
Stem Cell Reports

Report
Transcriptional Profiling of Hypoxic Neural Stem Cells Identifies Calcineurin-
NFATc4 Signaling as a Major Regulator of Neural Stem Cell Biology

Marta Moreno,1 Virginia Fernández,2 Josep M. Monllau,1 Vı́ctor Borrell,2 Carles Lerin,3
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SUMMARY
Neural stem cells (NSCs) reside in a hypoxic microenvironment within the brain. However, the crucial transcription factors (TFs) that

regulate NSC biology under physiologic hypoxia are poorly understood. Here we have performed gene set enrichment analysis

(GSEA) ofmicroarray datasets fromhypoxic versus normoxic NSCswith the aim of identifying pathways and TFs that are activated under

oxygen concentrations mimicking normal brain tissue microenvironment. Integration of TF target (TFT) and pathway enrichment anal-

ysis identified the calcium-regulated TF NFATc4 as a major candidate to regulate hypoxic NSC functions. Nfatc4 expression was coordi-

nately upregulated by top hypoxia-activated TFs, while NFATc4 target genes were enriched in hypoxic NSCs. Loss-of-function analyses

further revealed that the calcineurin-NFATc4 signaling axis acts as a major regulator of NSC self-renewal and proliferation in vitro and

in vivo by promoting the expression of TFs, including Id2, that contribute to the maintenance of the NSC state.
INTRODUCTION

Stem cells, including neural stem cells (NSCs), reside in

specialized compartments that contribute to their mainte-

nance. In the embryonic and adult mammalian brains,

signals emanating from cells in the niche or the cerebro-

spinal fluid promote NSC self-renewal and proliferation

(Lehtinen et al., 2011; Shen et al., 2004). Therefore, the

NSC microenvironment has a strong influence on NSC

behavior. Most cells in multicellular organisms live in

an environment within tissues where oxygen levels are

usually far below atmospheric oxygen concentrations.

Physiologic oxygen levels may vary depending on cell

type.Within the brain, physiologic oxygen concentrations

are at least one order of magnitude lower than in the atmo-

sphere (from 2%–5% in the cortex to 0.4% in pons) (Ereci�n-

ska and Silver, 2001; Mohyeldin et al., 2010; Panchision,

2009). In the hippocampus, where a specific population

of adult NSCs resides, oxygen partial pressure is 3%–4%,

a condition that persists from embryonic development.

In other words, NSCs reside in a hypoxic environment.

Physiologic hypoxia has been shown to promote cell pop-

ulation growth, survival, proliferation, and multipotency

(Chen et al., 2007; Pistollato et al., 2007; Studer et al.,

2000). However, the molecular mechanisms by which

low oxygen levels impact on normal NSC behavior are

poorly understood. This is probably due to the fact that

most functional studies are performed under non-phy-

siologic experimental conditions (21% oxygen), thereby

underestimating crucial factors that are active under phys-

iologic hypoxic conditions.
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Hypoxia is known to affect the transcriptional status of

the cell by activating important transcription factor (TF)

families, such as hypoxia-inducible factor (HIF) or necrosis

factor kB (NF-kB, nuclear factor of kappa light polypeptide

gene enhancer in B cells), among others (Cummins et al.,

2006;Wang and Semenza, 1993). These pivotal factors con-

trol a wide range of vital cell functions, such as cell fate,

proliferation, and survival in different cell types. As a mas-

ter regulator of the hypoxic response, HIF is one of the pri-

mary candidates to regulate NSC biology at low oxygen

levels. Up until now, only a candidate approach-driven

study had identified a couple of HIF targets that are, at least

in part, involved inmediating theNSC response to hypoxia

(Studer et al., 2000). Another study had reported that low

oxygen levels repress BMP-dependent SMAD activation,

thereby inhibiting gliogenic differentiation of NSC (Pistol-

lato et al., 2007). However, the molecular mechanisms by

which physiologic hypoxia controls NSC behavior re-

mained poorly understood.

