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SUMMARY
Hypoxia cooperates with endocrine signaling tomaintain the symmetric self-renewal proliferation andmigration of embryonic germline

stem cells (GSCs). However, the lack of an appropriate in vitro cell model has dramatically hindered the understanding of themechanism

underlying this cooperation. Here, using a serum-free system, we demonstrated that hypoxia significantly induced the GSC mesen-

chymal transition, increased the expression levels of the pluripotent transcription factor OCT4 and migration-associated proteins

(SDF-1, CXCR4, IGF-1, and IGF-1R), and activated the cellular expression and translocalization of the CXCR4-downstream proteins

ARP3/pFAK. The underlying mechanism involved significant IGF-1/IGF-1R activation of OCT4/CXCR4 expression through HIF-2a

regulation. Picropodophyllin-induced inhibition of IGF-1R phosphorylation significantly suppressed hypoxia-induced SDF-1/CXCR4

expression and cell migration. Furthermore, transactivation between IGF-1R and CXCR4 was involved. In summary, we demonstrated

that niche hypoxia synergistically cooperates with its associated IGF-1R signaling to regulate the symmetric division (self-renewal

proliferation) and cell migration of alkaline phosphatase-positive GSCs through HIF-2a-OCT4/CXCR4 during embryogenesis.
INTRODUCTION

Germline stem cells (GSCs) are responsible for gamete

formation and genetic transmission. During embryogen-

esis, GSCs include embryonic gamete precursor primordial

germ cells (PGCs), gonocytes (postmigratory PGCs), and

spermatogonial stem cells (SSCs). PGCs are the earliest pop-

ulation of germ cells derived from proximal epiblast cells at

around embryonic day 7.25 (E7.25) (Ginsburg et al., 1990;

McLaren, 2003). Internal gene regulation and an external

niche signal are critical factors for PGC development. Inter-

nal transcription factors such as FRAGILIS, STELLA, and

BLIMP1 initiate the emergence of PGCs (Ohinata et al.,

2005; Saitou et al., 2002), followed by the external BMP4

signal, to enable PGC competence (Lawson et al., 1999;

Ying et al., 2001). When PGCs are competent, they express

strong alkaline phosphatase (AP) activity andmigrate from

the hindgut to the embryonic genital ridges at E10–E11.5

(McLaren, 2003; Saga, 2008). Deregulation of the symmet-

ric self-renewal proliferation and/or migration of PGCs
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leads to an insufficient number of germ cells in embryonic

gonads, resulting in infertility and increasing the risk of

extragonadal germ cell tumors (Hoei-Hansen et al., 2006).

Physiological niche hypoxia plays critical roles in germ

cell development during embryogenesis (Covello et al.,

2006; Fischer and Bavister, 1993; Forristal et al., 2010;

Simon and Keith, 2008). Niche hypoxia stabilizes hypox-

ia-inducible factors (HIFs) by preventing their interaction

with pVHL and ubiquitination/proteasomal degradation

(Ginouvés et al., 2008; Haase, 2009). HIF-2a is coincidently

expressed with the pluripotent transcription factor OCT4

in multiple embryonic tissues, such as blastocyst-stage

embryos, E7.5 embryos, and PGCs. Loss of HIF-2a consider-

ably reduces the number of embryonic PGCs in the genital

ridge (Covello et al., 2006), and leads to azoospermia

(Scortegagna et al., 2003), demonstrating that HIF-2a

expression is required for PGC development.

In addition to niche hypoxia, its associated external

endocrine signaling is crucial. Studies have suggested

some factors involved in PGC migration toward the
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Figure 1. Schematic Diagram of Mouse
Postimplantation Germ Cell Development
in Symmetric Self-Renewal Proliferation
and Migration
(A) Germ cell development profile under
different oxygen tension conditions during
embryogenesis.
(B) Germ cell developmental profile. (a and
b) AP staining (in red). (a) i–iv: symmetric
self-renewal division (Sym.) of AP+GSCs. v:
partial migratory AP+GSCs under embryonic
hypoxia. (b) i–iv: asymmetric division
(Asym.) of AP+GSCs. AP, alkaline phospha-
tase; ExE, extraembryonic ectoderm; EPI,
epiblast; PS, primitive streak; VE, visceral
endoderm; AP+PGCs, PGCs with AP activity
(in red); As, undifferentiated A single
spermatogonia; A1, differentiating A1
spermatogonia; PL, preleptotene spermato-
cytes; E, embryonic day; P, postnatal day.
Scale bars, 25 mm. See also Figure S3.
genital ridges, and they include STEEL and c-KIT (Raz,

2004), stromal cell-derived factor 1 (SDF-1), and C-X-C

chemokine receptor 4 (CXCR4) (Doitsidou et al., 2002;

Molyneaux et al., 2003), transforming growth factor b

(Chuva de Sousa Lopes et al., 2005), integrin b1

(Anderson et al., 1999), and RGS14A (Hartwig et al.,

2014), etc. In support, our previous study demonstrated

a hypoxia-endocrine insulin-like growth factor 1 (IGF-1)

receptor (IGF-1R)-HIF-2a signaling loop for the mainte-

nance of OCT4 and cell proliferation of AP+GSCs (Huang

et al., 2014). These observations highlight the potential

role of IGF-1R in proliferation, survival, and cell migration

in pluripotent germ cells.

