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Abstract

Background: Notch signaling is mainly regulated by Notch1 during development of chicken germ stem cells; how-
ever, the molecular mechanisms that contribute to generation of these germ stem cells have not been thoroughly
investigated.

Results: In our studies, Overexpression of the Notch1 NICD promoted development of the reproductive ridge, but
inhibited the formation of seminiferous tubules. The formation efficiency of PGCs in the reproductive ridge following
overexpression of NICD (7.5% = 0.11) was significantly higher than that (4.9% £ 0.17, p < 0.05) following inhibition of
NICD, While the formation efficiency of spermatogonial stem cells (SSCs) in the testes (12.7% = 0.08) was significantly
lower after NICD overexpression than that after inhibition of NICD (16.3% % 0.16, p < 0.05). Using co-immunoprecipita-
tion, we found that this anomaly stemmed from the reversal of dissociation of the Notch-regulated transcription fac-
tor CBF-1/RBP co-suppression complex during the differentiation of PGCs into SSCs. This dissociation of the CBF-1/RBP
co-suppressing complex during the differentiation of ESCs into PGCs resulted in the release of HDACT and HDAC2
and the recruitment of mastermind-like 1 to form a coactive complex to promote the expression of the downstream
transcription suppressor hairy/enhancer of split-1. Dynamic expression of transducin-like enhancer of split 3, TLE4,
and C-terminal binding protein 2 during further differentiation of PGCs inhibited the dissociation of the CBF-1/RBP
co-suppression complex and inhibited the expression of the downstream genes.

Conclusions: In summary, Notch signaling plays diametrically opposing roles during normal development of
chicken PGCs and SSCs, and these functions was determined by the expression of NICD, changes in the CBF-1/RBP
complex composition, and histone modification.
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Background

Although research on in vitro differentiation of germ cells
from embryonic stem cells (ESCs) has advanced consid-
erably, several gaps remain. Specifically, low repeatability
and efficiency in induction of germ cell differentiation
and a lack of clarity about the molecular regulation of
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this process challenge progress in this field [1]. Further
studies of the mechanisms of reproductive cell regula-
tion are warranted, and new methods to induce ESC dif-
ferentiation into germ cells are needed. Recent findings
describe the signaling pathways such as Notch, TGF-$
that participate in differentiation regulation of ESCs into
germ cells [2—4]; however, the mechanism of action of
the components of these pathways is not known.

Several studies have investigated aspects of the Notch
signaling pathway. Dallas et al. found that this pathway
plays a negative role in male Drosophila ESCs ecology
[5]. Braydich-Stolle maintained spermatogonial stem
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cells (SSCs) with brain-derived neurotrophic factor and
detected increased expression of NUMB, a protein that
causes the degradation of the intracellular domain of
Notchl (NICD), as well as the inhibition of Notch target
genes. Thus, Notchl may function to promote the differ-
entiation of SSCs [6]. Garcia et al. reported that deletion
of the Notch receptor Jagged 1 leads to the development
of the mouse ovarian follicles during different stages of
the estrous cycle [7]. By screening mutations in Notch,
Huang et al. found that a decrease in Notchl expression
upregulated hairy/enhancer of split (HES-5) and down-
regulated Neurog3, a SSCs differentiation marker [8].

Despite many in-depth studies on Notch signaling and
germ cell differentiation [9-13], the roles of these signal-
ing molecules in vivo germ cell differentiation have not
been elucidated. In particular, the role of Notch signal-
ing in the in vitro differentiation of male germ cells from
ESCs is unclear. Here, we found that the NOTCH sign-
aling pathway is involved in the regulation of male germ
cell differentiation. We then studied the specific func-
tion of Notch signaling in the generation primordial
germ cells (PGCs) and SSCs and investigated the specific
molecular mechanisms. These results were validated
using an in vitro induction model and high-throughput
sequencing. We expect that such a study may provide an
experimental basis for the construction of a regulatory
network for chicken male germ cell differentiation and
for elucidating the mechanism of germ cell formation.

Results

Notch1 regulates gonadal development in chicken germ
cells

The Notch signaling pathway is highly conserved
throughout evolution and is involved in the cell differ-
entiation process [14] through the functions of Notchl,
Notch2, Notch3, and Notch4 [15]. Only Notchl and
Notch2 receptors were detected during chicken germ
cell differentiation. Notchl expression was significantly
altered during germ cell formation, while Notch2 expres-
sion was not (Fig. 1a). Notchl was strongly expressed
in PGCs but only weakly expressed in ESCs and SSCs
(Fig. 1a left). These observations suggest that the Notch
signaling pathway may only be regulated by Notchl dur-
ing germ cell formation in chicken.

To further study the specific functions of the NICD
receptor and Notch signaling pathway in chicken
germ cell formation, we treated the chicken PGCs
and SSCs with the Notch inhibitor DAPT (N-[N-(3,5-
difluorophenacetyl)-l-alanyl]-S-phenylglycine t-butyl
ester) [16, 17] and pcDNA3.0-NICD. DAPT was able to
inhibit NICD completely within 24 h but had no signifi-
cant inhibitory effect on Notch2 (Fig. 1b, Additional file 1:
Figure S1C). We injected DAPT and pcDNA3.0-NICD
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into chicken embryos. We observed that inhibition of
NICD expression indeed affects the development of
chicken embryos. Specifically, the inhibition of NICD
altered the development of the reproductive ridge and
resulted in developmental retardation (Fig. 1lc, Addi-
tional file 1: Figure S1A, B). Inhibition of NICD actually
promoted the development of the testes. We found that
the seminiferous tubules suffered from hypoplasia in the
testicular slices with NICD overexpression (Fig. 1d, Addi-
tional file 1: Figure S1D). Taken together, these results
indicate that NICD acts as the sole receptor for the
Notch signaling pathway and exerts opposite effects on
reproductive ridges and testicular development.

