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Abstract 

Hypoxia-ischemia (HI) inflicts devastating brain injury across all age groups. In clinical 

practice, therapeutic hypothermia (32–34 °C) has proved a potent tool for alleviating 

neurological deficit in infants with hypoxia-ischemia encephalopathy and in adults with acute 

brain injury. Previous reports from our group and others have shown RNA-binding motif 

protein 3 (RBM3) to be neuroprotective under various stressful conditions through diverse 

cellular and molecular mechanisms. In the first part of this thesis, we used RBM3 mutant mice 

to find out how RBM3 promotes ischemia-induced neurogenesis and how it regulates cell 

proliferation during hypoxia. We showed how RBM3 stimulates neuronal differentiation and 

inhibits HI-induced apoptosis in the two areas of persistent adult neurogenesis, the 

subventricular zone (SVZ) and subgranular zone (SGZ), while promoting neural 

stem/progenitor cell (NSC) proliferation after HI injury only in the SGZ. RBM3 interacts 

with IGF2 mRNA binding protein 2 (IMP2), elevates its expression and thereby stimulates 

IGF2 release in SGZ- but not SVZ-NSCs. In summary, we describe niche-dependent regulation 

of neurogenesis after adult HI injury via the novel RBM3–IMP2–IGF2 signaling pathway. In 

the second part we analyze the effect of hypoxia on the expression of multifunctional RBM3 

and how this protein in turn regulates cell proliferation and death. Our findings identify RBM3 

as a potential target for maintaining NSC proliferation capacity during hypoxia, which can be 

important in NSC-based therapies of acute brain injury and chronic neurodegenerative disease. 

We devote the third part to ascertaining the functions of RBM3 and IMP2 in neuroblastoma 

proliferation and differentiation. 
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1.1 Introduction  

Hypoxia-ischemia inflicts devastating brain injury across all age groups. In clinical practice, 

therapeutic hypothermia (32–34 °C) has proved a potent tool for alleviating neurological deficit 

in infants with hypoxia-ischemia encephalopathy (HIE) [1] and in adults with acute brain injury 

[2]. Previous reports from our group and others have shown RNA-binding motif protein 3 

(RBM3) to be neuroprotective under various stressful conditions through diverse cellular and 

molecular mechanisms [3]. In this thesis, we used RBM3 mutant mice to examine the function 

of RBM3 in neural stem cells (NSCs) in response to HI. 

1.2 Hypoxia-ischemia 

Birth asphyxia is the leading cause of neonatal HIE and one of the most common causes of 

neonatal morbidity and mortality [4, 5]. A second common severe threat to the neonatal brain 

is perinatal arterial ischemic stroke producing a significant morbidity and long-term neurologic 

sequelae, including neurodevelopmental disabilities, cerebral palsy, epilepsy, behavioral 

disorders, and impaired vision and language function [6-9]. In older children and adults, out-

of-hospital cardiac arrest is the main cause of global HI brain injury and subsequent morbidity 

and mortality [10].  

The cascade of damaging events involved in the pathogenesis of cerebral HI follows 

chronological order (Table 1). The time immediately after HI onset (a few minutes to hours) 

represents the acute phase when the decrease in cerebral blood flow disrupts ionic homeostasis, 

leading to increased intracellular calcium and release of excitatory neurotransmitters. 

Intracellular edema may occur when sodium and chloride flood the postsynaptic cells. 

Accumulating intracellular calcium is sequestered by the mitochondria, which causes 

mitochondrial and DNA damage. Further cytoplasmic calcium accumulation creates 

mitochondrial dysfunction and activates lipases, proteases, and endonucleases, inducing ATP 

depletion and reactive oxygen species (ROS) production, and priming apoptotic pathways [2, 

11]. 

The acute phase is followed by the subacute phase occurring hours to days later, characterized 

by a variety of processes secondary to the initial HI event, such as delayed cell death (apoptosis) 

in the less severely injured areas (collectively known as the penumbra). Necrotic debris 
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stimulates immune response and activate proteases. In addition, neuro-inflammation by 

neutrophils, monocytes and microglia, and the inflammatory response itself lead to further ROS 

generation. Although many subacute events could be considered damaging in themselves, 

some of the factors generated may be important in setting the stage for processes of recovery 

and repair, such as neurogenesis and angiogenesis [12, 13].	 

The final or chronic phase starts weeks to months later, characterized by multiple restorative 

processes, including cell genesis, synaptogenesis, and remodeling. Some areas recover 

function, including necrotic debris removal, reconnection of lost circuits, neurovascular 

regeneration, and the proliferation, differentiation and maturation of stem cells [2].  

Endogenous neurogenic response has been reported to influence the course of recovery in both 

short- and long-term experimental stroke [14, 15]. Both neurogenesis and angiogenesis are 

involved in mobilizing NSCs from the stem cell niche after stroke and inducing them to 

generate amplifying progenitors that migrate to, and differentiate in, the lesioned areas. NSC 

niches are intimately associated with local microvascular terminals and this interplay appears 

to be finely regulated through oxygen tension and diffusible molecules secreted by NSCs and 

endothelial cells [16-19]. Daadi et al showed that human embryonic stem cells, transplanted 

24 h after ischemia in neonatal rodent forebrain, induced axonal sprouting and increased the 

effectiveness of endogenous recovery mechanisms [20]. Endogenous NSC proliferation and 

migration within the ischemic brain are key spontaneous regenerative processes [21, 22]. But 

because spontaneous regeneration does not suffice to repair the damage, further stimulation of 

endogenous neurogenesis is required, alongside the introduction of exogeneous neurogenesis 

using transplanted stem cells. 

Table	1.	The	events involved in	the pathogenesis ofcerebral ischemia are classified by their active time.

Acute	phase	(minutes–hours)	 Subacute phase	(hours–days)	 Chronic	 phase	(weeks–months)	

• Blood	flow	decrease	

• Ionic	homeostasis	 disturbance	

• Intracellular	calcium	increase	

• Glutamate	release	increase	and	excitotoxicity

• Cytotoxic	oedema

• Membrane,	mitochondrial	 and	DNA	damage	

• Misfolding of	proteins	and	enzyme	dysfunction	

• Necrosis	

• Apoptosis	

• Inflammation	by	neutrophils,	 monocytes	and	

microglia	

• Cytokine	 production	

• Proteolytic	enzyme	activation	

• Vasogenic edema	and	intracranial	pressure	

increase	

• Reactive	oxygen	species	production

• Stimulation	 of	neurogenesis	 and	angiogenesis	

• Necrotic	debris	removal	

• Stem	cell	proliferation,	differentiation	and	

maturation	

• Angiogenesis

• Gliosis

• Reconnection	of	lost	circuits	

• Neurovascular	remodelling and	functional	

recovery	
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1.3 Therapeutic hypothermia 

Therapeutic hypothermia – the lowering of body temperature to 32~34°C (mild hypothermia) 

– has been extensively studied and provides the most potent neuroprotective strategy in acute 

ischemic stroke [23-25], postanoxic encephalopathy after cardiac arrest [26], perinatal HIE 

[27], and traumatic brain injury [28, 29]. Mild hypothermia significantly reduces the risk of 

death and disability from birth asphyxia [4, 30]. Current studies demonstrate that during 

ischemia and reperfusion hypothermia activates numerous pathways simultaneously via 

several mechanisms that improve neurological outcome after global HI in acute patients [31-

34]. Another advantage of therapeutic hypothermia over other neuroprotective agents is the 

ability to reduce damage beyond the neuron to include the entire neurovascular unit [33, 34]. 

It is also a neuroprotective treatment that has been introduced into clinical practice and has 

proven efficacy in patients with hypoxic brain injury after cardiac arrest [4, 26].  

The protective mechanisms of hypothermia affect the ischemic cascade across several 

pathways (Figure 1). Thus hypothermia: 1) decreases brain oxygen consumption and glucose 

metabolism and reduces blood flow [35]; 2) conserves high-energy phosphate compounds such 

as ATP and maintains ion gradients and tissue pH during post-stroke calcium influx and rising 

Figure 1.  Proposed neuroprotective mechanisms of hypothermia
Adapted from U Dirnagl et al. 1999.
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extracellular glutamate levels [36]; 3) reduces neuroinflammatory response and disrupts 

apoptotic pathways; 4) regulates stress-induced gene expression [35, 37]; 5) induces the 

expression, activation and release of several neurotrophic factors [38, 39]; and 6) reduces free 

radical generation and minimizes edema formation [2, 40, 41].	 

In rat hippocampus, mild hypothermia significantly alters gene expression after traumatic brain 

injury and reduces the number of AMPA and NMDA receptors expressed on hippocampal 

neurons after global ischemia; some studies have associated this downregulation with reduced 

infarct size [42, 43]. Although the full effects of hypothermia in brain injury repair are still 

unclear and conclusions are controversial, current research suggests that cooling has a 

protective role under special conditions [44], either by promoting stem cell proliferation and 

differentiation or by increasing growth factor signaling [45, 46]. 

Although patients can now be rendered hypothermic rapidly and safely, there are side effects 

to consider. Cooling can disrupt blood pressure control and induce arrhythmia. Fluid loss may 

lead to dehydration, electrolyte imbalance, and other complications [41]. Therefore, unraveling 

the cellular and molecular mechanisms of the neuroprotection conferred by cold inducible 

factors in cooling may help to provide solutions for better and wider application of therapeutic 

hypothermia, such as developing targeted and combination treatments. 

 

1.4 Neurogenesis 

The concept of neurogenesis goes back to Altman and Das who in 1965 suggested that new 

neurons generate not only in the developing organism but also in adult brain and that 

endogenous neurogenesis repairs the brain after injury [47]. In mammals, neurogenesis occurs 

throughout life in three niches where NSCs reside lifelong [48]. These regions include the SGZ 

of the hippocampal dentate gyrus (DG) [49], the SVZ of the lateral ventricles in the cerebrum 

[50-52], and the external germinal layer (EGL) in the cerebellum [53]. The EGL disappears 

once cerebellar development is completed, by 3 weeks postnatally in rodents [54] and by 2 

years of age in humans [55]. Thus, only the two cerebrum niches, the SVZ and SGZ, persist 

until adulthood. The key characters of NSCs are pluripotency and self-renewal (Figure 2). 

Virtually all the body’s stem cells are located in specific niches, a functional microenvironment 



INTRODUCTION 

 7 

determining how stem cells participate in tissue generation, maintenance and repair under 

physiological or pathological challenges [56].  

NSCs generate neurons, astrocytes, and oligodendrocytes in a regional and developmental 

stage-appropriate manner throughout life. Neurons newly generated in the SVZ actively 

migrate to the olfactory bulb via a highly specialized route, the rostral migratory stream (RMS) 

[57]. Adult SVZ NSCs are glial fibrillary acidic protein (GFAP)-positive radial glia-like cells 

[58]. Their long extensions contact blood vessels through specialized end-feet [59]. They also 

extend an apical process with a primary cilium through the ependymal cell layer to contact the 

cerebrospinal fluid (CSF) [60]. In the SGZ, NSCs also resemble astrocytes and extend a single 

radial process towards the molecular layer. The SGZ generates only one type of neuron, 

primary excitatory neurons, which contribute to memory and learning. In contrast to the SVZ, 

neurogenesis in the DG is almost unaffected by CSF constituents. For example, intra-

cerebroventricular infusion of exogenous epidermal growth factor (EGF) and fibroblast growth 

factor 2 (FGF2) expands the SVZ precursor population but has no effect in the more distant 

hippocampus [61]. A feature of adult neurogenesis is its dynamic regulation by various 

physiological, pathological and pharmacological stimuli, such as exercise, antidepressants, 

aging, epilepsy, and stroke [62], via underlying mechanisms and target pathways that remain 

to be identified. Whether NSC subtypes are differentially regulated or which signaling cascades 

affect quiescent NSCs and their progeny are still open questions.	 

In neural stem cell niches, the oxygen concentration is estimated at 2.5-3% [63, 64]. Oxygen 

tension is a crucial environmental cue for NSC proliferation and differentiation [63]. NSCs 

maintain contact with ependymal cells and the basal lamina of endothelial cells (a component 

of the surrounding blood vasculature). They are also in contact with ventricular CSF [65]. This 

anatomical co-localization indicates that ependymal cells, endothelial cells and the choroid 

plexus (the source of CSF) are involved in the niche signals for postnatal and adult 

neurogenesis. It is hypothesized that differential oxygen tensions are important properties of 

NSC niches and are involved in distinct cellular processes: quiescence, proliferation and 

differentiation [63]. Intriguingly, neurogenesis is stimulated in response to hypoxia-ischemia 

injury in several rodent models [63]. Stroke-damaged adult rat brain even attempts to repair 

itself by producing new neurons in areas where neurogenesis does not normally occur [66-68].  
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Since neurogenesis is an important aspect of brain damage therapy, these observations are also 

relevant to the clinical use of hypothermia in perinatal hypoxia-ischemia cerebral injury. 

Kanagawa et al showed that a hypothermic environment reduces neurogenesis in the neonatal 

rat [69]. Mild hypothermia has no long-term impact on postischemic neurogenesis in rats [70]. 

Lasarzik et al suggest that postischemic neurogenesis is induced by intraischemic events that 

are most likely unaffected by hypothermia [70, 71]. Therefore, more knowledge is needed 

about the mechanisms of stroke-induced neurogenesis and how they may be affected by 

therapeutic hypothermia.	 

1.5 RBM3 

RBM3, a glycine-rich RNA-binding protein (RBP), is an important cold inducible protein that 

responds to environmental stimuli such as hypothermia, ischemia, and hypoxia [72, 73]. RBM3 

binds to RNA via its RNA recognition motif (RRM), altering secondary RNA structure and 

impairing the access of mRNA initiation factor to the ribosome subunit [74]. RBM3 is 
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Figure 2. Fate potential of adult neural stem cells in SGZ and SVZ
Ming and Song, Neuron, 2011
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expressed widely in brain at an early developmental age, peaking at around 15 days post-birth 

in the cerebellum and olfactory bulb. High levels are also observed in the cortex, hippocampus, 

superior and inferior colliculi, and areas that contain proliferating and migrating cells, such as 

the SVZ and RMS. In developing and adult brain, RBM3 levels decrease markedly [75-77] but 

still can be detected in the SVZ and cerebellar EGL (Figure 3). RBM3 enhances global 

translation, protects against apoptosis, and promotes cellular proliferation, all of which 

functions are compatible with a role for mRNA-BP in neuronal proliferation and differentiation 

[75]. In addition, RBM3 is related to changes in the expression of different RNAs during the 

circadian rhythm of body temperature [78] and regulates the expression of temperature-

sensitive miRNAs [79]. Neurons have recently been identified as a major source of increased 

RBM3/β-klotho levels in developing brain, suggesting that RBM3/β-klotho upregulation is 

critical for CNS maturation [77].  

The high level of RBM3 expression in neuron precursors and young neurons in the SVZ and 

RMS suggests a pivotal role in NSC proliferation and brain development [3, 75]. Our group 

Figure 3. RBM3 is expressed widely in brain and  developmentally regulated in brain.
J Pilotte et al. 2008
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has shown RBM3 to be neuroprotective under various stressful conditions through diverse 

cellular and molecular mechanisms, such as maintaining synapse plasticity via reticulon-3, 

suppressing poly (ADP-ribose) polymerase (PARP) cleavage, and inhibiting endoplasmic 

reticular stress-induced apoptosis [3, 80-82]. We have also established that hypothermia 

maintains NSC numbers and elevates RBM3 levels in brain disorders. Taken together, such 

findings are a strong incentive to identify the precise role of cold inducible RBM3 in 

neurogenesis after hypoxia-ischemia brain injury. 

1.6 IMPs  

The insulin-like growth factor-2 (IGF2) mRNA-binding protein (IMP) family has three 

members: IMP1, IMP2, IMP3 (Figure 4). In mammals, the domain order and spacing structure 

of the three proteins are highly similar with two RNA recognition motifs in the N-terminal 

regions and four hnRNP K homology (KH) domains in the C-terminal region [83]. An 

important characteristic of IMPs in mice is high expression during the zygote to embryo stages 

[84], peaking at E12.5, in brain, limb buds, and muscle, and in the epithelia of many organs. In 

most adult organs, IMP1 and IMP3 are expressed at levels negligible compared to those in the 

embryo [85]. Indeed, IMP1 expression is almost completely abolished in the adult, although 

modest expression has been observed in the brain, lung and spleen of 16-week-old male mice 

[86]. IMP3 has been detected in the lung, spleen, kidney, and gut of male adult mice. Thus the 

pattern of IMP1 and IMP3 expression resembles that of oncofetal proteins, being virtually 

absent in adult organs but markedly upregulated in various tumors and tumor-derived cells [86-

88]. Conversely, IMP2 is expressed in most adult tissue except pancreas [87-89]. IMPs are 

important proteins in subcellular mRNA sorting and the spatial control of key mRNA 

translation. They inhibit mRNA decay, enhance or inhibit RNA translation, and regulate IGF2 

expression as well as a number of transcripts in neurons, including RNA location [86]. IMPs 

are present in various cancers and have different functions. For example, there is in-vitro 

evidence that IMP1 promotes cell movement but a role in cancer metastasis has yet to be 

confirmed in vivo [86]. In contrast, IMP3 could be an important biomarker in systemic 

malignancies of diverse origin [90, 91], while IMP2 is expressed in several tumor-derived and 

transformed cell types, appears to have multiple functions in cancers [86], and maintains cell 

stemness in pathological conditions. NSCs tend to differentiate into glial cells when IMP2 
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expression is silenced [92], while clonogenicity is impaired in glioblastoma stem cells with a 

deleted IMP2 gene [93]. 

1.7 Thesis scope 

Given RBM3 involvement in neuroprotection and its abundance in NSCs the main objective 

of this thesis was to characterize its role in the NSC response to HI.  

In the first part of this thesis, we used NSCs isolated from the SVZ and SGZ of RBM3-mutant 

mice to compare RBM3 function in neurogenesis in response to HI versus controls. Our data 

indicate that RMB3 promotes post-HI neurogenesis in the DG but not the SVZ. Proposing 

RBM3–IMP2 interaction as the underlying mechanism, in Nature Communications we 

described niche-dependent regulation of neurogenesis after adult HI injury via a novel RBM3–

IMP2–IGF2 signaling pathway. 

