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Primordial germ cells (PGCs) are common ancestors of all
germline cells. However, mechanistic understanding of how
PGC specification occurs is limited. Here, we identified tran-
scription factor CP2-like 1 (Tfcp2l1), an important pluripo-
tency factor, as a pivotal factor for PGC-like cell (PGCLC)
specification. High-throughput sequencing and quantitative
real-time PCR analysis showed that Tfcp2l1 expression is
gradually increased during mouse and human epiblast differ-
entiation into PGCLCs in vivo and in vitro. Consequently,
overexpression of Tfcp2l1 can enhance the specification effi-
ciency even without inductive cytokines in mouse epiblast-like
cells derived from embryonic stem cells, while knockdown of
Tfcp2l1 significantly inhibits PGCLC generation. Mechanistic
studies revealed that Tfcp2l1 exerts its function partially
through the direct induction of PR domain zinc finger protein
14, a key PGC marker, as downregulation of the PR domain
zinc finger protein 14 transcript can impair the ability of
Tfcp2l1 to direct PGCLC commitment. Importantly, we finally
demonstrated that the crucial role of the human homolog
Tfcp2l1 in promoting PGCLC specification is conserved in
human pluripotent stem cells. Together, our data uncover a
novel function of Tfcp2l1 in PGCLC fate determination and
facilitate a better understanding of germ cell development.

In mammals, all gametes, including sperm and oocytes,
originate from primordial germ cells (PGCs), which were first
discovered at the posterior end of the primitive streak in the
extraembryonic mesoderm at embryonic day 7.25 in mice (1).
Deciphering the mechanisms involved in PGC specification
and development is important for understanding the associ-
ated diseases and infertility. To date, gene KO studies using
KO mice have identified several essential inductive signals for
the fate of PGCs, such as the bone morphogenetic protein
(BMP) and wingless/integrated (Wnt) pathways (2–4), and
many downstream core transcription factors, among which PR
domain zinc finger protein 14 (Prdm14), B lymphocyte–
induced maturation protein-1 (Blimp1, also named Prdm1),
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and transcription factor AP-2 gamma (Tfap2c, also named
Ap2-γ) are the most critical in mice (5–7). BMP4 secreted
from extraembryonic ectoderm is sufficient to trigger Blimp1
and Prdm14 expression in the epiblast and to induce the for-
mation of PGC-like cells (PGCLCs) (2, 4). Meanwhile, Wnt3 is
able to enable epiblast cells to respond to BMP4 to form PGCs
via Brachyury (4), which functions downstream of Wnt3 by
directly inducing Prdm1 synergistically with BMP4 (8). In fact,
the specification of PGCs is a very complicated process, and
the molecular mechanisms are poorly understood, especially
for human PGCs because of technical and ethical obstacles to
obtaining such cells from early embryos.

Identification and functional assessment of PGC
commitment–associated pathways and factors requires an
in vitro model, for which the most appropriate approach is the
induction of PGCLCs from pluripotent stem cells in vitro,
including embryonic stem cells (ESCs), derived from the inner
cell mass of the blastocyst and induced pluripotent stem cells
(iPSCs), reprogrammed from somatic cells (9–13). The initial
work was tested in mouse ESCs and iPSCs (14). In this pro-
cedure, mouse ESCs and iPSCs were first converted into
epiblast-like cells (EpiLCs) through exposure to activin A and
basic fibroblast growth factor for 2 days, and then, these cells
were further differentiated into PGCLCs in response to cyto-
kines for 4 to 6 days, principally BMP4 and leukemia inhibitory
factor (LIF) (14). These mouse PGCLCs exhibited analogous
transcriptomic and epigenetic profiles compared with those of
E9.5 migratory mouse PGCs in vivo (14). With this PGCLC
specification system, Prdm14 alone or in combination with
Blimp1 and Tfap2c is sufficient to efficiently direct EpiLCs, but
not ESCs, into a PGCLC state even in the absence of cytokines
(15). Notably, human pluripotent stem cells differ from mouse
ESCs and iPSCs (9–11) but are similar to mouse epiblast stem
cells (EpiSCs) (16, 17). Unlike the formation process of mouse
PGCLCs, human iPSCs first have to transform into incipient
mesoderm-like cells (iMeLCs) stimulated by activin A, Rho-
associated protein kinase (ROCK) inhibitor, and Wnt
signaling agonist for 2 days (18). After this treatment, iMeLCs
robustly generated human PGCLCs corresponding to week 7
human PGCs in vivo when cultured under BMP4, LIF, stem
cell factor (SCF), and epidermal growth factor (EGF)
J. Biol. Chem. (2021) 297(4) 101217 1
Biochemistry and Molecular Biology. This is an open access article under the CC

https://doi.org/10.1016/j.jbc.2021.101217
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://orcid.org/0000-0003-1864-8561
mailto:shdye@126.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbc.2021.101217&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Tfcp2l1 induces ESC differentiation into PGCLCs
conditions for 4 days (18). Together, based on stem cells as a
model, more regulators important for PGCLC development
need to be explored.