CBF-1/RBP-dependent notch signaling regulates
downstream gene expression by altering histone
acetylation

Classical Notch signaling relies on CBF-1/RBP [18],
which is a transcriptional factor that inhibits the
expression of downstream genes [19].To explore the
transduction of Notch signaling in chicken germ cell
differentiation in detail, NICD inhibition and over-
expression were performed to inhibit or activate the
Notch signal, and downstream signaling molecules were
assessed. Expression of mastermind-like (MAML)1,
MAML2, and MAML3 as well as expression of the p300/
CBP-related factor (PCAF) were significantly upregu-
lated following activation of Notch signaling during the
formation of PGCs (Fig. 2a, b). The downstream tran-
scription factor hairy/enhancer of split-1 (HES1) was also
upregulated. Expression of the phenomenon, inhibition
of Notch1 has the opposite phenomenon (Fig. 2e).

To investigate these effects further, we examined the
composition of the CBF-1/RBP complex. We found that
activation of Notch signaling resulted in dissociation
of co-suppression complexes of CBF-1/RBP, a signifi-
cant reduction in the enrichment of histone deacetylase
(HDAC)1 and HDAC? in the complex, and formation of
co-activated complexes with MAMLI1 (Fig. 2c). Obser-
vation of high expression of PCAF also demonstrated
the formation of co-activated complexes (Fig. 2b). The
expression of HES1 was promoted by increasing the level
of histone acetylation near the transcriptional binding
site of HES1, leading to regulation of expression of down-
stream genes(Fig. 2e).We next transfected DF-1 cells with
HES1 and HES5 promoter dual-luciferin reporter vectors
and treated the cells with the HDAC inhibitor Trichosta-
tin A (TSA). HESS5, a transcription factor downstream of
Notch, was not affected by histone acetylation, although
both HES1 and HES5 promoters are enriched by RBP as
determined by chromatin immunoprecipitation (Addi-
tional file 2: Figure S2A, B).Interestingly, with respect to
the formation of SSCs, we found that the dissociation
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Fig. 1 Notch1 is a unique Notch receptor in chicken germ cells that regulates gonadal development. a The expression of Notch1 and Notch2 in
ESCs, PGCs, and SSCs was detected by qRT-PCR. The expression of Notch1 in the three types of cells was significantly different and highest in PGCs.
No significant difference in the expression of Notch2 in the three cell types was observed. b Notch1 protein expression was detected by western
blot after overexpression and inhibition of NICD. DAPT was used to inhibit the expression of NICD protein level, whereas overexpression of NICD was
able to rescue Notch1 protein expression. ¢ Morphological changes in reproductive ridge development were observed after NICD overexpression
or inhibition. Inhibition of NICD hindered the normal development of the reproductive ridge. Scale bar: 2 mm. d Testicular development changes
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process of the CBF-1/RBP co-suppression complex was
reversed due to unknown factors. Moreover, the enrich-
ment of HDAC1 and HDAC2 in the co-suppression
complex was significantly increased (Fig. 2d), leading to
significant reduction in the expression of downstream
transcription factors. These results indicate that Notch
signaling regulates downstream gene expression by alter-
ing histone acetylation levels via dynamic expression of
HDAC1 and HDAC?2 in CBF-1/RBP complexes.

Notch signaling positively regulates the formation of PGCs,
but negatively regulates the formation of SSCs in vivo

We next further explored the specific function of Notch
signaling during germ cell formation. To this end, we
detected the formation of PGCs (4.5 days) [20] and SSCs
(18 days) [21, 22] after activation and inhibition of Notch

signaling during chick embryo hatching. With respect
to PGCs, we found that the activation of Notch signal-
ing significantly upregulated the expression of Lin28
(8.34274+0.23, p<0.05) and Blimpl (12.4213+0.13,
p<0.05), which mark formation of PGCs at 4.5 days.
Inhibition of Notch signaling induced the opposite effects
on Lin28 and Blimpl (Fig. 3a). These data indicate that
Notch signaling may positively regulate the formation
of PGCs. We also analyzed the CVHT CKIT™ efficiency
(which Used to mark PGCs) during the chicken embryo
hatching process following manipulation of Notch signal-
ing. Activation of Notch signaling promoted the forma-
tion of PGCs in reproductive ridges and the efficiency
of CVH™ CKIT™ cells (7.5%40.11, p<0.05) was signifi-
cantly higher than that of embryos that did not have acti-
vated Notch signaling(control, 6.4% %+ 0.26). On the other
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Fig. 2 Notch signaling is dependent on CBF-1/RBP and regulates downstream gene expression. a The expression of MAML1, MAML2, and MAML3
genes was detected by gRT-PCR. b The expression of PCAF was detected by gRT-PCR. ¢ Changes in HDAC1, HDAC2, and MAML]1 levels in the
CBF-1/RBP complex were detected by anti-RBP immunoprecipitation in PGCs with either Notch1 overexpression or inhibition. B-actin served
as the internal reference. d Anti-RBP immunoprecipitation was used to detect the changes of HDAC1 and HDAC2 in CBF-1/RBP complex after
Notch1 overexpression and inhibition in SSCs. e The expression of HES1 was detected by gRT-PCR. f Colorimetric results showed that HDACs had
significantly lower enzyme activity than SSCs in PGCs; overexpression of NICD could reduce HDACs enzyme activity, while inhibiting NICD could
increase HDACs enzyme activity
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Fig. 3 Notch signalingpositively regulates the formation of PGCs and negatively regulates the formation of SSCs in vivo. a, b The expression
levels of PGC and SSC marker genes were detected by gRT-PCR after NICD overexpression and inhibition in the in vitro model. ¢ PGCs and SSCs
formation efficiency was analyzed by flow cytometry after NICD overexpression and inhibition. d PAS staining of PGCs and SSCs following NICD
overexpression and inhibition. PAS staining showed that NICD promoted the formation of PGCs, whereas inhibition of NICD expression inhibited the
formation of PGCs. Arrow represents PGCs. Scale bar: 100 um

hand, inhibition of Notch signaling significantly reduced
the number of PGCs in the reproductive ridge, and the
efficiency of CVHT CKIT" cells was only 4.9%+0.17
(p<0.05 compared to control without Notch inhibition
(Fig. 3c top). At the same time, the results of periodic acid
Schiff (PAS) [23] staining also demonstrated that Notch
signaling enhanced the formation of PGCs, although the
morphological development of the reproductive ridge
was the same in the presence and absence of Notch acti-
vation. The number of PGCs was nearly 30+3 in the
control group, but was 53 2 following Notch activation.
In accord with our previous observations, the number of
PGCs formed after inhibition of Notch signaling was only
1242 (Fig. 3d). These results indicate that Notch signal-
ing positively regulates the formation of PGCs.