The NSC response to hypoxia may go beyond the sole

upregulation of HIF-dependent gene targets. It also may

require the activation of other TFs. Most probably, it may

involve the coordinated response of several TFs at the

same time. The goal of this study was to identify the crucial

TFs that control NSC functions under physiologic oxygen

levels. Using gene set enrichment analysis (GSEA), we

have shown that physiologically low oxygen levels activate

a large number of TFs, well beyond the HIF family of TFs.

Furthermore, integration of transcription factor target

(TFT) and pathway enrichment analysis allowed us to un-

cover the calcium-regulated calcineurin-NFATc4 axis as a
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Figure 1. GSEA of Microarray Datasets from
Hypoxic versus Normoxic NSCs Identifies
NFATc4 as a Candidate TF to Regulate Hyp-
oxic NSC Functions
(A) Self-renewal of mouse E13.5 NSCs main-
tained in 5% oxygen (hypoxia) or 21% oxygen
(normoxia) was measured as the efficiency of
single cells to give rise to neurospheres at low
density. Data are presented as mean ± SEM
(n = 4 independent experiments, paired t test,
**p < 0.005).
(B) Cell proliferation of NSCs maintained in
hypoxia or normoxia as in (A) was assessed
by EdU incorporation. Data are presented as
mean ± SEM (n = 8 independent experiments,
paired t test, ***p < 0.001).
(C) GSEA of microarray datasets using the gene
sets of the KEGG pathway database. The top 20
KEGG gene sets that correlate with hypoxic
NSCs are shown. GSEA statistical significance:
FDR % 0.25.
(D) GSEA of microarray datasets using the TFT
gene sets. The top 20 TFT gene sets that
correlate with hypoxic NSCs are shown. GSEA
statistical significance: FDR % 0.25.
(E) Enrichment profiles of E12, AP1, CP2, and
STAT5A TFT gene sets are shown.
See also Figure S1 and Table S1.
key transcriptional program that controls NSC biology

in vitro and in vivo.
RESULTS AND DISCUSSION

Physiologic Hypoxia Promotes Neurosphere

Formation and Proliferation of Mouse Cortical NSCs

Culturing NSCs at low oxygen levels has been shown to

promote cell population growth, survival, proliferation,

and multicompetency of NSCs of different origins (Chen

et al., 2007; Pistollato et al., 2007; Studer et al., 2000). How-

ever, the effect of hypoxia on NSC self-renewal through a

neurosphere formation assay had not been tested. We

thus measured the neurosphere formation capacity at low
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density of embryonic day (E) 13.5 mouse cortical NSCs,

and we observed that culturing NSCs in hypoxic condi-

tions dramatically increased neurosphere numbers (Fig-

ure 1A). Moreover, we confirmed that mouse cortical

NSCs displayed increased proliferation at 5% versus 21%

oxygen, as measured by EdU incorporation (Figure 1B).
Transcriptomic Analysis of Hypoxic NSCs

To identify themolecularmechanismsmediating the effect

of low oxygen levels onNSC biology, we profiled the global

effect of sustained, physiologic hypoxia on NSC gene

expression using an unbiased approach by genome-wide

microarray analysis. Unsupervised principal component

analysis of microarray data showed reasonable separation
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between the hypoxia and normoxia groups (Figure S1A).

Comparative analysis of the transcriptomes revealed 374

significantly deregulated genes (Table S1). Microarray

expression changeswere validated using qRT-PCR for a sub-

set of genes of interest (Figure S1B). Notably, Ndufa4l2

(NADH dehydrogenase [ubiquinone] 1 alpha subcomplex,

4-like 2) was strongly induced by hypoxia, as previously re-

ported. Upregulation of this gene is part of the cell’s meta-

bolic adaptation to hypoxia (Tello et al., 2011). We also

observed an increase in the expression of Gabra3 (subunit

alpha 3 of the gamma-aminobutyric acid [GABA] A recep-

tor). Interestingly, GABAA receptors have been described

to regulate stem cell proliferation (Andäng et al., 2008).

We also determined by qRT-PCR the upregulation of two

well-described players in the cell’s response to hypoxia,

namely, Hif3a, member of the HIF family of TFs, and Vegfa,

a potent pro-angiogenic factor. These results suggest that

low oxygen levels induce changes in the transcriptome of

NSCs that might affect important NSC functions, such as

metabolism and proliferation.

