC cells. Indeed, forced
expression of TEAD4 in Huh7 led to an increase in
the gap closure rate, while TEAD4 silencing slowed
the speed of gap closure in HLE cells (P < 0.01,
Mann-Whitney U test) (Fig. 1C). Finally, because
sorafenib is still the primary choice for first-line treat-
ment of patients with HCC, we tested if the modula-
tion of TEAD4 expression might affect the response
to sorafenib. Our results showed that overexpression
or silencing of TEAD4 did not alter the sensitivity of
the cells to sorafenib (Supporting Fig. S2E).

To further demonstrate the oncogenic role of
TEAD4 in HCC, we xenotransplanted 7TEAD4-
overexpressing and control Huh7 cells into the
chicken CAM and assessed tumor growth in vive
(Fig. 2A). Engraftment of tumor cells in the CAM
has been successfully used as a model of tumorigen-
esis.*” Indeed, it has been shown that this densely
vascularized extraembryonic tissue enables a fast,
reproducible, and precise analysis of the principal
steps of tumor progression and is a powerful tool for
preclinical in vive studies.®? Briefly, 24 hours post-
transfection, cells were harvested and resuspended in
matrigel before being seeded into the CAMs. After
4 days, eggs were screened for tumor formation and
tumors were harvested for quantiﬁcati(m and fur-
ther analysis. In accordance with the results obtained
TEAD4-overexpressing  engrafted  cells
formed significantly larger tumors compared to con-
trol cells (Fig. 2B,C; P < 0.05, Mann-Whitney U
test). IHC and western blot analysis confirmed that
the resected tumors were indeed of human origin and
that TEAD4 overexpression could still be detected 5
days posttransfection (Fig. 2D).

in  wvitro,
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FIG. 1. Modulation of TEAD4 expression level impacts cell proliferation and migration. (A) Proliferation and (B) migration kinetics
of TEAD4-overexpressing (TEAD4ox) Huh7 and TEAD4-silenced (shTEAD4) HLE cells compared to their respective controls. (C)
Wound-healing assay in TEAD4-overexpressing Huh7 and 7EAD4-silenced HLE cells compared to their respective controls at specific
time points. Representative pictures at time points 0 and 24 hours after scratch are shown for cach condition. Scale bar in (C), 1 em.
Statistical significance was determined by the ¢ test; *P < 0.05,"*P < 0.01. Data are mean + SD. Abbreviations: h, hours; sh, short hairpin.

Taken together, our in witre and in vive data pro-
Vidc Cumpuﬂing CVidCl'lCC Of thL‘ UHCUgCDiC IUlC Uf
TEAD4 in HCC. In particular, we demonstrate the
role of TEAD4 in promoting proliferation and migra-
tion of liver cancer cells.

TEAD4 REGULATES CELL
DIFFERENTIATION AND
PROLIFERATION AND THE
EXPRESSION OF HSP70 FAMILY
GENES

To define the transcriptional changes induced by
TEAD4 overexpression, we performed RNA-seq on
Huh7 cells overexpressing TEAD4 (n = 4) or control
vector (n = 4; Fig. 3A). Differential expression analy-
sis identified 569 up-regulated and 316 down-regulated
genes following TEAD4 overexpression (quasi-likelihood
F test, adjusted P < 0.05) (Fig. 3B; Supporting Table S3).
Gene set enrichment analysis (GSEA)™ revealed the
up-regulated genes were involved in pathways, such as
myogenesis, EMT, and the P53 pathway, all associated
with cell differentiation and proliferation (Fig. 3C).

Conversely, we observed a down-regulation of gene sets
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involved in metabolism, such as protein secretion and
bile acid metabolism (Fig. 3C). These results are consis-
tent with the aggressive phenotype we observed in our
in wvitro and in vive models following TEAD4 overex-
pression as well as with the well-known role of TEAD
proteins in regulating EMT and prolifcration.m)

In-depth analysis of the RNA-seq data revealed
altered expression of the HSP family members,
including some small HSPs (HSPB9 and HSPBI),
HSP40 (DNAJA4), and HSP70 (HSPA1A, HSPATB,
and FHSPA6). Furthermore, the set of HSP70 genes
defined by Klimczak et al.®” was found to be sig-
nificantly enriched in the 7EAD4-overexpressing
Huh7 cells (P < 0.05, GSEA; Fig. 3D), while other
HSP gene sets (HSP40 and HSP90) were not signifi-
cantly altered. In line with this, GSEA using Gene
Ontology (GO) pathways showed enrichment of gene
sets downstream of the HSP genes, such as those
involved in HSP-binding protein-folding chaperones
and unfolded protein binding (Fig. 3E). Surprisingly,
the canonical Hippo targets seem not to be up-
regulated in TEAD4-overexpressing cells, suggesting a
potential Hippo-independent role of TEAD4 in regu-
lating HSP70 family members.
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FIG. 2. TEAD4 overexpression increases tumor growth in vive. (A) Schematic representation of the CAM assay. (B) Photographs of
TEAD4-overexpressing or control Huh7 cells implanted in CAMs and grown for 4 days postimplantation. (C) Volume of tumors derived
from the CAM experiment (n 2 7 tumors over two independent experiments). Values are normalized to the mean volume of control.
(D) TEAD4 expression in Huh7 tumors extracted 4 days postimplantation analyzed by western blot (left) and IHC (right). Tumoral cells
were immunostained with the TEAD4 antibody. Scale bars, (B) 1 cm and (D) 50 pm and 20 pm. Statistical significance was determined
by the Mann-Whitney U test; "P < 0.05. Data are mean + SD. Abbreviations: H&E, hematoxylin and eosin; ox, overexpression.

Among the HSP70 genes, HSPA14 and HSPA6
were the most significantly up-regulated genes follow-
ing TEAD4 overexpression (Fig. 3B). Using qPCR,
we confirmed that overexpression of 7EAD4 led to a
significant increase in HSPAG6 and HSPAIA expression
in our in vitro models (Huh7 and SNU449; Fig. 3F).
Our results suggested that HSP70 is a novel family of
TEAD4 target genes in HCC.

TEAD4 DIRECTLY REGULATES
THE TRANSCRIPTION OF HSP70
FAMILY GENES

The HSP70 family comprises 13 gene products that
differ from each other by expression level, subcellular
location, and amino acid composition. Following expo-
sure to different stressors, HSP70s bind to misfolded
proteins and prevent their aggregation. As HSP70 fam-
ily members and their overexpression have been shown

to play an oncogenic role in ditferent cancer types,m'm

including HCC,% we asked if HSP70 family genes
were direct transcriptional targets of TEAD4. Because
HSPA6 and HSPAIA were the most up-regulated genes
following TEAD4 overexpression (Fig. 3B), we focused
on these two members of the family. We analyzed a
set of peak calls from TEAD4 ChIP-seq performed
on the HepG2 cell line.®” Interestingly, we observed
a TEAD4 peak within the HSEA6 promoter region,
~100 base pairs (bp) upstream of the transcription
starting site (T'SS), that contained two regions with the
TEAD4 binding motif (chr1:161493541-161493545
and chr1:161493648-161493652; Fig. 4A). Additional
analysis of the peak calls using CREAM™Y identified
a cluster of TEAD4 peaks ~50 kilobases (kb) upstream
of the FSPA6 promoter (ie, a TEAD4 enhancer,
chr1:31,776,368-31,832,367; Fig. 4A) and another
enhancer ~47 kb downstream of the HSPA14 promoter
(chr6:31,830,291-38,133,978; Fig. 4A), both well
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within the 100-kb range of most promoter-enhancer To confirm that TEAD4 directly binds to the pro-
interactions."””) Peaks in both enhancers and at the gene moter region of the H/SPA6 gene and the enhancer
promoters were also confirmed to contain the TEAD4  region of HSPA1A, we performed ChIP in TEAD4-
binding motif (Fig. 4A). overexpressing  Huh7 = cells, using anti-TEAD4
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FIG. 3. TEAD4 regulates cell differentiation and proliferation and the expression of HSP70 family genes. (A) Heatmap showing the top
50 differentially expressed genes in 7EAD4-overexpressing Huh7 cells. (B) Volcano plot of ~log10 adjusted Pvalue against log2 fold change
to illustrate the differentially expressed genes between TEAD4-overexpressing Huh7 cells and control cells. Red dots indicate differentially
expressed genes (adjusted P < 0.05). (C-E) GSEA plots show selected significantly enriched gene sets in TEAD4-overexpressing cells:
Hallmark gene sets from (C) MSigDB database, (D) HSP family gene set, and (E) GO gene sets from the MSigDB database. (F) The
Huh7 cell line was transiently transfected with a vector overexpressing TEAD# and the corresponding control, RNA was extracted
at different time points. mRNA expression levels of HSPAIA (left) and HSPA6 (right) were measured by qRT-PCR using GAPDH
as the internal control. Data are shown as fold change relative to control. Results represent three independent experiments. Statistical
significance was determined by the Mann-Whitney U test; *P < 0.05,"P < 0.01,™"P < 0.001. Data are mean + SD. Abbreviations: E2F, E2
factor; FDR, false discovery rate; GAPDI, glyceraldehyde 3-phosphate dehydrogenase; LATSI, large tumor suppressor kinase 1; mRNA,
messenger RNA; mTORC1, mammalian target of rapamycin complex 1; NFKB, nuclear factor kappa B; ox, overexpression; TIP2, tight
junction protein 2; TNFa, tumor necrosis factor alpha; UV, ultraviolet.

antibody or IgG followed by qPCR. Using primers
spanning the predicted TEAD4 binding region on
the FISPA6 promoter, the [ISEA14 enhancer region,
and the known TEAD4 target CTGF promoter,"” we
confirmed that TEAD4 indeed binds to the HSPA6
promoter and AS§PA1A enhancer region (Fig. 4B).

To corroborate the results obtained in wifre we
performed IHC staining on 10 HCC samples using
TEAD4 and HSP70 antibodies. Analysis of this
cohort revealed that samples positive for TEAD4
expression were also positive for HSP70 and vice
versa (P = 0.06, Spearman correlation test; Fig. 4C).
Of these 10 samples, eight were positive for HSP70
and two were negative. Six out of eight HCCs positive
for HSP70 were also positive for TEAD4 (Fig. 4C),
while the two HCCs negative for HSP70 were also
negative for TEADA.

Taken together, our results demonstrate that HSPA6
and HSPA1A are transcriptional targets of TEAD4 in
HCC through both TEAD4-promoter and TEAD4-
enhancer interactions.

ONCOGENIC EFFECTS OF TEAD4
ARE MEDIATED THROUGH ITS
UP-REGULATION OF HSP70

Given that the HSP70 family genes are direct
transcriptional targets of TEAD4 and that HSP70s
are known to play an oncogcnic role in various can-
cer types, including HCC,B? we hypothesized that
the oncogenic effects of TEAD4 may be at least
partially mediated by its up-regulation of HSP70.
We therefore inhibited HSP70 pharmacologically in
TEAD4-overexpressing cells with the benzylidene
lactam compound KNK473 (Fig. 4C). KNK437
has been shown to inhibit the induction of HSPs,
including HSP70, HSP40, and HSP105, in vitrs.*”

Additionally, KNK437 was shown to revert E2 factor
(E2F) transcription factor 1-mediated HSP#0 induc-
tion, which plays a role in promoting colorectal cancer
tumor growth and metastasis in vitro and in vive. "
Supporting our hypothesis, treatment of TEAD4-
overexpressing Huh?7 cells with 100 pM of KNK437
abolished the effect of TEAD4 overexpression on
cell proliferation at 48 and 72 hours posttreatment
(Fig. 4D). No significant reduction on cell prolifera-
tion was observed in control cells following treatment
with KNK437.

Taken together, our results demonstrate that
TEAD4 promotes tumor growth in HCC at least
partially through direct regulation of the HSP70
family members. We further showed that the phar—
macologic inhibition of HSP70 induction reverted
the increased cell proliferation phenotype induced by
TEAD4 overexpression.

TEAD4 REGULATES HSP70
AND CELL PROLIFERATION
INDEPENDENT OF HIPPO
SIGNALING

The transcriptional activity of TEAD proteins is
highly dependent on the binding of their C-terminal
protein interaction domain to several coactivators.**¥
Among those cofactors, YAP and TAZ, M) two major
Hippo signaling pathway transcriptional coactivators,
are the most well studied. When the Hippo signaling
pathway is active, YAP and TAZ proteins are located
in the nucleus, thus binding to TEADs and inducing
transcription of TEAD downstream targets (Fig. 5A).
Conversely, when the Hippo pathway is inactive, phos-
phorylation of YAP and TAZ allows TEADs to bind to
other cofactors and activate alternative transcriptional

targets (Fig. 5A).*” The role of TEAD4 in HCC
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FIG. 4. TEAD4 impacts cell proliferation by directly binding HSP70 promoters and associated enhancers. (A) TEAD4 ChIP-seq peaks
at the promoters of FHSPA6 and HSPA1A, and regions called as TEAD4 enhancers within 100 kb of //§PA6 and FHSPA1A, with TEAD4
binding motifs labeled. Enhancers and promoters are labeled as red and blue blocks, respectively. The TEAD4 binding motif logos are
shown below the track, and pesitions in the //§P46 and in /{SPA1.4 enhancers harboring this motif are indicated (this motif was also found
at the promoter of all three genes). Asterisks indicate peaks validated by ChlP-qPCR. (B) ChIP-qPCR showing enrichment for TEAD4
binding at the HSP46 promoter and the HSPA1A enhancer. CTGF was used as a positive control. (C) Representative immunostain of
TEAD4 and HSP70 on human HCCs. Magnification x40; scale bar 20 pm. (D) Schematic representation of the mechanisms of action
of KNK437 on HSP70. (E) Proliferation of TEAD4-overexpressing Huh7 cells treated with 100 pM of KNK437 at various time points,
relative to proliferation at 4 hours. DMSO was used as control. Results represent three independent experiments. Statistical significance
was determined by the 7 test; *P < 0.05, 7P < 0.01, **P < 0.001. Darta are mean + SD. Abbreviations: chr, chromosome; h, hours; mRNA,
messenger RNA; ox, overexpression; RLU, relative light unit; TF, transeription factor.

carcinogenesis has so far been linked to the Hippo sig-
naling pathway."”?" Interestingly, analysis of RNA-seq
data from TEAD4-overexpressing Huh7 cells revealed
no significant change in well-known targets and/or
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effectors of the Hippo signaling pathway (e.g., Y4P1,
large tumor suppressor kinase 1 [LATS1], tight junction
protein 2 [77P2], and CTGF, Fig. 3B) or in the Hippo
signaling pathway as a whole (¢ > 0.01 GO; Fig. 3E),
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FIG.5. The effect of TEAID4 on cell proliferation is independent of expression of cofactors YAP and TAZ. (A) Schematic representation
of TEAD4 transcriptional activity associated with YAP/TAZ cofactor expression. (B) Expression levels of ¥4P and T4Z were measured
in stable YAP/TAZ-knockdown (sh¥/7) and control (shCTR) Huh7 and SNU449 cell lines by QRT-PCR normalized to GAPDH as
internal control. (C) TEAD4 expression in stably TEAD4-overexpressing and control Huh7 and SNU449 cell lines with knockdown
of YAP/TAZ or control (shCTR). (D) Proliferation kinetics of stable 7EAD4-overexpressing and control Huh7 cell lines with YAP/TAZ
knockdown or control (shCTR) (left) and in TEAD4-overexpressing and control SNU449 stable cell lines with YAP/TAZ knockdown
and control (shCTR) (right). (E) HSPA6 and HSPAIA expression levels in TEAD4-overexpressing and control Huh7 cell lines with
knockdown of YAP/TAZ or contral (shCTR) were measured by qRT-PCR using GAPDH as reference. (IF) Expression levels of //SP46 in
TEAD4-overexpressing and control Huh7 cell lines with knockdown of YAP/TAZ or control (shCTR) were measured by western blot at
48 and 72 hours posttransfection. Data are shown as fold change to control. Results represent three independent experiments. Statistical
significance was determined by 7 test; P < 0.05, 7P < 0.01, ™" P < 0.001. Data are mean * SD. Abbreviations: GAPDH, glyceraldehyde
3-phosphate dehydrogenase; h, hours; ox, overexpression; sh, short hairpin; VGLL, vestigial-like protein 1.

suggesting that the oncogenic properties of TEAD4 in
HCC are independent of the Hippo pathway.

To test the hypothesis that TEAD4 does not
require Hippo signaling to promote cell proliferation
in liver cancer cells, we overexpressed TEAD4 in sta-
ble YAP/TAZ-knockdown and control liver cancer cell
lines (Supporting Fig. S3A,B; Fig. 5B,C). We first
confirmed that the stable YAP/TAZ-knockdown cells
had impaired Hippo signaling, as indicated by reduced
Cyr61, CTGF, and vimentin expression (Supporting
Fig. S3A,B). When TEAD4 was overexpressed

(Supporting Fig. S3C), we observed that the prolif-
eration rate was significantly increased in both sta-
ble YAP/TAZ-knockdown and control Huh?7 and
SNU449 cells (P < 0.001 and P < 0.05, respectively;
Fig. 5D), suggesting that the presence or absence of
the cofactors YAP and TAZ did not alter how TEAD4
modulates ecell proliferation in vitra.

Finally, to confirm that TEAD4 regulates HSP70
expression independent of Hippo signaling, we mea-
sured HSPAIA and HSPA6 expression in the stable
YAP/TAZ-knockdown and control cells. In line with
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our RNA-seq analysis, HSPAIA and HSPA6 were
up-regulated following TEAD4 overexpression in
both the stable YA4P/TAZ-knockdown and the control
cells (Fig. 5E; Supporting Fig. S3D), demonstrating
that TEAD4 regulates HSP70 expression indepen-
dent of its YAP and TAZ coactivators. Additionally,
we also performed western blot analysis to evaluate
if the changes observed at the RNA level were also
observed at the protein level. Indeed, we observed that
the overexpression of TEAD4 in cells with knockdown
of YAP/TAZ led to an increased level of HSP70 at
the protein level (Fig. 5F).

Qur results suggest that the oncogenic effects of
TEAD4 overexpression in HCC are, at least in part,
independent of the expression of the Hippo signaling
YAP and TAZ coactivators.

Discussion
TEAD4 is a member of the TEAD transcriptional

enhancer factor family composed of four members
(TEAD1-4). Deregulation of TEAD4 expression, as
with other members of the family, has been exten-
sively reported in several tumor types.(l"‘47’48] In the
present study, we showed that TEAD4 promotes cell
proliferation and tumor growth in HCC by directly
regulating HSP70 family members through, at least in
part, a Hippo-independent mechanism.

After confirming the overexpression of TEAD4 in
a subset of HCC in the TCGA data set, we evalu-
ated the functional relevance of TEAD4 up-regula-
tion in HCCs by performing a series of in vifro and
in wivo experiments. We demonstrated that TEAD4
overexpression promoted tumor growth, cell prolifera-
tion, and migration in liver cancer cells while 7EAD4
silencing had the opposite effect. Our observations are
consistent with the oncogenic role played by TEAD4
in other tumor types. Indeed, it has been shown that
down-regulation of TEAD4 expression hampers can-
cer cell proliferation and invasiveness in in vifro and
in vive models of colorectal and gastric cancers, 4%
Our findings demonstrate that TEAD4 also acts as
an oncogene in HCC.

As a transcription factor, TEAD4 regulates the
transcription of many genes, activating or repressing
several downstream pathways, such as cell growth,
differentiation, and apoptosis.m) Consistent with

the role of TEAD4 in cell differentiation, the gene
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expression profile of TEAD4-overexpressing Huh7
cells showed up-regulation of pathways, such as sper-
matogenesis, EMT, and myogenesis. Surprisingly,
chaperone folding and HSP pathways were also found
to be significantly enriched in 7EAD4-overexpressing
cells. Specifically, we identified two members of the
HSP70 family (HSPA6 and HSPA1A4) as among the
most up-regulated genes. HSP70B and HSP70-1, the
protein products of HSPA6 and HSPAIA, respectively,
are members of the ubiquitous and highly conserved
HSP70 family of molecular chaperones. In normal
cell conditions, chaperones are expressed at very low
levels, ensuring the correct folding and transport of
newly synthesized proteins.[so) However, chaperone
levels increase during cell cyele and dcvclopmcntm)
as well as in response to cellular stress as occurs, for
example, in tumors. Overexpression of HSP70 family
m(:mbt:rs hﬂS bCCﬂ ShOWﬂ to play an OI]CDgCﬂiC I'Dl(f irl
different cancer types,(ss‘m including HCC.5% 1y
HCC, H5P70 has been reported to drive cell migra-
tion,”? and genetic ablation of HSP70 was able to
markedly impair chemically induced liver tumori-
genesis and tumor progrcssi(m.mj Notably, HSP70
is a clinically important marker in HCC diagnosis;
HSP70 expression, together with that of glutamine
synthetase and glypican 3, is commeonly used to dif-
ferentiate early and low-grade tumors from dysplastic
nodules.®?

Our reanalysis of the ChlIP-seq data from the
HepG2 cell line'™” revealed two mechanisms by which
TEAD4 can regulate the expression of HSP70 fam-
ily genes; first by binding sites mapped less than 1 kb
from the T'SS of HSPA6 and second through TEAD4
enhancer regions ~50 kb upstream of the HSPA6
promoter and ~47 kb downstream of HSPAIA. Both
putative TEAD4 enhancers and the HSP70 promoter
regions were found to harbor TEAD4 binding motif,
and we confirmed the direct binding of TEAD4 at
these loci by ChIP-qPCR in TEAD4-overexpressing
Huh7 CCUS. Iﬂ fﬁct, we dcm{)nstratcd that thC iﬂ(‘f{fﬂs(‘:d
cell proliferation resulting from TEAD4 overexpres-
sion was reversed by the pharmacologic inhibition of
HSP70. We note that although KNK437 is a nonspe-
cific HSP70 inhibitor, it has been shown to inhibit
Dnly iﬂdllfibl[} HSP!: bU.t has no Cff{fct on th(f CXPTCS'
sion of constitutively expressed HSP family mem-
bers, including HSC70 and HSP90.“Y Therefore,
although  KNK437 is not specific to HSP70, it
would only inhibit HSPs induced following 7EAD4
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overexpression. Our results thus indicate that the
oncogenic effect of TEAD4 in HCC acts through its
regulation of HSP70.

The transcription factor TEAD4 and its coact-
ivators YAP and TAZ are considered major down-
stream effectors of the conserved Hippo signaling
pathwa;r.(w) However, in colorectal and prostate can-
cers, ) TEAD4 has been found to play a role in
EMT and cell proliferation independent of YAP/
TAZ expression. Here, we demonstrated that TEAD4
overexpression increased liver cancer cell prolifer-
ation independent of the expression of YAP/TAZ.
Supporting our YAP/TAZ-knockdown experiments,
our RNA-seq data from TEAD4-overexpressing cells
revealed no significant changes on Hippo signal-
ing following TEAD4 overexpression. Furthermore,
we showed that TEAD4 overexpression induced
HSPAIA and HSPA6 expression in the context of
YAP/TAZ knockdown. Together, our results indi-
cate that TEAD4 regulates HSP70 expression and
liver cancer cell proliferation independent of Hippo
signaling.

In conclusion, we showed that TEAD4 plays an
oncogenic role in HCC and that its oncogenic effect
is mediated in part by its regulation of HSP70 genes.
More importantly, our results unveil a novel role of
TEAD4 outside its canonical Hippo-dependent

mechanism.
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Immune cell infiltration in colorectal cancer effectively predicts
clinical outcome. IL22, produced by immune cells, plays an impor-
tant role in inflammatory bowel disease, but its relevance in
colorectal cancer remains unclear. Here, we addressed the prog-
nostic significance of IL22" cell infiltration in colorectal cancer and
its effects on the composition of tumor microenvironment. Tissue
microarrays (TMA) were stained with an IL22-specific mADb, and
positive immune cells were counted by expert pathologists. Results
were correlated with clinicopathologic data and overall survival
(0S). Phenotypes of I1.22-producing cells were assessed by flow
cytometry on cell suspensions from digested specimens. Chemokine
production was evaluated in vitro upon colorectal cancer cell
exposure to 1L22, and culture supernatants were used to assess
neutrophil migration in vitro. Evaluation of a testing (n = 425) and a

Introduction

Colorectal cancer is the third most common cause of cancer-related
death worldwide (1). Infiltration of immune cells into colorectal cancer
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validation TMA (n = 89) revealed that high numbers of 1L22
tumor-infiltrating immune cells were associated with improved
08 in colorectal cancer. Ex vive analysis indicated that 1L22 was
produced by CD4" and CDS8" polyfunctional T cells, which also
produced 1L17 and IFNY. Exposure of colorectal cancer cells to
IL22 promoted the release of the neutrophil-recruiting chemo-
kines CXCL1, CXCL2, and CXCL3 and enhanced neutrophil
migration in vitro. Combined survival analysis revealed that
the favorable prognostic significance of I1L22 in colorectal cancer
relied on the presence of neutrophils and was enhanced by
T-cell infiltration. Altogether, colorectal cancer-infiltrating
11.22-producing T cells promoted a favorable clinical outcome
by recruiting beneficial neutrophils capable of enhancing
T-cell responses.

tumors predicts clinical outcome more effectively than tumor-node-
metastasis staging (2). Infiltration by cytotoxic T cells, Th type 1 cells,
T regulatory cells, and neutrophils associates with favorable outcome
in human colorectal cancer (3-6), whereas the role of IL17-producing
T cells (Th17) 1s still debated (2, 7).

1122 is a cytokine of the IL10 family produced by different cell types
of the innate immune system, including group 3 innate lymphoid cells
(ILC3), and of the adaptive immune system, including Th17, naive
CD47 T cells polarized upon exposure to TNFa. and IL6, also known as
Th22 cells (8), and CD8™ T cells (9, 10). IL22 receptors, including
IL22R ochain and IL10RP chain, are uniquely expressed by kerati-
nocytes and a variety of epithelial cells, including intestinal cells (11).
IL22 plays key roles in wound healing and tissue repair, and in the
maintenance of the “barrier” functions of skin and of intestinal and
bronchial epithelial layers (12-14). In these anatomic regions, 1122
synergizes with IL17 and TNFa to promote the expression of proteins
involved in host defense (15-17) and innate immunity against bac-
terial infections. IL22 also induces epithelial cell proliferation and
upregulation of genes encoding prosurvival molecules (18-21),
and may protect the liver, intestine, and lungs from tissue
destruction (19-24). Interestingly, IL22 also plays a role in the
maintenance of host-microbiota symbiosis (25).

The fact that IL22 promotes inflammation and concomitantly
prevents tissue destruction is intriguing. Notably, exogenous 1122
delivery is sufficient to promote inflammation in mice (26, 27). The
functional relevance of I1.22 depends on specific tissue microenviron-
ment. For example, in the absence of IL17, IL22 promoles lissue repair
in the lung (18). In the colon, IL22 protects against experimental
chronic colitis and promaotes intestinal wound healing following acute
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intestinal injury (28). However, [L22 has also been suggested to play
a role in the pathogenesis of a variety of human diseases, including
psoriasis, arthritis, and inflammatory bowel disease (IBD;
refs. 13, 29-31).

There is a paucity of data about the prognostic significance of
1L22 in cancer (12, 32-34), in particular its role in human colorectal
cancer remains unclear. In murine models, “uncontrolled” 1L22
production promotes colorectal cancer development (33), possibly
by direct effects on stem cells (35) or by enhancing cancer cell
proliferation (36). Accordingly, in a murine model of colen cancer
induced by administration of pathogenic Helicobacter hepaticus and
carcinogenic azoxymethane in immunodeficient animals, 11.22 pro-
duced by innate lymphoid cells mediates 2 protumorigenic effect via
Stat3 activation in epithelial cells (37, 38). [L22 produced by human
tumor-infiltrating lymphocytes also promotes colorectal cancer
cell proliferation in vivo in a xenograft model (37). On the other
hand, 1L22 plays a key role in the control of genotoxic damage
induced by carcinogens in colon epithelial stem cells, thereby
limiting mutagenesis and cancer outgrowth (39).

Most of these studies have addressed direct effects of 1L22 on
tumor cells, whereas its potential ability to condition the colorectal
cancer tumor microenvironment has not been explored in compa-
rable detail (40). Prognostic significance of 1122 expression in
human colorectal cancer, the overwhelming majority (>90%) of
which is not associated to IBD or to clinically relevant chronic
colitis, has not been investigated in large cohorts of patients. To fill
this knowledge gap, in this study we used two tissue microarrays
(TMA), collectively including >500 clinically annatated colorectal
cancer specimens, to investigate the impact of 1L22 on clinical
outcome and its possible influence on tumor microenvironment
compaosition.

Materials and Methods

TMA construction

The TMAs were constructed at the Pathology Biobank at the
University Hospital of Basel (Basel, Switzerland). Unselected, non-
consecutive, formalin-fixed, paraffin-embedded primary colorectal
cancer tissue blocks were used as doner blocks. Tissue cylinders with
a diameter of 1 mm were punched from morphologically represen-
tative areas of each donor block and brought into one recipient paraffin
block (30 x 25 mm), using the TMA GrandMaster (TMA-GM;
3D-Histech Ltd, Sysmex AG) technology. Each punch was derived
from the center of the tumor in an area with no necrosis so that each
TMA spot consisted of more than 50% tumor cells. Approval by the
local ethics committee (Ethik Kommission beider Basel, EKBE) for the
use of this clinically annotated TMA was obtained in advance, as stated
in previous publications (6, 7, 41).

Clinicopathologic features

Clinicopathologic data for patients included in the TMAs were
collected retrospectively in a nonstratified and nonmatched manner.
The larger TMA set was a subset of a previously published TMA (42)
including patients undergoing surgery from 1987 to 1996. The valida-
tion TMA was built with surgical specimens of patients who underwent
surgery at the University Hospital of Basel (Basel, Switzerland) in the
years from 2007 to 2012. Clinicopathologic characteristics are listed in
Supplementary Tables 51 and 52. Overall survival (OS) was defined as
primary endpoint. Available follow-up data for the testing and valida-
tion cohort had a mean event-free follow-up time of 115and 36 months,
respectively.
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IHC

IHC IL22 staining was assessed on two TMAs consisting of 538 and
100 colorectal cancer specimens, respectively. After excluding samples
for which the tissue punch was absent or had poor staining quality, 425
and 89 colorectal cancers samples, respectively, were available.
Staining was performed using the BenchMark ULTRA IHC System
(Ventana Medical Systems, Inc.), following the manufacturer's
instructions, with an IL22-specific mAb (Creative Diagnostic
#DCABH-2900, clone JNH9G22F3, dilution 1:100) and iVIEW-
DAB as chromogen. Immunoreactivity was scored as number of
tumor-infiltrating 1L22* immune cells by experienced pathologists
(L. Tornillo and L. Terracciano). [L17 and CD66b staining protocols
have been reported in previous studies (6, 7).

Clinical specimen collection and processing

Freshly excised clinical specimens were collected from patients
undergoing surgical treatment at University Hospital of Basel (Basel,
Switzerland) and St. Claraspital (Basel, Switzerland). Informed written
consent was obtained from all patients whose specimens were analyzed
for this study.

