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Abstract

TFAP2C is a well-established regulator of the trophoblast lineage in mice and humans, but a 

handful of studies indicate that TFAP2C may play an important role in pluripotency. Here we 

hypothesize and provide new evidence that TFAP2C functions as an activator of trophoblast and 

pluripotency genes during preimplantation embryo development.
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Preimplantation embryo development comprises a series of molecular and cellular events 

that transform a totipotent zygote into a multi-lineage blastocyst. The first cell-fate 

decision occurs during the morula-to-blastocyst transition and involves the formation of 

the multipotent trophoblast and pluripotent inner cell mass (ICM) lineages (Karasek et 

al. 2020). Importantly, the underlying transcriptional mechanism(s) that govern the switch 

from embryonic totipotency to multipotency and pluripotency cellular states are not well 

established. The elucidation of these molecular mechanisms is of great importance to the 

fields of stem cell biology and reproductive biology.

Transcription factor AP2 gamma (TFAP2C) represents a well-established regulator of the 

trophoblast lineage in mammalian embryos. Most studies on TFAP2C in early embryos 

and during pregnancy indicate that it functions as a pro-trophoblast lineage transcription 
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factor (TF). For example, earlier studies using knockout mice demonstrated that TFAP2C 

is required for placental development (Werling and Schorle, 2002). Conversely, forced 

expression of TFAP2C in mouse embryonic stem (ES) cells induces a trophoblast cell-

fate (Kuckenberg et al. 2010). Altogether, these studies show that TFAP2C is crucial for 

trophoblast lineage development.

Remarkably, a handful of studies in mouse preimplantation embryos and human ES cells 

indicate that TFAP2C may play a more diverse role in lineage formation and/or the 

establishment of pluripotency. In this Point of View article, we hypothesize and provide 

new experimental evidence that TFAP2C governs the first cell-fate decision in mouse 

preimplantation embryos by positively regulating both pluripotency and trophoblast lineage 

genes. We postulate that TFAP2C accomplishes this by forming interactions with distinct 

regulatory proteins in the outer and inner blastomeres of morulae.

The molecular mechanism by which TFAP2C regulates trophoblast lineage formation 

was revealed by two landmark studies published by our laboratory over the last decade. 

These studies revealed that TFAP2C functions as a master regulator of genes required for 

apical cell polarity, tight junction biogenesis, and blastocoele formation (Choi et al. 2012). 

Furthermore, loss-of-function and gain-of-function studies revealed that TFAP2C promotes 

trophoblast lineage specification by activation of Caudal-type homeobox 2 (Cdx2) (Cao et 

al. 2015). TFAP2C can positively regulate Cdx2 expression via two mechanisms. The first 

mechanism involves transcriptional activation of Cdx2 by binding to an enhancer (Cao et al. 

2015). The second mechanism involves negative regulation of the HIPPO signaling pathway 

in the outer cells of morulae by activation of cell polarity and Rho-associated protein 

kinase (Rock) genes (Cao et al. 2015). A more recent study by another group provided 

evidence that TFAP2C may cooperate with Tea domain transcription factor 4 (TEAD4) 

and Ras homolog family member (RHOA) to regulate the onset of cell polarization in 

mouse preimplantation embryos (Zhu et al. 2020). Altogether, these studies highlight the 

importance of TFAP2C in cellular processes that underlie trophoblast lineage formation in 

preimplantation embryos.

Despite the preponderance of evidence supporting a role for TFAP2C in different aspects 

of trophoblast biology, we postulate that TFAP2C plays an important function in the 

establishment of pluripotency. Evidence in support of this comes from three intriguing 

reports. An earlier publication from our laboratory demonstrated that TFAP2C is not 

required for Oct4 repression during trophoblast lineage formation in mouse preimplantation 

embryos, but instead is required for Oct4 activation and/or maintenance (Choi et al. 

2013). Chromatin immunoprecipitation (ChIP) experiments in mouse ES cells revealed 

that TFAP2C binding was enriched at an OCT4/SOX2 binding motif located within the 

Oct4 distal enhancer (Choi et al. 2013). In support of this finding, a proximity ligation 

assay (PLA) revealed that OCT4 and TFAP2C proteins physically interact in the nuclei of 

preimplantation embryos (Choi et al. 2013). Two recent studies in human naïve and primed 

ES cells revealed a vital role for TFAP2C in controlling OCT4 expression by binding to 

an OCT4 enhancer and promoting open chromatin (Pastor et al. 2018, Chen et al. 2018). 