To gain more insight into the biological significance of

our results, we next applied GSEA to evaluate our microar-

ray data at the level of gene sets. This approach was aimed

at identifying pathways and TFs that are activated in

NSCs cultured under oxygen concentrations that more

closelymimic their normal tissuemicroenvironment. First,

we interrogated for pathway enrichment by using the

gene sets from the KEGG pathway database. GSEA-KEGG

pathway analysis revealed an enrichment of genes within

both the glycolytic and glycogen synthesis pathways in

hypoxic NSCs (Figure 1C), which is consistent with ameta-

bolic switch in response to hypoxia (Pescador et al., 2010;

Seagroves et al., 2001). Remarkably, several members of

the aldehyde dehydrogenase family (Aldh9a1, Aldh1a3,

Aldh1b1, Aldh7a1, and Aldh2) significantly contributed to

the enrichment signal in the glycolysis gene set (Fig-

ure S2B). Interestingly, the ALDH family of enzymes has

been described to be enriched in different types of stem

and cancer stem-like cells (Armstrong et al., 2004; Corti

et al., 2006; Mao et al., 2013), supporting the notion that

physiologic hypoxia might favor a stem cell phenotype.

Taken together, these results suggest that the naturally

hypoxic microenvironment of NSCs might physiologi-

cally support a non-oxidative metabolism that promotes

stemness.

Identification of TFs Activated under Physiologic

Hypoxic Conditions

The primary goal of the present study was to identify TFs

that are active in physiologic hypoxic conditions and

thus might be controlling hypoxic NSC behavior. To this

end, we performed GSEA using the TFT gene sets. GSEA-

TFT revealed that more than 110 TFT gene sets were en-
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riched in hypoxic NSCs, which suggests that TFs control-

ling expression of these genes might be activated in these

conditions. As expected, genes with HIF1-binding sites

were enriched in hypoxic NSCs (V$HIF1_Q5, normalized

enrichment score [NES] = 1.33, false discovery rate

[FDR] = 0.22). We also identified other TFs previously

described to be activated by hypoxia in other cell types,

such as NF-kB (Rius et al., 2008). Importantly, there is a

large number of TFT gene sets with a higher NES than

HIF1, thus highlighting their potential role as important

regulators of hypoxic NSCs and suggesting that the hypox-

ic transcriptional response goes far beyond the sole activa-

tion of the HIF family of TFs. Such TFs included E2A immu-

noglobulin enhancer binding factor E12 (E12), GATA

binding protein 1 (GATA-1), and activator protein 1 (AP-

1) (Figure 1D). Strikingly, E12 is a basic helix-loop-helix

(bHLH) TF with a prominent role in the development of

the nervous system (Ross et al., 2003). These results

robustly validate our transcriptional profiling approach

to identify factors that are important in NSC biology by

searching for TFT enriched in hypoxic NSCs.

Remarkably, in four of the top 20 TFT gene sets from our

GSEA-TFT (E12, AP-1, CP2, and STAT5A), Nfatc4 was the

gene with the highest score, indicating that it was the

gene that better correlated with the hypoxic phenotype

in these gene sets (Figure 1E). Accordingly, the NFATc4

TFT gene set itself (V$NFAT_Q6) was enriched in hypoxic

NSCs (NES = 1.30, FDR = 0.25), indicating that NFATc4 tar-

gets also were upregulated by hypoxia (Figure S2C). Taken

together, the results from the GSEA-TFT analysis point to

NFATc4 as a good candidate to regulate NSC functions.

Functional Characterization of Calcineurin-NFATc4

Signaling in NSC Biology

The activity of the nuclear factor of activated T cell (NFAT)

family of TFs is regulated by calcium signaling via calci-

neurin, a calcium/calmodulin-dependent serine phospha-

tase. Upon dephosphorylation by calcineurin, NFATs

(NFATc1 through NFATc4) shuttle to the nucleus and

bind to their target promoters (Crabtree and Olson, 2002;

Hogan et al., 2003). In agreement with our GSEA-TFT re-

sults regarding NFATc4 (Figure 1E), the GSEA-KEGG anal-

ysis identified a positive enrichment of calcium-signaling

pathway members in NSCs cultured at 5% oxygen, sug-

gesting that this pathway is activated in hypoxic NSCs

(Figure 1C). Therefore, we hypothesized that calcium-calci-

neurin-NFAT signaling might be activated under physio-

logic hypoxic conditions and have a relevant role in NSC

functions.