The same phenomenon was not observed during
the formation of SSCs. We found that the expression
of integrin a6 (2.846140.31, p<0.05) and integrin 1

(1.8253+0.44, p<0.05) were significantly downregulated
after Notch signaling activation at 18 days. In contrast,
suppression of Notch signaling resulted in upregulation
of integrin a6 and integrin 1 (Fig. 3a). We also analyzed
the efficiency of integrin a6 integrin B1% cell formation
following modulation of Notch signaling. Activation of
Notch signaling inhibited the formation of SSCs in tes-
ticles, and the efficiency of integrin a6" integrin B17*
cells (12.7%+0.08) was significantly lower than that in
embryos without Notch activation (control, 14.2% =+ 0.33,
p<0.05). Inhibition of Notch signaling, however, signifi-
cantly promoted the formation of SSCs in the testicles,
and the efficiency of integrin a6 integrin B17 cells was
16.3% £ 0.16(Fig. 3b, bottom). Therefore, these results
underscore the opposing functions of Notch signaling in
the formation of PGCs and SSCs.
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Notch signaling functions similarly in the Bmp4 model

and in vivo

Bone morphogenetic protein (BMP4) is an important
endogenous factor for the origin and migration of germ
cells [24]; however, this protein not only induces germ
cell formation in vitro, but also regulates germ cell dif-
ferentiation by interacting with Notch1 [25-27]. To study

Page 6 of 13

the function of Notch signaling in chicken germ cell dif-
ferentiation in vitro, we established a model of BMP4-
induced germ cell formation (Fig. 4a, Additional file 3:
Figure S3). In our model, ESCs were treated with differ-
ent concentrations of BMP4 (0—40 ng/mL), and none
of these concentrations caused significant cytotoxicity
to ESCs or affected cell proliferation status (Additional
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file 3: Figure S3).In general, the proliferation of the ESCs
treated with the different BMP4 concentrations was simi-
lar. During the logarithmic growth phase (2-6 days), the
cells continued to proliferate and reached the maximum
peak on day 6. When the cells were in the plateau stage,
the growth rate was stable for 8-10 days. The cell number
stabilized on day 12 and began to decrease after 14 days
due to apoptosis. Thus, BMP4 can induce germ cell for-
mation without toxic effects that affect cell proliferation.

Different concentrations of BMP4, however, caused
significant changes in cell morphology. A BMP4 concen-
tration of 40 ng/mL resulted in embryoids on day 4, and
the number of embryos increased gradually at 6-8 days.
Then, the number of germ cells on day 14 was increased,
and the number of reproductive cells was increased
12 days after the disintegration of the embryoid bodies
(Additional file 4: Figure S4). The change of expression
level of each marker also indicated that the concentration
of 40 ng/mL was optimal for PGCs and SSCs generation
in vitro as assessed by fluorescence activated cell sorting
(FACS) (Fig. 4a).

Next, we examined inhibition and overexpression of
NICD in the BMP4 induction model in vitro (Additional
file 5: Figure S5A-C). Inhibition of NICD expression
inhibited PGCs formation and promoted SSCs formation,
while overexpression of NICD promoted the formation
of PGCs and inhibited the formation of SSCs (Fig. 4b, c,
d and Additional file 6: Figure S6). To validate the spe-
cific function of Notch signaling in vitro, we examined
the expression of reproductive marker genes (Fig. 5a) and
analyzed the effect of Notch signaling on germ cell for-
mation before and after activation using FACS (Fig. 5b).
The results of the reproductive marker gene expres-
sion and the efficiency of PGCs and SSCs generation
were consistent with those observed in vitro (Fig. 5a, b).
Together, these results demonstrate that Notch signaling
plays opposing roles during the formation of PGCs and
SSCs in both germ cells: Notch positively regulates PGC
formation and negatively regulates SSC formation.

High-throughput sequencing confirms a role for notch

in the formation of PGCs and SSCs

To analyze the specific functions of Notch signaling in
PGCs and SSCs, we performed transcriptome sequenc-
ing of ESCs, PGCs, and SSCs (Additional file 7: Figure
S7). The enrichment of differentially expressed genes in
Notch signaling was dynamic (Fig. 6a). Specifically, Notch
signaling was significantly upregulated during the pro-
cess of ESC differentiation into PGCs. On the other hand,
Notch signaling was downregulated during the process
of PGC differentiation into SSCs. Interestingly, dur-
ing ESC differentiation into SSCs, the Notch signal was
enriched and expressed as a suppressive state (Fig. 6b).
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This indicates that the function of the signal is opposite
during the process of PGCs and SSCs formation, which is
consistent with the previous experimental results.

With respect to the two types of Notch ligands, Delta-
like ligands and Serrate-like ligands, we found that the
Delta-like ligands were expressed at their highest levels
in PGCs. Conversely, the two Serrate-like ligand sub-
types were expressed differently. Specifically, Jagged 1
was expressed at significantly higher levels in PGCs than
in ESCs, and levels were decreased slightly in SSCs. The
expression of Jagged 2 continued to decrease in all three
kinds of cells. The expression of Notch receptors gen-
erally increased, with highest expression of Notchl in
PGCs. The expression of HES1 and HES5 was highest
in PGCs and lowest in SSCs. Thus, these results illus-
trate the different functions of Notch signaling in the two
germ cell formation processes.

In a previous study, we found that the dissociation of
CBEF-1/RBP co-suppression complexes was reversed
albeit by unknown factors. Thus, we sought to eluci-
date the responsible factor using the high-throughput
sequencing results. Based on the expression of the mol-
ecules in the Notch signaling pathway in PGCs and SSCs,
we initially mapped the signal transduction mechanism
of Notch signaling (Fig. 6¢). We found that transducer
like enhancer of split 3 (TLE3), TLE4, and C-terminal
binding protein 2 (CTBP2) genes regulated the co-sup-
pression CBF-1/RBP complex, and this reversal process
is key to the reverse function of Notch signaling in the
two types of reproductive stem cells. The expression of
CBEF-1/RBP complex in SSCs is reversed, which affects
the differentiation of PGCs into SSCs.