Our limited understanding of niche hypoxia and its

associated endocrine signals in germ cell development

may be due to the absence of an appropriate in vitro

stem cell model. The common use of serum-containing

culture medium not only considerably reduces cell stem-

ness (Barnes and Sato, 1980; Huang et al., 2009), but

also severely interferes with the identification of potential

endocrine factors that control germ stem cell fate. In this

regard, we previously established an in vitro serum-free

culture system to generate AP+PGC-like pluripotent stem

cells from a wild-type neonatal mouse testis. This serum-

free culture system provides a powerful platform for inves-

tigating how the signal network of a hypoxic niche affects

the migration of pluripotent GSCs. We thus identified a

vital role of an IGF-1-dependent pathway in the mainte-

nance of germ cell pluripotency (Huang et al., 2009),

and further demonstrated a regulatory IGF-1R-HIF-2a

signaling loop in the proliferation and OCT4 maintenance

of PGC-like AP+GSCs under hypoxia (Huang et al., 2014).
In the present study, we used the serum-free culture

system to demonstrate that the hypoxic condition cooper-

ates with endocrine IGF-1R signaling to promote early

germ cell migration through the HIF-2a-CXCR4 regulatory

loop. The findings of our studies can elucidate underlying

molecular mechanisms between niche hypoxia and

its associated endocrine signaling for early germ cell

symmetric self-renewal proliferation and migration during

embryogenesis.
RESULTS

Symmetric Self-Renewal Proliferation and Migration

for Early GermCell Development under an Embryonic

Hypoxic Niche

In early germ cell development, the PGCs derived from

proximal epiblast cells form a cluster of AP+ cells underlie

the posterior part of the primitive streak at around E7.5.

Subsequently, the PGCs undergo self-renewal proliferation

(symmetric division) and migration, pass through the

hindgut, then move to the embryonic genital ridges at

E10–E11.5, and arrive at the gonad at E12.5. In males, the

gonad then develops to the testis; at this stage, the germ

cells are located in the lumen of the seminiferous tubule

of the testis and halt proliferation, staying in the G0 phase

until postnatal day 3 (P3) (postmigratory PGCs). All the

germ cells from the primitive streak to the genital ridge

(migratory PGCs) are under a physiological hypoxic niche

(E7.5–P2; Figure 1A) (Free et al., 1976). During this migra-

tion process, these embryonic germ cells present strong

AP activity and undergo self-renewal proliferation to
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increase the germ cell number from approximately 100 to

20,000 cells (Brinster, 2002). After P3, the GSCs home in

on the testicular basal membrane to respond to niche

oxygen, reduce AP activity, and undergo asymmetric divi-

sion (both of self-renewal and differentiation). The GSCs

differentiate into A single (As) cells and undergo mitosis

into A1 spermatogonia (P5), followed by meiosis (after P8;

Figure 1A).

Because the GSCs of P2 neonatal mouse testis have gono-

cyte character, we previously generated pluripotent

AP+GSCs derived from P2 neonatal mouse testis (AP+GSCs)

using a serum-free culture condition (Huang et al., 2009).

The AP+GSCs expressed a CD49f cell surface marker, and

had PGC-related pluripotency in vitro and in vivo (Huang

et al., 2009, 2014). By using this PGC-like AP+GSC cell plat-

form, symmetric (Figure 1B-a) and asymmetric division

(Figure 1Bb) was employed to mimic embryonic germ cell

development.

Hypoxia-Induced Symmetric Self-Renewal

Proliferation and Mesenchymal-Like Morphological

Change in CD49f+AP+GSCs

Oxygen tension appears to be highly linked to stem cell

self-renewal, differentiation, and migration. The interac-

tion between niche hypoxia and its associated endocrine

signaling apparently plays a critical role. To examine the

effect of oxygen tension on embryonic germ cells, the

AP+GSCs were cultivated in serum-free medium under

different oxygen tension conditions.

As shown in Figure 2, hypoxic conditions (5% or 3% O2)

significantly increased the AP+GSC colony size and AP

activity compared with normoxic condition (21% O2;

Figures 2Ab and 2Ac versus 2Aa). We discovered that 5%

oxygen tension significantly increased colony number

and size in AP+GSCs (Figure 2B). Decreasing the oxygen

concentration to 1%, which is similar to the embryonic

hypoxic environment, significantly induced the cell into

an adherent cluster mesenchymal-like morphology, indi-

cating the effect of hypoxia on cell migration activation

(Figures 2Ad and S1). Further switching the AP+GSCs

from 1% O2 to 5% O2 culture conditions for 7 days led to

a significant re-formation of GSC colonies and an increased

colony size (Figure S1B).

The effect of hypoxia on AP+GSC symmetric self-renewal

proliferation was further supported by the results of a

bromodeoxyuridine incorporation assay (Figure 2C); in

particular, the AP+GSCs exhibited migratory activity under

hypoxic condition (arrowhead, Figures 2Cb and 2Cc). The

percentage of GSC colonies withmigrating GSC cells under

different levels of oxygen tension is shown in Figure 2D.

These results strongly highlight the effect of embryonic

hypoxia on the self-renewal proliferation and cell migra-

tion of AP+GSCs.
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The differential protein secretion profiles of AP+GSCs

under normoxia and hypoxia were further examined by

liquid chromatography tandem-mass spectrometry (LC-

MS/MS). Figure 2E illustrates the gene ontology (GO)

results for the cellular component analysis. We found a

dramatic increase in the expression levels of extracellular

matrix- and extracellular region-associated proteins in

AP+GSCs under the 5% O2 hypoxic condition (Figure 2Ea).