In the second part, we analyzed the effect of hypoxia on RBM3 expression and asked how 

RBM3 in turn regulates cell proliferation and death in hypoxia. We used a C17.2 mouse neural 

stem cell line and primary mouse NSCs from both the forebrain of postnatal day 0 (P0) mice 

and the SGZ of adult RBM3-mutant and control mice. Our results demonstrated that RBM3 

expression is highly sensitive to neural cell hypoxia and that hypoxia causes arrest in G0/G1 

RRM1 RRM2 KH1 KH2 KH3 KH4
IMP1
577aa

RRM1 RRM2 KH1 KH2 KH3 KH4
IMP2
a: 599aa

RRM2 KH1 KH2 KH3 KH4b: 531aa

RRM1 RRM2 KH1 KH2 KH3 KH4c: 556aa

RRM1 RRM2 KH1 KH2 KH3 KH4
IMP3
579aa

RRM: RNA Recognition Motif, KH: hnRNA-K Homology domain

Figure 4. Domain structure of human IMPs famly.
Adapted from J. L. Bell et al. 2013
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phase. Our findings, published in Frontiers in Cell and Developmental Biology, identify RBM3 

as a potential target for maintaining NSC proliferation capacity in hypoxia, which can be 

important in NSC-based therapies of acute brain injury and chronic neurodegenerative disease.  

The third and final part of this thesis addresses the question: “If RBM3 and its downstream 

target IMP2 are involved in cell proliferation and differentiation, does the RBM3–IMP2–IGF2 

signaling pathway play a modulating role in neuroblastoma development?” Many studies have 

found RBM3 to promote cell proliferation and survival but have failed to explain the favorable 

prognosis in cancers with high RBM3 expression. Thus other mechanisms are most likely 

involved in modulating RBM3 action. Our hypothesis is that variations in RBM3 downstream 

signaling may play a role. In fact, in contrast to IMP1 and IMP3, there are at least three isoforms 

of IMP2 with varying functions in cancers. The third part of my work, yet to be published, 

describes the functions of RBM3 and in particular IMP2 in neuroblastoma proliferation, 

differentiation and development.   
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dependent manner via IMP2-IGF2 signaling
pathway after hypoxic-ischemic brain injury
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Hypoxic ischemia (HI) is an acute brain threat across all age groups. Therapeutic hypo-

thermia ameliorates resulting injury in neonates but its side effects prevent routine use in

adults. Hypothermia up-regulates a small protein subset that includes RNA-binding motif

protein 3 (RBM3), which is neuroprotective under stressful conditions. Here we show how

RBM3 stimulates neuronal differentiation and inhibits HI-induced apoptosis in the two areas

of persistent adult neurogenesis, the subventricular zone (SVZ) and the subgranular zone

(SGZ), while promoting neural stem/progenitor cell (NSPC) proliferation after HI injury only

in the SGZ. RBM3 interacts with IGF2mRNA binding protein 2 (IMP2), elevates its expression

and thereby stimulates IGF2 release in SGZ but not SVZ-NSPCs. In summary, we describe

niche-dependent regulation of neurogenesis after adult HI injury via the novel RBM3-IMP2-

IGF2 signaling pathway.
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The brain is the organ most vulnerable to oxygen and energy
deprivation. Hypoxic ischemia (HI) inflicts devastating
brain injury across all age groups. Birth asphyxia is the

leading cause of neonatal encephalopathy and lifelong neurologic
sequelae1. In older children and adults, out-of-hospital cardiac
arrest is the main cause of global HI brain injury and subsequent
morbidity and mortality2.

Mild hypothermia (32–34 °C) significantly reduces the risk of
death and disability from birth asphyxia1,3, but has side effects
that complicate its use in adults after brain injury4,5. Unraveling
the cellular and molecular mechanisms of the neuroprotection
conferred by hypothermia may therefore help the development of
targeted treatment.

As well as slowing the cellular metabolic rate, mild hypother-
mia induces a subset of stress-response proteins in mammals,
including RNA-binding motif protein 3 (RBM3)6. Previous
reports from our group and others showed RBM3 to be neuro-
protective under various stressful conditions through diverse
cellular and molecular mechanisms, such as maintaining synapse
plasticity via reticulon-3 (RTN3), suppressing poly (ADP-ribose)
polymerase (PARP) cleavage, and inhibiting endoplasmic reti-
cular (ER) stress-induced apoptosis7–10.

Rodent studies have shown that RBM3 is highly expressed in
proliferating and differentiating brain regions such as the sub-
ventricular zone (SVZ), the rostral migratory stream (RMS), and
the subgranular zone (SGZ) of the dentate gyrus (DG) in both
neonates and adults9,11. Notably, RBM3 colocalizes with neural
stem cell marker nestin11 and neuroblast marker doublecortin
(Dcx)9, indicating its role in maintaining neural stem/progenitor
cell (NSPC) self-renewal and neurogenesis.

In adults, the SVZ and SGZ are the only two well-characterized
neurogenic niches not only in rodents but also in humans12–14.
NSPC proliferation and neurogenesis are stimulated in both
niches after ischemic injury in order to aid post-ischemic
recovery15. However, it remains uncertain whether hypothermia
promotes neuroregeneration after HI injury, as different cooling
settings and injury models produce conflicting conclusions16. We
focused exclusively on the effects of RBM3 on NSPC proliferation
and neurogenesis in the SVZ and SGZ niches after HI injury
in vitro and in vivo.

Results
RBM3 stimulates NSPC proliferation in SGZ but not in SVZ.
As observed in other studies, RBM3 knockout (KO) mice do not
exhibit an obvious phenotype under physiological conditions17.
However, under pathological conditions such as neurodegenera-
tive disease, RBM3 acts as a stress-response protein, significantly
influencing neural survival and function7. In studying its role in
adult neurogenesis we found no difference in brain weight
between adult RBM3 KO and wild-type (WT) mice raised under
normal conditions (Supplementary Fig. 1a). Nor did we detect
structural abnormalities in the brains or any difference in the SVZ
and DG volumes of KO compared to WT mice (Supplementary
Fig. 1b).

Previously we and others had identified RBM3 in adult NSPCs
and neuroblasts9,11. The present study confirmed its expression in
sex determining region Y-box 2 (Sox2)+ NSPCs and Dcx+
neuroblasts in both the SVZ and SGZ in vivo (Supplementary Fig.
1c, d). We monitored basal NSPC proliferation by injecting adult
mice intraperitoneally with bromodeoxyuridine (BrdU) every
other day for 7 days before sacrifice. The total number and density
of proliferating (BrdU+ Sox2+) NSPCs in KO mice was similar to
that in WT mice in both the SVZ and SGZ niches (Supplementary
Fig. 1e, f). Further analysis by neurosphere assay revealed that the
number and size of primary and secondary neurospheres isolated

from KO mice resembled those in WT mice, regardless of origin
(Supplementary Fig. 1g, h). Thus our data indicate that neurogenic
potential appears unimpaired in adult RBM3-deficient mice under
physiological growing conditions.

Next, we applied an acute brain HI model to adult RBM3 WT
and KO mice to determine whether RBM3 depletion affects
NSPC proliferation and neurogenesis under pathological condi-
tions. After permanent ligation of the right common carotid
artery, the animals were subjected to 8% hypoxia for 20 min,
followed by recovery for 7 days with repeated BrdU pulsing
(Fig. 1a). We used equation (1) in Methods to estimate infarction
volume. Infarction volume was significantly greater in KO than in
WT brains (Supplementary Fig. 2a). Regardless of more neuronal
loss in KO mice, the volumes of both SVZ and DG did not differ
between ipsilateral and contralateral sides in WT and KO mice
(Supplementary Fig. 2b). Equation (2) in Methods was used for
stereological cell quantification. After 7 days recovery from HI,
total BrdU+ cell density in the SVZ and DG were both increased
in the ipsilateral side of WT and KO mice compared to
contralateral side, but no difference was observed between WT
and KO mice (Supplementary Fig. 2c, d). Simultaneously, large
quantities of reactive (glial fibrillary acidic protein [GFAP]+)
astrocytes and (ionized calcium-binding adapter molecule 1
[Iba1]+) microglia were induced in the SVZ and surrounding
areas such as striatum and corpus callosum, as well as in the
ipsilateral hippocampus adjacent to the ischemic core, in both
WT and KO brains after HI injury (Supplementary Fig. 3a, b).
We saw evidence of oligodendrocyte transcription factor 2
(Olig2)+ oligodendrocyte precursor cell stimulation in the
ipsilateral corpus callosum and DG of WT mice but not KO
mice (Supplementary Fig. 3c). We observed more terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)+
apoptotic cells in the ischemic cores in ipsilateral cortex and
striatum in KO brains than in WT brains (Supplementary Fig.
3d). The total number and density of newborn (BrdU+ Sox2+)
NSPCs were barely affected in the SVZ of WT and KO mice
(Fig. 1b). Strikingly, whereas there was a significant increase of
BrdU+ Sox2+ NSPCs in the HI ipsilateral SGZ of WT mice
compared to HI contralateral and sham animals, in KO littermates,
BrdU+ Sox2+ NSPCs were not induced in the SGZ (Fig. 1c).
Albeit we found some BrdU+ cells in the SGZ of KO mice, many
of them were Sox2-negative cells, indicating discrepancies between
neurogenic niches in RBM3 effect on NSPC proliferation.

To characterize the role of RBM3 in NSPC proliferation
in vitro, we isolated and cultured nestin+ Sox2+ NSPCs from the
SVZ and SGZ of RBM3 WT and KO mice (Supplementary Fig.
4a). Cultured NSPCs were challenged with oxygen-glucose
deprivation (OGD), an in vitro model of HI, before being
reoxygenated for 24 h in BrdU-containing complete medium
(Fig. 1d). NSPC proliferation from the SVZ was virtually similar
after OGD between WT and KO cultures. In contrast, NSPC
proliferation from the SGZ was dramatically elevated in WT
cultures but reduced in KO cultures (Fig. 1e, f), consistent with
the in vivo findings (Fig. 1b, c). In addition, we treated NSPCs
after OGD with mock stress or hypothermia for 3 h (Fig. 1d),
thereby enhancing RBM3 expression (Supplementary Fig. 4b).
Overall, hypothermia inhibited cell proliferation, but more so in
KO than in WT SGZ-NSPCs (Fig. 1f). We detected no difference
in RBM3-depleted SVZ-NSPCs (Fig. 1e). Furthermore, when we
overexpressed recombinant RBM3 in SVZ- and SGZ-NSPCs after
OGD (Supplementary Fig. 4c), only the SGZ-NSPCs proliferated
at a higher rate than in a mock vector group (Fig. 1g, h).

Taken together, our data suggest that while RBM3 does not
affect basal NSPC proliferation under normal growing conditions,
after HI injury it stimulates the proliferation of SGZ-NSPCs but
not SVZ-NSPCs in vivo and in vitro.
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RBM3 promotes NSPC neuronal differentiation in SVZ and
SGZ. We next examined whether RBM3 regulates NSPC differ-
entiation and contributes to neurogenesis.

In vivo, after 7 days recovery from HI treatment (Fig. 2a),
newborn (BrdU+ Dcx+) neuroblasts showed significant stimula-
tion in the HI ipsilateral SVZ and SGZ of WT mice compared to
the HI contralateral and sham group (Fig. 2b, c). In RBM3-

depleted mice, on the other hand, newborn neuroblast stimula-
tion was absent in the ipsilateral SVZ and SGZ (Fig. 2b, c). In
long-term studies, researchers have found that most newborn
NSPCs die before maturation, with the remaining cells differ-
entiating into mature neurons as an inadequate repair of the
damaged brain tissue18,19. After a longer recovery period (28 days)
after HI injury (Fig. 2a), only a few BrdU+ cells survived in SVZ
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Fig. 1 RBM3 is required for HI-induced proliferation of SGZ- but not SVZ-NSPC in vivo and in vitro. a Illustration of in vivo HI model and analysis of NSPC
proliferation. RCCA right common carotid artery, IF immunofluorescence. b, c Representative immunofluorescent staining of BrdU and Sox2 in SVZ (b) and
DG (c) of RBM3WT and KO animals treated with HI and recovered for 7 days with BrdU injection every other day. Animals in control group received sham
surgery. Orthogonal view confirmed the colocalization of BrdU and Sox2. BrdU+ Sox2+ cell number and density in the SVZ or DG were estimated. Five
sham animals and six HI animals were counted per group (Sham: n= 5, HI: n= 6). Sham, sham group; contra, contralateral (uninjured side) in HI group;
ipsi, ipsilateral (injured side) in HI group. Scale bar: 100 µm. LV lateral ventricle, cc corpus callosum, GCL granular cell layer. Repeated measures two-way
ANOVA was used for statistical analysis; n.s. not significant; ***p < 0.001; ****p < 0.0001. d Illustration of in vitro OGD model and analysis of NSPC
proliferation. OGD oxygen-glucose deprivation, IF immunofluorescence. Only WT or KO NSPCs underwent hypothermic treatment (32 °C). Plasmid-
transfected NSPCs were always cultured at 37 °C. e–h Representative immunofluorescent staining of BrdU and DAPI in NSPCs after OGD stress. SVZ-
NSPCs (e) and SGZ-NSPCs (f) from RBM3 WT or KO mice were treated with OGD and reoxygenated in BrdU-containing medium at 37 or 32 °C for 3 h,
followed by 37 °C for an additional 21 h. The ratio of BrdU+/DAPI+ cells were quantified (three independent experiments, n= 3). Three-way ANOVA was
used for statistical analysis; n.s. not significant; *p < 0.05; ***p < 0.001; ****p < 0.0001. SVZ-NSPCs (g) and SGZ-NSPCs (h) transfected with empty vector
(Vec) or RBM3 overexpression (OE) plasmid were treated with OGD and reoxygenated in BrdU-containing medium at 37 °C for 24 h. The ratio of BrdU+/
DAPI+ cells was quantified (three independent experiments, n= 3). Scale bar: 50 µm. Two-way ANOVA was used for statistical analysis; n.s. not
significant; **p < 0.01. All data are presented as mean ± SEM
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but more BrdU+ cells survived in DG (Supplementary Fig. 2e, f).
A significantly higher number and density of total BrdU+ cells in
the SVZ and DG was found in WT mice compared to KO mice
(Supplementary Fig. 2e, f). Furthermore, we found increased
numbers of mature BrdU+ NeuN+ neurons in both the
ipsilateral SVZ and DG in WT mice (Fig. 2d, e) but reduced
numbers in KO mice (Fig. 2d, e).

In vitro, we differentiated NSPCs into neurons by culture in
growth factor-free medium for 7 days. At the same time, in order
to assess the impact of OGD on differentiation, we treated NSPCs
with OGD followed by reoxygenation for 7 days: in normal NSPC
culture medium for the first 2 days, to allow enough time for
activating downstream signaling in stem cell status, and in growth

factor-free neuronal differentiation medium the remaining 5 days
(Fig. 3a).

In this neuronal differentiation assay, OGD treatment induced
a remarkable increase in the ratio of Dcx+ neuroblasts and
microtubule-associated protein 2 (MAP2)+ neurons to all 4’, 6-
diamidino-2-phenylindole (DAPI)+ cells in SGZ-NSPCs (Fig. 3d,
e) but not in SVZ-NSPCs (Fig. 3b, c). In the absence of RBM3, the
percentages of both differentiated neuroblasts and neurons
remained nearly unchanged in SVZ-NSPCs (Fig. 3b, c) while
decreasing significantly in SGZ-NSPCs (Fig. 3d, e). When
RBM3 was overexpressed, on the other hand, neuroblast and
neuron percentages remained almost unchanged in SVZ-NSPCs
(Fig. 3f, g) while increasing significantly in SGZ-NSPCs (Fig. 3h, i).
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Fig. 2 RBM3 promotes neurogenesis in both SVZ and SGZ after HI injury in vivo. a Illustration of in vivo HI model and analysis of neurogenesis. RCCA right
common carotid artery, IF immunofluorescence. b, c Representative immunofluorescent staining of BrdU and Dcx in SVZ (b) or DG (c) of RBM3 WT and
KO animals treated with HI and recovered for 7 days with BrdU injection every other day. Animals in control group received sham surgery. Orthogonal view
confirmed the co-localization of BrdU and Dcx. BrdU+ Dcx+ cell number and density in the SVZ or DG were estimated. Five sham animals and six HI
animals were counted per group (Sham: n= 5, HI: n= 6). Sham, sham group; contra, contralateral (uninjured side) in HI group; ipsi, ipsilateral (injured
side) in HI group. Scale bar: 100 µm. LV lateral ventricle, cc corpus callosum, GCL granular cell layer. Repeated measures two-way ANOVA was used for
statistical analysis; n.s. not significant; *p < 0.05; **p < 0.01; ***p < 0.001. d, e Representative immunofluorescent staining of BrdU and NeuN in SVZ (d) or
DG (e) of RBM3 WT and KO animals treated with HI and recovered for 28 days with BrdU injection every 2 days in the first week of recovery. Orthogonal
view confirmed the colocalization of BrdU and NeuN. BrdU+ NeuN+ cell number and density in the SVZ or DG were estimated. Five animals were counted
per group (n= 5). Contra, contralateral (uninjured side); ipsi, ipsilateral (injured side). Scale bar: 100 µm. LV lateral ventricle, cc corpus callosum, GCL
granular cell layer. Repeated measures two-way ANOVA was used for statistical analysis; n.s. not significant; **p < 0.01; ***p < 0.001. All data are
presented as mean ± SEM
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Similarly, we differentiated NSPCs into astrocytes and oligo-
dendrocytes with or without OGD treatment (Supplementary Fig.
5a). We used S100 to label glial precursors. The commonly used
astrocyte marker GFAP was expressed in all the differentiated

cells, and was also present in undifferentiated NSPCs (Supple-
mentary Fig. 5b) as reported in other publications20,21, thus not
used. We found no difference when RBM3 expression was altered
in an astrocyte differentiation assay (Supplementary Fig. 5c-f).
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In an oligodendrocyte differentiation assay we used Olig2 to
label oligodendrocyte precursor cells (OPCs), but not oligoden-
drocyte marker maltose binding protein (MBP) as there were only
a few MBP+ cells (<1%) after 7 days of differentiation
(Supplementary Fig. 5g). In contrast to astrocyte differentiation,
OGD treatment induced OPC differentiation in both SVZ- and
SGZ-NSPCs (Supplementary Fig. 5h-k). However, although
RBM3 appeared to promote OPC differentiation in the absence
of OGD, we found little difference in Olig2+ cell percentages
after OGD when changing the level of RBM3 expression
(Supplementary Fig. 5h-k).