Discussion
In this study, we found that Notch signaling plays dia-
metrically opposing roles in the formation of PGCs
and SSCs. Moreover, upregulation of Notchl expres-
sion during PGC formation facilitated the dissociation
of the CBF-1/RBP complex and recruitment of MAML1
to form a coactivating complex, activating downstream
transcription factor expression to promote PGC forma-
tion. In contrast, expression of TLE3, TLE4, and CTBP2
inhibited the dissociation of CBF-1/RBP complex and the
expression of downstream transcription factors following
downregulation of Notchl in SSCs. These results were
also confirmed using high-throughput sequencing.
Notchl participates in Notch signaling to regulate
the formation of PGCs and SSCs. The Notch signaling
pathway is highly conserved through evolution and is
involved in regulation of cell proliferation, differentia-
tion, and apoptosis [28]. The Notch signal pathway relies
mainly on four receptors: Notchl, Notch2, Notch3, and
Notch4 [29]. In general, Notchl, Notch2, and Notch3 are
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Fig. 5 PGC and SSC formation efficiency analysis in the BMP4 model. a The expression levels of PGC and SSC marker genes were detected by
gRT-PCR after NICD overexpression and inhibition on day 4 and 14. b PGC and SSC formation efficiency was analyzed by flow cytometry after NICD
overexpression and inhibition in the in vitro model on day 4 and 14

expressed in tissues and organs of the central nervous
system, mesoderm, hair, teeth, and kidney, while Notch4
is confined to mature macrophages, pancreas, and epi-
thelial cells [30, 31]. Moreover, these receptors are also
expressed during the development of germ cells. Specifi-
cally, Notch1, Notch2, and Notch3 are expressed in sper-
matogonia in mice, whereas only Notch2 molecules are
expressed in the Sertoli cells. Furthermore, the Notchl
receptor was not detected in human testicular tissue
[12]. In contrast to mammals, we found that Notchl and
Notch2 are expressed only during the germ cell devel-
opment of chickens, and no significant differences were
observed in Notch2 expression, indicating that Notch
signaling during chicken germ cell formation is mainly

regulated by Notchl. Furthermore, elucidation of the
Notch signaling mechanisms that function in regulation
of the fate of both germ cells in chicken revealed that the
role of Notch in germ cell formation differs between spe-
cies. SSCs develop from PGCs; however, we discovered
that not only does Notch signaling promote the forma-
tion of PGCs, but this signaling pathway also plays an
important, albeit opposing, role in the formation of SSCs.

Dissociation of the CBF-1/RBP transcription inhibi-
tion complex is a key factor in the formation of PGCs and
SSCs. The classical Notch signaling pathway is a CBF-1/
RBP-dependent pathway [32]. CBE-1/RBP is a transcrip-
tional inhibitory factor that specifically binds to the DNA
sequence “CGTGGGAA” and recruits SMRT, SKIP I/II,
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HDACs, and other proteins to form a co-inhibitory com-
plex to prevent the transcription of downstream genes.
Activation of the Notch signal resulted in CBF-1/RBP
recruitment of specific factors to dissociate the co-sup-
pressing complex and simultaneously recruited SKIP and
MAMLI1 to form a co-activating complex to induce tran-
scription of the downstream genes. The Notch signaling
target genes are mostly members of the basic helix-loop-
helix transcription factor family, including HES in mam-
mals, XHey-1 in Xenopus laevis, and recently discovered
BLBP [33, 34]. In this study, the co-inhibitory CBF-1/RBP
complex dissociated during the formation of PGCs. The

levels of HDAC1 and HDAC?2, which inhibit the expres-
sion of genes [35, 36], were significantly reduced, and the
co-activated complex was formed with MAMLI. In con-
trast, co-activated complexes formed with MAMLI and
CBEF-1/RBP activated the expression of the downstream
transcription factor HES1. Histone acetylation had no
significant effect on the activity of the HES5 promoter,
but significantly regulated the activity of the HES1 pro-
moter. Although previous research showed that both
HES1 and HES5 are involved in the regulation of PGCs
and SSCs in mice [8] and our transcriptome sequenc-
ing confirms this notion, these results indicate that only
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HES], and not HESS5, is a downstream target of this pro-
cess. We cannot exclude the possibility, however, that
HES5 may be regulated by other epigenetic factors. At
the same time, our results confirm that although there
are differences in the levels of HDACs enrichment in the
CBEF-1/RBP complex during the formation of chicken
PGCs and SSCs, However, both PGCs and SSCs can
reduce the HDACs enzyme Activity after overexpression
of NICD, Inhibition of NICD expression can increase
HDACSs enzyme activity. HDACs enzyme activity seems
to have no direct relationship with the expression of
HDACs themselves. Based on the results, we believe that
the activity of HDACs in combination with their expres-
sion levels in the CBF-1/RBP complex participates in
the regulation of downstream gene expression. As men-
tioned, we observed that the dissociation of the CBF-1/
RBP co-suppression complex was reversed during dif-
ferentiation of PGCs into SSCs. We speculated that this
phenomenon was due to the alteration of expression
of some unknown genes. We found that TLE3 [37, 38],
TLE4 [39], and CTBP2 [40, 41] were the key genes that
reversed the dissociation process of CBF-1/RBP co-sup-
pression complex and led to the function of Notch signal-
ing in the two reproductive stem cells.

The interaction between the Notch and BMP4 signal-
ing pathways showed that a complex control network is
involved in the process of differentiation from ESCs to
SSCs and that different pathways participate in regulat-
ing this process via mutual interactions [42]. This study
validated the role of multiple signaling pathways in the
progress of chicken male germ cell differentiation in early
stages, demonstrating that NOTCH and BMP4 signaling
pathways work in coordination during differentiation.
Specifically, this occurs through positive regulation of the
BMP4 signaling pathway [43] and negative regulation of
the NOTCH signaling pathway.