Further analysis showed a dominant increase in protein

classes associated with the cytoskeleton, extracellular

matrix, hydrolase, nucleic acid binding, and receptors

(Figure 2Eb). Among them, 13 protein classes of restricted

hypoxic AP+GSCs were markedly upregulated (Table S1),

with few occupying more than 10% of the total proteins

including the classes of the extracellular matrix and

receptor (Figure 2Eb). The hypoxia-associated signaling

pathways involved cell growth (HIF, cell-cycle, DNA repli-

cation, insulin/IGF, phosphatidylinositol 3-kinase [PI3K],

and JAK/STAT), migration (HIF and integrin), and stemness

(epidermal growth factor, fibroblast growth factor,

Hedgehog, HIF, insulin/IGF, integrin, JAK/STAT, and PI3K;

Figure 2Ec).

The secretome analysis of hypoxic AP+GSCs indicated

that the hypoxic condition significantly increased the

secretion of crucial proteins (ratio of hypoxia/normoxia),

including CXCL12 (SDF-1, 11.6-fold), VEGFA (5.55-fold),

MMP2 (5.02-fold), thrombospondin 2 (THBS2) (3.87-

fold), and versican (VCAN) (3.32-fold) (Figure 2F;

Table S2). The representative LC-MS/MS-determined

differentially expressed protein levels of specific target

genes under normoxia (21% O2) and hypoxia (5% O2)

were further confirmed using real-time qRT-PCR analysis

(Figure 2G). As the SDF-1 and its receptor CXCR4 are

well linked to cell migration (Barriga et al., 2013; Tu

et al., 2016), the upregulation of SDF-1 under hypoxia

would support the observation of the migratory mesen-

chymal-like morphological transition of AP+GSCs, by

which the migration from the hindgut to the genital ridge

during early embryogenesis is initiated. These observa-

tions strongly highlight the role of niche hypoxia in the

symmetric self-renewal proliferation and migration of

early embryonic GSCs.

Hypoxia Increased the Expression of Stemness- and

Migration-Associated Proteins Involving the CXCR4

Signal in PGC-Like CD49f+AP+GSCs

We have previously identified CD49f as a cell surface

marker of AP+GSCs (Huang et al., 2009, 2014). To further

examine the effect of niche hypoxia on AP+GSC signal

regulation, the CD49f+AP+GSCs were isolated using a

magnetic-activated cell-sorting system (MACS), and the

PGC-like characters were confirmed by genetic and

epigenetic analyses. We found that the MACS purification



Figure 2. Effect of Oxygen Tension on
AP+GSCs in a Serum-Free Culture System
(A) Colony morphology and AP activity
(in blue) of mouse AP+GSCs under normoxia
(21% O2) and hypoxia (5% and 3% O2).
Cluster of mesenchymal-like cells under 1%
O2 hypoxia (arrowhead). Scale bar, 100 mm.
(B) Quantification of GSC colony number and
size distribution. One-way ANOVA.
(C) Bromodeoxyuridine incorporation assay
of AP+GSCs under hypoxia (5% O2). The
arrowheads indicate the hypoxic effect
on the cell morphological transition to
AP+-migrating GSC cells. Scale bars, 100 mm.
(D) Quantification of the percentage of the
GSC colony with migratory cells. One-way
ANOVA.
(E) Pie charts representing the GO secretome
analysis of mouse AP+GSCs under normoxia
(21% O2) and hypoxia (5% O2). The secre-
tome analysis was performed using LC-MS/
MS. #, proteins expressed under hypoxia
only. (a) Cellular component. (b) Protein
class; classes accounting for more than 10%
of the total classes are labeled I–V. (c)
Signaling pathway. Intrigued classifications
are labeled VI–XV.
(F) Secretome protein network of AP+GSCs
under hypoxia. Protein levels that were
higher in the hypoxia than in the normoxia
are shown.
(G) Validation of the representative LC-MS/
MS-determined differentially expressed
proteins in an AP+GSC colony using qRT-PCR.
Student’s t test. For all quantifications, data
are the means ± SEM of at least three inde-
pendent experiments. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001. See also
Figure S1 and Tables S1–S4.
enriched the CD49f+ cell population by up to 98.55%

(Figure S2A). We also confirmed that the purified

CD49f+AP+GSCs exhibited strong AP activity and

expressed germ cell-specific c-KIT (Figures S2B and S2C).

The cell identities of CD49f+AP+GSCs were further identi-

fied by comparing them with the PGCs (PGC colonies
generated from E11.5 embryo gonad) and AP+GSCs

(AP+GSC colonies generated from P2 testis) regarding AP

activity and transcriptomic and epigenetic analyses. As

shown in Figure 3A, all three cell groups had strong AP

activity (Figures 3A and S2B). The transcriptomic analysis

revealed that the CD49f+AP+GSCs had 531 similar genes
Stem Cell Reports j Vol. 10 j 524–537 j February 13, 2018 527



Figure 3. Hypoxia Increased the Expression Levels of Stemness/Migration-Related Proteins in PGC-Like CD49f+AP+GSCs
(A) AP staining (in blue). (a) Colony formation of E11.5 PGCs and P2 GSCs under 5% O2 hypoxia. (b) Regular culture of purified CD49f

+GSCs.
Scale bars, 100 mm.
(B) Heatmap of selected gene expression patterns in E11.5 PGCs, P2 GSCs, and purified CD49f+GSCs. Signaling pathways of GO for
(a) regulating the pluripotency of stem cells, (b) PI3K-AKT, (c) chemokine, and (d) HIF.
(C) (a) Bisulfite genomic sequencing. (b–d) Gene expression of Oct4, Nanog, and Prdm14 in E11.5 PGCs, P2 GSCs, and purified CD49f+GSCs.
(D) The mRNA levels of stemness-, hypoxia-, proliferation-, and migration-related genes of CD49f+AP+GSCs under different oxygen
concentrations (qRT-PCR analysis). Student’s t test.
(E) Immunofluorescence staining of SDF-1 in CD49f+AP+GSCs under 21% and 5% O2. Scale bar, 10 mm.