Tumor or healthy tissue fragments were snap frozen for RNA
extraction or enzymatically digested (2 mg/mL collagenase IV,
Worthington Biochemical Corporation and 0.2 mg/mL DNAse I,
Sigma-Aldrich, for 1 hour at 37°C) to obtain single-cell suspensions.
In addition, peripheral blood mononuclear cells from healthy donors
were isolated by density gradient centrifugation (Histopaque-1077,
Sigma-Aldrich; 400 > g for 30 minutes at room temperature, without
break). Use of human samples in this study was approved by local
ethical authorities (Ethikkommission Nordwest und Zentralschweiz,
EKNZ 2014-388).

The Cancer Genome Atlas analysis

Gene expression data [as fragments per kilobase of transcript per
million mapped reads values (FPKM)] from 597 colorectal cancer
samples and 51 normal colorectal mucosa specimens, were obtained
from The Cancer Genome Atlas (TCGA) Genomics Data Commons
harmonized data portal using TCGA biolinks R package (43). Clinical
information regarding 597 colorectal cancers (see Supplementary
Table $3) was retrieved from the Human Protein Atlas (44). After
normalization, expression (FPKM values) of genes encoding IL22 and
a panel of cytokines, chemokines, and immune markers was retrieved
and correlations between immune markers and patients’ OS were
evaluated.

Flow cytometry and cell sorting

Cell suspensions obtained from colorectal cancer and tumor-free
colonic mucosa were incubated with 50 ng/mL phorbol 12-myristate
13-acetate, 1 ug/mL ionomycin, and 5 pg/mL Brefeldin A (Sigma-
Aldrich) for 5 hours. Cells were fixed with the Intracellular Fixation
and Permeabilization Buffer Set (eBioscience), following the man-
ufacturer's instructions, and surface stained with fluorochrome-
conjugated antibodies specific for human CD3 (clone SK7), CD4
(clone SK3), CD8 (clone SK1), and CD56 (clone B159), all from BD
Biosciences. Following permeabilization, intracellular staining with
antibodies specific for human IFNy (BD Bioscience, clone 25723.11),
1122 (R&D Systems, clone 142928), and IL17 (eBioscience, clone
64DEC17) was performed. Cells were analyzed by FACSCalibur or
Fortessa Flow Cytometers (BD Biosciences). Primary colorectal cancer
cells were sorted from tumor cell suspensions by magnetic microbeads
conjugated to EpCAM-specific Antibodies (MACS MicroBeads, Miltenyi
Biotec, catalog no. 130-061-101), following the manufacturer's
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instructions. Cell purity was >97%, as evaluated by flow cytometry.
Data were analyzed using FlowJo Software (Tree Star).

Real-time reverse transcription PCR assays

Total RNA was extracted from stored colorectal cancer tissues or
sorted cell populations using NucleoSpin RNA Kit (Macherey-Nagel,
catalog no. 740955.50), following the manufacturer's instructions, and
quantified by Spectrophotometry (NanoDrop, Thermo Fisher Scien-
tific). RNA was reverse transcribed using the Moloney Murine Leu-
kemia Virus Reverse Transcriptase (M-MLV RT, Invitrogen). Quan-
titative PCR was performed in the ABI prism 7700 sequence detection
system, using SYBR Green (Roche) or TagMan Universal Master Mix,
No AmpErase UNG (Applied Biosystems), and commercially avail-
able primer sequences. All primers are listed in Supplementary
Table $4. Each gene was assayed in duplicate wells, using 20 ng
template each. Expression of individual genes was analyzed by using
the 27 method (45), as relative to the expression of GAPDH house-
keeping gene.

Cell lines

LS180, HT29, Colo205, HCT15, SW480, SW620, and DLD-1
human colorectal cancer cell lines were purchased from the European
Collection of Cell Cultures (period 2013-2015), and immediately
stored in liquid nitrogen. Cells used for individual experiments were
thawed from original cryopreserved aliquots and maintained in cul-
ture, for a maximum of 10 passages, in RPMI11640 (Gibeo) or, for HT29
in McCoy's 5A Medium (Sigma-Aldrich) or, for SW480 and SW620 in
L15 Medium (Leibovitz, Sigma-Aldrich), supplemented with 10% FBS,
GlutaMAX-1, and Kanamycin (Gibco). Absence of Mycoplasma con-
tamination in cultured cells was verified by PCR testing prior to
investigations.

Chemokine induction in colorectal cancer cell lines

Colorectal cancer cells from L8180 and HT29 established cell lines
were plated in 24-well plates (Sigma-Aldrich, 3.5 x 10° cells/well in
0.5 mL) in culture media and then incubated with 10 and 100 ng/mL
concentrations of IL22 (R&D Systems) at 37°C. After 4 hours, che-
mokine expression was assessed by quantitative PCR.

ELISA

Chemokine content in culture supernatants was assessed by ELISA
using CXCL1 and CXCL3 DuoSet ELISA (R&D Systems, catalog nos.
DY275 and DYBO01, respectively), following the manufacturer's
instructions. Results were collected by Spectrophotometer (BioTek
Instruments) using the SoftMax Pro 6 software.

Cell proliferation assay

Colarectal cancer cells from LS180 and HT29 established cell lines
were plated in 24-well plates (Sigma-Aldrich, 10° cells/well in 0.5 mL)
in RPMI1640 and McCoy's 5A Medium (Sigma-Aldrich), respectively,
and then incubated with 10 or 100 ng/mL recombinant human IL22
(R&D Systems, catalog no. 782-1L/CF) for 4 days at 37°C. Cell
proliferation was quantified by CyQUANT Cell Proliferation Assay
(Thermo Fisher Scientific, catalog no. C7026), following the manu-
facturer's instructions.

Migration assay

CD8" T cells and neutrophils were sorted from peripheral blood
of healthy donors by Magnetic Microbeads (MACS MicroBeads,
Miltenyi Biotec, catalog no. 130-045-201, and EasySep Human Neu-
trophil Isolation Kit, Stemcell Technologies, catalog no. 17957, respec-
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tively), according to the manufacturer's instructions, to a purity of
=98%, as confirmed by flow cytometry. Chemotaxis assays were
performed using 96-well transwell plates with 5-um pore size mem-
branes (Corning Costar). Supernatants from LS180 or HT29 cells, left
untreated or treated overnight with 10 or 100 ng/mL of 1122, were
added to the bottom chambers (250 pL/well). In specific experiments,
colorectal cancer cell line supernatants were depleted of CXCL1 and/or
CXCL3, prior to use, by using specific capture antibodies (R&D
Systems, clone 20326, catalog no. MAB275 and clone 49801, catalog
no. MAB160, respectively). CD8" T cells and neutrophils (1.5 x 10*
cells/well in 80 pL) were placed in the top chamber and allowed to
migrate for 60 minutes at 37°C. The number of cells that migrated into
the bottom chamber was quantified by flow cytometry. The extent of
cell migration was expressed as a migration index, calculated as
number of cells migrated toward supernatants/number of cells migrat-
ed toward control medium.

Statistical analysis

1L22" tumor-infiltrating immune cells were counted on each of the
425 and 89 colorectal cancer plus 16 nonmalignant cores, respectively.
After having proven an association between the number of IL227
infiltrating cells and OS by univariate Cox regression, an optimal
threshold was estimated by regression tree analysis (rpart Statistical
Package Software R package, version 3.4.1, 2017-06-30). The obtained
threshold was found to be almost equal to the median value. Subse-
quently, continuous values were dichotomized subdividing half of the
collective as colorectal cancer with low or high IL22 immune infil-
tration. x° or Fisher exact tests were used to determine the association
between IL22 infiltration and clinicopathologic discrete features, as
well as the Wilcoxon signed rank-sum test for comparison with
continuous values. Survival curves were depicted according to the
Kaplan-Meier method and compared with the log-rank test. More-
over, individual survival curves were compared one by one and the P
values were adjusted according to the Benjamini-Hochberg method,
which controls the FDR and the expected proportion of false discov-
eries among the rejected hypotheses (Survminer R package).

IL17* and CD66b ™ cells were evaluated as reported previously (6, 7).
Upon staining with antibodies specific for IL17 (goat polyclonal anti-
human IL17, R&D Systems) or CD66b (BioLegend, clone G10F5),
numbers of positive cells per punch were scored by experienced
pathologists. By regression tree analysis (rpart package), cut-off values
for both markers, IL17 and CD66b, were set at 10 cells per punch. After
dichotomization, Kaplan-Meier curves were plotted, and compared by
log-rank test.

The assumption of proportional hazards was verified for all markers
by analyzing the correlation of Schoenfeld residuals and the ranks of
individual failure times. Any missing clinicopathologic information
was assumed to be missing at random.

All P values were two-sided and considered significant at P < 0.05.
Analyses were performed by using the Statistical Package Software R
(version 3.4.1, 2017-06-30, http:/fwww.r-project.org or higher) and
GraphPad Prism 7 Software (GraphPad Software).

Results
High density of IL22" cells is associated with favorable
prognosis in human colorectal cancer

1122 protein expression was first evaluated by I[HC on a testing TMA.
set including 425 primary colorectal cancer specimens (Supplemen-
tary Table S1). As expected, positive staining was clearly detected on
infiltrating immune cells. However, a more diffuse staining was also

CANCER IMMUNOLOGY RESEARCH

173



Published OnlineFirst August 24, 2020; DOI: 10.1158/2326-6066.CIR-19-0934

Prognostic Significance of IL22 in Human CRC

B Testing TMA
1.0
P =0.0003
08
08
8
B
g 0.4 -
02 1L22 L n = 1481204
IL22Hn = 121221
0.0+
0 50 100 150
Time (months)
Figure 1.

c Validation TMA
10
P =0.005
08
06
8
s
g 0.4
021 22 Ln = 13/43
IL22Hn = 6/d6
0.0 -
0 20 ' 60 80
Time (months)

High density of IL22" cells is associated with favorable prognosis in human colorectal cancer. A, Representative pictures of colorectal cancers with low (left) or high
(right) infiltration by IL22 " immune cells (scale bar, 50 um). B and C, Kaplan-Meier curves depicting the probability of OS of patients dichotomized according to low
or high number of IL22* colorectal cancer-infiltrating immune cells in the test TMA {n = 425) and in the validation TMA (n = 89). Statistical significance was assessed

by log-rank test. H, high; L, low.

detectable on tumor cells (Fig. 1A). To clarify this issue, IL22 gene
expression was investigated in colorectal cancer cells isolated from
established cell lines with consistently negative results (Supplementary
Fig. 81), suggesting that colorectal cancer cell positivity might be due to
the 1L22 fraction bound to its specific receptor on epithelial cells.
Therefore, we focused our analysis on tumor-infiltrating immune
cells. 122" cells were counted in each TMA core. IL22" cells were
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detectable within both normal colonic tissues and colorectal cancer,
although in the latter case at a significantly higher density (P = 0.039).
Observed continuous values ranged between 0 and 300 cells per core
with median and mean values of 20 and 39 cells per core, respectively.
Median value was used to dichotomize tumor specimens into IL22-low
and -high groups. Representative examples of colorectal cancer
displaying low and high infiltration are displayed in Fig. 1A. As
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Table 1. Correlation of IL22" cell density with clinicopathologic features in n = 425 colorectal cancer specimens.

IL22 low IL22 high
Characteristics N=221 (100%) N =204 (100%) P
Age
Years (median, mean) 71, 69.5 (40-90) 7,705 (40-96) P=0318
Sex
Female n7 (52.9) 104 (51.0) P —0.687
Male 104 (CYA)) 100 (49.0)
Diameter
mm (median, mean) 50, 52.4 (10-170) 50, 51.0 (7-160) P —0527
Tumor location
Left sided 136 (61.5) 138 (67.6) P = 0167
Right sided 85 (38.5) 65 (319)
Histologic subtype
Mucinous 9 4.n 19 (9.3) P =0494
Nonmucinous 212 (95.9) 185 (90.7)
pT stage
pTl 7 (3.2) 8 (3.9) P =0.043%
pT2 26 (11.8) 32 (15.7)
pT3 140 (63.3) 138 (67.6)
pT4 39 (17.6) 21 (10.3)
pN stage
phNO 99 (44.8) n2 (54.9) P =0.059"
pNI 64 (29.0) 51 (25.0)
pN2 48 .7 35 (7.2)
Tumor grade
Gl 7 3.2) 2 .0 P =0.255
G2 193 (B7.3) 185 (90.7)
G3 n 5.0) 12 5.9
Vascular invasion
Absent 150 (67.9) 155 (76.0) P =0.099
Present 62 (28.1) 44 (21.6)
Tumor border
Pushing 54 (24.4) 64 (31.4) P =0.151
Infiltrating 156 (70.6) 135 (66.2)
PTL inflammation
Absent 167 (75.6) 145 7.0 P=0162
Present 45 (20.4) 54 (26.5)
Microsatellite stability
Deficient 30 (13.6) 33 (16.2) P =0.452
Proficient 191 (86.4) 7 (83.8)
S-year survival rate
(95% CI) 0.43 0.36-0.50 0.58 0.51-0.65 P =0.004

Abbreviations: Cl, confidence interval; PTL, peritumoral lymphocytic

“Correlation between the IL22-low and IL22-high subgroup. Percentage may not add to 100% due to missing values of some variables.

“Overall difference in subgroup analysis due to T4.
“Qverall difference in subgroup analysis due to NO.

summarized in Table 1, the presence of high numbers of IL22" cells
was slightly associated with lower T stage (P = 0.043). Instead, no
significant association was found with histologic subtype (P = 0.494),
lymph node metastases (P = 0.059), tumor grade (P = 0.255), vascular
invasion (P = 0.099), tumor border configuration (P = 0.151), and
microsatellite instability (P = 0.452).

Survival analysis at 5 years showed that patients with tumors
characterized by high numbers of a2t infiltrating cells had signif-
icantly higher survival probability than those with tumors displaying
low 11227 cell numbers [0S, 58%; confidence interval (CI), 51%-
65.0% vs. 43%; CI, 36%-50%; P = 0.004; Table 1].

Kaplan-Meier survival curve analysis revealed that the favorable
prognostic effect of [L22" cell infiltration remained constant over time
(P = 0.0003; Fig. 1B). The positive prognostic impact of high 1L22"
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cell infiltration was confirmed upon staining of a TMA with an
independent validation cohort (Supplementary Table S2) of 89
patients with colorectal cancer (P = 0.005; Fig. 1C). In this second
cohort, for which data regarding adjuvant treatment were also avail-
able, multivariate analysis showed that IL22 retained an impact on OS
irrespective of adjuvant chemotherapy (P = 0.02; Supplementary
Table 85).

IL22 was expressed by polyfunctional T cells predictive of
prolonged survival

We next investigated phenotypes and functions of colorectal
cancer-infiltrating 1L22" cells. Flow cytometric analysis of single-
cell suspensions obtained from colorectal cancer clinical specimens
revealed that 1L.22" cells were mostly found within conventional CD3"
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Figure 2.

IL22 is expressed by conventional polyfunctional
T cells. Single-cell suspensions obtained from freshly
excised clinical specimens of colorectal cancer and
tumor-free colonic tissues were surface stained with
antibodies specific for CD3, CD4, CD8, and CDS6 and
intracellularly stained for IL17 and IFNy, and analyzed
by flow cytometry. A, Representative phenotypic
analysis. B, Percentages of cells positive for the
indicated marker or cytokine within the IL22° gate

(n=15). €, Percentages of IL177 or IFNy™ cells within
the IL227 cell gate in colorectal cancer (CRC TISSUE)
and corresponding tumor-free colonic tissues (CTRL
TISSUE). Means and SDs are indicated by bars.

Statistical significance was d by the Wilcoxon
signed rank test.
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T cells and expressed CD4 and, to lower percentages, CD8 molecules
(Fig. 2A and B). Expression of IL22 at the single-cell level, based on
intracellular cytokine staining, was not significantly increased in
cells infiltrating tumors as compared with those present in normal
tissues (median fluorescence intensity within gated CD3" 11227
cells in tumors vs. nontumor tissues: 54 = 32 vs. 53 = 47; P = 0.88
and mean fluorescence intensity within CD3" IL22" cells in tumors
vs. nontumor tissues: 125 = 97 vs. 85 £ 63; P = 0.15). However, a
large fraction of 1L22" cells also showed production of additional
cytokines, such as IL17 and IFNY, thus indicating that they were
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polyfunctional T cells (Fig. 2C), as reported previously (7, 46).
Notably, this subset of IL22-producing cells showed a trend toward
an increase in colorectal cancer as compared with control tissues
(Fig. 2C).

Consistent with their “Th17-like” phenotype, numbers of infiltrat-
ing 1L22" cells were significantly higher within colorectal cancer
characterized by high infiltration by IL17" cells (Supplementary
Fig. 52A). In TCGA cohort, IL22 gene expression significantly corre-
lated with that of IL17 gene (r = 0.578; P < 0.0001, see Table 2). In the
TMA cohort, tumors displaying high densities of both 1L.22" and
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Table 2. Correlations between expression of IL22 gene and
selected cytokine/chemokine genes in TCGA cahort (n = 597).

Spearman correlation coefficient P
IL17A 0.578 <0.00001
CXCL2 0.447 <0.00001
CXCcL 0.401 <0.00001
CXCL3 0.393 <0.00001
CXCL8 0.152 0.0002

1L17" cells were characterized by enhanced survival probability
(Supplementary Fig. S2B).

IL22 stimulated colorectal cancer cells to release neutrophil-
recruiting chemokines

TMA staining data indicated that colorectal cancer infiltration by
1L22-producing T cells was associated with improved survival. This
was an unexpected finding, because in murine colorectal cancer
models, IL22 has mostly been shown to play a direct protumorigenic
role, by enhancing tumor cell proliferation (35).

Indeed, we found that human colorectal cancer cells do express IL22
receptors, thatis, IL22 Rocand ILIORP chains (Supplementary Fig. S3A
and $3B), thus potentially responding to direct IL22-mediated effects.
However, when we evaluated the direct effects of IL22 on LS180 and
HT29 colorectal cancer cell lines, we did not observe any significant
impact of IL22 on colorectal cancer cell proliferation in vitre (Sup-
plementary Fig. S3C and S3D).

In contrast, [L22 treatment consistently increased gene expression
of CXCLI, CXCL2, CXCL3 neutrophil-recruiting chemokines in two
different colorectal cancer cell lines (Fig. 3A; Supplementary Fig, S4A).
CXCLL and CXCL3 protein release was also detectable in culture
supernatants (Fig. 3B; Supplementary Fig, $4B), and enhanced neu-
trophil migration in vitro was accordingly observed (Fig. 3C).

Increased expression of genes encoding T-cell-recruiting chemo-
kines, such as CCL22, CXCL9, and CXCLI11, was also boosted by 1122
in L8180, but not in HT29 cells (Fig. 3A; Supplementary Fig. S4A).

IL22" T cells displayed cross-talk with neutrophils in colorectal
cancer samples

On the basis of these findings, we hypothesized that a cross-talk
between tumor and beneficial immune cell populations could underlie
the favorable prognostic significance of 1L22" cell infiltration in
colorectal cancer.

Consistent with our in vitro data, we found a significant positive
correlation between expression of IL22 gene and that of CXCLI
(r=10.401; P< 0.00001), CXCL2 (r = 0.447; P< 0.00001), and CXCL3
(r=10.393 and P<0.00001) genes in colorectal cancer specimens from
TCGA database (Table 2). Upon ex vivo analysis on primary colorectal
cancer cells sorted from clinical specimens, we found that expression of
genes encoding neutrophil-recruiting chemokines was significantly
enhanced in tumor cells derived from samples displaying high 1122
expression as compared with those purified from tumors displaying no
or low 1122 expression (Fig. 3D). Accordingly, increased CD66b
expression, consistent with higher neutrophil densities, was detected
in [L22-high versus IL22-low tumors (Fig. 3E).

In our TMA cohort, we observed that high neutrophil densities, as
defined by CD66b marker—specific staining, were significantly (P <
0.00001) associated with higher 1122 * colorectal cancer—inﬁltmting
cell numbers (Fig. 4A) and high IL22 gene expression (Supplementary
Fig. 85A).
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The positive prognostic significance ofhigh 1L22 " cell infiltration in
colorectal cancer was lost in the absence of CD66b" cells, thus
indicating that the beneficial effect of IL22-producing cells required
neutrophil recruitment (Fig. 4B). A similar trend (P = 0.09) was also
detectable in TCGA data (Supplementary Fig. S5B).

Neutrophils costimulate antigen-driven activation of colorectal
cancer-infiltrating CD8" T cells (6). Remarkably, the presence of
high CD8" or CD3" cell infiltration, in addition to IL22 " and CD66b*
cells, further enhanced their prognostic significance (Fig. 4C; Supple-
mentary Fig. 56).

Discussion

Tumor infiltration by immune cell populations characterized by
different cytokine production profiles heavily impacts clinical outcome
of human colorectal cancer (3, 4, 47, 48); however, the role of immune
cells producing 1122, a cytokine involved in tissue repair processes at
mucosal surfaces, has remained elusive.

In experimental murine models, direct effects of IL22 on epithelial
stem cells and tumor cells associate with tumor progression. IL22 also
plays a role in IBD pathogenesis, potentially resulting in colorectal cancer
outgrowth (37, 38). However, only 2% of sporadic human colorectal
cancers are associated with clinically relevant IBD (49, 50). The prog-
nostic significance of tumor infiltration by [L22" cells in the majority of
colorectal cancer cases, diagnosed in the absence of a clinically significant
chronic colitis/inflammation, has nat been thoraughly investigated. High
expression of DOTLI, an IL22-induced methyltransferase, associates
with poor patient survival (35). However, no data regarding the prog-
nostic impact of IL22 gene or protein expression were provided.

This is the first study evaluating the impact of colorectal cancer—
infiltrating IL 22" cells on patient survival. Upon analysis of two
independent cohorts including 425 and 89 primary colorectal cancer
cases, respectively, we unexpectedly observed that high infiltration by
1L22" cells was associated with favorable prognosis. Evaluation at
transcriptional level in TCGA cohort also provided data in-line with
our findings of protein expression from TMA. Thus, these indepen-
dent analyses concur in indicating IL22 expression as favorable
predictive factor in human colorectal cancer.

Phenotypic analysis revealed that IL22-producing cells mostly
comprised of polyfunctional Th17 and CD8™ T cells, producing IL17
and IFNy, in addition to IL22. These findings are in-line with previous
studies reporting IL22 production by Th17 cells in human sporadic
colorectal cancers (35, 46). The role of IL17 and Th17 cells in colorectal
cancer is still debated. IL17 is suggested to be protumorigenic in mice
and negatively influences colorectal cancer prognosis in humans (51).
However, colorectal cancer-infiltrating Th17 cells might play a dual
role depending on their tissue localization (7). Here, we showed that
IL17 was positively associated with favorable prognosis only in the
presence of high density of IL227 tumor-infiltrating cells, thus indi-
cating a distinct role of polyfunctional Th17 cells as compared with
cells producing IL17 only. On the other hand, in accordance with
previous studies (35, 40), CD3™ 11227 cells, possibly including I11.Cs,
appeared to represent a minor fraction of human colorectal cancer—
infiltrating [L22-producing cells. In a previously reported IBD-
associated colorectal cancer mouse model (35), IL22-producing ILCs
sustained tumor progression in immunodeficient animals. It is con-
ceivable that in colorectal cancer subtypes driven by distinct patho-
genesis, 1L22 is produced by different cell populations, possibly
endowed with distinct functional roles and prognostic significance.

The observed association between infiltration by IL22" cells and
improved prognosis contradicts previous studies showing a
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Figure 3.

IL22 enhances the release of neutrophil-recruiting chemokines by colorectal cancer cells. Colorectal cancer cells from the LS180 cell line were treated with IL22 (10 or
100 ng/mL), as indicated. A, After 4 haurs, expression levels of genes encoding the indicated chemakines were analyzed by gRT-PCR, using GAPDH as reference
gene, Means and SD from five independent experiments are shown, Statistical significance was assessed by two-way ANOVA test (", P< Q.05 "", P<0.01, """, P<
0.001; ****, P< 0.0000). B, After an overnight culture, CXCL1 and CXCL3 chemokine contents in culture supernatants were measured by ELISA. Means and SD from
three independent experiments are shown. Statistical significance was assessed by Mann-Whitney test (*, P<0.05; **, P < 0.01). C, Migration of neutrophils, isolated
from healthy donors, toward culture supernatants from LS180 cells, untreated (CTRL) or exposed to the indicated deses of IL22 for an overnight period, was assessed
in the presence or absence of CXCL3- and CXCLI-blocking reagents, Means and SD from three independent experiments are shown, Statistical significance was
assessed by one-way ANOVA test (*, P < 0.05). D, Expression of CXCL1, CXCL2, and CXCL3 genes was evaluated in primary colorectal cancer cells sorted, based on
EpCAM expression, from cell suspensions obtained upon enzymatic digestion of fresh colorectal samples. IL22 gene expression was assessed in correspanding whole
colorectal cancer tissues, and, using the median of detected values as cutoff, tumors were classified as IL22 high or IL22 low. Expression of the indicated chemokines
genes in colorectal cancer cells from IL22-high versus IL22-low tumors is depicted. E, Expression of the neutrophil marker CD86b in whole colorectal cancer tissues of
IL22-high versus IL22-low tumors. All indicated P values were assessed by Mann-Whitney test (*, P < 0.05; **, P < 0.01).
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Figure 4.

The positive prognostic effect of IL22* cells depends on tumor-infiltrating neutrophils and on their interplay with T cells. A, Distribution of CD66b * cells according to
the low or high IL22" colorectal cancer-infiltrating cells. B, Kaplan-Meier curves depicting the probability of OS in the entire collective (gray line) and in patients
stratified according to combinations of IL22* and CDBBL™ cell density in the overall testing TMA (n = 356 instead of 425 because of CDB6b missing values). C,
Kaplan-Meier curves depicting the probability of OS in patients with tumors characterized by IL22"-high density in the entire collective (aray line) and stratified
according to combinations of CDE6b" and CD3 " cell infiltration (n = 156 instead of 221 because of missing CDE6" and/or CD3* values). H, high; L, low.
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protumorigenic direct effect of IL22 on tumor cells (52, 53). Although
we did not observe any significant effect when we evaluated the impact
of IL22 on colorectal cancer cell proliferation in vitro according to
published protocols (52, 53), it is possible that IL22 plays a dual role
during different stages of the disease. While IL22 might contribute to
tumor development during early phases of oncogenesis, in clinically
detectable tumors with an established microenvironment, it might
help to recruit beneficial immune cell populations.

Here, exposure of colorectal cancer cells to IL22 resulted in
increased secretion of neutrophil-recruiting chemokines, including
CXCLI, CXCL2, and CXCL3, and enhanced neutrophil migration
in vitro. Consistently, in human colorectal cancer samples, expression
of IL22 positively correlated with expression of neutrophil-recruiting
chemokines in whole-tumor tissues and in purified tumor cells. This
was associated with a higher expression of the CD66b neutrophil
marker. The positive prognostic effect of IL22 " cells was dependent on
the presence of neutrophils.

Neutrophils are key players in the immune response against infec-
tious challenges. However, their role in tumor immunobiology has
long been neglected, possibly due to important differences in the
granulocyte compartment between humans and experimental
mice (54). A number of studies indicate that neutrophils may exert
antitumor effects, potentially of high clinical relevance (55). In pre-
vious works, we and others (6, 55-57) showed that neutrophil infil-
tration associates with favorable prognosis in colorectal cancer. In
addition, colorectal cancer-associated neutrophils costimulate anti-
gen-triggered tumor-infiltrating T cells (6). Our data further underline
the critical prognostic relevance of neutrophil infiltration in colorectal
cancer microenvironment and unravel a previously unsuspected
ability of 1122 to shape its composition. By stimulating production
of neutrophil-recruiting chemokines in tumor cells, IL22-producing T
cells might favor colorectal cancer infiltration by neutrophils, ulti-
mately enhancing T-cell activation and expansion, and favoring a
more positive clinical outcome.

In this scenario, the nature of stimuli favoring differentiation and
recruitment of IL22-producing T cells and their antigenic specificities
remains to be clarified. Also, it must be noted that the magnitude of
1L22-induced effects ultimately depends on responsiveness of cells
from individual tumors. Indeed, expression and functionality of IL22
receptors on tumor cells or their chemokine production capacity are
determined by their genetic and epigenetic make-up (3, 47). This likely
accounts for the variability of IL22-mediated effect across individual
cases and the possible lack of neutrophilic infiltration in spite of high
1122 expression.
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deletion promotes liver tumors.
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prevents the expression of B-Catenin-
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SUMMARY

AXIN2 and LGR5 mark intestinal stem cells (ISCs) that require WNT/B-Catenin signaling for constant homeo-
static proliferation. In contrast, AXIN2/LGR5+ pericentral hepatocytes show low proliferation rates despite a
WNT/B-Catenin activity gradient required for metabolic liver zonation. The mechanisms restricting prolifera-
tion in AXIN2+ hepatocytes and metabolic gene expression in AXIN2+ ISCs remained elusive. We now show
that restricted chromatin accessibility in ISCs prevents the expression of B-Catenin-regulated metabolic
enzymes, whereas fine-tuning of WNT/B-Catenin activity by ZNRF3 and RNF43 restricts proliferation in
chromatin-permissive AXIN2+ hepatocytes, while preserving metabolic function. ZNRF3 deletion promotes
hepatocyte proliferation, which in turn becomes limited by RNF43 upregulation. Concomitant deletion of
RBNF43 in ZNRF3 mutant mice results in metabolic reprogramming of periportal hepatocytes and induces
clonal expansion in a subset of hepatocytes, ultimately promoting liver tumors. Together, ZNRF3 and
RNF43 cooperate to safeguard liver homeostasis by spatially and temporally restricting WNT/B-Catenin ac-
tivity, balancing metabolic function and hepatocyte proliferation.

INTRODUCTION

Organs with high turnover of cells are maintained by defined
epithelial tissue stem cell populations, which have increased
proliferative and regenerative potential compared with their
more differentiated descendants. In the small intestine, shedding
of cells at the tip of the villus requires constant replenishment of
cells, provided by intestinal stem cells (ISCs). ISCs are charac-
terized by high WNT/p-Catenin activity indicated by expression
of the B-Catenin target genes Axin2 and Lgr5, similar to tissue
stem cells in other organs. AXIN2 and LGRS are therefore widely
considered as tissue stem cell markers (Barker et al., 2010;
Clevers et al., 2014). How 1SCs prevent the expression of f-Cat-
enin-controlled metabolic genes, while using WNT/p-Catenin
signaling to proliferate, remains unclear. In the homeostatic liver,
AXIN2 and LGRS are expressed in pericentral hepatocytes (Ang

etal.,, 2019; Planas-Paz et al., 2016; Sun et al., 2020), and a cen-
tro-portal WNT/B-Catenin activity gradient is essential to control
metabolic liver zonation (Benhamaouche et al., 2006; Burke et al.,
2009; Ma et al., 2020; Planas-Paz et al., 2016; Preziosi et al.,
2018; Rochaetal., 2015; Torre etal., 2011; Yang et al., 2014). Zo-
nated WNT/B-Catenin signaling compartmentalizes comple-
mentary functions in hepatocytes along the hepatic blood flow,
enabling the liver to metabolize nutrients and xenobiotics, as
well as to produce and recycle proteins (Russell and Monga,
2018). Although AXIN2+ hepatocytes expressing glutamine syn-
thetase (GS) were initially introduced as liver stem cells, on the
basis of AXIN2 lineage tracing studies (Wang et al., 2015),
several studies using a variety of approaches contested this
finding (Ang et al., 2019; Chen et al., 2020a; He et al., 2021; Pla-
nas-Paz etal., 2016; Sun et al., 2020; Wei et al., 2021). The mech-
anisms preventing proliferation of AXIN2+ hepatocytes in the
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presence of constant WNT/B-Catenin activity that is necessary
to maintain metabolic zonation remained elusive.

