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Thesis Statement 
 

This PhD Thesis has been performed in the Cancer Metastasis laboratory under the supervision 

of Prof. Dr. Nicola Aceto at the Department of Biomedicine of the University of Basel and 

University Hospital Basel. The presented work started in November 2015 and was completed 

in November 2019. 

 

The research performed during my PhD is structured in a cumulative dissertation and consists 

of a general introduction relevant for my work, finalized results formulated in first-author 

manuscript chapters, both under peer revision and published, and unpublished observations 

and results generated during my studies. Finally, I provide conclusions where I discuss the key 

findings and future perspectives of this research. Additional to my main work, a list of 

collaborations is provided. 

 

Of note, all computational analyses were performed by Dr. Francesc Castro-Giner. 

 

Together with Prof. Dr. Nicola Aceto, I am listed as inventor in the patent application EP 

19188215.8 “Angiogenesis promoting agents for prevention of metastatic cancer”. 
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Thesis Goal 
 

Breast cancer implicates the formation of a tumor in the breast tissue which, in 20-30% of the 

cases, will spread to distant organs such as lungs, bones, brain and liver through the shedding 

of cells in the blood vasculature, referred to as circulating tumor cells (CTCs). CTCs are shed as 

single cells, multicellular aggregates (CTC clusters) or in association with immune or stromal 

cells, and are considered to be metastatic precursors in several cancer types, including breast 

cancer. The metastatic dissemination is responsible of 90% of cancer-related deaths. Thus, 

understanding the causes of CTCs generation is crucial for better patients’ prognosis. Several 

factors have been described to promote CTCs and metastasis formation such as mutations in 

driver genes and microenvironmental stress. Among the latter group, intra-tumor hypoxia has 

emerged as a potent factor for breast cancer metastasis. Interestingly, while anti-angiogenic 

or vascular normalizing treatments have been introduced to ameliorate the hypoxia response, 

therapies have consistently failed to prolong survival of breast cancer patients. 

 

The goal of my PhD thesis was to understand what are the drivers and mechanisms of CTCs 

generation from breast tumors in preclinical models of breast cancer by directly interrogating 

single CTCs and CTC clusters at a molecular level. 

 

Through the establishment of a system to dynamically label hypoxia throughout disease 

progression, we observe that the majority of CTC clusters undergoes hypoxia, and that hypoxia 

endows CTC clusters of a higher metastatic potential compared to single CTCs. Interestingly, 

single-cell RNA-sequencing of hypoxic versus normoxic clusters reveled a gene expression 

pattern that predicts a worse outcome in breast cancer patients. Strikingly, we found that 

vascular endothelial growth factor (VEGF) targeting leads to primary tumor shrinkage but it 

increases intra-tumor hypoxia, resulting in a higher CTC clusters shedding rate and metastasis 

formation. Conversely, a pro-angiogenic approach increases primary tumor size yet it 

dramatically suppresses the formation of CTC clusters and metastasis. Thus, intra-tumor 

hypoxia leads to the formation of clustered CTCs with high metastatic ability, and a pro-

angiogenic therapy suppresses metastasis formation through prevention of CTC clusters 

generation. 
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During the course of my PhD, we also established a platform to dissect the characteristics of 

CTCs at the single-cell level, aiming towards a better understanding of CTC biology. We created 

a pipeline for precise analysis of single CTCs and CTC clusters which includes CTC 

immunostaining and micromanipulation, ex vivo culture to assess proliferative and survival 

capabilities of individual cells, and in vivo metastasis-formation assays. Additionally, we provide 

a protocol to achieve the dissociation of CTC clusters into individual cells and the investigation 

of intra-cluster heterogeneity. With these approaches, we precisely quantify survival and 

proliferative potential of single CTCs and individual cells within CTC clusters, leading to the 

observation that cells within clusters display better survival and proliferation in ex vivo cultures 

compared to single cells. Overall, our workflow offers a platform to dissect the characteristics 

of CTCs at the single cell level, aiming towards the identification of metastasis-relevant 

pathways and a better understanding of CTC biology. 
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Chapter 1 

 
Introduction 
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1Metastatic Breast Cancer 

 

By definition, cancer is a disease that occurs as a result of malignant and deregulated cell 

divisions in a specific tissue of the body. In the majority of the cases, cells acquire genetic and 

epigenetic mutations that promote a growth advantage. Recent studies have shown that the 

likelihood of certain tissues to develop cancer strongly correlates with the number of stem cell 

divisions necessary to maintain the tissue homeostasis1. Other causes of cancer onset are 

considered to be heritable predispositions (5-10%) and environmental components such as 

smoke, alcohol use, ultraviolet light, age and onco-virus infections1. Worldwide, 18.1 million 

new cases of cancer occurred in 2018 and 9.6 million cancer deaths were recorded (WHO, 

2018). Interestingly, metastasis are responsible for more than 90% of the cancer-related 

deaths2. 

 

The metastatic process has been described to be a multistage series of events that starts from 

primary tumor cells acquiring certain metastasis-promoting features (e.g. migratory capacity) 

or responding to certain stimuli (e.g. microenvironmental stress) that enable them to enter the 

blood circulation, survive in the blood stream, extravasate in a distant site, and finally grow a 

new tumor2. Primary tumor cells have shown to be able to evade the immune system 

surveillance but also to promote the formation of a pre-metastatic niche by secreting tumor-

educated factors (e.g. exosomes) or by inducing the accumulation of certain immune cells in 

the metastatic organs that favor tumor growth (e.g. CD11b+ cells)3–6. Metastases might be 

present already at the time of diagnosis either due to a late diagnosis (e.g. lung cancer), or due 

to early-stage dissemination of tumor cells (e.g. prostate cancer) which form asymptomatic 

micrometastasis that are undetectable for years7,8. Interestingly, studies have shown that 

tumor cells can remain dormant for even 20 years before growing an overt metastasis (e.g. 

breast cancer)9. 

 

The formation of metastasis has been shown to be an inefficient process. Only 0.01% of the 

cells that leave the primary tumor will be able to colonize a distant organ2,10. Indeed, tumor 

cells resistant to therapeutic agents and to detachment-induced apoptosis (anoikis) might 

need to find a suitable “soil” where to “seed” and grow a metastasis11–14. Several cancer types 
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1 have shown a preferable metastatic organ pattern (e.g. colon cancer and liver metastasis)15,16. 

However, despite the many attempts to clarify whether the mechanisms behind cancer 

metastasis tropism are active (predetermined predilection of a niche) or instead passive (e.g. 

physical constraint within the first capillary bed encountered) have consistently failed13,14,17. 

Despite the years of effort, it is also not clear whether specific cancer types follow a specific 

rule of dissemination. The mechanistic spread of cancer from a primary tumor have been 

shown to follow a linear progression model in the majority of cases18. A linear progression 

model implies one single successful seeding event from primary tumor cells followed by 

metastasis-to-metastasis colonization in the course of the years18,19. This model is strongly 

correlated to primary tumor size in which bigger tumors (>1 cm) accumulate genetic and 

epigenetic mutations that favor metastatic spreading. Additionally, this model implies that, in 

certain cancer types such as breast cancer, metastases can subsequently seed other 

metastases18. Conversely, a parallel progression model has been investigated for other cancer 

types and it implies that, either in early or late stages of the primary tumor, cells are 

contemporarily shed from primary tumor to different organs where they grow at different 

growth rates depending on the host organ19. 

 

For breast cancer in particular, metastases occur preferably in lungs, bones, liver and brain14,20. 

Breast cancer is the cancer of the breast tissue which occurs in nearly 300 000 (15.2%) new 

female individuals per year and accounts for nearly 40 000 (6.9% of all cancer deaths) death 

per year [SEER Cancer Stat Facts: Female Breast Cancer. National Cancer Institute. Bethesda, 

MD, https://seer.cancer.gov/statfacts/html/breast.html] (Introduction Figure 1). It is the most 

frequent and deadly cancer among female individuals (WHO, 2018). At diagnosis, breast 

tumors are sampled and classified in subtypes based on the sub-anatomical location of the 

tumor and by the expression of molecular markers. In particular, the expression of the 

estrogen receptor (ER), progesterone receptor (PR) and the amplification of the human 

epidermal growth factor 2 (HER2), all drivers of cellular growth, define the disease subtypes21. 

20 to 30% of breast cancer patients develop a metastatic disease, and among these, 7% exhibit 

metastases already at diagnosis16. Currently, patients that develop metastases are considered 

incurable. Treatments of metastases attempt to minimize the tumor spreading and to prolong 

progression-free survival. 
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1However, tumor heterogeneity, dynamicity of genetic and epigenetic mutations, and therapy-

resistance adaptations are a great challenge for cancer therapy. The inaccessibility of 

metastases for bioptic sampling due to their locations (i.e. vital organs such as brain) impairs 

the choice for an updated mutational status of the tumor cells, and therefore potentially more 

effective, treatment. However, the recent advances in the analysis of liquid biopsies (e.g. blood 

samples of cancer patients) have broaden the opportunity to characterize the molecular 

features of tumor cells on route to metastasis. 

 
 
Circulating Tumor Cells Biology 

 

Circulating tumor cells (CTCs) are cells that originate from a solid tumor and travel in the blood 

circulation to spread the disease. Their first discovery dates back to the 19th century where the 

presence of CTCs and metastases formation were immediately associated22. CTCs have been 

detected in several cancer types, both of epithelial (e.g. breast, colon, prostate) and 

mesenchymal (e.g. melanoma and glioblastoma) origin23–27. CTCs are shed from tumors in a 

single cell (single CTC) or in a clustered form (CTC clusters), composed by two or more cells 

that exhibit high levels of cell-cell junction components (Introduction Figure 1)28,29. 

Interestingly, CTC clusters display a 50 times higher metastatic ability than single CTCs29 and 

their association to neutrophils correlates with an even higher metastatic potential which 

reflects into a poor prognosis in patients30. Both single CTC and CTC clusters have been also 

reported to be occasionally shed in association to platelets29, fibroblasts31, or other white 

blood cells types30,32, and to express mesenchymal markers26. Several studies have shown that 

epithelial-to-mesenchymal transition (EMT) plays a significant role in the invasion and 

intravasation of tumor cells as an active mechanism of CTCs generation and metastases 

formation33,34. However, recent results have shown an opposite model where a mesenchymal 

phenotype is rather associated to therapy resistance and it is not required for tumor 

dissemination and metastases35,36. Moreover, an epithelial phenotype, driven by epithelial cell 

adhesion molecule (EpCAM) expression seems to be necessary for metastasis formation37. 

Ultimately, whether CTCs are shed in the circulation from a cancerous lesion in a passive (i.e. 

stochastic) or active (i.e. as a consequence to a defined event) manner remains yet unknown. 
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1 In certain cancer types, CTCs are shed in conspicuous amount (e.g. 50 CTCs/7.5 ml of blood in 

small-cell lung cancer - SCLC)38,39 while in the majority of cancers, CTCs are rare events (e.g. 1-

100 CTCs/7.5 ml of blood of breast cancer)40. 

Of note, it has been reported that 0.1% or less of CTCs is viable, suggesting that the majority 

of CTCs dies in circulation31. In fact, CTCs are subjected to shear forces and physical constraint 

during their stay in the blood stream which can affect their viability. In vitro studies have shown 

that CTCs are highly deformable and that CTC clusters are able to squeeze through artificial 

capillaries maintaining their clustered structure41. 

Interestingly though, the half-life of CTCs in circulation is relatively short. In breast cancer 

patients, CTCs half-life in circulation was modeled to be between 1 and 2.4 hours42, while in 

patients with localized prostate cancer and pre-operative detectable CTCs, no trace were 

found 24 hours post-operative resection of the tumor25. Flow cytometric studies performed 

on mouse models of breast cancer have shown that single CTCs remain in the circulation for 

30 minutes while CTC cluster for only 10 minutes29. These results suggest that overall, CTCs 

may rapidly get trapped in organs during circulation but whether CTCs homing depends on 

physical constraint or preferential seeding is still debated. 

 
Introduction Figure 1. Schematics of metastatic breast cancer. From left to right, primary tumors develop in the 
breast tissue. Metastatic cancer cells migrate and intravasate the capillaries to enter the blood circulation in the 
form of CTC clusters and single CTCs. At the metastatic sites, metastasis will be established by the CTCs that 
survive in the circulation, extravasate and colonize the distant organ (e.g. lung). 
 



 

  17 

1Detectable CTCs in the blood of cancer patients have been strongly correlated with poor 

prognosis43–48. In a recent study of 2436 metastatic breast cancer patients, a threshold of five 

CTCs or more per 7.5 ml of blood determines the group of patients with shorter overall 

survival49. The majority of clinical and pre-clinical studies focuses their attention on Stage IV of 

the disease to increase the chance to detect CTCs50,51. However, because of the lack of success 

in detecting CTCs in peripheral blood, early-stage and surgically-resected cancer patients have 

been poorly investigated making the “zero count of CTCs” difficult to interpret52a. Recent 

studies have shown that CTCs enumeration dramatically changes between the peripheral 

circulation and the tumor-draining vessels, which are vessels branching out of the tumor and 

entering the systemic circuit30,53. Both in breast cancer models and in non-small cell lung 

cancer (NSCLC), blood withdraws from the tumor-draining vessels show a significant increase 

in CTCs overall number30,53. These results suggest that the relocation of the liquid biopsy closer 

to the tumor affects CTCs enumeration and its correlation to the patients’ prognosis. 

Moreover, early detection of CTCs (as early as at time of surgery) may help to profile the 

molecular biology of the therapy-resistant and metastasizing tumor cells, and to establish 

biomarkers for their treatment. 

 

Current treatments of metastatic cancers aim at reducing tumor size and its progression. 

Chemotherapy has been shown to significantly decrease not only the tumor size but also the 

number of CTCs in circulation, both viable and apoptotic38. Recently, a screening of 2486 FDA-

approved compounds on breast CTC-derived cell lines showed that Na+/K+-ATPase inhibitors 

and tubulin binding agents are able to disrupt CTC clusters and to reduce their ability to 

metastasize54. This line of research aims at finding therapeutic approaches to limit the 

metastatic spreading through CTC clusters dissociation into single CTCs. Together with 

patients’ liquid biopsies, the development of 3D culture models of CTCs55 and CTC-derived 

xenograft models29,30,54 provide the researchers with large amounts of CTCs to abundantly 

investigate their characteristics (e.g. RNA or protein levels) with statistical power. Additionally, 

sophisticated new technologies have been designed to allow the enrichment of rare CTCs 

directly from patients’ blood and enabling their subsequent molecular analysis. 
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1 CTCs Detection and Enrichment Methods 

 

Among millions of white blood cells (WBCs) and billions of red blood cells (RBCs), CTCs are 

outnumbered in all patients and models of cancer. Their detection and enrichment from 

neighboring blood cells are challenges that promote the constant innovation in microfluidic 

engineering. Reliability and cost-efficiency of the devices for CTCs capture are further 

challenges prior their routine implementation in the clinical diagnostics. 

 

Current CTCs detection technologies are divided into two major categories. Antigen-

dependent methods rely on markers to discriminate tumor cells from normal blood cells. 

Epithelial markers, like EpCAM and cytokeratins, are frequently used for the detection of CTCs 

originating from epithelial cancers. EpCAM, in particular, is the main marker used by 

CellSearchâ technology, the most frequently used and the only FDA-approved device for CTC 

quantification in the clinic56. CTC enumeration using CellSearchâ system has shown that high 

number of CTCs correlates with a poor overall and progression-free survival in breast, prostate 

and colon cancer50,57–59. Another technology following similar detection method is the 

herringbone (HB)-based CTC chip, where, together with EpCAM, a cocktail of additional cancer-

associated markers, such as HER2 and epidermal growth factor receptor (EGFR), are used to 

identify tumor cells from blood cells60. The major drawback of these methods is the detection 

bias of CTCs expressing exclusively the surface markers of choice, usually EpCAM. This excludes 

the possibility to identify CTCs from diverse and heterogeneous cancer types, or simply cancers 

lacking of epithelial markers (e.g. melanoma). 

 

Within the antigen-independent technologies, CTCs’ physical parameters, such as size and 

deformability, are considered. An example of this strategy is the CTC-iChip where single CTCs 

and CTC clusters of small size are separated from the whole blood through deflection and 

negative selection on a magnetic field61. For clusters of all sizes, the Cluster-Chip was 

developed where clusters are captured through size-based enrichment and flow dynamics of 

bigger particles as opposed to single cells32. 

The main disadvantage of the two technologies listed is the blood processing speed. For 

instance, Cluster-Chip is able to process 2.5 ml of blood per hour. However, an advantage of 



 

  19 

1these technologies is the possibility to harvest the enriched CTCs purified from the rest of the 

blood components. This feature is pivotal for the investigation of CTCs characteristics since it 

enables further downstream analysis (e.g. DNA- and RNA-sequencing). 

 

Another size-based technology for CTCs enrichment from whole blood is the Parsortixä Cell 

Separation system (Introduction Figure 2)62. Parsortixä is a versatile and semiautomated 

microfluidic device devoted to the detection of CTCs in an antigen-independent manner, based 

on size and deformability of CTCs. Parsortixä has a processing capacity of 5 ml of blood per 

hour. A 6.5 µm critical gap represents the barrier on which cancer cells (generally of size 

between 8 and 13 µm) will be trapped, while red and white blood cells (generally of smaller 

size than cancer cells) will flow through. Confined in the cassette and washed away from 

contaminant blood cells, CTCs can be fixed or live stained in-cassette for molecular markers of 

cancer, and their heterogeneous populations be determined. Furthermore, CTCs can be 

released from the cassette by reverting the flow and into small volumes of PBS (100-200 µl) to 

proceed for further analysis. 

Introduction Figure 2. Schematics of the Parsortixä Cell Separation system (adapted from Miller M. et al., 2018)62. 
From left to right, the disposable cassette contains groves formed by steps and ending with a critical gap that 
allows the white blood cells and red blood cells to flow through while retaining the captured CTCs. The blood 
flows from the inlet towards the outlet. 
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1  The Parsortixä system has shown high capture rate of both single CTCs and CTC clusters30,54,63 

and a clinical trial (NCT 03427450) measuring the capture efficiency of CTCs from metastatic 

breast cancer patients versus healthy donor blood is been conducted. 

 

Innovation in the microfluidic field is constantly progressing and currently aiming at merging 

CTCs enrichment technologies with tools to isolate exosomes and cell-free tumor DNA 

(ctDNA)64, and with drug-testing platforms to immediately characterize patients CTCs 

(unpublished).  

 

A critical step in the analysis of CTCs and other liquid biopsies products is the purity of the 

enriched sample. Majority of CTCs detection and enrichment methods cannot achieve 100% 

purity from contaminant RBC and WBC. This issue might become more complex when deeper 

levels of analysis (e.g. RNA analysis) are pursued. In this instance, micromanipulation of the 

enriched samples is necessary to avoid critical bias. Manual and automated manipulators have 

shown to be able to isolate single cells, or a selected pool of cells, from contaminant 

surroundings. CellCelectorä (ALS) has emerged among those technologies as a unique tool to 

specifically isolate rare single cells either in suspension or in an adherent format from 

surrounding cells30,54,65. CellCelectorä is based on a robotic arm equipped with a glass capillary 

of an aperture of 20 to 50 µm, which is able to aspirate and deposit volumes as small as 0.5 µl 

and clusters up to 50 cells. The robotic arm automatically picks and deposits the cell of interest 

in the chosen deposit format (e.g. single PCR tubes or microtiter plates). However, a semi-

automatic function enables sample manipulation during the picking process, allowing to 

separate cells from surrounding contaminant cells, or clustered cells from each other30,66. 

In the latter example, features of single cells composing a CTC cluster can be analyzed 

individually (e.g. through single cell RNA-sequencing) to characterize their clonal heterogeneity 

and to identify potential markers of metastasis with the goal of gathering important insights 

into those mechanisms that define the metastatic process from a single patient’s liquid 

biopsy30. 

  



 

  21 

1Hypoxia and Metastasis 

 

Among the multiple factors that have been linked to the ability of cancer cells to metastasize, 

intra-tumor hypoxia has been described to be one of the main microenvironmental signals that 

promotes metastases67. Hypoxia is defined as oxygen deficiency within tissues of the body. 

Oxygen diffuses from arterial blood into tissues through a pressure gradient. In normal tissues, 

hypoxia occurs sporadically and due to metabolic stress of the tissue (e.g. muscles during 

exercise). In cancer, cells are highly proliferative and the blood supply, which nourishes the 

cells with oxygen and nutrients, eventually becomes not sufficient to sustain tumor cells and 

immune cell infiltrates. A chronic hypoxia, unresolved and persistent, can develop into anoxia 

(i.e. total lack of oxygen) and eventually, in necrosis (i.e. tissue death). 

 

During hypoxia, cells physiologically undergo several changes in order to survive and to adapt 

to the occurring stress. For instance, cells switch their metabolism from aerobic to anaerobic, 

producing more lactate. Interestingly, cancer cells have been reported to undergo a metabolic 

switch even before the establishment of hypoxia. The “Warburg effect”, observed by Otto 

Warburg in 1930, describes how cancer cells switch to aerobic glycolysis followed by lactic acid 

fermentation regardless of the presence of oxygen68–70. Aerobic glycolysis is an inefficient but 

10-100 times faster adenosine triphosphate (ATP) producer71. It increases the generation of 

additional metabolites required for cell proliferation (e.g. membrane lipids and nucleotides) 

while maintaining mitochondrial bioenergetics71–73. At this point, the cells physiologically 

upregulate glucose transporters (e.g. GLUT-1) to increase the uptake of glucose74. Hypoxia 

favors, but not causes, the “Warburg effect” through the action of the master transcription 

factors HIF1a and HIF2a (Hypoxia inducible factors)75. Clinically, the presence of HIF1a and 

HIF2a is associated to metastases and to poor patient survival in several solid cancer types 

(e.g. breast cancer, colorectal cancer, SCLC, pancreatic and hepatic cancer)76–81. Hypoxia 

results in the stabilization of both HIFs which help the cell to cope with hypoxic stress by 

transcribing genes involved in the glucose uptake (glycolytic metabolism), angiogenesis and 

migration – all well-known hallmarks of cancer82,83. Moreover, hypoxia has been described to 

promote anoikis-resistance and survival84, and to increase self-renewal of tumor-propagating 

cells (also described as cancer stem cells) via the induction of stemness genes like OCT485,86. 
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1 HIF1a and HIF2a are similar but not identical. HIF1a is ubiquitously expressed, and its 

stabilization and activation rely on the establishment of hypoxia and the proteosomal 

degradation-escape mechanism87. In contrast, HIF2a has been detected only in certain tissues 

(e.g. kidney, lung, liver and in endothelial cells) and its stabilization during hypoxia increases its 

own protein levels87. Both HIF1a and HIF2a activate hypoxia response element (HRE)-

dependent genes. Vascular endothelial growth factor A (VEGFA), for instance, is a target of 

both HIFs88. However, HIF2a is not expressed in certain tissues such as breast, leaving the 

angiogenesis role in the breast solely to HIF1a. Moreover, while HIF1a has unique target 

genes, such as glycolytic genes, HIF2a-unique genes have not been yet identified89. 

 

Hypoxia can be measured in the tissues through the oxygen partial pressure (tension; pO2). 

Physiologically, pO2 varies between tissues in the body; for instance, arterial blood oxygen 

concentration is measured to be 70 mmHg, venous blood oxygen is 50 mmHg and in the alveoli 

is 100 mmHg90. In cancer, pO2 is notably decreased; with a minimum of 2-2.7 mmHg for 

pancreatic cancer and a maximum of 14.3-16.6 mmHg for lung cancer90, hypoxia has been 

described to develop in, virtually, all solid cancer types including renal cell carcinoma91, 

esophageal cancer92, melanoma84, pancreatic cancer93, endocrine cancer and NSCLC94,95. 

Interestingly, elevated HIFs expression in primary tumors correlates with worse survival 

(Introduction Figure 3 A)96–100. 

Yet, intra-tumor hypoxia remains untreated with the exception of renal cell carcinoma where 

a mutation in von Hippel-Lindau (VHL), key player protein involved in the physiological 

degradation of HIF1a in normoxia, drastically increases HIF1a levels despite the pO2 and it is 

treated downstream of HIF1a with anti-angiogenic therapy96g. Interestingly, hypoxia has been 

recently implicated into innate tumor resistance to anti-PD-1 therapy, as well as in 

chemotherapy and radiotherapy resistance101–103. Reduced oxygen blocks the formation of 

free-radicals during radiotherapy which results in therapy resistance. Moreover, cell 

proliferation is inhibited under hypoxic conditions, thus protecting hypoxic cancer cells from 

chemotherapy (Introduction Figure 3 B)104. Other strategies are needed for the treatment of 

cancer that consider the establishment of intra-tumor hypoxia and the induced therapy-

resistance. 
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1

Introduction Figure 3. Schematic representation of hypoxia and the effects of chemotherapy on hypoxic tumors. 
(A) Intra-tumor hypoxia occurs at low pO2 and promotes CTCs intravasation and metastasis. (B) Upon 
chemotherapy, cycling cells (generally all normoxic cells) are affected and undergo cell death while hypoxic cells 
might stop cycling, becoming resistant to the treatment. 

 

 

Anti-angiogenic Therapies and Vascular Normalization Strategies 

 

Cancer cells in hypoxia upregulate the expression of VEGFA through HIF1a activation, as well 

as through HIF1a-independent pathways, such as the RAS oncogene105. 

VEGFA is the main effector involved in the promotion of new vessel formation (angiogenesis) 

and it is secreted by tumor cells to induce a paracrine reaction. VEGFA is released by hypoxic 

cells in different isoforms (e.g. VEGF121 and VEGF165) which diffuse through the extracellular 

matrix and interstitial spaces binding, eventually, the VEGF receptors (VEGFR) expressed by 

the endothelial cells106. During angiogenesis, VEGFA constant gradient is required for four 

consecutive weeks in order to allow endothelial cells to undergo physical changes and to create 

new VEGFA-independent vessels, either by sprouting or via intususseption107,108. In adults, 

vessels are stable, endothelial cells are long-living cells and angiogenesis does not occur109. In 

cancer, angiogenesis has been observed in several cancer types including colorectal cancer and 

breast cancer110,111. Tumor-induced angiogenesis is described to be deregulated, incomplete 

and inefficient112. Tumor cells might overcome the lack of functional blood vessels by 

mimicking endothelial cells organization and by diverting the blood flow though vessel-like 

structure formed by organized tumor cells113,114. This mechanism is known as vascular 

mimicry113,114. 
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1 Of note, some tumor types have been defined as non-angiogenic cancers (e.g. lung, liver, 

pancreatic and brain tumors)113,115. These specific sub-types of cancer are known to be hypoxic 

but to find nutrients by vessel co-option, defined as migration and spread of tumor cells along 

the vessels and their proliferation in localized areas next to vessels109,116. Anti-angiogenic 

treatment of these tumor types can be circumvented by the vessel co-option mechanism and 

resulting in therapy resistance117. 

 

Anti-angiogenic treatments have been developed to balance the angiogenic response of the 

tumor and in attempt to block the spreading of tumor cells and to shrink the tumor size111,118. 

Indeed, in colorectal cancer 5 mg/Kg of Bevacizumab significantly reduced vasculature, tumor 

size and increased overall survival118. Moreover, a growing body of evidence shows that anti-

angiogenic treatments achieve “vascular normalization” where the incomplete and 

deregulated tumor vessels reach a complete and stable state by balancing anti- versus pro-

angiogenic factors, administered and produced by the tumor, respectively112. This approach 

aims at restoring a normal and functional blood circulation in the tumor and to better 

administer chemotherapeutic or immunotherapeutic agents to the core of the tumor119,120. 

The VEGF/VEGFR pathway is the most targeted pathway by anti-angiogenic therapies. 

Bevacizumab, potent humanized monoclonal antibody against VEGFA121, has been approved 

for the treatment of metastatic colorectal cancer and NSCLC by the FDA in 2004, and it has 

shown to produce dramatic benefit in survival if administered together with chemotherapy122. 

In glioblastoma, bevacizumab has decreased edema and ameliorated the outcome of 

radiotherapy120,123. Recently Bevacizumab has been approved for the treatment of stage III and 

IV ovarian cancer with addition of chemotherapy (FDA) However, VEGFR-targeting recently 

demonstrated to eventually stimulate tumor adaptation and metastases in models of 

glioblastoma and pancreatic neuroendocrine carcinoma by increasing hypoxia, suggesting that 

the migratory capacity of tumor cells increases (Introduction Figure 4)124. 
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1Introduction Figure 4. Schematic representation of 
hypoxia and the effects of anti-angiogenic therapy on 
hypoxic tumors. Upon anti-angiogenic therapy, blood 
vessels are compromised blocking supply to tumor cells. 
Tumor cells adapt to the therapy and intravasate in 
remaining blood vessels. 
 
 
 
 
 

 

 

In breast cancer, the expression levels of HIF1a and VEGFA are higher than in normal breast tissue125,126. However, 

regiments of bevacizumab in combination with several chemotherapeutic agents have proven efficacy solely at 

the progression-free survival (PFS) levels, leaving the overall survival (OS) unchanged in metastatic patients 

(Introduction Table 1)127–131. These disappointing results have been obtained in metastatic breast cancer also by 

other anti-angiogenic drugs (e.g. sunitinib and sorafenib, VEGFR antibodies) 132. 

Introduction Table 1. Summary table of the results of breast cancer clinical trials using anti-angiogenic therapy 
(adapted from Gampenrieder et al., 2017132). The table lists the clinical trials performed on breast cancer with 
bevacizumab. 

 

Thus, intra-tumor hypoxia remains hallmark of aggressive breast cancers, and no treatments 

are available to subvert the pro-metastatic effects of hypoxia in this disease. 
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SUMMARY 

 

Circulating tumor cells (CTCs) are shed from solid cancers in the form of single or clustered 

cells, with the latter displaying an extraordinary ability to initiate metastasis. Yet, the biological 

phenomena that trigger the shedding of CTC clusters from a primary cancerous lesion are 

unknown. Here, when dynamically labeling breast cancer cells along cancer progression, we 

observe that the majority of CTC clusters is undergoing hypoxia, while single CTCs are largely 

normoxic. Strikingly, we find that vascular endothelial growth factor (VEGF) targeting leads to 

primary tumor shrinkage but it increases intra-tumor hypoxia, resulting in a higher CTC clusters 

shedding rate and metastasis formation. Conversely, a pro-angiogenic approach increases 

primary tumor size yet it dramatically suppresses the formation of CTC clusters and metastasis. 