(legend continued on next page)
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to the E11.5 PGCs and P2 AP+GSCs, out of a total of 1,400

genes (Figure S3A). Further GO analysis demonstrated

that the E11.5 PGCs, P2 GSCs, and CD49f+GSCs shared

the similar gene expression profile of the pluripotency

regulation signaling pathway, PI3K-AKT signaling

(Bendall et al., 2007; Ho et al., 2015; Huang et al., 2009,

2014), chemokine signaling (Sugiyama et al., 2006; Chang

et al., 2015), and HIF signaling (Covello et al., 2006) (Fig-

ures 3B and S3A). An epigenetic analysis demonstrated

that the CD49f+AP+GSCs exhibited a highly similar meth-

ylated CpG percentage of pluripotency-related genes,

including Oct4, Nanog, Prdm14 (Figure 3C), Dppa3, and

Ddx4, compared with the E11.5 PGCs and P2 AP+GSCs

(Figure S3B). In addition, all three germ cell groups

demonstrated similar expression intensity in the corre-

sponding microarray data (Figures 3Cb–3Cd, S3Bb, and

S3Bc). These results suggested that the CD49f+AP+GSCs

could serve as an appropriate in vitro cell model to analyze

the effect of hypoxia on PGC-like germ cells.

By using this PGC-like cell platform, we demonstrated

hypoxia (5% O2) significantly increased the gene expres-

sion panels of stemness-/hypoxia- (Oct4, Nanog, Sox2, and

Hif-2a), migration-/proliferation- (Igf-1 and Igf-1r), and

migration-associated genes (Sdf-1 and Cxcr4) in

CD49f+AP+GSCs (Figure 3D). The upregulation of SDF-1

and c-KIT in CD49f+AP+GSCs under hypoxia was further

confirmed using immnunostaining (Figures 3E and S4)

and western blotting (Figures S5A and S5B).

Hypoxia also increased CXCR4 protein levels in

CD49f+AP+GSCs (Figures 3F and 3G). Given that hypoxia

increased SDF-1 expression levels, CXCR4 downstream

signaling cascade molecules, such as ARP3 and p-FAK

(Dang et al., 2013; Turner, 2000), were examined.

As shown in Figure 3H, the hypoxia increased the

translocation of the ARP3 protein from the cytoplasm to

the leading edge (Figure 3H-a) as well as the FAK activa-

tion (pFAK) at the focal adhesion sites (Figure 3Hb) of

CD49f+AP+GSCs. The total FAK in CD49f+AP+GSCs is

illustrated in Figure 3Hc. In addition, the role of FAK in

SDF-1-directed downstream signaling under normoxia is

also demonstrated (Figure S6). These observations

highlight that the hypoxia-induced mesenchymal-like
(F) Protein levels of CXCR4 under different oxygen concentrations we
result is shown. One-way ANOVA.
(G) (a) Cell surface levels of CXCR4 of CD49f+AP+GSCs under differe
The percentage of CXCR4-positive cells (red dot) is shown. (b) Quant
(H) Cellular localization of the migration-related markers (a) ARP3
Arrowheads indicate the specific cellular protein localization of ARP3
(I) (a) Protein levels of IGF-1Rb and OCT4 under different oxygen conc
analysis results. One-way ANOVA.
For all quantifications, data are the means ± SEM of at least three inde
and Tables S3 and S4.
cell morphological change of CD49f+AP+GSCs may

involve SDF-1/CXCR4 signal activation.

IGF-1/IGF-1R Promoted Cell Migration and Activated

CXCR4 Expression through HIF-2a in CD49f+AP+GSCs

under Normoxia

We demonstrated that the hypoxic condition increased

IGF-1R and OCT4 levels (Figure 3I), through which

HIF-2a regulated AP+GSC stemness (Huang et al., 2014).

Given that CXCR4 is regulated by the HIF protein

(Staller et al., 2003), we examined whether the increased

IGF-1/IGF-1R signaling is involved in CXCR4 expression

in GSCs. As shown in Figure 4, we found that IGF-1

dose-dependently increased the cell adhesion of

CD49f+AP+GSCs under normoxia (Figure 4A). High-dose

IGF-I treatment effectively enhanced the cell membrane

protrusions of CD49f+AP+GSCs, highlighting the migra-

tion ability of these cells (Figure 4Aa, inset) (DeMali and

Burridge, 2003; Le Clainche and Carlier, 2008). Moreover,

compared with normoxia, hypoxia markedly increased

the cell adhesion percentage from 5% to approximately

30% under the IGF-1-free culture condition (Figure 4Ab

versus Figure S7Ab, IGF-1 = 0 ng/mL). IGF-1 treatment

significantly and dose-dependently enhanced the cell

adhesion percentage up to 20% (under normoxia) and

50% (under hypoxia) (Figure 4Ab versus Figure S7Ab,

IGF-1 = 50 ng/mL). These results strongly support the syn-

ergistic effect of hypoxia and IGF-1 in germ cell adhesion

and migration. The transwell assay further demonstrated

a significant and dose-dependent effect of IGF-I on

CD49f+AP+GSC migration ability (Figure 4B). Importantly,

we found that IGF-1 significantly and dose-dependently

increased the protein expression levels of CXCR4, HIF-2a,

IGF-1Rb, and OCT4 in CD49f+AP+GSCs (Figure 4C).