To test our hypothesis, we first functionally characterized

the role of calcineurin in the neurosphere formation capac-

ity and proliferation of hypoxic NSCs. Using the pharma-

cological calcineurin inhibitors cyclosporin A (CsA) and
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A

B

C

Figure 2. Calcineurin Promotes Neurosphere Formation and
Proliferation
(A) NSCs were electroporated with a luciferase reporter gene
controlled by nine NFAT-binding sites, together with a renilla
expression plasmid to serve as an internal control, and treated with
increasing concentrations of CsA plus FK-506 or vehicle control
(DMSO). After O/N drug treatment, cells were subjected to a dual
luciferase assay. Data are presented as mean ± SEM (n = 3 inde-
pendent experiments, ANOVA, *p < 0.05).
(B) NSC self-renewal was assessed by neurosphere formation assay
in the presence of different concentrations of CsA+FK-506 or
vehicle control. Data are presented as mean ± SEM (n = 3 inde-
pendent experiments, ANOVA, *p < 0.05, **p < 0.01).
(C) NSCs maintained in hypoxia were treated with either CsA+FK-
506 (7.5 mM) or vehicle control. Cell proliferation was assessed by
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FK-506 (tacrolimus), we inhibited NFAT-dependent tran-

scriptional activity in a dose-dependent manner (Fig-

ure 2A). Importantly, CsA plus FK-506 decreased both the

neurosphere-forming capacity and proliferation of hypoxic

NSCs (Figures 2B and 2C).

Next, we set out to identify what NFAT family member

might be controlling NSC properties downstream of

calcineurin. We started out by analyzing the subcellular

localization of the four NFAT familymembers that are regu-

lated by calcium: NFATc1 through NFATc4 (Figure 3A).

The subcellular localization of NFATc1 was cytoplasmic.

NFATc2 was present mainly in the cytoplasm, although it

also would faintly stain the nuclei of some cells. NFATc3

displayed both nuclear and cytoplasmic localization.

NFATc4 was expressed at high levels and was concentrated

heavily in the nuclei of hypoxic NSCs. The specificity of

the antibody was tested by peptide competition assay

(Figure S3A).

In agreement with the results described in Figure 1E,

qRT-PCR data revealed that NFATc4 mRNA expression was

upregulated in hypoxic NSCs (Figure 3B). Western blotting

analysis using the NFATc4 antibody also showed an in-

crease in NFATc4 protein levels in hypoxic NSCs (Fig-

ure S3B). Expression of the rest of NFAT family members

(Nfatc1 to Nfatc3) didn’t change between normoxia and

hypoxia as assessed by microarray analysis (data not

shown) or qRT-PCR (Figure 3B). The latter results were

corroborated by our GSEA-TFT analysis, where NFATc1,

NFATc2, and NFATc3 TFT gene sets were not significantly

enriched in hypoxic NSCs (data not shown). We also vali-

dated by qRT-PCR the upregulation in hypoxic NSCs of

three NFATc4 target genes, namely, Trim47, Foxp2, and

Id2 (Figure 3C). Its nuclear localization, together with its

upregulation in hypoxia and our GSEA-TFT results (Fig-

ure 1E), pointed to NFATc4 as the NFAT family member

that might mostly contribute to NSC properties under

physiologic hypoxia.