Thus, intra-tumor hypoxia leads to the formation of clustered CTCs with high metastatic ability, 

and a pro-angiogenic therapy suppresses metastasis formation through prevention of CTC 

clusters generation. 

 

 

 

 

KEYWORDS 

 

Circulating tumor cell clusters; Hypoxia; Metastasis; Anti-angiogenic therapy; Pro-angiogenic 

therapy; Single-cell RNA-sequencing; Mass spectrometry. 
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INTRODUCTION 

 

Circulating tumor cells (CTCs) are considered to be metastatic precursors in several cancer 

types including breast cancer, but the mechanisms that lead to their generation from a solid 

tumor mass are poorly understood40. CTCs are shed as single cells, multicellular aggregates 

(CTC clusters) or in association with immune or stromal cells30,31,54,133. While cluster formation 

generally leads to an increased metastatic ability29,30,54,133–135, whether CTC clusters are 

released from a cancerous lesion in a passive (i.e. stochastic) or active (i.e. as a consequence 

to a defined event) manner is unknown. Several factors have been linked to the ability of cancer 

cells to metastasize, such as cell-autonomous upregulation of metastasis-promoting 

genes17,136–138 or genes involved in the formation of a pre-metastatic niche139,140, interaction 

with the immune system30,141 or microenvironmental signals96,142. 

 

 

Particularly in the context of the microenvironment, intratumor hypoxia (i.e. oxygen 

deficiency) and deregulated angiogenesis (i.e. insufficient or exaggerated blood vessel 

formation) have emerged as key factors involved in cancer progression83,102,143. In contrast to 

healthy tissues, cancer cells are able to survive in hypoxic conditions, and take advantage from 

the hypoxic microenvironment in multiple ways. For instance, hypoxia has been linked to 

chemotherapy and radiotherapy resistance of cancer cells101,102,144,145 as well as increased 

metastasis formation82, and high levels of HIF1a expression - the master hypoxia regulator146 

- correlate with a poor prognosis in patients with cancer147. Anti-angiogenic therapies, typically 

targeting the VEGF pathway148, have been originally developed to reduce intratumor 

vasculature and as a consequence, starve the tumor from its nutrients111. Additionally, a 

growing body of evidence has also highlighted a vascular normalization signal for anti-

angiogenic therapies, as a function of tumor type as well as therapy dosage and schedule112,149, 

unexpectedly resulting in improved blood flow, density and mural cell coverage of blood 

vessels150. However, in breast cancer, anti-angiogenic treatments have failed to consistently 

prolong survival of patients and paradoxically, intra-tumor hypoxia remains a hallmark of 

breast cancer biology127,128,130,151,152. 
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Several studies have suggested that hypoxic cancer cells are endowed with increased 

metastatic ability. For instance, through HIF1a, hypoxia has been linked to metabolic changes 

during tumor progression, such as the transcription of genes encoding glucose transporters 

and glycolytic enzymes, favoring the Warburg effect104,153. Hypoxia has also been linked to 

phenotypic changes involved in cancer biology, such as an epithelial-to-mesenchymal 

transition154. At the level of the primary tumor, hypoxia is generally expected to be confined 

to the core, or within regions that are poorly vascularized. However, this is an apparent 

paradox in the context of metastasis biology, since hypoxic tumor regions should be 

characterized by a lower blood perfusion and metastatic cancer cells need to have access to 

functional blood vessels to achieve dissemination. 

 

 

We thought of tackling this controversy by directly addressing the role of hypoxia in 

spontaneous metastasis models in vivo and in relation to CTC generation and metastasis. We 

combine microfluidic-based capture and micromanipulation of human and mouse CTCs, 

dynamic hypoxia labeling of cancer cells throughout the metastatic process, treatment with 

anti-angiogenic and pro-angiogenic agents, single-cell resolution RNA-sequencing, mass 

spectrometry, and functional validation assays to gain insights into the consequences of 

vascular manipulations for cancer metastasis. Unexpectedly, our study provides new means to 

blunt metastatic spread by promoting, rather than suppressing, intra-tumor angiogenesis. 
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RESULTS 

 

Hypoxic areas retain functional blood vessels 

 

We first sought to dynamically trace spontaneous hypoxic events by generating an activity 

reporter vector for HIF1a (HIF1a reporter), designed to express enhanced yellow fluorescent 

protein (eYFP) under the control of hypoxia-response element (HRE) repeats (Figure 1A). We 

transduced the HIF1a reporter in human breast CTC-derived cells (BR16) directly obtained 

from a liquid biopsy54, in human metastatic breast cancer cells (MDA-MB-231 lung metastatic 

variant, referred to as “LM2”)17 and in mouse breast cancer cells obtained from spontaneously-

arising primary tumors (4T1), all well-established models that enable the interrogation of 

biological features underlying the spontaneous progression of breast cancer from primary to 

metastatic disease. We confirmed elevated eYFP levels both upon treatment with the HIF1a-

stabilizer deferoxamine (DFO) (Figure S1A) and also as a consequence to incubation in hypoxic 

conditions (0.1% O2), compared to control cells and to cells exposed to 5% O2 (Figure S1B, C). 

Of note, when transferring the cells back to normoxic (20% O2) conditions, we could confirm 

the dynamic and reversible nature of our approach (Figures S1B, C). These results were also 

validated at the level of HIF1a protein expression (Figure S1D-F). As further controls, we 

confirmed that HIF1a knockdown completely abolished the ability of transduced cells to 

express eYFP and did not result in compensatory HIF2a expression (Figures S1G, H), and 

stimulation with reactive oxygen species (ROS) inducers or tricarboxylic acid cycle (TCA) 

metabolites failed to activate eYFP expression (Figure S1I), confirming the specificity of the 

reporter system. 

 

We then injected BR16-HIF1a, LM2-HIF1a and 4T1- HIF1a reporter cells into the mammary 

fat pad of immunocompromised (NSG) mice and monitored spontaneous tumor development, 

aiming to visualize the emergence of hypoxic regions and determine their localization, i.e. 

either as hypoxic core or as scattered hypoxic areas (Figure 1B). The expression of the HIF1a 

reporter did not alter tumor growth kinetics (Figure S2A) nor did it influence the overall course 

of the metastatic disease, as confirmed by comparable overall survival rates between mice 

injected with HIF1a reporter cells and control cells (Figure S2B). Primary tumors were then 
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immunostained for mCherry (tumor cells), eYFP (HIF1a-expressing tumor cells), Pimonidazole 

(gold-standard to define hypoxic areas)155, as well as CD31 (endothelial cells) to highlight intra-

tumor hypoxic regions and the distribution of blood vessels throughout the tumor tissue. We 

observed a bimodal hypoxia distribution in tumors, either restricted within a central core or 

scattered throughout the tumor volume, yet in all cases characterized by distinct hypoxic 

regions with defined boarders (Figures 1C, 1D, S2C and Movie S1). The percentage of eYFP-

positive or pimonidazole-positive cells within primary tumors varied between models and in 

individual mice, ranging from a mean of 5.6% to a mean of 64.1% (Figure S2D-F), with eYFP-

positive cells co-localizing with pimonidazole regions in 31.1% to 54.9% of the cases (Figure 

S2G). As expected, the extent of the co-localization between eYFP and pimonidazole is 

influenced by the nature of the two methods. While eYFP is detectable only several hours after 

the establishment of hypoxia and labels cells that experience prolonged hypoxic conditions 

(Figure S1A, B), pimonidazole reactivity occurs rapidly in all areas that are hypoxic at the 

moment of the exposure of tumor cells to the compound, including early hypoxic events155. 

 

Next, we asked whether hypoxic regions of the tumor, as defined by either eYFP- or 

pimonidazole-positivity, are perfused by functional blood vessels (Figure 1E). To this end, we 

intravenously injected dextran in tumor-bearing mice and assessed its presence within the 

vasculature of both hypoxic and normoxic regions. First, we found that CD31-positive cells (i.e. 

endothelial cells) are present throughout the tumor (Figure S2H) and distributed in both 

hypoxic and normoxic regions, with a higher presence in normoxic tumor regions (Figures 1F 

and S2I). Of note, the vast majority of blood vessels found in either eYFP- or pimonidazole-

positive tumor areas also resulted positive for dextran, suggesting their functionality (Figures 

1G, H and S2J, K), while the density of functional blood vessels was higher in normoxic tumor 

regions compared to hypoxic ones, as expected (Figures 1I and S2L). Lastly, intravasation 

events were observed for eYFP-positive cancer cells in dextran-positive vessels (Figure 1J). 

Altogether, these results suggest that intra-tumor hypoxia occurs in spatially-defined areas 

that are characterized by the presence of functional blood vessels, albeit at a lower density 

compared to normoxic tumor regions, highlighting a possible intravasation route for hypoxic 

cancer cells to the circulation. 
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Figure 1. Dynamic labeling and assessment of intra-tumor hypoxia. (A) Schematic representation of the HIF1a 
reporter. The Hypoxia-Response Element (HRE) is repeated five times before a CMV minimal promoter (CMVmp), 
driving the expression of enhanced Yellow Fluorescent Protein (eYFP) upon HIF1a protein stabilization and 
activation. (B) Schematic of the experimental design. From left to right, mice are injected in the mammary fat pad 
with tumor cells expressing the HIF1a reporter and resulting primary tumors may display different patterns of 
hypoxia, i.e. either a hypoxic core or scattered hypoxic areas. (C) Representative pictures of breast tumors 
displaying a hypoxic core (left) or scattered hypoxic areas (right). (D) Bar plot showing the percent of core versus 
scattered hypoxic areas in LM2, BR16 and 4T1 tumor models. (E) Schematic of the experimental setup, aimed at 
testing whether hypoxic areas of the tumor are perfused (left) or poorly perfused (right). (F) Scatter plot showing 
the percent of CD31-positive (+) cells within the normoxic and the hypoxic tumor areas of NSG-BR16-HIF1a 
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reporter mice, defined HIF1a reporter (eYFP; n=4), Pimonidazole staining (Pimo; n=4), or the lack of both 
(N=normoxia; n=5). Error bars represents s.e.m. (G) Scatter plot showing the distribution in percent of functional 
vessels within the hypoxic tumor areas of NSG-BR16-HIF1a reporter mice, defined by HIF1a reporter (eYFP; n=4) 
or Pimonidazole staining (Pimo; n=4). Error bars represents s.e.m. (H) Representative images of NSG-BR16-HIF1a 
reporter tumors stained for human Cytokeratin (hCK), eYFP, CD31 and Dextran (Dex) (left) or with hCK, 
Pimonidazole (Pimo), CD31 and Dex (right). White triangles highlight Dex-positive vessels. (I) Scatter plot showing 
the density in percent of functional blood vessels in normoxic (n=7), HIF1a reporter (eYFP; n=4) or Pimonidazole-
stained (Pimo; n=4) areas of NSG-BR16-HIF1a reporter tumors. Error bars represents s.e.m. (J) Representative 
images of NSG-BR16-HIF1a reporter tumors stained for human Cytokeratin (hCK), eYFP, CD31 and Dextran (Dex) 
and showing intravasating hypoxic (eYFP-positive) CTC cluster (left), intravasating hypoxic (eYFP-positive) single 
CTC (middle) and intravasated normoxic (eYFP-negative) single CTC (right). White triangles highlight the 
intravasation sites. 

 

 

CTC clusters originate from hypoxic tumor regions 
 
We next investigated the hypoxic status of live CTCs, spontaneously originating from tumor-

bearing mice. To this end, we made use of the HIF1a reporter through eYFP detection, and not 

pimonidazole, for two main reasons. First, pimonidazole staining requires fixation, which would 

not allow us to perform functional assays with the isolated CTCs. Second, differently from 

pimonidazole, eYFP labels cells that experienced hypoxia for several hours, presumably starting 

at the level of the primary tumor given the short half-life of CTCs in circulation29, allowing us 

to focus on consolidated hypoxic events leading to sustained HIF1a activity. With this 

approach, we first established that the number and composition of spontaneously-generated 

CTCs was not altered by the expression of our HIF1a reporter system (Figure S3A). Strikingly 

however, we found that while the majority of single CTCs are normoxic (i.e. eYFP-negative), 

CTC clusters are largely hypoxic in all three tested models (Figures 2A, B and S3B, C), with the 

majority of the cells in each cluster being eYFP-positive (Figure S3D-G). Of note, despite the 

fact that in the slow-growing BR16 model only a mean of 5.6% of primary tumor cells were 

eYFP-positive (Figure S2E), we found a mean of 80.6% of CTC clusters to be positive for eYFP 

(Figure S3C), strongly suggesting their origin from hypoxic tumor areas and arguing against 

stochastic CTC intravasation dynamics. 

 

To assess whether hypoxic CTC clusters are endowed with a greater metastatic potential 

compared to their normoxic counterpart, we first injected LM2-HIF1a reporter cells in the 

mammary fat pad of NSG mice and upon tumor development, spontaneously-generated single 
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CTCs and CTC clusters were individually isolated, micromanipulated, and separated into eYFP-

positive or eYFP-negative (Figure 2C). We found a higher ratio of Ki67-positive cells among 

hypoxic CTCs (both single and clustered) (Figure S3H-J). Importantly, while hypoxic CTC clusters 

were generally found to contain a higher number of cells than the normoxic ones (a mean of 

5.3 cells per hypoxic CTC cluster versus a mean of 2.82 cells per normoxic CTC cluster; P<0.001) 

(Figure S3K), we intravenously injected a total of 100 cells per recipient tumor-free mouse for 

all groups for direct assessment of their metastatic potential, without disrupting the 

multicellular structure of CTC clusters (Figure 2C). Mice injected with hypoxic CTC clusters 

developed metastasis earlier and survived for a shorter time than those injected with normoxic 

CTC clusters, highlighting the higher metastasis-seeding ability of hypoxic CTC clusters (Figure 

2D). Strikingly, hypoxic single CTCs were not endowed with a greater metastatic ability 

compared to their normoxic counterpart, suggesting that hypoxia alone (i.e. without 

clustering) is not sufficient to increase the metastatic potential of cancer cells (Figure 2D). Of 

note, we realized that virtually all CTC-WBC clusters30 from this model were also hypoxic, and 

as expected, their direct metastatic ability exceeded that of hypoxic CTC clusters that were not 

associated to WBCs (Figure S3L-O). We then repeated the same experiment with the BR16-

HIF1a model, and confirmed the elevated metastatic ability of clustered hypoxic CTCs 

compared to their normoxic or single cell counterpart (Figure S3P, Q). 

 

Thus, the majority of clustered cancer cells is hypoxic in circulation, while single CTCs are 

generally normoxic. Hypoxic CTC clusters also display a higher ability to seed metastasis 

compared to normoxic CTC clusters, highlighting that hypoxia may be both a trigger to CTC 

cluster generation and an enhancer of clustered CTCs’ metastatic potential. 
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Figure 2. Dynamic labeling of hypoxic CTCs and assessment of their metastatic potential. (A) Representative 
pictures of CTC clusters (top) and single CTCs (bottom) from NSG-LM2-HIF1a reporter mice, positive (+) or 
negative (-) for eYFP expression. (B) The scatter plot shows the mean percentage of eYFP-positive (+) single CTCs 
(n=3) and CTC clusters (n=3) from NSG-LM2-HIF1a reporter mice. Error bars represents s.e.m.; P value by two-
tailed unpaired Student’s t-test is shown. (C) Schematic of the experimental design. From left to right, CTCs from 
donor NSG-LM2-HIF1a mice are enriched from whole blood. Single CTCs and CTC clusters are then 
micromanipulated and separated into eYFP-positive (+) or eYFP-negative (-). Subsequently, equal number of cells 
(n=100) from eYFP-positive (+) or eYFP-negative (-) single CTCs or CTC clusters are intravenously injected in 
recipient NSG mice to assess their direct metastatic ability. (D) Kaplan-Meier survival analysis of NSG mice injected 
with eYFP (+) (n=4) or eYFP (-) (n=3) CTC clusters or single CTCs. P value by log-rank test is shown. 

 

 

Identification of a Hypoxic CTC cluster gene signature 

 

We sought to take an unbiased approach by interrogating the gene expression profile of 

hypoxic CTC clusters, aiming to identify genes that are not only upregulated as a consequence 

to hypoxia, but that may also play a pivotal role in promoting CTC clusters generation and 

metastasis. To this end, we isolated live CTCs from a breast cancer patient (BR61) and two 

breast cancer xenografts (BR16 and LM2) and labeled them with HypoxiaRed, a cell-permeable 

dye that directly tags hypoxic cells based on their nitroreductase activity156, allowing to 

compare the gene expression profile of hypoxic versus normoxic CTC clusters (Figure 3A). In 

contrast to eYFP, HypoxiaRed allowed us to label hypoxic CTCs independently of the exposure 

time to low oxygen concentrations, and enabling the processing of live cells from freshly-

isolated blood samples. Of note, in control experiments we demonstrate that HypoxiaRed-

positivity increases in hypoxic conditions (0.1% O2) (Figure S4A) as well as it correlates with 

eYFP expression in HIF1a reporter cells and CTCs upon hypoxia induction (Figure S4B-E). In the 
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same experiments, we also demonstrate that the vast majority of eYFP-positive CTCs (97%) 

from tumor-bearing mice also stain positive for HypoxiaRed and pimonidazole, extending the 

validity of our approach (Figure S4E), and we detect a correlation between HypoxiaRed or eYFP 

intensity and CTC cluster size, as expected (Figure S4F). Lastly, to ensure that our labeling 

strategy and processing does not artificially create hypoxic cells, we intravenously injected 

normoxic LM2 cells in tumor-free mice, then processed blood samples with our CTC-isolation 

device at different timepoints (0, 15 and 30 minutes; consistent with the circulation half-life of 

CTC clusters) after injection, respectively, and compared HypoxiaRed- or eYFP-positivity to 

control cells treated with DFO (Figure S4G). Importantly, we only found HypoxiaRed- or eYFP-

positivity in control cells that were treated with DFO (Figure S4H), confirming that our strategy 

does not artificially create hypoxic cells. 

 

Following CTCs isolation and HypoxiaRed staining, in line with our previous findings, we 

observed a higher HypoxiaRed-positivity in CTC clusters compared to single CTCs (mainly visible 

in xenografts, where the highest number of CTCs was retrieved; Figures S4I-K). We then 

individually micromanipulated a total of 28 HypoxiaRed-positive versus 33 HypoxiaRed-

negative CTC clusters from xenografts and a patient sample, and processed them for RNA 

sequencing (Figure 3B). Of note, since hypoxic CTC clusters generally contain more cells than 

their normoxic counterpart (Figure S4L), typically resulting in a higher number of genes 

detected in single cell-resolution sequencing experiments (data not shown), to avoid technical 

biases we only considered 2- and 3-cell clusters for the RNA sequencing analysis. Differential 

expression analysis highlighted that hypoxic CTC clusters (as defined by HypoxiaRed-positivity 

as well as expression of HIF1a and VEGFA; Figure S5A) differ in the expression of 32 genes 

(FDR<0.25) compared to their normoxic counterpart (as defined by HypoxiaRed-negativity and 

absence of expression of HIF1a and VEGFA; Figure S5A), of which 25 upregulated and 7 

downregulated (Figure 3C and Tables S1,2). In contrast, no changes were observed between 

hypoxic and normoxic clusters in terms of total number of detected genes, nor expression of 

genes related to cell cycle or epithelial-to-mesenchymal transition (Figure S5B-D). Among 

upregulated genes, additionally to HIF1a and VEGFA, we note GDF15, CCNG2 and P4HA1, 

previously associated to hypoxia157–159, as well as genes that were not previously linked to 

hypoxic conditions.  
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To validate these findings, we evaluated the expression of our 25-gene signature found 

upregulated in hypoxic CTC clusters (“hypoxic cluster signature”) in single and clustered CTCs 

(n=88) from 13 breast cancer patients, and found that our hypoxic cluster signature is 

significantly upregulated in CTC clusters (P=0.003) (Figure 3D). We next tested whether our 

signature could be used to predict the clinical outcome of breast cancer patients with very 

early disease and no clinical evidence of metastasis, i.e. stage 1, all subtypes from TCGA dataset 

(Table S3). Strikingly, we first found that low expression levels of the hypoxic cluster signature 

in the primary tumor correlate with 100% 10-year survival rate of patients, while high 

expression levels predict a poor prognosis as indicated by lower survival rates (P=0.037) (Figure 

3E). These results highlight the predictive value of our signature in very early settings, where 

primary tumors are still surgically removable. Of note, we observe that this predictive value is 

superior to previous hypoxia-related signatures (mostly obtained from in vitro data and bulk 

analyses)160–163 (Figure S5E). Lastly, in the advanced disease setting, we also found that high 

expression of the hypoxic cluster signature could predict a shorter metastasis-free survival 

(P=0.0024) in a cohort of 1’746 breast cancer patients (Figure 3F). 

Thus, hypoxia triggers the expression of a defined gene set in CTC clusters in vivo, highly 

predictive of a poor prognosis in breast cancer patients. 
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Figure 3. Hypoxic CTC clusters express a gene signature that is associated with a poor prognosis in breast cancer 
patients. (A) Schematic of the experimental design. From left to right, after sampling, blood specimens are 
processed with the Parsortix device to enrich for CTCs. Staining for CTC markers (EpCAM, HER2 and EGFR; green) 
and the HypoxiaRed dye (orange) is performed in-cassette. Subsequently, stained CTCs are released for 
micromanipulation, and isolated for single cell-resolution RNA-sequencing. (B) Representative pictures of CTC 
clusters from NSG-LM2-GFP/Luc and NSG-BR16 xenografts, as well as BR61 patient stained with HypoxiaRed and 
processed for RNA-sequencing. (C) Heatmap showing differentially expressed genes between hypoxic (n=14) and 
normoxic (n=17) CTC clusters from NSG-LM2, NSG-BR16 and BR61 (False Discovery Rate (FDR) < 0.25). (D) Density 
plot showing the distribution of CTC clusters and single CTCs from the GSE109761 dataset (n=13 breast cancer 
patients) according to the expression of the hypoxic cluster signature. P value by one-tailed Student t-test is 
shown. (E) Kaplan-Meier curve showing overall survival rate of Stage I breast cancer patients expressing in their 
primary tumor high (quantile 4; Q4) or low (quantile 1; Q1) levels of genes upregulated in hypoxic CTC clusters 
(top). The number of patients that progressed at each time point is shown (bottom). P value by log-rank test is 
shown. (F) Kaplan-Meier curve showing distant metastasis-free survival rate of breast cancer patients expressing 
in their primary tumor high (quantile 4; Q4) or low (quantile 1; Q1) levels of genes upregulated in hypoxic CTC 
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clusters (top). The analysis was performed using breast cancer patients from KMplotter. The number of patients 
that progressed at each time point is shown (bottom). P value by log-rank test is shown. 

 
 
Proteomic profiling of hypoxic cancer cells 

 

We next aimed at characterizing the protein expression profile of hypoxic and normoxic cancer 

cells directly isolated from the primary tumor of mice, by means of an unbiased tandem mass 

tags-labeling strategy followed by mass spectrometry, aiming to identify proteins that could 

mediate hypoxia-driven clustering in vivo. Particularly, live primary tumor cells expressing the 

HIF1a reporter were digested and dissociated into single cells, and sorted accordingly to eYFP 

expression prior to mass spectrometry analysis (Figure 4A). We then asked which peptides (and 

corresponding proteins) were differentially regulated in hypoxic tumor cells as compared to 

their normoxic counterpart. Among 10’574 detected peptides, corresponding to 2’541 unique 

proteins (Table S4), we found that 176 proteins are enriched in eYFP-positive tumor cells, while 

498 are downregulated, compared to eYFP-negative tumor cells (q£0.1; Figure 4B). Gene 

ontology (GO) analysis of the proteins upregulated in eYFP-positive tumor cells revealed a 

sharp enrichment for proteins involved in cell adhesion, cadherin and protein binding (Figure 

4C), consistent with a model whereby hypoxia leads to increased cancer cell clustering. In 

contrast, GO analysis of proteins upregulated in eYFP-negative tumor cells revealed 

enrichment in different molecular functions, including DNA and RNA binding (Figure 4D). 

Further, we isolated single and clustered CTCs, either positive of negative for eYFP, to 

investigate specific changes at the protein level occurring in circulation, in addition to the 

primary tumor site (Figure S5F). Among 24’482 peptides (corresponding to 3’033 unique 

proteins; Table S5) detected in hypoxic and normoxic CTCs, we found that 418 proteins are 

enriched in eYFP-positive CTCs (single and clustered) while 988 are down-regulated, compared 

to eYFP-negative CTCs (q£0.1; Figure S5G).  

 

GO analysis of the proteins upregulated in hypoxic CTCs revealed an enrichment in cell 

adhesion, cadherin and protein binding (Figure S5H), strongly mirroring the pattern of hypoxic 

cells within the primary tumor, as expected, given the short half-life of CTCs in circulation29. 

Detailed analysis of the proteins involved in cell adhesion, cadherin and protein binding 

pathways upregulated in eYFP-positive tumor cells highlighted the involvement of several 
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players including NDRG1, previously associated to hypoxia and to cell-cell junction stability164 

(Figure 4E). We further validated NDRG1 expression in pimonidazole-positive tumor areas of 

mice through immunohistochemistry staining (Figures 4F and S5I), as well as confirmed its 

elevated expression at the protein level upon hypoxia induction in vitro (Figure 4G), confirming 

our proteomics results with independent assays. Next, we reasoned that given its upregulation 

as a consequence to hypoxia and its involvement in cell-cell junctions of epithelial cells, a lack 

of NDRG1 should not affect intra-tumor hypoxia levels yet negatively impact on CTC cluster 

formation upon hypoxia induction. Consistently, we found that NDRG1 knockdown in vivo does 

not affect primary tumor size, abundance of CD31-positive cells, nor intra-tumor hypoxia 

(Figure 4H-K) but it decreases spontaneous CTC clusters generation (Figure 4L). 

 

Thus, proteomics analysis suggests that intra-tumor hypoxia leads to upregulation of cell-cell 

junctions (clearly visible both within the tumor and in circulation), and that NDRG1 - 

upregulated as a consequence to hypoxia – plays a pivotal mechanistic role in hypoxia-driven 

CTC cluster formation in vivo. 
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Figure 4. Hypoxic tumor cells upregulate cell-cell adhesion proteins in vivo. (A) Schematic of the experimental 
design. From left to right, mice bearing LM2- HIF1α reporter tumors are sacrificed and the primary tumors are 
digested and dissociated into single cells. Next, the living fraction of cells is purified, FACS-sorted into eYFP-
positive (+) and eYFP-negative (-), and analyzed via mass spectrometry using tandem mass tags-labeling (MS-
TMT). (B) Volcano plot showing all the proteins detected with mass spectrometry analysis. Proteins that are 
enriched or depleted in eYFP-positive cells (q£0.1) are shown in yellow or back, respectively. (C) Gene ontology 
(GO) analysis of molecular function pathways upregulated in hypoxic tumor cells and ranked by adjusted P value. 
Intersection size bar shows the number of proteins detected in each GO term. (D) Gene ontology (GO) analysis of 
molecular function pathways upregulated in normoxic tumor cells and ranked by adjusted P value. Intersection 
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size bar shows the number of proteins detected in each GO term. (E) Heatmap showing the expression levels of 
upregulated proteins belonging to cell adhesion molecule, cadherin and protein binding GO terms enriched in 
hypoxic tumor cells. Top 20 proteins of the respective GO term are indicated on the right and ranked based on q 
value. (F) Representative pictures showing Pimonidazole (Pimo) and human NDRG1 staining in sections from LM2-
HIF1α reporter tumor expressing mCherry/Luc. (G) Representative western blot showing NDRG1 protein in LM2-
mCherry/Luc cells induced with either DFO or hypoxia (0.1% O2). DFO is used to induce HIF1α stabilization and a-
Tubulin is used as loading control. (H) Representative western blot showing the human NDRG1 protein in LM2-
mCherry/Luc cells expressing a control shRNA (control), NDRG1 shRNA-1 or NDRG1 shRNA-2 (sh-1 and sh-2). DFO 
is used to induce NDRG1 expression and Dox is used to activate the dox-inducible NDRG1 knockdown. a-Tubulin 
is used as loading control. (I) Tumor growth curves showing the mean tumor volume of NSG mice injected with 
LM2-mCherry/Luc expressing a control shRNA (control), or NDRG1 shRNAs (NDRG1 sh-1 and sh-2). The number 
of independent biological replicates (n) is shown for each condition. Error bars represents s.e.m.; P values by two-
tailed unpaired Student’s t-test are shown. (J) The scatter plot shows the mean percentage of CD31-positive (+) 
cells within the primary tumor of LM2-mCherry/Luc mice expressing a control shRNA (control) or NDRG1 
knockdown (n=4). Error bars represents s.e.m.; P values by two-tailed unpaired Student’s t-test are shown. (K) 
The scatter plots show the mean percentage of pimonidazole-positive (+) cells colocalizing with primary tumor 
cells of LM2-mCherry/Luc mice expressing a control shRNA (control) or NDRG1 knockdown (n=4). Error bars 
represents s.e.m.; P values by two-tailed unpaired Student’s t-test are shown. (L) Pie charts displaying the mean 
percentage of single CTCs and CTC clusters in LM2-mCherry/Luc mice expressing a control shRNA (control) or 
NDRG1 knockdown. The number of independent biological replicates (n) is shown for each condition. 

 

 

HIF1a is not required for CTC cluster formation nor metastasis 

 

We next thought of testing whether HIF1a, beyond its role as an established hypoxia-

associated transcription factor146, is also directly involved in the mechanisms that promote CTC 

clusters generation and their higher ability to metastasize. To this end, we generated inducible 

HIF1a knockdown in LM2 and BR16 cells, resulting in HIF1a suppression upon treatment with 

Doxycycline (Dox) (Figure 5A, B). We then injected these cells in the mammary fat pad of NSG 

mice and monitored primary tumor growth, CTC generation, and spontaneous metastasis 

formation upon Dox treatment. Unexpectedly, while Dox treatment successfully enabled the 

expression of HIF1a shRNAs throughout the experiment in vivo (Figure 5C), we did not observe 

any difference in primary tumor size, CTC composition, metastasis formation or overall survival 

between HIF1a knockdown and control mice (Figure 5D-H). Of note, pimonidazole staining 

also highlighted that HIF1a knockdown did not decrease the overall levels of intra-tumor 

hypoxia, but it rather increased them (Figure 5I). Given that VEGFA is a direct target of HIF1a 

transcriptional activity165, we then asked whether VEGFA expression was decreased as a 

consequence to HIF1a knockdown. Interestingly, we found that VEGFA mRNA levels were not 
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altered upon HIF1a suppression (Figure 5J, K), confirming in our cells that HIF1a is not the sole 

transcriptional activator of VEGFA166. 