Further knock down of endogenous HIF-2a (shHIF-2a)

dramatically suppressed not only the IGF-1-induced

expression levels of IGF-IR and OCT4 (Huang et al.,

2014), but also that of CXCR4 (Figure 4D). These data

demonstrate that IGF-1R activation regulates both of the

OCT4 and CXCR4 expressions through HIF-2a regulation,

thus promoting the symmetric self-renewal proliferation

and cell migration of CD49f+AP+GSCs under hypoxia.
re analyzed through western blotting. The quantification analysis

nt oxygen concentrations were analyzed through flow cytometry.
itative analysis of (a). One-way ANOVA.
, (b) pFAK, and (c) FAK under different oxygen concentrations.
and pFAK. Scale bars, 20 mm.
entrations were analyzed using western blotting. (b) Quantification

pendent experiments. *p < 0.05, **p < 0.01. See also Figures S2–S6
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Figure 4. IGF-1 Promoted CXCR4 Expres-
sion and Cell Migration through HIF-2a
Regulation in CD49f+AP+GSCs
(A) Dose effect of IGF-1 (0, 1, 10, and
50 ng/mL) on the morphology of
CD49f+AP+GSC cells. (a) Observation of cell
adhesion. Scale bar, 100 mm. (b) Quanti-
tative analysis of (a). p < 0.001. One-way
ANOVA.
(B) Dose effect of IGF-1 on cell migration.
(a) Transwell assay. Scale bar, 100 mm. (b)
Quantitative analysis of (a). p < 0.05. One-
way ANOVA.
(C) Dose effect of IGF-1 on the protein
expression levels of CXCR4, HIF-2a,
IGF-1Rb, and OCT4. (a) Western blotting
analysis. b-ACTIN served as an internal
control. (b) Quantification of (a) was per-
formed and normalized to the correspond-
ing b-ACTIN. P < 0.0001. Two-way ANOVA.
(D) Effect of HIF-2a knockdown on the
protein levels of CXCR4, OCT4, and IGF-1Rb
in CD49f+AP+GSC cells with or without IGF-1
treatment. Western blotting analysis. The
relative quantification was normalized to
the corresponding b-ACTIN. For all quanti-
fications, data are the means ± SEM of at
least three independent experiments. See
also Figure S7.
IGF-1R Activation Mediates Hypoxia-Induced SDF-1/

CXCR4 Expression and the Migration of

CD49f+AP+GSCs

Because hypoxia significantly induced the expression of

SDF-1/CXCR4 and IGF-1/IGF-1R, and that IGF-1 treatment

dose-dependently promoted CXCR4 expression and the

migration of CD49f+AP+GSCs in the present study, we

next examined whether IGF-IR activation regulates the

effect of hypoxia on SDF-1 and CXCR4 expression and

cell migration. As shown in Figure 5, the IGF-IR phosphor-

ylation inhibitor cyclolignan picropodophyllin (PPP)

significantly suppressed hypoxia (1% O2)-induced SDF-1

(Figure 5A) and cell surface CXCR4 expression (Figure 5B),

and suppressed cell migration in CD49f+AP+GSCs, as

demonstrated by the transwell assay (Figure 5C). Further-

more, the synergistic effect of hypoxia (1% O2) and

IGF-1/SDF-1 on cell migration (Figures 5D and 5E), as

well as cell adhesion (Figure S7A), was demonstrated, and

the PPP was discovered to significantly suppress cell

migration under hypoxia (Figures 5C–5E and S7B). These

results support that IGF-1R activation mediates hypoxia-

induced SDF-1/CXCR4 expression and cell migration in

CD49f+AP+GSCs.
530 Stem Cell Reports j Vol. 10 j 524–537 j February 13, 2018
Crosstalk of IGF-1R and CXCR4 Modulates the

Hypoxia-Derived Cell Migration in Mouse

CD49f+AP+GSCs

To examine the potential crosstalk of reciprocal transacti-

vation between IGF-1R and CXCR4, CD49f+AP+GSCs

were treated with IGF-1 with or without PPP supplemen-

tation. Subsequently, the levels of phospho-CXCR4 were

examined. We found that IGF-1 effectively stimulated the

phosphorylation levels of IGF-1R (pY1135/1136) and

AKT (pY473) in 2–5 min. Notably, we found that the

levels of p-CXCR4 (pS339) were also slightly but signifi-

cantly increased after IGF-1 treatment (Figure 6A). A

further experiment using the IGF-1R phosphorylation

inhibitor PPP revealed that this inhibitor, in addition

to effectively suppressing the levels of p-IGF-1R

and p-AKT, also significantly suppressed the levels of

p-CXCR4 (p < 0.05). These results highlight the transacti-

vation of IGF-1R activation on CXCR4 phosphorylation

in CD49f+AP+GSCs.