Although the overall low turnover of hepatocytes during ho-
meostasis does not require overt proliferation, hepatocytes
throughout the liver can re-enter the cell cycle and replace
damaged hepatocytes on demand (Michalopoulos and DeFran-
ces, 1997; Miyajima et al., 2014; Stanger, 2015). Increased WNT/
f-Catenin signaling and upregulation of AXIN2 and LGRS are
important for this regenerative response (Planas-Paz et al,
2019; Sun et al., 2020; Zhao et al., 2019). Hyperactive WNT/
B-Catenin signaling is a hallmark of many liver tumors and peri-
central hepatocytes are highly susceptible to malignant transfor-
mation into hepatocellular carcinoma (HCC) in experimental
models (Ang et al., 2019; Perugorria et al., 2019; Russell and
Maonga, 2018). Many HCCs express pericentral metabolic en-
zymes (Adebayo Michael et al., 2019), and deregulated WNT/
fi-Catenin signaling disrupts metabalic zonation (Colnot, 2011;
Gebhardt and Matz-Soja, 2014). This highlights the impartance
of safeguarding mechanisms restricting uncontrolled WNT/
p-Catenin signaling and hepatocyte proliferation while fine-tun-
ing WNT/B-Catenin activity, which is necessary to ensure liver
homeostasis.

Using a combined approach of chromatin accessibility
profiling, spatial transcriptomics profiling, lineage tracing, char-
acterization of injury models, and WNT/B-Catenin pathway mod-
ulation in mice, we now reveal mechanisms balancing metabolic
function and proliferation in hepatocytes and ISCs. Importantly,
we identify a tumor suppressor mechanism in hepatocytes,
limiting hepatic WNT/[-Catenin activity and balancing hepato-
cyte proliferation and metabolic function.

RESULTS

Chromatin accessibility and WNT/p-Catenin activity
levels control proliferation and metabolic gene
expression in ISCs and AXIN2+ hepatocytes

Comparative gene set enrichment analysis (GSEA) suggests that
AXIN2+ hepatocytes use WNT/B-Catenin signaling primarily for
the expression of metabolic genes, whereas ISCs express
mostly cell cycle genes (Sun et al., 2020). Consistently, ISCs
show much higher proliferation rates compared with AXIN2+ he-
patocytes (80% versus 2%) under homeostatic conditions (Sun
et al., 2020). Although AXIN2+ hepatocytes express f-Catenin-
regulated metabolic proteins GS and CYP2E1, the same genes
are not expressed in ISCs despite their high WNT/p-Catenin ac-
tivity (Figure 1A). We hypothesized that differences in chromatin
accessibility might contribute to the lack of metabolic gene
expression observed in ISCs and absence of cell cycle gene
expression in AXIN2+ hepatocytes, respectively. AXIN2+ and
AXIN2— hepatocytes, as well as AXIN2+ ISCs, were isolated
from BAGC-transgenic AXIN2-CreERT2F®F® mice (Sun et al.,
2020) following tamoxifen (TAM)-induced EGFP expression in
AXIN2+ hepatocytes, and subjected to assay for transposase-
accessible chromatin sequencing (ATAC-seq) (Figure 1B). Prin-
cipal-component analysis indicates similarities between
AXIN2+ and AXIN2— hepatocytes and marked differences in
the overall chromatin accessibility compared with AXIN2+ ISCs
(Figure S1A). Importantly, ATAC signals for housekeeping genes
between hepatocytes and ISCs show only minor differences
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(Figure S1B), which were accounted for by normalizing data in
further analyses. Transcriptional start site (TSS)-proximal regula-
tory elements driving pericentral and periportal metabolic gene
expression are more accessible in AXIN2+ and AXIN2— hepato-
cytes compared with AXIN2+ ISCs (Figure 1C). Moreover, treat-
ment of intestinal organocids derived from wild-type (WT) mice
with the histone deacetylase inhibitor Trichostatin A (TSA), which
opens chromatin (Yoshida et al., 1995), resulted in the expres-
sion of WNT-regulated metabolic genes and impaired growth
(Figures S1C-81F). Lentiviral transduction of intestinal organoids
with either GS-EGFP plus mCherry-control or CYP2E1-mCherry
plus EGFP-control, showed that cells expressing only a fluores-
cent marker increased significantly more than cells also overex-
pressing a metabolic gene (Figures S1G-S1J). This suggests an
inverse correlation between metabolic gene expression and
proliferation.

Interestingly, chromatin accessibility for metabolic genes in
hepatocytes seems to be independent of the status of WNT/
p-Catenin signaling, as periportal hepatocytes (AXIN2—) and
pericentral hepatocytes (AXIN2+) showed similar chromatin
accessibility for both periportal and pericentral metabolic genes
(Figure 1C), which was not altered upon abrogation of hepatic
WNT/B-Catenin signaling with AlbCre-mediated deletion of
LGR4/5 in the liver (Lgrd/5dLKO mice) (Figures S1K and S1L).
Surprisingly, TSS-proximal regulatory elements of cell cycle
genes were accessible in both ISCs and hepatocytes (Figure 1D),
and their accessibility was not altered in hepatocytes of LGR4/
5dLKO mice (Figure S1M). Such positive ATAC signal at the
TSS of non-expressed genes may prime hepatocytes to quickly
react to instructive upstream signals. However, this suggests
that other, possibly non-chromatin-based mechanisms, prevent
proliferation of AXIN2+ hepatocytes.

We next assessed how fine-tuning of WNT/B-Catenin activity
levels affects hepatocyte function, probing the hypothesis that
hepatocyte proliferation correlates with WNT/B-Catenin
signaling dose. First, we analyzed WNT/[-Catenin pathway acti-
vation in AXIN2-LacZ reporter mice during early postnatal liver
development or adult homeostasis or following different liver in-
juries (Figure 2A), all of which are conditions involving WNT/
B-Catenin signaling (Planas-Paz et al., 2016; Sun et al., 2020).
In naive AXIN2-LacZ mice, WNT/p-Catenin activity was
restricted to pericentral and adjacent parenchymal hepatocytes,
as indicated by pGal staining in Axin2-LacZ mice (Figure S2A) or
Axin2 mRNA in situ hybridization (ISH) (Figures 2B and 2F). At
postnatal day (P) 2 or following allyl alcohol (AA), 3,5-dicarbe-
thoxy-1,4-dihydrocollidine (DDC) or partial hepatectomy (PHx)
liver injury, Axin2 expression expanded into other liver zones
and increased in pericentral hepatocytes (Figures 2B, 2F, and
S2A). Hepatocyte proliferation, indicated by costaining for the
proliferation marker Ki67 and the hepatocyte marker albumin
(ALB), increased in all models that showed elevated WNT/B-Cat-
enin signaling (Figures 2C and 2G). Likewise, high Axin2 ISH
signals in the intestinal crypt correspond to high proliferation
(Figures 2D-2G). Importantly, we show that the increase in
WNT/pB-Catenin activity highly correlates with the increase in
proliferation, across the different injury models, postnatal liver
development, and in the small intestine (Figure 2H).

Injections of R-Spondin1 (RSPO) protein, which potentiates
WNT/B-Catenin signaling via LGR4-6 receptors (de Lau et al |

184



Stem Cell (2021), https://doi.org/10.1016/].stem.2021.05.013

Please cite this article in press as: Sun et al., ZNRF3 and RNF43 cooperate to safeguard metabolic liver zonation and hepatocyte proliferation, Cell

Cell Stem Cell

Small intestine

>
=
c
@
2

GS CYP2E1
S0IW 1M 918250

AXIN2- HEPs

AXIN2+ ISCs

T T
08 | 08
"F\ oe ] os
N 04 § o4
__/ AN A%
= = ;
= - %
. * ]
A = =* M
= a
= - > etabolic
e = ' genes
Wi S - W pericentral
(,L i " M periportal
w L = T
Eff B : !
§ s ' : 2
= F . Ik 4 15
2 ] i 1 1
- ! ' 05
V 1 '
T i ' 0
v ' '
' ' '
' ' '
' ' '
' ' '
' ' '
e — "
A .! - ==
e = ] -
= - E
3 E S .
1~ = = ’
o 1 T
k- .i i 4
o b 3 ll 1
Q " il '
' H i
' ' '

-4000 TSS 4000 -4000 TSS 4000 -4000 TSS 4000

¢? CelPress

EGFP FACS + ATACseq
Daily TAM i.p. Hepatocyte —p» AXIN2+ HEPs

—» 5days —p isolation P AXINZ- HEPs
- — 2days —p  Gutcell

Axin2CreERT2567%

— AXIN2+ISCs

isolation
AXIN2+ HEPs AXIN2- HEPs AXIN2+ ISCs
\ 08 4 06 \ 08
04 04 04
02 i 02 02
- ES 3
3 - 1
- ' i ' Cell cycle
o ; . T genes
X : - mG1
s e R
-t =
= = 2- ms
- (5 1
» =3 & 18
+ [ T
o 3 ; . [ &
1 1 1
H ] H 03
. ' 1
, H h 0
' . |
=2 = 3 =
¥ - 1
= % E
= 5 ] 1
. ' .
' i |
' ' H
. . h
=% == =
+ =¥ 1
= F '
) . | H
' ' H
TS TSS TSS 4000

4000 S 4000 -4000 4000 -4000

Figure 1. Differential use of WNT/f-Catenin signaling in AXIN2+ ISCs and hepatocytes

(A) GS, CYP2E1, and E-cadherin costaining in C57BL/6 mouse liver and small intestine. CV, central vein; PV, portal vein. Scale bars, 50 pm.

(B) Isolation of AXIN2+ and AXIN2— hepatocytes (HEPs), and AXIN2+ ISCs, for subsequent ATAC-seq.

(C and D) Chromatin accessibility (ATAC) signal centered at transcription start site (TSS; +4 kb) of metabolic genes (C) or cell cycle genes (D) as observed in
AXINZ2— and AXINZ+ HEPs or AXIN2+ I1SCs. ATAC signal (averaged replicates: n = 8 AXIN2Z+ HEPs, n = 5 AXIN2- HEPs and AXIN2+ I1SCs) sorted by strength

per group).

2011; Ruffner et al., 2012), promoted a dose-dependent increase
in Axin2 mRNA ISH signals (Figures 3A-3C) and proliferation
(Figures 3D and 3E) in naive C57BL/6 hepatocytes, indicating a
direct correlation between RSPO-induced WNT/-Catenin activ-
ity and hepatocyte proliferation (Figure 3F). Likewise, RSPO
caused a dose-dependent increase in proliferation in the intesti-
nal crypt (Figures S2B and S2C). In contrast, scavenging of
endogenous RSPO protein by doxycycline (DOX)-inducible
expression of the extracellular domain of zinc and ring finger 3
tethered to the plasma membrane (ZNRF3ECD-TM) (Planas-
Paz et al., 2016) dramatically reduced WNT/B-Catenin signaling
and impaired proliferation, resulting in defective homeostatic
renewal of the small intestine (Figures S2D-S2l). These data
extend previous findings showing that LGR4/5 deletion impairs
renewal in the crypt-villus unit (de Lau et al., 2011), suggesting
that fine-tuning of WNT/B-Catenin signaling also controls prolif-
eration outside of the liver. Significantly lower expression of
Rspo3 and Axin2 in the hepatic pericentral zone compared

with the intestinal crypt and transit-amplifying cell (TA) compart-
ment (Figures S2J-82L) may explain why AXIN2+ hepatocytes
do not readily proliferate during homeostasis.

Although LGR4/5 deletion during liver development abrogated
metabolic zonation (Planas-Faz et al., 2016), it remained unclear
whether RSPO-LGR4/5-mediated WNT/B-Catenin signaling is
also critical to maintain WNT/B-Catenin signaling and metabolic
zonation in adult mice. TAM-induced deletion of LGR4/5, specif-
ically in adult AXIN2+ cells, disrupted GS and CYP2E1 expres-
sion, indicating that LGR4/5 are essential to maintain metabolic
zonation in adult AXIN2+ hepatocytes (Figures S2M-820). In
contrast, RSPO injections promoted a dose-dependent increase
in GS and CYP2E1 expression (Figures 3D and S2P-S2R),
whereas the opposite occurred following ZNRF3ECD-TM
expression (Planas-Paz et al., 2016). To further study the role
of RSPO-induced WNT/B-Catenin signaling in balancing meta-
bolic zonation and proliferation in hepatocytes, we performed
spatial transcriptomics analyses in livers following either PBS
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Figure 2. Fine-tuning of WNT/j-Catenin signaling levels controls proliferation in liver and intestine

(A) Liver injury madels.

(B) Axin2 ISH staining in livers from indicated mice. Magnified insets show central vein (cv; i), parenchymal (i), and portal vein (pv; iii) hepatocytes.

(C) GS, Ki67, and ALB costaining in the indicated mice.

(D and E) Axin2 ISH staining (D) and costaining for Ki67 and E-cadherin (E) in small intestine (Sl) of WT mice.

{F and G) Quantification of Axin2 mRNA ISH signals (F) and Ki67 staining (G) in

hepatocytes of indicated mice and WT intestinal erypts.

(H) Correlation of WNT/pB-Catenin activity (Axin2 mRNA ISH increase) with the increase in proliferation (Ki67) in hepatocytes of indicated mice and WT intestinal
crypts. Each dot represents one mouse. Color codes indicate experimental models. In SI, crypt and transit amplifying zone was quantified (F and G).
Data represent mean = SD. *p < 0.05, “p < 0.01, **p < 0.001, and ***p < 0.0001. Two-tailed unpaired Student’s t tests (F and G) or Pearson correlation (H) was

used. Scale bars, 50 um (D and E) and 100 um (B and C).

or RSPO injection. Data quality assessment for two replicate liver
sections suggests similar amounts of unique molecular identi-
fiers (UMIs) and expressed genes across samples (Figure S28).
Spatial gene expression analyses overlaid onto the hematoxylin
and eosin (H&E)-stained livers indicated widespread upregula-
tion of the WNT/B-Catenin targets Lgr5 and Lect2 upon RSPO in-
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jection, whereas increased expression of Mki67 confirms
increased praoliferation (Figure 3G). Averaged expression values
for the top 12 periportal or pericentral metabolic genes (Sun
et al, 2020) enabled reconstructing the metabolic zones in
PBS-treated mice on a spatial grid (Figure 3G) or when projected
onto a uniform manifold approximation and projection (UMAP)
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Figure 3. RSPO-induced WNT/f-Catenin signaling in the liver

(A) RSPO and PBS dosing and analysis.

(B and C) Axin2 ISH (B) and quantification (C) in the indicated livers.

(D and E) CYP2E1, ALB, and Ki67 costaining (D} and quantification for Ki67 (E) in the indicated livers.

(F) Correlation of WNT/p-Catenin activity (Axin2 mRNA ISH increase) with the increase in proliferation (Ki67) in hepatocytes of indicated mice.

(G) Spatial transcriptomics expression in log-normalized (logNorm) counts for selected genes in mice treated with PBS or RSPO.

(H) UMAP projection of gene expression at each spot colored by periportal (blue) and pericentral (red) metabolic gene expression signature.

{I) Vielin plots showing periportal or pericentral metabolic gene expression signatures in replicate livers.

CV, central vein; PV, portail vein. Data represent mean + SD. *p <0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Two-way ANOVA with Sidak's test (C), one-way
ANOWVA with Sidak’s test (E), or Pearson correlation (F) was used. Scale bars, 30 um (B), 100 um (D), and 500 pm (G).
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representation of the local gene expression (Figure 3H). RSPO-
treated livers almost entirely lost metabolic zonation as pericen-
tral metabolic genes were expressed throughout the liver and
periportal gene expression was diminished (Figures 3G-3l).
Collectively, our data indicate that WNT/B-Catenin levels corre-
late with cell proliferation in hepatocytes and ISCs and that
fine-tuning of WNT/B-Catenin activity is essential to balance he-
patic metabolic zonation and proliferation.

ZNRF3 and RNF43 enable metabolic liver zonation while
preventing liver tumor formation

RSPO binding to LGR4-6 receptors increases WNT/B-Catenin
signaling by clearing the cell-surface transmembrane E3 ubiqui-
tin ligases ZNRF3 and its homolog ring finger 43 (RNF43), which
promote WNT receptor turnover, from the plasma membrane
(Haoetal., 2012; Koo et al., 2012). Co-ISH showed coexpression
of Znrf3 and Rnf43 in pericentral and adjacent parenchymal he-
patocytes, whereas Znif3 was expressed in hepatocytes
throughout the liver (Figure 4A). Although we have previously
shown that their combined systemic deletion induced hepato-
cyte proliferation and extended metabolic zonation (Planas-
Paz et al., 2016), confounding factors due to the global deletion
did not allow final assessment of their role as potential gate-
keepers of WNT/B-Catenin signaling in hepatocytes (Planas-
Paz et al, 2016). Therefore, we now deleted ZNRF3 and
RNF43 specifically in hepatocytes using Ad5Cre virus and stud-
ied the long-term consequence on metabolic zonation and hepa-
tocyte proliferation (Figures 4B and S3A). A single intravenous
(i.v.) injection of Ad5Cre into ZNRF3/RNF43™°% mice caused
robust deletion of ZNRF3 and RNF43 specifically in hepatocytes
(ZNRF3/RNF43*1*P) as indicated by absence of Znrf3 and
Rnf43 I1SH signals in most hepatocytes, compared with
Ad5EGFP-injected control mice (Figure S3B). Importantly, Ad5
virus transduced nearly 80% of all hepatocytes, whereas only
few other liver cells and negligible amounts of cells in other or-
gans were infected, suggesting successful and specific Ad5-
mediated hepatocyte transduction (Figures S3C-S3G). ZNRF3/
RNF43*"°P mice showed a dramatic increase in liver weight 1
year after combined deletion of ZNRF3 and RNF43 (Figure 4C).
Strikingly, all ZNRF3/RNF43*"*" mice developed multiple liver
tumors (Figure 4D). ZNRF3/RNF43*"® livers showed increased
hepatocyte proliferation throughout the liver (Figures 4E and 4F)
as well as a substantial expansion of the pericentral metabolic
zone, indicated by a 3-fold increase in GS+ hepatocytes (Figures
4G and 4H) and CYP2E1 expression throughout the entire liver
(Figures 41 and 4J). Most of the tumors from ZNRF3/RNF434HeP
mice were histologically classified as HCC composed of well to
moderately differentiated hepatocytes forming trabeculae of
multiple cell layers and focally displaying moderate nuclear pleo-
morphism with prominent nucleoli (Figure 4K), However, we also
observed adenomas, few mixed HCC-cholangiocarcinomas
(HCC-CCC), and nodular regenerative hyperplasia (NRH) in
ZNRF3/RNF43*7°P mice (Figures S2H-S3K). ZNRF3/RNF4341eP
HCC were CCND1 and CYP2E1 positive, suggesting WNT/
fi-Catenin activity, and Ki67 staining indicated proliferation (Fig-
ure S3L). They expressed the periportal hepatocyte marker
ARG1, which differentiates HCC from non-hepatic tumors and
is expressed in the majority of well-differentiated HCC (Yan
etal., 2010). Absence of the biliary marker SOX9 further confirms
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good to moderate differentiation of ZNRF3/RNF432H" HCC
(Figure S3L). Next, we injected Axin2CreERT25 mice (Sun
et al., 2020) with TAM to label AXIN2+ hepatocytes and induced
HCC formation using the carcinogen diethylnitrosamine (DEN),
enabling tumor development tracing from AXIN2+ hepatocytes
for 1 year (Figure 4L). The percentage of EGFP+ DEN"*™N?*
HCC correlated with the percentage of initially labeled pericen-
tral hepatocytes, confirming that AXIN2+ hepatocytes are prone
to tumor formation (Figures 4M-40), similar to LGR5+ pericentral
hepatocytes (Ang et al., 2019), likely because DEN is metabo-
lized by CYP2E1 (Kang et al., 2007). Although histological char-
acterization of DEN*N?* HCC revealed a similar profile as seen
in ZNRF3/RNF43*"°" HCC, including CCND1 expression, only
20% expressed CYP2E1 and GS (Figure S3M). Interestingly,
80% of the DEN™™?* HCC expressed the periportal hepatacyte
marker ARG1 (Figure S3M), although these tumors originated
from AXIN2+ pericentral hepatocytes. This suggests loss of
metabolic zonation and aberrant expression of metabolic en-
zymes in these HCC.

To further characterize EGFP+ DEN"™ HCC (n = 8) and
ZNRF3/RNF43°1%° HCC (n = 12), we performed RNA
sequencing (RNA-seq) of isolated tumors and compared their
expression profiles with human HCC from The Cancer Genome
Atlas (TCGA) liver dataset (Cancer Genome Atlas Research
Network, 2017) harboring hotspot mutations in CTNNBT (n =
89) and loss-of-function mutations in the AXINT gene (n = 23). Af-
ter batch effect correction for species, multidimensional scaling
plot (MDS) (Figure 4P) and clustering heatmap (Figure S3N) re-
vealed that both DEN**™? HCC and ZNRF3/RNF43%"*" HCC
groups are more similar to human CTNNBT mutant HCC rather
than to AXINT mutant HCC. However, the majority of DEN**"?
HCC showed low Axin2 and Glul (encoding GS) expression
similar to AXINT mutant HCC (Figure 4Q). ZNRF3/RNF434HeP
HCC showed moderate expression of both genes and weak
GS staining, whereas CTNNBT mutant HCC showed compa-
rably higher Axin2 and Glul expression (Figures 4Q and S3L),
as well as more GS staining (Adebayo Michael et al., 2019), sug-
gesting differences in the metabolic profile of these tumors,
possible because of more pronounced B-Catenin activity in
CTNNB1 mutant HCC.

Next, we subjected livers from ZNRF3/RNF43*"*P and con-
trol mice 4 weeks after Ad5 injection, or those injected with
RSPO or PBS, to bulk RNA-seq to further characterize the
consequence of activating the RSPO-LGR4/5-ZNRF3/RNF43
module. Both RSPO injections and ZNRF3/RNF43 deletion pro-
moted the expression of hallmark gene sets associated with
proliferation and MYC targets activation, whereas KRAS
signaling, Notch signaling, coagulation, epithelial-to-mesen-
chymal transition (EMT), and angiogenesis were reduced (Fig-
ure S4A). Interestingly, several gene sets showed an opposite
regulation in livers with RSPO treatment compared with those
with ZNRF3/RNF43 deletion, such as adipogenesis, cholesterol
homeostasis, oxidative phosphorylation, P53 pathway, and
TGF-p signaling. Possibly, RSPO injections promoted a slightly
different gene expression program because of the uneven dis-
tribution of ZNRF3 (periportal and pericentral) and RNF43 (only
pericentral). It is also possible that secreted factors, induced by
RSPO in extra-hepatic tissues, influenced gene expression in
the liver.
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Figure 4. ZNRF3 and RNF43 are guardians of the pericentral niche and control hepatic WNT/-Catenin signaling levels

(A) Znrf3 and Rnf43 co-ISH staining in naive liver.

(B) Aging of ZNRF3/RNF432"* and control mice (generation scheme In Figure S3A).

(C) Liver weight increase in ZNRF3/RNF43*"P mice,

(D) Liver tumor photographs and incidence in ZNRF3/RNF43*H*P mice.

(E and F) Ki67 and ALB costaining (E) and Ki67 quantification (F) in indicated mice.

(G and H) GS, ALB, and CK19 costaining (G) and GS quantification (H} in indicated mice.

(1 and J) CYP2E1, ALB, and CK19 costaining (I) and CYP2E1 quantification (J) in indicated mice.

(K) H&E staining of ZNRF3/RNF432"F HCC. Image acquisition involved stitching.

(L) AXINZ lineage tracing in DEN HCC model.

(M and N) Costaining for EGFP and CYP2E1 (M) or EGFP and ALB (N} in the indicated mice.

(O) EGFP labeling efficiency of CYP2E1+ hepatocytes during initiation of lineage tracing and similar percentage of EGFP+ HCCs after 1 year.
(P and Q) Multidimensional scaling plot (MDS) (P) and expression of AXIN2 and GLUL in indicated HCCs. CV, central vein; PV, portal vein.
CV, central vein; PV, portal vein. Data represent mean + SD. *p < 0.01 and *"p < 0.0001. Two-tailed unpaired Student's t test was used (C, F, H, and J). Scale
bars, 50 pm (E) and 100 pm (A, G, |, K, M, and N).

Cell Stem Cell 28, 1-16, October 7, 2021 7

189



Stem Cell (2021), https:/doi.org/10.1016/.stem.2021.05.013

Please cite this article in press as: Sun et al., ZNRF3 and RNF43 cooperate to safeguard metabolic liver zonation and hepatocyte proliferation, Cell

¢? CellPress

As the fatty acid metabolism gene set was upregulated in both
groups (Figure S4A), we assessed whether ZNRF3/RNF432H°P
mice developed a nonalcoholic steatohepatitis (NASH)-like
phenotype. Although a small subset of ZNRF3/RNF432HeP ty-
mors showed steatosis, the majority of tumors and neighboring
liver tissue showed even reduced steatosis compared with 1-
year-old age-matched control mice (Figures S4B and S4C). We
further did not observe significant fibrosis in these mice (Figures
54D and S4E), suggesting that the metabolic changes in ZNRF3/
RNF43*"P mice did not promote a NASH-like phenotype,
consistent with previous reports suggesting that abrogated
rather than activated WNT/B-Catenin activity was associated
with steatosis (Go et al., 2014). The increased gene program
driving proliferation, the resulting high penetrance of liver tumor
formation, and the dramatic expansion of pericentral metabolic
enzymes collectively suggest that ZNRF3 and RNF43 are essen-
tial gatekeepers of hepatic WNT/[3-Catenin signaling, balancing
metabolic zonation and hepatocyte proliferation.

ZNRF3/RNF43 deletion promotes clonal hepatocyte
expansion and de novo induction of pericentral
metabolic genes

To assess whether ZNRF3/RNF43 deletion promotes expansion
of AXIN2+ hepatocytes toward the periportal zone or whether
pericentral metabolic genes are induced de novo in this region,
we performed lineage tracing of AXIN2+ hepatocytes with
ZNRF3/RNF43 deletion. Therefore, we generated ZNRF3/
RNF43ECFPAAXINZY mice that allow TAM-induced deletion of
ZNRF3/RNF43 in AXIN2+ hepatocytes labeled with EGFP. Four
weeks after low-dose TAM injection, ZNRF3/RNF435GFPaAXIN2+
mice showed EGFP-labeled hepatocyte clones in the CYP2E1+
zone consisting of two or more cells, whereas Axin2CreERT25P
controls showed mostly individual labeled hepatocytes (Figures
5A-5C). To enable lineage tracing of hepatocytes with ZNRF3/
RNF43 deletion across the different hepatic zones, we introduced
an R26-EGFP reporter into ZNRF3/RNF43°H%® mice to generate
ZNRF3/RNF4355734ep mice (Figure 50). Although R26MPESFP
control mice showed mostly individual EGFP-labeled hepato-
cytes in all liver zones, ZNRF3/RNF4356FP4HeP mice showed
clonal growth of labeled hepatocytes 4 weeks after low-dose
Ad5Cre injection and further increase in clone size after 8 weeks
(Figures 5E and 5F). Interestingly, only a subset of hepatocytes
with ZNRF3/RNF43 deletion showed clonal expansion (Figures
5C and 5F). Although individual EGFP+ peripartal hepatocytes
in ZNRF3/RNF43E5FPAHeP mice showed de novo expression of
the pericentral metabolic enzymes CYP2E1 or GS, this was not
observed in EGFP+ periportal hepatocytes of R267°PES con-
trols. Only the larger hepatocyte clones in ZNRF3/RNF43ECFPaHep
mice were Ki67+ but showed only minimal induction of CYP2E1
and GS expression (Figures 5G-5l). Also during regeneration
following PHx, a subset of EGFP-labeled hepatocytes in
ZNRF3/RNF43FCFPAMIN mice (Figures S5A-S6C) or ZNRF3/
RNF43FGFPaRer mice (Figures S5D-S5F) showed enhanced
clonal expansion compared with their respective controls. The
de novo induction of WNT/p-Catenin-controlled metabolic genes
and hepatocyte proliferation in ZNRF3/RNF43EGFPaHeR mjce
outside of the zone of homeaostatic hepatic WNT/p-Catenin activ-
ity suggests that hepatocytes in this zone have access to WNT
ligands that are required for RSPO-LGR4/5-ZNRF3/RNF43-
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controlled WNT/p-Catenin signaling. Indeed, ISH for several
WNT ligands shows that although Wnt9b is highly enriched in
the pericentral zone as previously reported (Ma et al., 2020; Pre-
ziosi et al, 2018; Wang et al., 2015), low levels of Whni7a,
Whnt7b, and Wnt9b are available to periportal hepatocytes, likely
enabling WNT/B-Catenin signaling in this zone following ZNRF3/
RNF43 deletion (Figures S5G and S5H).

To further characterize the effects of ZNRF3/RNF43 deletion on
metabolic zonation and hepatocyte proliferation, we performed
spatial transcriptomics on ZNRF3/RNF43%"°® and control livers
4 weeks after Ad5Cre or ADSEGFP injection, respectively. Com-
parable numbers of sequenced genes and UMIs for two replicate
samples from two individual mice per group suggest no bias for
downstream analyses (Figure S6A). Fourteen different clusters
were identified and enabled reconstruction of the metabolic zones
by identifying hepatocyte populations on the basis of differentially
expressed genes (periportal: clusters 2, 3, and 9; pericentral: clus-
ters 1, 6, and 12; midzonal: cluster 0) and blood vessels (cluster 7).
Although ZNRF3/RNF43*H°P mice showed changes in the
expression of the genes defining periportal (e.g., Hsd17b13,
Pck1, ArgT) or pericentral (e.g., Glul, Cyp2e1, Oat) hepatocytes,
compared with control mice, unsupervised clustering correctly
located spots to the corresponding liver zone in both groups (Fig-
ures S6B and 6C). As the diameter of the spots is about twice the
diameter of a hepatocyte, we also observed smaller clusters with
a mixed hepatocyte-immune cell signature (Figure S6B) and
excluded those to not bias the results of our comparative gene
expression analyses. Using Mki67 expression values (Figures
BA, 6B, and S6B), we found proliferating hepatocytes to be en-
riched in cluster 13. Cluster identity of the spatial transcriptomics
spots (Figure 6C) localized the proliferating hepatocytes (cluster
13) mostly between the periportal and pericentral liver zones in
control mice, consistent with recent reports suggesting that mid-
zonal hepatocytes show increased proliferative potential during
liver homeostasis (Chen et al., 2020a; He et al., 2021; Wei et al,,
2021). Importantly, spots with proliferating hepatocytes (cluster
13) were more abundant in ZNRF3/RNF432H°° mice, confirming
increased proliferation upon ZNRF3/RNF43 deletion (Figure 6C).
To compare these highly proliferative hepatocytes with the com-
plement hepatocyte pool, we performed differential gene expres-
sion (Figure 6D) and gene set enrichment (Figure SEC) analyses of
cluster 13 versus the combined periportal or pericentral clusters in
ZNRF3/RNF4321%° mice. Gene sets associated with proliferation
(Figure S6C) and leading-edge cell cycle genes (Figure 6D) were
highly enriched in cluster 13 compared with periportal and
pericentral hepatocyte clusters. Moreover, metabolic gene sets
(Figure S6C) and pericentral and periportal metabolic genes (Fig-
ure 6D) were reduced in cluster 13. Interestingly, MYC target
genes were upregulated in cluster 13 compared with the metabol-
ically active complement hepatocyte clusters. Together, our
spatial transcriptomics profiling revealed a cluster of highly prolif-
erative hepatocytes with reduced metabolic gene expression,
similar to what we observed during clonal tracing of hepatocytes
with ZNRF3/RNF43 deletion.