Using the gene chip approach, Zavadil et al. [44] iden-
tified components of the Notch pathway, including the
basic transcription factor Hesl, which is a direct target
of the Notch pathway. Recent research demonstrated
a role for Hesl in BMP4 regulation. The Delta pathway
activates the proteolytic cleavage of NICD, followed by
its translocation to the nucleus, increasing target gene
expression via interactions with CSL (RBP-J/CBFI).
SMAD3 increases the number of DNA-binding sites in
CSL and NICD. NICD and SMAD3 interact directly, and
SMAD?3 is recruited to CSL-binding sites on DNA in the
presence of CSL and NICD. These findings imply direct
protein—protein interactions between the intracellular
components of the NOTCH and BMP4 signaling path-
ways [45-47]. The Hesl promoter in BMP4 stimulates
transcription in cells overexpressing NICD, indicating
Hesl is a direct target of BMP4 signaling [42] and that
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BMP4-induced target cell antagonists may be used to
prevent Hes1 activation [48].

Conclusions

this work describes the opposing effects of the Notch
signaling pathway on the generation of PGCs and SSCs in
chicken and highlights the complexities in the signaling
pathways involved in this regulation. Importantly, these
findings will help researchers better interpret the mecha-
nism of germ cell formation and at the same time provide
new insights for clinical medicine in addressing human
infertility issues.

Methods

Materials and reagents

Dulbecco’s modified Eagle medium (DMEM) and fetal
bovine serum (FBS) were obtained from Gibco. Mito-
mycin-C was obtained from Roche. p-Mercaptoethanol,
chicken serum, L-glutamine, sodium pyruvate, trypsin,
collagen enzyme I, human stem cell factor (SCF), basic
fibroblast growth factor (bFGF), human insulin-like
growth factor (hIGF), and murine leukemia inhibi-
tory factor (LIF) were acquired from Sigma-Aldrich.
Antibodies specific to the following proteins were pur-
chased: Oct4 (BioLegend, 1:100), Nanog (Abcam, 1:100),
c-Kit (Southern Biotech, 1:100),CVH(Southern Biotech,
1:100), a6 and P1 integrins (Millipore, 1:100), and fluo-
rescein isothiocyanate (FITC)-labeled goat anti-mouse
IgM (Bio-Synthesis Inc., 1:100).

Cell separation and culture

The isolation of ESCs was carried out from in vitro cul-
ture of blastodermal cells taken from the area pellucida of
Stage X (EG&K) embryos. The isolated blastoderm cells
were cultured in DMEM supplemented with 10% FBS,
1000 IU/ml LIF, 10 ng/ml bFGF, 10 ng/ml hIGF, and 5 ng/
ml SCF at 37 °C in 5% CO, with saturated humidity.

To obtain PGCs, chicken embryos were isolated from
fertilized eggs on day 4.5 and rinsed with phosphate-buff-
ered saline (PBS). The genital ridge of embryos was cut
up and digested with 0.25% trypsin and 0.05% EDTA for
5-10 min. Cells were filtered and differentially cultured
in dishes for 30 min in TCM-199 medium containing
10% FBS.

The testis was obtained from fertilized eggs at day
18.5 and dissected to obtain chicken SSCs. The tissue
was digested for 30 min with collagenase and then with
trypsin. The cells were cultured in DMEM supplemented
with 10% FBSat 37 °C in 5% CO, with saturated humidity
and passaged every 2—3 days.
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Overexpression and inhibition of active Notch1 receptor
(NICD)

The coding sequence of the Notchl receptor
was obtained according to the accession number
NM_001030295.1, and the NICD sequence was deter-
mined to be 5214-7686 bp. The NICD sequence was
inserted into the pcDNA3.0 vector(pcDNA3.0-NICD) by
chemical synthesis. The specific sequencing primer was
as follows: GCGTGCTGTCCCCA GTGGACTC. DAPT
is a specific inhibitor of Notch1 receptor and was used to
effectively inhibit the process of Notchl receptor cleav-
age into NICD.

In vivo and in vitro experimental design

The Notchl inhibitor (DAPT) and overexpression vec-
tor were injected into eggs by tip injection with paraf-
fin sealing and incubated at 38.5 °C. The experimental
groups were sampled at 5.5 and 18 days, respectively, as
detailed in Additional file 8: Table S1. To assess the sec-
ond-generation chicken ESCs, the experimental groups
were subjected to induction experiments as described in
Additional file 9: Table S2. The cells were replaced with
new culture medium every 2 days, and the morpho-
logical changes of the cells were observed by inverted
microscope. During the induction process, the cells were
sampled every 2 days.

Western blot analysis

Genital ridges and testes were collected 5.5 and 18 days
after the eggs hatched. Cells were sampled 4 and 14 days
after induction. RIPA buffer was used to lyse cells and to
extract the proteins. Total cellular protein (20 pg) was
mixed with 5 puL sample buffer and boiled for 3-5 min
to denature the proteins. The proteins were separated by
10% SDS-PAGE and transferred to nitrocellulose mem-
branes in a semidry manner, followed by blocking with
Tris-buffered saline containing Tween and 5% FBS for 1 h
at room temperature. The membranes were incubated
with the primary antibodies against NOTCHI overnight
at 4 °C. After the membranes were washed, the corre-
sponding secondary antibodies were added. The mem-
branes were then incubated at 37 °C for 2 h. Bands were
visualized using a DAB substrate kit to detect horserad-
ish peroxidase.

Co-immunoprecipitation (Co-IP)

Following collection of the PGCs and SSCs and the
extraction of protein, the protein was incubated with RBP
antibody overnight. The samples were then centrifuged at
1000xg at 4 °C for 10 s. The protein was collected and
subjected to western blot experiments using HDACI,
HDAC2, and MAML1antibodies as described above.
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Periodic acid-schiff (PAS) staining

The reproductive ridges of each in vitro group were fixed
overnight with Rossman’s fixative solution. The samples
were then treated by dewatering, dipping, embedding,
waxing, slicing, putting on slides, dewaxing, and PAS
staining. After these steps, the morphological changes of
gonadal gland and the number of PGCs were observed
using an Olympus microscope.