We examined whether SDF-1/CXCR4 signaling transac-

tivated IGF-1R phosphorylation. Figure 6B shows that

SDF-1 treatment significantly increased the levels of

p-AKT and p-IGF-1R. The CXCR4 signaling inhibitor,



Figure 5. Inhibition of IGF-1R Activation
Suppressed Hypoxia-Induced Cell Migra-
tion in Mouse CD49f+AP+GSCs
(A) Effect of PPP (IGF-1R phosphorylation
inhibitor, 1 mM) on hypoxia (1% O2)-
induced SDF-1 expression in CD49f+AP+GSCs.
Immunofluorescence staining. Scale bar,
100 mm.
(B) CXCR4 levels on the surface of
CD49f+AP+GSCs with or without PPP
treatment under 1% O2 hypoxia. (a) Dot
blots from the flow cytometry analysis.
(b) Percentage of CXCR4-positive cells.
Student’s t test.
(C) Migration ability of CD49f+AP+GSCs un-
der different oxygen concentrations with or
without PPP treatment. (a) Transwell assay.
Scale bar, 100 mm. (b) Quantitative analysis
of (a). One-way ANOVA.
(D) Effect of PPP on SDF-1-induced cell
migration under 1% O2 hypoxia. (a) Trans-
well assay. Scale bar, 100 mm. (b) Quanti-
tative analysis of (a).
(E) Migration ability of CD49f+AP+GSCs with
IGF-1, SDF-1, or PPP treatment for 18 hr
under 1% O2 hypoxia. (a) Wound closure
assay. (b) Quantitative analysis of (a). One-
way ANOVA. Scale bars, 100 mm.
For all quantifications, data are the means ±
SEM of at least three independent experi-
ments. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001. See also Figure S7.
AMD3100, effectively suppressed the SDF-1-induced

phosphorylation of CXCR4, p-AKT, and the p-IGF-1R

(Figure 6B). The crosstalk between IGF-1/IGF-1R and

SDF-1/CXCR4 signaling was further supported by the

results of the wound closure assay. We discovered that

both IGF-1 and SDF-1 significantly increased cell migra-

tion ability, and PPP effectively suppressed the effect of

SDF-1 on cell migration (Figure 6C). Together with the

IGF-1- or hypoxia-induced upregulation of the CXCR4

protein (Figures 3 and 4), these results reveal the crosstalk

between IGF-1R and CXCR4 in hypoxia-induced
signaling activation in CD49f+AP+GSCs, through

which germ cell migration is promoted during early

embryogenesis.
DISCUSSION

Niche hypoxia has been well associated with embryogen-

esis for organogenesis and cellular differentiation (Simon

and Keith, 2008). It is highly involved in endocrine signals

that regulate the symmetric self-renewal proliferation and
Stem Cell Reports j Vol. 10 j 524–537 j February 13, 2018 531



Figure 6. Crosstalk of IGF-1R and CXCR4
Signaling in Mouse CD49f+AP+GSCs
(A) Effect of IGF-1 (50 ng/mL), with or
without PPP (1 mM) treatment, on the
IGF-1R/AKT phosphorylation and CXCR4
transactivation (CXCR4 phosphorylation) of
CD49f+AP+GSCs. (a) Western blot analysis.
(b) Quantitative analysis of (a). Student’s
t test.
(B) Effect of SDF-1 (400 ng/mL), with or
without AMD3100 (50 mM) treatment, on the
CXCR4/AKT phosphorylation and IGF-1R
transactivation (IGF-1R phosphorylation) of
CD49f+AP+GSCs. (a) Western blot analysis.
(b) Quantitative analysis of (a). Student’s
t test.
(C) Migration ability of CD49f+AP+GSCs with
IGF-1, SDF-1, or PPP treatment for 18 hr
under 21% O2 normoxia. (a) Wound closure
assay. Scale bar, 100 mm. (b) Quantitative
analysis of (a). One-way ANOVA.
For all quantifications, data are the means ±
SEM of at least three independent experi-
ments. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.
migration of embryonic GSCs (Figure 7). Two factors are

strongly regulated by niche hypoxia: endocrine signals

and HIFs. Hypoxia induces HIF protein expression and pre-

vents HIF proteasomal degradation (Ginouvés et al., 2008;

Haase, 2009), andHIF-2a directly inducesOCT4 expression

(Covello et al., 2006; Huang et al., 2014). However, whether

hypoxia-mediated endocrine signaling is necessary for

early embryogenesis remains largely unknown because of

the lack of an appropriate in vitro stem cell model.

One current limitation is the lack of an in vitro cell model

for the study of germ cell niche factors. A serum-free culture

system is the most appropriate in vitro cell platform for

monitoring the endocrine signaling of AP+GSCs in

response to a hypoxic environment (Huang et al., 2014).

The purified CD49f+AP+GSCs are not fully identical to the

PGCs in embryonic stage, which may raise some limita-

tions in early germ cell studies. However, the non-culti-

vated CD49f+AP+GSCs still show similarities in the genetic

and epigenetic expression profiles compared with the

E11.5 PGCs and P2 AP+GSCs, particularly involving plurip-

otency regulation in the signaling of PI3K-AKT, HIF, and

chemokine proteins; thus, the serum-free CD49f+AP+GSC

cell platform could provide the most appropriate in vitro
532 Stem Cell Reports j Vol. 10 j 524–537 j February 13, 2018
cell model for exploring the role of niche hypoxia and

endocrinal factors in cell proliferation and the migration

of early embryonic PGC-like cells.

