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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.

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

Stem Cell Reports j Vol. 5 j 157–165 j August 11, 2015 j ª2015 The Authors 157

mailto:niglesia@clinic.ub.es
http://dx.doi.org/10.1016/j.stemcr.2015.06.008
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.stemcr.2015.06.008&domain=pdf


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

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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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.
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