Quantitative reverse transcription-PCR (qRT-PCR)

Total RNA was extracted from tissues and cells. cDNA
was synthesized by reverse transcription. Fluorescent
quantitative PCR was used to detect the gene expression
of NOTCH1, Lin28, Blimpl, integrin a6, and integrin
B1. The reaction volume for PCR amplification included
2 pL ¢cDNA, 10 uL SYBRTaq, 0.8 uL each of upstream and
downstream primers, 0.4 pL RoxIl, and double distilled
water to make up the volume of 20 pL (Primes in Addi-
tional file 10: Table S3).

Indirect immunofluorescence

After induction, cells were fixed with 4% paraformalde-
hyde for 30 min, rinsed with PBS three times, and then
permeabilized with 0.5% Triton X-100 for 10 min. The
sections were then washed with PBS again three times
and blocked with 10% bovine serum albumin (BSA) in
PBS for 30 min at room temperature. Then, the primary
antibodies against CVH and integrin a6 were added, and
the sections were incubated overnight at 4 °C. After 3
rinses with PBS-Tween (PBST), the corresponding sec-
ondary antibody was applied, followed by incubation
in the dark at 37 °C for 1 h. After 3 washes with PBST,
DAPI was used for nuclear staining. The sections were
observed by fluorescence microscopy.

FACS

The genital ridge and testis samples were digested with
trypsin to yield cell suspensions. In addition, induced
cells were collected, and 1 mL of the cell suspension
(1 x 10° cells) was aliquoted into 1.5-mL centrifuge tubes.
Centrifugation was carried out at 1500 rpm for 5 min,
after which the supernatant was discarded. The cells
were washed with PBS, and 200 pL (1:200 dilution) of
fluorescein-labeled antibody (c-Kit and CVH antibody
for labeling PGCs, integrin a6 and integrin p1 antibody
for labeling SSCs) was added, followed by incubation at
4 °C for 1-2 h. Next, the suspension was centrifuged, and
the supernatant discarded. Precooled PBS was added,
and cells were washed twice to remove excess unbound
antibody. Then, 500 pL precooled PBS was added, and
samples were mixed by blowing and tapping. Antibody
binding was then detected using FACS.
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Statistical analysis

All data are provided as mean+ SEM, and the differences
between groups were analyzed by Student’s ¢ tests and
one-way ANOVAs. A p-value of<0.05 was considered
statistically significant.

Additional files

Additional file 1: Figure S1. Effects of key signal molecules in Notch
signaling duringgonadal development. A. Diagram of construction of
NICD overexpression vector. B. Western blot results show that transfection
of DF-1 chicken fibroblasts with pcDNA3.0-NICD significantly increases
the level of NICD expression. C. Western blot results show that DAPT does
not affect Notch2 expression. D. Reproductive ridge development. Nor,
normal; UN, not normal.

Additional file 2: Figure S2. Histone acetylation regulates HES1 gene
expression. A. CHIP-gPCR shows that the RBP complex has stronger
binding ability to the HES1 promoter and weaker binding ability to the
HES5promoter. B. Dual fluorescein reporter enzyme shows that TSA inhib-
ited HDAC-upregulated HEST promoter activity but not HES5 promoter
activity. ## p <0.01 compared to PGL3-basic. &&p < 0.01compared to
PGL3-HEST group. ** p<0.01 compared to the PGL3-HES1 group and the
PGL3-HEST +TSA group.

Additional file 3: Figure S3. Assessment of different concentrations of
BMP4(0-40 ng/mL) on cytotoxicity and cell proliferation of ESCs.

Additional file 4: Figure S4. Morphological changes during induction of
ESCs to germ cells with 0-40 ng/mL BMP4. The concentration of BMP4 at
40 ng/mL had the greatest effect on the morphological changes of ESCs.
Scale bar: 50 um.

Additional file 5: Figure S5. Overexpression or inhibition of NICD affects
the expression of Notch1 in the BMP4-induced model. A. Schematic dia-
gram of in vitro induction experiments. B, C. DAPT inhibits the expression
of NICD in the BMP4-induced model, and overexpression of NICD restores
the expression level of Notch1.

Additional file 6: Figure S6. Changes in the number of embryoid bodies
in the in vitroBMP4-induced model after overexpression and inhibition of
NICD expression.

Additional file 7: Figure S7. Sequencing results of ESCs, PGCs, and SSCs
transcriptome.

Additional file 8: Table S1. Experiment grouping in vivo.
Additional file 9: Table S2. Induction grouping in vitro.
Additional file 10: Table S3. The sequences of gRT-PCR primers.

Abbreviations

ColP: co-immunoprecipitation; ESCs: embryonic stem cells; FACS: fluorescence
activated cell sorting; PCAF: the p300/CBP-related factor; PGCs: primordial
germ cells; SSCs: spermatogonial stem cells.

Authors’ contributions

LBC conceived and designed the experiments. ZQS performed the experi-
ments, ZQS, ZC, SCH analyzed the data, and ZQS wrote the manuscript. ZQS,
ZYN, JK, JJ, CGH and SJZ edited the manuscript. All authors read and approved
the final manuscript.

Author details

! Key Laboratory of Animal Breeding Reproduction and Molecular Design

for Jiangsu Province, College of Animal Science and Technology, Yangzhou
University, 88 South University Ave, Yangzhou, Jiangsu 225009, People’s
Republic of China. 2 Department of Animal & Avian Sciences, University

of Maryland, Baltimore, MD 20741, USA. 3 College of Veterinary Medicine, Suez
Canal University, Ismailia 41522, Egypt. * Joint International Research Labora-
tory of Agriculture and Agri-Product Safety of Ministry of Education of China,

Page 12 of 13

Yangzhou University, 88 South University Ave, Yangzhou 225009, Jiangsu,
People’s Republic of China.

Acknowledgements
We thank the Poultry Institute of the Chinese Academy of Agricultural Sci-
ences Experimental Poultry Farm for providing experimental materials.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
RNA-Seq data were uploaded to the SPA database (SRR3720923,
SRR3720924,and SRR3720925).

Consent for publication
Not applicable.

Ethics approval and consent to participate

All procedures involving the care and use of animals conformed to the US
National Institute of Health guidelines (NIH Pub. No. 85-23, revised 1996) and
were approved by the laboratory animal management and experimental
animal ethics committee of Yangzhou University.