In summary, we observed induction of neurogenesis after HI
injury. Our results support the notion that RBM3 enhances
neuronal differentiation potential in both neurogenic niches.
However, as RBM3 has less influence on the neuronal
differentiation of SVZ-NSPCs than of SGZ-NSPCs, we can
anticipate a smaller impact on SVZ neurogenesis. RBM3
expression has no notable effect on glial cell differentiation.

RBM3 limits HI-induced apoptosis in both SVZ- and SGZ-
NSPCs. To exclude the possibility that the discrepancy in pro-
liferation rates between SVZ- and SGZ-derived NSPCs resulted
from different severities of HI-induced apoptosis, we performed
TUNEL staining (Fig. 4a) and found significantly more apoptotic
cells at the ipsilateral side in RBM3 KO mice than in their WT
littermates in both stem cell niches, in the lateral wall (Fig. 4b)
and entire DG (Fig. 4c). Only few apoptotic cells were observed in
the lateral tail of the SVZ (Supplementary Fig. 3d). In contrast,
very few TUNEL+ cells were present at the contralateral sides in
either RBM3 KO or WT HI animals (Fig. 4b, c).

To assess the anti-apoptotic effect of RBM3 in vitro, we
quantified TUNEL+ cells 48 h after OGD (Fig. 4d). OGD
challenge induced significant apoptosis in both SVZ- and SGZ-
derived NSPCs (Fig. 4e, f). Absence of RBM3 clearly exacerbated
post-OGD apoptosis (Fig. 4e, f). Hypothermia attenuated
apoptosis in WT NSPCs, but only marginally in KO NSPCs,
suggesting that RBM3 partially mediates hypothermic cytopro-
tection in NSPCs (Fig. 4e, f). On the other hand, forced RBM3
expression blocked OGD-induced apoptosis (Fig. 4g, h).

Our results suggest that RBM3 limits HI-induced apoptosis
overall in vivo and in vitro thus at least partially mediating the
protective effects of cooling. However, the protective effect applies
to both SVZ- and SGZ-NSPCs, indicating that the discrepancy in
post-OGD proliferation is not due to apoptosis.

RBM3-IMP2-IGF2 axis mediates niche-dependent prolifera-
tion. To unravel the molecular mechanism of reduced pro-
liferation in RBM3-depleted hippocampal NSPC, we performed
RNA sequencing (RNA-seq) to identify transcriptome changes in
RBM3 KO mice. We used postnatal day 3 (P3) and 2–3 month
adult hippocampi from RBM3 WT and KO mice without HI
injury. The quality of extracted total RNA fulfilled the require-
ments for RNA-seq (Supplementary Data 1). As expected, rare
global differences of gene expression were seen when comparing
RBM3 WT and KO even when we applied a less stringent cutoff
condition (Supplementary Fig. 6a-c, Supplementary Data 2 and
3), consistent with the unaltered phenotype in physiological
condition (Supplementary Fig. 1a, b, e-h). Due to the limited
number of differentially expressed genes (DEGs), Gene Set
Enrichment Analysis (GSEA) provided limited information
(Supplementary Fig. 6d). Among the few common DEGs between
P3 and adult lists, we identified the transcript of insulin-like
growth factor 2 (IGF2) as one of the candidates, which was
downregulated when RBM3 was absent (Supplementary Fig. S6a-
S6c, Supplementary Data 2 and 3). At the same time, we

identified candidate IGF2 mRNA binding proteins (IMPs) from
our previously published screening list of RBM3 interactors10,
known to regulate IGF2 mRNA stability and promote its
expression22. Based on these two independent screening
approaches we focused on this IGF as in addition it had been
reported to induce niche-dependent proliferation of adult
NSPCs23,24. Consistent with previous publications25,26, we found
all three IMPs to be expressed at much lower levels in adult
NSPCs than in NSPCs from postnatal day 0 (P0) mice (Supple-
mentary Fig. 7a). IMP1 expression was almost undetectable, while
IMP3 expression was much lower than that of IMP2 in WT adult
NSPCs (Supplementary Fig. 7a). Given additional evidence that
IMP2 promotes neuronal differentiation in embryonic neocortical
NSPCs27, we tested the hypothesis that RBM3 regulates NSPC
proliferation and may involve IMP2-IGF2 signaling in
adult NSPCs.

First we examined RBM3-IMP2 interaction in NSPCs. In
cultured NSPCs, RBM3 was expressed predominantly in nuclei
but also in cytoplasm, while IMP2 expression was confined to
cytoplasm (Fig. 5a). Proximity ligation assay showed that RBM3
and IMP2 were adjacent in both SVZ and SGZ-NSPCs, while
OGD treatment significantly increased the number of positive
signals per cell, indicating more RBM3-IMP2 interactions
responding to OGD (Fig. 5b). Additionally, RBM3-IMP2
interactions were more abundant in SGZ-NSPCs than those in
SVZ-NSPCs after OGD (Fig. 5b). In the SVZ and SGZ regions
in vivo, RBM3 and IMP2 were co-expressed (Supplementary Fig.
7b) and showed adjacent localization in situ (Fig. 5c).

In HEK293 cells where we first identified RBM3-IMP2
interaction10, and in NSPCs from P0 mouse brain, RBM3 and
IMP2 expressions were both at high level (Supplementary Fig. 7c)
and their interactions were much more abundant (Supplementary
Fig. 7d), compared to adult NSPCs (Fig. 5b). Endogenous RBM3-
IMP2 interactions were confirmed by co-immunoprecipitation
(CoIP) directly in HEK293 cells and P0 NSPCs (Supplementary
Fig. 7e). We further expressed recombinant RBM3 and IMP2 in
HEK293 cells and examined, which domains were required for
their interaction by using CoIP. IMP2 is known to contain two
RNA-binding motifs (RRMs) and four K Homology (KH)
domains, which can all bind RNA, but previous reports identified
only the KH domains, and not the RRM domains as directly
mediating IGF2 mRNA binding28. To check which domains of
IMP2 were required for RBM3-IMP2 interaction, we co-
overexpressed full-length IMP2, truncated IMP2 RRMs (two
RRM domains), and truncated IMP2 KHs (four K-homology
domains) together with full-length RBM3 (Fig. 5d). The
CoIP results indicated that the RBM3-IMP2 interaction was
RNA-dependent because it was abolished by RNase treatment
(Fig. 5e, f). As expected, only the KH domains and not the RRM
domains, were essential for interactions with RBM3 (Fig. 5f),
consistent with the finding that interaction is mediated by RNA.

Having confirmed RBM3-IMP2 interaction, we wished to
determine whether RBM3 regulates IMP2 and its downstream
IGF2 expression. In whole brain, we detected slightly lower
protein levels of IMP2 but not IGF2 in RBM3 KO mice
(Supplementary 7f). In cultured NSPCs, we observed no
difference in post-OGD IMP2 expression in SVZ-NSPCs, as
opposed to a slight decrease in SGZ-NSPCs, and a further
decrease when RBM3 was absent (Fig. 5g). In injured hemisphere,
IMP2 was generally induced in GFAP+ astrocytes in both SVZ
and adjacent striatum and in the entire DG (Supplementary Fig.
7g). Therefore we intended to figure out whether the downstream
effector IGF2 changes in a niche-dependent manner. We detected
increased IGF2 mRNA expression in WT SGZ-NSPCs but not in
SVZ-NSPCs after OGD in vitro, and less increase in KO SGZ-
NSPCs (Fig. 6a, b). In addition, using RNA-immunoprecipitation,
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we identified more IGF2 mRNA bound to IMP2 protein after
OGD in WT SGZ-NSPCs and an upward trend in WT SVZ-
NSPCs (Fig. 6c, d). In the absence of RBM3, enrichment of bound
IGF2 mRNA was clearly reduced in SGZ-NSPCs after OGD when
comparing to WT, but unchanged in SVZ-NSPCs (Fig. 6c, d).
Interestingly, endogenous IGF2 protein levels were reduced
instead of enhanced after OGD in SGZ-NSPCs, probably due to
increased secretion (Fig. 6e). When RBM3 was depleted,
endogenous IGF2 protein decreased in SGZ-NSPCs after OGD
(Fig. 6e). IGF2 protein levels in SVZ-NSPCs were not significantly
affected by either OGD or RBM3 depletion, consistent with the
unchanged IGF2 mRNA data and the trend of IMP2 protein

(Fig. 5g, 6c, e). On measuring the levels of IGF2 released into
culture medium after OGD stress, we found those in SVZ-NSPC
conditioned medium to be less than 50% of those in SGZ-NSPC
counterpart (Fig. 6f, g). IGF2 secretion into SGZ-NSPC culture
medium was significantly induced by OGD but reduced by RBM3
depletion (Fig. 6g). Conversely, RBM3 expression had no effect
on IGF2 release into SVZ-NSPC culture medium (Fig. 6f).
Overall, hypothermia inhibited IGF2 secretion in both SVZ- and
SGZ-NSPCs after OGD, probably by reducing its expression level
(Fig. 6f, g).

Additionally, we noticed that the intensity of IGF2 protein
expression was enhanced in the ipsilateral SGZ but not SVZ in
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SVZ-NSPCs (e) and SGZ-NSPCs (f) from RBM3 WT or KO mice were treated with OGD and hypothermia as stated in Fig.1 legend, except for 48 h
reoxygenation period instead of 24 h in total. The ratio of TUNEL+/DAPI+ cells was quantified (three independent experiments, n= 3). Three-way
ANOVA was used for statistical analysis; n.s. not significant; **p < 0.01; ***p < 0.001; ****p < 0.0001. SVZ-NSPCs (g) and SGZ-NSPCs (h) transfected with
empty vector (Vec) or RBM3 overexpression (OE) plasmid were treated with OGD and reoxygenated at 37 °C for 48 h. The ratio of TUNEL+/DAPI+ cells
was quantified (three independent experiments, n= 3). Scale bar: 50 µm. Two-way ANOVA was used for statistical analysis; n.s. not significant; **p < 0.01.
All data are presented as mean ± SEM
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WT mice 7 days after HI injury (Fig. 7a, b). In RBM3-deficient
mice, the intensity of IGF2 expression was reduced in the
ipsilateral SGZ compared to WT, while remaining unchanged in
the ipsilateral SVZ (Fig. 7a, b), in accordance with in vitro
findings. Finally, we measured IGF2 levels in cerebrospinal fluid
(CSF) by enzyme-linked immunosorbent assay (ELISA) in three
groups: sham operation plus 7 days recovery, HI injury plus
7 days recovery and HI injury plus 28 days recovery. No
significant change in CSF IGF2 levels was observed between WT
and KO in all three groups (Fig. 7c), indicating that RBM3 does

not alter IGF2 secretion from the epithelial cells of the choroid
plexus, considered the main source of CSF24. We further found
that RBM3 expression was absent in choroid plexus, while IGF2
was high as reported previously24 (Supplementary Fig. 7h). This
finding supports our notion that RBM3 does not regulate IGF2
level in CSF thus does not affect the proliferation of SVZ-NSPC.

To sum up, RBM3 interacts with IMP2 in NSPCs; however,
only in SGZ-NSPC does RBM3 facilitate IMP2-mediated
stabilization of IGF2 mRNA and promote IGF2 expression and
secretion after HI injury.
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Discussion
While injured neurons lose synaptic connectivity and undergo
cell death after HI, counteracting endogenous regenerative pro-
cesses are activated, leading to neurogenesis and synaptogen-
esis29. Therapeutic hypothermia is widely known to protect the
brain from HI injury30,31, but there is limited and inconsistent
information as to whether hypothermia promotes or inhibits
injury-induced NSPC proliferation and neuronal differentiation
or if anti-apoptosis is the key mechanism16. Here we demonstrate
that under physiological conditions, RBM3 is expressed in brain,
yet its deficiency has no obvious effect on brain development
in vivo, probably due to other unknown compensating mechan-
isms. However, under pathological conditions such as HI, RBM3
is indispensable for neuroprotection and post-injury neuror-
egeneration. RBM3 not only protects NSPCs from HI-induced
apoptosis, it also stimulates NSPC proliferation and neuronal
differentiation. We demonstrate that RBM3 promotes NSPC
proliferation after HI by regulating the IMP2-IGF2 pathway in
SGZ-NSPCs but not SVZ-NSPCs (Fig. 7d).

Cold inducible RNA-binding protein (CIRP) is the only known
homologous protein of RBM3 in mammals6. Like RBM3, it has
been reported to promote the proliferation and suppress the
apoptosis of neural stem cells in vitro32,33. However, CIRP has
been identified as a damage-associated molecular pattern
(DAMP) molecule, inducing detrimental inflammatory respon-
ses34. Extracellular CIRP levels increase in ischemic stroke models
causing massive neuronal damage35. In contrast, no such dele-
terious effect has been reported with RBM3, which is therefore
considered a safer modulator of post-injury neurogenesis
than CIRP.

IMP family proteins are widely expressed and play important
roles at different stages of development. In adulthood, in contrast
to IMP1 and IMP3, only IMP2 remains relatively highly
expressed, playing a major role in cell survival28,36, NSPC pro-
liferation37, and neuronal differentiation27. As the main down-
stream factor of IMP2, IGF2 is abundant in the proliferative
regions of both embryonic and adult brain22, similarly to the
temporal and spatial expression pattern of IMP2 and RBM3. In
recent years, IGF2 has been identified as a positive regulator of
the proliferation of embryonic and neonatal NSPCs38,39 and adult
NSPCs23,24. Interestingly, SVZ-NSPC responses to exogenous
IGF2 follow a paracrine pattern, while SGZ-NSPCs secrete IGF2
and regulate self-renewal in an autocrine manner23,24. Our results
support the hypothesis that RBM3 upregulates IGF2 expression
and secretion in SGZ-NSPCs but not SVZ-NSPCs, explaining
why only SGZ-NSPC proliferation is affected by RBM3 expres-
sion level after HI injury. Like RBM3, microprocessor complex

subunit DGCR8, a key protein involved in miRNA biogenesis,
can also regulate IGF2 expression and promote the proliferation
of SGZ-NSPCs but not SVZ-NSPCs40. As IGF2 has been proved
to consolidate and enhance memory, a major hippocampal
function41, a decrease in IGF2 induced by RBM3 deficiency can
be expected to affect memory function after HI injury, and may
also contribute to discovered memory loss by RBM3 silencing in a
chronic neurodegenerative disease model7.

It is feasible to design a small compound to stabilize the RBM3
protein and maintain its expression at high levels by targeting its
typical RNA-recognition motif, in order to promote endogenous
neurogenesis, particularly in the hippocampus. Such a compound
could serve to treat acute brain injury and chronic disease. A
preliminary successful example has already been developed with
the CIRP homologue, although its activity requires further tests42.
In addition, the safety of RBM3-based therapy will need to be
carefully evaluated for potential tumorigenesis. As IMP family
members and IGF2 are critical in promoting cell proliferation,
they maintain stem cell stemness under physiological conditions,
but are also thought to favor cancer cell progression in diverse
tumor types along with their high expression28,36. Fortunately,
clinical studies have revealed that in contrast to its CIRP
homologue, high RBM3 expression is associated with favorable
outcome in various cancers6. Although the underlying mechan-
isms remain largely unknown, this suggests that RBM3-targeted
therapy could be safe to administer in brain disorders.

Methods
Mice. All animal experiments were approved by the veterinary office of Basel city
(authorization number 2064 and 2652) and were in accordance with the guidelines
on laboratory animals. RBM3 knockout (KO) C57BL/6 mice were kindly provided
by Prof. Tadatsugu Taniguchi (University of Tokyo, Japan). As RBM3 is X-
chromosome-linked gene, only male RBM3 WT or KO mice were used in this
study. All the mice were maintained under standard conditions of 12/12 h of light/
dark at 25 °C before and after surgery.

Hypoxic-ischemia (HI) model. From 2- to 3-months-old adult mice were anes-
thetized by 3% isoflurane. Right common carotid artery (RCCA) was exposed and
permanently ligated by electrocauterization and subsequently cut. RCCA was only
exposed but not ligated in sham animals. After recovery from surgery, animals were
subjected to 8% hypoxia for 20 min at 37 °C. Sham animals were not treated with
hypoxia. After hypoxic stress, all animals were intraperitoneally injected with 50
mg/kg BrdU. Subsequent BrdU injection was performed every other day for 7 days.
Mice were sacrificed 7 days or 28 days after HI injury for further analysis.