The above results suggest that NFATc4 upregulation by

hypoxia depends on transcriptional activation of the

Nfatc4 gene. However, oxygen availability also has been

shown to regulate HIF-1 protein levels by promoting its

proteasomal degradation in the presence of high oxygen

levels and inducing protein stabilization under low oxygen

conditions (Semenza, 2001). Therefore, we asked whether

NFATc4 also was regulated via this mechanism. To test

this, we incubated NSCs maintained under normoxia at

5% oxygen during different periods of time. Western blot

analysis revealed that NFATc4 protein levels remained
EdU incorporation at the indicated time points after drug treat-
ment. Data are presented as mean ± SEM (n = 3 independent ex-
periments, ANOVA, *p < 0.05, ***p < 0.005).
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Figure 3. NFATc4 Promotes the Neurosphere-Forming Capacity of NSCs
(A) Immunocytochemistry of NFATc1 through NFATc4 in hypoxic NSCs. Nuclei were stained with a DNA dye (DAPI). Scale bar, 50 mm. See
also Figure S3A.
(B) Normalized mRNA expression of Nfatc1 through Nfatc4 in hypoxic versus normoxic NSCs. Data are presented as mean ± SEM (n = 4
independent experiments, paired t test, **p < 0.005).
(C) Normalized mRNA expression of NFATc4 target genes in hypoxic versus normoxic NSCs. Data are presented as mean ± SEM (n = 4
independent experiments, paired t test, *p < 0.05).
(D) (Left) Nfatc4 mRNA expression in hypoxic NSCs electroporated with two different siRNA directed against Nfatc4 or a control siRNA.
(Right) NFATc4 target gene expression in Nfatc4-knockdown NSCs (relative to siRNA control-electroporated NSCs). Data are presented as
mean ± SEM (n = 3 independent experiments, paired t test, *p < 0.05).
(E) NSCs maintained in hypoxia were electroporated with an siRNA directed against Nfatc4 or a control siRNA. Viable cells were immediately
sorted and plated at low density. Neurosphere formation was assessed 7 days after plating. Data are presented as mean ± SEM (n = 3
independent experiments, paired t test, *p < 0.05).
See also Figures S2 and S3.
unaltered at short time points after the switch to hypoxia.

NFATc4 proteinwas only upregulated after long-term expo-

sure to hypoxia (Figures S3B and S3C), which would better

correlate with transcriptional activation of the Nfatc4 gene

rather than an increase in NFATc4 protein stability. To
Stem C
further confirm that NFATc4 protein was not regulated

by proteasomal degradation, we treated normoxic cells

with the proteasome inhibitor MG132. Inhibition of the

proteasome didn’t affect NFATc4 protein levels, thereby

suggesting that oxygen levels are not regulating NFATc4
ell Reports j Vol. 5 j 157–165 j August 11, 2015 j ª2015 The Authors 161



Figure 4. NFATc4 Promotes Self-Renewal
and Proliferation of NPCs in the VZ of
the Mouse Embryonic Brain
(A) Immunohistochemistry of NFATc4 in the
E13.5 mouse telencephalon demonstrating
in vivo expression in the neocortex (NCx)
and hippocampus (H). Higher-magnification
image (right) is counterstained with DAPI
and demonstrates strong expression in the
germinal layer ventricular zone (VZ), where
NFATc4 protein accumulates inside cell
nuclei (arrowheads in inset). LGE, lateral
ganglionic eminence. Scale bar, 100 mm.
(B) Images of the VZ of E14.5 embryos
electroporated at E13.5 with control siRNA
or Nfatc4 siRNA 2, together with Gfp-en-
coding plasmids, and receiving a single
pulse of BrdU 30 min prior to analysis. Solid
arrowheads point to electroporated (GFP+,
green) NPCs (Ki67+, white) found in S phase
of the cell cycle (BrdU+, red). Open arrow-
heads point to GFP+/Ki67+/BrdU� cells.
Scale bar, 20 mm.
(C) (Left) Quantification of proliferating
NPCs (cells in S phase) in the VZ of control- or
Nfatc4 siRNA-electroporated mouse brains is
shown. (Right) Quantification of NPCs re-
entering the cell cycle in the VZ of control- or
Nfatc4 siRNA-electroporated mouse brains is
shown. Data are presented as mean + SEM
(n = 3 animals and 732–945 cells per group,
X2 test, ***p < 0.001).
See also Figure S4.
expression by controlling protein stability (Figure S3D).

Therefore, our results suggest that NFATc4 is upregulated

in hypoxic NSCs by transcriptional activation.