Many stem cell pluripotency factors have been demon-
strated to be essential for the survival and formation of
PGCLCs, such as octamer-binding transcription factor 4
(Oct4) (19) and Nanog (20). More recently, we identified
transcription factor CP2-like 1 (Tfcp2l1) as a key marker of
pluripotency and a critical gene for the maintenance of the
undifferentiated state of mouse and human ESCs (21–23),
whereas its function is still unclear during PGCLC commit-
ment. For the first time, this project found that Tfcp2l1 tran-
scripts were gradually increased when epiblast cells became
PGCs in vivo and in vitro. Therefore, overexpression of
Tfcp2l1 was able to facilitate the differentiation of mouse and
human pluripotent stem cells into PGCLCs. These results
provide a new perspective for people to understand the reg-
ulatory network of PGCLC specification.
Results

The transcription of Tfcp2l1 is increased during mouse PGC
formation in vivo and in vitro

To compare the expression pattern of Tfcp2l1 during PGC
specification in vivo, we first analyzed the transcript data in
mouse epiblasts and E9.5 PGCs (GEO: GSE46855) (14). The
results showed that E9.5 PGCs exhibited higher transcript
levels of Tfcp2l1 and the PGC markers Tfap2c, Prdm14,
Blimp1, and Stella than epiblasts (Fig. 1A). In addition, E11.5
and E12.5 male and female PGCs, testis, liver, and heart also
expressed higher levels of Tfcp2l1 than R1 mouse ESCs and
other adult tissues, such as the brain, spleen, and thymus
(Fig. S1, A–C) (24).

Next, we analyzed a previous high-throughput sequencing
result of PGCLC specification and found that the expression of
Tfcp2l1 was also gradually upregulated during EpiLCs differ-
entiation into PGCLCs (GEO: GSE46855) (14) (Fig. 1B). To
validate these data in vitro, we established a mouse ESC cell
line transfected with a construct in which the expression of the
EGFP gene was driven by a DNA sequence representing the
mouse Blimp1 reporter (Fig. 1C). When ESCs differentiated
into PGCLCs by the addition of BMP4, LIF, SCF, and EGF, the
intensity of the Blimp1-EGFP reporter increased progressively
until day 4, as analyzed by the fluorescence microscopy and
fluorescence-activated cell sorting (FACS) (Fig. 1, D–F).
Immunofluorescence staining showed that most of the
Tfcp2l1-positive cells coexpressed the PGC marker genes
Tfap2c and Stella (Fig. 1G). In addition, quantitative real-time
PCR (qRT-PCR) detection revealed that Tfcp2l1 had an
expression pattern similar to those of the PGC markers
Prdm14, Blimp1, Tfap2c, Nanos3, and Stella (Fig. 1H). They
were decreased significantly when mouse ESCs differentiated
into EpiLCs but gradually increased when PGCLCs emerged
(Fig. 1H). In contrast, the epigenetic modifier Dnmt3b showed
opposite expression profile (Fig. 1H). Collectively, these data
indicate that Tfcp2l1 is highly expressed in PGCLCs during
early embryonic development.
2 J. Biol. Chem. (2021) 297(4) 101217
Tfcp2l1 enhances the generation of PGCLCs from mouse ESCs

To investigate the function of Tfcp2l1 in PGCLC genera-
tion, we used a mouse ESC line harboring a doxycycline
(DOX)-inducible Tfcp2l1 (i-Tfcp2l1) transgene (21), in which
Tfcp2l1 expression could be efficiently induced after the
addition of DOX (Fig. 2A). i-Tfcp2l1 ESCs were first differ-
entiated into EpiLCs, and then BMP4, LIF, SCF, and EGF were
further supplemented to stimulate PGCLC formation in the
presence or absence of DOX for 4 days. The expression levels
of PGC markers were assessed by qRT-PCR and FACS, and the
results showed that DOX treatment increased key genes of
PGC specification, Blimp1, Prdm14, Tfap2c, Nanos3, Stella,
and Nanog (Fig. 2, B–D), indicating that upregulation of
Tfcp2l1 is capable of promoting mouse ESC differentiation
into PGCLCs. Next, to evaluate whether Tfcp2l1 is necessary
for PGCLC generation, we designed two shRNAs specific for
mouse Tfcp2l1 mRNA (Tfcp2l1 shRNA) with a lentivirus
system. Compared with scramble control cells, Tfcp2l1
transcripts were knocked down by approximately 70 to 80% at
the mRNA and protein levels in 46C mouse ESCs after
infection with Tfcp2l1 shRNA lentiviruses (Fig. 2, E and F).
Tfcp2l1–shRNA mouse ESCs-derived PGCLCs exhibited
lower levels of the PGC markers Blimp1, Prdm14, Tfap2c,
Stella, and Nanos3 than scramble control cells (Fig. 2, G–I),
suggesting that downregulation of Tfcp2l1 limits the ability of
mouse ESCs to convert into PGCLCs. Taken together, these
data demonstrated that Tfcp2l1 is important for PGCLC
specification.
Tfcp2l1 promotes PGCLC formation partially through Prdm14

Given that Tfcp2l1 is one of the key targets of the LIF/Stat3
signaling pathway (21, 25) and LIF combined with BMP4 is
also able to induce PGCLCs (14), we then treated i-Tfcp2l1
ESCs with BMP4 in the presence of DOX or LIF. BMP4 and
DOX increased PGCLC marker levels, but the efficiency was
lower than those of BMP4 and LIF (Fig. S2, A and B). To
investigate whether overexpression of Tfcp2l1 alone can pro-
mote mouse ESC differentiation into PGCLCs, DOX was
added after i-Tfcp2l1 ESCs were transformed into EpiLCs. The
results showed that DOX treatment only upregulated the
expression of PGCLC marker genes (Fig. 3, A–C). To further
investigate the mechanism by which Tfcp2l1 induces PGCLCs,
we treated i-Tfcp2l1 cells with DOX for a short period of time
to detect the expression of PGC marker genes, and the results
showed that 6 h of DOX treatment could increase the
expression of Prdm14 and Tfap2c (Fig. 3D). The previous
literature reported that overexpression of Tfap2c alone cannot
reach the state of PGCLCs from EpiLCs, whereas ectopic
expression of the Prdm14 gene alone suffices for the induction
of the PGC state in EpiLCs (15). Thus, we next wanted to
examine whether the function of Tfcp2l1 depends on Prdm14.
First, we constructed a Prdm14–shRNA lentivirus system and
infected i-Tfcp2l1 EpiLCs. After 4 days, qRT-PCR analysis
results showed that Prdm14 expression was efficiently
decreased and that downregulation of Prdm14 gene expression
was able to reduce the expression of PGCLC marker genes