Immunofluorescent staining. Mice were perfused transcardially with 4% paraf-
ormaldehyde (PFA). Brains were collected and post-fixed with 4% PFA for 24 h and
immersed in 30% sucrose for additional 24 h both at 4 °C, then embedded in O.C.T.
(TissueTek) and frozen in isopentane. Cryoprotected brains were cut into 25 µm thick
coronal sections in a cryostat (Leica). For cultured NSPCs, cells were seeded onto

Fig. 5 RBM3 interacts with IMP2. a Representative immunofluorescent staining of RBM3 and IMP2 in SVZ-NSPCs and SGZ-NSPCs from adult WT mouse
brain. RBM3 (red), IMP2 (green) and DAPI (blue) were merged. Scale bar: 25 µm. b Representative immunofluorescent images from proximity ligation
assay. SVZ-NSPCs and SGZ-NSPCs were challenged with OGD and reoxygenated for 3 h. WT NSPCs omitting primary antibodies (WT NC) or KO NSPCs
served as negative controls (KO NC). Fluorescent dots indicating single RBM3-IMP2 interactions were counted in each cell, and 25 cells per group were
used for quantification (n= 25). RBM3-IMP2 PLA signals (red) and DAPI (blue) were merged. Scale bar: 25 µm. Two-way ANOVA was used for statistical
analysis; n.s. not significant; **p < 0.01; ***p < 0.001; ****p < 0.0001. All data are presented as mean ± SEM. c Representative image of proximity ligation
assay of RBM3 and IMP2 in frozen brain sections from adult mice treated with HI and 7 days recovery. Scale bar: 50 µm. Contra contralateral (uninjured
side), ipsi ipsilateral (injured side), LV lateral ventricle, cc corpus callosum, GCL granular cell layer, NC negative control without primary antibodies.
d Schematic illustration of RBM3 and IMP2 constructs. Full-length (FL) RBM3 was fused with an N-terminal HA tag. Full-length (FL) IMP2 was truncated to
N-terminal domain with two RNA-recognition motifs (RRMs) or C-terminal domain with four K Homology motifs (KHs); all of the constructs included an
N-terminal FLAG tag. e, f Representative co-immunoprecipitation graphs of full-length or truncated RBM3 and IMP2 in HEK293 cells. Full-length FLAG-
IMP2 was co-overexpressed with vector (Vec, negative control), or HA-RBM3 with or without RNase T1 pre-treatment. FLAG antibody was used to
precipitate FLAG-IMP2. FLAG-IMP2 and HA-RBM3 in input or IP samples were detected by anti-FLAG or anti-HA antibodies using Western blot (e). A
reciprocal CoIP was performed using full-length HA-RBM3 to precipitate full-length FLAG-IMP2, FLAG-RRMs or FLAG-KHs (f). Asterisks indicate target
bands. HC heavy chain of IgG used for immunoprecipitation, LC light chain of IgG used for immunoprecipitation. g Representative Western blot of IMP2
expression in SVZ-NSPC and SGZ-NSPC after mock or OGD treatment in the presence or absence of RBM3
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poly-L-lysine coated 16-well chamber slide (Nunc LabTek) and fixed with 4% PFA for
10min at RT. To stain BrdU, brain sections or cells were treated with 2M HCl at RT
for 1 h and neutralized with 0.1M sodium borate (pH 8.5) for 10min before blocking.
0.5% Trition X-100 and 5% normal goat serum in phosphate buffer was used for

permeabilization and blocking. Samples were incubated with primary antibodies
overnight at 4 °C. Alexa Fluro dye conjugated secondary antibodies were used in 1:500
(Thermo Fisher). Nuclei were couterstained with DAPI. Information for primary
antibodies was listed in Supplementary Data 4.
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Fig. 6 RBM3 regulates IGF2 expression in SGZ- but not SVZ-NSPCs in vitro. a, b Quantitative RT-PCR of IGF2mRNA expression in SVZ-NSPC (a) and SGZ-
NSPC (b) after 3 h OGD and 3 h reoxygenation in the presence or absence of RBM3 (three independent experiments, n= 3). IGF2 mRNA level was
normalized to GAPDH by 2−ΔΔCT method. Two-way ANOVA was used for statistical analysis; n.s. not significant; **p < 0.01; ****p < 0.0001. c, d The
abundance of bound IGF2 mRNA to IMP2 protein in RBM3 WT or KO NSPCs after 3 h OGD and 3 h reoxygenation. Lysates from SVZ-NSPC (c) or SGZ-
NSPC (d) were subjected to RNA-immunoprecipitation. Anti-IMP2 antibody was used to precipitate IMP2 protein, and the amount of bound IGF2 mRNA
was detected by quantitative RT-PCR (three independent experiments, n= 3). Normal mouse immunoglobulin (msIgG) was served as negative control in
immunoprecipitation. IGF2 mRNA level was normalized to input by 2−ΔΔCT method, and fold enrichment was normalized to msIgG group which was set as
1. Two-way ANOVA was used for statistical analysis; n.s. not significant; *p < 0.05. e Representative Western blot of IGF2 expression in SVZ-NSPC and
SGZ-NSPC after mock or OGD treatment in the presence or absence of RBM3. f, g IGF2 levels in culture medium by ELISA. SVZ-NSPCs (f) and SGZ-NSPCs
(g) were stressed with OGD followed by reoxygenation at 37 or 32 °C for 3 h, then incubated at 37 °C for an additional 21 h. Culture medium was
immediately collected for IGF2 measurement by ELISA (five independent experiments, n= 5). Three-way ANOVA was used for statistical analysis; n.s. not
significant; ***p < 0.001; ****p < 0.0001. All data are presented as mean ± SEM
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Fig. 7 RBM3 regulates IGF2 expression in SGZ but not in SVZ in vivo. a, b Representative immunofluorescent IGF2 staining in SVZ (a) or SGZ (b) of RBM3
WT and KO animals treated with HI and recovered for 7 days. All images were captured with the same parameters. Sox2+ NSPCs were co-stained
to identify the SVZ or SGZ. Relative IGF2 intensity in indicated area was quantified with Image J. Six animals were counted per group (n= 6). Scale bar:
50 µm. LV lateral ventricle, cc corpus callosum, GCL granular cell layer, Contra contralateral (uninjured side), ipsi ipsilateral (injured side). Repeated
measures two-way ANOVA was used for statistical analysis; n.s. not significant; *p < 0.05; **p < 0.01. c ELISA measurement of IGF2 levels in cerebrospinal
fluid (CSF). CSF samples were collected fromWT or KO mice treated with sham operation, HI plus 7 days recovery or HI plus 28 days recovery (Sham+7d:
n= 5, HI+ 7d: n= 6, HI+ 28d: n= 5). Two-way ANOVA was used for statistical analysis; n.s. not significant. All data are presented as mean ± SEM.
d Hypothesized model. In SGZ-NSPC, RBM3 interacts with IMP2 and thereby enhances IGF2 expression and release to promote SGZ-NSPC proliferation in
an autocrine pattern after HI injury. On the other hand RBM3 promotes neuronal differentiation. In SVZ-NSPC, RBM3 does not promote proliferation after
HI injury and affects neuronal differentiation to a lesser extent. In both cell types, RBM3 inhibits apoptosis. NB neuroblast
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Cresyl violet staining. Brain cryosections were mounted on Superfrost PLUS glass
slides and stained with 0.2% cresyl violet solution for 20 min at RT. Stained slides
were subsequently washed in distilled water, dehydrated in 70, 80, 90, 95, and 100%
ethanol, and then cleared twice in xylene. Eukitt mounting medium (Fluka) was
used for mounting slides.

Stereology, imaging, and cell quantification. Stereological coordinates were
identified according to adult mouse brain atlas43. Animals 7 days after HI injury
were used for infarction volume estimation. The infarction volume estimation
method was adapted from elsewhere using the Cavalieri estimator probe44. Fixed
brains were serially cut into 25 µm thick coronal sections in a cryostat (approxi-
mately between +2.0 and −4.0 mm from the bregma), and every twelfth sections
were picked (300 µm interval) for cresyl violet staining as described above, totally
20 sections. Imaging was performed in live mode with a ×5 objective using an Axio
Imager Z1 microscope (Zeiss) equipped with Stereo Investigator (MBF Bioscience).
The contours of direct infarction areas (mm2), ipsilateral hemisphere areas (mm2)
and contralateral hemisphere areas (mm2) were outlined and calculated by Cava-
lieri point-counting estimator from Stereo Investigator. A grid spacing of 50 µm
was used. The corrected infarction areas were calculated as follows:

Acorrected ¼ Adirect " Aipsi " Acontra

! "
ð1Þ

Acorrected is the corrected infarction area, Adirect is the direct infarction area, Aipsi is
ipsilateral hemisphere area, and Acontra is contralateral hemisphere area. The
estimated infarction volume (mm3) was calculated by summing up corrected
infarction areas from all 20 sections and then multiplying by the 300 µm interval.
The SVZ (tail and lateral wall) or DG (granular cell layer and hilus) volumes (mm3)
were estimated in a direct way without correction, using Cavalieri point-counting
estimator as described above, but with 20 µm grid spacing. Four sections con-
taining the SVZ (approximately between +1.2 and 0.0 mm from the bregma)
and eight sections containing the entire DG (approximately between −1.2 and
−3.6 mm from the bregma) per animal were used for volume estimation.

Cell quantification in the SVZ (approximately between +1.2 and 0.0 mm from
the bregma) were estimated with every twelfth serial coronal sections (25 µm thick
each, 300 µm interval), totally four sections. Cell quantification in the SGZ covering
dorsal and ventral hippocampus (approximately between −1.2 and −3.6 mm from
the bregma) were estimated with every twelfth serial coronal sections (25 µm thick
each, 300 µm interval), totally eight sections. Double-positive cells were imaged
using z-stack function with LSM710 confocal microscope (Zeiss). Stacked images
were acquired every 1 µm throughout the section (25 optical sections) and
presented in orthogonal view to confirm co-localization. Cell counting in the SVZ
or DG was performed with Optical Fractionator from Stereo Investigator (MBF
Bioscience) according to published methods14,45–47. The counting frame size of
30 × 30 µm was used for all the counting types. To count total BrdU+, BrdU+/
Sox2+, BrdU+/Dcx+ cells in the SVZ and DG, or TUNEL+ cells in the SVZ in
HI+ 7d groups, a 60 × 60 µm sampling grid was used. For TUNEL+ cells in the
DG in HI+ 7d groups, a 90 × 90 µm sampling grid was used. For total BrdU+ and
BrdU+NeuN+ cells in the SVZ and DG in HI+ 28d groups, a 30 × 30 µm
sampling grid was used. Cells were only counted in the optical disector with the
height of 10 µm, but not counted in the top and bottom 3 µm guard zones. Total
cell number (N) was estimated with the following calculation formula:

N ¼
X

Q" ´ t=hð Þ ´ 1=asfð Þ ´ 1=ssfð Þ ð2Þ

∑Q− is total cell count in disector; t is section thickness after processing; h is optical
disector height; asf is area sampling fraction (counting frame size/sampling grid
size); and ssf is slice sampling fraction (1/section interval). The density of positive
cells in the two neurogenic niches was determined by dividing the total positive cell
number to the SVZ or DG volume, respectively. The SVZ or DG volumes (mm3)
were estimated on adjacent section series with the method as described above. For
non-operating and sham animals, the mean of left and right hemisphere cell
numbers was presented for each animal.

For relative intensity quantification of IGF2, all the images were captured with
the same parameters. The signal in lateral ventricle was subtracted as background.
The average intensity of IGF2 signal in the SVZ or SGZ from all sections prepared
as above mentioned was calculated with Image J (National Institutes of Health) and
was presented for each animal.

For cultured cells, images of five random fields with ×20(except ×40 for
proximity ligation assay) objective lens were captured with AX70 fluorescent
microscope (Olympus) for quantification per experiment. Three independent
experiments were performed.

Cell culture. HEK293 cells were cultured in DMEM (Gibco) medium supple-
mented with 10% FBS (Gibco). SVZ-NSPCs and SGZ-NSPCs were isolated from
the SVZ of lateral ventricle or DG of 2–3-months-old adult male mice respectively,
according to previous protocols48,49. The whole brain excluding cerebellum and
meninges from postnatal day 0 male mice was used for NSPC culture. In brief, cells
from desired regions were dissociated by papain (Worthington) and DNase I
(Sigma) digestion, and passed through 40 µm cell strainer (Sigma) to remove cell
clusters. Isolated NSPCs were cultured in complete DMEM-F12 medium (Gibco)
supplemented with 1 × B27 supplement (Gibco), 2 mM L-glutamine (Gibco),

20 ng/mL EGF (PeproTech) and 20 ng/mL FGF2 (PeproTech). Cells were main-
tained as neurospheres in uncoated dishes or as monolayer in poly-L-lysine
(Sigma) coated dishes or 16-well chamber slides (LabTek). To passage neuro-
spheres, 0.25% Typsin (Sigma) was used to digest neurospheres into single cells.

Plasmids and constructs. pCEP4-RBM3 construct used to overexpress RBM3 in
primary NSPCs and control empty pCEP4 vector (Thermo Fischer) were described
in previous report9. Commercial pCMV3-RBM3 was intended for mammalian
overexpression of full-length RBM3 cDNA under CMV promoter with additional
N-terminal HA tag (Sino Biological, HG16437-NY). Commercial pCMV3-IMP2
plasmid was designed for full-length IMP2 overexpression with N-terminal FLAG
tag (Sino Biological, HG11116-NF). Control empty vectors with N-terminal HA or
FLAG tag were purchased from Sino Biological as well (pCMV3-N-HA-NCV and
pCMV3-N-FLAG-NCV).

RRM and KH domains of IMP2 including two RRMs and four KHs
respectively, were cloned into pCMV3-N-FLAG-NCV with FLAG tag. IMP2-
RRMs were subcloned by standard PCR using IMP2-RRMs F/R primer pairs.
IMP2-KHs were amplified by overlapping PCR to conjugate DNA encoding affinity
tag to DNA encoding truncated peptides. pCMV3 F/FLAG-tag R and IMP2-KHs
F/R primer pairs were used for overlapping PCR. Overlapped PCR products were
digested with KpnI/NotI and ligated to digested pCMV3-N-FLAG-NCV vector.
Primers sequences were listed in Supplementary Data 4. All the pCMV3 constructs
were transiently expressed in HEK293 cells.

Transient transfections. For co-immunoprecipitation, all pCMV3-based plasmids
expressing full-length or truncated RBM3 or IMP2 were transiently transfected into
HEK293 cells with FuGENE HD Transfection Reagent (Promega) for 48 h. One to
two micrograms of each plasmid was used to transfect 1 × 106 HEK293 cells. For
cultured NSPCs, 10 µg pCEP4 empty vector or pCEP4-RBM3 plasmid were tran-
siently transfected into 5 × 106 NSPCs by electroporation, using Mouse Neural
Stem Cell Nucleofector Kit (Lonza) and program A-33 of Nucleofector I Device
(Lonza). Transfected cells were kept in 12-well plate overnight and then spun down
at 100 x g at RT for 5 min to remove dead cells. The remaining viable cells were
counted and seeded at the density of 1 × 104 cells/mL into poly-L-lysine coated 16-
well chamber slide. Cells were incubated for another 48 h before starting further
treatments.

Oxygen-glucose deprivation (OGD). NSPCs were cultured in poly-L-lysine
coated 16-well chamber slide or petri dish with diameter of 10 cm for 24 h. To
introduce OGD, normal NSPC culture medium was changed to glucose-free
complete medium (using glucose-free DMEM-F12, Biowest) and slides or dishes
were kept in hypoxic chamber (Elektrotek) with nitrogen flush for 15 min. Then
the chamber was sealed and kept at 37 °C for 3 h. After OGD, glucose-free medium
was switched back to normal complete culture medium and cells were incubated in
normal conditions with 20% oxygen at 37 °C (normothermic group) or 32 °C
(hypothermic group) for indicated period. For BrdU incorporation, 20 μM BrdU
was added into the culture medium immediately after OGD or mock treatment.

Quantitative RT-PCR. Total RNA from cells or brain tissues were isolated by
ReliaPrep RNA Miniprep System (Promega). One microgram total RNA was
reversely transcribed into complementary DNA using GoScript Reverse Tran-
scription System (Promega). Quantitative amplification was carried out with
GoTaq qPCR Master Mix (Promega) in 15 μL reaction volume. Thermal cycles
were performed on CFX Connect Real-Time PCR Detection System (Bio-Rad) at
95 °C for 5 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. 2−ΔΔCT

method was used to calculate the fold change of gene expression. Three inde-
pendent experiments were performed. Primers sequences were listed in Supple-
mentary Data 4.

Western blot. Cells or brain tissues were harvested, washed with cold PBS and
lysed in lysis buffer (1% Triton X-100, 50 mM Tris, 150 mM NaCl, 1 × Roche
Protease Inhibitor Cocktail, pH 8.0). Brain tissues were further homogenized with
Dounce tissue grinder on ice. After centrifugation at 15000 rpm for 10 min at 4 °C,
supernatants were collected and normalized with RC DC Protein Assay (Bio-Rad).
Lysates were loaded onto NuPAGE Novex 4–12% Bis-Tris protein gels (Invitrogen)
and transferred to PVDF membranes (Amersham/GE Healthcare Life Sciences).
Samples were incubated with primary antibodies overnight at 4 °C. HRP-linked
anti-rabbit IgG and HRP-linked anti-mouse IgG secondary antibodies were pur-
chased from Cell Signaling Technology and used in 1:5000. Information for pri-
mary antibodies was listed in Supplementary Data 4.

Neurosphere assay. Neurospheres assay was performed to test self-renewal
capacity of cultured NSPCs. Pre-cultured NSPCs directly from dissociated tissue in
the form of neurospheres were digested into single cells by trypsin and plated at the
density of 100 cells per 100 µL medium in each well of 96-well plate to form
primary neurospheres. Primary neurospheres were further digested into single cells
and plated at the same density to form secondary neurospheres. After 48 h culture,
the numbers of primary and secondary neurospheres were counted in two groups
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in terms of their diameters (<20 and ≥20 µm). Triplicates were included in
each group.

Differentiation assay. NSPCs were seeded in 16-well chamber slide as monolayer
at the density of 1 × 105/mL and maintained for 24 h at 37 °C. Cultured cells were
subjected to directed differentiation or OGD-induced differentiation. For directed
differentiation, NSPCs were incubated in the following medium for 7 days before
immunostaining: Neuralbasal medium supplemented with 1 × B27 supplement and
2 mM L-glutamine for neuronal differentiation; DMEM supplemented with 1 ×N-
2 supplement (Gibco), 2 mM L-glutamine and 1% FBS for astrocyte differentiation;
Neuralbasal medium supplemented with 1 × B27 supplement, 2 mM L-glutamine
and 30 ng/mL triiodothyronine (T3) solution (Calbiochem) for oligodendrocyte
differentiation. For OGD-induced differentiation, cells were challenged with 3 h
OGD and then reoxygenated at 37 °C for 2 days in NSPC complete culture med-
ium, followed by 5 days in above-mentioned directed differentiation medium,
respectively. The following primary antibodies were used to identify various dif-
ferentiated cells: MAP2 for neurons; Dcx for neuroblasts; S100 for glia cell pro-
genitors and Olig2 for oligodendrocyte progenitor cells (OPCs). Information for
primary antibodies was listed in Supplementary Data 4. All quantifications were
performed in triplicates.

TUNEL staining. TUNEL staining was used to test late apoptosis. The assay was
performed with Click-iT Plus TUNEL Assay for In Situ Apoptosis Detection with
Alexa Fluor 488 Dye (Invitrogen) following manufacturer’s instructions. Brain
cyrosections were digested with Protease K for antigen retrieval and counterstained
with DAPI. Cultured NSPCs were permeabilized with Triton X-100 and counter-
stained with DAPI. TUNEL+ cells were counted in brain sections or cultured
NSPCs, respectively. In cultured NSPCs, TUNEL+ cell percentages in all DAPI
stained cells were calculated in triplicates.