To test whether NFATc4 is functionally relevant in the

control of NSC functions, we performed NFATc4-silencing

experiments using two small interfering RNA (siRNA)

directed against different sequences in Nfatc4 mRNA.

Nfatc4 siRNA 1 achieved a 50% knockdown efficiency,

while Nfatc4 siRNA 2 induced an 80% reduction in Nfatc4

mRNA expression (Figure 3D, left). Accordingly, some of

the NFATc4 target genes also were reduced in Nfatc4

siRNA-transfected cells. Foxp2 and Id2 were two of the

NFATc4 target genes most robustly and significantly down-

regulated (Figure 3D, right). Importantly, Nfatc4 siRNA 2-

transfected NSCs displayed a robust reduction in their neu-

rosphere-forming capacity (Figure 3E), thereby suggesting

that NFATc4 promotes NSC self-renewal.
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To validate the above results in an in vivo setting, we first

studied the expression pattern of NFATc4 in themouse em-

bryonic brain by immunohistochemistry. We confirmed

that NFATc4 protein is present in the nucleus of neural pro-

genitor cells (NPCs) in the ventricular zone (VZ) of E13.5

and E15.5 mouse brains (Figures 4A and S4). It should be

noted that NFATc4 expression is not limited to NPCs, but

it also is expressed by cells in the cortical plate, where

post-mitotic neurons reside. This would be in agreement

with previous studies describing a function for NFATc4 in

neurons, including survival, dendritic/axonal growth,

and synaptogenesis (Benedito et al., 2005; Graef et al.,

2003; Schwartz et al., 2009). Next, we further tested the

function of NFATc4 in NPCs residing in the neurogenic

VZ of the embryonic brain by performing in utero electro-

poration of Nfatc4 siRNA 2 into the lateral ventricle of

E13.5 mouse brains (Figures 4B and 4C). To analyze the
hors



effect of Nfatc4 knockdown on NPC proliferation, we

measured the number of NPCs in the S phase of the

cell cycle (Figure 4B). Control siRNA-electroporated NPCs

displayed a higher proliferative rate than Nfatc4 siRNA-

electroporated cells (Figure 4C, left). Furthermore, self-

renewal of NPCs was markedly reduced by the knockdown

of Nfatc4, since the percentage of NPCs that re-entered the

cell cycle was significantly higher in siRNA control-electro-

porated progenitors than in Nfatc4 siRNA-electroporated

cells (Figure 4C, right). These results are in agreement

with our results in cultured NSCs, thus indicating that

NFATc4 controls NSC proliferation and self-renewal both

in vitro and in vivo.

It is worth noting that only Nfatc4 siRNA 2 had a sig-

nificant effect on the neurosphere-forming capacity of

hypoxic NSCs (Figure 3E). Interestingly, this phenotype

correlated very well with the mRNA levels of the NFATc4

target gene Id2 (Figure 3D, right). Therefore, wemight spec-

ulate that inhibitor of differentiation/inhibitor of DNA

binding 2 (ID2) is a major mediator of the effect of NFATc4

on NSC biology. ID2 is a bHLH TF that preserves the NSC

state by promoting self-renewal, proliferation, and pre-

venting differentiation (Jung et al., 2010; Ross et al.,

2003; Wang et al., 2001). Accordingly, downregulation of

Id2might explain the inhibition of neurosphere formation

in Nfatc4-silencing experiments. We might thus speculate

that NFATc4 controls NSC biology by promoting the

expression of genes (including Id2) that contribute to the

maintenance of the NSC phenotype. It is worth noting

that, despite its pro-stemness role, ID2 is still present in

differentiated cells where it is required for axonal growth

of post-mitotic neurons (Lasorella et al., 2006). Impor-

tantly, ID2 levels are crucial to determine its function:

ID2 levels are very high in stem cells but downregulated

in neurons where it no longer contributes to self-renewal

and proliferation (Iavarone and Lasorella, 2006). In this

scenario, hypoxia-activated NFATc4 might promote Id2

gene expression to ensure that ID2 levels are high enough

to keep NSC stemness and prevent differentiation. There-

fore, even a moderate but consistent change in Id2 levels,

as observed in hypoxic NSCs, might have a profound effect

on NSC self-renewal. Furthermore, this might provide a

plausible explanation to the fact that NSCs cultured in

normoxia have an increased tendency to spontaneously

differentiate.