ZNRF3 and RNF43 cooperate to safeguard hepatic
function and proliferation

Interestingly, somatic mutations in ZNRF3 or RNF43 are rare, and
we did not observe simultaneous mutations ameng 1,431 human
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(A) TAM-induced ZNRF3/RNF43 deletion in EGFP-labeled AXIN2+ hepatocytes.

(B and C) EGFP and CYP2E1 costaining (B) and clone size of EGFP-labeled hepatocytes (C) in the indicated mice.

(D) Ad5Cre-induced deletion of ZNRF3/RNF43 in EGFP-labeled hepatocytes.

(E and F) EGFP, ALB, and CK19 costaining (E) and clone size of EGFP-labeled hepatocytes (F) in the indicated mice.
(G-I) EGFP, Kig7, and CYP2E1 costaining (G), EGFP and GS costaining (H), and quantification of CYP2E1 and GS staining intensity in EGFP+ hepatocytes (l) in the

indicated mice.

CV, central vein; PV, portal vein. Yellow arrowhead, single EGFP-labeled hepatocytes; white arrowhead, hepatocyte clones (B and E). Data represent mean + SD.
*p < 0.05, "p < 0.01, and ****p < 0.0001. Two-tailed unpaired Student's t test (|) or two-way ANOVA (C and F) was used. Scale bars, 50 um (B, E, G, and H).

HCC (Figure S6D). To assess whether potential functional redun-
dancy may constitute a safeguarding mechanism preventing
uncontrolled hepatocyte proliferation and securing integrity of
metabolic zonation, we generated mice with individual Ad5Cre-
mediated deletion of RNF43 (RNF43*"%P) or ZNRF3 (ZNRF32H*")
and compared them with ZNRF3/RNF43%"*P and control mice
4 weeks after Ad5Cre or AASEGFP injection, respectively (Fig-
ure 7A). RNF432HeP mice showed increased Axin? mRNA ISH
signals restricted to the hepatic zones where RNF43 is normally

expressed (Figures 7B, 7C, 4A, and S3B). Although GS and
CYP2E1 expression was not affected by RNF43 deletion (Figures
7D, 7E, STA, and S7B), pericentral and adjacent parenchymal he-
patocytes showed increased proliferation (Figures 7D and 7F).
This suggests that RNF43 restricts WNT/p-Catenin signaling and
hepatocyte proliferation in AXIN2+ hepatocytes where it is nor-
mally expressed. Likewise, Axin2 mRNA ISH signals (Figures 7B
and 7C) and hepatocyte proliferation (Figures 7D and 7F) were
increased in all three liver zones in ZNRF3*H*P mice, consistent

Cell Stem Cell 28, 1-16, October 7, 2021 9

191



Stem Cell (2021), hitps://doi.org/10.1016/].stem.2021.05.013

Please cite this article in press as: Sun et al., ZNRF3 and RNF43 cooperate to safeguard metabolic liver zonation and hepatocyte proliferation, Cell

¢? CellPress

A Control ZNRFI/RNF43 D

w
2
5
c
B 20 Mki67 g
15 B Control &
B ZNRF3/RNF432%  Legendto B, C ]
® Proliferating (13) .
® Midzonal (0)

© Peripertal (2, 3, 9)
@ Pericentral (1, 6, 12)
© Blood cells (7)

MIi67 expression score
3 ’

A

Hepa'locyte clusters
Cc Control

ZNRF3/RNF 43

'6

i

tral metabolic genes

pericen|

periportal metabolic genes

Cluster 13

[} ll LI“II
LN}

1%V““'“”H|:w.wu
i
LN #m I w ".n

R

+4 !H I IIl Rf l?lklll‘lllllil |I I“I|

:hﬁmwh

|

Cell Stem Cell

*l‘l —0;5 0 05 1

Periportal clusters Pericentral clusters

_"Illﬂl.\ wihi I||| '|‘} L=l LR
|

||1 ||h|r||'| | "m 'ul'”"g'g“‘gz
1 1 I I' I‘ 1 [] II” ‘l‘ll ‘H‘!nip‘
o 1 AR ERTOIR T TR
|” |."d4.wm'.‘..‘ ,n‘|‘,',{',' W e
‘I [} gt ‘\\
|

\?srvl
f ",.El.'.|',"af'| hebud i Sl Baslih g4

A g

1 J |l" He u
Vi

TET ||‘w'|\‘

O] R

Ll

I*zdl* 1. IHillfl ‘II“
i L' .u "'u
d" "

llIIIH 1l “ gf
Jmd Ir lllq-'f'tnlhn‘l“ '” \I Hm‘

I’I‘”il It [l Illll

i i 1
.H‘!";A‘q} \‘\h ﬁ."l‘ %
'i |I I“GE?H
T e

Figure 6. Spatial transcriptomics profiling reveals cluster of proliferating hepatocytes
(A) UMAP plots of spatial transcriptomics data showing clusters in ZNRF3/RNF432H°" and contral mice (clusters with hepatocyte populations and blood cells

were marked).

(B) Viclin plot showing Mki67 expression in identified hepatocyte clusters (replicates from two mice).

(C) Spatial projection of selected clusters onto H&E stainings of the indicated mice. Scale bars, 500 um.

(D) Heatmap showing expression (£ score) of cell cycle genes, pericentral metabolic genes, and periportal metabolic genes in cluster 13 versus periportal and
pericentral clusters (randomly downsampled to the number of spots in cluster 13 [n = 134]) in ZNRF3/RNF43°"**" mice. CV, central vein; PV, portal vein.

with the non-zonated expression profile of ZNRF3 (Figures 4A and
S3B). Although GS expression was not significantly increased in
ZNRF3*"% mice, CYP2E1 expression was moderately expanded
upon ZNRF3 deletion. In contrast, combined deletion of ZNRF3
and RNF43 dramatically expanded the pericentral metabolic pro-
gram as indicated by CYP2E1 expression throughout the entire
liver and increased numbers of GS+ hepatocytes (Figures 7D,
7E, S7A, and S7B). ZNRF3/RNF43*"*" mice showed significantly
more induction of WNT/B-Catenin signaling, associated with
increased hepatocyte proliferation throughout the liver compared
with RNF4327*P or ZNRF32M*® mice (Figures 7B-7D and 7F).
These findings were confirmed following TAM-induced deletion
of RNF43 (RNF43*N2* mice), ZNRF3 (ZNRF3*N2* mice),
and ZNRF3/RNF43 (ZNRF3/RNF43N2* mice) in AXIN2+ cells
using Axin2-CreERT2 mice (Figures S7C-S7G). Interestingly,
proliferating hepatocytes in RNF432HeP, ZNRF3*"¢P and
ZNRF3/RNF432H*®  mice showed reduced expression of
CYP2E1 (Figure 7D, magnified insets). Moreover, lineage tracing

10 Cell Stem Cell 28, 1-16, October 7, 2021

of AXIN2+ hepatocytes with either RNF43 or ZNRF3 deletion
showed clonal hepatocyte expansion (Figures S7H-87J),
although not to the extent of combined ZNRF3/RNF43 deletion
(Figures 5A-6C). This suggests that ZNRF3 and RNF43 cooperate
to restrict hepatic WNT/[3-Catenin signaling during homeostasis.
Consistent with previous findings (Koo et al., 2012), deletion of
ZNRF3/RNF43 in AXIN2+ cells resulted in a dramatic increase of
Axin2 expression and cell proliferation in the small intestine, asso-
ciated with aberrant growth (Figures S7K and S7L).

Interestingly, ZNRF3 deletion induced Rnf43 expression,
which is itself a p-Catenin target gene (Hao et al., 2012),
throughout the liver of ZNRF3*"°P mice (Figures 7G and 7H),
likely explaining why RNF43 deletion concomitant to loss of
ZNRF3 increased hepatocyte proliferation in all three liver zones
and not just where RNF43 is expressed during homeostasis.
Likewise, co-ISH for Axin2 and Rnf43 showed Anf43 upregula-
tion in several liver injury models with activated WNT/B-Catenin
signaling (Figure 71). This suggests that Rnf43 upregulation
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may limit WNT/B-Catenin activity to physiological levels, pre-
venting uncontrolled hepatocyte proliferation and disruption of
metabolic zonation. Collectively, our data indicate that ZNRF3
and RNF43 cooperate to safeguard hepatic function by spatially
and temporarily restricting hepatocyte proliferation while main-
taining liver zonation and metabolic function.

To further substantiate this conclusion, we reconstructed
metabolic zones in control, RNF432HeP ZNRF3*"eP  and
ZNRF3/RNF43°"*P livers using spatial transcriptomics (Figures
7J-7N and S7M-S7Q). In control, RNF43%"F and ZNRF3*He"
livers the expression of pericentral and periportal metabolic
genes followed a similar spatial pattern with comparable expres-
sion values, with CYP2E1 expression being moderately
increased and periportal genes slightly reduced in ZNRF32H®P
livers. In contrast, in ZNRF3/RNF43*"°P livers the pericentral
metabolic gene program expanded across the entire liver, dis-
placing periportal metabolic gene expression (Figures 74, K,
and S7N-87Q). As mentioned above, unsupervised clustering
correctly identified hepatocytes in the three hepatic zones, ire-
spective of the changes in the expression of B-Catenin-
controlled metabolic genes (Figures 6A, 6C, and SEB). All mice
showed a similar distribution of clusters associated with the
different zones (Figures 7L and 7M), further suggesting de
novo expression of pericentral metabolic genes in periportal he-
patocytes of ZNRF3/RNF43°H°F Jivers, rather than expansion of
pericentral hepatocytes into the periportal zone. The increase in
cluster 13 abundance (Figures 7L-7N) correlates with the
increased hepatocyte proliferation seen in RNF43%HeP
ZNRF3*M? and ZNRF3/RNF43*"°P livers (Figures 7D and 7F).
Together, our data establish that ZNRF3 and RNF43 cooperate
to balance metabolic zonation and proliferation in the liver.

DISCUSSION

A large number of liver tumors are characterized by hyperactive
WNT/B-Catenin signaling, and hepatocytes with WNT/B-Catenin
activity have high susceptibility to give rise to liver tumors in
experimental models (Ang et al., 2019; Perugorria et al., 2019;
Russell and Monga, 2018). It is therefore conceivable that con-
stant hepatic WNT/B-Catenin signaling, which is necessary to
ensure metabolic homeostasis, also increases the risk for un-
wanted proliferation. The liver therefore requires tunable mecha-
nisms restricting hepatocyte proliferation in homeostasis and
enabling it during regeneration, while preserving WNT/p-Cate-
nin-controlled metabolic liver zonation. Because in naive mice,
the majority of AXIN2+ ISCs proliferate, in contrast to AXIN2+ he-
patocytes (Sun et al., 2020), we hypothesized that differences
between these two cell types may highlight mechanisms pre-
venting proliferation of AXIN2+ hepatocytes during liver homeo-
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stasis. We speculated that restricted chromatin accessibility of
cell cycle gene-regulatory elements might be responsible for
the absence of proliferation of AXIN2+ hepatocytes. Despite
their very low cycling rates, both AXIN2+ and AXIN2— hepato-
cytes displayed accessible chromatin at the TSS of cell cycle
genes similar to the signal observed in highly proliferative ISCs,
suggesting a state permissive for cell proliferation. Likewise,
chromatin accessibility at the TSS was detected at pericentral
and periportal metabolic genes in both AXIN2+ and AXIN2 - he-
patocytes. Such positive ATAC signal at the TSS of non-ex-
pressed genes could imply a promoter enabled to quickly
respond to an instructing upstream signal, but additional exper-
imental analysis would be required to validate this proposed
model. Nevertheless, intriguingly, this finding may provide one
mechanistic element for how hepatocytes in all liver zones can
readily proliferate on demand or adopt a different metabolic pro-
file following WNT/B-Catenin pathway modulation (Colnot, 2011;
Russell and Monga, 2018; Sun et al., 2020). In contrast, ISCs
differ in their epigenetic profile from their more differentiated de-
scendants (Jadhav et al., 2017). We now show that the chromatin
status in ISCs is not permissive for the expression of WNT/p-Cat-
enin-regulated metabolic genes. TSA promoted the expression
of hepatic metabolic genes in intestinal organoids, presumably
because of increased chromatin accessibility at their TSS, while
impairing organoid growth. It is conceivable that silencing of
these metabolic genes may support the proliferative capacity
of ISCs, allowing them to use WNT/B-Catenin signaling primarily
to drive stem cell proliferation and tissue homeostasis. However,
inducing chromatin accessibility specific for metabolic genes in
ISCs will be needed to validate this hypothesis. In addition,
impaired intestinal organoid growth following overexpression
of metabolic genes suggests that metabolic gene expression
can also influence ISC proliferation independently of the afore-
mentioned possible competition for p-Catenin. Although our
data clearly demonstrate an inverse correlation between meta-
bolic gene expression and proliferation in ISCs, the responsible
mechanisms remain to be identified.

Although this excludes that restricted chromatin accessibility
prevents proliferation of AXIN2+ hepatocytes while securing
metabolic liver zonation during liver homeostasis, we now
show that spatiotemporal fine-tuning of WNT/f-Catenin activity
is directing these processes. Liver regeneration is characterized
by the concerted action of many cell types and signaling path-
ways (Michalopoulos and DeFrances, 1997; Miyajima et al.,
2014; Stanger, 2015). Several reports showed that loss of
WNT/B-Catenin pathway components impair or delay liver
regeneration (Perugorria et al., 2019; Planas-Paz et al., 2016,
2019; Russell and Monga, 2018; Sekine et al., 2008; Tan et al.,
2006; Zhao et al.,, 2019), whereas WNT/B-Catenin activation

(D-F)CYP2E1, ALB, and Ki67 costaining (D) and quantification for CYP2E1 (E) and Ki67 (F) in the indicated mice (arrows mark proliferating hepatocytes; magnified

insets show reduced CYP2E1 expression in Ki67+ hepatocytes).

(G and H) Anf43 ISH (G) and quantification (H) in control and ZNRF3*"*® mice.

() Axin2 and Rnf43 co-ISH, showing Rnf43 upregulation following AA, DDC, or PHx injury.
(J and K) Co-expression UMAP plot of periportal (blue) and pericentral (red) metabolic gene signature (J) and expression distribution (K) in the indicated mice.
(L-N) UMAP plots with spots color-coded by cluster membership (L) reveal similar percentage of clusters related to the three liver zones (M) and differences in

cluster 13 abundance (N).

CV, central vein; PV, portal vein. Data represent mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; ns, not significant. Two-way ANOVA with
Sidak's test (C and F) or one-way ANOVA with Sidak’s test (E) or unpaired Student's t test (H) was used. Scale bars, 50 ym (G and |) and 100 pm (B and D).
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enhances this process (Alvarado et al., 2016; Planas-Paz et al.,
2016). We now show a RSPO-mediated dose-dependent in-
crease in proliferation of homeostatic hepatocytes, as well as a
remarkable correlation between WNT/B-Catenin activity and he-
patocyte proliferation across several liver injury models and
postnatal liver development, suggesting that spatial and tempo-
ral fine-tuning of WNT/B-Catenin activity directs hepatocyte
proliferation. Moreover, we show that a dose-dependent
RSPO-mediated increase in WNT/B-Catenin signaling expanded
the pericentral metabolic program throughout the liver, replacing
the periportal metabolic gene program. Our data extend previ-
ous findings, suggesting that deregulated hepatic WNT/p-Cate-
nin signaling impairs metabolic zonation (Colnot, 2011; Russell
and Monga, 2018), by using spatial reselution in conjunction
with genome-wide gene expression profiling. RSPO injections
or ZNRF3/RNF43 deletion also increased ISC proliferation,
whereas scavenging of endogenous RSPO caused the opposite
effect. However, significantly higher RSPO3 levels in the crypt
niche and resulting higher WNT/p-Catenin pathway activity,
compared with the liver, direct constant cell proliferation
required for intestinal homeostasis. Gollectively, our data sug-
gest that fine-tuning of WNT/B-Catenin levels enables metabolic
liver zonation while keeping basal hepatocyte proliferation
rates low.

Importantly, we show that ZNRF3 and RNF43 safeguard liver
homeostasis by restricting hepatocyte proliferation and preser-
ving metabolic zonation. Unlike LGR4 and LGRS, which largely
differ in their capacity to direct hepatic WNT/B-Catenin signaling
(Planas-Paz et al., 2016), ZNRF3 and RNF43 cooperate to keep
WNT/p-Catenin activity under control. LGR4 is dominant over
LGRS, suggested by its ability to fully compensate for the loss
of LGRS and the almost complete lack of hepatic WNT/f-Catenin
activity upon LGR4 deletion (Planas-Paz et al., 2016). Individual
deletion of ZNRF3 or RNF43 increased WNT/pB-Catenin activity
and induced hepatocyte proliferation in zones where these
genes are normally expressed. Periportal hepatocytes express
only ZNRF3, whereas pericentral hepatocytes co-express both
ZNRF3 and RNF43. Lack of RSPQO availability in zone 1 may
only require ZNRF3 to block WNT/B-Catenin signaling and may
enable induction of WNT/B-Catenin signaling and proliferation
in periportal hepatocytes following moderate expression of
RSPO3 in this zone following injury (Planas-Paz et al., 2019). In
contrast, co-expression of ZNRF3 and RNF43 may be required
to limit WNT/B-Catenin signaling in pericentral hepatocytes
because of permanent availability of RSPO3 in zone 3. Induced
WNT/B-Catenin signaling and proliferation in peripertal hepato-
cytes upon RSPO injection or deletion of ZNRF3 {or ZNRF3/
RNF43) suggests that availability of low levels of WNT ligands
in this zone is sufficient to activate the pathway and highlights
the importance of this gatekeeping mechanism. RNF43 is upre-
gulated throughout the liver in response to ZNRF3 deletion,
attenuating WNT/-Catenin activity to balance hepatocyte prolif-
eration while mostly retaining metabolic zonation. Likewise,
RNF43 upregulation in response to different types of liver injury
suggests that the same mechanism may restrict uncontrolled
hepatocyte proliferation and retain metabolic zonation during
liver regeneration. In contrast, combined deletion of ZNRF3
and RNF43 increased WNT/B-Catenin signaling to such an
extent that metabolic zonation was impaired and uncontrolled
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proliferation resulted into HCC formation. Interestingly, a preprint
manuscript suggests that ZNRF3/RNF43 deletion in hepato-
cytes induces NASH and promotes HCC formation in response
to chronic liver injury (Mastrogiovanni et al., 2020). Although
we did not observe NASH in our mice, their study supports the
tumor-suppressive role of ZNRF3/RNF43.

Recently, it was reported that regenerating hepatocytes un-
dergo division of labor, where a subset maintains metabolic
function whereas others proliferate (Chen et al., 2020b; Walesky
et al., 2020). QOur clonal tracing data now suggest that this func-
tional segregation also occurs in hepatocytes with active WNT/
p-Catenin signaling. Hepatocytes with marked metabolic gene
expression remained mostly as single clones, suggesting that
this segregation may not be transient with hepatocytes switching
between a metabolic and proliferative state. However, we
cannot exclude that larger hepatocyte clones, which mostly
showed reduced metabolic gene expression at the point of anal-
ysis, had a different metabolic status earlier in the experiment.
Importantly, also following ZNRF3/RNF43 deletion in the major-
ity of hepatocytes, only a subset was proliferating and showed
reduced metabolic gene expression compared with neighboring
hepatocytes. More recently, midzonal hepatocytes were shown
to have increased proliferative capacity during liver homeostasis
(Chen et al., 2020a; He et al., 2021; Wei et al., 2021). Although
this was not readily detected by Ki67 staining, our spatial tran-
scriptomics analysis identified a cluster of hepatocytes with pro-
liferative signature and reduced metabolic gene expression in
zone 2. Together, this suggests an inverse correlation between
metabolic gene expression and proliferation, similar to what we
observed in ISCs. Given the importance of WNT/p-Catenin
signaling in promoting both metabolic function and hepatocyte
proliferation (Russell and Monga, 2018), it will be essential to
elucidate the additional mechanisms directing the functional
assignment in hepatocytes with WNT/B-Catenin activity. The
proliferative hepatocyte cluster we identified by spatial transcrip-
tomics showed increased MYC signaling, and MYC is a WNT/
p-Catenin target gene driving proliferation (He et al., 1998). Simi-
larly to ISCs in the intestine, the influence of metabolic gene
expression on hepatocyte proliferation and the mechanisms
behind the inverse correlation remain to be clarified.

Human CTNNB1 mutant HCC show robust expression of peri-
central metabolic enzymes and are generally more differentiated
and less proliferative. In contrast, human HCC with loss of func-
tion in upstream regulators of WNT/B-Catenin signaling show
modest WNT/B-Catenin activity, less metabolic enzyme expres-
sion, and more proliferation (Boyault et al., 2007; Hsu et al.,
2000). Although comparative RNA-seq analyses suggest that
the overall gene expression profile in mouse ZNRF3/RNF434HeP
HCC is more similar to that in CTNNB1 mutant rather than AXINT
mutant HCC, they show lower WNT/B-Catenin activity and GS
expression than CTNNBT mutant HCC. It is possible that the
intact B-Catenin in tumors with mutations in upstream negative
regulators accounts for the differential gene regulation of meta-
bolic and proliferation genes. Better understanding the tran-
scriptional regulation of metabolic and proliferative genes by
B-Catenin will be necessary to identify the mechanisms inducing
diverging functions in hepatocytes, maintaining metabolic func-
tion while allowing the proliferative capacity necessary to main-
tain liver mass. In addition, more work will be needed to identify
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potential partners supporting ZNRF3 and RNF43 to safeguard
the liver during homeostasis and regeneration while promoting
proliferation on demand. For example, the WNT/B-Catenin
pathway cooperates with several other cell cycle regulators,
such as YAP/TAZ (Azzolin et al., 2014). Hepatic YAP activity
seems to follow a porto-central activity gradient (Fitamant
et al., 2015) and is involved in regulating hepatocyte plasticity
and proliferation (Bhushan et al., 2020; Li et al., 2019; Yimlamai
etal, 2014).

As diverse p-Catenin-controlled metabolic genes have a
different expression pattemn (e.g., GS is restricted to one or two
pericentral hepatocyte layers, whereas CYP2E1 is expressed in
all AXIN2+ hepatocytes), it is likely that different thresholds exist
for [i-Catenin to induce the expression of these genes. Likewise,
moderate WNT/B-Catenin signaling induction in ZNRF3*HeP
mice was sufficient to expand CYP2E1 expression, whereas
only in ZNRF3/RNF432HP or RSPO-injected mice, the pericentral
metabolic gene program largely replaced the periportal pragram.
Reconstructing hepatic zones using unsupervised clustering of
spatial transcriptomics data and using lineage tracing of hepato-
cytes with induced ZNRF3/RNF43 deletion, we show that de novo
upregulation of pericentral metabolic genes in periportal hepato-
cytes rather than the expansion of pericentral hepatocytes toward
this zone causes metabolic reprogramming of the liver. Under-
standing how the expression of different metabolic enzymes is
distributed alongside the centro-portal WNT/B-Catenin activity
gradient will be important to shed additional light on the division
of labor in functionally diverse hepatocyte subsets,

In summary, our data show that fine-tuning of WNT/fi-Catenin
activity in hepatocytes, rather than their intrinsic responsiveness
controlled by chromatin accessibility, maintains the balance
between hepatocyte proliferation and metabolic zonation. Func-
tional redundancy in ZNRF3 and RNF43 enables spatial and tem-
poral control of WNT/[-Catenin activity, preventing uncontrolled
proliferation and tumor formation.

Limitations of the study

First, in addition to the upregulation of metabolic genes that we
observed, TSA-mediated effects on chromatin would be ex-
pected to occur in a locus-unspecific manner, and thus addi-
tional gene expression changes may have influenced ISC prolif-
eration. Second, adenoviral immunogenicity may affect hepatic
gene expression and proliferation. However, both our knockout
(KO) and control mice received adenovirus injections, and we
used Axin2CreERT2-mediated gene deletion for phenotype vali-
dation. Third, although 10X Visium offers whole-genome spatial
transcriptomics, the diameter of the spots is about twice the
diameter of a hepatocyte. Although we excluded spots with a
mixed hepatocyte-immune cell signature from the analyses
and correctly identified hepatocytes assigned to the different he-
patic zones, spots might also detect gene expression from endo-
thelial cells lining the captured hepatocytes.
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Antibodies

Rat monoclonal anti-Ki67 Invitrogen Cat#14-5698-82; clone SolA15
Rabbit monoclonal anti-Ki67 Thermo Fisher Scientific Cat#RM9106

Rabbit polyclonal anti-SOX9 Milipore Cat#AB5535

Rabbit polyclonal anti-ARG1 Sigma-Aldrich Cat#HPA003595

Rabbit polyclonal anti-LYVE-1 Angiobio Cat#151202

Rabbit monoclonal anti-lba1 Abcam Cat# ab1788486; clone EPR16588
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VB201117-112tew

Chemicals, peptides, and recombinant proteins

Tamoxifen
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Doxycycline hyclate

Allyl alcohol

Metacam
3,5-Dicarbethoxy-1,4-
dihydrocollidine (DDC)
Temgesic

PharmLyse Red Blood Cell lysis buffer
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DAPI
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Sigma-Aldrich
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Boehringer Ingelheim
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BD Biosciences
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Medium/Nutrient Mixture F-12
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RNeasy micro kit QIAGEN Cat#74004
MinElute Reaction Cleanup Kit QIAGEN Cat#28206
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RNase-Free DNase | Kit
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Visum Spatial Gene ExpressionSlide Kit
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Dual Index Kit TT Set A, 96 rxns 10x Genomics Cat#PN-1000215
Agilent RNA 8000 Nano Kit Agilent Technologies Cat#5067-1511
Agencourt AMPure XP PCR purification Kit Beckman Coulter Cat#AB3880
Qubit dsDNA HS Assay Kit Thermo Fisher Scientific Cat#Q32854
lllumina Nextera DNA Unique Dual Indexes lllumina Cat#20027213
lllumina Tagment DNA TDE1 lllumina Cat#20034197
Enzyme and Buffer Kit

Zymo DNA Clean and Concentrator Kit Zymo Research Cat#D4014
NEBNex High Fidelity 2x PCR Mix New England Biolabs Cat#M05418
RNAscope Multiplex Fluorescent ACD Cat#323100

Reagent v2 Assay Kit
Deposited data

ATAC-seq data This paper PRJNAT716814
Spatial transcriptomics data This paper PRJNA705085
RNA-seq data This paper PRJNA716805
Experimental models: cell lines

HEK293T ATCC CRL-11268
Experimental models: organisms/strains

Mouse: Axin2CreERT2: B6-Tg(mAxin2- Planas-Paz et al., 2019 N/A
mCherry-creRT2)Npa

Mouse: Axin2-LacZ: A16C57BL/6J- Planas-Paz et al., 2016 N/A
Tg(Axin2-LacZ)NPa

Mouse: Axin2-LacZ, Znrf3ECD-TM: C57BL/ Planas-Paz et al., 2016 N/A

6J-Tg(Axin2-LacZ)Npa x B4B6-Tg(CAG-

ZNRF3-ECDTmITG)475Npa

Mouse: Axin2CreERT2-R26-EGFP: B6.C- This paper N/A
Rosa26tm(CAG-StopEGFPattNec)Npa x

B6-Tg(mAxin2-mCherry-creRT2)Npa

Mouse: Znrf3/Rnf43 flox: B6.Cg-Znrf3 < Planas-Paz et al., 2016 N/A
tm1.2 < 5A7 > Npa > ; Rnf43 <tm1.2

< 6-7g > Npa >

Mouse: Znrf3/Rnf43dKO, Axin2CreERT2: This paper N/A

B6.Cg-Znrf3 < tm1.2 < 5A7 > Npa > ;

Rnf43 < tm1.2 < 6-7g > Npa x B6-

Tg(mAxin2-mCherry-creRT2)Npa

Mouse: Znrf3/Rnf43dKO, Axin2CreERT2, This paper N/A
R26-EGFP: B6.Cg-Znrf3 < tm1.2 < 5A7 >

Npa > ; Rnf43 < tm1.2 < 6-7g > Npa x B6-

Tg(mAxin2-mCherry-creRT2)Npa; B6.C-

Rosa26tm(CAG-StopEGFPattNec)Npa

Mouse: Znrf3: B6.Cg-Znrf3 < This paper N/A
tm1.2(5A7)Npa >

Mouse: Rnf43: B6-Rnf43 < tm1.2(6-7g)Npa This paper N/A
Mouse: LSL-EGFP: B6.C-Rosa26tm(CAG- Lugert et al., 2012 N/A
StopEGFPattNeo)Npa

Mouse: Znrf3KO, Axin2CreERT2: B6.Cg- This paper N/A
Znrf3 < tm1.2(5A7)Npa;B6-Tg(mAxin2-

mCherry-CreERT2)Npa

Mouse: Znrf3KO, Axin2CreERT2, R26- This paper N/A

EGFP: B6.Cg-Znrf3 < tm1.2(5A7)Npa;B6-
Tg(mAxin2-mCherry-CreERT2)Npa; B6.C-
Rosa26tm(CAG-StopEGFPattNeo)Npa
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Mouse: Rnf43KO, Axin2CreERT2: B6- This paper N/A

Rnfd3 < tm1.2(6-7g)Npa;B6-TgimAxin2-

mCherry-CreERT2)Npa

Mouse: Rnf43KO, Axin2CreERT2, R26- This paper N/A

EGFP: B6-Rnf43 < tm1.2(6-7g)Npa;B6-

Tg(mAxin2-mCherry-CreERT2)Npa; B6.C-

Rosa26tm(CAG-StopEGFPattNeo)Npa

Mouse: Lgrd/5d flox: B6-Lgr4tm2Npa;B6- Planas-Paz et al., 2016 N/A
Lgr5tm1Npa;

Mouse: Lgrd/5dKO, AlbCre: B6- This paper N/A
Lgrdtm2Npa;B6-Lgr5tm1Npa;