Co-immunoprecipitation and RNA-immunoprecipitation. For co-
immunoprecipitation (CoIP), 4 μg primary antibodies or control normal IgG were
conjugated to 40 μL Dynabeads Protein G (Invitrogen) for 45 min at RT. HEK293
cells which were transfected with full-length or truncated RBM3 and IMP2 over-
expressing pCMV plasmids (as described above) were harvested 48 h after trans-
fection. HEK293 or P0 NSPC cell lysates were incubated with antibody-coupled
Dynabeads Protein G overnight at 4 °C. For RNase-treated group, cell lysates were
pretreated with 10 U/μl RNaseT1 (Fermentas) for 15 min at RT before subjected to
beads. Proteins were eluted from beads in NuPAGE LDS Sampler Buffer (Invi-
trogen) containing 50 mM DTT at 70 °C for 10 min. Samples were analyzed by
Western blot. RNA-immunoprecipitation (RIP) was performed in a native way
similar to CoIP. After mock or OGD treatment, the starting material was adjusted
to 5 × 106 cells per sample. All the reagents contained 40 U/mL RNase inhibitor
RNasin (Promega) and prepared in RNase-free water (Promega) to minimize the
activity of RNase from the environment. Immunoprecipiated RNA was eluted in
lysis buffer from above-mentioned total RNA isolation kit at 70 °C for 10 min, and
further purified by the kit. Samples were analyzed by quantitative RT-PCR.

Proximity ligation assay. Proximity ligation assay (PLA) was used to reveal
protein interactions between RBM3 and IMP2 in situ using Duolink In Situ Red
Starter Kit Mouse/Rabbit (Sigma). Brain sections and cultured NSPCs were
counterstained with DAPI. In cultured NSPCs, PLA+ dots (each dot represents
one interaction) in each cell were quantified, and 25 cells per sample were analyzed
for statistical analysis.

RNA sequencing. Hippocampi were isolated from postnatal day 3 (P3) or adult
RBM3 WT or KO mice (n= 3 for each group) and homogenated in Trizol by
Dounce tissue grinder on ice. Total RNA was separated by chloroform and pre-
cipitated by isopropanol, and then further cleaned up using RNA Clean & Con-
centrator Kit (Zymo Research). Complementary DNA libraries were constructed
from messenger RNA and qualified on Agilent 2100 Bioanalyzer. RNA sequencing
was carried out on Illumina Hiseq-2500 sequencing system with single reads of 50
bp read length. Differentially expressed genes (DEGs) were filtered with log2A >
3.32 (Average counts per million (CPM) > 10); |log2 FC| > 0.26 (|Fold change| >
1.2) and unadjusted P value < 0.05. Venn diagrams were generated via Inter-
actiVenn online tool (http://www.interactivenn.net). Gene heatmap were generated
via Heatmapper online tool (http://heatmapper.ca/expression). Gene set enrich-
ment analysis (GSEA) was performed via online analysis tool (http://www.
webgestalt.org). Volcano plot and M-A plot were prepared by GraphPad Prism 8.0.
The raw data are available on NCBI BioProject (Project ID: PRJNA529585).

ELISA. Cerebrospinal fluid (CSF) samples were collected from cisterna magna
immediately before sacrificing animals as described previously50. NSPC culture
media were collected immediately before fixing cells. IGF2 levels in CSF or in
culture medium were measured by mouse IGF2 ELISA Kit (Abnova) with the
sensitivity of <5 pg/mL. Five replicates for sham and HI+ 28d groups and six
replicates for HI+ 7d group were included. Culture medium from NSPCs were in
five replicates.

Statistical analysis. All in vitro experiments were repeated at least three times. All
in vivo experiments included a minimum of five mice per group. Quantification
data were presented in standard error mean (SEM). For comparison of two groups,
statistical significance was determined by two-tailed unpaired t-test with or without
Welch’s correction (single factor), two-way ANOVA (two factors) followed by
Tukey’s multiple comparison test or Sidak’s multiple comparison test, and three-
ANOVA (three factors) followed by Sidak’s multiple comparison test. For the
quantification of data involving contralateral and ipsilateral sides from the same
animal, repeated measures two-way ANOVA was performed, and mixed effects
model was applied for further comparison with the sham group. p value less than
0.05 was considered significant. n.s. not significant; *p < 0.05; **p < 0.01; ***p <
0.001; ****p < 0.0001. Statistical analysis was performed using GraphPad Prism 8.0
and all details are reported in Source Data file.

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability
The raw RNA-seq data are available on NCBI BioProject (Project ID: PRJNA529585).
The source data relating to Figs. 1b, c, e–h, 2b–e, 3b–i, 4b, c, e–h, 5b, 6a–d, f, g, 7a–c and
Supplementary Figs. 1a, b, e–h, 2a–f, 5c–f, h–k, 7a are provided in the Source Data file.
Uncropped blots are shown in Supplementary Fig. 8. All other raw data are available
from the authors upon request. A reporting summary for this article is available as a
Supplementary Information file.
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Supplementary Figure 1 (to be continued) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 1 (continued) 

 



Supplementary Figure 1 RBM3 KO mouse brain does not show evident abnormality in physiological 

conditions. 

a. Brains from adult RBM3 WT or KO mice were collected and measured (six animals per group, n=6), 

and analyzed by two-tailed t-test. n.s., not significant.  b. Representative cresyl violet staining of 
adult RBM3 WT or KO brain without injury.  Scale bar: 1 mm. The volume of SVZ and DG were 

estimated as described in methods, and compared between WT and KO. Five animals were counted 

per group (n=5). Two-tailed t-test was used for statistical analysis; n.s., not significant.  c-d. 
Representative immunofluorescent staining of RBM3 and Sox2 (c), or RBM3 and Dcx (d) in the SVZ 
and DG of adult WT mouse brain. Orthogonal view confirmed the co-localizations. Scale bar: 50 µm. 

LV: lateral ventricle; cc: corpus callosum; GCL: granular cell layer. e-f. RBM3 WT or KO mice were 

intraperitoneally injected with BrdU for 7 days to monitor NSPC proliferation. Representative 
immunofluorescent staining images of BrdU and Sox2 in the SVZ (e) or DG (f) were demonstrated 

(five animals per group, n=5). Orthogonal view confirmed the co-localization of BrdU and Sox2. Scale 

bar: 50 µm. LV: lateral ventricle; cc: corpus callosum; GCL: granular cell layer. Two tailed t-test was 
used for statistical analysis.  n.s. not significant. g-h. SVZ-NSPCs and SGZ-NSPCs were cultured in vitro 

and seeded into 96-well plates in equal amounts for the analysis of primary neurospheres after pre-

culture or passaged for analyzing secondary neurospheres in SVZ-NSPC (g) or SGZ-NSPC (h). 
Neurospheres with diameters <20 µm or >=20 µm were counted and analyzed separately. Three 

independent experiments were performed (n=3). Scale bar: 50 µm. Three-way ANOVA was used for 

statistical analysis.  n.s. not significant. All data are presented in SEM.  

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 2 (to be continued) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 2 (continued) 

 



Supplementary Figure 2 HI injury caused tissue damage and activated cell proliferation in both RBM3 

WT and KO mice. 

a. Representative cresyl violet staining of adult RBM3 WT or KO brains after HI injury plus 7 days 

recovery. Scale bar: 1 mm. The infarction volumes were estimated as described in Methods. Two-
tailed t-test was used for statistical analysis (ten animals per group, n=10); * p<0.05.  b. High 

magnification of the SVZ and DG regions from (a). Scale bar: 500 µm. The SVZ volumes and DG 

volumes were calculated as described in Methods. Repeated measures two-way ANOVA was used for 

statistical analysis (ten animals per group, n=10); n.s. not significant. c-d. Representative BrdU and 
DAPI staining in SVZ (c) and DG (d) of RBM3 WT and KO animals treated with HI and recovered for 7 

days with BrdU injection every other day. Animals in control group received sham surgery. Total 

BrdU+ cell number and density in the SVZ and DG were estimated. Five sham animals and six HI 
animals were counted per group (Sham: n=5, HI: n=6). Sham: sham group; contra: contralateral 

(uninjured side) in HI group; ipsi: ipsilateral (injured side) in HI group. Scale bar: 100 µm. LV: lateral 

ventricle; cc: corpus callosum; GCL: granular cell layer. Repeated measures two-way ANOVA was 
used for statistical analysis; n.s. not significant; * p<0.05; *** p<0.001; **** p<0.0001.  e-f. 
Representative BrdU and DAPI staining in SVZ (e) and DG (f) of RBM3 WT and KO animals treated 

with HI and recovered for 28 days with BrdU injection every other day in the first 7 days. Total BrdU+ 
cell number and density in the SVZ and DG were estimated. Five animals were counted per group 

(n=5). Contra: contralateral (uninjured side); ipsi: ipsilateral (injured side). Scale bar: 100 µm. LV: 

lateral ventricle; cc: corpus callosum; GCL: granular cell layer. Repeated measures two-way ANOVA 
was used for statistical analysis; n.s. not significant; * p<0.05; ** p<0.01; *** p<0.001; **** 

p<0.0001. All data are presented in SEM.  

 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 3 (to be continued) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 3 (continued) 

 

Supplementary Figure 3 HI injury caused glia cell stimulation and apoptosis in both RBM3 WT and KO 

mice. 

a-c. Representative immunofluorescent staining of reactive astrocytes (GFAP+) (a), microglia (Iba1+) 

(b) and oligodendrocyte precursors (Olig2+) (c) in the SVZ (corpus callosum for Olig2+) and DG as well 

as adjacent regions of RBM3 WT and KO animals treated with HI and recovered for 7 days. For each 
section, both contralateral and ipsilateral images were acquired under the same setting parameters 

of exposure period and gain value. Scale bar: 100 µm. LV: lateral ventricle; cc: corpus callosum; GCL: 

granular cell layer. d. Representative immunofluorescent TUNEL staining in the ischemic cores in the 

ipsilateral (Ipsi) side of cerebral cortex, striatum and SVZ tail of RBM3 WT and KO animals treated 
with HI and recovered for 7 days. The corresponding contralateral side (Contra) was represented as 

negative control. LV: lateral ventricle; cc: corpus callosum. Scale bar: 100 µm. 



 

 

 

Supplementary Figure 4 RBM3 expression in cultured NSPCs. 

a. Representative immunofluorescent staining of nestin and Sox2 in cultured RBM3 WT or KO NSPCs. 

Nestin (red), Sox2 (green) and DAPI (blue) were merged. Scale bar: 25 µm. b. Representative Western 
blot of RBM3 expression after hypothermic treatment in cultured WT NSPCs. c. Representative 

Western blot of RBM3 expression in WT NSPCs which were transfected with pCEP4 or pCEP4-RBM3 

plasmids by electroporation. Vec: empty vector; OE: RBM3 overexpression. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 5 ( to be continued) 

  



 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 5 (continued) 

 

Supplementary Figure 5 RBM3 did not significantly affect glial differentiation of SVZ-NSPC and SGZ-

NSPC in vitro. 

a. Illustration of in vitro glial differentiation assay. NSPCs were cultured in astrocytic or 

oligodendrocytic differentiation medium for 7 days (control), or first challenged with OGD and then 

reoxygenated in NSPC complete culture medium for the first 2 days, followed by switching to 
astrocytic or oligodendrocytic differentiation medium for 5 days (OGD). OGD: oxygen-glucose 

deprivation; IF: immunofluorescence. b. Representative immunostaining of GFAP in undifferentiated 

or 7-day astrocytic differentiated WT NSPCs derived from SVZ or SGZ. Scale bar: 50 µm. c-f. RBM3 WT 
and KO NSPCs from SVZ (c) or SGZ (d), and WT NSPCs transfected with empty vector (Vec) or RBM3 

overexpressing vector (OE) with SVZ (e) or SGZ (f) origins were used in astrocytic differentiation 

assay. NSPSc were stained with glia cell marker S100 and the ratio of immunoreactive cells to DAPI 
positive cells were calculated (three independent experiments, n=3). Representative images were 

presented. Scale bar: 50 µm. Two-way ANOVA was used for statistical analysis. n.s. not significant; * 

p<0.05; ** p<0.01; *** p<0.001. g. Representative immunostaining of oligodendrocyte marker MBP 

in 7-day oligodendrocytic differentiated WT NSPCs derived from SVZ or SGZ. Scale bar: 50 µm. h-k 
RBM3 WT and  KO NSPCs from SVZ (h) or SGZ (i), and WT NSPCs transfected with empty vector (Vec) 

or RBM3 overexpressing vector (OE) with SVZ (j) or SGZ (k) origins were used in oligodendrocytic 

differentiation assay. NSPSc were stained with oligodendrocyte precursor cell marker Olig2 and the 
ratio of immunoreactive cells to DAPI positive cells were calculated (three independent experiments, 

n=3). Representative images were presented. Scale bar: 50 µm. Two-way ANOVA was used for 

statistical analysis. n.s. not significant; * p<0.05; ** p<0.01; **** p<0.0001. All data are presented in 

SEM. 



 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 6 (to be continued) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 6 (continued) 

 

Supplementary Figure 6 RNA-seq analysis of RBM3 WT or KO hippocampi from postnatal day 3 (P3) 

or adult mice. 

Differentially expressed genes (DEGs) were filtered with the following cutoffs: log2A > 3.32 (Average 

counts per million > 10); |log2 FC| > 0.26 (|Fold change| > 1.2) and unadjusted P value < 0.05. 

a. Venn Diagrams of commonly downregulated or upregulated DEGs from P3 (KO vs WT) and adult 

(KO vs WT) lists. Ten commonly downregulated genes are listed, and Igf2 is highlighted. b. Heatmap 
of the ten common DEGs generated by their Reads Per Kilobase Million (RPKM). Clustering distance 

was measured by Euclidean method. c. Volcano plot and M-A plot of all DEGs in P3 and adult 

samples, respectively. Rbm3 and Igf2 were highlighted.  FC: fold change; A: average counts per 

million (average CPM). d. Gene set enrichment analysis (GSEA) in the three categories of biological 
process, cellular components and molecular functions of all DEGs in P3 and adult samples, 

respectively.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 7 (to be continued) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 7 (continued) 



Supplementary Figure 7 Additional evidences of the involvement of IMP2-IGF2 pathway in RBM3 

function on NSPC proliferation. 

a. Quantitative RT-PCR of IMP1, IMP2 and IMP3 mRNA expressions in cultured adult SVZ-NSPC and 

SGZ-NSPCs. NSPCs from the whole brain of postnatal day 0 (P0) mouse was used as a positive control 
(three independent experiments, n=3). IMP1, IMP2 and IMP3 mRNA level was normalized to GAPDH 

by 2-ΔΔCT method. Relative amount of mRNA was listed on top of each column. All data are 

presented in SEM. b. Representative immunofluorescent staining of RBM3 and IMP2 in the SVZ and 

DG of adult WT mouse brain. Orthogonal view confirmed the co-localization of RBM3 and IMP2. 
Scale bar: 50 µm. LV: lateral ventricle; cc: corpus callosum; GCL: granular cell layer. c. 
Immunofluorescent co-staining of RBM3 and IMP2 in HEK 293 and WT P0 NSPC. Scale bar: 25 µm. d. 
Proximity ligation assay of endogenous RBM3 and IMP2 in HEK 293 and WT P0 NSPC. NC: negative 
control omitting both primary antibodies. Scale bar: 25 µm. e. CoIP of endogenous RBM3 and IMP2 in 

HEK293 and P0 NSPC. Rabbit polyclonal RBM3 antibody and mouse monoclonal IMP2 antibody were 

used for immunoprecipitation, respectively. Rabbit IgG was used as negative control for RBM3 
antibody, mouse IgG was used as negative control for IMP2 antibody. HC: heavy chain of IgG used for 

immunoprecipitation. f. Western blot of IMP2 and IGF2 expression in whole brain lysate from adult 

WT or KO mice without treatment (three animals per group, n=3). Dual bands were observed for 
IGF2 at around 20kDa and 10kDa, indicating pro IGF2 and mature IGF2, respectively. g. 
Representative immunofluorescent staining of IMP2 and GFAP in the SVZ and DG of adult WT mice 

after HI injury plus 7 days recovery. LV: lateral ventricle; cc: corpus callosum; GCL: granular cell layer. 
Contra: contralateral (uninjured side); ipsi: ipsilateral (injured side). Scale bar: 50 µm. h. RBM3, IMP2 

and IGF2 expressions in the choroid plexus of adult WT mice. NC: Negative control with secondary 

antibodies only but without primary antibody. Scale bar: 100 µm.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Supplementary Figure 8 (to be continued) 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 8 (continued) 

 

Supplementary Figure 8 Uncropped Western blot images.  
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Neural stem cells (NSCs) reside physiologically in a hypoxic niche to maintain self-
renewal and multipotency. Whereas mild hypoxia is known to promote NSC proliferation,
severe hypoxia in pathological conditions exerts the reverse effect. The multi-functional
RNA-binding protein RBM3 is abundant in NSCs and can be regulated by hypoxic
exposure. Although RBM3 has been shown to accelerate cell growth in many cell
types, whether and how it affects NSC proliferation in hypoxic environment remains
largely unknown. In this study, we tested how RBM3 regulates cell proliferation under
hypoxia in C17.2 mouse NSC cell line and in primary mouse NSCs from both the
forebrain of postnatal day 0 (P0) mice and the subgranular zone (SGZ) of adult mice.
Our results demonstrated that RBM3 expression was highly sensitive to hypoxia, and
NSCs were arrested in G0/G1 phase by 5, 2.5, and 1% O2 treatment. When we
overexpressed RBM3, hypoxia-induced cell cycle arrest in G0/G1 phase was relieved
and more cell transit into S phase was observed. Furthermore, cell viability under hypoxia
was also increased by RBM3. In contrast, in RBM3-depleted primary NSCs, less BrdU-
incorporated cells were detected, indicating exacerbated cell cycle arrest in G1 to S
phase transition. Instead, overexpressed RBM3 significantly increased proliferation ratio
in primary NSCs. Our findings indicate RBM3 as a potential target to maintain the
proliferation capacity of NSCs under hypoxia, which can be important in NSC-based
therapies of acute brain injury and chronic neurodegenerative diseases.