Funding

This work was supported by the National Natural Science Foundation of China
(31472087, 31272429), the High-level Talents Support Program of Yangzhou
University, and the Project Funded by the Priority Academic Program Develop-
ment of Jiangsu Higher Education Institutions.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 4 April 2018 Accepted: 5 June 2018
Published online: 19 June 2018

References

1. Oatley JM, Brinster RL. Regulation of spermatogonial stem cell self-
renewal in mammals. Annu Rev Cell Dev Biol. 2008;24(1):263-86.

2. He Z, Kokkinaki M, Dym M. Signaling molecules and pathways
regulating the fate of spermatogonial stem cells. Microsc Res Tech.
2009;72(8):586-95.

3. Wang Q LiJ, Tang C, Zhang J, Wang Y. Mammalian germ cell develop-
ment: from in vivo specification to in vitro differentiation. China J Cell Biol.
2012;34(9):517-26.

4. Yeh JR, Zhang X, Nagano MC. Wnt5a is a cell-extrinsic factor that
supports self-renewal of mouse spermatogonial stem cells. J Cell Sci.
2011;124(14):2357-66.

5. Vanorny DA, Prasasya RD, Chalpe AJ, Kilen SM, Mayo KE. Notch signaling
regulates ovarian follicle formation and coordinates follicular growth. Mol
Endocrinol. 2014;28(4):499-511.

6. Braydichstolle L, Nolan C, Dym M, Hofmann M. Role of glial cell line-
derived neurotrophic factor in germ-line stem cell fate. Ann N'Y Acad Sci.
2010;1061(1):94-9.

7. Garcia TX, Defalco T, Capel B, Hofmann M. Constitutive activation of
NOTCH1 signaling in Sertoli cells causes gonocyte exit from quiescence.
Dev Biol. 2013;377(1):188-201.

8. Huang Z, Rivas B, Agoulnik A. NOTCH1 gain of function in germ
cells causes failure of spermatogenesis in male mice. PLoS ONE.
2013;8(7):271213.

9. Farnie G, Clarke R. Mammary stem cells and breast cancer-role of notch
signalling. Stem Cell Rev. 2007,3(2):169-75.

10. Trombly D, Woodruff T. Suppression of notch signaling in the neonatal
mouse ovary decreases primordial follicle formation. Endocrinology.
2009;150(2):1014-24.

11. Dirami G, Ravindranath N, Achi M, Dym M. Expression of notch pathway
components in spermatogonia and sertoli cells of neonatal mice. J
Androl. 2001,22(6):944-52.


https://doi.org/10.1186/s13578-018-0238-y
https://doi.org/10.1186/s13578-018-0238-y
https://doi.org/10.1186/s13578-018-0238-y
https://doi.org/10.1186/s13578-018-0238-y
https://doi.org/10.1186/s13578-018-0238-y
https://doi.org/10.1186/s13578-018-0238-y
https://doi.org/10.1186/s13578-018-0238-y
https://doi.org/10.1186/s13578-018-0238-y
https://doi.org/10.1186/s13578-018-0238-y
https://doi.org/10.1186/s13578-018-0238-y

Zuo et al. Cell Biosci (2018) 8:40

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Hayashi T, Kageyama'Y, Ishizaka K, Xia G, Kihara K, Oshima H. Requirement
of Notch 1 and its ligand jagged 2 expressions for spermatogenesis in rat
and human testes. J Androl. 2001;22(6):999-1011.

Hasegawa K, Okamura'Y, Saga Y. Notch signaling in Sertoli cells regulates
cyclical gene expression of Hes1 but is dispensable for mouse spermato-
genesis. Cell Mol Biol. 2012;32(1):206-15.

Andersson E, Sandberg R, Lendahl U. Notch signaling: simplicity in
design, versatility in function. Development. 2011;138(17):3593-612.
Floros V. An investigation of the role of Notch signalling in germ cell
development using mouse embryonic stem cells. J Dev Behav Pediatr.
2013;17(3):176-82.

Zhang C, Yang J, Zhang J, Li L, Huang L, Ji S, et al. Notch signaling is
involved in ovarian follicle development by regulating granulosa cell
proliferation. Endocrinology. 2011;152(6):2437-47.

Licciardello M, Millner M, Dirnberger G, Kerzendorfer C, Boidol B, Trefzer
C, et al. NOTCH1 activation in breast cancer confers sensitivity to inhibi-
tion of SUMOylation. Oncogene. 2015;34(29):3780-90.

Sweeney C, Morrow D, Birney Y, Coyle S, Hennessy C, Scheller A, et al.
Notch 1 and 3 receptor signaling modulates vascular smooth muscle cell
growth, apoptosis, and migration via a CBF-1/RBP-Jk dependent pathway.
Faseb J. 2004;18(12):1421-3.

Kannabiran C, Zeng X, Vales L. The mammalian transcriptional repres-

sor RBP (CBF1) regulates interleukin-6 gene expression. Cell Mol Biol.
1997;17(1):1-9.

Li B, Chen G, Zhao D, Wang K, Qian J. Relationship between pgcs migra-
tion and gonad development in the early chicken embryo. Jiangsu Agric
Res. 2002,23(1):18-20.

Tang X, Zeng W, MiY, Liu H, Zhang C. Isolation, culture and characteriza-
tion of chicken primordial germ cells. J Agric Biotechnol. 2006;3(3):183-8.
Cai K. Preliminary study on the isolation and in vitro culture of chicken
spermatogonial stem cells. J Anhui Agric Sci. 2008;9(6):401-5.
Yamamoto Y, Usui F, Nakamura Y, Ito Y, Tagami T, Nirasawa K, et al. A novel
method to isolate primordial germ cells and its use for the generation of
germline chimeras in chicken. Biol Reprod. 2007;77(1):115.

Lawson K, Dunn N, Roelen B, Zeinstra L, Davis A, Wright C, et al. Bmp4

is required for the generation of primordial germ cells in the mouse
embryo. Gene Dev. 1999;13(4):424-36.

Ying Y, Qi X, Zhao G. Induction of primordial germ cells from murine
epiblasts by synergistic action of BMP4 and BMP8B signaling pathways.
Proc Natl Acad Sci USA. 2001;98(14):7858-62.