Thus, while HIF1a is expressed by hypoxic cells, it does not appear to be directly required for 

the formation of CTC clusters or metastasis in the tested models. 

 

Figure 5. Knockdown of HIF1a does not affect CTC cluster or metastasis formation. (A) Representative western 
blot showing the human HIF1α protein in LM2-GFP/Luc (top) and BR16-GFP/Luc (bottom) cells expressing a 
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control shRNA (control), hHIF1a shRNA-1 or hHIF1a shRNA-2 (sh-1 and sh-2). DFO is used to induce HIF1α 
stabilization and Dox is used to activate the dox-inducible knockdown. GAPDH is used as loading control. (B) 
Representative pictures showing LM2-GFP/Luc cells upon 5 days of Dox treatment. Dox-inducible shRNA 
constructs express TurboRFP together with the shRNA. (C) Representative pictures showing tumor (top) and 
metastatic lungs (bottom) of NSG-LM2-GFP/Luc mice expressing HIF1a shRNAs. (D) Tumor growth curves showing 
the mean tumor volume of NSG mice injected with LM2-GFP/Luc (left) or BR16-GFP/Luc (right) and expressing a 
control shRNA (control), or HIF1a shRNAs (HIF1a sh-1 and sh-2). The number of independent biological replicates 
(n) is shown for each condition. Error bars represents s.e.m.; P values by two-tailed unpaired Student’s t-test are 
shown. (E) Scatter plots showing the logarithm to the base of 10 (Log10) of total CTC counts per ml of blood 
obtained from NSG-LM2-GFP/Luc (left) or NSG-BR16-GFP/Luc (right) mice expressing a control shRNA (control), 
or HIF1a shRNAs (HIF1a sh-1 and sh-2). The number of independent biological replicates (n) is shown for each 
condition. Error bars represents s.e.m.; P values by two-way Anova are shown. (F) The scatter plots show the 
percentage of CTC clusters from NSG-LM2-GFP/Luc (left) or NSG-BR16-GFP/Luc (right) mice expressing a control 
shRNA (control), or HIF1a shRNAs (HIF1a sh-1 and sh-2). The number of independent biological replicates (n) is 
shown for each condition. Error bars represents s.e.m.; P values by two-tailed unpaired Student’s t-test are 
shown. (G) The scatter plot shows the metastatic index of NSG-LM2-GFP/Luc (left) or NSG-BR16-GFP/Luc (right) 
mice expressing a control shRNA (control), or HIF1a shRNAs (HIF1a sh-1 and sh-2). The number of independent 
biological replicates (n) is shown for each condition. Error bars represents s.e.m.; P values by two-tailed unpaired 
Student’s t-test are shown. (H) Kaplan-Meier curves showing overall survival rates of NSG-LM2-GFP/Luc (left) or 
NSG-BR16-GFP/Luc (right) mice expressing a control shRNA (control), or HIF1a shRNAs (HIF1a sh-1 and sh-2). The 
number of independent biological replicates (n) is shown for each condition. P value by two-sided log-rank test is 
shown. (I) The scatter plot shows the mean percentage of pimonidazole (pimo)-positive (+) cells colocalizing with 
the primary tumor cells of NSG-LM2-GFP/Luc (left) or NSG-BR16-GFP/Luc (right) mice expressing a control shRNA 
(control; n=5 and n=23), or HIF1a shRNAs (HIF1a sh-1; n=8 and n=6 and sh-2; n=11 and n=21). Error bars 
represents s.e.m.; P values by two-tailed unpaired Student’s t-test are shown. (J) Bar graph showing HIF1a mRNA 
expression levels upon HIF1a knockdown. DFO is used to induce HIF1α stabilization and Dox is used to activate 
the dox-inducible knockdown. Error bars represents s.e.m. P values by two-tailed unpaired Student’s t-test are 
shown. (K) Bar graph showing VEGFA mRNA expression levels upon HIF1a knockdown. DFO is used to induce 
HIF1α stabilization and Dox is used to activate the dox-inducible knockdown. Error bars represents s.e.m. 

 

 

VEGFA targeting reduces primary tumor size but increases CTC clusters and metastasis 

 

Given that VEGFA levels remain unaltered upon HIF1a suppression, we next asked whether 

the expression of VEGFA itself in cancer cells - as part of our hypoxic CTC clusters signature but 

also as a master angiogenesis regulator167,168 and target of anti-angiogenic therapies148 - could 

play a role in promoting CTC clusters generation and metastasis. To this end, we used Dox-

inducible vectors expressing GFP along with shRNAs targeting the human or mouse VEGFA 

transcript and transduced them in LM2 or 4T1 cells, respectively. Upon Dox stimulation, we 

confirmed both the knockdown of VEGFA using two independent shRNAs as well as the 

expression of GFP (Figure S6A). We then injected LM2- and 4T1-shVEGFA cells in the mammary 

fat pad of NSG mice and monitored tumor progression. As expected, tumors expressing VEGFA 
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shRNAs retained shRNA expression in vivo, grew slower and presented with a decreased 

percent of CD31-positive cells relative to the total tumor area (i.e. less blood vessels), along 

with a higher positivity for pimonidazole (Figures 6A-C and S6B-E). Strikingly however, despite 

the slower growth rate of VEGFA knockdown tumors, we observed a remarkable increase in 

overall CTC counts and a shift towards CTC clusters production compared to control tumors of 

the same size (1’000 mm3 for LM2 and 700mm3 for 4T1) in both models (from 11.4% to 25.6-

24.5% of CTC clusters in the LM2 model and from 25.8% to 32-40.6% of CTC clusters in the 4T1 

model, respectively) (Figures 6D-F and S6F-H). This increased CTC cluster ratio and overall CTC 

counts also led to increased metastasis formation in animals bearing a VEGFA knockdown 

tumor (Figures 6G, H and S6I, J). Of note, VEGFA knockdown did not influence the expression 

of HIF1a or HIF2a (Figure S6K). 

 

Given the surprising finding that VEGFA knockdown increases CTC cluster shedding and 

metastasis, we then asked whether treatment of mice with Bevacizumab – an FDA approved 

monoclonal antibody widely used for VEGFA targeting in cancer as well as other indications121 

– would phenocopy these results. We chose a high dose of Bevacizumab to mimic our complete 

VEGFA suppression through shRNA expression, corresponding to 25 mg/kg169. In full 

accordance with our VEGFA shRNA results, treatment with 25 mg/kg Bevacizumab resulted in 

a significantly reduced primary tumor growth rate, accompanied by a decreased number of 

CD31-positive cells and increased pimonidazole positivity (Figure 6I-K). Despite the smaller size 

of the primary tumor, Bevacizumab-treated mice displayed a clear increase in overall CTC 

counts and CTC clusters production compared to bigger control tumors (1’000 mm3 for 

controls and 489 mm3 for Bevacizumab-treated mice), resulting in increased metastatic burden 

(Figure 6L-P). Together, our results suggest that VEGFA targeting leads to tumor shrinkage, 

slower growth rate and reduced vascularization but it also promotes intra-tumor hypoxia, 

leading to increased CTC clusters shedding and accelerated metastasis formation. 
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Figure 6. VEGFA targeting increases CTC cluster shedding and metastasis formation. (A) Tumor growth curves 
showing the mean tumor volume of NSG mice injected with LM2-mCherry/Luc cells and expressing a control 
shRNA (control), or hVEGFA shRNAs (hVEGFA sh-1 and sh-2) (n=7). Error bars represents s.e.m.; P values by two-
tailed paired Student’s t-test are shown. (B) The scatter plot shows the mean percentage of CD31-positive (+) cells 
within the primary tumor of NSG-LM2 mice expressing a control or VEGFA knockdown (n=6 in control and sh-2, 
n=4 in sh-1). Error bars represents s.e.m.; P values by two-tailed unpaired Student’s t-test are shown. (C) The 
scatter plots show the mean percentage of pimonidazole-positive (+) cells colocalizing with primary tumor cells 
of NSG-LM2 mice expressing a control or VEGFA knockdown (n=3). Error bars represents s.e.m.; P values by two-
tailed unpaired Student’s t-test are shown. (D) Scatter plots showing the logarithm to the base of 10 (Log10) of 
total CTC counts per ml of blood in NSG-LM2 mice expressing a control or VEGFA knockdown. The number of 
independent biological replicates (n) is shown for each condition. Error bars represents s.e.m.; P values by two-
way Anova are shown. (E) Pie charts displaying the mean percentage of single CTCs and CTC clusters in NSG-LM2 
mice expressing a control or VEGFA knockdown. The number of independent biological replicates (n) is shown for 
each condition. (F) The scatter plot shows the mean fold change of CTC ratios in NSG-LM2 mice expressing a 
control or VEGFA knockdown. The number of independent biological replicates (n) is shown for each condition. 
Error bars represents s.e.m.; P values by two-way Anova are shown. (G) The scatter plot shows the metastatic 
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index of NSG-LM2-control (n=7), NSG-LM2-hVEGFA sh-1 (n=9) and sh-2 (n=8) mice. Error bars represents s.e.m.; 
P values by two-tailed unpaired Student’s t-test are shown. (H) Representative bioluminescence images of lungs 
from NSG-LM2 mice expressing a control or VEGFA knockdown. (I) Tumor growth curves showing the mean tumor 
volume of NSG mice injected with LM2-mCherry/Luc cells and treated with isotype control (control; n=4) or 
bevacizumab 25 mg/Kg (n=5). Error bars represents s.e.m.; P values by two-tailed unpaired Student’s t-test are 
shown. (J) The scatter plot shows the mean percentage of CD31-positive (+) cells within the primary tumor of 
NSG-LM2 mice treated with control or bevacizumab (n=4). Error bars represents s.e.m.; P values by two-tailed 
unpaired Student’s t-test are shown. (K) The scatter plot shows the mean percentage of pimonidazole-positive 
(+) cells colocalizing with primary tumor cells of NSG-LM2-mCherry/Luc mice treated with control or bevacizumab 
(n=5). Error bars represents s.e.m.; P values by two-tailed unpaired Student’s t-test are shown. (L) Scatter plot 
showing the logarithm to the base of 10 (Log10) of total CTC counts per ml of blood in NSG-LM2-mCherry/Luc 
treated with control or bevacizumab. The number of independent biological replicates (n) is shown for each 
condition. Error bars represents s.e.m.; P values by two-way Anova are shown. (M) Pie charts displaying the mean 
percentage of single CTCs and CTC clusters in NSG-LM2- mCherry/Luc treated with control or bevacizumab. The 
number of independent biological replicates (n) is shown for each condition. (N) The scatter plot shows the mean 
fold change of CTC ratios in NSG-LM2 treated with control or bevacizumab. The number of independent biological 
replicates (n) is shown for each condition. Error bars represents s.e.m.; P values by two-way Anova are shown. 
(O) The scatter plot shows the metastatic index of NSG-LM2 treated with control (n=4) or bevacizumab (n=2). 
Error bars represents s.e.m.; P values by two-tailed unpaired Student’s t-test are shown. (P) Representative 
bioluminescence images of lungs from NSG-LM2 mice treated with control or bevacizumab. 

 

 

A pro-angiogenic therapy suppresses spontaneous metastasis formation 

 

Based on our VEGFA targeting results, we then sought to address whether the opposite 

scenario, i.e. an increased tumor vascularization, could serve as a strategy to prevent the 

generation of CTC clusters and delay metastasis formation. We first tested our hypothesis in 

two fast-growing breast cancer models, i.e. LM2 and 4T1 injected in NSG mice. As a first step, 

we transduced both cell lines with a bicistronic construct expressing the mouse form of VEGFA 

(mVEGFA164) along with the truncated form of mouse CD8a transmembrane protein 

(mCD8aTr)108, and then we selected clones with similar levels of mVEGFA164 expression, 

prospectively inferred through anti-mCD8aTr live staining (Figure S7A, B). We then injected 

two LM2- mVEGFA164-IRES-mCD8aTr clones (LM2-mVIC) and a control LM2-mCD8aTr clone 

(LM2-mC) in the mammary fat pad of NSG mice, simultaneously treated with either EphrinB2 

Fc chimera protein - previously shown to activate EphB4 signaling and to ensure normal and 

functional angiogenesis along with elevated VEGFA levels108,170 - or with Fc fragments as 

controls (Figure 7A). We observed that while EphrinB2 or mVIC expression alone did not 

dramatically alter primary tumor growth rate, the simultaneous expression of mVIC and 

EphrinB2 treatment led to the formation of tumors characterized by a similar growth rate, yet 
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able to reach the maximum allowed size in our license (2’800 mm3) without causing any sign 

of distress in the tumor-bearing mice (Figure 7B). Primary tumor analysis revealed that LM2-

mVIC tumors treated with EphrinB2 retained mVIC expression throughout the in vivo assay, 

and also displayed increased CD31-positivity and decreased pimonidazole reactivity (Figure 

S7C-E), consistent with reduced intra-tumor hypoxia. Most importantly, despite having 

significantly larger tumors, mice with LM2-mVIC tumors treated with EphrinB2 generated less 

CTCs and displayed a reduced CTC clusters ratio (37.3% of CTC clusters in LM2-mC mice treated 

with EphrinB2 versus 24.2-24.9% of CTC clusters in LM2-mVIC mice treated with EphrinB2) 

compared to control animals (Figures 7C, D and S7F), leading to a marked reduction in 

spontaneous metastasis formation and longer overall survival (Figures 7E, F and S7G). As a 

further confirmation in an independent model, we also observed a higher tumor growth rate 

associated to a longer overall survival in mice carrying a 4T1-mVIC tumor and treated with 

EphrinB2 (Figure S7H-K). Lastly, we asked whether these findings were reproducible in CTC-

derived BR16 breast cancer cells, inherently characterized by the ability to form slow-growing 

tumors and displaying a higher number of functional vessels and lower intra-tumor hypoxia 

compared to the LM2 model (Figures 1G and S2F, J). In this case, given the above, we tested 

whether the administration of EphrinB2 alone (i.e. without mVIC expression) would be 

sufficient to recapitulate the effects observed in the LM2 and 4T1 models. Treatment of BR16 

xenografts with EphrinB2 led to the formation of significantly larger tumors (Figure 7G) 

characterized by higher CD31-positivity and reduced reactivity to pimonidazole (Figure S7L, 

M). Strikingly, EphrinB2-treated BR16 xenografts failed to generate CTC clusters (20.4% of CTC 

clusters for controls and 0% of CTC clusters for EphrinB2) and displayed overall reduced CTC 

shedding (Figures 7H, I and S7N), leading to the suppression of spontaneous metastasis 

formation (Figure 7J, K). Of note, in all tested models, we find that Ephrin type-B receptor 4 

(EphB4) – the target receptor of EphrinB2 – is highly expressed in endothelial cells but not in 

cancer cells, arguing that EphrinB2 acts at the level of the endothelium (Figure S7O, P).  

 

Lastly, we tested whether a treatment with EphrinB2 could be beneficial in the advanced 

disease setting, i.e. when metastases are already established. We reasoned that even in a very 

late setting, a pro-angiogenic approach by means of EphrinB2 treatment could improve the 

tumor vasculature at metastatic sites and increase the delivery of tumor-killing drugs 

administered simultaneously171. To this end, we injected LM2 breast cancer cells through the 
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tail vein of mice and waited until the development of growing lung metastases, per se sufficient 

to cause death of the animal within a short period, i.e. without the need of further disease 

spread (Figure 7L). Then, we administered either Paclitaxel or EphrinB2 alone or combination 

of the two agents, and measured overall survival of treated mice. While EphrinB2 alone did not 

exert any beneficial effect (as expected, given that no new metastases were needed to be 

formed prior to experiment termination), combination of EphrinB2 plus Paclitaxel 

outperformed all other conditions, including Paclitaxel itself, confirming the beneficial effects 

of a pro-angiogenic therapy in combination with a tumor-killing agent also in advanced disease 

settings (Figure 7L, M). 

 

Together, these results highlight that in the early breast cancer setting (pre-dissemination) a 

pro-angiogenic approach results in the formation of larger tumors, yet it reduces intra-tumor 

hypoxia and suppresses the shedding of CTC clusters, leading to impaired metastasis 

formation. In the late disease setting (post-dissemination), administration of EphrinB2 is 

beneficial along with co-administration of a tumor-killing agent, highlighting its potential for 

the treatment of advanced metastatic breast cancer. 
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Figure 7. Pro-angiogenic therapy reduces intra-tumor hypoxia and suppresses the formation of CTC clusters and 
metastasis. (A) Schematic of the experimental design. From left to right, cells are stably transduced with 
mVEGFA164-IRES-CD8aTr (mVIC) and injected into the mammary fat pad of NSG mice. During tumor growth, mice 
are treated biweekly with i.p. injections of EphrinB2 (EpB2). (B) Tumor growth curves showing the mean tumor 
volume of NSG mice injected with LM2-mCherry/Luc cells expressing mVIC or control CD8aTr (mC), treated with 
either control FC fragments (FC) or EpB2. The number of independent biological replicates (n) is shown for each 
condition. Error bars represents s.e.m.; P values by two-tailed unpaired Student’s t-test are shown. (C) Pie charts 
displaying the mean percentage of single CTCs and CTC clusters in NSG mice injected with LM2-mVIC or LM2-mC, 
treated with either FC or EpB2. The number of independent biological replicates (n) is shown for each condition. 
(D) The scatter plot shows the mean fold change of CTC ratios in NSG-LM2-mVIC and NSG-LM2-mC, treated with 
either FC or EpB2. The number of independent biological replicates (n) is shown for each condition. Error bars 
represents s.e.m.; P values by two-way Anova are shown. (E) The scatter plot shows the metastatic index of NSG-
LM2-mVIC or LM2-mC mice, treated with either FC or EpB2. Error bars represents s.e.m.; P values by two-tailed 
unpaired Student’s t-test are shown. (F) Representative bioluminescence images of metastatic lungs from NSG-
LM2-mVIC or NSG-LM2-mC mice, treated with either FC (top) or EpB2 (bottom). (G) Tumor growth curves showing 
the mean tumor volume of NSG-BR16-mCherry/Luc mice treated with either FC (n=5) or EpB2 (n=5). Error bars 
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represents s.e.m.; P values by two-tailed unpaired Student’s t-test are shown. (H) Pie charts displaying the mean 
percentage of single CTCs and CTC clusters in NSG-BR16-mCherry/Luc mice treated with either FC or EpB2. The 
number of independent biological replicates (n) is shown for each condition. (I) The scatter plot shows mean fold 
change of CTC ratios in NSG-BR16-mCherry/Luc treated with either FC (n=5) or EpB2 (n=5). Error bars represents 
s.e.m.; P values by two-tailed unpaired Student’s t-test are shown. (J) The scatter plot shows the metastatic index 
of NSG-BR16-mCherry/Luc mice treated with either FC (n=3) or EpB2 (n=6). Error bars represents s.e.m.; P values 
by two-tailed unpaired Student’s t-test are shown. (K) Representative bioluminescence images of metastatic lungs 
from NSG-BR16-mCherry/Luc treated with either FC (left) or EpB2 (right). (L) Schematic of the experimental 
design. From left to right, cells stably transduced with the mVIC reporter are injected into the tail vein of NSG 
mice. After the establishment of lung metastases, mice are treated biweekly with i.p. injections of EpB2 and once 
a week with i.p. injections of Paclitaxel. (M) Kaplan-Meier curves showing overall survival rates of NSG-LM2-mVIC 
mice treated with paclitaxel, EpB2 or both. The number of independent biological replicates (n) is shown for each 
condition. P value by two-sided log-rank test is shown. 
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DISCUSSION 

 

Our study suggests that intra-tumor hypoxia is a main trigger to the upregulation of cell-cell 

junction components and generation of hypoxic CTC clusters, endowed with a high proclivity 

to initiate metastasis. VEGFA-targeting through shRNA expression or treatment with high 

doses of Bevacizumab results in tumor shrinkage but at the same time increases intra-tumor 

hypoxia, leading to the shedding of CTC clusters and metastasis formation. Conversely, we 

propose that a pro-angiogenic approach through treatment with EphrinB2 may on the one 

hand increase vascularization and tumor growth rate, yet suppress intra-tumor hypoxia and 

intravasation of clustered CTCs, leading to a reduction in metastasis formation. 

 

 

A number of studies have linked intra-tumor hypoxia and HIF1a expression to metastasis 

formation82, but the actual impact of hypoxia in CTC biology has not been investigated. We 

find that hypoxic cancer cells present with significantly upregulated cell-cell junction 

components at the level of the primary tumor, a property that promotes intravasation of 

clustered CTCs rather than individual ones, and logically supports that hypoxic cancer cells in 

the bloodstream are most often found in the form of CTC clusters or CTC-WBC clusters. 

Surprisingly, we observe that hypoxic tumor areas are not devoid of functional blood vessels, 

highlighting possible accessibility routes for metastatic cells to the circulatory system. While 

this is important for explaining how hypoxic tumor cells can reach the periphery, whether 

intravasation events from hypoxic areas occur more frequently through veins (low 

intravascular oxygen levels) or arteries (high intravascular oxygen levels) remains to be defined. 

 

 

Hypoxic CTC clusters are destined to retain their hypoxic status at least until dissemination, i.e. 

the hypothesis that hypoxic CTC clusters may rapidly re-acquire a normoxic status in circulation 

is highly unrealistic for several reasons. For instance, CTC clusters are characterized by a short 

circulation half-life - i.e. a few minutes29 - most likely due to rapid physical entrapment in small 

capillary beds at distant sites. In this context, their biology is governed by events that occurred 

at the level of the primary tumor (e.g. the hypoxic microenvironment) and that are reflected 
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during circulation. Based on our experiments aimed at assessing the metastatic potential of 

hypoxic and normoxic CTC clusters, features that characterize hypoxic CTC clusters appear to 

be key for metastasis seeding independently of the oxygen levels encountered in circulation or 

at the target metastatic site, and both hypoxic and normoxic cancer cells retain their original 

(hypoxic or normoxic) status while circulating. Further, the circulatory system alternates 

venous and arterial blood, where oxygen levels vary dramatically172. While CTCs are destined 

to collect in venous blood as soon as they exit the tumor (i.e. the tumor draining vessel), 

whether or not they also experience arterial circulation mainly depends on the location of the 

extravasation site (e.g. upstream or downstream of the pulmonary circuit). Thus, both 

circulation half-life and the extravasation site are key parameters that influence CTC’s oxygen 

accessibility in the bloodstream, and current data supports a model whereby hypoxia (or 

normoxia) in CTCs reflects the condition that cancer cells experienced at the level of the 

primary tumor, just before intravasation. 

 

 

VEGFA targeting is widely used in the clinical setting, not only for cancer treatment but also in 

other indications173. Our experiments demonstrate that VEGFA suppression by means of 

shRNA expression or treatment with a high dose of Bevacizumab results indeed in tumor 

shrinkage - as previously shown in several models174–176 - but at the expense of reducing 

vascularization, leading to increased hypoxia. While these results are useful to gain important 

insights into the consequences of intra-tumor hypoxia for the metastatic process in breast 

cancer, it is important to underline that a large body of literature has also highlighted a vascular 

normalization effect for anti-VEGFA therapies as a function of therapy dosage and 

schedule102,112, possibly influenced by tumor-intrinsic characteristics such as the extent and 

frequency of hypervascularized areas. For this reason, in contrast to high-dose Bevacizumab, 

we cannot exclude that anti-VEGFA therapies at lower, optimized doses could also reduce CTC 

clusters shedding and metastasis in a subset of patients. 

 

 

In our study, we make use of treatment with EphrinB2 (alone or in combination with VEGFA 

expression, depending on the growth rate of individual models) to achieve increased and 

normalized vascularization. EphrinB2 acts by binding and activating its receptor on endothelial 
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cells, EphB4, achieving regulation of intussusceptive angiogenesis and fine-tuning of 

endothelial proliferation induced by VEGF signaling170, resulting into normal vessel formation 

and a reduction of intra-tumor hypoxia. Of note, several other strategies may directly or 

indirectly lead to vascular normalization, including treatment with optimized doses of 

Bevacizumab or A.4.6.1 antibodies, VEGFR or PDGFR tyrosine kinase inhibitors, as well as 

agents that modulate the angiopoietin-Tie-2 axis or integrins that are expressed on tumor 

blood vessels149. These vascular normalization strategies might be particularly interesting in 

the context of metastasis suppression, rather than for the effects that they exert on tumor 

growth. While this notion might be useful for the treatment of tumors that have not yet 

disseminated, we show that treatment of post-dissemination breast cancer (i.e. corresponding 

to stage IV disease) requires co-administration of EphrinB2 together with a tumor-killing agent, 

such as chemotherapy. In this context, Ephrin may not only prevent further metastasis-to-

metastasis cascading disseminations but also improve perfusion of the existing cancerous 

lesions, thus facilitating the tumor-killing activity of the co-administered compound. Clinical 

studies on well-defined patient populations will be key to address this point in the future. 

 

 

Together, our study provides key insights into the role of hypoxia in CTC clusters generation 

and highlights a fundamental and unexpected connection between a pro-angiogenic approach 

and metastasis suppression (Graphical Abstract). The next challenge will be to translate these 

findings to the clinical setting, as the optimal anti-hypoxia strategy might differ for individual 

patients as a function of their tumor subtype, organ location and molecular characteristics, as 

well as the presence or absence of already-disseminated tumor cells with the ability to survive 

at distant sites. We speculate that therapies aimed at reducing intra-tumor hypoxia, alone or 

in combination with anticancer agents - may provide a new opportunity to blunt the metastatic 

spread of cancer in patients who suffer from breast cancer. 
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Graphical abstract. In this work we find that hypoxic regions of the tumor mostly give raise to CTC clusters which 
have a higher metastatic ability than normoxic CTC clusters. Our hypoxic CTC signature predicts a worse outcome 
in breast cancer patients and that a pro-angiogenic therapy increases tumor size and yet suppresses metastasis, 
while an anti-angiogenic therapy reduces tumor size and increases metastases. 
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METHODS 

 

 

Patients 

 

Patient blood specimens were obtained at the University Hospital Basel through the study 

protocols (EKNZ BASEC 2016-00067 and EK 321/10), approved by the local ethics committee 

(EKNZ, Ethics Committee northwest/central Switzerland). The patients involved were 

characterized by having invasive breast cancer, high tumor load and progressive disease. In 

particular, breast cancer patient BR61 was characterized by having a ER-positive, PR-negative 

and HER2-negative disease at primary tumor diagnosis, and later developed bone, lymph node, 

soft tissue, brain, adrenal gland and pancreatic metastases at the time of CTC isolation. BR61 

donated 7.5 –15ml blood in EDTA vacutainers at multiple timepoints during disease 

progression, upon written informed consent. 

 

 

Cell lines and culture conditions 

 

MDA-MB-231-LM2 (LM2) human triple negative breast cancer cell line was obtained from Dr. 

Joan Massagué, MSKCC, NY, USA. CTC-derived BR16 cells were generated and cultured from 

the corresponding patient as previously described54. 4T1 murine breast cancer cells were 

purchased from ATCC (4T1 ATCC® CRL-2539™). HEK293T Phoenix packaging cells, Human 

umbilical cord endothelial cells (HUVEC) and Mouse aortic endothelial cells (MAEC) were kindly 

donated by Dr. Andrea Banfi, University Hospital Basel, Switzerland. LM2, 4T1, and HEK293T 

cells were grown in DMEM F-12 high glucose (Gibco, 11330-057) supplemented with 10% heat-

inactivated FBS (Gibco, 10500064) and 1% antimycotic/antibiotic (Gibco, 15240-062) in a 

humidified incubator at 37 °C with 20% O2 and 5% CO2. BR16 cells were grown as suspension 

cultures in RPMI medium (Gibco, 52400-025) supplemented with 1X B27 (Gibco, 17504-044), 

1% antimycotic/antibiotic, 20 ng/ml human recombinant Fibroblast Growth Factor (FGF; 

Peprotech, 100-18B) and 20 ng/ml human recombinant Epidermal Growth Factor (EGF; 

Invitrogen, PHG0313) in a humidified incubator at 37 °C with 5% O2 and 5% CO2, using ultra-
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low attachment plates (Sarstedt, 83.3920.500). HUVEC and MAEC were grown in endothelial 

cell growth medium 2 (ready-to-use) (Promocell, C-22011) supplemented with 1% 

antimycotic/antibiotic. LM2, 4T1 and BR16 cells were stably transduced with lentiviral vectors 

expressing UBC_GFP-T2A-Firefly Luciferase (GFP/Luc) (System Biosciences, BLIV200PA-1-SBI) 

or ready-to-use virus EF1α_Firefly Luciferase-T2A-mCherry (mCherry/Luc) (Biosettia, GlowCell-

15-10). 

 

 

HIF1α activity reporter  

 

The HIF1α activity reporter (HIF1α reporter) was purchased from Genecopoeia upon providing 

the exact nucleotide sequence. The human hypoxia response element (HRE) of the human 

VEGFA gene (“5’ - CCACAGTGCATACGTGGGCTCCAACAGGTCCTCTT -3’”)177 is followed by a 

CMV minimal promoter (CMVmp)178 and by an enhanced yellow fluorescent protein (eYFP) 

sequence within a lentiviral vector. Transduced cells were selected with 5 μg/ml Puromycin 

(Invitrogen, ant-pr-1) for 5 days (4T1) or 0.5 μg/ml for 5 days (LM2) or 15 days (BR16), 

respectively. Treatment with Deferoxamine (DFO; Sigma, D9533) 500 μM was used to induce 

the stabilization of HIF1α in LM2, 4T1 and BR16 cells, for 4, 8 and 15 hours, respectively. 

Alternatively, HIF1α induction was achieved using the humidified hypoxia chamber (Biospherix, 

ProOx 110) at 0.1% O2. Anti-HIF1α (Novus, NB100-449) antibodies were used to confirm HIF1α 

induction through western blot, with anti-GAPDH antibody (Cell Signaling, 2118S) as loading 

control.  