Keywords: RBM3, CIRP, oxygen, neural stem cell, cell cycle

INTRODUCTION

Physiological oxygen levels in organisms are considerably lower than ambient oxygen tension (21%)
and vary widely in di�erent tissues to adapt oxygen consumption requirements of diverse cell types
(Panchision, 2009; De Filippis and Delia, 2011). Neural stem cells (NSCs) are the main sources to
generate neuronal and glial cells of the central nervous system during embryonic and postnatal
development and are maintained in specific regions during adulthood for consistent neurogenesis
(Gage and Temple, 2013; Bond et al., 2015). They also contribute to neuro-regeneration after acute
injuries in the brain or spinal cord (Gage and Temple, 2013; Ludwig et al., 2018). Neurogenic niches,
which are the microenvironment for NSC self-renewal and di�erentiation, contain a relatively wide
range of oxygen tension from <1 to 8% (Mohyeldin et al., 2010). The heterogeneity of oxygen
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tension exerts opposite functions on NSC proliferation. While
mild hypoxia substantially promotes NSC proliferation, severe
hypoxia suppresses their growth andmaintains them in quiescent
status (Santilli et al., 2010; Felfly et al., 2011). Furthermore,
di�erent severity of hypoxia can also have opposite e�ects on
NSC di�erentiation and neurogenesis (Francis andWei, 2010; De
Filippis and Delia, 2011; Vieira et al., 2011). Therefore, the precise
control of hypoxic environment is critical for the maintenance
of NSC quiescence/activation status and NSC amount in the
pool, as well as for the regulation of their di�erentiation upon
diverse demands.

The appropriate oxygen concentration can be di�erent for
in vivo animal studies and for in vitro cell models when
investigating NSCs. Traditionally, 21% O2 is used as the
standard laboratory oxygen supply concentration for cell culture
(includingNSC culture) in vitro, but some researchers questioned
whether 21% O2 results in a relatively hyperoxic environment
and may change the physiological characters of NSCs (Clarke
and Van Der Kooy, 2009; Yuan et al., 2015; Mas-Bargues et al.,
2019). Atmospheric oxygen tension in vitro may lead to a shift
of NSC proliferation pattern. Therefore, lower oxygen level
can be superior for NSC culture in vitro, when intending to
mimic in vivo NSC characters. Instead, 8% O2 is considered as
physiological oxygen tension in neurogenic niche, 2.5% O2 is
considered as moderate hypoxia, and 1% O2 is considered as
severe hypoxia (Panchision, 2009; De Filippis and Delia, 2011).

The multi-functional RNA-binding protein RBM3 is typically
inducible by cold exposure (Danno et al., 2000; Zhu et al., 2016).
Besides cold stress, RBM3 responds to hypoxia as well (Wellmann
et al., 2004). During development, RBM3 expression is abundant
in neurogenic niches and co-localizes with NSC marker nestin
(Pilotte et al., 2009). RBM3 has been recently reported to promote
neurogenesis via Yap during embryonic stage (Xia et al., 2018).
Other studies also suggest that RBM3 plays an important role
in the proliferation of cancer cells, fibroblasts, and HEK293 cells
(Sureban et al., 2008; Wellmann et al., 2010; Matsuda et al.,
2011; Chen et al., 2019). Besides, in recent years, a series of
studies have demonstrated that RBM3 can promote the survival
of neuroblastoma cells, which are widely used to replace NSCs
in neuronal di�erentiation assays in vitro, upon diverse stressful
treatments (Yang et al., 2017; Zhuang et al., 2017; Ushio and Eto,
2018). However, it remains unclear how RBM3 regulates NSC
proliferation under hypoxic conditions.

In this study, we investigated whether RBM3 expression is
a�ected under hypoxic conditions and elucidated the role of
RBM3 in the regulation of cell cycle in mouse NSC cell line and
primary murine NSCs exposed to hypoxia.

MATERIALS AND METHODS

Animals
The research protocol, approved by the Cantonal Veterinary
O�ce of Basel, was conducted according to the Ethical Principles
and Guidelines for Experiments on Animals of the Swiss
Academy ofMedical Sciences and the Swiss Academy of Sciences.
RBM3 wild type (WT) and knockout (KO) mice with C57BL/6

background were generated by Prof. Tadatsugu Taniguchi
(University of Tokyo, Japan) (Matsuda et al., 2011) and were
kindly provided by his group. Since RBM3 is X-chromosome
gene, only male mice were used in this study.

Cell Isolation and Culture
Primary NSCs were isolated from the whole brain excluding
cerebellum of postnatal day 0 (P0) mice or from the subgranular
zone (SGZ) of 2-month-old adult mice as described previously
(Zhu et al., 2019). Briefly, the forebrains from P0 mice or the
dentate gyrus from adult mice were dissociated with papain
(Worthington) and DNase I (Sigma) and then undissociated cell
clusters were removed by a cell strainer (Sigma). Dissociated cells
were cultured in serum-free DMEM-F12 (Gibco) supplemented
with B27 supplement (Gibco), 2 mM L-glutamine (Gibco),
20 ng/ml EGF (PeproTech), and 20 ng/ml FGF2 (PeproTech).
After glial cells and neurons died, primary NSCs were maintained
as neurospheres in uncoated dishes.

C17.2 mouse NSC line was purchased from Sigma and
cultured in DMEM (Gibco) supplemented with 10% FBS (Gibco)
and 2 mM L-glutamine (Gibco).

Plasmid Transient Transfection
pCEP4 mammalian expression vector was purchased from
ThermoFisher Scientific. rbm3 gene was cloned into pCEP4
vector in our previous work for exogenous overexpression (Chip
et al., 2011). The empty vector or RBM3-overexpressing vector
was transiently transfected into C17.2 cells by electroporation
with Cell Line Nucleofector Kit V (Lonza) using the Nucleofector
I device (Lonza). For transfections in primary NSCs, cells were
first dissociated from neurospheres to single cells by Trypsin
(Sigma) and then transfected with DNA vectors using the Mouse
Neural Stem Cell Nucleofector Kit (Lonza) and the Nucleofector
I device (Lonza).

Hypoxia Exposure
Before hypoxic treatment, primary NSCs in the form of
neurospheres were dissociated into single cells by Trypsin
(Sigma) and seeded into poly-L-lysine pre-coated 16-well
chamber slides (Labtek) at a density of 1⇥ 104/well as monolayer
culture in ambient normoxic condition (21%O2). For transfected
primary NSCs, additional overnight recovery in uncoated 12-
well plate was required before seeding to chamber slides. After
24 h (for non-transfected NSCs) or 48 h (for transfected NSCs)
growth, 20 µM BrdU was added into the medium and the
slides were transferred to a hypoxic incubator (MiniGalaxy A,
RS Biotech) with indicated oxygen levels. Slides in an ambient
normoxic incubator served as a control group.

Non-transfected and transfected C17.2 cells were seeded either
in six-well plates or in 15-cm-diameter dishes, and transferred to
a hypoxic incubator with indicated oxygen levels. Plates or dishes
in ambient normoxic incubator served as a control group.

RNA Isolation and Real-Time PCR
Total RNA were purified from 2 ⇥ 105 cultured cells by the
ReliaPrep RNA Cell Miniprep System (Promega). cDNA was
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synthesized from 1 µg total RNA using the GoScript Reverse
Transcription System (Promega). Real-time PCR was performed
in 15 µl volume with the GoTaq qPCR System (Promega) on
the CFX Connect Real-Time PCR Detection System (Bio-Rad).
The PCR cycle was run as follows: pre-denaturation by 95�C for
5min, and then 95�C for 15 s and 60�C for 1min for 40 cycles. To
calculate relative gene expression, the 2�11CT method was used.
Primer sequences for real-time PCR are listed below. To correct
for di�erences in both RNA quality and quantity between samples
as well as changes in oxygen exposure, six housekeeping genes
were used, namely, beta-actin (actb), glyceraldehyde 3-phosphate
dehydrogenase (gapdh), ribosomal protein L13a (rpl13a), 45S
pre-ribosomal RNA (rn45s), 28S ribosomal RNA (rn28s1), and
alpha-tubulin-1 (tuba1):

Mouse-rbm3-forward: 50 CTT CAG CAG CTT TGG GCC
TA 30

Mouse-rbm3-reverse: 50 CCC ATC CAG GGA CTC TCC
AT 30

Mouse-cirp-forward: 50 CCA AGT ATG GGC AGA TCT
CCG A 30

Mouse-cirp-reverse: 50 CTGCCGCCCGTCCACAGACT
30

Mouse-kdm3a-forward: 50 GAGCTGTTTCCCACACCG
A 30

Mouse- kdm3a -reverse: 50 TGC TTT TCT CTGAAGGCT
30

Mouse-actb-forward: 50 GGC CAA CCG TGA AAA GAT
GA 30

Mouse-actb-reverse: 50 CACAGCCTGGATGGCTACGT
30

Mouse-gapdh-forward: 50 AAC GAC CCC TTC ATT GAC
30

Mouse-gapdh-reverse: 50 TCC ACG ACA TAC TCA GCA
C 30

Mouse-rpl13a-forward: 50 GCGGATGAA TAC CAA CCC
30

Mouse-rpl13a-reverse: 50 GTA GGC TTC AGC CGA ACA
AC 30

Mouse-rn45s-forward: 50 GTA ACC CGT TGA ACC CCA
TT 30

Mouse-rn45s-reverse: 50 CCA TCC AAT CGG TAG TAG
CG 30

Mouse-rn28s1-forward: 50 TTG AAA ATC CGG GGG
AGA G 30

Mouse-rn28s1-reverse: 50 ACA TTG TTC CAA CAT GCC
AG 30

Mouse-tuba1-forward: 50 ACA GGA TTC GCA AGC TGG
C 30

Mouse-tuba1-reverse: 50 CCA AGA AGC CCT GGA GAC
C 30

Protein Isolation and Western Blot
Total proteins were extracted from cultured cells or homogenized
mouse brain with lysis bu�er (1% Triton X-100, 50 mM Tris,
150 mM NaCl, 1 ⇥ Roche Protease Inhibitor Cocktail, pH
8.0). Total protein concentrations in cleared cell lysates were

determined with RC DC Protein Assay (Bio-Rad). Lysates were
loaded onto Mini-Protean TGX pre-cast gels (Bio-Rad) and
transferred to PVDFmembranes (Amersham/GEHealthcare Life
Sciences). Membranes were incubated with primary antibodies
overnight at 4�C and then with HRP-linked secondary antibodies
for 1 h at room temperature (RT).

Primary and secondary antibodies:

Anti-mouse RBM3 (Proteintech, 14363-1-AP): rabbit
polyclonal, 1:1000 diluted
Anti-mouse CIRP (Proteintech, 10209-1-AP): rabbit
polyclonal, 1:1000 diluted
Anti-mouse GAPDH (Abeam, ab8245): mouse
monoclonal, 1:2000 diluted
HRP-linked anti-rabbit secondary antibody (Cell Signaling
Technology, 7074S): 1:5000 diluted
HRP-linked anti-mouse secondary antibody (Cell Signaling
Technology, 7076S): 1:5000 diluted.

Band relative quantification was performed by Image J
(NIH). Each band was outlined and the mean grayscale value
was measured. Background intensity was subtracted from the
measured values. The ratios of target proteins (RBM3 and CIRP)
and loading control (GAPDH) were calculated.

Flow Cytometry
Flow cytometry analysis was performed with C17.2 cells
on FACSCANTO II device (BD Biosciences). After hypoxic
treatment, cells were fixed with ethanol for viability and cell
cycle analysis. Cell viability was measured with 1 ⇥ 106 cells
using LIVE/DEAD Viability/Cytotoxicity Kit (ThermoFisher
Scientific). For cell cycle analysis, 1⇥ 106 cells were analyzed with
propidium iodide (Sigma).

Immunofluorescent Staining
After hypoxic treatment, cells in chamber slides were fixed 4%
paraformaldehyde for 10 min at RT. For BrdU staining, fixed
cells were treated 2 M HCl for 30 min and neutralized with
0.1 M sodium borate (pH 8.5) for 10 min before blocking.
For permeabilization and blocking, cells were treated with 0.5%
Triton X-100 and 5% normal goat serum in phosphate bu�er for
1 h at RT. Cells were incubated with primary antibodies overnight
at 4�C and then with Alexa Fluor dye-conjugated secondary
antibodies for 2 h at RT. Nuclei were counterstained with DAPI
for 15 min at RT. Images were acquired with an Olympus AX-
70 fluorescent microscope equipped with a Spot Insight digital
camera. For cell quantification, images of five random fields in
each experiment were captured under 20 ⇥ magnifications, and
the total numbers of BrdU+ andDAPI+ cells in each image were
counted. The average percentage of BrdU + /DAPI + cells from
five images was used to represent the value of one experiment.
Three independent experiments were performed.

Primary antibodies:

Anti-Nestin (Novus, NBP1-02419), rabbit polyclonal,
1:200 diluted
Anti-Sox2 (R&D, MAB2018), mouse monoclonal,
1:250 diluted
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Anti-Dcx (Millipore, AB2253), guinea pig polyclonal,
1:1000 diluted
Anti-Tuj1 (Tubulin III) (Millipore, AB1637), mouse
monoclonal, 1:250 diluted
Anti-BrdU (Abcam, ab6326), rat monoclonal, 1:250 diluted.

Statistical Analysis
All experiments were repeated three times independently.
Quantification data are presented in standard error of the mean
(SEM). Statistical analysis was performed by GraphPad Prism 8.0.
To compare two groups with a single factor, unpaired t test was
used. To compare more than two groups with a single factor,
statistical significance was determined by one-way ANOVA
followed by Dunnett’s multiple comparison. To compare two
groups and two factors, statistical significance was determined
by two-way ANOVA followed by Tukey’s multiple comparison.
p value less than 0.05 was reported as significant di�erence. N.S.,
not significant; ⇤p < 0.05; ⇤⇤p < 0.01.

RESULTS

RBM3 Expression Is Sensitively Inhibited
by Hypoxia in NSC
C17.2 mouse NSC line was used for this study, as it harbors NSC
properties and is widely investigated with hypoxic treatments
(Felfly et al., 2011; Wang et al., 2014; Zhang et al., 2017). We first
confirmed the NSC property of C17.2 cells by immunostaining
with specific markers. C17.2 cells express NSC marker nestin
and sex determining region Y-box 2 (Sox2), but not neuroblast
marker doublecortin (Dcx) and neuronal marker neuron-specific
Class III b-tubulin (Tuj1) (Figure 1A), indicating their properties
as undi�erentiated NSCs.

To test how di�erent oxygen levels influenced RBM3
expression, we exposed C17.2 cells to ambient normoxia (21%
O2), very mild hypoxia (18 and 16% O2), mild hypoxia (12
and 8% O2), moderate hypoxia (5 and 2.5% O2), and severe
hypoxia (1% O2). Beta-actin gene (actb) was selected as reference
gene for real-time PCR, as it showed the highest stability under
hypoxic conditions among six commonly used housekeeping
genes (Supplementary Table S1). The mRNA level of rbm3 was
remarkably suppressed even under very mild hypoxic condition,
and remained suppressed with mild, moderate, and severe
hypoxia (Figure 1B). Notably, at 2.5% O2, rbm3 expression was
recovered to some extent, but remained lower than ambient
normoxic condition (Figure 1B). kdm3a, a well-characterized
hypoxia-inducible gene, was used as positive control (Wellmann
et al., 2008), and its expression was upregulated by moderate
to severe hypoxia (Figure 1D). At 2.5% O2 level, kdm3a
expression reached the peak (Figure 1D). Interestingly, the
only known vertebrate homolog of RBM3, cold inducible RNA-
binding protein (CIRP) (Zhu et al., 2016), showed a similar
reduction of mRNA as rbm3 under hypoxic conditions, but not
as sensitive as rbm3 at 18% O2 level (Figure 1C). Consistently,
RBM3 and CIRP protein expressions were also downregulated by
2.5% hypoxia (Figures 1E,F). In general, our results show that

RBM3 expression is extremely sensitive to hypoxic exposure in
C17.2 mouse NSC line.

Moderate to Severe Hypoxia Inhibits
C17.2 Cell Proliferation
In general, NSCs are exposed to moderate hypoxia
physiologically and to severe hypoxia pathologically in vivo
(De Filippis and Delia, 2011). Here, we evaluated how di�erent
degrees of moderate to severe hypoxia influenced the cell cycle
of C17.2 cells. Cells were treated with 21, 5, 2.5, and 1% O2
for 24 h, and then stained with propidium iodide and analyzed
for cell cycle change by flow cytometry. We observed that
moderate (5 and 2.5% O2) and severe hypoxia (1% O2) lead to a
remarkable cell cycle arrest, with increased cell number in G0/G1
phase and decreased cell number in S phase (Figure 2). Cell
numbers in S phase and G2/M phase were reduced in all hypoxic
groups (Figure 2). In accordance to a previous report, our
data supported the idea that severe hypoxia (1% O2) inhibited
cell cycle in C17.2 cells (Zhang et al., 2017). However, with
moderate hypoxia (5 and 2.5% O2), we observed an inhibitory
e�ect as well (Figure 2) rather than a stimulating e�ect on NSC
proliferation (Zhang et al., 2017). As moderate hypoxia (2.5%
O2) demonstrated more cell arrest in S phase than 5 and 1%
hypoxia (Figure 2), and a recovery of expression was observed
(Figure 1B), in the following RBM3-overexpressing experiments,
we selected this oxygen concentration to examine the function of
RBM3 on NSC proliferation and survival.

Overexpression of RBM3 Rescues C17.2
Cell From Hypoxia-Induced Cell Cycle
Arrest
To explore the role of RBM3 in hypoxia-induced cell cycle
arrest, we overexpressed RBM3 in C17.2 cells by transient
transfection (Figure 3A) before exposing them to moderate
hypoxia (2.5% O2). As RBM3 was found to be cytoprotective
(Yang et al., 2017; Zhuang et al., 2017; Ushio and Eto, 2018),
we examined the viability of NSCs after moderate hypoxic
treatment. Forced RBM3 expression significantly enhanced live
cell proportion and reduced dead cell proportion (Figure 3B).
While cells were arrested in G0/G1 phase after hypoxic treatment,
RBM3 overexpression caused the cells to overcome the arrest
(Figure 3C). These data provide evidence that RBM3 positively
regulates NSC growth under moderate hypoxic condition by
promoting G1 to S phase transition.