Symmetric division is the strategy throughwhich embry-

onic germ cells enrich their stem cell number during hyp-

oxic embryogenesis (Covello et al., 2006). Signaling

induced by JAK/STAT3 or BMP controls the symmetric divi-

sion of GSCs during Drosophila and avian development

(Morrison and Kimble, 2006; Whyte et al., 2015). STAT3

is also required for mouse embryonic stem cell self-renewal

proliferation and pluripotency (Niwa et al., 1998). The

nucleus translocation of activated STAT3 could regulate

pluripotency genes (Oct4, Sox2, and Nanog) (Chen et al.,

2008), and constitutive STAT3 activation could regulate

the expression of genes involved in premetastatic niche

formation (Sdf-1, Lox, Vegfa, and Mmp2), through which

microvascular tube formation and tumor metastasis are

promoted (Yu et al., 2014; Psaila and Lyden, 2009)

(Table S2 and Figure 2F).

Similarly, our results show that niche hypoxia not only

significantly activated both IGF-1R and CXCR4 to control

cell migration (Figures 3 and 5), but also activated STAT3

phosphorylation (Figures S5C and S5D), which supports



Figure 7. Proposed Working Model: IGF-1R–HIF-2a-OCT4/CXCR4 Signaling Loop Modulates Hypoxia-Derived Self-Renewal
Proliferation and Migration in Mouse CD49f+AP+GSCs
the role of hypoxia in the self-renewal proliferation and

pluripotency of embryonic stem cells (Niwa et al., 1998).

STAT phosphorylationmay be stimulated by the activation

of numerous membrane receptors including the LIF recep-

tor (Yu et al., 2014), IL-6 receptor (Bollrath and Greten,

2009; Chang et al., 2015; Yu et al., 2014), IGF-1R (Bollrath

and Greten, 2009; Yao et al., 2016), CXCR4 (Teicher and

Fricker, 2010), and VEGFR (Bollrath and Greten, 2009),

etc. In support of these findings, our secretome results

show high expression levels of several correspondence

ligands for downstream STAT3 activation, such as SDF-1

(CXCL12, 11.6-fold) and VEGFA (5.55-fold) (Table S2;

Figures 2E and 2F). Moreover, the self-renewal ability of

embryonic stem cells is modulated by the IGF signaling

pathway through AKT activation (Bendall et al., 2007;

Huang et al., 2009).

The secretome analysis results reveal that IGFBP2,

IGFBP3, IGFBP6, and IGFBP7 expression was detected in
conditioned medium, highly suggesting the regulation of

IGF-1R signaling under hypoxia. Consistently, hypoxia

increased both IGF-1 and IGF-1Rb expression in

CD49f+AP+GSCs (Figures 3D and 3I). These results are

further supported by the findings of recent studies that

demonstrated that hypoxia increases IGF-IR expression

through HIF-2a regulation (Huang et al., 2014) or through

an HIF-1a/NOTCH-1/IGF-1R/AKT circuitry (Eliasz et al.,

2010).

Hypoxia increases IGF-1 secretion, which directly and

autocrinally activates IGF-1R phosphorylation, increases

intracellular Ca2+ concentration, and rapidly stabilizes

HIF-1a in glioma cells (Li et al., 2015). In our study,

IGF-1-induced CXCR4 expression was observed to be

regulated by HIF-2a (Figure 4D). The role of IGF-1R in

hypoxia-induced SDF-1 and CXCR4 expression and in

cell migration was demonstrated by the fact that PPP sup-

plementation effectively suppressed hypoxia-induced cell
Stem Cell Reports j Vol. 10 j 524–537 j February 13, 2018 533



migration, as well as SDF-1 and CXCR4 expression in

CD49f+AP+GSCs (Figure 5). In support, the role of IGF-1R

in cell migration was further demonstrated by a

recent publication, which determined an IGF-1R/STAT3/

NANOG/SLUG signaling axis in stemness maintenance

and epithelial-mesenchymal transition in colorectal cancer

(Yao et al., 2016).

Hypoxia is important for stabilizing HIF proteins

including HIF-1a and HIF-2a. In contrast to HIF-1a, the

HIF-2a protein is critical for OCT4 expression because it

binds to the hypoxia-response elements of the Oct4 pro-

moter region to initiate OCT4 expression in cells under

O2 deprivation (hypoxia) conditions (Covello et al., 2006;

Hu et al., 2003). Knockout of HIF-2a dramatically reduces

the PGC number in the genital ridge, strongly highlighting

the critical role of OCT4 in embryonic PGC survival

(Covello et al., 2006). HIF-2a nucleus translocation also

plays a critical role in the transcriptional activation of

Cxcr4 in clear cell renal carcinomas (Staller et al., 2003)

and c-Myc in cancer cells (Gordan et al., 2007). Together,

these data strongly suggest the central role of HIF-2a in

cell self-renewal proliferation (OCT4 and c-Myc) and

migration (CXCR4) under embryonic hypoxia.

Hypoxia is a major inducer of endocrine factors, such as

VEGF, through HIF-2a regulation in embryogenesis

(Covello et al., 2006). VEGF was discovered to maintain

cell survival autocrinally (Domigan et al., 2015), enhance

sphere formation, and regulate the self-renewal of liver can-

cer stem cells (Kwon et al., 2016). In early AP+GSCs, VEGFA

was significantly upregulated by up to 5.55-fold. This

observation highlights the potential role of VEGFA in

AP+GSC survival under embryonic hypoxia (Table S2).

Previous studies have reported that MMP2 reduction can

lead to the differentiation of human mesenchymal stem

cells (Cronwright et al., 2005), suggesting the role of

MMP2 in stemness maintenance. In our study, we found

that hypoxia increased the MMP2 expression level in

AP+GSCs by up to 5.02-fold (Table S2), supporting the ef-

fect of hypoxia on the stemness maintenance and prolifer-

ation of AP+GSCs (Huang et al., 2014). THBS2 and VCAN

are localized in the extracellular matrix to regulate cell

adhesion as well as collagen remodeling, which is essential

for cancer progression and metastasis (Cheon et al., 2014).