 

 

Live imaging of HIF1α reporter 

 

LM2, 4T1 and BR16 mCherry/Luc cells, expressing the HIF1α reporter, were seeded into coated 

(LM2 and 4T1) or uncoated (BR16) imaging chambers (Ibidi, 80826 and 80821), respectively. 

Following treatment with DFO, Diethyl Fumarate (DF; Sigma, D95654), Dimethyl Succinate (DS; 

Sigma, 73605), Rotenone (RT; Sigma, R8875) or Hydrogen peroxide (H2O2; Sigma, H1009), cells 

within chambers were cultured under the humidified live imaging box of the microscope Leica 
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DMi8, at 37°C and 20% O2. For live imaging experiments requiring hypoxia, cells within 

chambers were cultured at 5% O2 or 0.1% O2. 

 

 
hHIF1α, hVEGFA and mVegfa knockdown 

 

LM2 and BR16 cells were stably transduced with doxycycline (Dox)-inducible shRNAs, targeting 

the Open Reading Frame (ORF) of human HIF1α (5’ - AAAGATATGATTGTGTCTC - 3’and 5’ - 

TGCATCTCGAGACTTTTCT - 3’), (Dharmacon, TRIPZ®). LM2 and 4T1 cells were stably transduced 

with Dox-inducible shRNAs targeting ORF of human VEGFA (5’-CAGGGTCTCGATTGGATGG - 3’, 

5’ -AGTAGCTGCGCTGATAGAC - 3’), or mouse Vegfa (5’-ACCGCCTTGGCTTGTCACA - 3’, 5’ - 

ACCGCCTTGGCTTGTCACA - 3’) (Dharmacon, SMART®), respectively. The transduced cells were 

selected using 0.5 - 5 μg/ml puromycin and subsequently sorted, upon treatment with 0.1 

μg/ml doxycycline (Dox; Sigma, D9891) for 2 days, for the highest expression of the shRNA-

coupled fluorophore (TurboGFP or TurboRFP). hHIF1α knockdown was measured by western 

blot as described above or by qPCR using previously described primers179. Anti-HIF2α (Novus, 

NB100-122SS) antibodies were used to measure HIF2α protein level by western blot. hVEGFA 

and mVegfa knockdown was measured by qPCR using previously described primers179,180. 

hGAPDH (forward primer: 5' - GAAGGTGAAGGTCGGAGTCAAC - 3', reverse primer: 5' - 

CAGAGTTAAAAGCAGCCCTGGT - 3') or mGapdh (forward primer: 5' - 

AATGGTGAAGGTCGGTGTG - 3', and reverse primer: 5' -GTGGAGTCATACTGGAACATGTAG - 3') 

were used as load controls. Treatment with DFO 500 μM was used to induce the stabilization 

of HIF1α in LM2, 4T1 and BR16 cells, for 4, 8 and 15 hours, respectively, upon 5 days of 

treatment with 0.1 μg/ml dox. 

 

 

mVEGFA164-tCD8a overexpression  

 

mVEGFA164-mCD8aTr and mCD8aTr only were transduced in LM2 and 4T1 mCherry/Luc as 

previously described180. Clonal populations were derived from single cells, obtained through 

single-cell sorting with BD FACS ARIA in 96-well plates. Successfully growing clones were 

expanded and analyzed for CD8aTr expression at the CytoFLEX (Beckman Coulter Life sciences, 
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V-B-R series) upon staining with anti-CD8aTr APC (Biolegend, 100712) or isotype control Rat 

IgG2a (Biolegend, 400511) as previously described181. Clones were further selected based on 

morphology and stable expression of CD8aTr over multiple in vitro culture passages. 

 

 

EphB4 western blot analysis 

 

HUVEC, LM2, BR16, MAEC and 4T1 cells were incubated in the presence of 1 μg/ml of 

recombinant mouse Ephrin-B2-hFC chimera (R&D Biosystem, 496-EB-200) or ChromPure IgG 

hFC fragment (Jackson Immuno research, 009-000-008) for 3 hours and subsequently lysed. 

Anti-hEphB4 (R&D systems, AF3038-SP) and anti-mEphB4 (R&D systems, AF446-SP) antibodies 

were used to confirm EphB4 induction through western blot, with anti-GAPDH antibody as 

loading control. 

 

 

Mouse Experiments 

 

All mouse experiments were carried out in compliance with institutional and cantonal 

guidelines (approved mouse protocol 2781, cantonal veterinary office of Basel-City). NOD/scid 

GAMMA (NSG) mice were purchased from Jackson Laboratory and kept in pathogen-free 

conditions specified by the University of Basel and cantonal veterinary office of Basel-City. 

Orthotopic injection was performed between the second and third mammary gland of adult 

female mice (age range 8-12 weeks) with either 1x106 LM2, 1x106 BR16 or 0.25x106 4T1 cells, 

expressing the fluorescent construct GFP/Luc or mCherry/Luc. Cells were inoculated in 50% 

Cultrex Path Clear Reduced Growth Factor Basement Membrane Extract (R&D Biosystems, 

3533-010-02) and 50% PBS. In mice injected with cells carrying a dox-inducible construct, 

water containing 0.5 mg/ml Dox (Sigma, D9891-25G) and 5% sucrose (Sigma, S9378) was 

administered 3 times a week upon tumor formation and for a maximum of 3 months. Injection 

of 0.02 mg in PBS of recombinant mEphrin-B2-hFC chimera or ChromPure IgG hFC fragment 

was performed intra-peritoneal (i.p.) and with a frequency of twice per week. Injection of 25 

mg/Kg Bevacizumab in PBS (Genentech, Avastinâ) or 26.25 mg/Kg Paclitaxel in PBS (Bristol-

Myers Squibb, Taxolâ) or Ultra-LEAFä purified human IgG1 Isotype control (Biolegend, 
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403502) was performed i.p. and with a frequency of twice per week. Injection of 15 mg/Kg 

Paclitaxel in PBS (Bristol-Myers Squibb, Taxolâ) was performed i.p. once a week. Bevacizumab 

and Paclitaxel were obtained from the Pharmacy of the University Hospital Basel, under permit 

#RL0004-V07-B02. 

 

 

Metastatic index and organ fixation 

 

Mice bearing GFP/Luc or mCherry/Luc tumors were subcutaneously (s.c.) injected with 3 mg 

D-Firefly-Luciferin (Gold Bio, LUCK-5G). After 10 minutes, bioluminescent images of the full 

mouse were taken at IVIS Lumina LT (Perkin Elmer). After euthanasia and within 20 minutes 

from the injection of luciferin, primary tumor and metastatic organs were imaged separately. 

Metastatic index was calculated as the ratio of the total flux in photons per second (Ph/s) of 

the metastatic organ over the primary tumor. Sample exclusion is applied to metastatic index 

greater than 1.3, mostly due to imprecise measurement as a consequence to high primary 

tumor necrosis. Primary tumors and metastatic organs were fixed in PFA-Lysine-Phosphate 

buffer (4% PFA, 0.2 M L-Lysine, 0.2% NaIO3 and 0.1 M Phosphate buffer, pH 7.4 – 0.2 M 

NaH2PO4 and 0.2 M H2HPO4) O/N at 4 °C. Subsequently, organs were incubated in 30% sucrose 

for 6 hours before O.C.T. embedding. 

 

 

CTC capture and quantification 

 

Patient-derived CTCs were enriched on the Parsortix Cell Separation Cassette (GEN3D6.5, 

ANGLE) within 1 hour of blood draw. In-cassette staining was performed with the antibody 

cocktail for anti-human EpCAM-AF488 (Cell Signaling, CST5198), anti-human HER2-AF488 

(BioLegend, 324410) and anti-human EGFR-FITC (GeneTex, GTX11400). For mouse-derived 

CTCs capture, mice were anaesthetized using isoflurane and blood was drawn from the central 

circulation through cardiac puncture or from the tumor draining vessel. Blood was processed 

immediately on the Parsortix system for CTCs enrichment. For all xenograft models with 

GFP/Luc, mCherry/Luc or dox-inducible sh-RNA reporters, CTCs were directly quantified in 

cassette using their fluorescence signal. In-cassette staining for hypoxic status was performed 
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with HypoxiaRed (Enzo Life technologies, ENZ-51042-K500) in the presence of 1% BSA (Sigma, 

A8412) in PBS. For the HIF1α reporter/HypoxiaRed correlation analysis and the in vitro 

validation of the dye, LM2 or BR16 cells were stained for the HypoxiaRed according to the 

manufacturer protocol. Quantification of mouse-derived CTCs with HIF1α reporter or 

HypoxiaRed-stained CTCs was achieved by releasing the CTCs from the Parsortix system into a 

PBS solution and by analyzing the cell suspension through ImageStreamX Mark II (Amnis, 

Luminex). In particular, all the events between 13-100 μm diameter were analyzed with 40x 

objective and at slow flow rate for the acquisition of images. The 405, 488, 561 and side scatter 

(SSC) lasers were used. GFP/Luc or eYFP were acquired on Channel 2 (532/56), mCherry/Luc 

and HypoxiaRed on channel 4 (628/69). Analysis was performed at the IDEASâ software 

(Luminex, v6.0). Final graphs were created with FlowJo v10. 

 

 

3D volumes and blood vessel functionality analysis 

 

Mice bearing LM2, 4T1 or BR16 mCherry/Luc tumors expressing the HIF1α reporter were 

sacrificed at week 5, 3 or month 6 respectively, immediately after intra-peritoneal (i.p.) 

injection of 1.2 mg of Pimonidazole (Hypoxyprobe, HP-500mg) and intra-venous (i.v.) injection 

of 1 mg of Dextran-Biotin 70 kDa (Thermo Fisher, D1957), 1 hour and 15 minutes before the 

experiment termination, respectively. Tissue sections were prepared, stained and imaged as 

previously described182. Primary tumors were fixed for 24 hours in 4% PFA at 4 °C. Derived 

tissues were embedded in 4% low-gelling temperature agarose (Sigma, A9414) and 

subsequently sectioned (50-100 micrometer thick sections) using the Leica VT1200 S 

vibratome. For the IF staining, all protocol steps were performed at room temperature (RT) 

with permeabilization for a minimum of 2 hours followed by an O/N incubation with primary 

antibodies against GFP (Novus Biologicals, NB600-308), Pimonidazole-Red549 (Hypoxyprobe, 

Red549-Mab), human pan-Cytokeratin (7, 8, 18, 19) (Miltenyi Biotec, 130-112-743), and mouse 

CD31 (R&D, AF3628). Secondary antibodies against goat IgG-CF405 (Biotium, 20416), goat IgG-

AF488 (Thermo Fisher, A-11055), goat IgG-DyLight 549 (Abcam, ab96933), rabbit IgG-CF405 

(Biotium, 20420), mouse IgG-AF647 (Thermo Fisher, A-31571), human IgG-AF488 (Jackson 

Immuno Research, 709-545-149), human IgG-Cy3 (Jackson Immuno Research, 709-165-149), 

streptavidin-AF555 (Thermo Fisher, S32355), streptavidin-AF549 (Thermo Fisher, S32356), 
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streptavidin-AF405 (Thermo Fisher, AF446-SP) were incubated for 2 hours after extensive 

washings. 3D volumes were constructed using Imaris (Bitplane, v9). Surface rendering was 

created for all the channels individually (mCherry or hCK, Pimonidazole, eYFP, CD31, Dextran). 

Area and volume of the individual surfaces were calculated with the Imaris “Measurement Pro” 

package. Channels were masked for “voxels out equal to 0” for colocalizing voxels of the 

respective channels, and with “voxels in equal to 0” for non-colocalizing voxels of the channels. 

Surface rendering of the masked channels was constructed to further calculate the area or 

volume of colocalizing channels. 

 

 

Assessment of metastatic potential of hypoxic and normoxic CTC clusters 

 

CTCs from mice bearing LM2-mCherry/Luc or BR16 tumors and expressing the HIF1α reporter 

were enriched with the Parsortix device, stained for mouse CD45-AF647 (Biolegend, 103124) 

and later released in a PBS solution, as described above. The CTC suspension was then 

micromanipulated using CellCelector® (ALS) and a 50 µm glass capillary was used to isolate CTC 

clusters from the CTC suspension. The total number of cells (in clusters or single cell form) was 

counted and injected through the tail vein of NSG tumor-free female recipients. BR16-

mCherry/Luc cells, expressing the HIF1α reporter, were cultured in a humidified hypoxia 

chamber at 0.1% O2 for four days before sorting. A control dish was cultured in a humidified 

incubator at 20% O2 for four days before sorting. At day four, cells were collected and sorted 

at the BD Influxä sorter at five pounds per square inch (psi) and with a 200 µm nozzle to 

preserve the integrity of both single and clustered cells. Equal numbers of eYFP-positive or 

eYFP-negative cells (in a cluster form) were injected through the tail vein of NSG tumor-free 

female recipients. I.v. injected mice were monitored weekly through non-invasive 

bioluminescence imaging and sacrificed when showing signs of distress. 

 

 

CTC isolation and RNA Sequencing 

 

Single cells or CTC clusters were isolated using CellCelector® based on the color combination 

of interest and deposited into individual tubes (Corning Axygen®, PCR-02-L-C) containing 2.5 



 

 68 

2

μl RLT Plus lysis buffer (Qiagen, 1053393) and 1U/μl SUPERase® In RNase Inhibitor (Invitrogen, 

AM2694)66. Samples were immediately frozen on dry ice and kept at -80°C until further 

processing. Following previously published protocol for parallel DNA and RNA sequencing from 

individual cells183, transcriptomes of lysed cells were separated and amplified according to the 

Smart-Seq2184. Subsequently, libraries were prepared with Nextera XT (Illumina) and 

sequenced on NextSeq75 single read for RNA. 

 

 

Single-cell RNA-seq data processing 

 

Quality assessment of RNA-seq data was performed using FastQC (v0.11.4) 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc), FastQ Screen (v0.11.4) 

(https://www.bioinformatics.babraham.ac.uk/projects/fastq_screen), Kraken (v1.1) and 

visualized with MultiQC (v0.8). Reads were quality trimmed with Trim Galore! (v0.4.2, 

https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Trimmed reads derived 

from xenograft models were aligned to human (GRCh38) and mouse (GRCm38) genomes using 

STAR (v2.5.2a) and assigned to either the human or mouse using disambiguate (v 1.0.0). 

Transcript-level expression of transcripts obtained from Ensembl release 89 was quantified 

using Salmon (v0.11.3, parameters --seqBias and --gcBias). Gene-level expression was obtained 

by aggregating transcript-level abundances using tximport. Quality control of processed data 

was performed with the scater package. Samples with at least 500’000 counts from 

endogenous genes, 8’000 features detected (threshold ≥ 1 count) and showing less than 50% 

of counts from the 100 most expressed genes were retained for further analysis. Cell cycle was 

assigned to each sample using Seurat. 

 

 

Differential expression 

 

Differential expression (DE) between normoxic and hypoxic CTC clusters was computed with 

the likelihood ratio test method in the edgeR package (v3.20.1) and using the rounded length-

scaled TPM as input. Genes detected in less than 25% of the samples (threshold 1 TPM) were 

removed prior to the DE analysis. To define hypoxia, we used a combined criterion defined by 
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HypoxiaRed staining and hypoxia scoring based on gene expression. Hypoxia score was 

generated independently in each model (NSG-LM2, NSG-BR16 and BR61) by ranking samples 

according to their mean expression of VEGFA and HIF1A transcripts and calculating the 

fractional rank normalized between 0 and 1. Scores above the median were considered as 

positive. Hypoxic CTC clusters (n=14) were defined as positive for both hypoxia score and 

HypoxiaRed. On the contrary, normoxic CTC clusters (n=17) were defined as negative for both 

hypoxia score and HypoxiaRed. Samples with discordant results for both criteria were not 

considered for DE analysis.  

 

 

Validation of the Hypoxic CTC cluster gene signature 

 

The validation our hypoxia signature was performed using the dataset GSE10976130 from NCBI 

Gene Expression Omnibus (GEO). The dataset contains 62 single CTCs and 21 CTC clusters from 

a total of 13 breast cancer patients. Counts per million reads (CPM) were calculated after 

normalization using the size factors included in the SingleCellExperiment object. The 

expression matrix was standardized at gene-level (z-scores) using log2 (CPM+1) values as input. 

Hypoxia score was assigned to each sample by averaging the z-scores across the 25 genes up-

regulated in the signature. Bootstrapping approach was performed to account for higher 

dropout rate in single CTC compared CTC clusters. For this, an expression score was computed 

for 10’000 random sets of 25 genes in the same fashion as for hypoxia score, and the empirical 

distribution of the one-sided Student t-statistic comparing single CTC and CTC clusters was 

calculated. The bootstrapped P value obtained was 0.047. 

 

 

Software specification 

 

Data analysis of RNA-seq data after quantification, differential expression and survival analysis 

was run in R v3.5 and bioconductor v3.8. Data visualization and statistical analyses were 

performed in GraphPad Prism v7 (GraphPad Software, San Diego, CA), R, ggplot2 and 

ComplexHeatmap. 
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Data and materials availability 

 

RNA sequencing data have been deposited to Gene Expression Omnibus (GEO, NCBI) with 

accession number GSE126669. 

 

 

Overall survival analysis using TCGA data 

 

Harmonized gene expression quantification data of Breast Invasive Carcinoma Stage I samples 

of the Cancer Genome Atlas (TCGA-BRCA) was downloaded from the Genomic Data Commons 

Data Portal (GDC) using the TCGAbiolinks package. The expression matrix was constructed 

using the Fragments Per Kilobase of transcript per Million mapped reads normalized using 

upper quartile (FPKM-UQ) for each sample as obtained with the HTSeq workflow. Clinical data 

was obtained from the TCGA Pan-Cancer Clinical Data Resource (TCGA-CDR) and overall 

survival was defined as death from any cause. Hypoxia score (HS) on TCGA-BRCA data was 

constructed by calculating the mean of the gene-level standardized expression (z-scores) 

across the 25 genes found upregulated in hypoxic CTC clusters and the signatures developed 

by Buffa160, Winter163, Ragnum162 and Elvidge161. HS was then divided by quantiles and the 

overall survival of patients from Q1 and Q4 was compared using the Kaplan-Meier method 

using the survival package. The significance between both groups was assessed using the log-

rank test. Time-dependent receiver operator curves (ROC) using a predictive time of 10 years 

were computed using the Nearest Neighbor Estimation (NNE) method implemented in the 

survivalROC package. 

 

 

Distant metastasis free survival 

Distant metastasis-free survival analysis was performed on multiple microarray breast cancer 

studies from GEO using the online tool KM-plotter 

(https://kmplot.com/analysis/index.php?p=service&cancer=breast; accessed 31 October 

2019). The mean expression across the optimal probes for the 25 genes found upregulated in 

hypoxic CTC clusters was used to divide samples into quartiles. A total of 664 patients were 

selected for the analysis with a maximum follow-up period of 10 years.  
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Mass spectrometry using tandem mass tags 

Primary tumors from mice bearing LM2-mCherry/Luc tumors and expressing the HIF1α 

reporter were manually dissociated, digested with 0.1 μg/ml of Collagenase Type IV (Sigma 

Aldrich, C5138-1G) and 0.5 μg/ml DNAse I (Roche, 11284932001) for 30’ at 37° C, and purified 

using the Dead cell removal kit (Miltenyi Biotec, 130-090-101). mCherry/Luc positive cells were 

sorted based on the expression of the HIF1α reporter and classified as hypoxic (eYFP-positive) 

or normoxic (eYFP-negative). One million sorted cells were pelleted, washed twice with PBS 

and snap-frozen.  

CTCs from mice bearing LM2-mCherry/Luc tumors and expressing the HIF1α reporter were 

enriched, stained with anti-human CD298 PE (Biolegend, 341704) and anti-mouse CD45 AF647 

and sorted in single CTCs and CTC clusters based on the expression of the HIF1α reporter and 

classified as hypoxic (eYFP-positive) or normoxic (eYFP-negative). Sorted cells were pelleted, 

washed twice with PBS and snap-frozen. Cells were lysed in 8M Urea (Sigma), 0.1M ammonium 

bicarbonate in presence of phosphatase inhibitors (Sigma, P5726 and P0044) using strong 

ultra-sonication (Bioruptor, 10 cycles, 30 seconds on/off, Diagenode, Belgium). Proteins were 

reduced with 5 mM TCEP for 60 min at 37 °C and alkylated with 10 mM chloroacetamide for 

30 min at 37 °C. Urea was diluted with 100 mM ammonium bicarbonate to the final 

concentration of 1.6M and proteins were digested by with sequencing-grade modified trypsin 

(1/50, w/w; Promega, Madison, Wisconsin) overnight at 37°C. Samples were then acidified 

with 5% TFA and peptides were desalted on C18 reversed-phase spin columns according to the 

manufacturer’s instructions (Macrospin, Harvard Apparatus). 25 μg of peptides were labeled 

with tandem mass isobaric tags (TMT 10-plex, Thermo Fisher Scientific) according to the 

manufacturer’s instructions. To control for ratio distortion, a peptide calibration mixture 

consisting of six standard peptide mix were added to each sample prior TMT labeling. After 

labeling, TMT peptides were pooled and again desalted on C18 reversed-phase spin columns. 

TMT-labeled peptides were fractionated by high-pH reversed phase separation using a XBridge 

Peptide BEH C18 column (3,5 μm, 130 Å, 1 mm x 150 mm, Waters) on an Agilent 1260 Infinity 

HPLC system. Peptides were loaded on a column in ammonium formate (20 mM, pH 10) in 

water and eluted using a two-step linear gradient starting from 2% to 10% in 5 minutes and 

then to 50% (v/v) 90% acetonitrile / 10% ammonium formate (20 mM, pH 10) over 55 minutes 

at a flow rate of 42 μl/min. In total 36 fractions were collected and pooled into 12 fractions. 1 
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μg of peptides were processed for LC-MS. Chromatographic separation of peptides was carried 

out using an EASY nano-LC 1000 system (Thermo Fisher Scientific), equipped with a heated RP-

HPLC column (75 μm x 37 cm) packed in-house with 1.9 μm C18 resin (Reprosil-AQ Pur, Dr. 

Maisch). Peptides were separated using a stepwise gradient ranging from 95% solvent A (0.15% 

formic acid, 2% acetonitrile) and 5% solvent B (80% acetonitrile, 20% water, 0.15% formic acid) 

to 45% solvent B over 120 minutes at a flow rate of 200 nl/min. Mass spectrometry analysis 

was performed on QExactive mass spectrometer equipped with a nano-electrospray ion source 

(both Thermo Fisher Scientific). Each MS1 scan was followed by high-collision-dissociation 

(HCD) of the 10 most abundant precursor ions with dynamic exclusion for 30 seconds. For MS1, 

3e6 ions were accumulated in the Orbitrap cell and scanned at a resolution of 120,000 FWHM 

(at 200 m/z). MS2 scans were acquired at a target setting of 1e5 ions, accumulation time of 

100 ms and a resolution of 30,000 FWHM (at 200 m/z). The normalized collision energy was 

set to 35%, the mass isolation window was set to 1.1 m/z and one microscan was acquired for 

each spectrum. 

 

TMT-MS analysis 

 

The acquired raw-files were converted to the mgf format and searched using the MASCOT 

algorithm (Matrix Science, Version 2.4.1). The mgf files were searched against database 

containing normal and reverse sequences of the of Uniprot entries Homo sapiens 

(2019/03/07), the six calibration mix proteins and commonly observed contaminants (in total 

41,592 sequences for Homo sapiens). The MS1 ion tolerance was set to 10 ppm and fragment 

ion tolerance was set to 0.02 Da. The search criteria were set as follows: full tryptic specificity 

was required, 3 missed cleavages were allowed, carbamidomethylation (C), TMT6plex (K and 

peptide n-terminus) were set as fixed modification and oxidation (M) as a variable 

modification. Next, the database search results were imported to the Scaffold Q+ software 

(version 4.3.2, Proteome Software Inc., Portland, OR) and the protein FDR rate was set to 1%. 

Acquired reporter ion intensities in the experiments were employed for automated 

quantification and statics analysis using modified SafeQuant R script (v2.3). A q value < 0.1 was 

used as cutoff of significance. All the significant proteins were filtered for a unique entry name 

and run for gene ontology analysis using gProfiler web server and gProfileR package v 0.6.7.  
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Immunofluorescence staining of blood vessels and hypoxic cells 

 

7μm-thick frozen slices were blocked for 30 minutes in 0.1 % Gelatin buffer (Sigma, G9391) for 

LM2 and 4T1, or 10 % Donkey serum buffer (Millipore, S30) for BR16. Primary antibodies for 

mouse CD31 (R&D, AF3628), Pimonidazole (Hypoxyprobe, Red549-Mab, FITC-Mab, Pacific 

Blue-Mab), and human pan-Cytokeratin (i.e. cytokeratins 7, 8, 18, 19) (Miltenyi Biotec, 130-

112-743) were incubated O/N at 4 °C. Secondary antibodies against rabbit IgG-AF647 

(Invitrogen, A31573), FITC IgG-CF633 (Scientific Laboratory supply, SAB 4600145), and goat 

IgG-AF633 (Thermo Fischer, A-21082) were incubated, after washing in PBS, for 1 hour at RT. 

Slides were mounted with Vectashield Hard set with Dapi (Vectashield, VC-H-1400-L010). 

Slides were scanned at the Zeiss Axio Imager Z2 with a 20x dry objective. CD31 quantification 

was performed with Fiji (v2) using the plugin “color pixel counter” of the CD31 over the total 

tumor background color area (e.g. mCherry or GFP). Pimonidazole quantification was 

performed with Fiji using the “colocalization threshold” analysis tool of the total tumor 

background color over the pimonidazole.  

Pimonidazole or Ki67 (Abcam, ab15580) staining on sorted CTCs was performed using 

CytospinÔ (500 rpm, 3 minutes), immediate fixation in 4% PFA for 12 minutes and staining as 

described above. Slides were imaged at Leica SP5 confocal microscope with a 40x oil objective. 