Figure 1. Tfcp2l1 is upregulated in PGCs. A, heatmap showing the expression of Tfcp2l1 and PGC markers in mouse epiblasts and E9.5 PGCs. B, heatmap
revealing the levels of Tfcp2l1 and PGC markers during the conversion of EpiLC into PGCLCs. C, the construction of the Blimp1-EGFP report plasmid. D, schematic
diagram of mouse ESC differentiation into PGCLCs. E, green fluorescence changes during the process of mouse PGCLC induction in Blimp1-EGFP cells. The scale
bar represents 100 μm. F, FACS analysis of Blimp1-EGFP cells on day 4 embryoids after mouse PGCLC induction. The percentage of EGFP expression has been
indicated. G, immunofluorescence analysis of Tfcp2l1 (red), Tfap2c (green), and Stella (green) in day 4 mouse PGCLC embryoids. The scale bar represents 100 μm. H,
qRT-PCR analysis of the expression levels of Tfcp2l1 and several core genes of mouse PGCLCs treated with (wi) or without (wo) cytokines, including BMP4, LIF, SCF,
and EGF. Data are the mean ± SD (N = 3 biological replicates). *p < 0.05, **p < 0.01 versus wo cytokines. D2, day 2; D4, day 4; EpiLCs, epiblast-like cells; LIF,
leukemia inhibitory factor; PGCLCs, PGC-like cells; PGCs, primordial germ cells; SCF, stem cell factor; Tfcp2l1, transcription factor CP2-like 1.
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Figure 2. Tfcp2l1 is important for the generation of PGCLCs from mouse ESCs. A, Western blot analysis of Tfcp2l1 protein in i-Tfcp2l1 ESCs in the
presence or absence of doxycycline (DOX) for 24 h. β-Tubulin was used as a loading control. B, qRT-PCR analysis of the expression levels of PGC markers
under the treatment of PGCLC-inductive cytokines with or without DOX. Data are the mean ± SD (N = 3 biological replicates). *p < 0.05, **p < 0.01 versus
cytokines. C, in Blimp1-EGFP transfected i-Tfcp2l1 ESCs, the fluorescence intensity of PGCLCs was induced by BMP4, LIF, SCF, and EGF in the presence or
absence of 2 μg/ml DOX. The scale bar represents 100 μm. D, FACS analysis of Blimp1-EGFP on day 4 in i-Tfcp2l1 cell–derived PGCLCs in the presence or
absence of DOX. E, qRT-PCR analysis of mouse Tfcp2l1 expression in 46C mouse ESCs infected with scramble or Tfcp2l1 shRNA lentiviruses. Data are the
mean ± SD (N = 3 biological replicates). **p < 0.01 versus scramble. F, Western blot analysis of the Tfcp2l1 protein levels in scramble and Tfcp2l1 shRNA 46C
mouse ESCs. G, qRT-PCR analysis of mouse PGC genes in scramble and Tfcp2l1 shRNA PGCLCs induced by BMP4, LIF, SCF, and EGF. Data are the mean ± SD

Tfcp2l1 induces ESC differentiation into PGCLCs
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Tfcp2l1 induces ESC differentiation into PGCLCs
induced by DOX compared with the scramble control group
(Fig. 3, E and F). Shortly thereafter, we generated a mouse ESC
line that overexpressed the HA-tagged mouse Prdm14 gene
using a PiggyBac vector (PB-Prdm14) in which Prdm14
expression was efficiently enhanced (Fig. 3G). Empty vector
control (PB) and PB-Prdm14 EpiLCs were infected with
Tfcp2l1–shRNA lentivirus (Fig. 3H). After switching to
cytokine-induced condition medium, Prdm14 upregulation
was capable of preventing the PGCLC differentiation defect
caused by Tfcp2l1 gene downregulation (Fig. 3I). Taken
together, these results indicate that Tfcp2l1 partially depends
on the Prdm14 gene to promote mouse ESC differentiation
into PGCLCs.
Prdm14 is a direct target of Tfcp2l1

To investigate whether Tfcp2l1 directly regulates the
expression level of Prdm14 in mouse ESCs, we used three
different approaches. First, we examined Prdm14 transcription
under different Tfcp2l1 expression levels by using i-Tfcp2l1
ESCs at the protein and mRNA levels. Prdm14 had a similar
expression pattern to Tfcp2l1 after treatment with DOX for
6 h and 12 h (Fig. 4, A and B). Second, to detect whether
knockdown of Tfcp2l1 has a negative effect on Prdm14
expression, we infected 46C mouse ESCs with Tfcp2l1–shRNA
lentiviruses (Tfcp2l1 sh#1, Tfcp2l1 sh#2, and Tfcp2l1 sh#3). As
expected, the transcripts of Prdm14 decreased in Tfcp2l1–
shRNA cells but not in scramble control cells (Fig. 4, C and D).
Third, to examine whether Tfcp2l1 directly binds to the
Prdm14 gene locus, we analyzed the Tfcp2l1-binding
consensus motifs using the JASPAR CORE database and pre-
dicted two potential binding sites within Prdm14 promoter
regions: motif 1 is located at −1893�−1880, and motif 2 is
located at −2723�−2710 (Fig. 4E). We then performed chro-
matin immunoprecipitation (ChIP) in FLAG-tagged Tfcp2l1
(PB-Tfcp2l1)-overexpressing 46C mouse ESCs with an anti-
FLAG antibody affinity gel and discovered high enrichment
binding within motif 1 (Fig. 4F). To further confirm that
Tfcp2l1 is a functional activator of the Prdm14 promoter, the
core base sequences of motif 1 were depleted and theoretically
did not bind to the Tfcp2l1 protein (Fig. 4G). The Prdm14
promoter sequences comprising WT or mutated motif 1 were
inserted into pGL6 to drive the expression of luciferase (pGL6-
Prdm14). Subsequently, Tfcp2l1 was cotransfected into 46C
mouse ESCs with pGL6-Prdm14. After 48 h, these cells were
collected and lysed, and 2.14-fold upregulation was observed
in WT promoter activity relative to the mutant sequence
(Fig. 4H). These results collectively indicate that Tfcp2l1
directly binds to and activates Prdm14.