Majumder S, Siamwala J, Srinivasan S, Sinha S, Sridhara S, Soundararajan
G, et al. Simulated microgravity promoted differentiation of bipotential
murine oval liver stem cells by modulating BMP4/notch1 signaling. J Cell
Biochem. 2011;112(7):1898-908.

EndoY, Osumi N, Wakamatsu Y. Deltex/Dtx, mediates NOTCH signaling in
regulation of Bmp4, expression in cranial neural crest formation during
avian development. Dev Growth Differ. 2003;45(3):241-8.

Ehebauer M, Hayward P, Martinez-Arias A. Notch signaling pathway. Sci-
ence’s STKE. 2006; 2006(364); stke.3642006cm?7.

Chen J, Li B, Zhang Y. Effects of notch family proteins on the expression of
YY1 and EGFR in pancreatic cancer HPAC cells. China J Biochem Mol Biol.
2015;31(6):599-607.

Duan L, Ren Y. Role of notch signaling in osteoimmunology-from the
standpoint of osteoclast differentiation. Eur J Orthod. 2013;35(2):175-82.
Wang L, Chopp M, Zhang R, Zhang L, Letourneau Y, Feng Y, et al. The
Notch pathway mediates expansion of a progenitor pool and neuronal

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Page 13 of 13

differentiation in adult neural progenitor cells after stroke. Neuroscience.
2009;158(4):1356-63.

Iso T, Kedes L, Hamamori Y. HES and HERP families: multiple effectors of
the Notch signaling pathway. J Cell Physiol. 2003;194(3):237-55.
Kavanagh D, McKay G, Patterson C, McKnight A, Maxwell A, Savage

D. Association analysis of Notch pathway signalling genes in diabetic
nephropathy. Diabetologia. 2011;54(2):334-8.

Baron M. An overview of the Notch signalling pathway. Semin Cell Dev
Biol. 2003;14(2):113-9.

Ashburner B, Westerheide S Jr, Baldwin AS.The p65 (RelA) subunit of
NF-kappaB interacts with the histone deacetylase (HDAC) corepressors
HDACT and HDAC2 to negatively regulate gene expression. Mol Cell Biol.
2001;21(20):7065-77.

Peinado H, Ballestar E, Esteller M, Cano A. Snail mediates E-cadherin
repression by the recruitment of the Sin3A/histone deacetylase 1
(HDACT)/HDAC2 complex. Mol Cell Biol. 2004;24(1):306-19.

Bara AM, Messana A, Herring A, Hazelbaker D, Eggan K, Barrett L. Genera-
tion of a TLE3, heterozygous knockout human embryonic stem cell line
using CRISPR-Cas9. Stem Cell Res. 2016;17(2):441-3.

Kokabu S, Nakatomi C, Matsubara T, Ono Y, Addison W, Lowery J, et al.
The transcriptional co-repressor TLE3 regulates myogenic differentiation
by repressing the activity of the MyoD transcription factor. J Biol Chem.
2017;292(31):12885-94.

Wheat J, Krause D, Shin T, Chen X, Wang J, Ding D, et al. The transcrip-
tional corepressorTle4 is a novel regulator of murine hematopoietic stem
and progenitor cells and their niche. Blood. 2013;122(21):588-92.
Tarleton H, Lemischka I. Delayed differentiation in embryonic stem

cells and mesodermal progenitors in the absence of CtBP2. Mech Dev.
2010;127(1):107-19.

Kim T, Kang B, Jang H, Kwak S, Shin J, Kim H, et al. Ctbp2 modulates
NuRD-mediated deacetylation of H3K27 and facilitates PRC2-mediated
H3K27me3 in active embryonic stem cell genes during exit from pluripo-
tency. Stem Cells. 2015;33(8):2442-55.

Kennard S, Liu H, Lilly B. Transforming growth factor-beta (TGF-1) down-
regulates Notch3 in fibroblasts to promote smooth muscle gene expres-
sion. J Biol Chem. 2008;283(3):1324-33.

Zuo Q, Jin K, Zhang Y, Song J, Li B. Dynamic expression and regula-

tory mechanism of TGF-f signaling in chicken embryonic stem

cells differentiating into spermatogonial stem cells. Bioscience Rep.
2017,37(4):BSR20170179.

Zavadil J, Cermak L, SotoNieves N, Béttinger E. Integration of TGF-beta/
Smad and Jagged1/Notch signalling in epithelial-to-mesenchymal transi-
tion. EMBO J. 2004;23(5):1155-65.

Matthew T. Holderfield, Christopher C, Hughes. Crosstalk between vascu-
lar endothelial growth factor, notch, and transforming growth factor-beta
in vascular morphogenesis. Circ Res. 2008;102(6):637-52.

Bray S. Notch signalling: a simple pathway becomes complex. Nat Rev
Mol Cell Biol. 2006;7(9):678-89.

Klippel M, Wrana JL. Turning it up a Notch: cross-talk between TGF beta
and Notch signaling. BioEssays. 2005;27(2):115-8.

Ostroukhova M, Qi Z, Oriss T, Dixon-McCarthy B, Ray P, Ray A. Treg-medi-
ated immunosuppression involves activation of the Notch-HEST axis by
membrane-bound TGF-beta. J Clin Invest. 2006;116(4):996-1004.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	NICD-mediated notch transduction regulates the different fate of chicken primordial germ cells and spermatogonial stem cells
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Notch1 regulates gonadal development in chicken germ cells
	CBF-1RBP-dependent notch signaling regulates downstream gene expression by altering histone acetylation
	Notch signaling positively regulates the formation of PGCs, but negatively regulates the formation of SSCs in vivo
	Notch signaling functions similarly in the Bmp4 model and in vivo
	High-throughput sequencing confirms a role for notch in the formation of PGCs and SSCs

	Discussion
	Conclusions
	Methods
	Materials and reagents
	Cell separation and culture
	Overexpression and inhibition of active Notch1 receptor (NICD)
	In vivo and in vitro experimental design
	Western blot analysis
	Co-immunoprecipitation (Co-IP)
	Periodic acid-schiff (PAS) staining
	Quantitative reverse transcription-PCR (qRT-PCR)
	Indirect immunofluorescence
	FACS
	Statistical analysis

	Authors’ contributions
	References