RBM3 Positively Regulates Primary NSC
Proliferation Under Hypoxia
To further confirm the role of RBM3, we took advantage of
primary NSCs isolated from the forebrain of postnatal day 0
(P0) RBM3 WT and KO mice. Similar to C17.2 cells, both
WT and KO NSCs express NSC marker nestin and Sox2, but
neither the neuroblast marker Dcx nor the neuronal marker Tuj1
(Figure 4A). RBM3 depletion in KO NSCs was confirmed by
Western blot (Figure 4B). We further treated primary NSCs with
ambient normoxia (21% O2), moderate hypoxia (5 and 2.5%
O2), or severe hypoxia (1% O2), and labeled cells by BrdU, a
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FIGURE 1 | Oxygen-sensitive gene expression in NSCs upon hypoxic exposure. (A) Representative Nestin/Sox2 and Dcx/Tuj1 double stainings of C17.2 cells
cultured in standard condition with 21% O2; nuclei were counterstained with DAPI. (B–D) mRNA expression of rbm3 (B), cirp (C), and kdm3a (D) was measured
16 h after ambient normoxic (21% O2) or indicated hypoxic treatment. Actb was used as an internal control. One-way ANOVA followed by Dunnett’s test was used
to compare each hypoxic condition to the normoxic group. N.S. not significant; ⇤p < 0.05; ⇤⇤p < 0.01. (E) Representative Western blot, RBM3, and CIRP were
measured 24 h after ambient normoxic (21% O2) or moderate hypoxic (2.5% O2) treatment; GAPDH was used as a loading control. (F) Band relative intensity in
panel (E) was normalized, and unpaired t test was used for statistical analysis. N.S., not significant; ⇤p < 0.05; ⇤⇤p < 0.01.

commonly used proliferation marker for S phase (Lengronne
et al., 2001). After 24 h incorporation with BrdU, a significant
decrease of proliferation ratio (% of BrdU + /DAPI + cells)
from ambient normoxia (21% O2) to severe hypoxia (1% O2)
was detected, but not from ambient normoxia (21% O2) to
moderate hypoxia (5 and 2.5% O2) (Figures 4C,D), probably

due to the robustness of P0 NSCs with high proliferation rate
and resistance to hypoxic stress. The proliferation ratio was
remarkably downregulated in KO NSCs when comparing to WT
NSCs under ambient normoxic condition (21% O2) or moderate
hypoxic conditions (5 and 2.5% O2), but not significant under
severe hypoxic conditions (1% O2) (Figures 4C,D). In addition,
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FIGURE 2 | Hypoxia induces cell cycle arrest in NSCs. Cell cycle analysis of C17.2 cells after 24 h 5% O2, 2.5% O2, and 1% O2 hypoxic treatment. Ambient
normoxic (21% O2) was used as control. Representative flow cytometry DNA histogram with propidium iodide (PI) staining. One-way ANOVA followed by Dunnett’s
test was used for statistical analysis in G0/G1 phase, S phase, and G2/M phase (n = 3). N.S., not significant; ⇤⇤p < 0.01.

we overexpressed exogenous RBM3 in primary P0 NSCs by
electroporation (Figure 4B). Electroporation-based transfection
significantly reduced proliferation ratio to around 70% under

normoxic conditions (21% O2), while both moderate hypoxia
(5 and 2.5% O2) and severe hypoxia (1% O2) further inhibited
proliferation ratio remarkably (Figures 4E,F). In contrast to
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FIGURE 3 | RBM3 overexpression increases NSC viability and proliferation under moderate hypoxia. (A) RBM3 protein expression after transient transfection with
overexpressing vector. Vec: empty vector; RBM3 OE: RBM3-overexpressing vector. (B) Representative flow cytometry dot plots of transfected C17.2 cells with
LIVE/DEAD viability staining after 24 h moderate hypoxia (2.5% O2). Unpaired t test was used for statistical analysis (n = 3). ⇤p < 0.05. (C) Representative flow
cytometry DNA histogram of transfected C17.2 cells with propidium iodide (PI) staining after 24 h moderate hypoxic (2.5% O2) treatment. Vec: empty vector; RBM3
OE: RBM3-overexpressing vector. Unpaired t test was used for statistical analysis in G0/G1 phase, S phase and G2/M phase (n = 3). N.S., not significant; ⇤p < 0.05.

depletion, forced RBM3 expression rescued hypoxia-induced
proliferation inhibition partially, but did not alter proliferation
under normoxia (21% O2) (Figures 4E,F).

To confirm that the e�ect of RBM3 in NSC proliferation
is general, we isolated NSCs from the SGZ of adult mice,
one of the two well-characterized neurogenic niches in adults
(Fuentealba et al., 2012). We did not use subventricular zone
(SVZ)-derived NSCs because our previous study showed that
RBM3 plays a less important role in the proliferation of SVZ-
NSCs than SGZ-NSCs after hypoxic–ischemic (HI) injury (Zhu
et al., 2019). The characters of SGZ-derived NSCs were confirmed
by positive staining of nestin/Sox2 and negative staining of
Dcx/Tuj1 (Figure 5A). We also confirmed RBM3 depletion in
KO SGZ-NSCs and RBM3 overexpression in electroporation-
transfected WT SGZ-NSCs (Figure 5B). We also observed a
reduction of proliferation of SGZ-NSC in the absence of RBM3

under hypoxia (Figures 5C,D). On the other hand, overexpressed
RBM3 elevated SGZ-NSC proliferation ratio under hypoxic
conditions (Figures 5E,F).

DISCUSSION

In this study, we exposed murine NSCs to various degrees of
hypoxia and noticed a remarkable downregulation of RBM3
even at very mild hypoxia (18% O2) with little further change
at lower oxygen levels (Figure 1B). The sensitivity of RBM3
expression to hypoxic response is higher than its homolog
CIRP (Figures 1B,C). Such a high sensitivity of RBM3 has
also been reported in response to environmental temperature
change, more than CIRP. Even a 1�C change from 37 to
36�C is su�cient to stimulate RBM3 expression in primary
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FIGURE 4 | RBM3 positively regulates proliferation in primary NSC from P0 mice under hypoxia. (A) Representative Nestin/Sox2 and Dcx/Tuj1 double staining of
primary RBM3 WT and KO NSCs from the forebrains of P0 mice. Nuclei were counterstained with DAPI. (B) RBM3 protein expression in RBM3 WT and KO primary
NSCs, and vector transfected WT NSCs from the forebrains of P0 mice. Vec: empty vector; OE: RBM3-overexpressing vector. (C) Representative BrdU and DAPI
staining of P0 WT or KO NSCs after 24 h 21, 5, 2.5, or 1% O2 treatment. (D) Two-way ANOVA followed by Tukey’s test was used for the comparisons in panel (C).
N.S., not significant; ⇤p < 0.05; ⇤⇤p < 0.01. (E) Representative BrdU and DAPI staining of P0 WT NSCs transfected with empty or RBM3-overexpressing vector
after 24 h 21, 5, 2.5, or 1% O2 treatment. (F) Two-way ANOVA followed by Tukey’s test was used for the comparisons in panel (E). N.S., not significant; ⇤p < 0.05;
⇤⇤p < 0.01.

cortical neurons and astrocytes (Jackson et al., 2015). Regarding
hypoxia, CIRP expression was also reported to decrease in
moderate (3%) and severe (1%) hypoxic conditions (Zhang
et al., 2017). However, RBM3 was previously found to be
induced by moderate (5%) and severe (1%) hypoxia in HeLa and
Hep3B cancer cells (Wellmann et al., 2004). The discrepancy in
di�erent cell types indicates that the subtle regulation patterns
of the two cold-inducible RNA-binding proteins RBM3 and
CIRP by hypoxia can be cell type specific and may involve
di�erent regulatory mechanisms. Indeed, cancer stem cells
reside in a more hypoxic niche than NSCs and utilize oxygen
in di�erent signaling pathways compared to NSCs, in the

maintenance of their stemness (Panchision, 2009; Mohyeldin
et al., 2010). Notably, in C17.2 cell line, both RBM3 and CIRP
are downregulated under moderate to severe hypoxic conditions
(Figures 1B,C; Zhang et al., 2017), and both proteins promote
G1/S transition in the cell cycle of NSCs upon hypoxic exposure
(Figure 3C; Zhang et al., 2017), in accordance with their
homogeneous structure and functions as reviewed before (Zhu
et al., 2016). We additionally demonstrated consistent e�ects
of RBM3 on NSC proliferation in neonatal and adult primary
NSCs (Figures 4, 5). Based on these functions, both RBM3
and CIRP are suggested for potential prevention of hypoxia-
induced brain injury. However, considering that CIRP is also
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FIGURE 5 | RBM3 positively regulates proliferation in primary NSC from the SGZ of adult mice under hypoxia. (A) Representative Nestin/Sox2 and Dcx/Tuj1 double
staining of primary RBM3 WT and KO NSCs from the SGZ of adult mice. Nuclei were counterstained with DAPI. (B) RBM3 protein expression in RBM3 WT and KO
primary NSCs, and vector transfected WT NSCs from the SGZ of adult mice. Vec: empty vector; OE: RBM3-overexpressing vector. (C) Representative BrdU and
DAPI staining of SGZ-derived adult WT or KO NSCs after 24 h 21, 5, 2.5, or 1% O2 treatment. (D) Two-way ANOVA followed by Tukey’s test was used for the
comparisons in panel (C). ⇤p < 0.05; ⇤⇤p < 0.01. (E) Representative BrdU and DAPI staining of SGZ-derived adult WT NSCs transfected with empty or
RBM3-overexpressing vector after 24 h 21, 5, 2.5, or 1% O2 treatment. (F) Two-way ANOVA followed by Tukey’s test was used for the comparisons in panel (E).
N.S., not significant; ⇤p < 0.05; ⇤⇤p < 0.01.

involved in mediating neuro-inflammation (Rajayer et al., 2013;
Zhou et al., 2014), instead, RBM3 tends to be a safer target
in clinical use.

Ischemic stroke and global HI injury are the most common
cerebral hypoxic injuries, which induce irreversible damage to the
brain from infants to adults (Huang and Castillo, 2008; Ekker
et al., 2018). Although NSCs normally reside in hypoxic niche
in physiological conditions, they can also migrate to injured
regions for neuro-regeneration in these pathological conditions
with moderate to severe hypoxia. Our recent study provides
evidence that RBM3 behaves as a potential target to maintain
NSC pool in HI conditions (Zhu et al., 2019). In addition, as the

endogenous migrating NSCs are usually not su�cient to replace
lost neurons by neurogenesis, exogenous transplantation of NSC
is required for improved recovery not only by cell replacement,
but also by multiple by-stand mechanisms (Kalladka and Muir,
2014; Vishwakarma et al., 2014; Huang and Zhang, 2019). When
preparing exogenous NSCs in vitro, physiologically hypoxic
pre-conditioning may benefit to mimic in vivo environment
(Wakai et al., 2016), but can also produce disadvantageous
e�ects, as hypoxia is a complex process. As the promotion of
proliferation is largely mediated by hypoxia-inducible factor-1a
(HIF-1a) signaling (Mohyeldin et al., 2010; Li et al., 2014), RBM3
regulation is independent of HIF-1a (Wellmann et al., 2004).
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Therefore, manipulating RBM3 expression opens a new avenue
to increase viability, proliferation capacity, and multi-potency of
cultured NSCs and probably other types of stem cells, which may
improve therapeutic e�ects after transplantation.
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TABLE S1 | Stability test of housekeeping genes under hypoxia for real-time
PCR. The Ct values of six commonly used housekeeping genes, beta-actin (actb),
glyceraldehyde 3-phosphate dehydrogenase (gapdh), ribosomal protein L13a
(rpl13a), 45S pre-ribosomal RNA (rn45s), 28S ribosomal RNA (rn28s1) and
alpha-tubulin-1 (tuba1), were measured by real-time PCR under 21, 5, 2.5, and
1% hypoxic conditions in C17.2 cells. Their stability was ranked by geNorm
method (https://genorm.cmgg.be/). Actb shows the lowest M value, indicating its
highest stability under hypoxic conditions and thereby selected as reference gene
in real-time PCR experiments.
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2.3.1 Introduction 

Neuroblastoma, a childhood sympathetic nervous system cancer that originates from neural 

crest cells [1, 2], is often described as enigmatic and unpredictable because it exhibits three 

distinct patterns of clinical behavior: life-threatening progression; maturation to 

ganglioneuroblastoma or ganglioneuroma; and spontaneous regression [3-5], the incidence of 

which is about 200-fold greater than that for any other human cancer, such as renal carcinoma 

or malignant melanoma [6]. The most convincing demonstration of spontaneous regression is 

when primary neuroblastoma and metastatic disease disappear without any treatment [4, 7-9]. 

This usually occurs when the disease is distributed in the liver and/or bone marrow and skin 

but not in cortical bone or distant nodes [10, 11].  

A 1994 study suggested that the most likely explanation for spontaneous regression of 

neuroblastoma is delay in the developmental time-switch for apoptosis [12]. Recent genomic 

and biological studies have shed light on the clinical behavior of neuroblastoma which extends 

from spontaneous regression or differentiation in some patients to relentless disease 

progression in others. Several mechanisms of spontaneous regression have been suggested, 

including neurotrophin deprivation [13, 14], humoral or cellular immunity, loss of telomerase 

activity [15, 16], and altered epigenetic regulation [17-19]. Thus, future therapies may focus 

increasingly on specific genes and biological pathways that contribute to malignant 

transformation or progression.  

Neuroblastoma cell lines are heterogeneous, comprising at least three distinct cell phenotypes: 

(1) neuroblastic N-type cells, which are immature nerve cells, precursors to the 

sympathoadrenal cell lineage of the neural crest [20, 21]; (2) non-neuronal substrate-adherent 

S-type cells, which are multipotent precursors to Schwann cells, melanocytes and glial cells, 

and can form the non-neuronal lineage of the neural crest [20, 22]; and (3) intermediate I-type 

cells, which are intermediate with respect to N- and S-type cells in terms of morphology and 

biochemical markers [20, 22, 23], and which may represent either a stem cell or an intermediate 

stage in the trans-differentiation between N- and S-type cells [22, 24]. I-type and N-type cells 

are more malignant than S-type cells [25-27]. 

RBM3 expression correlates with good prognosis in several cancers and causes cellular 

differentiation and apoptosis [28]. Interestingly, high RBM3 expression is found in poorly 

differentiated prostate tumor [29], whereas experimental down-regulation of RBM3 in prostate 
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cancer cells attenuates cell survival and enhances in-vitro chemosensitivity [30]. These 

observations are consistent with the role of RBM3 in promoting cell proliferation and survival 

but cannot explain the favorable prognosis, indicating the involvement of other mechanisms. 

If altered apoptosis is an important pathogenetic mechanism in different cell types, the degree 

of spontaneous apoptosis might differ from that seen in progression [31, 32]. Less known is 

the role of RBM3 in cell morphology and motility in neuronal precursor cells, specifically at 

the boundary with oncogenic development. Thus elucidating the role of RBM3 in neuronal 

precursor cell migration and neuroblastoma development may shed light on the spontaneous 

apoptosis and regression of neuroblastoma. 

Both IMP1 and IMP3 have been reported to increase proliferation and invasion as oncofetal 

proteins in cancers of the pancreas, kidney, and lung. IMP1 is associated with lower overall 

patient survival and MYCN abundance [33, 34]. High expression of IMP1 is associated with 

tumor metastasis and poor overall prognosis. Furthermore, its paralog, IMP3, has been touted 

as a biomarker for a growing list of cancers, including neuroblastoma in one report [33]. A few 

studies have found IMP2 isoforms to be expressed in several tumor-derived and transformed 

cells [35, 36]. Moreover, the IMP2 gene is amplified at a higher frequency in several solid 

tumors while IMP2 depletion inhibits the proliferation of human cancer cell lines [37]. Such 

evidence suggests a role for the IMP isoform family as biomarkers of cancer progression and 

metastasis and target molecules for cancer therapy. 

2.3.2 Methods  

Cell culture and reagents 

NB cell lines SH-EP, SK-N-AS, LAN-1, SK-N-SH, and NB8 were provided by Dr. 

Mühlethaler-Mottet at the Institut Universitaire de Pathologie, Lausanne. SK-N-BE(2)C were 

provided by Dr. Hemmi, University of Zürich. SH-SY5Y cells were provided by Dr. Kohler, 

Department for Biomedicine, Basel. All NB cells were grown in Dulbecco's modified Eagle's 

medium supplemented with 2 mM-glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin and 

10 % of FCS. Cells were maintained at 37°C in a saturated humidity atmosphere containing 

95% air and 5% CO2. 

Plasmid transient transfection 
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All plasmids expressing GFP-RBM3, full-length or truncated IMP2 were transiently 

transfected into NB cell lines with FuGENE HD Transfection Reagent (Promega) for 48 h; 

2 µg of each plasmid was used to transfect 1 × 106 seeded cells.  

Protein isolation and Western blot 

Total proteins were extracted from cultured cells or homogenized rat brain with lysis buffer 

(1% Triton X-100, 50 mM Tris, 150 mM NaCl, 1× Roche Protease Inhibitor Cocktail, pH 8.0). 

Total protein concentrations in cleared cell lysates were determined with RC DC Protein Assay 

(Bio-Rad). Lysates were loaded onto Mini-Protean TGX pre-cast gels (Bio-rad) and transferred 

to PVDF membranes (Amersham/GE Healthcare Life Sciences). Membranes were incubated 

with primary antibodies overnight at 4°C and then with HRP-linked secondary antibodies for 

1 h at room temperature (RT).  

Primary and secondary antibodies: 

Anti-mouse RBM3 (Proteintech, 14363-1-AP): rabbit polyclonal, diluted 1:750  

Anti-mouse IMP2 (Abnova, H00010644-M01): mouse monoclonal, diluted 1:500  

Anti-mouse GAPDH (Abcam, ab8245): mouse monoclonal, diluted 1:5000  

HRP-linked anti-rabbit secondary antibody (Cell Signaling Technology, 7074S): diluted 

1:5000  

HRP-linked anti-mouse secondary antibody (Cell Signaling Technology, 7076S): diluted 

1:5000  

Neurosphere assay 

Neurosphere assays were performed to test the self-renewal capacity of cultured NB cell lines. 