Given that both Tfcp2l1 and Prdm14 have the ability to
sustain the undifferentiated state of mouse ESCs in the
absence of LIF, which is able to maintain naïve pluripotency by
(N = 3 biological replicates). *p < 0.05, **p < 0.01 versus scramble. H, green fl

infected with scramble or mouse Tfcp2l1 shRNA lentiviruses. The scale bar repr
with scramble or Tfcp2l1 shRNA lentiviruses in the presence of PGCLC-inductive
morphogenetic protein; ESCs, embryonic stem cells; FACS, fluorescence-activa
primordial germ cells; SCF, stem cell factor; Tfcp2l1, transcription factor CP2-li
triggering Stat3 phosphorylation (Fig. S3, A–D) (21, 25), we
examined whether Prdm14 is essential for Tfcp2l1 function.
PB-Tfcp2l1 mouse ESCs infected with scramble or Prdm14–
shRNA lentiviruses were cultured in serum-containing me-
dium in the absence of LIF (Fig. S3, E and F). After 7 days,
most of these cells retained typical ESC morphology and
positive alkaline phosphatase activity, a marker of mouse ESCs
(Fig. S3G). Meanwhile, PB-Prdm14 46C mouse ESCs infected
with scramble or Tfcp2l1–shRNA lentivirus were still alkaline
phosphatase positive (Fig. S3, H–J). These data suggest that
Prdm14 is an important but not the key target of Tfcp2l1 in
sustaining mouse ESC stemness.

Tfcp2l1 expression is upregulated during human PGC
specification in vivo and in vitro

To determine whether Tfcp2l1 favors human PGCLC
specification, we first detected its transcript in nonhuman
primate PGCs. PGCs isolated from cynomolgus monkeys at
days 43, 50, and 51 (corresponding to E10.5–E13.5 in mice)
showed higher levels of Tfcp2l1 and the PGC markers Blimp1
and Tfap2c than cynomolgus monkey ESCs (GSE67259) (18)
(Fig. 5A). We also observed obvious upregulation of PGC
genes and Tfcp2l1 in human cells at week 5.5 to week 9 (SRA:
SRP057098) (26) (Fig. 5B). To gain further insights into the
function of Tfcp2l1 in promoting human PGCLC specification,
we cultured human iPSCs in activin A, CHIR99021, and
Y27632 conditions to induce iMeLCs according to a previous
report (18) (Fig. 5, C and D). PGCLCs were then efficiently
induced by transferring iMeLCs into KnockOut Serum
Replacement (KSR)-containing medium supplemented with
BMP4, LIF, SCF, and EGF, characterized by the upregulation
of the PGC markers, Stella, Tfap2c, Nanos3, and Blimp1
(Fig. 5, E and F). Similar to a previous study (18), the meso-
derm marker gene EOMES was highly expressed in iMeLCs,
but its expression was decreased in iPSCs and PGCLCs
(Fig. 5F). Interestingly, the transcription of Prdm14 decreased
in iMeLCs and PGCLCs (Fig. 5F). Tfcp2l1 expression
decreased when human iPSCs became iMeLCs but increased
markedly upon PGCLC formation (Fig. 5F). A similar
expression pattern was observed in H9 ESCs (Fig. S4A).
Overall, the data not only reveal that Tfcp2l1 is highly elevated
in human PGCLCs but also imply that Tfcp2l1 may be a po-
tential driving factor for the generation of PGCs.

Tfcp2l1 facilitates human iPSC differentiation into PGCLCs

To validate the above hypothesis, we transduced FLAG-
tagged human Tfcp2l1 into human iPSCs with a PB system
in which Tfcp2l1 was successfully upregulated (PB-TFCP2L1)
(Fig. 6A). To evaluate whether enforced Tfcp2l1 expression
facilitates PGCLC emergence, we differentiated PB control and
PB-TFCP2L1 human iPSCs into iMeLCs and swiftly induced
uorescence changes after 4 days of PGCLC induction in Blimp1-EGFP cells
esents 100 μm. I, FACS analysis of Blimp1-EGFP in day 4 embryoids infected
cytokines. Blimp1, B lymphocyte–induced maturation protein-1; BMP, bone

ted cell sorting; LIF, leukemia inhibitory factor; PGCLCs, PGC-like cells; PGCs,
ke 1.
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Figure 3. Prdm14 mediates the effect of Tfcp2l1 during mouse PGCLC specification. A, qRT-PCR analysis of the expression levels of PGC markers in i-
Tfcp2l1 ESCs differentiated into EpiLCs and then cultured in GK15 medium in the presence or absence of 2 μg/ml DOX. Data are the mean ± SD (N = 3
biological replicates). *p < 0.05, **p < 0.01 versus wo DOX. B, the fluorescence intensity of Blimp1-EGFP transfected i-Tfcp2l1 ESCs cultured in GK15 medium
in the absence of PGCLC-inductive cytokines and treated with or without DOX. The scale bar represents 100 μm. C, FACS analysis of Blimp1-EGFP on day 4 i-
Tfcp2l1 embryoids in the presence or absence of DOX without PGCLC-inductive cytokines. D, qRT-PCR analysis of the expression levels of Tfcp2l1, Prdm14,
Blimp1, Nanos3, Stella, and Tfap2c in i-Tfcp2l1 ESCs treated with or without DOX for 6 h. Data are the mean ± SD (N = 3 biological replicates). **p < 0.01
versus wo DOX. E, Western blot analysis of Tfcp2l1 and Prdm14 protein levels in i-Tfcp2l1 ESCs infected with scramble or Prdm14 shRNA lentiviruses in the
presence of DOX. F, qRT-PCR analysis of PGC markers in i-Tfcp2l1 PGCLCs infected with scramble or Prdm14 shRNA lentiviruses in the presence of DOX. Data