B6.Cg-Tg(Alb-cre)21Mgn/J

Oligonucleotides

In situ probes for mouse Axin2 mRNA Affymetrix Cat#Vx-01
In situ probes for mouse Znrf3 mRNA Affymetrix Cat#VX-01
In situ probes for mouse Anfd3 mRNA Affymetrix Cat#VX-01
Tagman primers for mouse Thermo Fisher Scientific Cat#4331182
Cyp2e1 (Mm00491127_m1)

Tagman primers for mouse Thermo Fisher Scientific Cat#4331182

Glul (MmO00725701_s1)

In situ probes for mouse Axin2 mRNA ACD Cat#400331-C3
In situ probes for mouse Aspo3 MRNA ACD Cat#402011-C2
In situ probes for mouse Wnit7a mRNA ACD Cat#401121

In situ probes for mouse Wni7b mRNA ACD Cat#401131-C2
In situ probes for mouse Wnt9b mRNA ACD Cat#405091

In situ probes for mouse Wnt10a mRNA ACD Cat#401061
Recombinant DNA

Plasmid: pLP/VSVG Therme Fisher Scientific A43237
Plasmid: pLP2 Thermo Fisher Scientific A43237
Plasmid: pLP1 Thermo Fisher Scientific A43237
Software and algorithms

Bowtie2 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/bowtie2/

Aperio ImageScope software v12.1.0.5029

Coler Deconvolution algorithm,
Aperio ImageScope

Nuclear algorithm, Aperio ImageScope

Zeiss AxioVision software Vs40 v4.8.2.0

GraphPad Prism software v7.03

ImagedJ software v1.51w

Olympus FluoView software
FV318-8Wv2.1.2.2

Leica Biosystems

Leica Biosystems

Leica Biosystems

Zeiss

GraphPad

Imaged

Olympus
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index.shtml; RRID:SCR_016368
https://www.leicabiosystems.com/digital-
pathology/manage/aperio-imagescope/;
RRID:SCR_014311
https://www.leicabiosystems.com/digital-
pathology/analyze/ihc/aperio-color-
deconvolution-algorithm/
https://www.leicabiosystems.com/digital-
pathology/analyze/ihc/aperio-nuclear-
algorithm/
https://www.micro-shop.zeiss.com/en/
us/softwarefinder/software-categories/
zen-blue/; RRID:SCR_002677
https://www.graphpad.com/scientific-
software/prism/; RRID:SCR_002798
https://imagej.net/Welcome;
RRID:SCR_003070
https://www.olympus-lifescience.com/
en/laser-scanning/fv3000/
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R The R Foundation R-version: 4.0.2 https://www.r-project.org/

R-studio server pro
Edge R Bioconductor package
Limma-voom

Gene mapping
Spotfire
snakePipes
DiffBind

EnrichedHeatmap

cutadapt
deeptools

multigc

SAMtools

MACS2

Seurat R-package

STTKIT

fgsea Bioconductor R-package
ComplexHeatmap Biocconductor R-package

biomaRt Bioconductor R-package

org.Mm.eg.db gene annotation Bioconductor
R-package

msigdbr

ggplot2 Bioconductor R-package

Spaceranger 10X Genomics software

R-studio version 1.0.153 RStudio
Server Pro Version 1.3.1093-1

Robinson et al., 2010 edgeR v3.30.3
Ritchie et al.l, 2015 Limma v3.44.3

Schuierer and Roma, 2016
Tibco Spotfire Analyst 7.11.
Bhardwaj et al., 2019

Ross-Innes et al., 2012 Version: 3.0.3

Gu et al., 2018 Version: 1.20.0

Martin, 2011 Version 1.16
Ramirez et al., 2016 Version 3.1.2

Ewels et al., 2016 Version 3.1.2
Version 1.9

Zhang et al., 2008 Version 2.2.7.1
Seurat v3.2.3

STTKIT v0.0.8

fgsea v1.14.0

ComplexHeatmap v2.4.3

biomaRt v2.44.4

org.Mm.eg.db_3.11.4

msigdbr v7.2.1
ggplot2 v3.3.2

Spaceranger v1.0.0

https://www.rstudio.com
https://www.rstudio.com

http://bioconductor.org/packages/release/
bioc/html/edgeR.html; RRID_012802

https://bioconductor.org/packages/
release/bioc/html/limma.htmi

N/A

https://spotfire.tibco.com
https://github.com/maxplanck-ie/snakepipes
https://bioconductor.org/packages/
release/bioc/html/DiffBind.html
https://bioconductor.org/packages/
release/bioc/html/EnrichedHeatmap. html
https://cutadapt.readthedocs.ic/en/stable/
https://deeptools.readthedocs.
io/en/develop/

https://multiqc.info/

http://www.htslib.org/
https://pypi.org/project/ MACS2/
http://satijalab.org/seurat/
https://github.com/lima1/sttkit
https://bioconductor.org/packages/

release/bioc/vignettes/tgsealinst/
doc/fgsea-tutorial.html
https://jokergoo.github.io/
ComplexHeatmap-reference/book/
https://bioconductor.org/packages/
release/bioc/html/biomaRt.html
https://bioconductor.org/packages/
release/data/annotation/html/
org.Mm.eg.db.html
https://cran.r-project.org/web/
packages/msigdbr/index.html
https://cran.r-project.org/web/
packages/ggplot2/index.html
https://support.10xgenomics.com/
spatial-gene-expression/software/
pipelines/latest/installation

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jan Tchorz

(jan.tchorz@novartis.com)

Materials availability

Transgenic mouse lines used in this study (or the basic lines enabling reproduction of these lines) are available from the lead contact,
Jan Tchorz (jan.tchorz@novartis.com), with a completed Materials Transfer Agreement.

Data and code availability

ATACseq raw data for hepatocytes from LGR4/5-9% and LGR4/5dLKO livers, AXIN2+ and AXIN2- hepatocytes, and AXIN2+ ISCs
are archived at the NIH Sequence Read Archive under accession number SRA: SRP312196 [PRJNA716814]. Bulk RNA-seg and
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spatial transcriptomics data are archived at the NCBI Sequence Read Archive under BioProject: PRINA7 16805 and PRJNA705085,
respectively . The software and algorithms for data analyses used in this study are published and referenced. Further details on data
analysis and code customization are available from the lead contact, Jan Tchorz (jan.tchorz@novartis.com), upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse models

LGR4/5dLKO mice were generated by crossing AlbCre with LGR4/5™-9% mice (Planas-Paz et al., 2016). LGR4/5**N2* mice were
generated by crossing Axin2CreERT2 mice (Sun et al., 2020) with LGR4/5™°% mice followed by TAM injection. RNF432A%IN2+
ZNRF322%IN2+ and ZNRF3/RNF432%N2+ mice were generated by crossing Axin2CreERT2 mice with RNF43™°% ZNRF3™-°* and
ZNRF3/RNF437°% mice (Planas-Paz et al., 2016), respectively, followed by TAM injection. RNF43FGFPAAXIN: |7 NREEGFPAAXINZ:
and ZNRF3/RNF43ECFPARINZ: mice were generated by crossing R26-STOP-EGFP (Lugert et al, 2012) with RNF432A%IN2+
ZNRF3AIN2+ and ZNRF3/RNF4324N2 mice, respectively. ZNRF3/RNF43ECFPAHeP mice were generated by crossing R26-
STOP-EGFP with ZNRF3/RNF437™-°% mice (yielding ZNRF3/RNF43™-%ECFP mice) followed by injection of Ad5Cre. Generation of
Axin2CreERT25%FP (Sun et al., 2020), AXIN2-LacZ, AXIN2-LacZ/ZNRF3ECD-TM, RNF437-9X and ZNRF3™°X (Planas-Paz et al.,
2016) mice has been described.

In vivo mouse studies

For ATACseq, hepatocytes from LGR4/57-9% (control) and LGR4/5dLKO livers, as well as AXIN2+/AXIN2-hepatocytes and AXIN2+
ISCs from AXIN2CreERT25" mice were isolated. To isolate AXIN2+ ISCs, AXIN2CreERT25%"" mice were injected i.p. with 2 mg of
Tamoxifen (Sigma-Aldrich, T-5648) on two consecutive days and euthanized 50 hours after the first injection. Single cells were pre-
pared from the intestine followed by EGFP sorting. To isolate AXIN2+/— hepatocytes during homeostasis, AXIN2CreERT25% " mice
were injected i.p. with 2 mg of Tamoxifen for 5 consecutive days and euthanized after 6-7 weeks and purity was checked as
described (Sun et al., 2020). To delete LGR4/5 in AXIN2+ cells, LGR4/5*™2* mice were injected i.p. with 2 mg of Tamoxifen for
5 consecutive days and euthanized 14 days after the first injection. To delete ZNRF3/RNF43, ZNRF3 or RNF43 in AXIN2+ cells,
ZNRF3/RNF43°%IN2+  ZNRF3AXIN2+ and RNF43*4"N2+ mice were injected i.p. with one dose of 2mg (high dose) Tamoxifen and
euthanized 4 weeks later. To perform lineage tracing of hepatocytes with a deletion of ZNRF3/RNF43, ZNRF3 or RNF43 in
AXIN2+ cells, ZNRF3/RNF43ECFPAMXING: -7\ REQEGFPAAXINGY gng RNF43FSFPAAXINZY mice were injected i.p. with one dose of
0.7mg (low dose for males) or 0.25 mg (low dose for females) Tamoxifen and euthanized 4 weeks or 8 weeks later. These different
doses were chosen to allow for comparable labeling efficiency that was different in males and females. For Ad5-CMV-Cre (Ad5Cre)-
mediated ZNRF3 and/or RNF43 deletion, ZNRF3/RNF43™%%, ZNRF3™“* or RNF43"-°* mice were injected i.v. with a single dose of
10E9 plaque-forming units (pfu) (high dose) AdSCre and euthanized after 4 weeks or 1 year. ZNRF3/RNF437-°% mice that bear the
same dose and time course of Ad5-CMV-EGFP (AdSEGFP) were used as relative contral groups. To check transduction and Cre
recombination, R26-STOP-EGFP mice were injected i.v. with a single dose of 10E9 pfu Ad5Cre and euthanized 4 weeks later. For
tracing the hepatocytes with Ad5Cre-mediated ZNRF3 and RNF43 deletion, ZNRF3/RNF43"-“%E3FP mice were injected i.v. with a
single dose of 10E7 pfu (low dose) Ad5Cre (yielding ZNRF3/RNF435SFP4HeP mice) and euthanized after 4 weeks or 8 weeks. R26-
STOP-EGFP mice that bear the same dose and time course of Ad5Cre were used as relative control groups. To trace the AXIN2+
hepatocytes in the DEN HCC model, AXIN2CreERT25" mice were injected with TAM (0.7mg) and DEN (10mg/kg) at p15 and eutha-
nized after 5 days (to assess labeling) or 1 year (to assess tumors). To study RSPO1-induced WNT/B-Catenin activation, C57BL/6
male mice were injected i.v. with either 10 mg/kg or 50 mg/kg RSPO1 or PBS (contral) according to the regimen shown in Figure 3A.
For doxycycline (DOX)-induced ZNRF3ECD-TM expression (Planas-Paz et al,, 2016), Axin2-LacZ or Axin2-LacZ/ZNRF3ECD-TM
mice were administered with 2 mg/ml DOX in drinking water for 10 days. Two-thirds partial hepatectomy (PHx) was essentially per-
formed as described (Mitchell and Willenbring, 2008). Briefly, isoflurane/O, was used for anesthesia and 0.1 mg/kg s.c. Temgesic
(Buprenorphine; Indivior) for analgesia. The left and median liver lobes were ligated with a silk filament at the base before resection.
The peritoneum was closed with continuous sutures (Silkam 6/0), whereas the skin was closed using simple interrupted suture (Da-
filon, 6/0). Normothermia was guaranteed using a heating plate (32°C) until recovery from anesthesia. For postoperative analgesia
Temgesic and Meloxicam 5 mg/kg (Metacam) were used for the next day. To trace the hepatocytes with a deletion of ZNRF3 and
RNF43 in AXIN2+ cells after PHx, ZNRF3/RNF43ECFPAAXINZ mice were injected i.p. with one dose of 0.7mg (low dose for males)
or 0.25mg (low dose for females) Tamoxifen, subjected to PHx 1 week later and euthanized 2 weeks after PHx. For tracing the he-
patocytes with Ad5Cre-mediated deletion of ZNRF3 and RNF43 after PHx, ZNRF3/RNF43™ O%ESFP mice were injected i.v. with one
dose of 10E7 pfu Ad5-Cre (yielding ZNRF3/RNF43ESP2Her mice) subjected to PHx 2 weeks later and euthanized 2 weeks after PHx.
AXINZ2-LacZ mice were dissected 40 hours after the PHx. Periportal hepatocyte injury in AXIN2-LacZ mice was induced by Allyl
alcohol (AA) (Sigma-Aldrich 240532) injection i.p. at a concentration of 0.03 ul/g followed by a second dose of 0.06 ul/g (high
dose) 3 days later. Three days after the second AA injection, mice were analyzed. Liver damage and resulting ductular reaction
was induced using diet supplemented with 0.1% 3,5-Dicarbethoxy-1,4-dihydrocollidine (DDC; Sigma-Aldrich, 137030) for
16 days and analyzed immediately after end of the diet. Interruption of the diet for 48 h allowed recovering body weight. All mice within
an experiment had similar DDC diet regimen. Age-matched adult males and females were assigned in similar numbers to each exper-
imental group. Animals were monitored daily for wellbeing. All mice had unrestricted access to water and food and animal experi-
mentation was conducted in accordance with animal law of Basel-Stadt, Switzerland. The Novartis Campus animal facilities
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comprise an SPF animal breeding facility and a clean facility for experimental surgery and physiology. Biosecurity and pathogen
exclusions follow the Federation of European Laboratory Animal Science Associations (FELASA) health monitoring guidelines,
and animals are screened quarterly. Mice were housed in Allentown XJ individually ventilated cages in a 12:12 light:dark cycle.
Environmental enrichments included nestlets, wood sticks and mouse houses. The maximum housing density in the breeding and
experimental areas was 4 and 5 mice, respectively. Most experiments were performed with grouped mice, single housing was
used for aggressive or wounded animals.

METHOD DETAILS

Immunohistochemistry (IHC) and in situ hybridization (ISH)

Tissue samples were freshly frozen in O.C.T. embedding medium (Tissue TEK) or fixed for 48h in formalin and embedded in paraffin.
IHC was performed using either a Roche Discovery XT or Roche Discovery ULTRA. Primary antibodies used in this study were rabbit
anti-Ki67 (Thermo Scientific, RM-9108), rat anti-Ki67 (Invitrogen, 14-5698-82), rabbit anti-CCND1 (Abcam, 16663), rabbit anti-SOX9
(Milipore, Cat#AB5535), rabbit anti-ARG1 (Sigma-Aldrich, Cat#HPAQD3535), rat anti-CK19 (DSHB, TROMA-IIl), rabbit anti-Beta
Galactosidase (Fitzgerald, 20C-CR7001RP), goat anti-GFP (Abcam, ABE673), rabbit anti-GFP (Invitrogen, A11122), rabbit anti-Gluta-
mine Synthetase (Abcam, AB49873), rabbit anti-CYP2E1 (Sigma-Aldrich, HPAQD9128), chicken anti-Albumin (Sigma-Aldrich,
SAB3500217), rabbit anti-lbal (Abcam, ab178846), mouse anti-E-Cadherin (BD Biosciences, 610181), rabbit anti-LYVE1 (Angiobio,
Cat#151202). The TROMA-III, developed by R. Kemler, was obtained from the Developmental Studies Hybridoma Bank developed
under the auspices of the NICHD and maintained at The University of lowa, Department of Biology, lowa City, |A 52242. For immu-
nofluorescence using two antibodies derived from the same species in the same protocol, Zenon Alexa Fluor 488 Rabbit IgG labeling
kit (Thermo Fisher Scientific, Z25302) was used according to the manufacturer's instructions. Alexa DyLight- or Cy-coupled (Jackson
ImmunoResearch) secondary antibodies were used for primary antibody detection, and either Mayer’s Haematoxylin (Dako, S3309)
or 4’-6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, D9542) were used for counterstaining. For non-fluorescent stainings, the
following reagents from Roche Diagnestics, Ventana Discovery product series, were used with either a Roche Discovery XT or Roche
Discovery ULTRA: OmniMap anti-Rb HRP (760-4311), OmniMap anti-Rt HRP (760-4457), UltraMap anti-Rb Alk Phos (760-4314),
ChromoMap DAB Kit (760-159), Purple Kit (760-228), Hematoxylin Il (790-2208) and Bluing Reagent (760-2037). For Qil Red O stain-
ing, PFA-fixed slides from fresh frozen samples were processed with the Oil Red O Stain Kit (Abcam, ab150678) according to the
manufacturer's instructions. For Sirius Red staining, formalin-fixed paraffin-embedded (FFPE) sections were stained with the Leica
Autostainer using a standard protocol. Whole slide images were scanned and stitched by using an Aperio XT Scanscope (Leica) and
imaged using ImageScope software.

For representative images, whole-liver lobes were examined histologically in multiple replicates. Automated image analysis and
quantification of CYP2E1, Ki67, fGal and GS staining on cross sections of liver lobes was performed using the Color Deconvolution
algorithm from the Aperio ImageScope software. Data was presented as percent positive stained area per total analysis area or
percent positive cells per total cell number, unless stated otherwise. The length of crypt-villus units and Ki67-positive cells in the
mouse intestine were measured and quantified manually using ImageScope. Immunofluorescence costaining for CYP2E1, Ki67,
BGal or GS with other markers were used for illustration in the Figures. Analyses and distribution assessment of EGFP, GS or
CYP2E1 positive hepatocytes in the clonal analyses, or when assessing different lobular zones, were performed by manual quanti-
fication percentage of positive cells. ISH for Axin2 (probes VB1-10588-VT), Znrf3 (probes VB6-VPPRJ3G) and Rnf43 (probes VB1-
VPYMJHK) were performed as described (Planas-Paz et al., 2016). Briefly, 10 um fresh-frozen liver cryosections were fixed with
10% neutral-buffered formalin overnight at 4°C, washed, dehydrated and air-dried followed by protease digestion. Sections were
hybridized for 2.5 h with probes at 40°C followed by pre-amplification and amplification according to the manufacturer’s instructions.
Fast red and fast blue substrates were used to detect the alkaline phosphatase type 1 (VB1) and type 6 (VBB) conjugated probes. ISH
for Axin2 (400331-C3), Rspo3 (402011-C2), Wnt7a (401121), Wnt7b (401131-C2), Wint9b (405091), Wnt10a (401061) using RNAscope
Multiplex Fluorescent Reagent v2 Assay Kit (ACD 323100) was performed accerding to the manufacturer’s instructions. Briefly, 5um
sections were cut from FFPE samples and dried at 37°C overnight. The next day, standard protease digestion was performed to the
tissue followed by probe hybridization and signal amplification. Probes were then stained for detection with Opal™ fluorophores 570
(Akoya Bioscience, FP1488001KT) and 680 (Akoya Bioscience, FP1497001KT). ISH images were acquired using an Olympus laser
scanning confocal microscope FV3000. The percent ISH signal per analyses area was quantified using ImagedJ software. Periportal
and pericentral hepatocytes were defined as the first 3 layers of hepatocytes around the respective vein, whereas the parenchyma/
midzonal area was defined as the hepatocytes in between. For intestine organoid stainings, 20x z stack images were acquired via
ImageXpress (Molecular Devices). All maximum intensity projections (MIP) of a specific well and channel were stitched together ac-
cording to the x/y coordinates provided by the microscope to obtain MIP well overviews. Representative organoid images from Fig-
ures S1E, 1G, and 1l were cropped from the MIP well overviews. Organoid areas were measured by ImageJ as shown in Figure S1F,
EGFP-positive or mCherry-positive cells at day 4 and day 6 were counted manually.

Intestinal organoid culture and staining

Organoids were generated from murine small intestine as previously described (Sato et al., 2009). In brief, the small intestine was
opened longitudinally, cleaned with ice cold PBS and sliced into small fragments. The tissue was then incubated in 2.5 mM
EDTA/PBS at 4°C for 30 min on a shaker. Supernatant was removed and intestine pieces were then shaken vigorously in DMEM/F12
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with 0.1% BSA. The suspension was collected and passed through a 70 pm strainer. The remaining tissue pieces were suspended
with DMEM/F12 with 0.1% BSA. The above step was repeated four times and all supernatant fractions were combined and centri-
fuged at 300 g for 5 min at 4°C. Supernatant was removed and the pellet was re-suspended into Matrigel and plated into 24 well
plates. Organoids were kept in IntestiCult Organoid Growth Medium (STEMCELL Technologies, 06005) with 100 pg/ml Penicillin-
Streptomycin for amplification and maintenance. Organoids were collected 5 to 7 days after passaging and digested with TrypLE
(Thermo Fisher Scientific, 12604013) for 20 min at 37°C. Single alive cells were sorted by FACS as described (Serra et al., 2019)
and collected in ENR medium composed of advanced DMEM/F12 with 15 mM HEPES (STEMCELL Technologies, 36254) supple-
mented with 100 ug/ml Penicillin-Streptomycin, 1x Glutamax (Thermo Fisher Scientific, A1286001), 1x N2 (Thermo Fisher Scientific,
17502048), 1x B27 (Thermo Fisher Scientific, 17504044), N-acetylcysteine 1 mM (Sigma-Aldrich, A0737), mEGF 50 ng/ml (R&D Sys-
tems, 2028-EG-200), Noggin 100 ng/ml (Pepro Tech, 250-38-100) and RSPO1 500 ng/ml (in house). 5 pl droplets containing 3000
single cells mixed 1:1 with Matrigel (Corning, 356231) were seeded in 96-well plates. After 20 min of solidification at 37°C, 100 ul
of medium was added (day 0). From day 0 to day 1, ENR was supplemented with 20% Wnt3a-conditioned medium (Wnt3a-CM),
10 uM Y-27632 (ROCK inhibitor, STEMCELL Technelogies, 72302) and 3 pM of CHIR99021 (GSK3B inhibitor, STEMCELL Technol-
ogies, 72054). From day 1 to day 3 ENR was supplemented with 20% Wnt3a-CM and 10 uM Y-27632. From day 3 to day 5, enly ENR
was added to the cells. Wnt3a-CM was produced in-house with Wnt3a L-cells. On day 2, organoids were treated with 1 uM of TSA
(Sigma-Aldrich, T1952) or DMSO. On day 3.5, organoids were collected for RNA extraction. For the organoid growth experiment,
organoids were treated with 1 uM of TSA on day 2. The medium was changed with fresh TSA (1 uM) on day 3 and 5. Bright field images
were taken with a 20x objective daily from day 3 to day 6 and organoids size was measured using ImagedJ. On day 6, organoids were
spun down at 3000 rpm for 10 min at 10°C and fixed with 4% PFA for 45 min at RT. For lentiviral infection, organocids were transduced
on day 3 with EGFP virus together with Cyp2e1-mCherry virus, or GS-EGFP virus together with mCherry virus, and images were ac-
quired on day 4 (early time point) and day 6 (late time point) for analysis. Number of EGFP+ (mCherry-) cells and mCherry+ (EGFP-)
cells were counted from each condition on day 4 and day 6 for ratio analysis. Immunostaining of TSA-treated intestine organoids in
96-well plates were performed as previously described (Serra et al., 2019), Briefly, organoids were permeabilized with 0.5% Triton
X-100 for 1 hour and blocked with 3% Donkey Serum (Sigma-Aldrich) in PBS with 0.1% Triton X-100 for 1 hour. Primary and
secondary antibodies were diluted in blocking buffer and applied as indicated under the Immunohistochemistry (IHC) and in situ
hybridization (ISH) section.

Lentiviral packaging

The constructs CMV-mCherry, CMV-EGFP, CMV-mCyp2e1-T2A-mCherry and CMV-mGlul-T2A-EGFP were packaged into lentiviral
particles, respectively, using HEK293T cells (ATCC, CRL-11268). Lentiviral packaging was performed in 15 em cell culture dishes.
24 h after cell plating, transfection mixes were prepared by mixing 20 ng of each plasmid with helper plasmids (pLP/VSVG, pLP1
and pLP2), 2xHBS buffer and 1M CaCI2 at RT for 15 minutes before adding dropwise to HEK293T culture. Medium was changed
after 24 h and virus was collected 48 h after the transfection. Lentivirus was concentrated with Lenti-X concentrator according to
the manufacturer's instructions (Takara, 631232).

RNA extraction, reverse transcription and quantitative RT-PCR (qPCR)

Total RNA was isolated from intestinal organoids using Total RNA Purification Kit (NORGEN, 37500) according to the manufacturer's
instructions. RNA purification was performed in triplicate and 2 wells of a 24 well (50 ul droplet containing 30,000 single cells on day 0)
were pooled per sample. DNAase treatment was performed using the RNase-Free DNase | Kit (NORGEN, 25710). RNA was reverse
transcribed using the high-capacity cDNA reverse transcription kit (Thermo Fisher Scientific, 4368814). PCR reactions were runon a
CFX96 Touch Deep Well Real-Time PCR Detection System (Bio-Rad) and data processing was performed using comparative Ct
method (ACt). The following Tagman assays were used: Glul (Mm00725701_s1), Cyp2e1 (Mm00491127_m1).

Bulk RNA-seq of mouse livers and HCCs, and count generation

Gene expression for liver samples was measured using RNA seguencing technology. Total RNA from samples was isolated using
RNeasy mini plus kit (QIAGEN, 74134) according to the manufacturer’s instructions. Amount and quality of the RNA were measured
with the Agilent RNA 6000 Nano Kit (Agilent Technologies, 5067-1511). RNA sequencing libraries were prepared using the lllumina
TrusSeq RNA Sample Prep Kit v2 (lllumina, RS-122-2001) and sequenced using the lllumina HiSeq2500 platform. Samples were
sequenced to a length of 2x76 base-pairs. Read pairs were mapped to the mouse genome (GRCh37) and the mouse gene transcripts
from Ensembl (Cunningham et al., 2015) by using an in-house gene quantification pipeline (Schulerer and Roma, 2016). Genome and
transcript alignments were used to calculate gene counts based on Ensembl gene IDs and for the 28 to 44 million raw reads we
obtained alignment rates of an average of 81% to the mm10 reference.

Human HCC data analysis

Mutational and expression data (raw counts) from The Cancer Genome Atlas (liver dataset; LIHC) were downloaded using
TCGAbialinks (Colaprico et al., 2016). From this cohort we identified 89 samples harboring one of the common activating hotspot
mutations in the CTNNBT gene (S45P, S45F, S37C, T41A, G34V, S37Y, S37F, S37A, S45Y, N387Y, N387i, W383C, N387K,
K335T, 1358, T411, S33P, H36P, D32N, D32Y, K335l, S33C, G34R, D32G, S33Y, G34E, D32V) and 23 samples harboring loss of func-
tion mutations in the AXINT gene. From these samples we extracted the expression profile (as raw counts) using RNA-seq data.
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Expression data from these samples were analyzed together with the RNA-seq data obtained from the 8 DEN**™? and 12 ZNRF3/
RNF43%"°P HCC samples. Data intersection resulted in 11,982 common genes between the mouse cohorts and TCGA LIHC cohort
(human) for further analysis (only genes with the corresponding mouse gene were selected). Genes with low expression (< 1 log-
counts per million in = 5 samples) were filtered out. Normalization was performed using the “TMM” (weighted trimmed mean)
method from the edgeR (Robinson et al., 2010) package. We removed batch effects from expression data using the species infor-
mation (mouse and human) and used top 10% highly variable genes for MDS (Multidimensional scaling) plot and heatmap. Heatmap
was generated using ComplexHeatmap package (Gu et al., 2016).

Bulk RNA-seq data analysis of mice with ZNRF3/RNF43 deletion or RSPO injection, and respective control mice
Read pairs were mapped to the mouse genome (GRCh37) and the mouse gene transcripts from Ensembl (Cunningham et al., 2015)
by using an in-house gene quantification pipeline (Schuierer and Roma, 2016). Genome and transcript alignments were used to
calculate gene counts based on Ensembl gene IDs and for the 28 to 35 millien raw reads we obtained alignment rates around
80%. We removed two samples (CTRL_5, PBS_2) from further analysis based on outlier behavior in a PCA analysis and discarded
genes with counts < 1 cpm in more than 60% of samples per group for all groups. We applied the differential gene expression data
analysis Bioconductor package edgeR (Robinson et al., 2010). In brief, weights for linear modeling were estimated using voom() from
the limma package and linear models were fitted with ImFit() (Ritchie and Flicek, 2015). An empirical Bayes eBayes() moderation was
used to determine statistics for differentially expressed genes in two comparisons (ZNRF3/RNF432H%° (ZRdKOQ) versus control
(CTRL), and 50mg/kg RSPO- versus PBS-treated mice). We applied the Benjamini-Hochberg correction for multiple hypothesis
testing (Benjamini and Hochberg, 1995). GSEA (Figure S4A) was performed as described below in the ‘Spatial transcriptomics
and bioinformatics analysis' section, except that we used logFC as the input gene scores.

Spatial transcriptomics and bioinformatics analysis

Samples from RNF432HEP ZNRF34HEP | ZNRF3/RNF43*HEF and control mice, as well as 50mg/kg RSPO-or PBS-treated mice were
used for spatial transcriptomics. Sections of a thickness of 10 um were placed on a Visium Spatial Gene Expression Slide (10x Ge-
nemics, PN-2000233), stored at —80°C for 1 - 7 days, and processed according to the manufacturer instructions with the following
parameters: we used 12 minutes for tissue permeabilization, 12 - 16 cycles of PCR for cDNA amplification, and 12 - 13 cycles for the
sample index PCR (Dual Index Kit TT Set A, 10X Genomics, PN-1000215). Libraries were pooled, loaded at a concentration of 300 pM
on an NovaSeq 6000 SP or S2 flow cell, and sequenced at 28 and 120 bases for read 1 and 2, respectively, using v1 reagents
(llumina).

Fastq reads from the lllumina sequencer NovaSeq 6000 were preprocessed by 10X Genomics spaceranger-1.0.0 software
including spatial de-barcoding, read-alignment to mm10 and UMI-generation. QC-metrics, such as total aligned reads, median num-
ber of UMIs or genes per spot for the different samples, are all in the acceptable range (Figures 528, S6A, and S7M). For the follow-up
data analysis, we used the R-package Seurat v3.2.3 (http://satijalab.org/seurat/) (Stuart et al., 2019), R 4.0.2 and the Seurat-wrapper
STTKIT 0.0.9 (https://github.com/lima/stikit) for initial fast processing of the spaceranger processed data on command-line in
batch-mode. During this step a list of Seurat objects were generated, consisting of one object for each sample with SCTransformed
expression values as well as log-normalized counts. We used Seurat’s anchor-based integration approach to combine all 4x2 sam-
ples as described in (https://satijalab.org/seurat/articles/integration_introduction.html) using 3000 variable genes generating one
large collection of spots for further processing. A 2-dimensional UMAP embedding was generated based on the first 30 PCs. For
cluster identification, we used the graph-based clustering approach as implemented in the ‘FindNeighbors()’ function also choosing
the first 30 PCs as input and the ‘FindClusters()' function with the cluster resolution parameter set to 0.5. We found 15 clusters and
checked for any biases by extensive exploration of the spot-cluster distribution in the UMAP representation split by sample or repli-
cate ID but we could not identify any replicate or sample bias in the clusters.