THBS2 has been demonstrated to mediate the adhesion of

human hematopoietic stem/progenitor cells (Muth et al.,

2013) and is associated with cell growth and embryogen-

esis (Laherty et al., 1992). VCAN has been reported to

increase the spheroid formation in prostate cancer cells

(Oktem et al., 2014). Importantly, hypoxia highly upregu-

lated SDF-1 expression in AP+GSCs (Figure 3 and Table S2).

SDF1/CXCR4 signaling is essential for the self-renewal of

SSCs (Chen and Liu, 2015; Yang et al., 2013). In the present

study, the cooperative network of secretion proteins,
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including SDF-1, VEGFA, MMP2, THBS2, and VCAN, was

upregulated under the hypoxic condition (Table S2 and

Figure 2F, red line). These results highlight the synergistic

cooperation of hypoxia-induced gene expression levels,

at least in part, in the self-renewal and migration of

AP+GSCs.

Taken together, in the current study, we used primary

CD49f+AP+GSCs and a serum-free culture system to

demonstrate that niche hypoxia promotes the symmetric

self-renewal proliferation (Huang et al., 2014) and

migration of embryonic CD49f+AP+GSCs through the

hypoxia-induced IGF-1R–HIF-2a-OCT4/CXCR4 signaling

loop (Figure 7). IGF-1 activates IGF-1Rb (pY1135/1136)/

PI3K/AKT (pY473), after which it coordinates with the

hypoxic effects to increase HIF-2a protein levels. HIF-2a

translocates into the nucleus to initiate the transcriptional

activation of Oct4, c-Myc, and Cxcr4, through which the

symmetric self-renewal proliferation (Oct4 and c-Myc) and

cell migration (Cxcr4) are maintained. CXCR4 responds

to hypoxia-induced SDF-1 to activate CXCR4 phosphoryla-

tion (pS339). SDF-1/CXCR4 activation would induce FAK

phosphorylation and ARP3 membrane translocation,

which drive the migration ability of early GSCs. Mean-

while, crosstalk was observed between the activated

p-IGF-1Rb and p-CXCR4. In summary, we demonstrate

that niche hypoxia promotes the IGF-1R/HIF-2a/CXCR4

signaling loop to initiate symmetric proliferation and cell

migration in early CD49f+AP+GSCs (Figure 7). The findings

of our studies provide critical insights into how niche

hypoxia cooperates with its associated endocrine signals

to regulate both self-renewal symmetric division and

migration during early germ cell development.
EXPERIMENTAL PROCEDURES

Cultivation of Mouse AP+GSCs in Serum-free Culture

Medium
ICR mice were obtained from the National Laboratory Animal

Center and National Applied Research Laboratories (Taipei,

Taiwan). The animal study protocol was approved by the Institu-

tional Animal Care and Use Committee or Panel (IACUC/IACUP)

at Taipei Medical University (Affidavit of Approval of Animal Use

Protocol # LAC-2016-0108). Mouse AP+GSCs were generated as

previously described (Huang et al., 2009). In brief, the gonads of

E11.5 embryos and testes of 0- to 2-day-old postpartum newborn

ICRmicewere collected and brieflywashed inHank’s buffer (Gibco

BRL, Grand Island, NY, USA) before treatment with 0.1% protease

type-XIV (Sigma-Aldrich, St. Louis, MO, USA) in MCDB-201 me-

dium (Sigma-Aldrich) at 4�C for 16–20 hr. In general, one digested

testis could yield approximately 1.5 3 105 cells. For formation of

PGC and AP+GSC colonies, total gonadal or testicular cells were re-

suspended in MCDB-201 medium supplemented with 13 insulin,

transferrin, and selenium, and 10 ng/mL epidermal growth factor

(Gibco BRL). The gonadal or testicular cells were seeded on a



laminin-coated culture plate (200 ng/cm2, Sigma-Aldrich) at a

density of 83 104 cells/cm2 and cultivated for 7 days at 37�Cunder

a 21%, 5%, 3%, or 1% O2 atmosphere.

Purification of CD49f+ Mouse GSCs
CD49f+GSCs were purified using a MACS (Miltenyi Biotec,

Bergisch Gladbach, Germany), as described previously (Huang

et al., 2014). In brief, the total testicular cells were incubated

with phycoerythrin (PE)-conjugated antibody against CD49f

(eBioscience, San Diego, CA, USA) for 1 hr on ice. CD49f-labeled

cells were washed and then incubated with anti-PE microbeads

(Miltenyi Biotec) for 40 min at 4�C. Stained cells were separated

using aMACS column (Miltenyi Biotec) according to themanufac-

turer’s recommended protocol. The purified CD49f+ cells were

directly used in transcriptomic and epigenetic analyses. For other

experiments, the purified CD49f+ cells were then cultivated on a

laminin-coated culture plate (400 ng/cm2).

Statistical Analysis
All experiments were repeated at least three times with individual

samples. The results are presented as the mean ± SD or median

(SEM), as appropriate. Differences in means were assessed using a

t test, one-way ANOVA, or two-way ANOVA (GraphPad InStat

6.0, GraphPad Software, La Jolla, CA, USA). A p value of < 0.05

was considered statistically significant.
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