Collectively, these studies indicate that TFAP2C may play a pivotal role in the establishment 

and/or maintenance of pluripotency gene expression in mice and humans.
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To further investigate the role of TFAP2C in pluripotency gene expression, we conducted 

a series of loss-of-function and gain-of-function experiments in mouse preimplantation 

embryos (Fig. 1). For these experiments, we focused on Oct4 and Nanog. Oct4 is both 

maternally and zygotically expressed (Jaenisch & Young 2008), whereas Nanog is only 

zygotically expressed after the 2-cell stage (Miyanari & Torres-Padilla 2012). Recently, 

we conducted an extensive series of experiments examining the role of TFAP2C in Sox2 
regulation, and we have a manuscript in preparation supporting a direct role of TFAP2C in 

Sox2 expression and localization. In the first set of experiments, we microinjected either 

100 μM Tfap2c or control siRNA into fertilized 1-cell embryos and cultured them to the 

8-cell and morula stages. Quantitative real-time PCR (qRT-PCR) analysis revealed that 

Oct4, Nanog, and Tfap2c transcripts were significantly reduced at the 8-cell and morula 

stages in Tfap2c siRNA injected embryos (Fig. 1a). TFAP2C protein was undetectable by 

immunofluorescence (data not shown), like we previously showed (Choi et al. 2012, Cao et 

al. 2015).

In a second set of experiments, we tested whether overexpression of TFAP2C could 

augment Oct4 expression at the 2-cell stage. Notably, in human naïve ES cells and ES 

cells undergoing differentiation, TFAP2C can function as a pioneer transcription factor by 

opening chromatin and inducing gene expression (Pastor et al. 2018, Li et al. 2019). For 

this experiment, we focused exclusively on Oct4 because Nanog is normally expressed at 

very low levels at the 2-cell stage and is almost below the level of detection by real-time 

PCR for relative quantification (data not shown). One-cell embryos were injected with 10 

or 25 ng/μl of Tfap2c complimentary RNA (cRNA). Embryos were then cultured to the 

2-cell stage. Microinjection of Tfap2c cRNA markedly increased TFAP2C protein in 2-cell 

embryos (Fig. 1b). Furthermore, qRT-PCR analysis revealed that overexpression of TFAP2C 

significantly induced Oct4 expression in a dose-dependent manner (Fig. 1b). Collectively, 

these experiments provide additional evidence that TFAP2C can positively regulate Oct4 and 

Nanog expression during early embryogenesis in mice. Future research studies are necessary 

to show whether TFAP2C functions as an inducer or a modulator of Oct4 and Nanog.

So, what are the molecular mechanisms TFAP2C utilizes to regulate gene expression 

in the trophoblast lineage versus the pluripotent ICM? It is well established in mice 

that the trophoblast and pluripotent ICM lineages represent opposing cell-fates that 

negatively regulate the formation of one another. For example, during the morula-to-

blastocyst transition, OCT4 and NANOG repress Cdx2 transcription to promote ICM 

development, while CDX2 negatively regulates Oct4 and Nanog to support trophoblast 

lineage development (Strumpf et al. 2005, Karasek et al. 2020). Thus, how does TFAP2C 

regulate gene expression in these conflicting cell-fates? We first must consider that TFAP2C 

is ubiquitously expressed from the 1-cell stage up until the late morula stage before it 

becomes downregulated in the ICM (Kuckenberg et al. 2010, Choi et al. 2012). During this 

period, pluripotency genes such as Oct4 and Nanog and trophoblast genes such as Cdx2 
are upregulated around the 8-cell stage in preparation for the first cell-fate decision. Based 

on this overlapping expression pattern, we postulate that TFAP2C forms transcriptional 

complexes with distinct regulatory proteins in the outer and inner blastomeres during the 

8-cell-to-morula and morula-to-blastocyst transitions.
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We propose that in the emerging trophoblast lineage, TFAP2C forms a transcriptional 

complex with the HIPPO signaling pathway effector Yes-associated protein 1 (YAP1) and 

TEAD4 to positively regulate trophoblast genes (Fig. 1c). We and others demonstrated 

that TFAP2C establishes interactions with YAP1 and TEAD4 in the outer blastomeres of 

morulae (Karasek et al. 2020, Chi et al. 2020). Notably, the HIPPO pathway plays a crucial 

role in the first cell-fate decision (Karasek et al. 2020). For instance, in the outer blastomeres 

of morulae, the HIPPO signaling pathway is inactivated allowing YAP1 to localize to 

the nuclei and regulate trophoblast lineage genes such as Cdx2 (Karasek et al. 2020). 