To identify periportal (zone 1) and pericentral (zone 3) regions, we used the 12 periportal and 12 pericentral marker genes with high-
est absolute log2fc in the waterfall plot Figure 1Kin (Sun et al., 2020), respectively. For visualization of the spatial expression patterns
of interest, we used the min.cutoff and max.cutoff clamping option in Seurat’s SpatialPlot() function whose values correspond to the
lower and upper limits in the respective color scale legend.

For differential gene expression analysis of the clusters, we used the Wilcoxon test as implemented in Seurat’s FindMarker() func-
tion. In some cases, we performed gene set enrichment analysis (GSEA) (Subramanian et al., 2005) with the Bioconductor R package
fgsea (Korotkevich et al., 2021) using the negative log10 of the adjusted p value multiplied by sign(logFC) from the respective differ-
ential expression analysis result as input score and the MSigDB hallmark gene sets (Liberzon et al., 2015) as input gene set collection.
We used the appropriate leading edge genes as determined by fgsea in the heatmap of Figure 6D. The leading edge subset consists
of those genes that contribute most to a given enrichment signal. The respective heatmap was created with the Bioconductor R pack-
age complexHeatmap (Gu et al., 2016).

We found a dominating expression of hepatocyte markers (Alb) in all spots. Hepatocytes are considerably larger compared to
many other cell types found in the liver (Marguerat et al., 2012) diluting their expression signals considerably. Also, given the limited
resolution of the current Visium chip, it was not surprising that we were not able to detect regions with substantial expression of
marker genes for some non-parenchymal cells such as biliary cells. In order to identify traces of other (small) cell types, we checked
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Table 1: Selected modules and their associated pathways from the co-expression network analysis

ID

Description

Count

p-value

p.adj

qvalue

Protein coding genes

Subtypes

Modules

GO

DNA
replication

75

1.34E-68

3.04E-65

2.44E-65

ALYREF/ATAD5/BARD1/BLM/BRCA2/BRIP1/CCNA2/CCNE1/CC
NE2/CDC45/CDC6/CDC7/CDK1/CDK2/CDK2AP1/CDT1/CHAF1
A/CHAF1B/CHEK1/CHEK2/CLSPN/DBF4/DDX11/DNA2/DONSO
N/DTL/E2F7/E2F8/EME1/ESCO2/EXO1/FBXO5/FEN1/GINS1/GlI
NS2/GINS3/GINS4/GMNN/HMGA1/MCM10/MCM2/MCM3/MCM4
/MCM5/MCM6/MCM7/MCM8/MSH6/NASP/ORC1/ORC6/PCLAF/
PCNA/PIF1/POLA1/POLA2/POLE2/POLQ/PRIM2/RAD51/RFC2/
RFC4/RFC5/RMI1/RMI2/RNASEH2A/RRM1/RRM2/SLBP/SSRP1
[TICRR/TIMELESS/TIPIN/TOPBP1/WDHD1

BL1

M1

GO

cell cycle
checkpoint

45

4.10E-35

7.16E-33

5.76E-33

AURKA/AURKB/BLM/BRIP1/BUB1/BUB1B/CCNB1/CDC20/CDC

25C/CDC45/CDC6/CDK1/CDK2/CDT1/CENPF/CHEK1/CHEK2/C

LSPN/DCLRE1B/DNA2/DONSON/DTL/E2F1/E2F7/E2F8/EME1/

GTSE1/KNTC1/MAD2L1/MSH2/NDC80/ORC1/PCNA/PLK1/SPD

L1/TICRR/TIMELESS/TIPIN/TOP2A/TOPBP1/TRIP13/TTK/WDR
76/ZWILCH/ZWINT

BL1

M1

GO

double-strand
break repair

41

7.74E-28

6.52E-26

5.24E-26

AUNIP/BARD1/BLM/BRCA2/BRIP1/CDC45/CDC7/CDCAS/CHEK
1/CHEK2/DCLRE1B/DDX11/DEK/DNA2/EME1/ESCO2/FANCB/F
EN1/FOXM1/GINS2/GINS4/MCM2/MCM3/MCM4/MCM5/MCM6/
MCM7/MCM8/MSH2/NSD2/PARPBP/POLA1/POLQ/RAD51/RAD

51AP1/RAD54L/RMI1/RMI2/TIMELESS/TRIP13/XRCC2

BL1

M1

Reactome

G2/M
Transition

27

3.67E-14

4.87E-13

3.35E-13

AURKA/BORA/CCNA2/CCNB1/CCNB2/CDC25A/CDC25C/CDK1

/CDK2/CENPF/CENPJ/CEP152/CKAP5/FOXM1/GTSE1/HAUSS8/

HMMR/LIN9/MYBL2/NEK2/PKMYT1/PLK1/PLK4/TPX2/TUBA1B/
TUBA1C/TUBB

BL1

M1

Kegg

Cell cycle

53

9.85E-51

1.12E-48

8.50E-49

BUB1/BUB1B/CCNA2/CCNB1/CCNB2/CCNE1/CCNE2/CCNE2/C
DC20/CDC25A/CDC25C/CDC45/CDC6/CDC6/CDC7/CDK1/CDK
2/CDK2/CDKN2D/CDKN2D/CHEK1/CHEK1/CHEK2/DBF4/E2F1/
E2F1/E2F5/ESPL1/MAD2L1/MCM2/MCM3/MCM4/MCM4/MCM5/
MCM5/MCM6/MCM7/MCM7/MCM7/0RC1/0ORC1/ORC6/ORC6/P

BL1

M1

208




CNA/PKMYT1/PKMYT1/PLK1/PTTG1/PTTG1/RBL1/SKP2/SKP2/
TTK

extracellular

ADAM12/ADAMTS14/ADAMTS2/AEBP1/ANTXR1/BGN/BMP1/C
OL10A1/COL11A1/COL12A1/COL18A1/COL1A1/COL1A2/COL3
A1/COL5A1/COLS5A2/COL5A3/COLBA1/COLBA2/COLBA3/COLS
A1/COL8A2/COMP/CREB3L1/EFEMP2/EMILIN1/FAP/FBLN1/FB

GO or r:;tzr;ion 58 |943E-51 |1.43E-47 |1.14E-47 LN2/FBN1/FN1/GREM1/HSPG2/HTRA1/ITGA11/ITGA5/ITGB5/L BL2 M2
9 OX/LOXL1/LRP1/LUM/MATN3/MFAP5/MMP11/MMP14/MMP2/M
YH11/NID1/NID2/PDPN/PHLDB1/POSTN/SERPINE1/SPARC/SU
LF1/THBS1/TIMP2/VCAN
Reactome | Signaling by 8 |778E.06 | 0.0001 |o63E.05|COL11A1/COL1A1/COL1A2/COL3AT/COL5AT/COL5A2/COLEAS BL2 M2
MET JFN1
regulation of
e ADGRA2/COL1A1/CTHRC1/DACT1/DACT3/DKK3/GREM1/HIC1
GO Whnt signaling | 11 0.002 | 0.0272 | 0.0217 ILRP1/ROR2/SULF BL2 M2
pathway
positive
regulation of
GO <hromatin 7 0.0008 | 0.042 | 0.0385 AKAP8/AKAPSL/BRD4/PRKD2/RNF40/SPHK2/TRIM28 MES M3
organization
Go beta_-cgtenm o |6.74E-06 | 0.0007 | 0.0006 |AXINT/BCLO/BCLOL/CARM1/DVL3/KDMEB/MED12/SETD1A/SU MES M3
binding FU
T el B2M/BTN3A2/BTN3A3/CCR2/CD1D/CD8A/CTSC/CTSH/FCGR2
: B/FOXP3/GZMM/HLA-A/HLA-E/HLA-F/IL12RB1/IL18/IL18R1/IL1
diated - - .
GO ?nfnfnﬁy 34 |1.95B-18 | 7. MEAT IS ATE-17 | o o AP/IL7R/LILRB1/MICB/MYO1G/INLRP3/P2RX7/PRE1/PTPRC/| ™™ M4

RAB27A/RFTN1/RIPK3/RSAD2/SASH3/TBX21/TNFRSF1B/WAS

209




B2M/CD4/CD4/CD74/CD8A/CD8A/CD8A/CD8B/CIITA/CIITA/ICIT
A/CTSS/HLA-A/HLA-A/HLA-DMA/HLA-DMA/HLA-DMB/HLA-DMB
/HLA-DOA/HLA-DOA/HLA-DOA/HLA-DOA/HLA-DOA/HLA-DOA/

Antigen HLA-DOA/HLA-DOA/HLA-DOA/HLA-DOA/HLA-DOA/HLA-DOA/H
processing L A-DOA/HLA-DOA/HLA-DOA/HLA-DOA/HLA-DOA/HLA-DOA/HL

Kegg and 70 19.92E-34 11.978-321.50E-32 ) b5 A/HLA-DOA/HLA-DOA/HLA-DOAHLA-DOA/HLA-DOAHLA M M4
presentation -DOA/HLA-DOA/HLA-DOA/HLA-DOA/HLA-DOA/HLA-DOA/HLA-
DOA/HLA-DPA1/HLA-DPA1/HLA-DPB1/HLA-DPB1/HLA-DRA/HL
A-DRA/HLA-E/HLA-E/HLA-E/HLA-F/HLA-F/IFI30/IFI30/KLRD1/K

LRD1/PSME 1/PSME1/PSME2/PSME2/TAP1/TAP1

CCND2/CCND3/CSF2RB/ICSF2RB/CSF3R/IL10RA/IL10RB/ILA2
JAK-STAT RB1/IL15/IL15RA/IL21R/IL2RA/IL2RB/IL2RG/ILAR/ILER/ILER/L7/

Kegg signaling 38 |9.07E-07 |5.04E-06 |3.84E-06 | IL7/IL7TR/IRFO/JAK1/JAK/JAK2/JAK3IJAKS/OSM/PIK3CD/PTPN IM M4
pathway 6/SOCS1/SOCS1/STAT1/STAT2/STAT2/STATA/STAT5A/STATSA/

STAT5A

ATM/ATM/BIRC3/BLNK/BTK/BTKICARD 11/CARD 11/CARD11/CC
NF-kappa B BILATILATILOKIL CRILTBILTB/LYOBILYNILYNILY NIVAPSKTAA

Kegg Zlgtng 48 | 7.56E-20 |7.78E-1915.92E-19 | oo 4 4 INFKBIA/PLCG2/PRKCB/IPRKCQ/SYK/SYK/TLRA/TNFAIP M M4
3/TNFRSF13C/TNFRSF13C/TNFSF13B/TNFSF13B/TNFSF14/T

RAF1/TRAF3/VCAM1/ZAP70

BLNK/BTK/BTK/CARD11/CARD11/CARD11/CD22/CD22/CD72/C
B cell receptor D72/CD79A/CD79B/DAPP1/FCGR2B/IFITMA/IFITMA/INPP5D/LIL

Kegg signaling 42 |1.43E-18 |1.42E-17 |1.08E-17 |RB1/LILRB1/LILRB2/LILRB4/LYN/LYN/LYN/NFATC2/NFKBIA/PIK | M M4
pathway 3AP1/PIK3AP1/PIK3CD/PLCG2/PPP3CC/PRKCB/PTPNG/RAC2/

RAC2/RAC2/RASGRP3/SYK/SYK/NVAV1/VAV1/VAV1
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CD247/CD3D/CD3D/CD3E/CD3G/CD3G/CD4/CD4/HLA-DMA/HL
A-DMA/HLA-DMB/HLA-DMB/HLA-DOA/HLA-DOA/HLA-DOA/HLA
-DOA/HLA-DOA/HLA-DOA/HLA-DOA/HLA-DOA/HLA-DOA/HLA-

DOA/HLA-DOA/HLA-DOA/HLA-DOA/HLA-DOA/HLA-DOA/HLA-D

Th1 and Th2 OA/HLA-DOA/HLA-DOA/HLA-DOA/HLA-DOA/HLA-DOA/HLA-DO
Kegg cell 75  |7.40E-40 |2.94E-38 |2.24E-38 | AIHLA-DOA/HLA-DOA/HLA-DOA/HLA-DOA/HLA-DOA/HLA-DOA IM M4
differentiation /HLA-DOA/HLA-DOA/HLA-DOA/HLA-DPA1/HLA-DPA1/HLA-DPB
1/HLA-DPB1/HLA-DRA/HLA-DRA/IL12RB1/IL2RA/IL2RB/IL2RG/I
LAR/JAKA/JAKA/JAK2/JAK3/JAKS/LAT/LAT/LCK/LCK/NFATC2/N
FKBIA/PPP3CC/PRKCQ/RUNX3/STAT1/STAT4/STAT5A/STAT5A
ISTAT5A/ITBX21/ZAP70
canonical Wnt
onica BICC1/DAB2/FOXO1/IGFBP4/IGFBP6/MITF/RBMS3/SEMA5A/S
GO signaling 13 | 0.0033 | 0.0352 |0.02835 ERP2/SERPA/SOX7 TMEMSSITNN MSL M5
pathway
Calcium
~alclu ADCY4/AVPR1A/AVPR1A/EDNRB/F2R/F2R/FGF7/FLT1/FLT1/FL
Kegg Z'gtm':? 18| 0.0001 1 0.0040 |0.00345 | o) o E/HTR2B/KDR/PDE1A/PDE1B/PDE1B/PDGFD/PDGFRA | SF M5
Focal FLT1/FLT1/FLT4/HGF/IGF1/ITGA1/KDR/ILAMA2/LAMA2/LAMA4/
Kegg adhecion 23 |8.31E-08 |4.24E-06 |3.61E-06 |LAMA4/LAMB1/LAMB1/PDGFD/PDGFRA/RELN/TNN/TNN/TNXB|  MSL M5
ITNXB/TNXB/TNXB/VWF
Kegg | ECMHreceptor | [ er 0o [6.00E-07 |5.87E-07 | REMI/ITGAT/LAMAZILAMA2/LAMA4ILAMA4TLAMBTLAMBTR | o Ve
interaction ELN/TNN/TNN/TNXB/TNXB/TNXB/TNXB/VWF
Kegg trangsgters 8 |3.92E-05| 0.0011 | 0.0009 |ABCA10/ABCA6/ABCAS/ABCAS/ABCA9/ABCCY/ABCCO/ABCG2| MSL M5
Vascular
smooth ADCY4/ADCY5/ADCY5/AVPR1A/AVPR1A/CALCRL/NPR1/NPR1
Kegg ol 11 0.0014 | 0.0157 | 0.0134 PTGIRIRAMP2/RAMPS MSL M5
contraction
Reactome r::tt:t’);‘i’;:q 7 |3.64E-06 | 0.0004 | 0.0004 ALOX15B/CRAT/CROT/ELOVL5/GGT1/HPGD/SCP2 LAR M6
Phenylalanine
Reactome | and tyrosine 2 0.0007 | 0.0244 | 0.0217 HGD/KYAT1 LAR M6

metabolism
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GO

GO

ATPase-coupl
ed
transmembran
e transporter
activity

0.0029

0.0436

0.0325

ABCA12/ABCC11/ABCC2

LAR

M6

steroid binding

0.0024

0.0436

0.03256

APOD/AR/SCP2

LAR

M6

GO

carboxylic acid
biosynthetic
process

5.73E-06

0.0007

0.00061

ACSM1/ALOX15B/ELOVLS/GGT1/HAAO/HPGD/KYAT1/SCP2

LAR

M6
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Table 2: IncRNAs upregulated in IM vs other subtypes and also upregulated in TNBCs vs Normals and

TNBCs vs non-TNBCs

These IncRNASs are also associated with the Module M2 in WGCNA

FUSCC_IMvs |FUSCC_IMv |[FUSCC_TNBCv [FUSCC_TNBCv [TCGA_TNBCvsn |TCGA_TNBCvs
IncRNA Type | GeneSymbols |WGCNA

Other_log2FC |sOther_padj| sNor_log2FC sNor_padj onT_log2FC nonT_padj
Annotated AC004585.1 M2 (IM) 1.4688 2.54E-20 2.709210272 7.40E-31 0.5767294755 1.14E-05
Annotated AC004687.1 M2 (IM) 1.5481 1.19E-29 1.898927141 1.12E-22 0.7436812866 2.32E-07
Annotated AC004847.1 M2 (IM) 1.176715654 9.93E-16 1.043748944 4.66E-07 0.5351487703 2.95E-07
Annotated AC005224.3 M2 (IM) 1.15698825 2.01E-16 1.243610488 1.85E-10 0.7281389877 1.78E-05
Annotated AC005224 .4 M2 (IM) 1.101729039 7.92E-16 1.514910506 1.08E-16 0.7172863227 8.35E-09
Annotated AC005842.1 M2 (IM) 1.316338784 3.63E-06 1.572239779 0.000521 0.4864541269 0.00254
Annotated AC006369.1 M2 (IM) 1.37837552 2.35E-18 1.650755504 3.24E-13 0.709799496 4.73E-15
Annotated AC007336.2 M2 (IM) 1.064900082 1.08E-07 2.58586588 1.95E-13 0.4546312885 0.0037390
Annotated ACO007381.1 M2 (IM) 1.297745154 3.31E-06 2.936613707 1.09E-10 1.757688023 3.16E-13
Annotated AC007386.2 M2 (IM) 1.821011236 4.50E-16 2176182349 2.82E-12 1.154104731 8.02E-15
Annotated AC007569.1 M2 (IM) | 2.000552671 1.83E-26 1.722139357 4.91E-10 0.5918573939 6.55E-05
Annotated AC007728.2 M2 (IM) 1.286662585 1.05E-32 1.536769111 4.71E-17 0.3530267975 3.77E-05
Annotated AC007991.2 M2 (IM) 1.963217205 3.15E-17 3.231505877 5.22E-20 2.98270188 1.19E-34
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Annotated AC008033.3 M2 (IM) 1.711017782 2.53E-19 1.072901137 3.73E-05 0.6193148377 [0.0004226942507
Annotated AC008957.1 M2 (IM) | 1.136619422 7.80E-17 1.172043084 9.98E-09 0.3452527237 0.004877423662
Annotated AC009133.3 M2 (IM) | 1.808502178 2.72E-19 1.43884906 3.67E-06 0.5116760887 0.002040631197
Annotated AC010247.1 M2 (IM) | 1.081679304 1.57E-10 1.008141397 2.97E-05 0.3906405316 0.00288620663
Annotated AC011944 .1 M2 (IM) | 1.184410889 4.57E-11 1.657835596 1.20E-08 1.62797519 8.89E-36
Annotated AC012236.1 M2 (IM) | 1.801250269 7.81E-13 2.574865752 9.09E-11 1.456095417 8.17E-25
Annotated AC012645.3 M2 (IM) | 1.125017344 1.46E-13 1.098392599 1.94E-06 0.6875676868 6.10E-12
Annotated AC013264.1 M2 (IM) | 1.277259271 6.46E-07 1.89749689 9.97E-06 0.5521483503 0.004234008924
Annotated AC017002.3 M2 (IM) | 1.274839669 1.58E-14 2.940781824 8.56E-17 0.6999475336 2.49E-13
Annotated AC021678.2 M2 (IM) 1.7822223 1.26E-14 1.219002412 0.001236687098 0.914385061 5.36E-08
Annotated AC022182.2 M2 (IM) | 1.373085176 1.97E-12 1.064703381 0.0002173142951 0.4031205817 0.000333593972
Annotated AC023202.1 M2 (IM) | 1.918740171 2.28E-12 2.642307586 3.74E-08 1.547947154 2.22E-07
Annotated AC023590.1 M2 (IM) | 1.500639502 6.68E-11 2.319875427 1.58E-11 0.6178795789 6.44E-08
Annotated AC023796.2 M2 (IM) | 1.822461341 1.26E-10 3.050528523 2.11E-10 1.348140301 7.28E-26
Annotated AC074366.1 M2 (IM) 1.45805045 2.90E-14 1.975800357 9.12E-08 0.5881427245 0.02670740816
Annotated AC078883.1 M2 (IM) | 1.481482583 5.95E-24 1.49322919 1.77E-13 1.208801764 3.10E-43
Annotated AC078883.3 M2 (IM) | 1.309133639 1.43E-17 1.299215748 4.48E-08 1.232347574 2.80E-31
Annotated AC079089.1 M2 (IM) | 1.400449592 1.02E-08 2.869756157 4.72E-15 2.518112715 2.68E-43
Annotated AC079209.1 M2 (IM) 1.47594666 1.77E-14 2.119199668 4.67E-10 0.7188629529 2.95E-09
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Annotated AC079316.2 M2 (IM) | 1.009253652 3.40E-23 1.781687546 4.67E-36 0.8940236945 [0.0009881640585
Annotated AC083837.1 M2 (IM) | 1.465919319 1.22E-22 1.440483438 3.61E-12 1.354530017 1.90E-18
Annotated AC083949.1 M2 (IM) | 1.303021573 8.66E-18 2.151451684 1.24E-14 0.8548347232 1.68E-21
Annotated AC092145.1 M2 (IM) | 1.627777015 2.30E-13 2.349297867 9.11E-09 0.9887803865 8.97E-07
Annotated AC092652.3 M2 (IM) | 1.359037742 3.02E-24 1.02748162 5.73E-08 0.9266090343 1.43E-09
Annotated AC093010.2 M2 (IM) 1.479774113 3.97E-16 2.252815792 1.66E-18 0.8406849817 1.30E-07
Annotated AC093583.1 M2 (IM) | 1.247194543 5.76E-08 2.260213884 7.87E-09 1.201027207 3.74E-14
Annotated AC096667.1 M2 (IM) | 1.120087098 6.48E-11 1.841043154 4.47E-13 0.279446138 0.007174947379
Annotated AC096734.1 M2 (IM) | 1.662205236 3.43E-13 1.942181271 1.45E-07 1.536232537 5.49E-09
Annotated AC097375.1 M2 (IM) | 1.830720642 9.00E-08 2.846183909 1.11E-07 0.7642330094 0.007026361061
Annotated AC098613.1 M2 (IM) | 1.032586513 1.38E-11 1.661202588 7.04E-15 0.2971343268 0.003412554281
Annotated AC099063.4 M2 (IM) | 1.514884845 2.28E-19 1.307921926 1.40E-06 0.48344232 0.000364796335
Annotated AC099524.1 M2 (IM) | 1.734899436 2.52E-21 2.229195621 9.85E-14 0.7640230957 1.43E-08
Annotated AC104261.1 M2 (IM) | 1.799520054 3.82E-13 2.852137552 2.83E-10 1.233126142 2.01E-07
Annotated AC104699.1 M2 (IM) | 2.037349823 6.90E-20 2.188239092 1.51E-11 1.070898252 2.28E-53
Annotated AC104971.4 M2 (IM) | 1.215322219 4.23E-06 1.676979258 1.97E-05 0.7278519004 0.001034607734
Annotated AC106882.1 M2 (IM) | 1.532105409 2.11E-10 1.896970555 1.95E-07 1.541346026 1.57E-14
Annotated AC108206.1 M2 (IM) | 1.444138087 5.75E-05 3.10223107 2.85E-09 0.7246903199 0.01059235466
Annotated AC109446.3 M2 (IM) | 1.493775044 1.05E-16 2.011131818 1.85E-10 0.3380109293 0.001761418221
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Annotated AC120193.1 M2 (IM) 1.54649702 5.92E-13 2.957778753 9.45E-21 1.358850214 2.76E-10
Annotated AC139720.1 M2 (IM) 1.69910284 1.56E-14 1.811955352 3.34E-07 1.022270688 4.05E-07
Annotated AC243960.1 M2 (IM) | 1.663635449 2.00E-21 1.113596537 5.27E-05 0.6667712296 4.00E-07
Annotated AC246787.2 M2 (IM) | 1.780595716 7.48E-09 1.872428719 0.000164289818 0.9153793769 [0.0002435159735
Annotated AF127936.1 M2 (IM) | 1.322023021 1.97E-24 1.040346765 1.94E-08 0.2557935159 0.02533175981
Annotated AF127936.2 M2 (IM) 1.40926962 2.10E-19 1.062664373 1.98E-06 0.2902589415 0.02638381571
Annotated AL022067.1 M2 (IM) | 1.381050958 7.39E-18 1.307745397 2.77E-09 0.8937822292 1.81E-08
Annotated AL023653.1 M2 (IM) | 1.560475264 3.15E-19 1.49164874 4.57E-08 0.5370797009 2.68E-08
Annotated AL096816.1 M2 (IM) | 1.782953262 7.39E-21 1.241416039 3.17E-06 0.4953141167 0.002435945182
Annotated AL121748.1 M2 (IM) | 1.514443375 1.29E-12 3.023090109 4.67E-13 0.5011827938 0.02435688602
Annotated AL121820.1 M2 (IM) | 1.180877753 1.85E-10 2.698673594 5.74E-13 1.760779832 2.14E-53
Annotated AL121985.1 M2 (IM) 1.68825363 5.66E-23 1.720114077 3.64E-12 0.5973885492 4.92E-08
Annotated AL139020.1 M2 (IM) | 1.563138422 0.000795 3.380209863 1.06E-07 1.200734635 4.00E-07
Annotated AL139125.1 M2 (IM) | 1.450064835 1.1ME-17 1.835407805 5.27E-11 0.495053299 0.004478746337
Annotated AL158210.1 M2 (IM) | 1.420495723 1.65E-10 1.468809499 2.36E-05 1.105299195 2.33E-06
Annotated AL160400.1 M2 (IM) 1.5567117649 5.07E-25 1.651966568 1.74E-13 0.5832301925 6.75E-05
Annotated AL161781.2 M2 (IM) 1.681317114 1.93E-05 2.451184725 2.08E-05 1.162341901 2.05E-05
Annotated AL365361.1 M2 (IM) | 1.823923286 1.56E-28 1.434327911 3.94E-10 0.5546399877 3.05E-05
Annotated AL512631.1 M2 (IM) | 1.717922473 2.34E-07 1.98754403 0.0001221740717 | 0.8691818957 9.77E-05
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Annotated AL590764.1 M2 (IM) | 1.385921576 8.99E-24 1.679896752 6.71E-15 0.4934138389 2.85E-07
Annotated AL591468.1 M2 (IM) | 2.009775931 2.79E-24 2.912350466 4.00E-15 1.038923034 5.32E-08
Annotated AL592164.1 M2 (IM) 1.88315965 1.42E-21 1.927381205 3.87E-09 0.8676015179  [0.0001827736408
Annotated AOAH-IT1 M2 (IM) | 1.248891439 7.87E-20 1.04157968 8.28E-08 0.6542575436 0.006279294788
Annotated AP003419.1 M2 (IM) | 1.248488489 6.11E-12 1.321465728 4.89E-06 0.3439841753 1.11E-06
Annotated AP003557.1 M2 (IM) | 1.203851921 2.53E-14 1.256930235 2.44E-07 0.7079879023 [0.0001928027473
Annotated AP003774.4 M2 (IM) | 1.295037748 4.24E-09 1.89292921 1.72E-06 0.7247223694 1.48E-07
Annotated C90rf139 M2 (IM) | 1.149762936 3.41E-18 1.38014716 3.68E-14 0.2967668543 [0.0005114496552
Annotated CHRMB3-AS2 M2 (IM) 1.357118311 2.33E-11 1.554165279 1.12E-08 1.507134384 6.31E-17
Annotated FAM30A M2 (IM) | 1.971865777 6.99E-17 1.856913792 1.92E-09 1.003907159 8.80E-08
Annotated IFNG-AS1 M2 (IM) | 1.903226697 2.67E-22 2.082524059 2.42E-15 0.6297203237 0.001694576876
Annotated IL21-AS1 M2 (IM) | 1.554491709 2.65E-13 3.506938021 1.89E-17 1.215316056 3.79E-09
Annotated ITGB2-AS1 M2 (IM) 1.117457069 2.31E-18 1.331150954 3.35E-15 0.8050269058 1.13E-12
Annotated LINC00158 M2 (IM) | 1.320943766 9.31E-14 1.002516848 6.50E-05 0.9614213249 1.32E-07
Annotated LINC00239 M2 (IM) | 1.094599886 2.98E-09 1.956088495 1.90E-11 1.132411892 1.74E-17
Annotated LINC00402 M2 (IM) | 1.592425538 8.43E-11 2.768367353 1.12E-17 0.889779032 6.13E-06
Annotated LINC00426 M2 (IM) | 1.484636746 5.07E-25 1.91599036 5.48E-22 0.5613594889 1.14E-05
Annotated LINC00427 M2 (IM) | 1.554944854 1.41E-13 2.162876042 1.93E-08 0.4683952879 0.006283735219
Annotated LINC00487 M2 (IM) 1.111661064 1.88E-08 1.633779998 6.93E-10 11477174717 5.43E-18
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Annotated LINC00528 M2 (IM) | 1.494687709 2.46E-29 1.26047022 6.78E-10 0.6568451294 2.18E-09
Annotated LINC00544 M2 (IM) | 1.131238272 1.06E-07 1.890109615 3.35E-09 0.4832949959 0.01944464685
Annotated LINC00582 M2 (IM) | 1.769782463 9.67E-12 1.259845495 (0.0005860728292 1.10132265 7.00E-09
Annotated LINC00861 M2 (IM) 1.401876411 4.87E-13 1.67700047 2.57E-12 0.5966136477 [0.0001320333803
Annotated LINC00892 M2 (IM) 1.10349204 5.58E-09 1.292325548 1.09E-07 0.4763333938 0.001117068
Annotated LINC00944 M2 (IM) | 1.403205443 3.61E-17 1.406987677 3.00E-10 1.881665312 2.67E-40
Annotated LINC00996 M2 (IM) | 1.620223012 4.21E-22 1.285436533 2.72E-08 0.8100666388 5.12E-09
Annotated LINCO1215 M2 (IM) | 1.703241591 5.16E-15 2.689125662 5.82E-20 0.7873717653 4.98E-05
Annotated LINC01281 M2 (IM) | 1.667150521 3.05E-17 4.609775427 4.92E-29 0.9009883311 2.11E-06
Annotated LINCO1727 M2 (IM) | 1.206864941 1.51E-09 2.927809873 1.42E-15 0.572641952 0.008374895226
Annotated LINCO1781 M2 (IM) 1.663116467 6.24E-11 2.656864421 3.50E-11 0.96541081 1.44E-05
Annotated LINC01800 M2 (IM) | 1.262885561 5.95E-11 1.784936734 1.08E-09 1.039520897 3.64E-08
Annotated LINC01857 M2 (IM) | 1.479914188 6.56E-17 2.937830223 3.04E-24 0.5888037041 1.65E-05
Annotated LINCO1871 M2 (IM) | 1.767943786 1.04E-27 1.066434452 1.13E-05 1.499732813 7.81E-27
Annotated LINC01934 M2 (IM) | 1.597100322 2.38E-27 1.639056309 9.81E-15 0.3874035698 0.008650097223
Annotated LINC01943 M2 (IM) | 1.279890626 5.23E-26 2.611395638 6.79E-36 0.3573813624 1.59E-06
Annotated LINC02084 M2 (IM) | 1.291061958 3.10E-16 1.513504456 1.82E-09 0.816944019 3.63E-10
Annotated LINC02100 M2 (IM) | 1.413361391 4.96E-22 1.659983428 2.59E-13 1.12072533 2.38E-11
Annotated LINC02195 M2 (IM) 1.611576883 4.27E-12 3.250725534 3.88E-14 1.259291851 9.63E-13
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Annotated LINC02273 M2 (IM) | 1.463192539 4.27E-14 2.198485402 3.18E-15 0.4516429574 0.007306668297
Annotated LINC02320 M2 (IM) | 1.325198776 1.14E-08 1.924738484 1.08E-06 1.694113055 1.04E-11
Annotated LINC02325 M2 (IM) | 1.546052484 7.26E-23 2.064338839 2.51E-16 0.6190352926  [0.0006041876266
Annotated LINC02341 M2 (IM) | 1.089983926 1.31E-08 2.759546688 4.45E-15 1.432881373 1.62E-16
Annotated LINC02384 M2 (IM) | 1.797160742 1.44E-21 1.046470932 4.42E-05 0.716120104 5.91E-08
Annotated LINC02397 M2 (IM) | 1.569150124 4.52E-11 2.957388776 1.40E-22 0.9558303984 5.35E-07
Annotated LINC02416 M2 (IM) | 2.031938661 4.81E-34 3.11228156 1.02E-17 1.239114679 2.90E-11
Annotated LINC02422 M2 (IM) | 1.890941524 5.11E-17 2.380530919 2.71E-13 1.19657107 3.55E-08
Annotated LINC02446 M2 (IM) | 2.192092612 1.54E-28 2.818918585 6.59E-21 1.221506142 8.98E-12
Annotated MIR155HG M2 (IM) | 1.458086052 1.68E-29 2.119972671 1.33E-29 0.9361582195 1.39E-17
Annotated MIR4432HG M2 (IM) | 1.475010893 1.29E-08 3.290752516 2.18E-13 1.541530066 8.35E-08
Annotated NRIR M2 (IM) | 1.525545765 8.23E-16 1.329231918 1.70E-07 0.7984934922 6.15E-08
Annotated OSTN-AS1 M2 (IM) | 1.783369102 2.48E-12 2.482139163 5.90E-08 1.37891384 6.50E-10
Annotated PCED1B-AS1 M2 (IM) | 1.507254397 4.43E-34 1.698536903 3.13E-21 0.3699447452 0.000574689808
Annotated PIK3CD-AS1 M2 (IM) | 1.383296835 9.12E-08 1.497410225 |0.0005496893539 | 0.9806578661 4.70E-13
Annotated PRKCQ-AS1 M2 (IM) | 1.148737671 5.34E-13 1.226503515 6.99E-10 2.366790087 1.29E-77
Annotated TCL6 M2 (IM) | 1.141089101 3.37E-06 2.072397196 9.19E-12 0.6842288174 0.002364140288
Annotated TRBV11-2 M2 (IM) 1.67578761 6.73E-16 1.916424507 7.78E-07 0.6910260895 3.18E-05
Annotated TRG-AS1 M2 (IM) | 1.580048467 5.32E-36 1.280389889 7.33E-12 0.6354767645 1.52E-08
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Annotated USP30-AS1 M2 (IM) | 1.753644371 5.79E-35 1.805726829 1.85E-14 0.4736020837 1.62E-07