Taken together, our results suggest that the calcium-acti-

vated calcineurin-NFATc4 pathway promotes NSC prolifer-

ation and self-renewal. Along the same lines, there are evi-

dences in the literature suggesting that calcium signaling

might promote NSC properties. Purinergic signaling,

which activates P2Y receptors and induces intracellular cal-

cium transients, promotes the expansion of NSCs of the

same embryonic day as the NSCs in this study (Lin et al.,
Stem C
2007). In this context, we might speculate that P2Y-

induced calcium transients activate calcineurin-NFATc4,

thereby promoting NSC proliferation. In contrast, an

opposed role for NFATc4 has been suggested in adultmouse

hippocampal NPCs, where it promotes neuronal differenti-

ation downstream of GABAA receptor signaling (Quadrato

et al., 2014), while not affecting NPC proliferation (Quad-

rato et al., 2012). NFATs are pleiotropic TFs that may elicit

different responses depending on cell type and upstream

activators, thus providing a plausible explanation for this

difference.

Interestingly, anothermember of the NFAT family of TFs,

NFATc1, has been shown to suppress Wnt signaling,

thereby inducing cell-cycle exit and differentiation of

NSCs in the neural tube of the chick embryo (Huang

et al., 2011). Although NFAT family members often play

redundant functions, these results suggest that NFATc1

and NFATc4 play opposed roles in the control of NSC func-

tions. The differential subcellular localization of NFATc1

and NFATc4 in E13.5 mouse NSCs (Figure 3A) might pro-

vide an additional layer of regulation to their opposed

functions.

Beyond the identification of the calcineurin-NFATc4 axis

as a major regulator of NSC biology under physiologic ox-

ygen concentrations, we have undertaken a hypothesis-

generating genomic study that might be useful to identify

other regulators of NSC biology. Furthermore, our results

may have an impact beyond the NSC field, since other

stem cell types, including embryonic and somatic stem

cells, also reside in hypoxic microenvironments.
EXPERIMENTAL PROCEDURES

Mouse Cortical NSC Culture
All animal procedures were conducted in accordance with the Eu-

ropean Union Directive (2010/63/EU) and were approved by the

ethical committee for the use of laboratory animals at the Univer-

sity of Barcelona. NSCs were isolated from E13.5 mouse embryos

(OF-1 strain) as previously described (Johe et al., 1996). After isola-

tion, cells were immediately cultured at 37�C, 5% CO2, and either

5% or atmospheric (z21%) oxygen and maintained in these con-

ditions for two to three passages.

Neurosphere Formation Assay
NSCs maintained in normoxia (21% oxygen) or hypoxia (5% oxy-

gen) were mechanically dissociated at a single-cell level and plated

at low density using a cell sorter. In the Nfatc4-silencing experi-

ments, NSCs were electroporated with the different siRNAs before

sorting and plating. Neurosphere formationwas assessed 7 days af-

ter plating.

In Utero Electroporation
In utero electroporation was performed as in Borrell et al., (2005).

In brief, DNA was injected in the lateral telencephalic ventricle of
ell Reports j Vol. 5 j 157–165 j August 11, 2015 j ª2015 The Authors 163



E13.5mouse embryos. BrdUwas injected intraperitoneally (i.p.) in

electroporated embryos 30min or 24 hr prior to analysis. Embryos

were then fixed, cryosectioned, and stained.

Microarray Analysis
Normalized microarray data were analyzed using paired t test

Limma to detect hypoxia differentially expressed transcripts. Prin-

cipal component analysis was performed with STATA software.

Microarray data also were examined by GSEA, using the KEGG

pathway gene sets or the TFT gene sets.

ACCESSION NUMBERS

The accession number for the microarray experiments is GEO:

GSE68572.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures, four figures, and one table and can be found

with this article online at http://dx.doi.org/10.1016/j.stemcr.

2015.06.008.
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