Pre-cultured NB cells were plated at a density of 5000 cells per 100 µL medium in each well 

of 96-well plates to form primary neurospheres. Cells were cultured in complete DMEM-F12 

medium (Gibco) supplemented with 1× B27 supplement (Gibco), 2 mM L-glutamine (Gibco), 

20 ng/mL EGF and 20 ng/mL FGF2 (PeproTech). Four replicates were included in each group. 

The culture medium was changed every second day. Neurosphere images were captured after 

7 days culture.  

Wound healing assay 
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NB cells were seeded at an initial density of 5 × 105 cells in 6-well culture plates for 24 hours. 

The cell monolayer was ‘scratched’ in a straight line using a P200 pipette tip. The debris was 

removed and the scratch edge smoothed by washing the cells once with 1 ml growth medium, 

replaced with 2 ml medium. Images were captured at different time points as indicated.  

Differentiation assay 

NB cells were seeded at an initial density of 105 cells in 6-well culture plates for 24 hours. 

Cultured cells were subjected to directed differentiation by incubation in medium containing 

10 μM retinoic acid (RA) and grown for 7 days before harvest. 

2.3.3 Results 

1. RBM3 promotes neuroblastoma cell line proliferation 

Established primary tumor-derived neuroblastoma cell lines display distinct morphologies that 

reflect their heterogeneous genetic make-up. For instance, the Kelly and BE(2)-M17 cell lines 

bearing mycn amplification are associated with NB aggressiveness (N-type). In contrast, the 

SH-EP cell line, subcloned from SK-N-SH [22], lacks mycn amplification and displays S-type 

morphology (Table 1).  

In order to evaluate its effect on neuronal-type cell line migration RBM3 was knocked down 

using si-RNA in SH-SY5Y cells. Wound healing assay was performed after 24 hours 

transfection. Wildtype RBM3 clearly promoted cell migration, with the cells closing the wound 

at 48 h, whereas si-RNA knock-down RBM3 significantly inhibited treated SH-SY5Y cell 

migration (Figure 1.1). The self-renewal ability of neuroblastoma cells was assessed by sphere-

forming assay in SH-SY5Y cells. After 7 days culture, we found increased sphere number and 

Table 1: Human neuroblastoma cell line morphology

Cell line Type Stage gender & age MycN-amplification

Kelly neuronal 4 0.1 year, Male +

BE(2)-M17 neuronal 4 2.2 year, Male +

LA-N-1 neuronal 4 2 year, Male +

SK-N-SH neuronal 4 4 years, Female -

SH-SY5Y neuronal 4 4 years, Female -

SH-EP substrate adherent 4 4 year, female -

SK-N-AS substrate adherent 4 8 year, Female -

SK-N-BE(2)-C intermediate subtype 4 4 years, Female +
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size when overexpressing RBM3 compared to the vector group. In contrast, silencing RBM3 

reduced sphere number and size (Figure 1.2). The results demonstrated that RBM3 promotes 

SH-SY5Y migrating ability and self-renewal capacity.  

2. RA-induced differentiation alters RBM3 and IMP2 expression  

RA is used in the treatment protocol for high-risk neuroblastoma patients as it inhibits 

proliferation and induces cell differentiation [38, 39]. SH-SY5Y and Kelly, two neuronal-type 

neuroblastoma cell lines, were incubated with 10 µM RA to induce neuronal differentiation. 

After 5 days, cells progressively developed phenotypic changes compatible with neuronal-like 

morphology characterized by neurite outgrowth (Figure 2.1). RBM3 and IMP2 expression in 

the SH-SY5Y cell line decreased progressively over 3 days of RA treatment (Figure 2.2), while 

increasing in the Kelly line (Figure 2.2 A). We noticed that IMP2 molecular weight was 

different in Kelly and SH-SY5Y cells, indicating that various IMP2 isoforms are present in 

different cell types. No obvious change in CIRP was found in the whole cell lysates. In addition, 

cytoplasmic and nuclear protein fractions were isolated from RA-treated cells using a nuclear 

extraction kit according to the manufacturer’s recommendations. Western blot detected no 

RBM3 in the nuclear extract, but gradually increasing levels were observed in the cytoplasmic 

extract of SH-SY5Y cells. In Kelly cells, RA-induced differentiation regulated IMP2 levels in 

the opposite direction. These results demonstrate that IMP2 could regulate, or be regulated in, 

differentiated neuroblastoma cell lines.  

2.3.4 Discussion 

Much remains to be done in elucidating the roles of RBM3 and IMP2 in neuroblastoma 

development. So far we have only confirmed that RBM3 promotes neuroblastoma cell line 

proliferation in vitro. However, we have not shown how RBM3 affects cell migration or sphere 

formation. Is there less apoptosis when RBM3 is overexpressed? Is general translation 

enhanced? Does RBM3 interact with other proteins in certain pathways and, if so, how? These 

remain open questions. Interestingly, RA-induced differentiation alters the levels of RBM3 

expression. We also need to find out if RBM3 levels change when NB cell lines are induced 

by other reagents such as BrdU or ionomycin, and conversely whether RBM3 alters NB cell 

line differentiation. 

In this project, we studied RBM3 and IMP2 separately as there is yet no case for combining 

them. Little is known about the structure and function of the IMP2 protein, and how its activity 
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may relate to cancer. One report has identified multiple transcription start sites of the human, 

mouse and rat Imp2 genes in a highly conserved region only 50–90 nts upstream of the major 

translation start site; in addition, two isoforms, p58 and p62, are not generated by protease 

cleavage [35]. The first RRM domain of IMP2, which is absent in the p58 isoform, contains 

highly conserved RNP1 and RNP2 motifs important for RNA recognition, in contrast to the 

second RRM domain which has poor RNP signatures; in addition to binding to RNA, RRM 

domains can participate in protein-protein interaction and facilitate inter- or intra-molecular 

dimerization of RRM domain-containing protein [40, 41]. Thus loss of the RRM1 domain in 

the small isoform might affect its binding affinity and specificity to both RNA and protein 

partners, as well as its own structure, dimer formation, and stability as seen in other RRM-

containing proteins. RRM domains in IMPs may function to modulate the RNA-binding 

activity of the KH domains. In order to find which isoforms can be altered after differentiation, 

we designed specific primers for each IMP2 domain to identify the changes. Moreover, we also 

overexpressed each isoform in all types of neuroblastoma cell line to determine whether any 

differentiated marker can be increased.  
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Figure 1.1 Wound healing assay. A, SH-SY5Y cells were transfected with RBM3 siRNA and scramble siRNA respectively. Movement of
cells into wound was shown for each group at 0, 24h and 48 h post scratch (10×). The red dotted lines indicated the boundary lines of scratch.
Cell migration was assessed by recover of the scratch. Scale bar: 100 µm. B, The area of the wound was measured at the two time points in
every group, and % reduction of initial scratch area was compared. Three independent experiments were performed (n=3). Bars represent the
means ± SEM. t-test was used for statistical analysis.
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Figure 2.1 Morphological appearance of undifferentiated and differentiated
neuroblastoma cell lines. SH-SY5Y and Kelly were treated with 10 µM retinoic acid
(RA). Radom fields were chosen for representation on day 3 and day5. Scale bar: 200 µm.
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Figure 2.2 RBM3 expression in different neuroblastoma cell lines. Cells were treated with 10
µM retinoic acid (RA) for 1 or 3 days. Western blot was analyzed with RBM3 and IMP2 antibodies
for the whole cell lysate, nucleus extraction, and cytosol extraction.
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3.1 Discussion 

Therapeutic hypothermia has been described as the most potent neuroprotective strategy [1-3]. 

Although its benefits are well established in experimental models of stroke, there is limited 

evidence of its effectiveness in a clinical trial setting [4-7]. Most pre-clinical studies have used 

small rodent models in which target temperatures can be reached within minutes and 

maintained with reasonable control [8], to no obvious detrimental effect [8, 9]. This contrasts 

with the clinical trial setting in which several hours are required for cooling and rewarming 

[10-13]. Cooling presents substantial challenges and systemic side effects in humans [14], such 

as shivering [15], immunosuppression [16], pneumonia [17, 18], and cardiovascular events 

[11]. On the other hand, a potential advantage of therapeutic hypothermia over other 

neuroprotective agents is its ability to activate numerous pathways simultaneously by several 

mechanisms during the ischemic and reperfusion window, and to reduce damage beyond the 

neuron to include the entire neurovascular unit [19, 20]. More investigation is needed to better 

understand the underlying mechanisms of such intervention and to overcome the clinical 

barriers to the routine use of therapeutic hypothermia in stroke. 

The effect of hypothermia on endogenous neurogenesis in injured brain is somewhat 

controversial [21-26]. It seems that mild hypothermia enables the differentiation of precursor 

cells while preventing apoptosis [25, 26], whereas cooling to below 30°C suppresses cell 

proliferation and induces phase-specific and nonspecific cell cycle arrest as a result of reduced 

energy supply [21, 24]. Therapeutic hypothermia is widely known to protect the brain from HI 

injury [3, 27] but there is limited and inconsistent information as to whether it promotes or 

inhibits injury-induced NSC proliferation and neuronal differentiation or if anti-apoptosis is 

the key mechanism [28]. Mammalian cells generally respond to cold temperatures by arresting 

the cell cycle and inhibiting protein translation and gene transcription [3]. Cold-inducible 

proteins, both RBM3 and cold inducible RNA-binding protein (CIRP), are specifically induced 

by mild hypothermia [29, 30]. RBM3 has recently been shown to orchestrate neurogenesis by 

modulating Yap mRNA stability in cold stress [31]. Our own work has found that cold 

inducible RBM3 is indispensable for neuroprotection and post-injury neuroregeneration. 

Although cooling promotes neurogenesis under certain conditions, it also reduces the metabolic 

rate, thus inhibiting NSC proliferation and neurogenesis. In such a complex process, cold-

inducible proteins represent an ideal target for post-injury neurogenesis and could possibly 

replace therapeutic hypothermia. 
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As we have reported, RBM3-deficient mice do not exhibit an obvious phenotype under 

physiological conditions [32, 33]. Transcriptome changes are rare in RNA sequencing results 

when comparing RBM3 WT and KO mice. In an earlier study our group identified a family of 

RBM3-binding proteins of which more than half are involved in transcription and translation. 

Among the top-ranked interacting proteins, NF45 and NF90 are nuclear factors associated with 

dsRNA. RBM3 has been shown to prevent oxidative stress-induced cell apoptosis by inhibiting 

PERK phosphorylation with the assistance of NF90 [34]. IMP3 is an interactor with a higher 

score than IMP2, which itself is expressed in most adult tissues [35-37] (unlike oncofetal 

protein IMP3 [38]). Thus we focused more on IMP2-RBM3 interaction in the adult mice 

model.  

We elevated RBM3 and IMP2 expression, thereby stimulating IGF2 release in SVZ but not 

SGZ NSCs. As the main downstream factor of IMP2, IGF2 is abundant in the proliferative 

regions of both embryonic and adult brain [39], similarly to the temporal and spatial expression 

pattern of IMP2 and RBM3. In recent years, IGF2 has been identified as a positive regulator 

of the proliferation of embryonic and neonatal NSCs [40, 41], and adult NSCs [42, 43]. 

Interestingly, SVZ-NSC responses to exogenous IGF2 follow a paracrine pattern, while SGZ-

NSCs secrete IGF2 and regulate self-renewal in an autocrine manner [42, 43]. Our results 

support the hypothesis that RBM3 upregulates IGF2 expression and secretion in SGZ-NSCs 

but not SVZ-NSCs, explaining why only SGZ-NSC proliferation is affected by RBM3 

expression level after HI injury. The choroid plexus produces CSF including IGF2 [43, 44]. 

However, as we tested in part one, RBM3 is not expressed in choroid plexus in adult WT mice. 

RBM3 is unlikely to regulate IGF2 levels in CSF, which may explain why SVZ-NSC 

proliferation was unaffected in RBM3 KO mice. Actually, the IGF2 response in SVZ-NSC is 

niche-dependent but not intrinsic to these cells as they react with the IGF2 produced in CSF 

but not with IGF2 secreted by itself [42, 43]. We found that RBM3 not only protects NSCs 

from HI-induced apoptosis, it also stimulates NSC proliferation and neuronal differentiation. 

Our studies indicate that RBM3 behaves as a potential target for maintaining the NSC pool in 

hypoxia-ischemia conditions. As the promotion of proliferation is largely mediated by hypoxia-

inducible factor-1α (HIF-1α) signaling [45, 46], RBM3 regulation is independent of HIF-1α 

[47]. Therefore, manipulating RBM3 expression opens a new avenue for increasing viability, 

proliferation capacity and pluripotency in cultured NSCs and probably in other types of stem 

cell, which may improve therapeutic effects after NSC transplantation. 
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The only known homologous protein of RBM3 in mammals, CIRP [48], has attracted several 

studies [49-52]. Current understanding of the biological function of intracellular RBM3 and 

CIRP suggests they stabilize specific mRNAs and facilitate translation for survival advantage 

when cells are stressed [53]. In our study we found that RBM3 is induced not only by 

hypothermia, but also to comparable levels by mild (8%) and severe (1%) hypoxia via a 

mechanism involving neither HIF nor mitochondria in vitro [47]. We also found that 

overexpressed RBM3 relieved hypoxia-induced cell cycle arrest in G0/G1 phase and increased 

cell transit into S phase. CIRP has been reported to promote G1/S transition in the cell cycle of 

NSCs exposed to hypoxia  [54]. Such actions suggest that intracellular RBM3 and CIRP might 

both be preventive in hypoxia-induced brain injury. There is also evidence that extracellular 

CIRP is a damage-associated molecular pattern (DAMP) molecule [50]. Especially when cells 

are exposed to hypoxic stress or LPS, CIRP translocates from the nucleus to the cytoplasm and 

is actively released from macrophages. Its role in hypoxia-ischemia brain injury remains 

controversial. Qiang et al suggested that recombinant CIRP proteins induce TNF-α release 

from macrophages in vitro, stimulate inflammatory responses and cause tissue injury in 

animals; they identified extracellular CIRP as a bona fide proinflammatory mediator [50]. 

CIRP is also involved in mediating neuro-inflammation [55, 56]. Extracellular CIRP levels 

increase in ischemic stroke models, causing massive neuronal damage [56]. On the other hand, 

overexpression of CIRP reduces H2O2-induced apoptosis, indicating a neuroprotective role 

[57]. In contrast, as an intracellular protein, RBM3 has no such deleterious effect, and cannot 

in principal be released into the circulation, although high levels were found in human serum 

after cardiac arrest (CA), possibly due to ischemic cell necrosis [58]. Therefore, RBM3 tends 

to be a safer target modulator of post-injury neurogenesis than CIRP. 

Besides playing a neuroprotective role after injury, high RBM3 expression increases tumor 

sensitivity to chemotherapy and is associated with better prognosis [59], being an independent 

prognostic marker and treatment predictive marker in several cancers [60-63]. Oxygen-

regulated expression of RBM3 is dose-dependent and subject to cell vulnerability, and 

developmental or pathological changes, such as hypoxia-ischemia, carcinogenesis, and 

inflammation [48]. Embryonic fibroblasts from RBM3-deficient mice show a marked increase 

in the number of G2-phase cells [33], confirming that RBM3 is essential for cells to divide 

through mitosis. This may explain why tumors with high RBM3 expression show increased 

sensitivity to chemotherapy and are associated with better prognosis than RBM3-low or even 

RBM3-negative tumors [59]. RBM3 inhibits staurosporine-induced apoptosis in neuron-like 
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PC12 cells by repressing PARP cleavage [64]. The induction of Bcl-2 and suppression of 

caspase expression may also be involved in RBM3-mediated survival [34, 65]. In the third part 

of study, we found that RBM3 promotes neuroblastoma cell line proliferation and that RA-

induced differentiation alters the levels at which it is expressed in various cell types. However, 

its role in neuroblastoma progression is unclear and the specific mechanisms are still unknown: 

how RBM3 expression changes at different neuroblastoma stages, or whether it regulates 

neuroblastoma cell apoptosis by interacting with other proteins, and if so, by which pathways, 

are questions that remain unelucidated.  

Several studies have suggested that RBM3 prevents apoptosis in human neuroblastoma cells 

by modulating p38 signaling and miR-143 [66-68]. Pritchard and Hickman suggested that the 

most likely explanation for spontaneous regression of neuroblastoma is delay in the 

developmental time-switch for apoptosis [69].  

Little is known about the structure and function of the IMP2 protein, and how its activity may 

relate to cancer. One report has identified multiple transcription start sites of the human, mouse 

and rat Imp2 genes in a highly conserved region only 50–90 nts upstream of the major 

translation start site; in addition, two isoforms, p58 and p62, are not generated by protease 

cleavage [70]. The first RRM domain of IMP2, which is absent in the p58 isoform, contains 

highly conserved RNP1 and RNP2 motifs important for RNA recognition, in contrast to the 

second RRM domain which has poor RNP signatures; in addition to binding to RNA, RRM 

domains can participate in protein-protein interaction and facilitate inter- or intra-molecular 

dimerization of RRM domain-containing protein [71, 72]. Thus loss of the RRM1 domain in 

the small isoform might affect its binding affinity and specificity to both RNA and protein 

partners, as well as its own structure, dimer formation, and stability as seen in other RRM-

containing proteins. RRM domains in IMPs may function to modulate the RNA-binding 

activity of the KH domains [70]. In order to find which isoforms can be altered after 

differentiation, we designed specific primers for each IMP2 domain to identify the changes. 

Moreover, we also overexpressed each isoform in all types of neuroblastoma cell line to 

determine whether any differentiated marker can be increased. 

3.2 Outlook  

RBM3 not only protects NSCs from HI-induced apoptosis, it also stimulates NSC proliferation 

and neuronal differentiation. RBM3 is indispensable for neuroprotection and post-injury 
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neuroregeneration. RBM3-targeted therapy could be safe to administer in brain disorders. 

Manipulating RBM3 expression opens a new avenue to increase viability, proliferation 

capacity, and multi-potency of NSCs and probably other types of stem cells. 
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