Annotated XXYLT1-AS2 M2 (IM) | 1.734333143 4.24E-19 1.928061763 3.60E-08 0.3692250917 0.02932404894

Annotated ZBTB20-AS1 M2 (IM) | 1.456371871 3.58E-21 2.520791876 4.30E-21 0.7410409369 1.79E-09
Novel MSTRG.110466 | M2 (IM) | 1.729477868 3.99E-09 2.53134608 1.47E-07 NA NA
Novel MSTRG.117302 | M2 (IM) | 1.483352135 2.78E-08 1.155766998 0.002111224307 NA NA
Novel MSTRG.117305 | M2 (IM) 1.40505107 8.60E-07 1.036996174 0.009786008865 NA NA
Novel MSTRG.117309 | M2 (IM) | 1.514144216 4.49E-07 1.050276407 0.01923602896 NA NA
Novel MSTRG.129038 | M2 (IM) | 1.831885325 1.53E-08 1.651213778 0.001571355985 NA NA
Novel MSTRG.129474 | M2 (IM) | 1.495134904 2.62E-12 1.544614958 8.91E-08 NA NA
Novel MSTRG.145126 | M2 (IM) | 1.102895531 1.61E-06 2.481039919 9.04E-12 NA NA
Novel MSTRG.152804 | M2 (IM) | 1.124635485 3.30E-27 2.349053487 4.30E-45 NA NA
Novel MSTRG.184441 | M2 (IM) | 1.351829777 3.03E-12 1.042871492  |0.0003516748957 NA NA
Novel MSTRG.19363 | M2 (IM) | 1.038655934 2.04E-06 1.653167337 6.78E-06 NA NA
Novel MSTRG.197046 | M2 (IM) 1.470711081 3.25E-23 1.430175392 3.59E-12 NA NA
Novel MSTRG.197093 | M2 (IM) | 1.578378489 6.28E-13 1.669684698 7.21E-06 NA NA
Novel MSTRG.197101 | M2 (IM) | 1.417753616 7.56E-09 1.67238905 3.49E-05 NA NA
Novel MSTRG.197112 | M2 (IM) | 1.870720008 4.97E-12 1.649323632 |0.0005034994435 NA NA
Novel MSTRG.199161 | M2 (IM) | 1.574631333 4.59E-13 2.284715111 1.62E-08 NA NA
Novel MSTRG.202102 | M2 (IM) | 1.098370841 4.23E-09 1.198912025 2.60E-07 NA NA
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Novel MSTRG.20391 M2 (IM) 1.70376874 2.25E-15 1.976626618 9.19E-13 NA NA
Novel MSTRG.211518 | M2 (IM) | 1.788362074 1.30E-07 2.27826235 1.60E-05 NA NA
Novel MSTRG.22231 M2 (IM) | 1.135098044 1.07E-11 1.843360076 6.39E-12 NA NA
Novel MSTRG.22240 | M2 (IM) | 1.527883893 4.07E-11 1.549174542 0.000185 NA NA
Novel MSTRG.22253 | M2 (IM) | 1.073719472 2.64E-09 2.134559332 8.33E-12 NA NA
Novel MSTRG.224171 | M2 (IM) | 1.932655919 1.13E-24 2.4349658 3.98E-21 NA NA
Novel MSTRG.231604 | M2 (IM) | 1.103534271 1.82E-05 2.610279617 1.53E-15 NA NA
Novel MSTRG.245261 | M2 (IM) | 1.183050199 2.70E-07 1.713000121 1.82E-05 NA NA
Novel MSTRG.24814 | M2 (IM) | 2.000715934 1.43E-17 3.017131169 2.93E-21 NA NA
Novel MSTRG.32939 | M2 (IM) | 3.205791405 9.84E-34 3.926354698 4.13E-25 NA NA
Novel MSTRG.42942 | M2 (IM) | 1.004446874 7.64E-07 1.241447924 4.02E-05 NA NA
Novel MSTRG.47861 M2 (IM) | 1.562928077 3.05E-19 1.640201835 3.10E-07 NA NA
Novel MSTRG.49951 M2 (IM) | 1.936301507 5.71E-18 1.622856711 4.93E-07 NA NA
Novel MSTRG.58179 | M2 (IM) 1.386811909 8.55E-08 2.631780046 3.20E-16 NA NA
Novel MSTRG.61661 M2 (IM) | 1.202869941 9.62E-12 1.326139987 2.71E-05 NA NA
Novel MSTRG.62392 | M2 (IM) 1.490811219 8.17E-27 1.670576887 4.44E-17 NA NA
Novel MSTRG.72763 | M2 (IM) | 1.826326528 1.01E-17 1.995002638 1.09E-07 NA NA
Novel MSTRG.72802 | M2 (IM) | 1.600301882 6.79E-15 1.255671714 0.0001187 NA NA
Novel MSTRG.78559 | M2 (IM) | 1.335802343 9.77E-12 2.189770913 2.89E-10 NA NA

221




Novel MSTRG.78576 | M2 (IM) 1.23030302 1.02E-13 1.342764889 2.02E-06 NA NA
Novel MSTRG.78590 | M2 (IM) | 1.322096337 6.10E-16 1.532650968 2.40E-08 NA NA
Novel MSTRG.78591 M2 (IM) | 1.208377325 1.05E-12 1.459086443 1.06E-08 NA NA
Novel MSTRG.78592 | M2 (IM) | 1.205207378 1.56E-11 1.451400394 5.10E-08 NA NA
Novel MSTRG.81610 | M2 (IM) | 1.659327178 2.65E-17 2.054004241 3.29E-14 NA NA
Novel MSTRG.84843 | M2 (IM) | 1.308356084 1.29E-12 1.682334946 1.41E-08 NA NA
Novel MSTRG.84858 | M2 (IM) | 1.524231223 2.99E-11 1.760778831 2.21E-05 NA NA
Novel MSTRG.87407 | M2 (IM) | 1.506495999 7.86E-21 1.621467288 9.37E-11 NA NA
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Table 3: 602 Immune IncRNAs (479 Annotated and 123 Novel IncRNAs)

IncRNAs Chromosome Ensembl_ID IncRNA Type Groups

A2M-AS1 chr12 ENSG00000245105 antisense_ RNA Annotated IncRNAs
AC002091.2 chr17 ENSG00000266389 Intergenic Annotated IncRNAs
AC002480.1 chr7 ENSG00000225541 | sense_overlapping Annotated IncRNAs
AC002480.2 chr7 ENSG00000232759 antisense_ RNA Annotated IncRNAs
AC002480.4 chr7 ENSG00000238033 Intergenic Annotated IncRNAs
AC004067.1 chr4 ENSG00000273447 antisense_ RNA Annotated INcRNAs
AC004241.1 chr12 ENSG00000257433 antisense_ RNA Annotated INcRNAs
AC004466.2 chr12 ENSG00000274737 sense_intronic Annotated INcRNAs
AC004491.1 chr7 ENSG00000279996 TEC Annotated IncRNAs
AC004520.1 chr7 ENSG00000273237 antisense_ RNA Annotated IncRNAs
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AC004584.3 chr17 ENSG00000263120 sense_intronic Annotated IncRNAs
AC004585.1 chr17 ENSG00000266088 Intergenic Annotated IncRNAs
AC004687.1 chr17 ENSG00000265206 antisense_RNA Annotated IncRNAs
AC004706.1 chr17 ENSG00000261996 Intergenic Annotated IncRNAs
AC004847 .1 chr7 ENSG00000260997 | sense_overlapping Annotated IncRNAs
AC004865.2 chr1 ENSG00000239636 antisense_ RNA Annotated IncRNAs
AC004988.1 chr7 ENSG00000203446 antisense_ RNA Annotated IncRNAs
AC005224.3 chr17 ENSG00000266378 Intergenic Annotated IncRNAs
AC005224.4 chr17 ENSG00000266709 Intergenic Annotated IncRNAs
AC005291.1 chr17 ENSG00000264067 antisense_ RNA Annotated IncRNAs
AC005332.7 chr17 ENSG00000274712 Intergenic Annotated IncRNAs
AC005479.2 chr14 ENSG00000259005 Intergenic Annotated IncRNAs
AC005840.5 chr12 ENSG00000276718 antisense_RNA Annotated IncRNAs
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AC005899.6 chr17 ENSG00000274341 Intergenic Annotated IncRNAs
AC006033.2 chr7 ENSG00000272908 Intergenic Annotated IncRNAs
AC006058.1 chr3 ENSG00000261786 Intergenic Annotated IncRNAs
AC006369.1 chr2 ENSG00000236213 antisense_ RNA Annotated IncRNAs
AC007278.1 chr2 ENSG00000234389 sense_intronic Annotated IncRNAs
AC007278.2 chr2 ENSG00000236525 sense_intronic Annotated IncRNAs
AC007336.3 chr16 ENSG00000279030 TEC Annotated IncRNAs
ACO007384.1 chr7 ENSG00000237513 Intergenic Annotated IncRNAs
AC007386.2 chr2 ENSG00000232613 antisense_RNA Annotated IncRNAs
AC007569.1 chr12 ENSG00000257221 antisense_RNA Annotated IncRNAs
AC007637.1 chr12 ENSG00000256139 | sense_overlapping Annotated IncRNAs
AC007686.3 chr14 ENSG00000273729 antisense_RNA Annotated IncRNAs
AC007728.2 chr16 ENSG00000261644 antisense_ RNA Annotated IncRNAs
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AC007728.3 chr16 ENSG00000270120 sense_intronic Annotated IncRNAs
AC007991.2 chr8 ENSG00000253838 sense_intronic Annotated IncRNAs
AC008033.3 chr12 ENSG00000273824 Intergenic Annotated IncRNAs
AC008074.3 chr2 ENSG00000260101 Intergenic Annotated IncRNAs
AC008083.3 chr12 ENSG00000258181 Intergenic Annotated IncRNAs
AC008105.3 chr17 ENSG00000267121 antisense_ RNA Annotated IncRNAs
AC008115.3 chr12 ENSG00000275560 sense_intronic Annotated IncRNAs
AC008467.1 chrb ENSG00000249476 Intergenic Annotated IncRNAs
AC008555.5 chr19 ENSG00000271109 Intergenic Annotated IncRNAs
AC008667.1 chrb ENSG00000249526 Intergenic Annotated IncRNAs
AC008691.1 chr5 ENSG00000249738 antisense_ RNA Annotated IncRNAs
AC008760.2 chr19 ENSG00000276980 sense_intronic Annotated IncRNAs
AC008957.1 chrb ENSG00000250155 antisense_RNA Annotated IncRNAs
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AC009090.5 chr16 ENSG00000279803 TEC Annotated IncRNAs
AC009093.10 chr16 ENSG00000284685 | processed_transcript Annotated IncRNAs
AC009093.2 chr16 ENSG00000260517 Intergenic Annotated IncRNAs
AC009093.7 chr16 ENSG00000279106 TEC Annotated IncRNAs
AC009126.1 chr5 ENSG00000247121 antisense_ RNA Annotated IncRNAs
AC009133.1 chr16 ENSG00000238045 antisense_ RNA Annotated IncRNAs
AC009948.1 chr2 ENSG00000223960 antisense_ RNA Annotated IncRNAs
AC009951.1 chr2 ENSG00000279166 TEC Annotated IncRNAs
AC010175.1 chr12 ENSG00000256427 Intergenic Annotated IncRNAs
AC010247 1 chr19 ENSG00000254887 | processed_transcript Annotated IncRNAs
AC010335.3 chr19 ENSG00000280121 TEC Annotated IncRNAs
AC010883.1 chr2 ENSG00000234936 antisense_ RNA Annotated IncRNAs
AC011816.2 chr3 ENSG00000272334 Intergenic Annotated IncRNAs
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AC011899.2 chr7 ENSG00000233038 antisense_ RNA Annotated IncRNAs
AC011933.2 chr17 ENSG00000264853 sense_intronic Annotated IncRNAs
AC011939.3 chr15 ENSG00000275638 antisense_RNA Annotated IncRNAs
AC012020.1 chr3 ENSG00000279277 TEC Annotated IncRNAs
AC012363.1 chr2 ENSG00000224789 antisense_ RNA Annotated IncRNAs
AC012368.1 chr2 ENSG00000225889 antisense_ RNA Annotated IncRNAs
AC012645.3 chr16 ENSG00000261416 antisense_ RNA Annotated IncRNAs
AC015726.1 chr17 ENSG00000270091 Intergenic Annotated IncRNAs
AC015819.1 chr18 ENSG00000273669 Intergenic Annotated IncRNAs
AC015911.3 chr17 ENSG00000267074 sense_intronic Annotated IncRNAs
AC016831.1 chr7 ENSG00000226380 Intergenic Annotated IncRNAs
AC016831.5 chr7 ENSG00000271204 Intergenic Annotated IncRNAs
AC016957.2 chr12 ENSG00000276136 Intergenic Annotated IncRNAs

228




AC017002.1 chr2 ENSG00000224959 Intergenic Annotated IncRNAs
AC018445.3 chr18 ENSG00000279637 TEC Annotated IncRNAs
AC018445.4 chr18 ENSG00000279981 TEC Annotated IncRNAs
AC018607.1 chr8 ENSG00000254325 sense_intronic Annotated IncRNAs
AC018926.2 chr15 ENSG00000276533 sense_intronic Annotated IncRNAs
AC020656.2 chr12 ENSG00000274979 Intergenic Annotated IncRNAs
AC020978.10 chr16 ENSG00000279649 TEC Annotated IncRNAs
AC020978.7 chr16 ENSG00000262514 sense_intronic Annotated IncRNAs
AC020978.8 chr16 ENSG00000263276 | sense_overlapping Annotated IncRNAs
AC021016.2 chr2 ENSG00000261338 | sense_overlapping Annotated IncRNAs
AC021188.1 chr2 ENSG00000230747 antisense_ RNA Annotated IncRNAs
AC022706.1 chr17 ENSG00000267364 Intergenic Annotated IncRNAs
AC022916.1 chr17 ENSG00000266947 antisense_ RNA Annotated IncRNAs
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AC023449.2 chr15 ENSG00000274307 sense_intronic Annotated IncRNAs
AC024084.1 chr7 ENSG00000230649 Intergenic Annotated IncRNAs
AC025031.4 chr12 ENSG00000275481 Intergenic Annotated IncRNAs
AC025031.5 chr12 ENSG00000278896 TEC Annotated IncRNAs
AC025280.1 chr16 ENSG00000260859 sense_intronic Annotated IncRNAs
AC025524.2 chr8 ENSG00000254119 Intergenic Annotated IncRNAs
AC025569.1 chr12 ENSG00000258168 antisense_ RNA Annotated IncRNAs
AC025580.2 chr15 ENSG00000259354 antisense_ RNA Annotated IncRNAs
AC025809.1 chr19 ENSG00000267662 antisense_RNA Annotated IncRNAs
AC025809.2 chr19 ENSG00000278875 TEC Annotated IncRNAs
AC025857.2 chr8 ENSG00000269899 sense_intronic Annotated IncRNAs
AC026202.2 chr3 ENSG00000233912 antisense_ RNA Annotated IncRNAs
AC027097 1 chr18 ENSG00000267040 antisense_ RNA Annotated IncRNAs
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AC027097.2 chr18 ENSG00000267787 antisense_ RNA Annotated IncRNAs
AC027682.7 chr16 ENSG00000280214 TEC Annotated IncRNAs
AC027801.1 chr17 ENSG00000204584 antisense_RNA Annotated IncRNAs
AC027808.2 chr15 ENSG00000259649 antisense_RNA Annotated IncRNAs
AC034102.6 chr12 ENSG00000258317 antisense_ RNA Annotated IncRNAs
AC034199.1 chr5 ENSG00000250274 Intergenic Annotated IncRNAs
AC035139.1 chr10 ENSG00000228403 sense_intronic Annotated IncRNAs
AC036222.2 chr17 ENSG00000266222 sense_intronic Annotated IncRNAs
AC037459.3 chr8 ENSG00000253200 antisense_RNA Annotated IncRNAs
AC039056.2 chr15 ENSG00000278493 sense_intronic Annotated IncRNAs
AC040160.2 chr16 ENSG00000280163 TEC Annotated INcRNAs
AC046185.3 chr17 ENSG00000279369 TEC Annotated INcRNAs
AC048341.2 chr12 ENSG00000257354 Intergenic Annotated IncRNAs
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AC048382.5 chr15 ENSG00000275120 antisense_ RNA Annotated IncRNAs
AC048382.6 chr15 ENSG00000276278 antisense_RNA Annotated IncRNAs
3prime_overlapping_
AC051619.6 chr15 ENSG00000259539 Annotated IncRNAs
ncRNA
AC067852.6 chr17 ENSG00000267632 sense_intronic Annotated IncRNAs
AC068631.1 chr3 ENSG00000197099 antisense_RNA Annotated IncRNAs
AC068898.2 chr10 ENSG00000251413 sense_intronic Annotated IncRNAs
AC069208.1 chr12 ENSG00000255864 Intergenic Annotated IncRNAs
AC069366.2 chr17 ENSG00000265801 sense_intronic Annotated IncRNAs
AC069528.2 chr3 ENSG00000279320 TEC Annotated INcRNAs
AC073283.1 chr2 ENSG00000225187 antisense_ RNA Annotated IncRNAs
AC073912.2 chr12 ENSG00000256299 Intergenic Annotated IncRNAs
AC073957.3 chr7 ENSG00000273151 antisense_ RNA Annotated IncRNAs
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AC074032.1 chr12 ENSG00000272368 antisense_ RNA Annotated IncRNAs
AC078883.1 chr2 ENSG00000225205 antisense_ RNA Annotated IncRNAs
AC078883.3 chr2 ENSG00000232788 antisense_ RNA Annotated IncRNAs
AC079015.1 chr8 ENSG00000253988 Intergenic Annotated IncRNAs
AC079298.3 chr4 ENSG00000280241 antisense_ RNA Annotated IncRNAs
AC079316.2 chr12 ENSG00000279176 TEC Annotated IncRNAs
AC079336.3 chr17 ENSG00000265337 sense_intronic Annotated IncRNAs
AC079336.7 chr17 ENSG00000280245 TEC Annotated IncRNAs
AC079921.2 chr4 ENSG00000249685 Intergenic Annotated IncRNAs
AC083837.1 chr8 ENSG00000261618 Intergenic Annotated IncRNAs
AC083862.2 chr7 ENSG00000272941 antisense_ RNA Annotated IncRNAs
AC083949.1 chr2 ENSG00000224875 antisense_RNA Annotated IncRNAs
AC087672.3 chr8 ENSG00000254288 Intergenic Annotated IncRNAs
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AC087752.3 chr8 ENSG00000253878 sense_intronic Annotated IncRNAs
AC087893.1 chr12 ENSG00000274598 sense_intronic Annotated IncRNAs
AC090061.1 chr12 ENSG00000247363 Intergenic Annotated IncRNAs
AC090136.3 chr8 ENSG00000254102 antisense_ RNA Annotated IncRNAs
AC090204 .1 chr8 ENSG00000247134 Intergenic Annotated IncRNAs
AC090510.2 chr15 ENSG00000274403 antisense_ RNA Annotated IncRNAs
AC090510.3 chr15 ENSG00000278769 antisense_ RNA Annotated IncRNAs
AC090559.1 chr11 ENSG00000255197 antisense_RNA Annotated IncRNAs
AC090948.1 chr3 ENSG00000271964 antisense_RNA Annotated IncRNAs
AC090948.2 chr3 ENSG00000272498 antisense_RNA Annotated IncRNAs
AC090948.3 chr3 ENSG00000272529 antisense_RNA Annotated IncRNAs
AC091133.1 chr17 ENSG00000230532 antisense_ RNA Annotated IncRNAs
AC092135.1 chr16 ENSG00000279294 TEC Annotated INcRNAs
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AC092135.3 chr16 ENSG00000279841 TEC Annotated IncRNAs
AC092139.4 chr16 ENSG00000279476 TEC Annotated IncRNAs
AC092376.2 chr16 ENSG00000277954 antisense_RNA Annotated IncRNAs
AC092652.3 chr2 ENSG00000283994 sense_intronic Annotated IncRNAs
AC092868.2 chr15 ENSG00000259735 sense_intronic Annotated IncRNAs
AC093010.2 chr3 ENSG00000241490 antisense_ RNA Annotated IncRNAs
AC093278.2 chr5 ENSG00000261269 | sense_overlapping Annotated IncRNAs
AC093330.2 chr18 ENSG00000279811 TEC Annotated IncRNAs
AC093423.2 chr1 ENSG00000230735 sense_intronic Annotated IncRNAs
AC093525.8 chr16 ENSG00000279520 TEC Annotated IncRNAs
AC093609.1 chr2 ENSG00000230587 Intergenic Annotated IncRNAs
AC093726.2 chr7 ENSG00000273183 antisense_ RNA Annotated IncRNAs
AC096667.1 chr2 ENSG00000283839 antisense_RNA Annotated IncRNAs
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AC096921.2 chr3 ENSG00000261468 | sense_overlapping Annotated IncRNAs
AC098613.1 chr3 ENSG00000223552 antisense_ RNA Annotated IncRNAs
AC099063.4 chr1 ENSG00000284734 antisense_ RNA Annotated IncRNAs
AC099343.3 chr4 ENSG00000271646 Intergenic Annotated IncRNAs
AC099494.2 chr16 ENSG00000279415 TEC Annotated IncRNAs
AC099521.3 chr16 ENSG00000279693 TEC Annotated IncRNAs
AC099524 .1 chr16 ENSG00000261218 Intergenic Annotated IncRNAs
AC099804.1 chr17 ENSG00000279570 TEC Annotated IncRNAs
AC099811.5 chr17 ENSG00000278829 sense_intronic Annotated IncRNAs
AC100830.1 chr15 ENSG00000259635 antisense_RNA Annotated IncRNAs
AC100830.3 chr15 ENSG00000265967 antisense_RNA Annotated IncRNAs
AC104170.1 chr1 ENSG00000227070 antisense_RNA Annotated INcRNAs
AC104260.2 chr15 ENSG00000280304 TEC Annotated INcRNAs
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AC104564.4 chr17 ENSG00000264290 sense_intronic Annotated IncRNAs
AC104695.3 chr2 ENSG00000270640 sense_intronic Annotated IncRNAs
AC104699.1 chr2 ENSG00000224220 antisense_ RNA Annotated IncRNAs
AC105046.1 chr8 ENSG00000261026 | sense_overlapping Annotated IncRNAs
AC105150.1 chr8 ENSG00000254048 sense_intronic Annotated IncRNAs
AC105749.1 chr3 ENSG00000281100 TEC Annotated IncRNAs
AC107959.1 chr8 ENSG00000245025 antisense_ RNA Annotated IncRNAs
AC108134.3 chr16 ENSG00000262370 Intergenic Annotated IncRNAs
AC108463.3 chr2 ENSG00000271590 Intergenic Annotated IncRNAs
AC110048.2 chr15 ENSG00000277152 Intergenic Annotated IncRNAs
AC110769.3 chr2 ENSG00000279957 TEC Annotated INcRNAs
AC111170.2 chr17 ENSG00000267263 sense_intronic Annotated IncRNAs
AC112496.1 chrX ENSG00000241886 sense_intronic Annotated IncRNAs
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AC113615.1 chr4 ENSG00000251408 Intergenic Annotated IncRNAs
AC114490.1 chr1 ENSG00000241014 | processed_transcript Annotated IncRNAs
AC116366.1 chr5 ENSG00000234290 antisense_ RNA Annotated IncRNAs
AC120193.1 chr8 ENSG00000253535 antisense_ RNA Annotated IncRNAs
AC121247 1 chr3 ENSG00000225399 Intergenic Annotated IncRNAs
AC121761.1 chr12 ENSG00000257497 antisense_ RNA Annotated IncRNAs
AC124319.4 chr17 ENSG00000280248 TEC Annotated IncRNAs
AC130448.1 chr16 ENSG00000279202 TEC Annotated IncRNAs
AC130469.2 chr19 ENSG00000279396 TEC Annotated IncRNAs
AC131210.1 chr3 ENSG00000240888 sense_intronic Annotated IncRNAs
AC132872.3 chr17 ENSG00000275888 antisense_ RNA Annotated IncRNAs
AC132938.5 chr17 ENSG00000279066 sense_intronic Annotated IncRNAs
AC133065.2 chr16 ENSG00000262222 antisense_RNA Annotated IncRNAs
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AC133065.4 chr16 ENSG00000263013 sense_intronic Annotated IncRNAs
AC133065.6 chr16 ENSG00000280153 TEC Annotated IncRNAs
AC133644.2 chr2 ENSG00000273445 antisense_ RNA Annotated IncRNAs
AC134043.2 chr5 ENSG00000279204 TEC Annotated IncRNAs
AC136475.1 chr11 ENSG00000251661 antisense_ RNA Annotated IncRNAs
AC138331.1 chr12 ENSG00000258066 Intergenic Annotated IncRNAs
AC139887.1 chr4 ENSG00000233799 antisense_ RNA Annotated IncRNAs
AC139887.4 chrd ENSG00000272588 antisense_ RNA Annotated IncRNAs
AC144831.1 chr17 ENSG00000261888 Intergenic Annotated IncRNAs
AC147651.3 chr7 ENSG00000237181 antisense_ RNA Annotated IncRNAs
AC244034.2 chr1 ENSG00000261000 Intergenic Annotated IncRNAs
AC244034.3 chr1 ENSG00000279946 TEC Annotated INcRNAs
ACTA2-AS1 chr10 ENSG00000180139 antisense_ RNA Annotated IncRNAs
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ADAMTS9-AS2 chr3 ENSG00000241684 antisense_ RNA Annotated IncRNAs
ADAMTSL4-AS1 chr1 ENSG00000203804 | processed_transcript Annotated IncRNAs
ADPGK-AS1 chr15 ENSG00000260898 antisense_ RNA Annotated IncRNAs
AF111169.4 chr14 ENSG00000259081 antisense_RNA Annotated IncRNAs
AF127936.1 chr21 ENSG00000226751 Intergenic Annotated IncRNAs
AF127936.2 chr21 ENSG00000232884 Intergenic Annotated IncRNAs
AF165147.1 chr21 ENSG00000232855 Intergenic Annotated IncRNAs
AJ003147.3 chr16 ENSG00000279330 TEC Annotated IncRNAs
AL008726.1 chr20 ENSG00000271984 antisense_ RNA Annotated IncRNAs
AL021707 1 chr22 ENSG00000225450 antisense_ RNA Annotated IncRNAs
AL021707.3 chr22 ENSG00000230149 antisense_ RNA Annotated IncRNAs
AL021707.5 chr22 ENSG00000244491 antisense_RNA Annotated INcRNAs
AL021707.6 chr22 ENSG00000272669 antisense_ RNA Annotated IncRNAs
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AL021707.8 chr22 ENSG00000273096 sense_intronic Annotated INcRNAs
AL022067.1 chré ENSG00000269919 sense_intronic Annotated INcRNAs
AL024509.3 chré ENSG00000235733 antisense_RNA Annotated INcRNAs
AL031595.3 chrz22 ENSG00000280434 | sense_overlapping Annotated INcRNAs
AL031728.1 chr1 ENSG00000231105 antisense_ RNA Annotated IncRNAs
AL033543.1 chr22 ENSG00000279175 sense_intronic Annotated IncRNAs
AL035587.1 chré ENSG00000231113 antisense_ RNA Annotated IncRNAs
AL035681.1 chr22 ENSG00000235513 antisense_ RNA Annotated IncRNAs
AL049840.4 chr14 ENSG00000269958 sense_intronic Annotated IncRNAs
AL078604.2 chré ENSG00000237927 Intergenic Annotated IncRNAs
AL096816.1 chré ENSG00000280135 TEC Annotated INcRNAs
AL096855.1 chr1 ENSG00000232912 antisense_RNA Annotated IncRNAs
AL109741.1 chr1 ENSG00000225938 antisense_ RNA Annotated IncRNAs
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AL109806.1 chr20 ENSG00000280387 TEC Annotated IncRNAs
AL109811.1 chr1 ENSG00000226849 antisense_RNA Annotated INcRNAs
AL109955.1 chr20 ENSG00000218018 antisense_RNA Annotated IncRNAs
AL110504.1 chr14 ENSG00000258749 antisense_RNA Annotated IncRNAs
AL118508.4 chr20 ENSG00000279447 TEC Annotated IncRNAs
AL121985.1 chr1 ENSG00000228863 antisense_ RNA Annotated IncRNAs
AL133245.1 chr2 ENSG00000272754 Intergenic Annotated IncRNAs
AL133342.1 chr20 ENSG00000278231 Intergenic Annotated IncRNAs
AL133355.1 chr10 ENSG00000260461 | sense_overlapping Annotated IncRNAs
AL133384.2 chr10 ENSG00000279796 TEC Annotated IncRNAs
AL133467 .1 chr14 ENSG00000258572 Intergenic Annotated IncRNAs
AL135818.1 chr14 ENSG00000258875 | processed_transcript Annotated IncRNAs
AL136295.2 chr14 ENSG00000259321 Intergenic Annotated IncRNAs
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AL136295.7 chr14 ENSG00000278784 sense_intronic Annotated INcRNAs
AL137145.2 chr10 ENSG00000215244 Intergenic Annotated IncRNAs
AL138895.1 chr9 ENSG00000235119 Intergenic Annotated IncRNAs
AL139241.1 chr10 ENSG00000230928 antisense_RNA Annotated IncRNAs
AL157394 .1 chr10 ENSG00000261438 | sense_overlapping Annotated IncRNAs
AL157786.1 chr10 ENSG00000232934 antisense_ RNA Annotated IncRNAs
AL158166.1 chr10 ENSG00000227076 sense_intronic Annotated IncRNAs
AL160272.1 chr9 ENSG00000228512 Intergenic Annotated IncRNAs
AL160400.1 chré ENSG00000272053 Intergenic Annotated IncRNAs
AL161773.1 chr13 ENSG00000279237 TEC Annotated IncRNAs
AL162274.2 chr10 ENSG00000277959 antisense_ RNA Annotated IncRNAs
AL162274.3 chr10 ENSG00000279982 TEC Annotated INcRNAs
AL162414.1 chr9 ENSG00000227531 Intergenic Annotated INcRNAs
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AL162586.1 chr9 ENSG00000225032 antisense_ RNA Annotated INcRNAs
AL162724 .1 chr9 ENSG00000227200 sense_intronic Annotated INcRNAs
AL353593.1 chr1 ENSG00000269890 antisense_RNA Annotated INcRNAs
AL353593.2 chr1 ENSG00000269934 antisense_RNA Annotated INcRNAs
AL353597 .1 chré ENSG00000227920 Intergenic Annotated IncRNAs
AL353801.2 chr10 ENSG00000234504 antisense_ RNA Annotated IncRNAs
AL355076.2 chr14 ENSG00000258760 Intergenic Annotated IncRNAs
AL355102.1 chr14 ENSG00000258412 sense_intronic Annotated IncRNAs
AL355304.1 chr6 ENSG00000232618 Intergenic Annotated IncRNAs
AL355581.1 chré ENSG00000227678 antisense_ RNA Annotated IncRNAs
AL355816.1 chr1 ENSG00000272982 antisense_ RNA Annotated IncRNAs
AL355816.2 chr1 ENSG00000273221 antisense_ RNA Annotated IncRNAs
AL356020.1 chr14 ENSG00000258731 antisense_ RNA Annotated IncRNAs
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AL356124.2 chré ENSG00000233351 antisense_ RNA Annotated INcRNAs
AL356356.1 chr1 ENSG00000237781 antisense_RNA Annotated INcRNAs
AL357033.3 chr20 ENSG00000276317 antisense_RNA Annotated IncRNAs
AL357033.4 chr20 ENSG00000277496 antisense_RNA Annotated IncRNAs
AL357054.4 chré ENSG00000272463 Intergenic Annotated INcCRNAs
AL357060.2 chré ENSG00000237499 antisense_RNA Annotated INcCRNAs
AL357078.3 chr1 ENSG00000272506 Intergenic Annotated IncRNAs
AL357793.1 chr1 ENSG00000226640 Intergenic Annotated IncRNAs
AL359183.1 chr10 ENSG00000279406 TEC Annotated IncRNAs
AL359532.1 chr10 ENSG00000272914 sense_intronic Annotated IncRNAs
AL359962.1 chr1 ENSG00000233411 sense_intronic Annotated IncRNAs
AL359962.2 chr1 ENSG00000273160 Intergenic Annotated IncRNAs
AL365273.1 chr10 ENSG00000240527 sense_intronic Annotated IncRNAs
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AL365361.1 chr1 ENSG00000259834 Intergenic Annotated IncRNAs
AL390066.1 chr1 ENSG00000224950 Intergenic Annotated IncRNAs
AL390318.1 chr10 ENSG00000279819 TEC Annotated IncRNAs
AL391425.1 chr10 ENSG00000274461 | processed_transcript Annotated INcRNAs
AL391832.3 chr1 ENSG00000258082 Intergenic Annotated IncRNAs
AL450344 .1 chré ENSG00000224029 sense_intronic Annotated IncRNAs
AL512306.2 chr1 ENSG00000240219 Intergenic Annotated IncRNAs
AL512306.3 chr1 ENSG00000240710 antisense_RNA Annotated IncRNAs
AL513365.2 chr1 ENSG00000225891 antisense_ RNA Annotated IncRNAs
AL590764.1 chrX ENSG00000228427 antisense_RNA Annotated IncRNAs
AL590999.1 chr6 ENSG00000235033 antisense_RNA Annotated IncRNAs
AL591623.1 chr1 ENSG00000225300 sense_intronic Annotated IncRNAs
AL591848.3 chr1 ENSG00000260698 Intergenic Annotated IncRNAs
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AL592078.1 chr1 ENSG00000233875 antisense_ RNA Annotated INcRNAs
AL596244 1 chr9 ENSG00000261534 | sense_overlapping Annotated INcRNAs
AL645568.1 chr1 ENSG00000203739 antisense_RNA Annotated INcRNAs
AL844908.1 chr21 ENSG00000272825 antisense_RNA Annotated IncRNAs
ANKRD44-1T1 chr2 ENSG00000236977 sense_intronic Annotated IncRNAs
AOAH-IT1 chr7 ENSG00000230539 sense_intronic Annotated IncRNAs
AP000662.2 chr11 ENSG00000254602 | sense_overlapping Annotated IncRNAs
AP000695.3 chr21 ENSG00000279365 TEC Annotated IncRNAs
AP000763.3 chr11 ENSG00000256448 antisense_RNA Annotated IncRNAs
AP000892.3 chr11 ENSG00000280143 TEC Annotated IncRNAs
AP000919.4 chr18 ENSG00000272625 antisense_RNA Annotated IncRNAs
AP000941.1 chr11 ENSG00000255176 antisense_ RNA Annotated IncRNAs
AP000977 1 chr11 ENSG00000246790 antisense_ RNA Annotated IncRNAs
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AP001528.2 chr11 ENSG00000255471 antisense_ RNA Annotated INcRNAs
AP001528.3 chr11 ENSG00000280339 TEC Annotated IncRNAs
AP001962.1 chr4 ENSG00000279913 TEC Annotated IncRNAs
AP002807.1 chr11 ENSG00000255031 antisense_RNA Annotated IncRNAs
AP003354.2 chr8 ENSG00000254281 Intergenic Annotated IncRNAs
AP003557.1 chr11 ENSG00000255299 Intergenic Annotated IncRNAs
AP003716.1 chr11 ENSG00000251637 Intergenic Annotated IncRNAs
AP003717 1 chr11 ENSG00000255847 antisense_ RNA Annotated IncRNAs
ARHGAP22-1T1 chr10 ENSG00000248682 sense_intronic Annotated IncRNAs
ARHGAP26-1T1 chr5 ENSG00000230789 sense_intronic Annotated IncRNAs
ASAP1-IT2 chr8 ENSG00000280543 sense_intronic Annotated IncRNAs
BACH1-IT1 chr21 ENSG00000248476 sense_intronic Annotated IncRNAs
BACH1-IT2 chr21 ENSG00000228817 Intergenic Annotated INcRNAs
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BFSP2-AS1 chr3 ENSG00000249993 antisense_ RNA Annotated IncRNAs
BISPR chr19 ENSG00000282851 Intergenic Annotated IncRNAs
BX324167.2 chr22 ENSG00000279954 antisense_RNA Annotated IncRNAs
C1orf220 chr1 ENSG00000213057 Intergenic Annotated IncRNAs
C220rf34 chr22 ENSG00000188511 Intergenic Annotated IncRNAs
C8orf31 chr8 ENSG00000177335 | processed_transcript Annotated IncRNAs
C90rf139 chr9 ENSG00000180539 antisense_ RNA Annotated IncRNAs
CACNA1C-AS1 chr12 ENSG00000246627 antisense_RNA Annotated IncRNAs
CACNA1C-IT3 chr12 ENSG00000256721 sense_intronic Annotated IncRNAs
CADMS3-AS1 chr1 ENSG00000225670 antisense_ RNA Annotated IncRNAs
CARDS8-AS1 chr19 ENSG00000268001 antisense_ RNA Annotated IncRNAs
CARMN chr5 ENSG00000249669 Intergenic Annotated IncRNAs
CHRM3-AS2 chr1 ENSG00000233355 antisense_ RNA Annotated IncRNAs
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CTD-2270F17.1 chr5 ENSG00000253647 antisense_ RNA Annotated IncRNAs
CYTOR chr2 ENSG00000222041 Intergenic Annotated IncRNAs
DBH-AS1 chr9 ENSG00000225756 antisense_ RNA Annotated IncRNAs
DLGAP1-AS1 chr18 ENSG00000177337 antisense_RNA Annotated IncRNAs
DLGAP1-AS2 chr18 ENSG00000262001 antisense_ RNA Annotated IncRNAs
DLGAP4-AS1 chr20 ENSG00000232907 antisense_ RNA Annotated IncRNAs
DPYD-IT1 chr1 ENSG00000232542 sense_intronic Annotated IncRNAs
EMX20S chr10 ENSG00000229847 antisense_ RNA Annotated IncRNAs
EPHA1-AS1 chr7 ENSG00000229153 antisense_ RNA Annotated IncRNAs
FAM30A chr14 ENSG00000226777 Intergenic Annotated IncRNAs
FLG-AS1 chr1 ENSG00000237975 antisense_ RNA Annotated IncRNAs
FLJ27354 chr1 ENSG00000231999 antisense_ RNA Annotated IncRNAs
FLJ31104 chr5 ENSG00000227908 antisense_ RNA Annotated IncRNAs
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FO393401.1 chr20 ENSG00000230155 antisense_ RNA Annotated IncRNAs
FUT8-AS1 chr14 ENSG00000276116 antisense_ RNA Annotated IncRNAs
GHRLOS chr3 ENSG00000240288 antisense_ RNA Annotated IncRNAs