 

 

NDRG1 immunofluorescence and western blot analysis 

 

O.C.T.-embedded consecutive sections of LM2-mCherry/Luc tumors expressing the HIF1α 

reporter were stained NDRG1 (Cell Signaling, 9485). NDRG1 expression in hypoxic conditions 

was assessed by incubating LM2-mCherry/Luc cells in the presence of 500 µM DFO or in 

hypoxia 0.1% O2 for 15 hours before lysis. Anti-NDRG1 (Cell signaling, 9395) was used to detect 

NDRG1 protein and anti-alpha Tubulin (Sigma Aldrich, T9026) was used as loading control. LM2 

cells were stably transduced with Dox-inducible shRNAs targeting ORF of human NDRG1 (5’- 

GAAAGAATCAAGGAGG - 3’, 5’ - GGAAAGAATCAAGGAGG - 3’) (Dharmacon, SMART®). 
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SUPPLEMENTARY FIGURES 

Figure S1. In vitro characterization of the HIF1α reporter. Related to Figure 1. (A) From left to right, the plots show 
the activation of the HIF1α reporter in LM2-mCherry/Luc, BR16-mCherry/Luc, and 4T1-mCherry/Luc cells, 
measured by determining the expression of eYFP in living cells upon Deferoxamine (DFO) induction. DFO 
stimulation is performed for 4,15 or 8 hours, respectively (n=2). Error bars represents s.e.m.; P value by linear 
regression is shown. (B) From left to right, the plots show the activation of the HIF1α reporter in LM2-
mCherry/Luc, BR16-mCherry/Luc, and 4T1-mCherry/Luc cells, measured by determining the expression of eYFP 
in living cells upon incubation in 0.1% O2 (hypoxia) or 5% O2 and subsequent treatment with 20% O2 (normoxia). 
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Hypoxia stimulation is performed for 4 days (n=2). Error bars represents s.e.m.; P value by linear regression is 
shown. (C) From left to right, representative pictures showing the induction of the HIF1α reporter upon incubation 
at 0.1% O2 of LM2-mCherry/Luc, BR16-mCherry/Luc, and 4T1-mCherry/Luc cells. Pictures were taken at time (t) 
0, t= 4 days of induction and after incubation in normoxia for 4 additional days (t= 8 days). (D) Representative 
western blot images showing HIF1α protein upon DFO induction for 4 hours in LM2-mCherry/Luc, 15 hours in 
BR16-mCherry/Luc and 8 hours in 4T1-mCherry/Luc cells. GAPDH is used as loading control. (E) Representative 
western blot images showing HIF1α protein upon 0.1% O2 induction for 8 hours in LM2-mCherry/Luc, 15 hours 
in BR16-mCherry/Luc and 4 hours in 4T1-mCherry/Luc cells. GAPDH is used as loading control. (F) Representative 
western blot image showing HIF1α protein upon DFO induction for 4 hours in LM2-mCherry/Luc cells, and residual 
HIF1α protein post-DFO treatment. GAPDH is used as loading control. (G) The plot shows eYFP expression in LM2-
mCherry/Luc-HIF1α reporter cells transduced with dox-inducible HIF1α shRNAs (sh-1 and sh-2) or sh-control 
(control) and stimulated with DFO. DFO stimulation was performed for 4 hours upon 5 days treatment with 
doxycycline (Dox) (n=2). Error bars represents s.e.m.; P value by linear regression is shown. (H) Representative 
western blot showing HIF1α protein and HIF2α protein in LM2-GFP/Luc cells expressing a control shRNA (control), 
HIF1a sh-1 or HIF1a sh-2 (sh-1 and sh-2). DFO is used to induce HIF1α stabilization and Dox is used to activate 
the dox-inducible knockdown. GAPDH is used as loading control. (I) The plot shows the activation of the HIF1α 
reporter in LM2-mCherry/Luc measured by determining the expression of eYFP in living cells upon incubation with 
DFO, Diethyl fumarate (DF), Dimethyl succinate (DS), Rotenone (RT) or Hydrogen peroxide (H2O2). Error bars 
represents s.e.m.; P value by linear regression is shown.  
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Figure S2. In vivo analysis of vascularized hypoxic regions of breast tumors. Related to Figure 1. (A) From left to 
right, tumor growth curves showing the mean tumor volume of NSG-LM2-mCherry/Luc, NSG-BR16 and NSG-4T1-
mCherry/Luc mice expressing either the HIF1α reporter (HIF1α; n=4 for LM2, n=7 for BR16, n=7 for 4T1) or empty 
vector (control; n=4 for LM2, n=6 for BR16, n=6 for 4T1). Error bars represents s.e.m. P values by two-tailed 
unpaired Student’s t-test are shown. (B) From left to right, Kaplan-Meier curves showing the overall survival rates 
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of NSG-LM2-mCherry/Luc, NSG-BR16 and NSG-4T1-mCherry/Luc mice, expressing either the HIF1α reporter 
(HIF1α; n=4 for LM2, n=7 for BR16, n=6 for 4T1) or empty vector (control; n=4 for LM2, n=6 for BR16, n=7 for 
4T1). Error bars represents s.e.m.; P values by two-sided log-rank test are shown. (C) 3D rendering of a whole 
NSG-LM2-mCherry/Luc tumor expressing the HIF1α reporter (eYFP; left), and three max intensity snapshots at 
0.2 mm, 4 mm and 6 mm depth of the tumor volume (right). (D) From left to right, representative confocal images 
of NSG-LM2-mCherry/Luc, NSG-BR16 and NSG-4T1-mCherry/Luc mice expressing the HIF1α reporter and stained 
for human cytokeratin (hCK; cancer cells), CD31, dextran (dex) and pimonidazole (pimo). (E) Bar graphs showing 
the mean percentage of eYFP-positive (+) cells within LM2 (n=3), BR16 (n=4) and 4T1(n=6) tumor models. Error 
bars represents s.e.m. (F) Bar graphs showing the mean percentage of pimo-positive (+) cells within LM2 (n=5), 
BR16 (n=5) and 4T1 (n=3) tumor models. Error bars represents s.e.m. (G) Bar graphs showing the mean 
percentage of colocalizing pimo and eYFP signal (cells) within LM2 (n=5), BR16 (n=3) and 4T1 (n=3) tumor models. 
Error bars represents s.e.m. (H) Bar graphs showing the mean percentage of CD31-positive (+) cells within LM2 
(n=5), BR16 (n=4) and 4T1 (n=6) tumor models. Error bars represents s.e.m. (I) Bar graphs showing the mean 
percentage of CD31-positive (+) cells across the normoxic and hypoxic areas of the tumor in LM2 (n=5) and 4T1 
(n=5) models. Hypoxic areas are inferred from the eYFP signal of the HIF1α reporter (eYFP) or with pimo staining. 
Error bars represents s.e.m. (J) Bar graphs showing the mean percentage of CD31-dex (+) cells across the hypoxic 
tumor areas of NSG-LM2-mCherry/Luc (left) and NSG-4T1-mCherry/Luc (right) mice, respectively. Error bars 
represents s.e.m. (n=3). (K) Representative confocal images of NSG-LM2-mCherry/Luc (left) or NSG-4T1-
mCherry/Luc (right) tumors expressing the HIF1α reporter and stained for CD31, Pimo and dextran (Dex). White 
triangles highlight the Dex-positive vessels. (L) Scatter plot showing the density of functional blood vessels in 
normoxic areas (n=7), eYFP (n=4) or Pimonidazole stained (n=4) areas of NSG-LM2-HIF1a (left) and NSG-4T1-
HIF1a (right) reporter tumors. Error bars represents s.e.m. 
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Figure S3. Analysis of eYFP expression in single CTCs and CTC clusters. Related to Figure 2. (A) From left to right, 
scatter plots showing the logarithm to the base of 10 (Log10) of total CTC counts per ml of blood from NSG-LM2-
mCherry/Luc, NSG-BR16 or NSG-4T1-mCherry/Luc mice, expressing either the HIF1α reporter (HIF1α; n=3 for 
LM2, n=4 for BR16, n=7 for 4T1) or empty vector (control; n=3 for LM2 and BR16, n=7 for 4T1). Error bars 
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represents s.e.m.; P values by two-way Anova are shown. (B) Representative pictures showing CTC clusters (top) 
and single CTCs (bottom) from NSG-BR16 mice (left; stained for EpCAM) or NSG-4T1-mCherry/Luc (right), positive 
or negative for the HIF1α reporter expression. (C) The scatter plot shows the mean percentage of eYFP-positive 
(+) single CTCs and CTC clusters from NSG-BR16 (left) or NSG-4T1-mCherry/Luc (right) mice (n=3). Error bars 
represents s.e.m.; P value by two-tailed unpaired Student’s t-test is shown. (D) Flow cytometry analysis showing 
CTCs from NSG-LM2-mCherry/Luc mice expressing the HIF1α reporter, gated for the Log10 intensity of mCherry 
(X axis) versus the aspect ratio (Y axis). Aspect ratio represents the ratio between the Forward Side Scatter width 
(FSC-W) and the FSC-height (FSC-H). (E) Flow cytometry analysis showing single CTCs and CTC clusters from NSG-
LM2-mCherry/Luc mice expressing the HIF1α reporter, gated for the Log10 intensity of mCherry (X axis) versus 
the Log10 of the area in pixels per squared millimeter (px/mm2) (Y axis). (F) Flow cytometry analysis showing CTC 
clusters (left) and single CTCs (right) from NSG-LM2-mCherry/Luc mice expressing the HIF1α reporter, gated for 
the Log10 intensity of eYFP (X axis). (G) From left to right, pie charts showing the percentage of eYFP positive cells 
within clusters of NSG-LM2-mCherry/Luc, NSG-BR16 or NSG-4T1-mCherry/Luc mice expressing the HIF1α 
reporter. The number of independent biological replicates (n) is shown for each condition. (H) Schematic of the 
experimental design. From left to right, CTCs from NSG-LM2-HIF1a mice were enriched from mouse blood, 
released in PBS and subsequently spun down and fixed to proceed for CTCs staining. (I) Representative pictures 
of a LM2 CTC cluster stained for DAPI (nuclei), human Cytokeratin (hCK), pimonidazole (Pimo) and Ki67 
(proliferation). (J) Scatter plots showing the percent of Ki67-positive (+) cells among Pimo-negative (-) and Pimo-
positive (+) single CTCs (left; n=13 and n=19) and CTC clusters (right; n=10 and n=11) of NSG-LM2-HIF1a mice. 
Error bars represents s.e.m.; P value by two-tailed unpaired Student’s t-test is shown. (K) The scatter plot shows 
the number of cells per normoxic (n=107) or hypoxic (n=112) CTC clusters from NSG-LM2-HIF1α reporter mice. 
On average, 2.82 and 5.34 cells are present in normoxic and hypoxic CTC clusters, respectively. Error bars 
represents s.e.m.; P value by two-tailed unpaired Student’s t-test is shown. (L) Representative pictures of eYFP-
negative (top) and eYFP-positive (bottom) CTC-White Blood Cell (WBC) clusters of NSG-LM2 mice expressing the 
HIF1α reporter. mCherry/Luc stains LM2 cells and CD45 stains WBCs. (M) Scatter plot showing the number of 
normoxic or hypoxic CTC-WBC clusters per ml of blood of NSG-LM2 mice expressing the HIF1α reporter. Error 
bars represents s.e.m.; P value by two-tailed unpaired Student’s t-test is shown. (N) The scatter plot shows the 
number of cells per hypoxic CTC-WBC clusters of NSG-LM2 mice expressing the HIF1α reporter. Error bars 
represents s.e.m. (O) Kaplan-Meier survival analysis of NSG mice injected with eYFP (+) CTC-WBC clusters (n=3).  
(P) Representative picture of lung metastasis in NSG mice injected with eYFP (+) BR16 CTC clusters. Lungs were 
stained for human Cytokeratin (hCK) and DAPI (nuclei). (Q) Scatter plot showing the number of metastatic foci of 
NSG mice injected with eYFP (+) or eYFP (-) single CTCs or CTC clusters of NSG-BR16-HIF1α reporter mice (n=2). 
Error bars represents s.e.m.; P value by two-tailed unpaired Student’s t-test is shown. 
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Figure S4. HypoxiaRed correlates with HIF1α reporter and reacts with live hypoxic CTC clusters. Related to Figure 
3. (A) The scatter plots show the percentage of HypoxiaRed-positive cells from LM2-GFP/Luc or BR16-GFP/Luc 
cells incubated in hypoxic conditions (0.1% O2) for 8 hours or 15 hours, respectively (n=3). Error bars represents 
s.e.m.; P values by two-tailed unpaired Student’s t-test are shown. (B) Flow cytometric analysis showing LM2 cells 
expressing the HIF1α reporter, gated for the gradient RMS (X axis) versus the aspect ratio (Y axis). Gradient RMS 
represents the sharpness of the event acquired in brightfield. Aspect ratio represents the ratio between the 
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Forward Side Scatter width (FSC-W) and the FSC-height (FSC-H). (C) Representative pictures of LM2 cells 
expressing the HIF1α reporter and stained for HypoxiaRed. (D) Flow cytometric analysis showing the correlation 
between the expression of eYFP (in Log10 intensity; X axis) and HypoxiaRed staining intensity (in Log10 intensity; 
Y axis) in LM2 (left) and BR16 (right) cells expressing the HIF1α reporter. Controls (uninduced and induced with 
hypoxia 0.1% O2 for 4 days) are shown for both models. (E) On the left panels, flow cytometric analysis showing 
the correlation between the expression of eYFP (in Log10 intensity; X axis) and HypoxiaRed staining intensity (in 
Log10 intensity; Y axis) in LM2 CTCs expressing the HIF1α reporter. Control represents a normoxic sample stained 
with HypoxiaRed. On the right panels, representative pictures of LM2 CTCs sorted from the highlighted quadrants 
and stained for pimonidazole. (F) On the top panels, flow cytometric analysis showing the correlation between 
the expression of HypoxiaRed (in Log10 intensity; left; X axis) or eYFP (in Log10 intensity; right; X axis) and size 
(SSC; Y axis) of LM2 CTC clusters expressing the HIF1α reporter. On the bottom panel, representative pictures of 
CTC clusters sorted from the highlighted quadrants with same fluorophore intensity but different cluster size. (G) 
Schematic of the experimental design; from left to right, LM2 cells were cultured in normoxia or treated with 
DFO, single-cell suspended and either spiked in healthy donor blood and incubated at room temperature, or tail 
vein injected in NSG mice. Injected mice were kept for 0, 15 or 30 minutes before blood withdrawal. Samples 
were then enriched for CTCs. CTCs were stained in cassette and counted. (H) Scatter plot showing the percentage 
of HypoxiaRed- or eYFP-positive CTCs. DFO-treated samples represent the positive control. Error bars represents 
s.e.m. (n=6). (I) On the top panel, flow cytometric analysis showing CTCs from NSG-LM2 mice cells expressing the 
HIF1α reporter, gated for the log10 intensity of GFP (X axis) versus the aspect ratio (Y axis). On the bottom panel, 
flow cytometric analysis showing single CTCs and CTC clusters from NSG-LM2 mice cells expressing the HIF1α 
reporter, gated for the log10 intensity of GFP (X axis) versus the log10 of the area in pixels per squared millimeter 
(px/mm2) (Y axis). (J) On the top panel, flow cytometric analysis showing CTC clusters (left) and single CTCs (right) 
from NSG-LM2-GFP/Luc mice, gated for the log10 intensity of HypoxiaRed (X axis). On the bottom panel, 
representative pictures showing HypoxiaRed-positive or -negative CTC clusters (left) and single CTCs (right). (K) 
The scatter plot shows the mean percentage of HypoxiaRed-positive (+) single CTCs and CTC clusters from NSG-
LM2-GFP/Luc (n=4) and NSG-BR16-GFP/Luc (n=3) mice, as well as from BR61 patient (n=5). Error bars represents 
s.e.m.; P value by two-tailed unpaired Student’s t-test is shown. (L) The scatter plot shows the number of cells per 
CTC cluster in those clusters that are positive (+) or negative (-) for HypoxiaRed staining in NSG-LM2-GFP/Luc 
(n=3) and NSG-BR16-GFP/Luc (n=4) mice as well as in BR61 patient (n=3). Error bars represents s.e.m.; P value by 
two-tailed unpaired Student’s t-test is shown. 
  



 

 82 

2

 
Figure S5. Single-cell resolution RNA-sequencing analysis and proteomics analysis. Related to Figure 3 and 4. (A) 
Heatmap showing the sample categories based on HypoxiaRed staining, expression score (based on HIF1α and 
VEGFA expression: negative for quantiles Q1 and Q2, positive for quantiles Q3 and Q4) and quantile score. (B) 
Scatter plot showing the number of detected genes in normoxic versus hypoxic CTC clusters. The lower and upper 
hinges of the boxplot correspond to the 25th and 75th percentiles, respectively, and whiskers are extended to 
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the most extreme data points. P value by two-sided Wilcoxon rank sum test is shown. (C) Scatter plot showing 
the cell cycle phase of normoxic and hypoxic CTC clusters. (D) Heatmap showing the expression of Epithelial-to-
Mesenchymal transition (EMT) genes in normoxic and hypoxic CTC clusters. Colors are based on normalized 
length-scaled transcript per million (TPM) values. (E) Kaplan-Meier curves showing overall survival rates of Stage 
I breast cancer patients expressing in their primary tumor high (quantile 4; Q4) or low (quantile 1; Q1) levels of 
genes upregulated in the hypoxic CTC clusters signature (Donato; orange) versus four other hypoxia signatures 
(grey). P value by two-sided log-rank test is shown. (F) Schematic of the experimental design. From left to right, 
mice bearing LM2- HIF1α reporter tumors are sacrificed and the blood is processed for CTCs enrichment. Released 
CTCs are FACS-sorted into eYFP-positive (+) or eYFP-negative (-) single CTCs and CTC clusters, and analyzed via 
mass spectrometry using tandem mass tags-labeling (MS-TMT). (G) Volcano plot showing all proteins detected 
with mass spectrometry analysis. Proteins that are enriched or depleted in eYFP-positive cells (q<0.1) are shown 
in yellow or black, respectively. (H) Gene ontology (GO) analysis of molecular function pathways upregulated in 
hypoxic CTCs and ranked by adjusted P value. Intersection size bar shows the number of proteins detected in each 
GO term. (I) Representative pictures of BR16-HIF1α reporter tumor expressing mCherry/Luc and stained for 
Pimonidazole (Pimo) and NDRG1. 
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Figure S6. Knockdown of VEGFA increases CTC cluster shedding and metastasis formation. Related to Figure 6. 
(A) On the left side, the bar plot shows the mean fold change of expression (qPCR) of hVEGFA or mVegfa in LM2-
mCherry/Luc (left) or 4T1-mCherry/Luc (right) cells, respectively (n=3). DFO is used to induce HIF1α stabilization 
and Dox is used to activate the dox-inducible knockdown. GAPDH is used as normalization control. Error bars 
represents s.e.m.; P value by two-tailed unpaired Student’s t-test is shown. On the right side, representative 
pictures of LM2-mCherry/Luc cells upon 5 days of Dox treatment. Dox-inducible shRNA constructs express 
TurboGFP together with the shRNA. (B) Representative pictures of the primary tumor (top) and metastatic lungs 
(bottom) of NSG-LM2-mCherry/Luc mice expressing hHIF1a shRNAs. (C) Tumor growth curves showing the mean 
tumor volume of NSG mice injected with 4T1-mCherry/Luc cells expressing a control shRNA (control) or mVegfa 
shRNAs (mVegfa A sh-1 and sh-2). The number of independent biological replicates (n) is shown for each 
condition. Bars represents s.e.m.; P values by two-tailed paired Student’s t-test are shown. (D) The scatter plot 
shows the mean percentage of CD31-positive (+) cells within the primary tumor of NSG-4T1 mice expressing a 
control (n=3) or VEGFA knockdown (n=5 for sh-1 and n=4 sh-2). Error bars represents s.e.m.; P values by two-
tailed unpaired Student’s t-test are shown. (E) The scatter plot shows the mean percentage of pimonidazole-
positive (+) cells colocalizing with primary tumor cells of NSG-4T1 mice expressing a control (n=5) or VEGFA 
knockdown (n=4 for sh-1 and n=5 sh-2). Error bars represents s.e.m.; P values by two-tailed unpaired Student’s t-
test are shown. (F) Scatter plot showing the logarithm to the base of 10 (Log10) of total CTC counts per ml of 
blood in NSG-4T1 mice expressing a control or VEGFA knockdown. The number of independent biological 
replicates (n) is shown for each condition. Error bars represents s.e.m.; P values by two-way Anova are shown. (G) 
Pie charts displaying the mean percentage of single CTCs and CTC clusters in NSG-4T1 mice expressing a control 
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or VEGFA knockdown. The number of independent biological replicates (n) is shown for each condition. (H) The 
scatter plot shows the mean fold change of CTC ratios in NSG-4T1 mice expressing a control or VEGFA knockdown. 
The number of independent biological replicates (n) is shown for each condition. Error bars represents s.e.m.; P 
values by two-way Anova are shown. (I) The scatter plot shows the metastatic index of NSG-4T1 mice expressing 
a control (n=6) or VEGFA knockdown (n=7 for sh-1 and sh-2). Error bars represents s.e.m.; P values by two-tailed 
unpaired Student’s t-test are shown. (J) Representative bioluminescence images of metastatic lungs of NSG-4T1 
mice expressing a control or VEGFA knockdown. (K) Representative western blot showing HIF1α protein and HIF2α 
protein in LM2-mCherry/Luc cells expressing a dox-inducible control shRNA (control), hVEGFA sh-1 or hVEGFA sh-
2 (sh-1 and sh-2). DFO is used to induce HIF1α stabilization and Dox is used to activate the dox-inducible 
knockdown. GAPDH is used as loading control. 
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Figure S7. Pro-angiogenic therapy reduces CTC clusters shedding and metastasis formation. Related to Figure 7. 
(A) On the left, schematic representation of the control mCD8aTr vector (mC; top) and the mVEGFA164-IRES-
mCD8aTr vector (mVIC; bottom) for the overexpression of mVEGFA164. On the right, representative flow cytometry 
analysis showing CD8a expression, visualized through staining with anti-CD8a-APC antibodies in control, mC and 
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mVIC 4T1-mCherry/Luc cells (quadrant Q2). (B) Representative flow cytometry analysis showing selected mC and 
mVIC clones from LM2 (left) or 4T1 (right) cells expressing CD8a (X axis). (C) Representative pictures of the in vivo 
expression of mVIC via staining of CD8aTr in LM2-mCherry/Luc mVIC tumors. (D) The scatter plot shows the mean 
percentage of CD31-positive (+) cells within the primary tumor of NSG-LM2 mice expressing mVIC or mC, treated 
with either control FC fragments (FC) or EphrinB2 (EpB2) (n=2). Error bars represents s.e.m.; P values by two-
tailed unpaired Student’s t-test are shown. (E) The scatter plot shows the mean percentage of pimonidazole-
positive (+) cells colocalizing within the primary tumor of NSG-LM2 mice expressing mVIC or mC, treated with 
either FC or EpB2 (n=2). Error bars represents s.e.m.; P values by two-tailed unpaired Student’s t-test are shown. 
(F) Scatter plot showing the logarithm to the base of 10 (Log10) of total CTC counts per ml of blood of NSG-LM2 
mice expressing mVIC or mC, and treated with either FC or EpB2. The number of independent biological replicates 
(n) is shown for each condition. Error bars represents s.e.m.; P values by two-tailed unpaired Student’s t-test are 
shown. (G) Kaplan-Meier curve showing overall survival rates of NSG-LM2 mice expressing mVIC or mC, and 
treated with either FC or EpB2. The number of independent biological replicates (n) is shown for each condition. 
P value by two-sided log-rank test is shown. (H) Tumor growth curves showing the mean tumor volume of NSG 
mice injected with 4T1 cells expressing mVIC or mC, and treated with either FC or EpB2. The number of 
independent biological replicates (n) is shown for each condition. Error bars represents s.e.m.; P values by two-
tailed unpaired Student’s t-test are shown. (I) The scatter plot shows the metastatic index of NSG-4T1-mVIC or 
4T1-mC mice, treated with either FC or EpB2 (n=5). Error bars represents s.e.m.; P values by two-tailed unpaired 
Student’s t-test are shown. (J) Scatter plot showing the logarithm to the base of 10 (Log10) of total CTC counts 
per ml of blood of NSG-4T1 mice expressing mVIC or mC, and treated with either FC or EpB2. The number of 
independent biological replicates (n) is shown for each condition. Error bars represents s.e.m.; P values by two-
tailed unpaired Student’s t-test are shown. (K) Kaplan-Meier curve showing overall survival rates of NSG-4T1 mice 
expressing mVIC or mC, and treated with either FC or EpB2. The number of independent biological replicates (n) 
is shown for each condition. P value by two-sided log-rank test is shown. (L) The scatter plot shows the mean 
percentage of CD31-positive (+) cells within the primary tumor of NSG-BR16-mCherry/Luc mice treated with 
either control FC or EpB2 (n=2). Error bars represents s.e.m.; P values by two-tailed unpaired Student’s t-test are 
shown. (M) The scatter plot shows the mean percentage of pimonidazole-positive (+) cells within the primary 
tumor of NSG-BR16-mCherry/Luc mice treated with either control FC or EpB2 (n=2). Error bars represents s.e.m.; 
P values by two-tailed unpaired Student’s t-test are shown. (N) Scatter dot plots showing the logarithm to the 
base of 10 (Log10) of total CTCs counts per ml of blood of NSG-BR16 mice treated with either control FC or EpB2. 
The number of independent biological replicates (n) is shown for each condition. Error bars represents s.e.m.; P 
values by two-tailed unpaired Student’s t-test are shown. (O) Representative western blot showing the expression 
of human EphB4 in HUVEC, LM2 and BR16 cells treated with either FC (-) or EpB2. GAPDH is used as loading 
control. (P) Representative western blot showing the expression of mouse EphB4 in MAEC and 4T1 cells treated 
with either FC or EpB2. GAPDH is used as loading control. 
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SUPPLEMENTARY TABLES 

 
Table S1. Downregulated genes in the Donato-CTC signature. The table shows the Ensembl ID, the description, 
external gene name, logarithm to the base of 10 of Fold change (logFC), p value and false discovery. 
  

Ensembl Description External gene 
name 

logFC P Value FDR 

ENSG000002695
90 

AC010422.5 AC010422.5 -
4.160610
5 

6.67E-
05 

0.0608732
4 

ENSG000001791
78 

transmembrane protein 125  TMEM125 -
3.641413
1 

7.41E-
05 

0.0623638
7 

ENSG000000487
07 

vacuolar protein sorting 13 
homolog D  

VPS13D -
1.921610
3 

1.91E-
04 

0.1227849
9 

ENSG000002280
49 

RNA polymerase II subunit J2 POLR2J2 -
3.034691
8 

2.24E-
04 

0.1340577
3 

ENSG000001053
21 

coiled-coil domain containing 9  CCDC9 -
2.496344
1 

2.57E-
04 

0.1340577
3 

ENSG000001642
19 

protein geranylgeranyltransferase 
type I subunit beta  

PGGT1B -
2.561775
9 

6.60E-
04 

0.2494044
1 

ENSG000001649
75 

small nuclear RNA activating 
complex polypeptide 3  

SNAPC3 -
2.469494
2 

6.96E-
04 

0.2494044
1 
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Ensembl Description External gene 
name 

logFC P 
Value 

FDR 

ENSG000001
12715 

vascular endothelial growth factor A  VEGFA 3.8169
4219 

4.07E-
08 

4.45E-
04 

ENSG000001
53443 

UBA like domain containing 1  UBALD1 3.5088
4667 

3.54E-
07 

0.0017
2959 

ENSG000001
14859 

chloride voltage-gated channel 2  CLCN2 3.9119
5147 

5.70E-
07 

0.0017
2959 

ENSG000001
79965 

zinc finger protein 771  ZNF771 4.0059
3912 

6.32E-
07 

0.0017
2959 

ENSG000001
38640 

family with sequence similarity 13 member A  FAM13A 4.6064
0626 

9.64E-
07 

0.0021
1078 

ENSG000001
14770 

ATP binding cassette subfamily C member 5  ABCC5 2.4794
7959 

7.23E-
06 

0.0131
871 

ENSG000000
30419 

IKAROS family zinc finger 2  IKZF2 3.7879
8454 

2.78E-
05 

0.0434
1852 

ENSG000001
69155 

zinc finger and BTB domain containing 43  ZBTB43 2.8700
6592 

4.30E-
05 

0.0563
3833 

ENSG000001
69047 

insulin receptor substrate 1  IRS1 2.4489
5528 

5.29E-
05 

0.0563
3833 

ENSG000001
34897 

basic, immunoglobulin-like variable motif 
containing  

BIVM 3.7355
5824 

5.44E-
05 

0.0563
3833 

ENSG000001
33056 

phosphatidylinositol-4-phosphate 3-kinase 
catalytic subunit type 2 beta 

PIK3C2B 2.9578
1417 

5.66E-
05 

0.0563
3833 

ENSG000001
98799 

leucine rich repeats and immunoglobulin like 
domains 2  

LRIG2 2.4664
8204 

1.30E-
04 

0.1014
9722 

ENSG000001
71843 

MLLT3, super elongation complex subunit  MLLT3 3.1305
522 

1.42E-
04 

0.1036
8467 

ENSG000001
79598 

phospholipase D family member 6 PLD6 2.8832
8353 

1.76E-
04 

0.1203
5335 

ENSG000001
22884 

prolyl 4-hydroxylase subunit alpha 1  P4HA1 2.2366
9948 

2.47E-
04 

0.1340
5773 

ENSG000001
30513 

growth differentiation factor 15  GDF15 3.2637
1231 

2.57E-
04 

0.1340
5773 

ENSG000001
44182 

lipoyltransferase 1  LIPT1 2.1300
5264 

3.65E-
04 

0.1818
0606 

ENSG000001
83742 

MLLT3, super elongation complex subunit  MACC1 2.9064
8718 

4.00E-
04 

0.1906
3242 

ENSG000002
35194 

protein phosphatase 1 regulatory subunit 3E PPP1R3E 2.7804
2782 

4.20E-
04 

0.1914
1236 

ENSG000001
20915 

epoxide hydrolase 2  EPHX2 3.1841
4032 

5.23E-
04 

0.2289
3009 

ENSG000001
01346 

protein O-fucosyltransferase 1  POFUT1 2.1440
1954 

6.14E-
04 

0.2494
0441 

ENSG000001
63293 

NIPA like domain containing 1  NIPAL1 2.9749
9821 

6.67E-
04 

0.2494
0441 

ENSG000001
38764 

cyclin G2 CCNG2 2.9680
4806 

7.17E-
04 

0.2494
0441 
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ENSG000001
00644 

hypoxia inducible factor 1 alpha subunit  HIF1A 1.0577
4424 

7.18E-
04 

0.2494
0441 

ENSG000001
63131 

cathepsin S  CTSS 2.2741
1219 

7.29E-
04 

0.2494
0441 

 
Table S2. Upregulated genes in the Donato-CTC signature. The table shows the Ensembl ID, the description, 
external gene name, logarithm to the base of 10 of Fold change (logFC), p value and false discovery rate (FDR) of 
upregulated genes in the Donato-CTC signature. 
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Patient barcode Age at 
primary 

diagnosis 

Stage at 
diagnosis 

Subtype Histological type Overall 
survival 

Time to 
overall 
survival 

TCGA-3C-AALK 52 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 1448 

TCGA-A1-A0SB 70 Stage I Normal Other, specify 0 259 

TCGA-A1-A0SE 56 Stage I LumA Mixed Histology (please 
specify) 

0 1321 

TCGA-A2-A04N 66 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 4354 

TCGA-A2-A04Q 48 Stage IA Basal Infiltrating Ductal 
Carcinoma 

0 2385 

TCGA-A2-A04R 36 Stage IA LumB Infiltrating Ductal 
Carcinoma 

0 3709 

TCGA-A2-A0CP 60 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 2813 

TCGA-A2-A0CQ 62 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 2695 

TCGA-A2-A0D3 42 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 1873 

TCGA-A2-A0EM 73 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 3094 

TCGA-A2-A0EO 54 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 2442 

TCGA-A2-A0EP 56 Stage I LumA Infiltrating Lobular 
Carcinoma 

0 3603 

TCGA-A2-A0ER 63 Stage IB LumA Infiltrating Ductal 
Carcinoma 

0 2263 

TCGA-A2-A0EU 79 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 1043 

TCGA-A2-A0EV 80 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 968 

TCGA-A2-A0SX 48 Stage IA Basal Infiltrating Ductal 
Carcinoma 

0 1534 

TCGA-A2-A0T3 37 Stage IB LumB Infiltrating Ductal 
Carcinoma 

0 1516 

TCGA-A2-A0YF 67 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 1535 

TCGA-A2-A0YI 62 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 1505 

TCGA-A2-A259 70 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 1596 

TCGA-A2-A3XZ 46 Stage I Her2 Infiltrating Ductal 
Carcinoma 

0 1532 

TCGA-A7-A0CD 66 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 1165 

TCGA-A7-A0DC 63 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 906 
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TCGA-A7-A26F 55 Stage IA Basal Other, specify 0 738 

TCGA-A7-A3IY 71 Stage I LumA Mucinous Carcinoma 0 345 

TCGA-A7-A3J1 63 Stage IA LumA Infiltrating Lobular 
Carcinoma 

0 343 

TCGA-A8-A06O 60 Stage I LumB Infiltrating Ductal 
Carcinoma 

0 396 

TCGA-A8-A08A 89 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 30 

TCGA-A8-A095 45 Stage I LumB Infiltrating Ductal 
Carcinoma 

0 1277 

TCGA-A8-A0AD 83 Stage I LumA Mixed Histology (please 
specify) 

0 1157 

TCGA-AC-A3QQ 54 Stage IA LumA Infiltrating Lobular 
Carcinoma 

0 734 

TCGA-AC-A8OP 72 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 614 

TCGA-AC-A8OR 75 Stage IA LumA Mucinous Carcinoma 0 40 

TCGA-AN-A0FF 32 Stage IA LumB Infiltrating Ductal 
Carcinoma 

0 172 

TCGA-AN-A0FN 61 Stage IA LumA Infiltrating Lobular 
Carcinoma 

0 218 

TCGA-AN-A0FS 55 Stage IA LumA Infiltrating Lobular 
Carcinoma 

0 210 

TCGA-AN-A0FY 55 Stage IA LumB Infiltrating Ductal 
Carcinoma 

0 10 

TCGA-AO-A03M 29 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 1866 

TCGA-AO-A03U 31 Stage I Normal Other, specify 1 1793 

TCGA-AO-A03V 41 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 1351 

TCGA-AO-A0J2 41 Stage IA Her2 Infiltrating Ductal 
Carcinoma 

0 997 

TCGA-AO-A0J4 41 Stage IA Basal Infiltrating Ductal 
Carcinoma 

0 1587 

TCGA-AR-A1AJ 83 Stage I Basal Infiltrating Ductal 
Carcinoma 

0 3072 

TCGA-AR-A1AK 70 Stage I LumA Infiltrating Lobular 
Carcinoma 

0 3159 

TCGA-AR-A1AP 80 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 2856 

TCGA-AR-A1AX 64 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 2629 

TCGA-AR-A1AY 65 Stage I Basal Infiltrating Ductal 
Carcinoma 

0 1026 

TCGA-AR-A24N 54 Stage I LumB Infiltrating Ductal 
Carcinoma 

0 3035 

TCGA-AR-A24P 47 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 84 
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TCGA-AR-A24S 61 Stage I LumB Infiltrating Ductal 
Carcinoma 