Tfcp2l1 induces ESC differentiation into PGCLCs

6 J. Biol. Chem. (2021) 297(4) 101217



Figure 4. Tfcp2l1 stimulates Prdm14 transcription in mouse ESCs. A, Western blot analysis of Tfcp2l1 and Prdm14 protein in i-Tfcp2l1 ESCs treated with
DOX for 6 h and 12 h. B, qRT-PCR analysis of Tfcp2l1 and Prdm14 expression in i-Tfcp2l1 ESCs treated with DOX. Data are the mean ± SD (N = 3 biological
replicates). **p < 0.01 versus without DOX. C, Western blot analysis of Tfcp2l1 and Prdm14 protein levels in 46C mouse ESCs infected with scramble or
mouse Tfcp2l1 shRNA lentiviruses. D, qRT-PCR analysis of Tfcp2l1 and Prdm14 expression in Tfcp2l1 shRNA mouse ESCs. Data are the mean ± SD (N = 3
biological replicates). **p < 0.01 versus scramble. E, predicted consensus binding motif of Tfcp2l1 target loci from the JASPAR CORE database. F, ChIP–qRT-
PCR analysis of the fold enrichment in the indicated regions of the Prdm14 promoter. Data are the mean ± SD (N = 3 biological replicates). *p < 0.05, **p <
0.01 versus IgG. G, the positions of one putative Tfcp2l1-binding site in the Prdm14 promoter and the corresponding mutant sequence. H, luciferase activity
analysis of PB or PB-Tfcp2l1 cells overexpressing the WT or mutant (Mut) Prdm14 promoter reporter plasmids. Data are the mean ± SD (N = 3 biological
replicates). *p < 0.05, **p < 0.01 versus PB. ChIP, chromatin immunoprecipitation; ESCs, embryonic stem cells; Prdm14, PR domain zinc finger protein 14;
Tfcp2l1, transcription factor CP2-like 1; TSS, transcription start site.

Tfcp2l1 induces ESC differentiation into PGCLCs
PGCLCs by changing the medium into KSR-containing me-
dium supplemented with BMP4, LIF, SCF, and EGF. After
4 days, we extracted RNA from these cells and found that PB-
TFCP2L1 cells expressed higher levels of the PGC markers
Blimp1, Stella, Tfap2c, and Nanos3 than PB cells (Fig. 6B). The
same results were also observed in H9 human ESCs (Fig. S4, B
and C). Next, to detect the function of Tfcp2l1 in the gener-
ation of PGCLCs, we suppressed Tfcp2l1 transcription with
RNA interference. As shown in Figure 6C, human Tfcp2l1
are the mean ± SD (N = 3 biological replicates). *p < 0.05, **p < 0.01 versus scr
(PB) or HA-tagged mouse Prdm14 (PB-Prdm14) and cultured in LIF/serum cond
mouse ESCs infected with scramble or Tfcp2l1 shRNA lentiviruses. Data are the
PCR analysis of PGC genes in PB and PB-Prdm14 ESCs infected with scrambl
inductive cytokines for 4 days. Data are the mean ± SD (N = 3 biological rep
induced maturation protein-1; ESCs, embryonic stem cells; i-Tfcp2l1, inducib
cells; PGCs, primordial germ cells; Prdm14, PR domain zinc finger protein 14;
expression was successfully downregulated (Fig. 6C). Mean-
while, Tfcp2l1–shRNA decreased PGCLC marker levels in the
presence of PGCLC-inductive cytokines (Fig. 6D). Similar
phenotypes could also be obtained in H9 ESCs (Fig. S4, D and
E). These results suggest a crucial role of Tfcp2l1 during hu-
man PGCLC specification. As overexpression of Tfcp2l1 only
can promote mouse PGCLC generation (Fig. 3A), to test
whether TFCP2L1 has similar effect in human iPSCs, we
finally differentiated PB and PB-TFCP2L1 human iPSCs into
amble. G, Western blot analysis of HA in 46C mouse ESCs overexpressing HA
itions. H, qRT-PCR analysis of Tfcp2l1 expression levels in PB and PB-Prdm14
mean ± SD (N = 3 biological replicates). **p < 0.01 versus PB/scramble. I, qRT-
e or Tfcp2l1 shRNA lentiviruses and converted into PGCLCs under PGCLC-
licates). *p < 0.05, **p < 0.01 versus PB/scramble. Blimp1, B lymphocyte–
le Tfcp2l1; LIF, leukemia inhibitory factor; PB, PiggyBac; PGCLCs, PGC-like
qRT-PCR, quantitative real-time PCR; Tfcp2l1, transcription factor CP2-like 1.
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Figure 5. Tfcp2l1 is strongly expressed in primate PGCs. A, heatmap showing the expression of Blimp1, Tfcp2l1, and Tfap2c during cynomolgus monkey
PGC development. B, heatmap showing the expression pattern of the indicated genes during human PGC development. C, schematic diagram of human iPSCs
transforming into PGCLCs. D, phenotype of human iPSCs and iMeLCs. The scale bar represents 100 μm. E, immunofluorescence staining of Blimp1 (green) and
Tfap2c (red) in human PGCLCs. The nuclei were counterstained with Hoechst 33342 (Hoechst). The scale bar represents 100 μm. F, qRT-PCR analysis of the
expression levels of PGC markers in human iPSCs transformed into PGCLCs in the presence or absence of PGCLC-inductive cytokines. Data are the mean ± SD
(three independent experiments). *p < 0.05, **p < 0.01 versus without cytokines. Blimp1, B lymphocyte–induced maturation protein-1; cyESC, cynomolgus
monkey ESCs; hPGC Wk9 F, week 9 female human PGCs; hPGC Wk9 M, week 9 male human PGCs; iPSCs, induced pluripotent stem cells; PGCd43, PGC on day
43; PGCLCs, PGC-like cells; PGCs, primordial germ cells; Tfap2c, transcription factor AP-2 gamma; Tfcp2l1, transcription factor CP2-like 1.
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Figure 6. Tfcp2l1 increases human PGCLC generation efficiency. A, Western blot analysis of FLAG in human iPSCs overexpressing the FLAG-tagged
human Tfcp2l1 gene. B, qRT-PCR analysis of the expression levels of several core PGC genes in PB and PB-TFCP2L1 human iPSCs cultured in PGCLC-
indicative cytokines. Data are the mean ± SD (N = 3 biological replicates). *p < 0.05, **p < 0.01 versus PB/cytokines. C, qRT-PCR analysis of the expres-
sion levels of human Tfcp2l1 genes in human iPSCs infected with Tfcp2l1 shRNA lentiviruses. Data are the mean ± SD (N = 3 biological replicates). **p < 0.01
versus scramble. D, qRT-PCR analysis of PGC markers in human iPSCs infected with scramble or human Tfcp2l1 shRNA lentiviruses and induced into PGCLCs
under PGCLC-inductive cytokines for 4 days. Data are the mean ± SD (N = 3 biological replicates). **p < 0.01 versus scramble. E, qRT-PCR analysis of the
expression levels of PGC genes in PB and PB-TFCP2L1 human iPSCs transformed into iMeLCs and then cultured in GK15 medium for 4 days. Data are the
mean ± SD (N = 3 biological replicates). **p < 0.01 versus PB. F, schematic diagram of the positive role of Tfcp2l1 in pluripotent stem cell maintenance and
PGCLC specification. iMeLCs, incipient mesoderm-like cells; iPSCs, induced pluripotent stem cells; PB, PiggyBac; PGCLCs, PGC-like cells; PGCs, primordial
germ cells; qRT-PCR, quantitative real-time PCR; Tfcp2l1, transcription factor CP2-like 1.