GK-IT1 chrX ENSG00000229331 sense_intronic Annotated IncRNAs
GRK5-IT1 chr10 ENSG00000228485 sense_intronic Annotated IncRNAs
H19 chr11 ENSG00000130600 | processed_transcript Annotated IncRNAs
HCP5 chré ENSG00000206337 | sense_overlapping Annotated IncRNAs

HOXA-AS2 chr7 ENSG00000253552 antisense_ RNA Annotated IncRNAs
IFNG-AS1 chr12 ENSG00000255733 antisense_ RNA Annotated IncRNAs
ITGB2-AS1 chr21 ENSG00000227039 antisense_ RNA Annotated IncRNAs
ITPKB-IT1 chr1 ENSG00000228382 sense_intronic Annotated IncRNAs
LINC-PINT chr7 ENSG00000231721 antisense_RNA Annotated INcRNAs

LINC002481 chrd ENSG00000246526 Intergenic Annotated IncRNAs
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LINC00299 chr2 ENSG00000236790 Intergenic Annotated IncRNAs
LINC00324 chr17 ENSG00000178977 Intergenic Annotated IncRNAs
LINC00402 chr13 ENSG00000235532 Intergenic Annotated IncRNAs
LINC00426 chr13 ENSG00000238121 Intergenic Annotated IncRNAs
LINC00487 chr2 ENSG00000205837 Intergenic Annotated IncRNAs
LINC00494 chr20 ENSG00000235621 Intergenic Annotated IncRNAs
LINC00528 chr22 ENSG00000269220 Intergenic Annotated IncRNAs
LINC00539 chr13 ENSG00000224429 Intergenic Annotated IncRNAs
LINC00598 chr13 ENSG00000215483 Intergenic Annotated IncRNAs
LINC00649 chr21 ENSG00000237945 antisense_ RNA Annotated IncRNAs
LINC00702 chr10 ENSG00000233117 Intergenic Annotated IncRNAs
LINC00861 chr8 ENSG00000245164 Intergenic Annotated IncRNAs
LINC00877 chr3 ENSG00000241163 Intergenic Annotated IncRNAs
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LINC00892 chrX ENSG00000233093 | processed_transcript Annotated IncRNAs
LINC00896 chr22 ENSG00000236499 Intergenic Annotated IncRNAs
LINC00921 chr16 ENSG00000281005 Intergenic Annotated IncRNAs
LINC00926 chr15 ENSG00000247982 Intergenic Annotated IncRNAs
LINC00937 chr12 ENSG00000226091 Intergenic Annotated IncRNAs
LINC00944 chr12 ENSG00000256128 Intergenic Annotated IncRNAs
LINC00954 chr2 ENSG00000228784 Intergenic Annotated IncRNAs
LINC00987 chr12 ENSG00000237248 Intergenic Annotated IncRNAs
LINC00996 chr7 ENSG00000242258 Intergenic Annotated IncRNAs
LINC01050 chr13 ENSG00000271216 Intergenic Annotated IncRNAs
LINC01094 chrd ENSG00000251442 Intergenic Annotated IncRNAs
LINC01126 chr2 ENSG00000279873 Intergenic Annotated IncRNAs
LINC01146 chr14 ENSG00000258867 Intergenic Annotated IncRNAs
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LINCO01160 chr1 ENSG00000231346 Intergenic Annotated IncRNAs
LINC01197 chr15 ENSG00000248441 Intergenic Annotated IncRNAs
LINCO01215 chr3 ENSG00000271856 Intergenic Annotated IncRNAs
LINC01281 chrX ENSG00000235304 Intergenic Annotated IncRNAs
LINC01336 chr5 ENSG00000250889 Intergenic Annotated IncRNAs
LINC01358 chr1 ENSG00000237352 Intergenic Annotated IncRNAs
LINC01422 chr22 ENSG00000235271 Intergenic Annotated IncRNAs
LINCO01422 chr22 ENSG00000223704 Intergenic Annotated IncRNAs
LINC01484 chr5 ENSG00000253686 Intergenic Annotated IncRNAs
LINC01550 chr14 ENSG00000246223 Intergenic Annotated IncRNAs
LINC01588 chr14 ENSG00000214900 Intergenic Annotated IncRNAs
LINC01619 chr12 ENSG00000257242 | processed_transcript Annotated IncRNAs
LINC01679 chr21 ENSG00000237989 Intergenic Annotated IncRNAs
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LINC0O1684 chr21 ENSG00000237484 Intergenic Annotated IncRNAs
LINC01772 chr1 ENSG00000226029 Intergenic Annotated IncRNAs
LINC01800 chr2 ENSG00000234572 Intergenic Annotated IncRNAs
LINC01801 chr19 ENSG00000267767 Intergenic Annotated IncRNAs
LINC01857 chr2 ENSG00000224137 Intergenic Annotated IncRNAs
LINC01871 chr2 ENSG00000235576 Intergenic Annotated IncRNAs
LINC01914 chr2 ENSG00000234362 Intergenic Annotated IncRNAs
LINC01934 chr2 ENSG00000234663 Intergenic Annotated IncRNAs
LINC01943 chr2 ENSG00000280721 Intergenic Annotated IncRNAs
LINC02033 chr3 ENSG00000279727 Intergenic Annotated IncRNAs
LINC02084 chr3 ENSG00000272282 Intergenic Annotated IncRNAs
LINC02099 chr8 ENSG00000253490 Intergenic Annotated IncRNAs
LINC02100 chr5 ENSG00000248693 Intergenic Annotated IncRNAs
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LINC02202 chrb ENSG00000245812 Intergenic Annotated IncRNAs
LINC02245 chr2 ENSG00000237638 Intergenic Annotated IncRNAs
LINC02273 chr4 ENSG00000245954 Intergenic Annotated IncRNAs
LINC02325 chr14 ENSG00000246084 Intergenic Annotated IncRNAs
LINC02328 chr14 ENSG00000258733 Intergenic Annotated IncRNAs
LINC02362 chr4 ENSG00000249096 Intergenic Annotated IncRNAs
LINC02384 chr12 ENSG00000251301 Intergenic Annotated IncRNAs
LINC02397 chr12 ENSG00000205056 Intergenic Annotated IncRNAs
LINC02422 chr12 ENSG00000255760 Intergenic Annotated IncRNAs
LINC02446 chr12 ENSG00000256039 Intergenic Annotated IncRNAs
LINC02551 chr11 ENSG00000254842 Intergenic Annotated INcRNAs
LUCAT1 chr5 ENSG00000248323 Intergenic Annotated IncRNAs
MEG3 chr14 ENSG00000214548 Intergenic Annotated INcRNAs
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MEG9 chr14 ENSG00000223403 Intergenic Annotated IncRNAs
MIAT chr22 ENSG00000225783 Intergenic Annotated IncRNAs
MIR100HG chr11 ENSG00000255248 | processed_transcript Annotated IncRNAs
MIR155HG chr21 ENSG00000234883 Intergenic Annotated IncRNAs
MMP2-AS1 chr16 ENSG00000260135 Intergenic Annotated IncRNAs
MMP25-AS1 chr16 ENSG00000261971 antisense_ RNA Annotated IncRNAs
MSTRG.10288 chr1 NA Antisense Intronic Novel InNcRNAs
MSTRG.106451 chr18 NA Novel_Intergenic Novel IncRNAs
MSTRG.107081 chr19 NA Novel_Intergenic Novel IncRNAs
MSTRG.107232 chr19 NA Novel_Intergenic Novel IncRNAs
MSTRG.108144 chr19 NA Novel_Intergenic Novel IncRNAs
MSTRG.115529 chr2 NA Novel_Intergenic Novel IncRNAs
MSTRG.120715 chr2 NA Novel_Intergenic Novel IncRNAs
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MSTRG.125572

chr2

NA

Novel_Intergenic

Novel IncRNAs

MSTRG.125734

chr2

NA

Novel_Intergenic

Novel IncRNAs

MSTRG.129182

chr2

NA

Antisense Intronic

Novel IncRNAs

MSTRG.129474

chr2

NA

Novel_Intergenic

Novel IncRNAs

MSTRG.133983

chr20

NA

Antisense Exonic

Novel IncRNAs

MSTRG.13489

chr1

NA

Novel_Intergenic

Novel IncRNAs

MSTRG.137226

chr21

NA

Novel_Intergenic

Novel IncRNAs

MSTRG.137994

chr21

NA

Novel_Intergenic

Novel IncRNAs

MSTRG.139361

chr21

NA

Antisense Exonic

Novel IncRNAs

MSTRG.142844

chr22

NA

Antisense Exonic

Novel IncRNAs

MSTRG.142852

chr22

NA

Novel_Intergenic

Novel IncRNAs

MSTRG.143424

chr22

NA

Antisense Intronic

Novel IncRNAs

MSTRG.143603

chr22

NA

Novel_Intergenic

Novel IncRNAs
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MSTRG.144049

chr22

NA

Antisense Exonic

Novel IncRNAs

MSTRG.144329

chr3

NA

Antisense Intronic

Novel IncRNAs

MSTRG.145377

chr3

NA

Novel_Intergenic

Novel IncRNAs

MSTRG.145392

chr3

NA

Novel_Intergenic

Novel IncRNAs

MSTRG.147468

chr3

NA

Antisense Intronic

Novel IncRNAs

MSTRG.147886

chr3

NA

Antisense Intronic

Novel IncRNAs

MSTRG.150102

chr3

NA

Novel_Intergenic

Novel IncRNAs

MSTRG.150110

chr3

NA

Novel_Intergenic

Novel IncRNAs

MSTRG.152804

chr3

NA

Antisense Intronic

Novel IncRNAs

MSTRG.154000

chr3

NA

Novel_Intergenic

Novel IncRNAs

MSTRG.159261

chr3

NA

Antisense Intronic

Novel IncRNAs

MSTRG.159809

chr4

NA

Antisense Intronic

Novel IncRNAs

MSTRG.165346

chr4

NA

Novel_Intergenic

Novel IncRNAs
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MSTRG.165368 chr4 NA Antisense Exonic Novel IncRNAs
MSTRG.165446 chr4 NA Novel_Intergenic Novel IncRNAs
MSTRG.165706 chr4 NA Antisense Intronic Novel IncRNAs
MSTRG.17316 chr1 NA Novel_Intergenic Novel IncRNAs
MSTRG.176506 chr4 NA Novel_Intergenic Novel IncRNAs
MSTRG.179715 chr5 NA Novel_Intergenic Novel IncRNAs
MSTRG.184441 chr5 NA Novel_Intergenic Novel IncRNAs
MSTRG.187178 chrb NA Antisense Intronic Novel IncRNAs
MSTRG.18773 chr1 NA Novel_Intergenic Novel IncRNAs
MSTRG.18794 chr1 NA Novel_Intergenic Novel IncRNAs
MSTRG.18811 chr1 NA Novel_Intergenic Novel IncRNAs
MSTRG.188411 chr5 NA Novel_Intergenic Novel IncRNAs
MSTRG.188412 chr5 NA Novel_Intergenic Novel IncRNAs
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MSTRG.190999 chré NA Antisense Exonic Novel IncRNAs
MSTRG.191655 chré NA Antisense Intronic Novel IncRNAs
MSTRG.197046 chr6 NA Novel_Intergenic Novel IncRNAs
MSTRG.197962 chr6 NA Novel_Intergenic Novel IncRNAs
MSTRG.201343 chré NA Novel_Intergenic Novel IncRNAs
MSTRG.201592 chré NA Antisense Intronic Novel InNcRNAs
MSTRG.202102 chr6 NA Antisense Exonic Novel InNcRNAs
MSTRG.202570 chr6 NA Antisense Exonic Novel IncRNAs
MSTRG.20391 chr1 NA Novel_Intergenic Novel IncRNAs
MSTRG.210283 chr7 NA Antisense Intronic Novel IncRNAs
MSTRG.214349 chr7 NA Antisense Intronic Novel IncRNAs
MSTRG.215815 chr8 NA Novel_Intergenic Novel IncRNAs
MSTRG.217576 chr8 NA Antisense Intronic Novel IncRNAs
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MSTRG.219081 chr8 NA Novel_Intergenic Novel IncRNAs
MSTRG.222175 chr8 NA Antisense Exonic Novel IncRNAs
MSTRG.22230 chr1 NA Novel_Intergenic Novel IncRNAs
MSTRG.22231 chr1 NA Novel_Intergenic Novel IncRNAs
MSTRG.22253 chr1 NA Novel_Intergenic Novel IncRNAs
MSTRG.224171 chr8 NA Novel_Intergenic Novel IncRNAs
MSTRG.226619 chr9 NA Novel_Intergenic Novel IncRNAs
MSTRG.228278 chr9 NA Novel_Intergenic Novel IncRNAs
MSTRG.231549 chr9 NA Novel_Intergenic Novel IncRNAs
MSTRG.231602 chr9 NA Novel_Intergenic Novel IncRNAs
MSTRG.231604 chr9 NA Novel_Intergenic Novel IncRNAs
MSTRG.234620 chr9 NA Novel_Intergenic Novel IncRNAs
MSTRG.235204 chr9 NA Novel_Intergenic Novel IncRNAs
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MSTRG.237566 chr9 NA Novel_Intergenic Novel IncRNAs
MSTRG.237683 chr9 NA Novel_Intergenic Novel IncRNAs
MSTRG.243701 chrX NA Antisense Exonic Novel IncRNAs
MSTRG.246513 chrX NA Antisense Intronic Novel IncRNAs
MSTRG.24814 chr1 NA Antisense Exonic Novel InNcRNAs
MSTRG.28873 chr10 NA Antisense Intronic Novel InNcRNAs
MSTRG.30501 chr10 NA Novel_Intergenic Novel IncRNAs
MSTRG.32077 chr10 NA Antisense Exonic Novel IncRNAs
MSTRG.32233 chr10 NA Novel_Intergenic Novel IncRNAs
MSTRG.32600 chr10 NA Novel_Intergenic Novel IncRNAs
MSTRG.32939 chr10 NA Novel_Intergenic Novel IncRNAs
MSTRG.34232 chr10 NA Antisense Exonic Novel IncRNAs
MSTRG.37798 chr11 NA Antisense Exonic Novel IncRNAs
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MSTRG.37975 chr10 NA Antisense Intronic Novel IncRNAs
MSTRG.41457 chr11 NA Novel_Intergenic Novel IncRNAs
MSTRG.45689 chr11 NA Novel_Intergenic Novel IncRNAs
MSTRG.47108 chr11 NA Novel_Intergenic Novel IncRNAs
MSTRG.47861 chr11 NA Novel_Intergenic Novel IncRNAs
MSTRG.47928 chr11 NA Antisense Intronic Novel InNcRNAs
MSTRG.49951 chr11 NA Antisense Intronic Novel InNcRNAs
MSTRG.50720 chr12 NA Antisense Exonic Novel IncRNAs
MSTRG.51465 chr12 NA Antisense Intronic Novel IncRNAs
MSTRG.51467 chr12 NA Novel_Intergenic Novel IncRNAs
MSTRG.53744 chr12 NA Novel_Intergenic Novel IncRNAs
MSTRG.53753 chr12 NA Antisense Intronic Novel IncRNAs
MSTRG.53755 chr12 NA Antisense Intronic Novel IncRNAs
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MSTRG.53756

chr12

NA

Antisense Intronic

Novel IncRNAs

MSTRG.53757

chr12

NA

Antisense Intronic

Novel IncRNAs

MSTRG.53758

chr12

NA

Antisense Intronic

Novel IncRNAs

MSTRG.55870

chr12

NA

Antisense Exonic

Novel IncRNAs

MSTRG.56715

chr12

NA

Antisense Intronic

Novel IncRNAs

MSTRG.57561

chr12

NA

Novel_Intergenic

Novel IncRNAs

MSTRG.58179

chr12

NA

Novel_Intergenic

Novel IncRNAs

MSTRG.62392

chr13

NA

Novel_Intergenic

Novel IncRNAs

MSTRG.66214

chr13

NA

Novel_Intergenic

Novel IncRNAs

MSTRG.71459

chr14

NA

Antisense Exonic

Novel IncRNAs

MSTRG.73030

chr12

NA

Novel_Intergenic

Novel IncRNAs

MSTRG.75221

chr14

NA

Antisense Intronic

Novel IncRNAs

MSTRG.78432

chr15

NA

Antisense Intronic

Novel IncRNAs
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MSTRG.78591 chr15 NA Antisense Intronic Novel IncRNAs
MSTRG.81534 chr15 NA Antisense Intronic Novel IncRNAs
MSTRG.81610 chr15 NA Novel_Intergenic Novel IncRNAs
MSTRG.84843 chr16 NA Novel_Intergenic Novel IncRNAs
MSTRG.87407 chr16 NA Novel_Intergenic Novel IncRNAs
MSTRG.91976 chr17 NA Antisense Intronic Novel InNcRNAs
MSTRG.9439 chr1 NA Antisense Intronic Novel InNcRNAs
MSTRG.95350 chr17 NA Novel_Intergenic Novel IncRNAs
MSTRG.95384 chr17 NA Antisense Intronic Novel IncRNAs
MSTRG.96856 chr17 NA Antisense Exonic Novel IncRNAs
MSTRG.98426 chr18 NA Antisense Intronic Novel IncRNAs
MYHAS chr17 ENSG00000272975 antisense_ RNA Annotated IncRNAs
NPTN-IT1 chr15 ENSG00000281183 sense_intronic Annotated IncRNAs
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NRIR chr2 ENSG00000225964 antisense_ RNA Annotated INcRNAs
PCED1B-AS1 chr12 ENSG00000247774 | processed_transcript Annotated IncRNAs
PIK3IP1-AS1 chr22 ENSG00000228839 antisense_RNA Annotated IncRNAs
PPP3CB-AS1 chr10 ENSG00000221817 | processed_transcript Annotated IncRNAs
PRKCQ-AS1 chr10 ENSG00000237943 | processed_transcript Annotated IncRNAs
PSMB8-AS1 chré ENSG00000204261 Intergenic Annotated IncRNAs
PSMD6-AS2 chr3 ENSG00000239653 antisense_ RNA Annotated IncRNAs

RABGAP1L-IT1 chr1 ENSG00000223525 sense_intronic Annotated IncRNAs
RNF216-1T1 chr7 ENSG00000237738 sense_intronic Annotated IncRNAs
RORA-AS1 chr15 ENSG00000245534 antisense_ RNA Annotated IncRNAs

RPS6KA2-IT1 chr6 ENSG00000232082 sense_intronic Annotated IncRNAs
RRN3P2 chr16 ENSG00000103472 | processed_transcript Annotated IncRNAs
SDCBP2-AS1 chr20 ENSG00000234684 antisense_ RNA Annotated IncRNAs
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SENCR chr11 ENSG00000254703 antisense_ RNA Annotated IncRNAs
SERPINB9P1 chr6 ENSG00000230438 Intergenic Annotated IncRNAs
SMIM25 chr20 ENSG00000224397 Intergenic Annotated IncRNAs
SPAG5-AS1 chr17 ENSG00000227543 | processed_transcript Annotated IncRNAs
TBX5-AS1 chr12 ENSG00000255399 antisense_ RNA Annotated IncRNAs
TCL6 chr14 ENSG00000187621 | processed_transcript Annotated IncRNAs
TMC3-AS1 chr15 ENSG00000259343 antisense_ RNA Annotated IncRNAs
TNFRSF14-AS1 chr1 ENSG00000238164 antisense_RNA Annotated IncRNAs
TNK2-AS1 chr3 ENSG00000224614 antisense_RNA Annotated IncRNAs
TNRC6C-AS1 chr17 ENSG00000204282 | processed_transcript Annotated IncRNAs
TRG-AS1 chr7 ENSG00000281103 antisense_ RNA Annotated IncRNAs
TSPOAP1-AS1 chr17 ENSG00000265148 antisense_RNA Annotated IncRNAs
u62317.5 chr22 ENSG00000273272 Intergenic Annotated IncRNAs
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U73169.1 chr3 ENSG00000213600 sense_intronic Annotated INcRNAs
USP30-AS1 chr12 ENSG00000256262 antisense_RNA Annotated IncRNAs
784484 1 chr6 ENSG00000224666 antisense_RNA Annotated IncRNAs
284723.1 chr16 ENSG00000260803 | processed_transcript Annotated INcRNAs
Z95114.3 chr22 ENSG00000279805 TEC Annotated IncRNAs
Z98044.1 chr1 ENSG00000281937 Intergenic Annotated IncRNAs
799289.2 chré ENSG00000270661 Intergenic Annotated IncRNAs
ZBTB20-AS1 chr3 ENSG00000241560 antisense_ RNA Annotated IncRNAs
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