0 2976 

TCGA-AR-A252 50 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 2838 

TCGA-AR-A255 62 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 2161 

TCGA-AR-A2LE 69 Stage I LumA Infiltrating Lobular 
Carcinoma 

0 5062 

TCGA-AR-A2LR 49 Stage I Basal Metaplastic Carcinoma 0 1742 

TCGA-B6-A0I2 45 Stage IA Basal Infiltrating Ductal 
Carcinoma 

0 4361 

TCGA-B6-A0IP 74 Stage IA LumA Infiltrating Lobular 
Carcinoma 

1 3926 

TCGA-B6-A0RN 60 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 8008 

TCGA-B6-A0RU 40 Stage IA Basal Other, specify 0 8605 

TCGA-B6-A0X0 54 Stage I LumA Other, specify 1 3945 

TCGA-B6-A1KI 63 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 2236 

TCGA-B6-A402 47 Stage I Basal Infiltrating Ductal 
Carcinoma 

0 2281 

TCGA-B6-A40B 76 Stage I LumA Infiltrating Lobular 
Carcinoma 

0 3152 

TCGA-BH-A0AV 52 Stage I Basal Infiltrating Ductal 
Carcinoma 

0 1820 

TCGA-BH-A0B0 56 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 2477 

TCGA-BH-A0B6 47 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 2483 

TCGA-BH-A0B8 64 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 1569 

TCGA-BH-A0B9 44 Stage IA Basal Infiltrating Ductal 
Carcinoma 

0 1572 

TCGA-BH-A0BG 73 Stage I Basal Infiltrating Ductal 
Carcinoma 

0 1871 

TCGA-BH-A0BL 35 Stage I Basal Infiltrating Ductal 
Carcinoma 

0 2278 

TCGA-BH-A0BO 54 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 2197 

TCGA-BH-A0BP 76 Stage I LumA Infiltrating Ductal 
Carcinoma 

1 2296 

TCGA-BH-A0BQ 39 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 2255 

TCGA-BH-A0BR 59 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 2330 

TCGA-BH-A0BW 71 Stage I Basal Infiltrating Ductal 
Carcinoma 

0 2371 
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TCGA-BH-A0C3 47 Stage I LumB Mixed Histology (please 
specify) 

0 2709 

TCGA-BH-A0DO 78 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 1644 

TCGA-BH-A0DX 62 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 2156 

TCGA-BH-A0E6 69 Stage IA Basal Infiltrating Ductal 
Carcinoma 

0 293 

TCGA-BH-A0EB 69 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 745 

TCGA-BH-A0H0 69 Stage IA LumB Infiltrating Ductal 
Carcinoma 

0 461 

TCGA-BH-A0H3 46 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 1928 

TCGA-BH-A0H5 45 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 1620 

TCGA-BH-A0H6 82 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 747 

TCGA-BH-A0HA 31 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 1611 

TCGA-BH-A0HB 55 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 806 

TCGA-BH-A0HF 77 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 727 

TCGA-BH-A0HI 78 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 620 

TCGA-BH-A0HN 67 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 516 

TCGA-BH-A0HU 52 Stage IA LumB Infiltrating Ductal 
Carcinoma 

0 392 

TCGA-BH-A0HW 62 Stage IA LumB Infiltrating Ductal 
Carcinoma 

0 1561 

TCGA-BH-A0HY 60 Stage I LumB Infiltrating Ductal 
Carcinoma 

0 1545 

TCGA-BH-A0W7 49 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 1363 

TCGA-BH-A0WA 82 Stage I Basal [Not Available] 0 701 

TCGA-BH-A18G 81 Stage IA Basal Infiltrating Ductal 
Carcinoma 

0 149 

TCGA-BH-A18H 63 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 652 

TCGA-BH-A18K 46 Stage I LumA Infiltrating Ductal 
Carcinoma 

1 2763 

TCGA-BH-A18P 60 Stage I Her2 Infiltrating Ductal 
Carcinoma 

1 921 

TCGA-BH-A18S 79 Stage I LumA Mucinous Carcinoma 1 2009 

TCGA-BH-A1ET 55 Stage I LumA Infiltrating Ductal 
Carcinoma 

1 2520 



 

 96 

2

TCGA-BH-A1EU 83 Stage I LumA Infiltrating Ductal 
Carcinoma 

1 1286 

TCGA-BH-A1FD 68 Stage I LumB Infiltrating Ductal 
Carcinoma 

1 1009 

TCGA-BH-A1FG 88 Stage I LumA Infiltrating Ductal 
Carcinoma 

1 3736 

TCGA-BH-A1FU 44 Stage IA Normal Infiltrating Ductal 
Carcinoma 

1 1688 

TCGA-BH-A201 64 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 856 

TCGA-BH-A209 77 Stage I LumB Medullary Carcinoma 1 3959 

TCGA-BH-A42V 41 Stage IB LumA Infiltrating Ductal 
Carcinoma 

0 635 

TCGA-BH-A5J0 63 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 715 

TCGA-BH-A8FY 87 Stage IA LumA Infiltrating Lobular 
Carcinoma 

1 295 

TCGA-BH-A8FZ 58 Stage IA Normal Infiltrating Lobular 
Carcinoma 

0 574 

TCGA-C8-A3M8 68 Stage IA LumB Infiltrating Lobular 
Carcinoma 

0 394 

TCGA-D8-A13Y 52 Stage IA LumB Infiltrating Ductal 
Carcinoma 

0 1728 

TCGA-D8-A1J9 48 Stage IA LumB Infiltrating Ductal 
Carcinoma 

0 532 

TCGA-D8-A1JH 56 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 426 

TCGA-D8-A1JP 73 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 639 

TCGA-D8-A1JS 77 Stage IA LumA Other, specify 0 371 

TCGA-D8-A1JU 51 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 447 

TCGA-D8-A1XA 64 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 839 

TCGA-D8-A1XM 57 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 538 

TCGA-D8-A1XU 56 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 395 

TCGA-D8-A27E 66 Stage IA LumA Other, specify 0 530 

TCGA-D8-A27M 59 Stage IA Basal Infiltrating Ductal 
Carcinoma 

0 410 

TCGA-D8-A27P 64 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 49 

TCGA-D8-A4Z1 68 Stage IA LumA Infiltrating Lobular 
Carcinoma 

0 659 

TCGA-E2-A106 34 Stage IB LumA Infiltrating Ductal 
Carcinoma 

0 2541 
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TCGA-E2-A14U 74 Stage I LumA Infiltrating Lobular 
Carcinoma 

0 1318 

TCGA-E2-A14Z 64 Stage I LumA Infiltrating Ductal 
Carcinoma 

1 563 

TCGA-E2-A152 56 Stage I Her2 Infiltrating Ductal 
Carcinoma 

0 2128 

TCGA-E2-A154 68 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 591 

TCGA-E2-A156 61 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 726 

TCGA-E2-A15C 61 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 694 

TCGA-E2-A15F 64 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 658 

TCGA-E2-A15J 51 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 1640 

TCGA-E2-A15O 89 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 1545 

TCGA-E2-A15P 61 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 595 

TCGA-E2-A1BC 63 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 501 

TCGA-E2-A1IF 74 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 1138 

TCGA-E2-A1IH 80 Stage I LumA Infiltrating Lobular 
Carcinoma 

0 1026 

TCGA-E2-A1II 51 Stage I Basal Infiltrating Ductal 
Carcinoma 

0 1025 

TCGA-E2-A1IJ 57 Stage I LumA Infiltrating Lobular 
Carcinoma 

0 865 

TCGA-E2-A1IN 60 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 675 

TCGA-E2-A1IO 37 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 1855 

TCGA-E2-A1IU 60 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 337 

TCGA-E2-A1LH 59 Stage I Basal Infiltrating Ductal 
Carcinoma 

0 3247 

TCGA-E2-A1LS 46 Stage IA Basal Infiltrating Ductal 
Carcinoma 

0 1604 

TCGA-E2-A570 47 Stage IB LumA Infiltrating Ductal 
Carcinoma 

0 931 

TCGA-E2-A573 48 Stage IA Basal Infiltrating Ductal 
Carcinoma 

0 1062 

TCGA-E2-A576 69 Stage IA LumA Infiltrating Lobular 
Carcinoma 

0 1043 

TCGA-E9-A1R4 66 Stage IA LumB Infiltrating Ductal 
Carcinoma 

0 186 
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TCGA-E9-A1R5 63 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 92 

TCGA-E9-A1RA 48 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 1369 

TCGA-E9-A229 37 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 1148 

TCGA-E9-A22B 71 Stage IA LumA Mixed Histology (please 
specify) 

0 1167 

TCGA-E9-A247 59 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 1186 

TCGA-E9-A54X 85 Stage IA LumB Mucinous Carcinoma 0 727 

TCGA-EW-A1IY 38 Stage I LumB Infiltrating Ductal 
Carcinoma 

0 258 

TCGA-EW-A1J3 61 Stage IA LumA Infiltrating Lobular 
Carcinoma 

0 504 

TCGA-EW-A1J6 70 Stage I LumB Infiltrating Ductal 
Carcinoma 

0 875 

TCGA-EW-A1PF 50 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 439 

TCGA-GM-A2D9 69 Stage I LumA Infiltrating Ductal 
Carcinoma 

1 1812 

TCGA-GM-A2DD 53 Stage I Normal Infiltrating Ductal 
Carcinoma 

0 2282 

TCGA-GM-A2DH 58 Stage I Her2 Infiltrating Ductal 
Carcinoma 

0 2193 

TCGA-GM-A2DI 52 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 2590 

TCGA-GM-A2DK 58 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 2645 

TCGA-GM-A2DL 50 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 3519 

TCGA-GM-A2DO 54 Stage I LumB Infiltrating Lobular 
Carcinoma 

0 2596 

TCGA-LD-A9QF 73 Stage IA Normal Infiltrating Ductal 
Carcinoma 

0 323 

TCGA-LL-A440 61 Stage IA LumA Infiltrating Lobular 
Carcinoma 

0 759 

TCGA-LL-A441 62 Stage IA Normal Infiltrating Ductal 
Carcinoma 

0 996 

TCGA-LL-A5YO 50 Stage IA Her2 Infiltrating Ductal 
Carcinoma 

0 440 

TCGA-LL-A73Y 67 Stage IA Basal Infiltrating Ductal 
Carcinoma 

0 477 

TCGA-LL-A740 61 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 441 

TCGA-OL-A5RX 51 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 878 
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TCGA-OL-A5RZ 57 Stage IA Her2 Infiltrating Ductal 
Carcinoma 

0 679 

TCGA-OL-A66H NA Stage IB LumA Mucinous Carcinoma 0 NA 

TCGA-OL-A66J 80 Stage I LumA Infiltrating Lobular 
Carcinoma 

0 1996 

TCGA-OL-A66L 71 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 1301 

TCGA-OL-A6VO 43 Stage IA Basal Infiltrating Ductal 
Carcinoma 

0 858 

TCGA-OL-A6VR 48 Stage IA LumA Infiltrating Ductal 
Carcinoma 

0 1220 

TCGA-S3-AA14 47 Stage I LumA Infiltrating Ductal 
Carcinoma 

0 529 

TCGA-WT-AB44 77 Stage IA LumA Infiltrating Lobular 
Carcinoma 

0 883 

TCGA-Z7-A8R6 46 Stage I LumB Infiltrating Lobular 
Carcinoma 

0 3256 

 
Table S3. TCGA samples for Donato-CTC signature survival analysis. The table shows the patient barcode, the age 
at primary diagnosis, the stage at diagnosis, the subtype, the histological type, overall survival and time to overall 
survival of the TCGA Stage I breast cancer patient sample correlated to upregulated genes in the Donato-CTC 
signature. 

 
 
 
 
 

The Supplementary Movie 1 and the Tables S4-5 of this article can be found at in the online 

version of the article (in revision) 
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ABSTRACT 

 
Blood-borne metastasis accounts for most cancer-related deaths and involves circulating 

tumor cells (CTCs) that are successful in establishing new tumors at distant sites. CTCs are 

found in the bloodstream of patients as single cells (single CTCs) or as multicellular aggregates 

(CTC clusters and CTC-white blood cell clusters), with the latter displaying a higher metastatic 

ability. Beyond enumeration, phenotypic and molecular analysis is extraordinarily important to 

dissect CTC biology and to identify actionable vulnerabilities. Here, we provide a detailed 

description of a workflow that includes CTC immunostaining and micromanipulation, ex vivo 

culture to assess proliferative and survival capabilities of individual cells, and in vivo metastasis-

formation assays. Additionally, we provide a protocol to achieve the dissociation of CTC 

clusters into individual cells and the investigation of intra-cluster heterogeneity. With these 

approaches, for instance, we precisely quantify survival and proliferative potential of single 

CTCs and individual cells within CTC clusters, leading us to the observation that cells within 

clusters display better survival and proliferation in ex vivo cultures compared to single CTCs. 

Overall, our workflow offers a platform to dissect the characteristics of CTCs at the single cell 

level, aiming towards the identification of metastasis-relevant pathways and a better 

understanding of CTC biology. 
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INTRODUCTION 

 
The clinical manifestation of metastasis in distant organs represents the final stage of cancer 

progression and accounts for more than 90% of cancer-related deaths2. The transition from 

localized to metastatic disease is a multi-step process, often mediated by circulating tumor 

cells (CTCs)133,185,186. These cells are shed from the primary tumor into the blood circulation 

and are transported to distant organs, where they may extravasate and establish metastatic 

lesions14,187. Although solid tumors can release a relatively high number of CTCs, most CTCs are 

destined to die, owing to high shear forces in circulation, anoikis-mediated cell death, immune 

attack or limited capabilities to adapt to a foreign microenvironment188. Therefore, it is pivotal 

to establish tools that enable the dissection of the molecular features of those CTCs that are 

endowed with metastasis-seeding ability. Recent preclinical and clinical studies suggest that 

the presence and quantity of single CTCs and CTC clusters is associated with a worse outcome 

in patients with various types of solid tumors38,189–194. CTC clusters are groups of two or more 

CTCs attached to each other during circulation and are more efficient in forming metastasis 

compared to single CTCs29,133,135. Cells within a cluster maintain strong cell-cell adhesion 

through desmosomes and adherens junctions, which may help to overcome anoikis195,196. 

Recently, we observed that clustering of CTCs is linked to hypomethylation of binding sites for 

stemness- and proliferation-associated transcription factors, leading to an increased ability to 

successfully initiate metastasis54. CTC cluster dissociation results in remodeling of key binding 

sites, and consequently, the suppression of their metastatic potential54. Additional to clusters 

of cancer cells, CTCs can also associate to white blood cell (most frequently neutrophils) to 

maintain high proliferation levels in circulation and increase their metastatic capability30. 

However, the biology of CTCs is understood only in part and several questions remain open, 

including the underlying molecular features and vulnerabilities of single and clustered cells. 

 

In recent years, several strategies have been established that exploit cell-surface expression 

patterns as well as physical properties of CTCs for their isolation25,32,56,61,197. Antigen-

dependent isolation methods rely mostly on the expression of cell surface Epithelial Cell 

Adhesion Molecule (EpCAM)198. The most frequently used and (at present) the only FDA-

approved platform for CTC enumeration, is the CellSearch system, which is based on a two-

step procedure to isolate CTCs56. In the first step, plasma components are removed by 
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centrifugation, while CTCs are captured with magnetic ferrofluids coupled to anti-EpCAM 

antibodies. In the second step, the CTC-enriched solution is stained for nucleated (DAPI- 

positive) cells expressing cytokeratin (CK)38,54,196, while white blood cells (WBCs) are identified 

using the pan-leukocyte marker CD45. Finally, captured cells are placed on an integrated 

screening platform and CTCs are identified through the expression of EpCAM, CKs, and DAPI 

while being negative for CD45. Although this is considered to be the gold standard for CTC 

enumeration, downstream molecular analysis is challenging with this technology due to 

inherent constraints in CTC retrieval. Additionally, given its isolation procedure, CellSearch may 

favor the enrichment of CTCs with higher EpCAM levels compared to CTCs with lower EpCAM 

expression, due for instance to cancer heterogeneity199 or downregulation of epithelial 

markers26,200. To overcome these limitations, antigen-independent technologies for the 

enrichment of CTCs have emerged. For example, the CTC-iChip integrates hydrodynamic 

separation of nucleated cells, including CTCs and WBCs from remaining blood components, 

followed by an immunomagnetic depletion of antibody-tagged WBCs, allowing purification of 

untagged and viable CTCs in solution61. Additionally, the fact that most CTCs are slightly bigger 

than red blood cells (RBCs) or WBCs led to the development of size-based CTC enrichment 

technologies197,201 (e.g., the Parsortix system (ANGLE)) which makes use of a microfluidic-

based technology, comprising a narrowing channel across the separation cassette, leading cells 

to a terminal gap of either 10, 8, 6.5 or 4.5 µm (different sizes are available depending upon 

the expected diameter of target cancer cells). Most of the blood cells pass through the narrow 

gap, while CTCs get trapped due to their size (but also due to their lower deformability) and 

are, therefore, retained in the cassette. Reverting the flow direction enables the release of 

captured CTCs, which are in a viable state and suitable for downstream analysis. Independently 

of the chosen protocol for CTC isolation, however, typical post-enrichment procedures still 

yield CTCs that are mixed with a relatively small number of RBCs and WBCs, making the analysis 

of pure single or bulk CTCs challenging. To address this issue, we established a workflow that 

allows CTC manipulation without potential bias introduced by blood cell contaminants. The 

addition of immunostaining beforehand, with variable antibody-combinations, distinguishes 

CTCs from blood cells and even allows to identify CTC subgroups with distinct surface-marker 

expression profiles. This highly customizable procedure can be then further combined with 

specific downstream applications. 
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Here, we describe a workflow that starts from a CTC-enriched product (obtained with any CTC 

enrichment technology of choice) and combines several approaches to gain insight into CTC 

biology at single-cell resolution. In a nutshell, our workflow enables the identification of single 

CTCs, CTC clusters and CTC-WBC clusters by live immunostaining, followed by single-cell 

micromanipulation and downstream analysis using ex vivo culturing protocols, single cell 

sequencing, and in vivo metastasis assays. 
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PROTOCOL 

 
All the procedures involving blood samples from patients were performed upon signed 

informed consent of the participants. Procedures were run according to protocols EKNZ BASEC 

2016-00067 and EK 321/10, approved by the ethical and institutional review board (Ethics 

Committee northwest/central Switzerland [EKNZ]), and in compliance with the Declaration of 

Helsinki. 

All the procedures concerning animals were performed in compliance with institutional and 

cantonal guidelines (approved mouse protocol #2781, Cantonal Veterinary Office of Basel-

City). 

 

1. Patient sample preparation 

 

1. Before starting, ensure to work with aseptic solutions and materials to maintain sterility 

during the entire procedure. 

2. Withdraw 7.5 mL of peripheral blood from a breast cancer patient into a 10 mL EDTA 

blood collection tube. 

3. Incubate the blood-containing tubes for a short time period (up to 1 h) at room 

temperature (RT) on a rocking shaker at 40 oscillation per minute (osc/min). 

4. Enrich for single CTCs and CTC clusters using a CTC isolation method of choice32,56,61,197. 

Release CTCs in a 1x DPBS solution. 

NOTE: Depending on the chosen CTC-enrichment technology, remaining white blood cells 

and red blood cells might be present. Adjust the releasing pressure in order to preserve the 

CTC cluster structures. 

5. Proceed immediately to the next step in section 3. 

 

2. Mouse sample preparation 

 

1. Before starting, prepare a 1 mL insulin syringe with a 25G needle, 5 mM EDTA filtered 

solution, and 2 mL EDTA blood collection tubes. 

2. Ensure to work with aseptic solutions and materials to maintain sterility during the entire 

procedure. 
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3. Pre-wash the syringe with 5 mM EDTA solution. 

4. Load the syringe with 100 μL of 5 mM EDTA and remove bubbles. 

5. Euthanize the mouse using 80% CO2 / 20% O2 gas inhalation and proceed immediately to 

the next step. 

NOTE: An alternative to CO2 inhalation method is the isoflurane anesthesia (3 vol% 

isoflurane and oxygen (carrier gas) at the flow rate of 600 mL/min) followed by cervical 

dislocation, or overdosing injection of ketamine/xylazine solution. Specific euthanasia 

method may vary depending on approved mouse protocol. 

6. Confirm the animal's death by the absence of breathing activity, missing corneal reflex, 

and urination without external stimuli. 

7. Perform a cardiac puncture by carefully introducing the needle of the EDTA pre-loaded 

syringe with a 30° angle into the thorax from the sternum towards the heart. 

NOTE: For inexperienced experimenters, it is recommended to open the chest cavity first, 

before performing the cardiac puncture, to better visualize the heart. 

8. Retrieve up to 1 mL of blood. Without releasing the plunger, pull out the syringe from the 

animal chest, safely remove the needle, open the lid of the 2 mL EDTA blood collection tube 

and dispense the blood directly inside. Close the lid and invert the tube 10x. 

9. Incubate the blood-containing tubes for a short time period (up to 1 h) at RT on a rocking 

shaker at 40 osc/min. CAUTION: The needle must be disposed of in sharp-safe biological 

hazard disposal. 

NOTE: Multiple punctures are possible to increase the total blood volume. Use separate 

syringes pre-loaded with EDTA for different withdraws to avoid aspirating clotted blood 

present in the previous needle. 

10. Enrich for single CTCs and CTC clusters using CTCs isolation method of choice32,56,61,197. 

Release CTCs in a 1x DPBS solution. 

NOTE: Depending on the chosen CTC-enrichment technology, remaining white blood cells 

and red blood cells, might be present. Adjust the releasing pressure in order to preserve the 

CTC cluster structures. 

11. Proceed immediately to the next step in section 3. 

NOTE: For all the following procedures, ensure that unfixed and freshly isolated blood is 

used. 
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3. CTCs live immunostaining 

 

1. Centrifuge CTC-enriched cell suspension at 72 x g for 4 min. 

NOTE: 72 x g corresponds to 800 rpm if the rotor has a diameter of 100 mm. Convert the g-

force number according to the rotor. 

2. Gently resuspend the pellet in 1% BSA solution in 1x DPBS and add 2 μg/mL of anti-human 

EpCAM-AF488 antibody and 1 μg/mL of anti- human CD45-BV605 antibody or 2 μg/mL anti-

mouse CD45-BV605 antibody in a total volume of 500 μL. 

NOTE: For breast cancer patient-derived CTCs, anti-human EGFR-FITC, and anti-human 

HER2-AF488 can be added additionally to anti- EpCAM and anti-CD45. This allows to better 

identify the CTCs that are expressing lower EpCAM levels. 

3. Incubate for 30 min at RT and protect from light. 

4. Wash CTCs suspension using 1 mL of 1% BSA in 1x DPBS solution and centrifugation at 72 

x g for 4 min. Repeat this wash twice. 

5. Resuspend stained cells in 2 mL of 1% BSA in 1x DPBS solution and transfer the total 

volume in 1 well of a 6-wells ultra-low attachment plate. 

6. Incubate the plate for 10-15 min at 4 °C protected from light to allow sedimentation of 

CTCs and residual blood cells. 

 

4. Micromanipulation of CTCs and single-cell picking 

 

NOTE: Before starting, be aware that the micromanipulator requires up to 45 min for 

complete set up. Once set up, the procedure for CTC identification and micromanipulation 

requires up to 2 minutes per cell (or cluster). 

1. Make sure to terminate the CTC picking procedure within 2 h from the end of the staining. 

2. Start up the micromanipulator software and switch on the micromanipulator. Connect 

the micromanipulator to the computer and initialize the robotic arm as well as the 

microscope stage by pressing the Connect button followed by Int device. 

3. Close the protecting cabinet after every manipulation of the machine to be able to 

maneuver it through the computer. 

4. Clean the surfaces from dust and spills by spraying ethanol and wiping the internal 

surfaces of the cabinet. A clean environment will ensure the sterility of the process. 
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5. Install a new glass capillary on the robotic arm. For the single-cell picking, use 20-30 μm 

capillary while 30-50 μm is preferable for CTC cluster picking. 

6. Remove all bubbles present in the tubing by dispensing or aspirating the system oil. 

CAUTION: Glass capillary is sharp and fragile. Handle with caution. 

7. Fill the sterilization tank 1 with 70% ethanol, the sterilization tank 2 with sterile nuclease-

free H2O and the buffer tank with sterile 1x DPBS. CAUTION: Do not close the lids of the 

tanks, since during the next steps the capillary will need to freely access the tanks. 

8. Sterilize the capillary twice with 70% ethanol. 

9. Replace the sterilization tank 1 with tank 2 and wash capillary in H2O at least three times 

using the sterilization function. 

10. Using the micromanipulator software, start a new experiment and choose the type of 

picking experiment between the automatic and the manual selection modes. 

NOTE: Choose the type of experiment based on the end point of the manipulation. Manual 

mode enables maneuvering of a robotic arm after the capillary enters the cell suspension. 

This step is necessary for dissociation of CTC clusters into individual cells. It is possible to 

change the type of picking during the experiment. 

11. Configure the deck tray specifying the position of the sterilization tank (liquid 1), buffer 

tank (liquid 2) and depositing tray (target 1 or 2). Target 1 allows to deposit into plates, 

target 2 allows to deposit into PCR tubes or PCR plates. 

12. Set the temperature of the liquid tanks and depositing tray chosen to 4 °C. 

NOTE: The picking process can be time consuming. Cooling of the liquid tanks and 

depositing tray is therefore advised 

13. Position the ultra-low attachment plate containing the released CTCs solution under the 

microscope inside the micromanipulator cabinet. Remove the lid from the plate and close 

the cabinet. Keep the plate at RT for the rest of the set up and during the picking procedure. 

14. Manually select the microscope objective for picking (10-20x) and the exposure time of 

all the necessary channels (Brightfield, FITC, and TRITC channels). 

15. Select show well navigator from the toolbar to visualize and select the type of pickup 

plate (6-well plate).  

NOTE: Any plate or well format can be installed by the manufacturer only. 
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16. Calibrate pickup position in the middle of the well containing the CTCs solution, but with 

no cells in the center of the field of view. Calibration performed at the edges of the wells 

can result in faulty calibration due to uneven well surface. 

17. Use the sensor to gently touch the bottom of the plate with the capillary (speed 0.01 

mm/step and 1% speed). 

18. Set the pickup position 0.05 mm above the bottom of the plate. 

NOTE: Make sure to open and remove lids of plates and tanks before proceeding. The 

capillary may break on a closed or unremoved lid. CAUTION: If the capillary breaks upon 

contact with lids, broken glass may be found in the surroundings or in the solutions. 

19. Select cell type and picking parameters. Picking parameter can be set-up and loaded at 

each startup. For single-cell picking, select the manual mode. 

20. Within the Picking preparation settings: 

1. Set the airgap volume between the system oil and the sample to 1 μL 

2. Set the buffer liquid volume to take up before each picking to 0.5 μL. 

NOTE: Buffer liquid volume is adjusted to the total maximum pickup volume. Small 

volumes do not affect the picking or depositing efficiency. 

3. Set the speed of aspiration of the buffer liquid between 1-6%. 

4. Set the waiting time after aspiration of the buffer to 1 s. 

NOTE: The option of taking up the buffer from target well instead of buffer liquid tank 

can be used if necessary 

5. Set to reuse glass capillaries and no sterilization between picks. 

  

NOTE: Sterilization between picks can be performed manually if required. Perform 

multiple washes in H2O between picks or two sterilization in ethanol followed by 

multiple washes in H2O. 

21. Within the Picking settings: 

1. Change the camera settings while picking and exposure time under the microscope 

to 7,500 μs. 

2. Select fixed picking height. 

NOTE: Tool sensor or autofocus could be chosen instead. However, small imperfections 

of the plate can disturb the sensitivity of the sensor or the autofocus which may cause 

an impact of the capillary into the plate. 
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3. Set aspiration speed of the capillary entering the source plate to 7-15%. 

4. Enable the interactive picking. 

5. Set the aspiration volume in μL to 0-0.05. 

6. Set the speed of aspiration to 5%. 

7. Set the waiting time after aspiration in s to 0-1. 

8. Set the number of picked particles per capillary to 1. 

9. Set no multiple picking at the same position and no scraping functions. Aspiration 

properties must be set according to the type of experiment (e.g., automatic picking 

mode may require bigger aspiration volumes). 

22. Within the Deposit settings: 

NOTE: Depositing settings strictly depend on the depositing plate/tube. 

1. For single-cell picking, define the speed of capillary entering the target plate to 25%. 

2. Set the speed of dispensing to 6%. 

3. Set the waiting time after dispensing in s to 0. 

4. Set the amount of airgap dispensed in the target well to 100%. 

5. Set no rinse after depositing. 

NOTE: Sterilization can be performed after depositing to clean the capillary. 

6. Set maximum amount of particles deposit per well and the number of targets to 

distribute particles to 1. 

7. Calibrate deposit height on position A1 of target 1 for plates or on position A1 of 

target 2 for tubes. Place an open tube or plate without lid for the calibration and use 

the sensor to gently touch the depositing well (speed 0.01 mm/step and 1% speed). Set 

the depositing height 1 mm above the bottom of the plate. 

 

23. Within the Settings: 

1. Set the stage speed during picking to 5-10%. 

NOTE: Fast movements of the plate may result in movement of cells in suspension and 

difficulties in multiple cell picking due to mispositioning. 

2. Set sterilization properties using rinsing volume to 1 μL, 3 rinsing loops and 2 s of 

waiting time per sterilization round. 