Tfcp2l1 induces ESC differentiation into PGCLCs
iMeLCs and then transferred these cells into differentiation
medium for 4 days. qRT-PCR detection showed that PB-
TFCP2L1 cells expressed higher levels of PGC markers than
PB cells (Fig. 6E). Similar results were also observed in H9
ESCs (Fig. S4F). Overall, these data indicate that exogenous
expression of Tfcp2l1 favors PGCLC generation from human
pluripotent stem cells.
Discussion

In this study,we found that the expression ofTfcp2l1 increased
duringESCdifferentiation intoPGCLCs.Therefore, upregulation
of Tfcp2l1 is able to induce PGCLC generation, whereas down-
regulation of its transcript inhibits PGCLC formation in mouse
and human pluripotent stem cells. Further mechanistic study
showed that Tfcp2l1 might function by directly increasing the
transcription of the germ cell marker Prdm14 in mouse ESCs, as
knockdown of Prdm14 would impair PGCLC formation medi-
ated by Tfcp2l1. Therefore, our data demonstrated a critical role
for Tfcp2l1 in germ cell specification (Fig. 6F).

The aforementioned function of Tfcp2l1 can be explained.
First, although Tfcp2l1 transcript is reported to be enriched in
mouse ESCs and kidney tissues, it is also highly expressed in
PGCs and testis samples (27–29). Second, Tfcp2l1 is a
converged target of three self-renewal–associated pathways,
the LIF/Stat3, Wnt/β-catenin, and fibroblast growth factor/
extracellular signal-regulated kinase signaling pathways, in
mouse ESCs (21, 25). Activation of either LIF/Stat3 or Wnt/β-
catenin signaling or inhibition of MEK can induce Tfcp2l1
expression (21, 25, 30). Therefore, forced expression of
Tfcp2l1 can substitute for each to promote the maintenance
of mouse ESC identity (21, 25). Notably, only knockdown of
Tfcp2l1 was able to suppress the function of Stat3 among the
reported Stat3 target genes (21, 23, 25). LIF is an important
cytokine that induces mouse and human PGCLC specification
(14, 18, 31, 32). Moreover, activation of Wnt/β-catenin
signaling by Wnt3 and inhibition of ERK by a MEK inhibitor
can also promote PGC formation (8, 33). Third, in addition to
Prdm14, Tfcp2l1 increases the expression levels of many genes
that harbor the function of enhancing PGCLC generation. For
instance, upregulation of Nanog can markedly increase the
efficiency of PGCLC specification in EpiLCs after over-
expression (20). In contrast, PGCLC differentiation is impaired
when the Nanog gene is knocked out, showing decreased
J. Biol. Chem. (2021) 297(4) 101217 9
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proliferation and increased apoptosis (20, 34). However,
induced expression of estrogen related receptor beta (Esrrb)
can restore PGCLC numbers in Nanog-null mouse ESCs (34).
Notably, both Nanog and Esrrb are the downstream targets of
Tfcp2l1 (21, 25, 35). Fourth, Tfcp2l1 physically interacts with
Oct4 in mouse ESCs (36). Oct4 is an essential gene that has
been recognized as fundamental in the maintenance of the
state of ESCs and PGCs (19). Loss of Oct4 function leads to the
differentiation of ESCs and the apoptosis of PGCs (19).
Recently, a study reported that Tfcp2l1 is dispensable for the
generation of PGCLCs from human ESCs (27). However,
depletion of the Tfcp2l1 gene could slightly reduce the effi-
ciency of the differentiation of human ESCs into PGCLCs
revealed by their FACS results (27). This result is consistent
with our observation, although we used different human
pluripotent stem cell lines and PGCLC-inductive methods.
Future studies on genetically modifying the locus of Tfcp2l1 in
animal models to validate its impact on germline development
are needed.