3. Apply the changes before closing. 
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24. Navigate the glass capillary using the joystick in the well and place it on top of the single 

cell of interest. Choose picking up positions at a safe distance from the well border (1 mm) 

as the capillary may break on the edge of the well. 

25. Manually add particles using the button of the joystick or manually selecting from the 

menu. 

26. Select pick activated particles to start the picking. 

27. The capillary will stop 0.05 mm above the bottom of the plate and on top of the selected 

pickup position because of the interactive picking (manual mode). Gently turn the knob of 

the joystick clockwise to manually aspirate the particle and the surrounding DPBS solution. 

The maximum volume is not fixed when the manual mode is on. However, the maximum 

volume allowed in the syringe will be 25 μL. 

28. Dispense the excess DPBS solution or unwanted particles by gently turning the knob of 

the joystick counterclockwise. Too much dispensing will release the airgap of the syringe 

forming bubbles in your solution and compromising visibility. 

29. Press next to proceed with the deposit. 

30. Observe the capillary entering the depositing PCR tube or PCR plate, releasing the 

volume and going back to starting position with an empty capillary. 

NOTE: If there is volume left in the capillary, proceed with sterilization. Then, re-check the 

settings, oil level, and oil height before performing a new picking. 

31. Proceed from point 26 of section 4 to start a new single-cell picking. During picking it 

might be necessary to replace the capillary. After the installation, a new calibration of the 

pickup position must be performed. At the end of the calibration, select the function Apply 

calibrated changes in Z-height to deposit height in order to correct the deposit height to the 

new capillary calibration and to skip the deposit height calibration (section 4.16). 

NOTE: The steps described in section 1-4 apply to most of the CTCs enrichment and isolation 

methods. Here we report optional steps for specific CTCs analysis. 

 

5. Single-cell picking and seeding for survival and proliferation analysis 

 

1. Ensure to work with aseptic solutions and materials to maintain sterility during the entire 

procedure. 
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2. Prepare a 384 well plate to contain the picked single CTCs for culturing with 20 μL CTC 

culturing media55. Ensure that CTCs are seeded in small volumes of the medium after 

manipulation (e.g., 10-20 μL for a 384 well plate). 

3. Spin down the solution to the bottom of the plate. Place 384 well plate into the target 1 

and keep at 4 °C. 

4. Perform all the steps with the micromanipulator described in the section 4 to set up the 

micromanipulator and start a new picking. 

NOTE: Multiple selections of the single cells will cause the formation of a picking list. The 

particles will be picked and deposited one by one in consecutive wells (see section 4.22.6). 

However, the interactive mode (manual mode) will stop the capillary right before the 

aspiration, therefore allowing the experimenter to control this critical step and to ensure 

successful picking. Fast movements of the plate may result in the movement of the cells in 

suspension and difficulties in multiple cell picking. 

5. After depositing, repeat step 4 to start a new picking. 

6. At the end of the picking, centrifuge the plate at 72 x g for 4 min to ensure that the picked 

cells are placed at the bottom of the well. 

 

6. CTC cluster breaking and single-cell picking for sequencing 

 

1. Ensure to work with aseptic solutions and materials to maintain the sterility during the 

whole procedure. 

2. Prepare single PCR tubes or a PCR plate that will contain the single cells of the broken 

cluster with the total 2.5 μL cell lysing solution comprising 1 U/μL of RNA inhibitor. 

3. Quickly spin down the solution to the bottom of the tube. Place the depositing containers 

into the target 2 and keep at 4 °C. 

4. Perform all the steps described in section 4 with the micromanipulator to set up the 

micromanipulator. 

5. Start a new picking. The capillary will stop 0.05 mm above the bottom of the plate and on 

top of the selected CTC cluster because of the interactive picking (manual mode). 

6. Gently turn the knob of the joystick clockwise to manually aspirate the cluster and the 

surrounding DPBS solution. Dispense the aspirated volume including CTC cluster by gently 

turning the knob of the joystick counterclockwise. 
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7. Repeat the aspiration/disposal of the CTC cluster described in step 6 until the single cells 

forming the cluster will break apart. NOTE: Too much dispensing will release the airgap of 

the syringe forming bubbles in your solution and compromising visibility. 

8. Follow by eye the position of the single cells. Manually add the particles using the button 

of the joystick or manually selecting from the menu. NOTE: Multiple selections of the single 

cells will cause the formation of a picking list. The particles will be picked and deposited one 

by one in consecutive PCR tubes/wells (see section 4.22.6). However, the interactive mode 

(manual mode) will stop the capillary right before the aspiration, therefore, allowing the 

experimenter to control this critical step and to ensure successful picking. 

9. Select pick activated particles to start the picking. 

NOTE: The amount of cell lysing solution will allow a single cell to completely lyse. However, 

long exposure of the lysed content to the lysing agent may degrade DNA or mRNA. 

Therefore, proceed immediately to the next step. 

10. Immediately close the tube containing the picked single cell and transfer on dry ice for 

snap freezing. 

11. Quickly spin the tube and check for the absence of drops on the sides of the tube to 

ensure a proper lyse of the deposited cell. 

12. Repeat from step 5 to start a new picking. 

NOTE: Microscope stage will move from one added particle to another at the speed 

described in section 4.23.1. CTCs suspension in the ultra-low attachment plate may move, 

causing faulty picking due to mispositioning. 

 

7. CTCs isolation for mouse injection 

 

1. Ensure to work with aseptic solutions and materials to maintain sterility during the entire 

procedure. 

2. Prepare a PCR tube with 5 μL of sterile 1x DPBS. 

3. Quickly spin down the solution to the bottom of the tube. Place the depositing containers 

into the target 2 and keep at 4 °C. 

4. Within the deposit settings apply a change at the step 4.22.6: Set the maximum amount 

of particles deposit per well to 1,000 and the number of targets to distribute particles to 1. 

This step ensures that the picked cells will be deposited in the same tube for 1,000 times. 
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5. Use only the interactive mode (manual mode) to precisely control the picking step and 

keep the picked solution free from contaminant cells. NOTE: If more than 1,000 cells are 

needed, increase the number of targets to distribute particles to avoid loss of sample after 

1,000 cells. 

6. Continue the steps of section 4.26 to start a new picking. Repeat step 6 to perform 

multiple pickings. Annotate the number of cells collected at each picking in order to keep 

track of the number of cells available for the mouse injection. 

7. At the end of the picking, centrifuge the tube at 72 x g for 4 min (see section 3.1.) and 

aspirate supernatant. 

8. Resuspend the collected CTCs into the buffer of choice, suitable for mouse injection. For 

mammary fat pad injection, resuspend the collected CTCs in a 1 to 1 ratio of 1x DPBS and 

reconstituted basement membrane extracted, and keep at 4 °C until the injection. For 

intravenous injection, resuspend the collected CTCs in DPBS only. 

NOTE: Volume of the solution strictly depends on the number of CTCs that will be injected. 

It is advised to inject in the mammary fat pad or intravenously a maximum of 100 μL per 

mouse. When calculating the volume, always consider the dead volume for the 

manipulation and syringe loading. 
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REPRESENTATIVE RESULTS 

 
The presented workflow allows the preparation of individual CTCs, either from single CTCs or 

separated from CTC clusters. CTCs from patients or tumor-bearing mice are enriched from 

whole blood with available CTC-enrichment methods and then stained with antibodies against 

cancer- associated markers (e.g., EpCAM, green) and WBC-specific markers (e.g., CD45, red) 

(Figure 1A). The stained CTC product is then transferred to the micromanipulation station were 

individual cells are picked, deposited in PCR tubes or multiwell plates and prepared for 

downstream analysis, including single-cell sequencing, in vitro culture or in vivo assays (Figure 

1B). 

 
Figure 1. Schematic representation of 
the experimental workflow. (A) CTCs 
are obtained from the blood of cancer 
patients or mouse cancer models, 
enriched using available methods and 
labeled with antibodies to discriminate 
tumor cells (green) from white blood 
cells (red). (B) Precise 
micromanipulation of CTCs facilitates 
multiple procedures and applications 
e.g., single-cell sequencing, CTC culture 
or in vivo transplantation experiments. 

 

 

Reliability of this method is based 

on a proper target-cell 

distinction during manual cell 

picking. Live immunostaining 

with anti-EpCAM antibodies 

visualizes cancer cells in the 

suspension and enables an accurate distinction from CD45-positive events (most likely, WBCs) 

(Figure 2A). When properly calibrated and maintained, CellCelector provides well-controlled 

cell manipulation. Precise CTC isolation is characterized by aspiration of only the desired target 

without surrounding contaminant cells (RBCs or WBCs), as shown on the pictures taken before 

and after CTC cluster aspiration (Figure 2B, C). 
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Figure 2. Representative pictures of 
CTCs before and after 
micromanipulation. (A) Representative 
images of CTCs derived from a CTC-
derived xenograft (NSG-CDX-BR16) and 
stained with antibodies anti-EpCAM 
(green) and anti-CD45 (red) to enable 
the visualization of CTCs and white 
blood cells, respectively. Magnification 
40x is shown. (B, C) Micromanipulation 
allows for the precise separation of 
CTCs from unwanted cells as shown in 
the images before (left) and after (right) 
cell-aspiration procedure. 
Magnification 10x. The larger field of 
view (B) and narrower field of view (C) 
are shown, respectively 
 
 

As previously described, CTC 

clusters display a more 

metastatic phenotype when 

compared to matched single 

CTCs54. Yet, whether the presence of neighboring cells is sufficient to increase the proliferation 

rate of cells within clusters is unknown. In order to address this question, 1009 single CTC and 

1008 CTC clusters ranging between 2-17 cells (with 89.5% of them being 2-5 cell clusters) 

derived from the CTC-derived BR16 cell line30 were micromanipulated into individual wells of 

384-well ultra-low attachment plates. 

 

The number of live cells in every well was counted manually under the microscope and 

recorded weekly. All analyses were performed after normalization of cell number (i.e., the 

three-cell cluster was analyzed as three individual cells). Unsuccessful colonies were 

characterized by the lack of living cells in the well at the end of the experiment. As suspected, 

CTC clusters showed increased survival compared to single CTCs and gave rise to cell colonies 

within 56 days of in vitro culturing (Figure 3A, 3B). Notably, CTC clusters also showed higher 

proliferation rate and thus reached higher final cell numbers (Figure 3C), indicating that direct 

contact with other tumor cells has an impact on both their viability and proliferation rate. 
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Figure 3. Survival and proliferation 
analysis of single CTCs and CTC clusters. 
Individual cells from single CTCs or CTC 
clusters from cultured CTC-derived 
BR16 cells were micromanipulated into 
384-well plates. (A) Kaplan-Meier plot 
showing the survival probability of 
seeded single cells versus cell clusters. 
P<0.0001 by pairwise Log-Rank test. (B) 
Bar graph representing the proportion 
of colonies that consisted of live cells at 
the end of the experiment (day 56). 
P<0.0001 by chi-square test. (C) 
Heatmaps visualizing normalized cell 
number distribution over the course of 
the experiment (day 0, 8, 32, 56). Each 
block represents one starting cell and 
the heatmap shows the number of cells 
per well at a given timepoint. d=day. 

 

 

Lastly, we provide single-cell RNA 

sequencing data of CTCs directly 

isolated from breast cancer 

patients. Particularly, we show a 

t-Distributed Stochastic Neighbor Embedding (tSNE) of single cells derived from either single 

CTCs, CTC clusters or CTC-WBC clusters (Figure 4). This approach allows the identification of 

cells with similar gene expression profile, as well as the distinction of cell populations that differ 

based on the expression of particular genes. 
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Figure 4. Single-cell RNA sequencing. 

Visualization of CTC RNA expression 

data using t-Distributed Stochastic 

Neighbor Embedding (tSNE). Each dot 

represents a single cell derived from a 

single CTC, a CTC cluster or a CTC-WBC 

cluster. Colors of the dots correspond 

to the donor ID. 
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DISCUSSION 

 
The molecular characterization of CTCs holds the promise to improve our understanding of the 

metastatic process and guide the development of new anti-metastasis therapies. Here we 

provide a detailed description of those protocols that enable CTC micromanipulation and 

downstream analysis, including both single cell-based functional assays, gene expression 

analysis and in vivo transplantation for metastatic potential assessment30. 

Among the most critical steps of our protocol, micromanipulation of CTC-enriched products 

aims at gaining single cell resolution from relatively heterogeneous cell suspensions, i.e. 

allowing to reach the highest levels of purity and to improve the quality of subsequent 

functional or molecular analyses. For example, single cell picking of CTCs has enabled us and 

others to investigate CTC heterogeneity (e.g., differences between single CTCs, CTC clusters, 

and CTC-WBC clusters), both from a molecular standpoint and from the perspective of being 

able to assess metastasis-initiation capability. While we generally favor cell picking protocols 

that allow the experimenter to manually isolate CTCs (i.e. allowing for a higher degree of 

flexibility depending on the characteristics of individual targets), automated solutions are now 

available to facilitate cell picking and to accelerate the CTC isolation process in well-controlled 

experiments. When considering single cell micromanipulation in the context of CTC analysis, 

time is a very critical limiting factor. Since our protocol is meant to be conducted on living cells, 

it is imperative to proceed as fast as possible to minimize changes due to the ex vivo 

environment, such as the upregulation or downregulation of genes that are context-

dependent. When compared to the existing techniques for CTC analysis, single cell 

micromanipulation of live CTCs offers higher flexibility for the downstream analysis of choice, 

ranging from single cell sequencing to direct functional assays. 

 

In this manuscript, we also provide new data that highlight important differences between 

single and clustered CTCs by micromanipulating and seeding more than thousand single CTCs 

or CTC clusters (with a clearly defined size) from a CTC-derived cell line in individual wells of a 

microtiter plate. First, we observe that CTC clusters (i.e., the presence of neighboring cells) are 

sufficient to achieve better survival rates of seeded cells, supporting our in vivo data suggesting 

lower apoptotic rates of CTC clusters upon seeding at a distant site54. Further, even upon 

normalization for the number of seeded cells, cancer cells grown as clusters display much 
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higher proliferation rates, further reinforcing the concept that clustered CTCs are highly 

efficient metastasis contributors. 

Together, we present specific protocols for CTC analysis with the purpose to promote single 

cell-related investigations in the CTC field. In the future, we anticipate that these protocols 

might be useful for CTC-related investigations, aiming towards a better understanding of the 

biology that characterizes blood-borne metastasis in various cancer types. 

 

 

 

 

The video component of this article can be found at https://www.jove.com/video/59677/ 
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The role of X-box binding protein 1 in breast cancer hypoxia 
 
 
INTRODUCTION 

 
X-box binding protein 1 (Xbp1) is a transcription factor involved in the endoplasmic reticulum 

(ER) response to stress, such as the unfolded protein response (UPR). Xbp1 is constitutively 

expressed in an unspliced form referred to as Xbp1-U, and spliced by IRE1 (encoded by the 

gene ERN1) into an active form (Xbp1-S) upon ER stress. The spliced Xbp1-S is then translated 

into an active protein that can transcribe genes involved in the response to stress signals and 

survival202. Sources of ER stress and UPR arise from cell intrinsic factors such as increased 

protein synthesis203, or microenvironmental sources like low oxygen tension and hypoxia 

known to play a major role in the UPR activation98. 

Xbp1 has been shown to transcriptionally upregulate VEGFA under hypoxia and glucose 

deprivation204, and to promote triple-negative breast cancer progression by controlling HIF1a 

downstream genes179. Moreover, luminal A breast cancer subtype expresses high levels of 

Xbp1 as well as CTC clusters of hormone positive breast cancer patients compared to the single 

CTCs counterpart29,205. Thus, Xbp1 seems to have a remarkable role in triggering metastasis 

formation as well as a strong link to hypoxia and CTC clusters generation. 

 

We hypothesized that hypoxia is the leading cause of CTC clusters generation through the 

activation of Xbp1, and that hypoxic regions of the tumor demarcate the source of CTC clusters 

(see Chapter 2). Thus, we aim to visualize and to trace the Xbp1 activation in parallel to HIF1a 

in primary tumors, CTCs and metastatic sites of xenograft models upon the spontaneous 

establishment of hypoxia. 
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RESULTS 

 

To dynamically follow the activity of the transcription factors Xbp1, we designed a dynamic 

fluorescent color construct. In detail, a repetition of the endoplasmic reticulum stress element 

(ERSE), Xbp1 response element, was placed upstream of a CMV minimal promoter driving the 

transcription of an enhanced cyan fluorescent protein (eCFP) protein202,206,207 (Figure 1A). This 

reporter, while being designed to promptly trace Xbp1 activity, is also susceptible to reversion 

when the transcription factor Xbp1 is no longer active. 

In vitro live imaging experiments showed a significant increase of eCFP over time upon 

treatment with Tunicamycin (Tunica) 5 μg/ml for 4 hours. Indeed, a maximum of 40% of eCFP-

positive cells was observed after 15 hours in LM2 and Br16, respectively (Figure 1B, 1C). 

Endogenous activation of the control sample was observed, yet remained between 5-10% of 

the total population in both lines. Of note, Tunica treatment resulted in the irreversible 

stabilization of Xbp1-S protein (Figure 1D) while the activation of eCFP expression via 

incubation of LM2 and BR16 cells in hypoxia (0.1% O2) was reverted by subsequently incubation 

in normoxia (20% O2) (Figure 1E, 1F). These results were also validated in vitro at the Xbp1-S 

protein level in both LM2 and BR16 cells (Figure 1G-J). 

 

We sought to address the direct link between hypoxia and Xbp1 activation in vitro. We 

therefore induced LM2 expressing the Xbp1 reporter with DFO (HIFa protein stabilizer) or 

Tunica and we measured the occurrence of hypoxia using HypoxiaRed live staining which stains 

hypoxic cells for their nitroreductase activity. While DFO treatments significantly increased the 

levels of HypoxiaRed, Tunica treatments moderately increased the hypoxic status of LM2 cells 

and showed poor correlation with the HypoxiaRed staining (Figure 1K, 1L). 
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Figure 1. Dynamic labelling and in vitro characterization of the Xbp1 reporter. (A) Schematic representation of the 
Xbp1 reporter. The endoplasmic reticulum stress element (ERSE) is repeated six times before a CMV minimal 
promoter (CMVmp), driving the expression of eCFP protein. (B) The plots show the activation of the Xbp1 reporter 
in LM2-mCherry/Luc (left) or BR16-mCherry/Luc (right) cells, measured by determining the expression of Xbp1 in 
living cells upon incubation in 5 μg/ml of Tunica. (n=2). Error bars represents s.e.m.; P value by linear regression 
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is shown. (C) Representative pictures of LM2-Xbp1 induced with Tunica for four hours or control cells. (D) 
Representative western blot image showing Xbp1 protein upon Tunica induction for four hours in LM2-Xp1 cells, 
and residual Xbp1 protein post-Tunica treatment. GAPDH is used as loading control. (E) The plots show the 
activation of the Xbp1 reporter in LM2-mCherry/Luc (left) or BR16-mCherry/Luc (right) cells, measured by 
determining the expression of Xbp1 in living cells upon incubation in 0.1% O2 (hypoxia) and subsequent treatment 
with 20% O2 (normoxia). Hypoxia stimulation is performed for 4 days (n=2). Error bars represents s.e.m.; P value 
by linear regression is shown. (F) Representative pictures of LM2-Xbp1 induced with 0.1% O2 (hypoxia) and 
subsequent treatment with 20% O2 (normoxia). (G) On the left, representative western blot image showing Xbp1 
protein upon DFO or Tunica induction for four hours in LM2-Xp1 cells. GAPDH is used as loading control. On the 
right, quantification of the band intensities. (H) On the left, representative western blot image showing Xbp1 
protein upon DFO or Tunica induction for four hours in BR16-Xp1 cells. GAPDH is used as loading control. On the 
right, quantification of the band intensities. (I) On the left, representative western blot image showing Xbp1 
protein upon 0.1% O2 (hypoxia) induction for eight hours in LM2-Xp1 cells. GAPDH is used as loading control. On 
the right, quantification of the band intensities. (J) On the left, representative western blot image showing Xbp1 
protein upon 0.1% O2 (hypoxia) induction for eight hours in BR16-Xp1 cells. GAPDH is used as loading control. On 
the right, quantification of the band intensities. (K) Dot plot shows the percentage of HypoxiaRed in LM2-Xbp1 
cells induced with DFO or Tunica for four hours. (n=3) (L) Correlation between Log10 intensity of HypoxiaRed (Y 
axis) and eCFP (X axis) in LM2-Xbp1 cells upon treatment with Tunica for four hours (right) or uninduced (left). 

 

 

We then injected BR16-Xbp1 and LM2-Xbp1 reporter cells into the mammary fat pad of adult 

female NOD Scid GAMMA (NSG) mice (age range 8-10 weeks) and monitored the spontaneous 

development of tumor and metastases aiming at visualizing the emergence of hypoxia and its 

consequences on Xbp1 activation. While the expression of the Xbp1-reporter did not alter the 

tumor growth kinetics (Figure 2A), we observed an average of 35% and 40% of eCFP cells in 

LM2 and BR16 primary tumors, respectively (Figure 2B, 2C). Interestingly, we observed that a 

mean of 10% and 18% of blood vessels, identified by endothelial cell CD31 staining, were 

present in the eCFP areas of the LM2 and BR16 tumors, respectively (Figure 2D). On average, 

in LM2 tumors, vessels in the eCFP area showed to be characterized by a larger vessel diameter 

compared to vessels present in the normoxic areas of the tumor, whereas the opposite was 

observed in BR16 tumor model (Figure 2E). Respectively, an average of 25% and 33% of vessels 

in the eCFP areas of LM2 and BR16 tumors resulted to be functional based on dextran staining 

of functional blood vessels (Figure 2F, 2G). Surprisingly, we observed that in both models less 

than 10% of the Pimonidazole-positive cells (gold standard method of hypoxia staining in solid 

tissues) were also eCFP-positive (Figure 2H, 2I). 

 

We next investigated the status of live CTCs, spontaneously generated in both LM2 and BR16 

models. eCFP quantification showed that CTC clusters express significantly higher levels of 
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Xbp1 compared to single CTCs. Indeed, in LM2 we find a mean of 10.5% eCFP-positive CTC 

clusters vs. 0.6% eCFP-positive single CTCs, and 9.0% eCFP-positive CTC clusters vs. 0.5% eCFP-

positive single CTCs in BR16 model (Figure 2J, 2K) with the majority of cells in each cluster being 

eCFP-positive (Figure 2L). 

 

Figure 2. in vivo analysis of breast tumors and CTCs expressing Xbp1 reporter. (A) From left to right, tumor growth 
curves showing the mean tumor volume of NSG-LM2-mCherry/Luc and NSG-BR16 mice expressing either the 
Xbp1 reporter (Xbp1) or empty vector (control). Error bars represents s.e.m. P values by two-tailed unpaired 
Student’s t-test are shown. (B) Representative confocal images of NSG-LM2-mCherry/Luc tumors expressing the 
Xbp1 reporter. (C) The dot plot shows the percentage of eCFP-positive cells in LM2-Xbp1 (left) and BR16-Xbp1 
(right). Error bars represents s.e.m. (D) Bar graph shows the percentage of CD31-positive cells in eCFP vs. 
remaining normoxic areas of LM2 (left) and BR16 (right) tumors. Error bars represents s.e.m. (E) Dot plots show 
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the distribution of vessel diameter measurements in normoxia vs. Xbp1. Error bars represents s.e.m. and P values 
by two-tailed unpaired Student’s t-test are shown. (F) Representative confocal images of NSG-BR16-mCherry/Luc 
tumors expressing the Xbp1 reporter and stained for CD31 and dextran (Dex). (G) Dot plot shows the percentage 
of functional vessel in the eCFP-positive areas in LM2 and BR16 tumors. Error bars represents s.e.m. and P values 
by two-tailed unpaired Student’s t-test are shown. (H) Dot plots show the percentage of Pimo-positive cells 
colocalizing with eCFP-positive cells in LM2 (left) and BR16 (right). Error bars represents s.e.m. and P values by 
two-tailed unpaired Student’s t-test are shown. (I) Representative confocal images of LM2-Xbp1 (left) or BR16-
Xbp1 (right) stained for CD31, Pimo and dextran (Dex). (J) Representative pictures showing CTC clusters (left) and 
single CTCs (right) from NSG-LM2-mCherry/Luc (top) or NSG-BR16 mice (bottom; stained for EpCAM) positive or 
negative for the Xbp1 reporter expression. (K) The scatter plot shows the mean percentage of eCFP-positive (+) 
single CTCs and CTC clusters from NSG-LM2 (top; n=4) or NSG-BR16 (bottom) mice (n=2). Error bars represents 
s.e.m.; P value by two-tailed unpaired Student’s t-test is shown. (L) Pie charts showing the percentage of eCFP 
positive cells within clusters of NSG-LM2-mCherry/Luc (top) or NSG-BR16 (bottom) mice expressing the Xbp1 
reporter. The number of independent biological replicates (n) is shown for each condition. 

 

 

Inducible Xbp1 knockdown cells were established to investigate to which extent Xbp1 

transcription factors influences the metastatic and CTCs shedding potential of both LM2 and 

Br16 cell lines. Previous studies reported that knockdown of Xbp1 inhibits tumor growth, 

metastases and induces apoptosis under hypoxic conditions179,208. 

Despite these studies and the substantial in vitro knockdown (Figure 3A), inducible sh-RNAs for 

Xbp1 did not lead to significant changes in tumor growth, CTCs counts, percentage of clusters 

and metastatic index (Figure 3B-E). Moreover, upon knockdown of Xbp1, blood vessel density 

as well as intra-tumor hypoxia remained unaltered. 
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Figure 3. Knockdown of Xbp1 does not influence metastatic behavior in breast cancer. (A) Representative western 
blot showing Xbp1 protein in LM2-GFP/Luc (top) and BR16-GFP/Luc (bottom) cells expressing a control shRNA 
(control), hXbp1 shRNA-1 or hXbp1shRNA-2 (sh-1 and sh-2). Tunica is used to induce Xbp1 activation and Dox is 
used to activate the dox-inducible knockdown. GAPDH is used as loading control. (B) From left to right, tumor 
growth curves showing the mean tumor volume of Lm2 and BR16 mice expressing either control or Xbp1 shRNAs. 
Error bars represents s.e.m. P values by two-tailed unpaired Student’s t-test are shown. (C) Scatter plots showing 
the logarithm to the base of 10 (Log10) of total CTC counts per ml of blood obtained from LM2 (left) or BR16 
(right) mice expressing a control shRNA, or Xbp1 shRNAs. Error bars represents s.e.m.; P values by two-way Anova 
are shown. (D) Dot plots show the percentage of CTC clusters over total CTCs of LM2 (left) or BR16 (right) mice 
expressing a control shRNA, or Xbp1 shRNAs. Error bars represents s.e.m.; P values by two-tailed unpaired 
Student’s t-test is shown. (E) The scatter plot shows the metastatic index of LM2 (left) or BR16 (right) mice 
expressing a control shRNA, or Xbp1 shRNAs. The number of independent biological replicates (n) is shown for 
each condition. Error bars represents s.e.m.; P values by two-tailed unpaired Student’s t-test are shown. (F) The 
scatter plot shows the percentage of CD31-positive cells of LM2 (left) or BR16 (right) mice expressing a control 
shRNA, or Xbp1 shRNAs. Error bars represents s.e.m.; P values by two-tailed unpaired Student’s t-test are shown. 
 (G) The scatter plot shows the percentage of Pimo-positive (+) cells colocalizing with the primary tumor cells of 
LM2 (left) or BR16 (right) mice expressing a control shRNA, or Xbp1 shRNAs. Error bars represents s.e.m.; P values 
by two-tailed unpaired Student’s t-test are shown. 
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Despite the wide presence of hypoxia and eCFP expression in LM2 and BR16 tumor models, 

tracing of Xbp1 showed a minimum colocalization with hypoxia through pimonidazole staining. 

Moreover, in the circulation, only minority of CTCs, both singles and clustered CTC, showed to 

derive from tumor areas that have experienced prolonged Xbp1 activation. In light of these 

findings, we concluded that while Hif1α can be very consistently used as hypoxia readout 

protein (see Chapter 2), Xbp1 seems to not be directly linked to a metastatic phenotype in our 

models of breast cancer. 
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METHODS 

 

Cell lines and culture conditions 

 

MDA-MB-231-LM2 (LM2) human triple negative breast cancer cell line was obtained from Dr. 

Joan Massagué, MSKCC, NY, USA. CTC-derived BR16 cells were generated and cultured from 

the corresponding patient as previously described54. LM2 cells were grown in DMEM F-12 high 

glucose (Gibco, 11330-057) supplemented with 10% heat-inactivated FBS (Gibco, 10500064) 

and 1% antimycotic/antibiotic (Gibco, 15240-062) in a humidified incubator at 37 °C with 20% 

O2 and 5% CO2. BR16 cells were grown as suspension cultures in RPMI medium (Gibco, 52400-

025) supplemented with 1X B27 (Gibco, 17504-044), 1% antimycotic/antibiotic, 20 ng/ml 

human recombinant Fibroblast Growth Factor (FGF; Peprotech, 100-18B) and 20 ng/ml human 

recombinant Epidermal Growth Factor (EGF; Invitrogen, PHG0313) in a humidified incubator 

at 37 °C with 5% O2 and 5% CO2, using ultra-low attachment plates (Sarstedt, 83.3920.500). 

LM2 and BR16 cells were stably transduced with lentiviral vectors expressing UBC_GFP-T2A-

Firefly Luciferase (GFP/Luc) (System Biosciences, BLIV200PA-1-SBI) or ready-to-use virus 

EF1α_Firefly Luciferase-T2A-mCherry (mCherry/Luc) (Biosettia, GlowCell-15-10). 

 

Xbp1-S activity reporter  

 

The Xbp1 activity reporter (Xbp1 reporter) was purchased from Genecopoeia upon providing 

the exact nucleotide sequence. The human endoplasmic reticulum stress element (ERSE; “5’ - 

CCTTCACCAATCGGCGGCCTCCACGACGG -3’”)202,207 is followed by a CMV minimal promoter 

(CMVmp)178 and by an enhanced cyan fluorescent protein (eCFP) sequence within a lentiviral 

vector. Transduced cells were selected with 0.5 μg/ml Puromycin (Invitrogen, ant-pr-1) for 5 

days (LM2) or 15 days (BR16), respectively. Treatment with Deferoxamine (DFO; Sigma, D9533) 

500 μM was used to induce the stabilization of HIF1α in LM2 cells for 4 hours. Tunicamycin 

(Sigma Aldrich, T7765) 5 μg/ml was used to induce Xbp1-S for 4 hours. Alternatively, Xbp1 

induction was achieved using the humidified hypoxia chamber (Biospherix, ProOx 110) at 0.1% 

O2. Anti-Xbp1 (Cell Signaling, 12782) antibodies were used to confirm Xbp1 expression through 

western blot, with anti-GAPDH antibody (Cell Signaling, 2118S) as loading control.  
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Live imaging of Xbp1 reporter 

 

LM2 and BR16 mCherry/Luc cells, expressing the Xbp1 reporter, were seeded into coated 

(LM2) or uncoated (BR16) imaging chambers (Ibidi, 80826 and 80821), respectively. Following 

treatment with DFO or Tunicamycin, cells within chambers were cultured under the humidified 

live imaging box of the microscope Leica DMi8, at 37°C and 20% O2. For live imaging 

experiments requiring hypoxia, cells within chambers were cultured at 0.1% O2. 

 

hXbp1 knockdown 

 

LM2 and BR16 cells were stably transduced with doxycycline (Dox)-inducible shRNAs, targeting 

the Open Reading Frame (ORF) of human Xbp1 (5’ - TTCACTACCACATTAGCTT - 3’and 5’ - 

TCTTCTAAATCTACCACTT - 3’), (Dharmacon, TRIPZ®). The transduced cells were selected using 

0.5μg/ml puromycin and subsequently sorted, upon treatment with 0.1 μg/ml doxycycline 

(Dox; Sigma, D9891) for 2 days, for the highest expression of the shRNA-coupled fluorophore 

(TurboRFP). hXbp1 knockdown was measured by western blot as described above. Treatment 

with Tunicamycin 5 μg/ml was used to induce the stabilization of Xbp1 in LM2 and BR16 cells, 

for 4 and 15 hours, respectively, upon 5 days of treatment with 0.1 μg/ml dox. 

 

Mouse Experiments 

 

All mouse experiments were carried out in compliance with institutional and cantonal 

guidelines (approved mouse protocol 2781, cantonal veterinary office of Basel-City). NOD/scid 

GAMMA (NSG) mice were purchased from Jackson Laboratory and kept in pathogen-free 

conditions specified by the University of Basel and cantonal veterinary office of Basel-City. 

Orthotopic injection was performed between the second and third mammary gland of adult 

female mice (age range 8-12 weeks) with either 1x106 LM2 or 1x106 BR16, expressing the 

fluorescent construct GFP/Luc or mCherry/Luc. Cells were inoculated in 50% Cultrex Path Clear 

Reduced Growth Factor Basement Membrane Extract (R&D Biosystems, 3533-010-02) and 

50% PBS. In mice injected with cells carrying a dox-inducible construct, water containing 0.5 

mg/ml Dox (Sigma, D9891-25G) and 5% sucrose (Sigma, S9378) was administered 3 times a 

week upon tumor formation and for a maximum of 3 months. 
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Metastatic index and organ fixation 

 

Mice bearing GFP/Luc or mCherry/Luc tumors were subcutaneously (s.c.) injected with 3 mg 

D-Firefly-Luciferin (Gold Bio, LUCK-5G). After 10 minutes, bioluminescent images of the full 

mouse were taken at IVIS Lumina LT (Perkin Elmer). After euthanasia and within 20 minutes 

from the injection of luciferin, primary tumor and metastatic organs were imaged separately. 

Metastatic index was calculated as the ratio of the total flux in photons per second (Ph/s) of 

the metastatic organ over the primary tumor. Sample exclusion is applied to metastatic index 

greater than 1.3, mostly due to imprecise measurement as a consequence to high primary 

tumor necrosis. Primary tumors and metastatic organs were fixed in PFA-Lysine-Phosphate 

buffer (4% PFA, 0.2 M L-Lysine, 0.2% NaIO3 and 0.1 M Phosphate buffer, pH 7.4 – 0.2 M 

NaH2PO4 and 0.2 M H2HPO4) O/N at 4 °C. Subsequently, organs were incubated in 30% sucrose 

for 6 hours before O.C.T. embedding. 

 

CTC capture and quantification 

 

Mice were anaesthetized using isoflurane and blood was drawn from the central circulation 

through cardiac puncture. Blood was processed immediately on the Parsortix system for CTCs 

enrichment. For all xenograft models with GFP/Luc, mCherry/Luc or dox-inducible sh-RNA 

reporters, CTCs were directly quantified in cassette using their fluorescence signal. In-cassette 

staining for hypoxic status was performed with HypoxiaRed (Enzo Life technologies, ENZ-

51042-K500) in the presence of 1% BSA (Sigma, A8412) in PBS. For the Xbp1 

reporter/HypoxiaRed correlation analysis, LM2 cells were stained for the HypoxiaRed 

according to the manufacturer protocol. Quantification of mouse-derived CTCs with Xbp1 

reporter was achieved by releasing the CTCs from the Parsortix system into a PBS solution and 

by analyzing the cell suspension through ImageStreamX Mark II (Amnis, Luminex). In particular, 

all the events between 13-100 μm diameter were analyzed with 40x objective and at slow flow 

rate for the acquisition of images. The 405, 488, 561 and side scatter (SSC) lasers were used. 

GFP/Luc was acquired on Channel 2 (532/56), mCherry/Luc or HypoxiaRed on channel 4 

(628/69) and eCFP on Channel 9. Analysis was performed at the IDEASâ software (Luminex, 

v6.0). Final graphs were created with FlowJo v10. 
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Immunofluorescence staining of blood vessels and hypoxic cells 

 

7μm-thick frozen slices were blocked for 30 minutes in 0.1 % Gelatin buffer (Sigma, G9391) for 

LM2 or 10 % Donkey serum buffer (Millipore, S30) for BR16. Primary antibodies for mouse 

CD31 (R&D, AF3628), Pimonidazole (Hypoxyprobe, Red549-Mab, FITC-Mab, Pacific Blue-Mab), 

and human pan-Cytokeratin (i.e. cytokeratins 7, 8, 18, 19) (Miltenyi Biotec, 130-112-743) were 

incubated O/N at 4 °C. Secondary antibodies against rabbit IgG-AF647 (Invitrogen, A31573), 

FITC IgG-CF633 (Scientific Laboratory supply, SAB 4600145), and goat IgG-AF633 (Thermo 

Fischer, A-21082) were incubated, after washing in PBS, for 1 hour at RT. Slides were mounted 

with Vectashield Hard set with Dapi (Vectashield, VC-H-1400-L010). Slides were scanned at the 

Zeiss Axio Imager Z2 with a 20x dry objective. CD31 quantification was performed with Fiji (v2) 

using the plugin “color pixel counter” of the CD31 over the total tumor background color area 

(e.g. mCherry or GFP). Pimonidazole quantification was performed with Fiji using the 

“colocalization threshold” analysis tool of the total tumor background color over the 

pimonidazole. 
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Permanent tracing of hypoxia and unfolded protein response 
 

 

INTRODUCTION 

 

The dynamic fluorescent reporter method, applied for the dynamic tracing of HIF1α (see 

Chapter 2) and Xbp1 (see above), is designed to promptly trace the activity of the respective 

transcription factor. However, the reporter becomes susceptible to reversion when the 

transcription factor is not functional anymore. In fact, the fluorescent protein production is 

reduced when the transcription factors are not active, turning the cell in a no-color state. Thus, 

a dynamic approach cannot allow us to understand whether metastases are exclusively derived 

from Xbp1 or Hif1α active regions of the primary tumor. 

 

RESULTS 

 
To stably trace cells activating Xbp1 or Hif1α from the primary tumor onwards, we designed a 

permanent deletion approach using a Cre-Lox recombination system (Figure 4). Specifically, 

the response elements drive the transcription of Cre-M_ODD sequence, composed by the 

endonucleases Cre-M (Cre variant suitable for cloning in E.Coli strains), fused with the oxygen 

degradation domain (ODD) proper of Hif1α. While Cre recombines Lox regions of the vector by 

excision, ODD allows the immediate degradation of the Cre-M_ODD protein in normoxic 

conditions ensuring the recombination only during hypoxia. A Lox-STOP-Lox cassette is placed 

upstream of a fluorescent protein sequence, eCFP for Xbp1 and eYFP for Hif1α, and preceded 

by a UBC promoter. Upon Cre-Lox recombination, the STOP sequence is removed allowing a 

constitutive expression of the fluorescent protein. 

 
Figure 4. Schematic representation of the permanent fluorescent reporter for Hif1α (top) and Xbp1 (bottom). 

 

 

6xERSE Cre ODD eCFP

CMVmp

STOP

UBC promoter

5xHRE Cre ODD eYFP

CMVmp

STOP

UBC promoter
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We introduced the individual reporters in LM2-mCherry/Luc and tested in vitro the 

functionality. The Hif1a reporter induced eYFP protein expression upon DFO treatment to a 

maximum of 10%, significantly higher than the control cells (Figure 5). With the hypothesis that 

DFO, being a Hif1a stabilizer and not hypoxia inducer, might not be enough to turn on the Cre-

ODD for recombination, we injected LM2 expressing the Hif1a permanent reporter (LM2- 

Hif1a-P) into the mammary fat pad of NSG female mice and followed the establishment and 

progression of the disease. To our surprise, no eYFP-positive cells were found in the primary 

tumor and in circulation (data not shown).  

Figure 5. The plot shows the activation of the Hif1a-P reporter in LM2-mCherry/Luc cells, measured by 
determining the expression of Hif1a-P in living cells upon incubation in 500 μM of DFO. (n=2). Error bars 
represents s.e.m.; P value by linear regression is shown. 

 

 

Surprisingly, the Xbp1 reporter did not induced eCFP protein expression upon Tunica 

treatment. Moreover, in vivo results of the LM2-Xbp1-P mice showed no activation of the 

reporter in primary tumors, CTCs and metastasis. 

 

We then hypothesized that behind the lack of activation of the vectors could stand a 

malfunctioning Cre protein that inefficiently drives recombination in the HIF1a-P reporter at 

best. Thus, we designed inducible constructs using a well-established Cre sequence fused with 

a mutated estrogen receptor (CRE-ERT2) which translocate to the nucleus upon tamoxifen 

administration. A further benefit of this design was the possibility to induce the recombination 

only when desired (i.e. upon induction in vitro or only after tumor implantation). This method 

of lineage tracing helps defining stepwise the development of hypoxia or UPR during the 

disease progression. 
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The sequence of the ERSE and HRE was also checked to exclude the possibility of ambiguity of 

tracing. Using LM2-mCherry/Luc cells previously transduced with shRNAs for hHif1a (see 

Chapter 2) or hXbp1 (see above), we introduced the dynamic Hif1a reporter or the dynamic 

Xbp1 reporter. We then performed a live imaging tracing under stimulation of DFO or Tunica, 

respectively. While the knockdown of HIF1a significantly failed to induce eYFP protein upon 

DFO induction, knockdown of Xbp1 induced eCFP protein with the same kinetics of the control 

cell lines (Figure 6). 

 

Figure 6. The plots show the activation of the Hif1a dynamic reporter (left) and Xbp1 dynamic reporter (right) in 
LM2-mCherry/Luc cells and expressing shRNAs to knockdown Hif1a (left) or Xbp1 (right), respectively. eYFP (left) 
or eCFP (right) accumulation is measured in living cells by live imaging upon incubation in 500 μM of DFO or 5 
μg/ml of Tunica (n=2). Error bars represents s.e.m.; P value by linear regression is shown. 

 

 

The aspecific response of the Xbp1 dynamic reporter showed that ERSE is not exclusive to Xbp1 

docking and transcription. As reported previously, ERSE might be shared by multiple proteins 

involved in the UPR; however, contradictive sequences and specie-specificities of nucleotides 

in the consensus sequences might have resulted in the faulty design of the ERSE sequence for 

the Xbp1 reporters202,209210211. 

 

In conclusion, further assessment of the permanent reporters should be addressed to solve 

the flaws of the vectors and to permanently trace hypoxia and UPR. 
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METHODS 

 

Cell lines and culture conditions 

 

MDA-MB-231-LM2 (LM2) human triple negative breast cancer cell line was obtained from Dr. 

Joan Massagué, MSKCC, NY, USA. CTC-derived BR16 cells were generated and cultured from 

the corresponding patient as previously described54. LM2 cells were grown in DMEM F-12 high 

glucose (Gibco, 11330-057) supplemented with 10% heat-inactivated FBS (Gibco, 10500064) 

and 1% antimycotic/antibiotic (Gibco, 15240-062) in a humidified incubator at 37 °C with 20% 

O2 and 5% CO2. LM2 cells were stably transduced with lentiviral vectors expressing UBC_GFP-

T2A-Firefly Luciferase (GFP/Luc) (System Biosciences, BLIV200PA-1-SBI) or ready-to-use virus 

EF1α_Firefly Luciferase-T2A-mCherry (mCherry/Luc) (Biosettia, GlowCell-15-10). 

 

 

Xbp1 and Hif1a permanent reporter constructs  

 

The Xbp1 permanent reporter (Xbp1-P) and the Hif1a permanent reporter (Hif1a-P) were 

purchased from Genecopoeia upon providing the exact nucleotide sequence. The human 

endoplasmic reticulum stress element (ERSE; “5’ - CCTTCACCAATCGGCGGCCTCCACGACGG -

3’”)202,207 is repeated six times and followed by a CMV minimal promoter (CMVmp)178 and by 

a Cre-M protein fused with the oxygen degradation domain of Hif1a (CRE-ODD;401/603 aa of 

HIF1a UniProtKb – Q16665/Gene ID:3091212). An enhanced cyan fluorescent protein (eCFP) 

sequence is preceded by a UBC promoter and a Lox-STOP-Lox sequence (Addgene, #51269. 

Similarly, the hypoxia response element of the human VEGFA gene (HRE; “5’ - 

CCACAGTGCATACGTGGGCTCCAACAGGTCCTCTT -3’”)177 is repeated five times and followed by 

a CMVmp178 and by a CRE-ODD previously described212. Transduced cells were selected with 

0.5 μg/ml Puromycin (Invitrogen, ant-pr-1) for 5 days. Treatment with Deferoxamine (DFO; 

Sigma, D9533) 500 μM was used to induce the stabilization of HIF1α in LM2 cells for 4 hours. 

Tunicamycin (Sigma Aldrich, T7765) 5 μg/ml was used to induce Xbp1-S for 4 hours. 
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Live imaging of the permanent reporters 

 

LM2 mCherry/Luc cells, expressing the Xbp1-P or the Hif1a-P reporters, were seeded into 

coated imaging chambers (Ibidi, 80826). Following treatment with DFO or Tunicamycin, cells 

within chambers were cultured under the humidified live imaging box of the microscope Leica 

DMi8, at 37°C and 20% O2. 

 

 
hXbp1 and hHif1a knockdown 

 

LM2 cells expressing the dynamic reporter for Xbp1 or Hif1a were stably transduced with 

doxycycline (Dox)-inducible shRNAs, targeting the Open Reading Frame (ORF) of human Xbp1 

(5’ - TTCACTACCACATTAGCTT - 3’and 5’ - TCTTCTAAATCTACCACTT - 3’), or of human Hif1a (5’ 

- AAAGATATGATTGTGTCTC - 3’and 5’ - TGCATCTCGAGACTTTTCT - 3’) (Dharmacon, TRIPZ®). 

The transduced cells were selected using 0.5μg/ml puromycin and subsequently sorted, upon 

treatment with 0.1 μg/ml doxycycline (Dox; Sigma, D9891) for 2 days, for the highest 

expression of the shRNA-coupled fluorophore (TurboRFP).  

 

 
Mouse Experiments 

 

All mouse experiments were carried out in compliance with institutional and cantonal 

guidelines (approved mouse protocol 2781, cantonal veterinary office of Basel-City). NOD/scid 

GAMMA (NSG) mice were purchased from Jackson Laboratory and kept in pathogen-free 

conditions specified by the University of Basel and cantonal veterinary office of Basel-City. 

Orthotopic injection was performed between the second and third mammary gland of adult 

female mice (age range 8-12 weeks) with 1x106 LM2. Cells were inoculated in 50% Cultrex Path 

Clear Reduced Growth Factor Basement Membrane Extract (R&D Biosystems, 3533-010-02) 

and 50% PBS. 
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Isolation and metastatic potential assessment of hypoxic 
patient-derived CTC clusters 
 

 

INTRODUCTION 

 
Liquid biopsies have been proven to have a high potential to become the next generation tool 

for diagnostics and prognostics. CTCs enumeration of cancer patients is not a conventional 

diagnostic tool. Yet, CTCs characterization could become a readout of the disease progression. 

As shown in Chapter 2, hypoxia is a marker of poor prognosis76,78,79 and hypoxic CTC clusters 

have a remarkable ability to metastasize compared to the normoxic counterpart (manuscript 

in revision). Thus, together with enumeration, the assessment of hypoxia in CTCs of breast 

cancer patients could help choosing the best therapeutic approach for a given patient. 

 

RESULTS 

 
To assess the hypoxic status of CTCs in patients, we selected patient BR61, a stage IV breast 

cancer patient with local recurrence and distant metastases in bone, lymph node, soft tissues, 

brain, adrenal gland and pancreas, due to the abundance of CTCs (Figure 7A). Blood samples 

(n=5) from BR61 were processed to enrich CTCs (Figure 7B). CTCs were then stained for 

HypoxiaRed dye, a cell-permeable dye that directly tags hypoxic cells based on their 

nitroreductase activity, together with CTCs markers of breast cancer (i.e. EGFR, EpCAM and 

HER2). We later harvested the content of the enrichment cassette and released it in a PBS 

suspension for micromanipulation. Using CellCelectorä, a micromanipulator equipped with a 

robotic arm and a glass capillary, we isolated CTC clusters based on the positivity or negativity 

to the HypoxiaRed staining. Clustered CTCs positive or negative for HypoxiaRed staining were 

collected into independent tubes, and injected intravenously (i.v.) into tumor-free recipient 

NSG female mice in equal number of cells, yet retaining their cluster form (Figure 7C). 

Interestingly, mice injected with HypoxiaRed-positive CTC clusters resulted having a shorter 

survival trend (non-significant; P=0.69 obtained with Log-Rank Mantel-Cox test) compared to 

the HypoxiaRed-negative counterpart (Figure 7D), suggesting (but not showing) that hypoxic 
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CTC clusters have a higher metastatic potential also in patients of breast cancer (see Chapter 

2). 

 

With the remaining CTC clusters and the single CTCs, originally enriched, we attempted to start 

an in vitro culture (Figure 7D). Therefore, we resuspended the remaining CTCs in CTC medium55 

and incubated the cells in a humidified incubator at 5% O2 concentration to allow the growth 

of the cells, as previously described55. BR61 CTCs spontaneously grew and retained the single 

cell and clustered form, therefore generating the new BR61 CTC-derived cell line (unpublished). 

 
Figure 7. Characterization of patient-derived CTC clusters and in vitro culture. (A) Dot plot showing the number 
of CTCs per ml of BR61 patient (n=5). Error bars represents s.e.m. (B) Schematic of the experimental design. From 
left to right, after sampling, blood specimens are processed with the Parsortix device to enrich for CTCs. Staining 
for CTC markers (EpCAM, HER2 and EGFR; green) and the HypoxiaRed dye (orange) is performed in-cassette. 
Subsequently, stained CTCs are released for micromanipulation, and isolated for i.v. injection. (C) Representative 
pictures of CTC clusters, positive (+) or negative (-) for HypoxiaRed staining and injected i.v. into the tail vein of 
tumor-free mice. (D) Kaplan-Meyer curve showing the survival of mice injected i.v. with CTC clusters positive (+) 
or negative (-) for HypoxiaRed staining. (E) Representative pictures of single CTCs positive (+) or negative (-) for 
HypoxiaRed staining. Together with CTC clusters, single CTCs were cultured in vitro to form BR61 CTC-derived cell 
line. 
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METHODS 

 
Patients 

 

Patient blood specimens were obtained at the University Hospital Basel through the study 

protocols (EKNZ BASEC 2016-00067 and EK 321/10), approved by the local ethics committee 

(EKNZ, Ethics Committee northwest/central Switzerland). The patients involved were 

characterized by having invasive breast cancer, high tumor load and progressive disease. In 

particular, breast cancer patient BR61 was characterized by having an ER-positive, PR-negative 

and HER2-negative disease at primary tumor diagnosis, and later developed bone, lymph node, 

soft tissue, brain, adrenal gland and pancreatic metastases at the time of CTC isolation. BR61 

donated 7.5 –15ml blood in EDTA vacutainers at multiple timepoints during disease 

progression, upon written informed consent. 

 

 

Mouse experiments 

 

All mouse experiments were carried out in compliance with institutional and cantonal 

guidelines (approved mouse protocol 2781, cantonal veterinary office of Basel-City). NOD/scid 

GAMMA (NSG) mice were purchased from Jackson Laboratory and kept in pathogen-free 

conditions specified by the University of Basel and cantonal veterinary office of Basel-City. Intra 

venous injection of cells was performed using 100 μl cell suspension in PBS. 
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Chapter 5 
 

Discussion 
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The development of metastases is a complex and poorly understood mechanism that still 

nowadays is considered incurable. Despite the efforts, there is no effective treatment of 

metastases. For decades, the driving forces of breast cancer metastasis, as well as of other 

cancer types, have been investigated ultimately finding answers in the genetic makeup or in 

microenvironmental changes of the tumor cells according to the model of choice. However, 

the inaccessibility of metastases to biopsy, the multiple resistance mechanisms, and the rate 

with which metastases seed other metastases make the research for therapies extremely 

difficult. 

 

With the advent of personalized medicine, the liquid biopsy field, together with the engineering 

progresses in microfluidics and micromanipulation, are accompanying cancer research 

towards a tailored therapy for metastatic cancer patients. CTCs, and specifically CTC clusters, 

can be analyzed with the goal of gaining insights about the metastatic process. As metastatic 

precursors, CTCs bare the genetic and microenvironmental information needed to 

therapeutically treat metastases and to unravel new therapeutic mechanisms of metastasis for 

each individual patient. Compared to ctDNA, CTCs have the further advantage of carrying 

functional information of the tumor cells such as the proteome, metabolome and 

epigenome213. Despite CTCs can be rare events like in the case of breast cancer, technology is 

moving toward miniaturized scale analysis of protein content214 and parallel analysis of DNA 

and RNA183 to maximize the output information with the minimum input material. The current 

disadvantage of CTC research is that CTC detection correlates with stage of the disease215. In 

this viewpoint, ctDNA analysis might provide better means for early cancer detection or 

disease progression. ctDNA is also present in very low concentrations (<0.1-5% of cfDNA) and 

in dependence to the tumor type and stage213. However, a recent study with 640 patients of 

different cancer types has shown that ctDNA was detected in 47% of localized Stage I patients 

compared to the 82% of Stage IV patients216. Interestingly, in 81% of the cases ctDNA was 

detected at high levels in samples where no CTCs were found216. Early detection of known 

mutations through ctDNA analysis has been shown in early breast cancer as well217. Thus, 

further efforts to optimize the isolation of CTCs, possibly in combination with ctDNA, could 

compensate for the scarcity of CTCs and result in a better detection of cancer and its molecular 

makeup. 
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In the recent years, the role of hypoxia in cancer progression and metastasis formation has 

attracted several researchers into investigations of its mechanisms of action218–220. In Chapter 

2, we dissect the role of hypoxia in the generation of CTCs. We find that hypoxia is developed 

not only in the core of the tumor (hypoxic core) but it can be found scattered throughout the 

whole tumor volume depending on the model of origin. We find that blood vessels are present 

and functional within the hypoxic areas despite being reduced in number compared to 

normoxic regions of the tumor. This finding suggests that CTCs can find a suitable way out of 

the tumor, in concordance with the paradigm that hypoxia promotes metastasis82. 

 

We find that majority of CTC clusters from breast cancer models are hypoxic, suggesting that 

CTC clusters might be derived from hypoxic tumor areas. When comparing normoxic versus 

hypoxic CTC clusters we find that the latter are highly metastatic and generate a gene signature 

that is able to predict worse overall survival in Stage I breast cancer patients as well as worse 

distant metastasis-free survival in all breast cancer patients. At the proteome level, intra-tumor 

hypoxia causes the upregulation of cell-cell junctions, explaining the clustering of tumor cells 

and therefore the presence of hypoxic CTC clusters in circulation. 

 

The possibility that cell-cell junction could be retained in a hypoxic environment has been 

debated. Hypoxia has been described to promote EMT and metastasis, therefore establishing 

a more migratory phenotype. However, our data confirm the view of other groups studying 

esophageal epithelial cells, showing that cell adhesion compartments are upregulated in 

hypoxic regions of our breast tumor models184–187. Furthermore, EMT genes resulted unaltered 

at the transcriptome level between normoxic and hypoxic CTC clusters in two models of breast 

cancer (see Chapter 2, Figure S5), and a high cell-cell junction content was found in CTC clusters 

compared to single CTCs of breast cancer patients29. 

 

The investigation of the candidate gene NDRG1, N-myc downstream-regulated gene 1, has 

been crucial. We found that NDRG1 is upregulated in hypoxic regions of the tumor, 

demarcated by eYFP expression, and is highly expressed upon establishment of hypoxia (see 

Chapter 2, Figure 4). NDRG1 upregulation has been shown to prevent EMT by inhibiting the 

TGF-b/SMAD pathway and allowing E-cadherin and b-catenin to interact forming cell-cell 

junctions225, gaining the “metastasis suppressor” title226. Knockdown experiments of the target 
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gene NDRG1 confirmed this in vivo role as suppressor of CTC clusters generation, helping to 

understand the mechanisms behind the shedding of single CTCs and CTC clusters. 

 

By increasing intra-tumor hypoxia through the knockdown of VEGFA or by treatment with anti-

VEGFA antibodies, the metastatic burden of our breast cancer models is increased. As 

previously shown, anti-angiogenic treatments of breast cancer have consistently failed to 

increase overall survival showing a moderate, but still significant, progression-free 

survival127,132. Ultimately, we find that by reducing tumor hypoxia, we drastically reduce the 

metastatic burden, therefore suggesting that treatments of hypoxia could prevent the 

insurgence of metastases. 

 

As this study was designed as a proof-of-concept, further experiments have tested whether 

the relief of hypoxia in a metastatic setting, in combination with chemotherapeutic agents, is 

able to prevent the further spreading of metastasis and prolong survival. The combination 

treatment of Paclitaxel and EphrinB2 showed to significantly improve survival compared to 

single agent treatments, setting a first pre-clinical milestone in a new era of cancer treatments. 

Subsequently, the goal would be to administer the pro-angiogenic therapy in a neoadjuvant 

setting in pre-clinical models to prevent the progression of breast cancer and abolish the overt 

of metastases. 

 

In Chapter 3, we provide a pipeline for single-cell micromanipulation and insights of the greater 

proliferation advantage of CTC clusters compared to single CTCs. The application of this work 

pipeline allows the further characterization of the isolated cells for DNA- or RNA-sequencing, 

as reported. Moreover, it allows to selectively isolate rare populations of cells from a mix of 

cells for culture or injection. This pipeline has been used for the isolation of CTCs from the 

blood of breast cancer patients30,54 and from other cancer types including lung and prostate 

cancer (unpublished data). Adaptation of the pipeline can be applied to adherent cells or to 

monitor selected cells over multiple time points. Indeed, ongoing projects aim at monitoring 

cell division and growth after separation of asymmetrically divided hematopoietic stem cells 

(unpublished data). 

However, the pipeline is time consuming (1 minute per cell/cluster) which represents a risk for 

cell viability. In the case of the “CTC isolation for mouse injection”, this method could be 
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optimized by performing the micromanipulation in an automatic mode, therefore allowing that 

multiple candidate cells can be singularly aspirated but deposited altogether. If optimized, the 

automatic picking could save 30 seconds per candidate cell, making the process 2 times faster. 

 

Altogether, this thesis presents a work that deepens the knowledge of CTCs characteristics and 

biology. Furthermore, it extends the knowledge on CTCs generation and metastatic risk, and 

reveals new therapeutic approaches designed to reduce the metastatic spread of breast 

cancer. Our results show a great potential for a new vision of breast cancer treatment where 

tumors are “fed” with nutrients and oxygen to sustain cellular growth in order to avoid CTCs 

shedding happening through the establishment of intra-tumor hypoxia. In combination with 

chemotherapy or tailored to individual patients in relation to their tumor subtype, organ 

location and molecular characteristics, this therapeutic approach could lead to the suppression 

of metastasis. 
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ABBREVIATIONS 

 
In alphabetical order: 

 

ATP: Adenosine triphosphate 

CCNG2: Cycline G2 

CD31: Cluster of differentiation 31 (Endothelial cells marker) 

CD45: Cluster of differentiation 45 (White blood cells marker) 

CD8a: Truncated cluster of differentiation 8 

CK: Cytokeratin 

CTC: Circulating tumor cell 

ctDNA: Circulating tumor DNA 

Dex: Dextran 

DFO: Deferroxamine 

Dox: Doxycycline 

E&T-Seq: Exome and Transcriptome sequencing 

EDTA: Ethylenediaminetetetraacetic acid 

EGFR: Epidermal growth factor receptor 

EpCAM: Epithelial cell adhesion molecule 

ER: Estrogen receptor 

eYFP: Enhanced yellow fluorescent protein 

FDA: Food and drug administration 

FDR: False discovery rate 

GDF15: Growth differentiation factor 15 

GLUT-1: Glucose transporter 1 

GO: Gene ontology 

HER2: Human epidermal growth factor 2 

HIF1a: Hypoxia inducible factor 1 alpha 

HIF2a: Hypoxia inducible Factor 2 alpha 

HRE: Hif1a response element 

Luc: Luciferase 

mVIC: Mouse VEGFA-IRES-CD8a 
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NDRG1: N-Myc downstream regulated 1 

NSCLC: Non-small cell lung cancer 

NSG: NOD scid gamma 

OCT4: Octamer-binding transcription factor 4 

P4HA1: Prolyl 4-Hydroxylase sub-unit alpha 1 

PBS: Phosphate buffered saline 

PR: Progesterone receptor 

RBC: Red blood cells 

S.e.m: Standard error of the mean 

SCLC: Small cell lung cancer 

UPR: Unfolded protein response 

VEGF: Vascular endothelial growth factor 

VHL: von Hippel-Lindau 

WBC: White blood cells 

Xbp1: X-box binding protein 1 
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