Another important finding of this study is that we identified
Prdm14 as a direct target gene of Tfcp2l1 for the first time.
Prdm14 is a key factor for the PGC development of different
species (6, 37, 38). Simultaneous overexpression of Prdm14
alone or of three germline genes, Blimp1, Prdm14, and Tfap2c,
could induce germline induction in mouse ESCs. Prdm14 KO
mice are sterile because of complete lack of germ cells in both
females and males (6, 15), suggesting a central role of Prdm14
in the mouse PGC regulatory network. Prdm14 shares many
similar functional features with Tfcp2l1 during early devel-
opment. For example, both are highly expressed in the
pluripotent inner cell mass and have the ability to promote
ESC self-renewal (21, 25, 39), whereas loss of each gene de-
stabilizes ESCs and leads to the emergence of lineage markers
(21, 22, 25, 40, 41), but these cells can be maintained indefi-
nitely in naïve conditions (21, 40, 42, 43). In addition, the
expression of both proteins ceases in postimplantation epiblast
cells; overexpression of each protein alone can convert EpiSCs
into naïve pluripotent cells (21, 25, 44), and the reprogram-
ming efficiency can be significantly increased in combination
with Klf2 (23, 44). However, it is worth noting that Prdm14
cannot mediate the self-renewal–promoting effect of Tfcp2l1
(Fig. S3, E–J). We previously reported that Esrrb is the major
target of Tfcp2l1 in mouse ESCs (35). Interestingly, Tfcp2l1
acts during human PGCLC specification, and possibly not
through PRDM14, because their expression patterns in this
process are different (Fig. 5F). This is understandable because
the current research results around PRDM14 in the human
PGCLC specification are uncertain. A previous knockdown
experiment suggested that PRDM14 might be dispensable for
PGCLC generation (45), while a recent study used inducible
degrons for more rapid and comprehensive PRDM14 deple-
tion and found reduced specification efficiency in human ESC-
derived PGCLCs (38). In addition, the sets of targets regulated
by PRDM14 in mice and humans are vastly different, and
PRDM14 alone cannot induce human PGCLCs, unlike in mice
(38). These different results may be related to the status of
mouse and human pluripotent stem cells, the latter being
10 J. Biol. Chem. (2021) 297(4) 101217
similar to mouse postimplantation EpiSCs in growth re-
quirements, morphology, clonogenicity, and gene expression
patterns (11, 16, 17). Therefore, human PGC specification
depends on the expression of SOX17, an endoderm marker
that is dispensable for mouse PGC development (46). Inter-
estingly, SOX2 is crucial for mouse, but not for human PGCs
(46–48). These reports combined with our observations sug-
gest that there must be other targets that mediate Tfcp2l1 in
inducing the PGCLC state. Identification of these genes in the
future may be an effective way to understand the similarities
and differences between mouse and human PGC development.

In summary, we revealed a novel and conserved function
of Tfcp2l1 in mouse and human PGCLC specification.
Meanwhile, we preliminarily demonstrated that Tfcp2l1 ex-
erts this function partially by upregulating the expression of
the Prdm14 gene in mouse ESCs. A detailed analysis of the
molecular mechanisms involved in the function of Tfcp2l1
will provide new insights into the full understanding of the
regulatory circuitry that induces PGC specification across
species, which will eventually contribute to the study of the
early development of reproduction and the treatment of
infertility.

Experimental procedures

Cell culture

The 46C mouse ESCs were kindly provided by Qi-Long
Ying (The University of Southern California) and were
cultured in 0.1% gelatin-coated dishes at 37 �C in 5% CO2. The
conventional cell culture conditions were Dulbecco’s modified
Eagle’s medium (Biological Industries) supplemented with 10%
fetal bovine serum (FND500, ExCell Bio), 1× MEM nones-
sential amino acids (N1250, Solarbio), 1× penicillin/strepto-
mycin (P1400, Solarbio), 0.1 mM β-mercaptoethanol (M3148,
Sigma), and LIF (made in house). Human transgene-free iPSCs
were kindly provided by Nuwacell Ltd (ZSSY-001) and were
cultured in ncTarget (RP01020, Nuwacell Ltd). Cells were
dissociated using EDTA solution (RP01007, Nuwacell Ltd)
every 3 to 5 days.

Plasmid construction

The coding regions of the mouse and human Tfcp2l1 and
mouse Prdm14 genes were inserted into PB transposon vectors
carrying FLAG or HA tags. The targeting sequences designed
for decreasing mouse or human Tfcp2l1 or mouse Prdm14
transcript were cloned into pLKO.1-TRC (#10878, Addgene).
The sequences are listed in Tables S1 and S2. For construction
of Blimp1 promoter-mediated EGFP expression, the promoter
sequence of Blimp1 (from −1000 to +50) was inserted into
pEGFP-N1 to replace the original CMV promotor, which in-
duces EGFP expression in the pEGFP-N1 plasmid.

Induction of mouse and human PGCLCs

We mainly referred to two previous studies for the induc-
tion protocols (14, 18). Briefly, for mouse PGCLC formation,
1 × 105 46C ESCs were seeded in fibronectin bovine plasma
(16.7 μl/ml, F1141-5MG, Sigma) coated plate and were
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cultured in activin A (20 ng/ml, C678, Novoprotein) and basic
fibroblast growth factor (12 ng/ml, C044, Novoprotein) con-
taining medium to induce EpiLCs. The medium was changed
every day. After 2 days, 3 × 105 EpiLCs were incubated in
GK15 medium, consisting of Glasgow’s minimal essential
medium (11710035, Gibco), 15% KSR (10828028, Invitrogen),
1× penicillin/streptomycin (P1400, Solarbio), 1× MEM
nonessential amino acids, 0.1 mM β-mercaptoethanol, and
1 mM sodium pyruvate (N1250, Solarbio), to generate
PGCLCs in the presence of BMP4 (500 ng/ml, 315-27-10,
PeproTech), LIF (1000 U/ml, Millipore), SCF (100 ng/ml, AF-
250-03, PeproTech), and EGF (50 ng/ml, AF-100-15,
PeproTech).

For human PGCLC induction, 1 × 105 human iPSCs were
differentiated into iMeLCs with 50 ng/ml activin A, 3 mM
CHIR99021, and 10 mM ROCK inhibitor (Y27632). iMeLCs
(3 × 105) were then incubated in GK15 medium supplemented
with BMP2 (200 ng/ml, C012, Novoprotein) or BMP4 (500 ng/
ml, 120-05-5, PeproTech), LIF (1000 U/ml, Millipore), SCF
(100 ng/ml, C034, Novoprotein), EGF (50 ng/ml, AF-100-15,
PeproTech), and 10 mM ROCK inhibitor for 4 days.
Western blot

Western blotting was performed according to the conven-
tional protocol. Briefly, the cells were lysed on ice with radi-
oimmunoprecipitation assay buffer (P0013B, Beyotime
Biotechnology). The extracted proteins were separated on a
10% PAGE gel and electrotransferred onto a polyvinylidene
fluoride membrane. The membranes were incubated with
specific primary antibodies for investigation. The antibodies
used are FLAG (1:1000, GNI4110-FG-S, GNI), HA (1:1000,
GNI4110-HA-S, GNI, 1:1000), β-tubulin mouse monoclonal
antibody (1:2000, 200608, Zen-Bio), Prdm14 (1:1000, D121722,
BBI), and Tfcp2l1 (1:1000, AF5726, R&D systems).
Immunofluorescence staining

The cells were fixed in 4% paraformaldehyde for 20 min and
then incubated in the blocking buffer (PBS containing 5% BSA
and 0.2% Triton X-100) for 2 h. After washing three times with
PBS, the cells were incubated overnight at 4 �C under the
corresponding antibody. Then, after washing with PBS, cells
were incubated with the secondary antibody at 37 �C for 1 h.
Finally, the cells were photographed with a Leica DMI8 mi-
croscope. The antibodies used are Tfcp2l1(AF5726, 1:100,
R&D systems), Stella (ab19878, 1:100, Abcam), Tfap2c (sc-
12762, 1:100, Santa Cruz), and Blimp1 (sc-47732, 1:100, Santa
Cruz).
FACS

Blimp1-EGFP-expressing PGCLCs were digested into single
cells with Solase solution (RP01021, Nuwacell) for 15 min.
Cells were resuspended in 500 μl of precooled D-PBS, and
then the EGFP fluorescence intensity was measured using a
CytoFLEX analytical flow cytometer (Beckman).
qRT-PCR

The total RNA was extracted using the EZ-10 RNA
extraction kit (B610583, BBI). cDNA was synthesized from
1 μg of total RNA using the reverse transcription kit (with
dsDNase) (BL699A, Biosharp). Finally, qRT-PCR was per-
formed using Hieff qPCR SYBR Green Master Mix (No Rox)
(11201ES03, YEASEN) in a PikoReal real-time PCR machine.
The relative expression level was determined by the 2-ΔCq
method and normalized to human β-actin or mouse Rpl19
expression. The primers used are listed in Table S3.

ChIP assay

ChIP experiments were carried out using a ChIP Analysis
Kit (P2078, Beyotime Biotechnology) according to the manu-
facturer’s instructions. The FLAG antibody was used for
immunoprecipitation, and immunoglobulin G was used as a
negative control. The ChIP enrichment was confirmed by
qRT-PCR. Table S4 lists the sequences and positions of
primers for cloning the promoter regions of Prdm14.

Luciferase assay

The promoter sequence of Prdm14 (from −2200 to +1) was
cloned into the pGL6 plasmid (pGL6-Prdm14). The WT and
mutant pGL6-Prdm14 plasmids were cotransfected into 46C
mouse ESCs using the Tfcp2l1-overexpressing and Renilla-
luciferase constructs. After 48 h, the luciferase activity was
measured using a TransDetect Double-Luciferase Reporter
Assay Kit (FR201, TransGen Biotech).

Cell transfection and virus production

For gene overexpression, 2 μg of PB and 2 μg of transposon
plasmids were transduced into cells using the Hieff Trans
Liposomal Transfection Reagent (40802ES03, YEASEN) ac-
cording to the manufacturer’s instructions. For lentivirus
production, 2 μg of pLKO.1, 0.75 μg of VSV-G, and 1.25 μg of
psPAX2 were transfected into 293FT cells together. The su-
pernatant containing the secreted viruses was then collected
and added to the culture medium. After 2 days, puromycin or
blasticidin S was added to screen the positive cells.

Statistical analysis

All data are reported as the mean ± SD. Student’s t test is
used to determine the significance of the comparison differ-
ence using GraphPad Prism 8 software. Values with p < 0.05
are considered statistically significant.

Data availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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