Conversely, on the inside of the embryo, the HIPPO pathway is active, and YAP1 becomes 

phosphorylated by LATS Kinase, forcing it to stay in the cytoplasm, allowing the expression 

of Sox2 (Karasek et al. 2020). In support of our above observations, unpublished qRT-PCR 

data generated from RNA interference studies in our laboratory revealed that TFAP2C and 

YAP1 regulate similar sets of genes required for trophoblast lineage development (data not 

shown). Thus, it is conceivable that TFAP2C converges with YAP1 and TEAD4 in the outer 

blastomeres to positively regulate trophoblast genes. Further research using a combination 

of genetic approaches and RNA sequencing will be necessary to establish the genetic 

relationship between TFAP2C, YAP1, and TEAD4.

So how does TFAP2C positively regulate pluripotency genes such as Oct4 and Nanog? 

These genes are initially ubiquitously expressed before they become restricted to the ICM. 

We postulate that TFAP2C forms unique transcriptional complexes with regulatory proteins 

that favor pluripotency gene expression (Fig. 1c). One potential candidate is OCT4 protein 

itself. It is well known that OCT4 represents one of several core pluripotency TFs that can 

autoregulate itself as well as positively regulate other pluripotency genes (Jaenisch & Young 

2008). Based on our published preliminary data discussed earlier (Choi et al. 2013), we 

reason that TFAP2C may interact with OCT4 protein to positively regulate Oct4 and Nanog 
on the inside and outside blastomeres. Other lineage-specific TFs and epigenetic regulators 

may serve as strong candidates for targeting TFAP2C to the promoters and enhancers of 

Oct4, Nanog, and other pluripotency genes.

In conclusion, we are just starting to understand how TFAP2C can regulate the formation of 

two conflicting cell-fates in early mouse embryos. Experimental data indicate that TFAP2C 

is an important regulator of both trophoblast and pluripotency genes. Emerging data in the 

field indicate that TFAP2C may regulate trophoblast genes in collaboration with YAP1 and 

TEAD4. The mechanisms by which TFAP2C activates and/or maintains the expression of 

pluripotency genes required for ICM development are largely unknown. TFAP2C likely 

forms regulatory complexes with distinct regulatory proteins to promote the expression of 

pluripotency genes. More research is necessary to establish the molecular mechanism(s) by 

which TFAP2C co-regulates trophoblast lineage and pluripotency gene expression during 

preimplantation development.
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Figure 1. 
Additional evidence supporting a role for TFAP2C in positive regulation of pluripotency 

genes and a working model proposing how TFAP2C regulates conflicting cell-fates. (A) 

qRT-PCR analysis of Tfap2c, Oct4, and Nanog transcripts in TFAP2C knockdown embryos 

at the 8-cell and morula stages. Ubtf was used as an endogenous control. Values are means 

± SD. *** P<0.001 (data shown are from n=3 biological replicates; Student’s t-test). (B) 

Immunofluorescence staining of TFAP2C in control embryos and embryos microinjected 

with Tfap2c cRNA. Embryos were counterstained with DAPI. Scale bar = 20μm. qRT-PCR 
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analysis of Oct4 transcripts in 2-cell embryos overexpressing TFAP2C. Ubtf was used 

as an endogenous control. Values are means ± SD. * P<0.05 (data shown are from 

n=3 biological replicates, Student’s t-test). (C) Working model illustrating how TFAP2C 

regulates pluripotency and trophoblast genes in preimplantation embryos. Between the 2-cell 

and 8-cell stages, there is a decrease in totipotency, and then during the 8-cell and morula 

stages, there is a switch to pluripotent and multipotent cellular states. Between the 8-cell and 

morula stages, TFAP2C activates or upregulates the expression of trophoblast genes such as 

Cdx2 by forming a transcriptional complex with YAP1 and TEAD4 in the outer blastomeres 

of morulae. During the same stages, TFAP2C forms alternate transcriptional complexes 

with OCT4 and/or other regulatory proteins that favor pluripotency gene expression. During 

the morula-to-blastocyst transition, Oct4 and Nanog are downregulated in the multipotent 

trophoblast lineage via high levels of CDX2 induced by TFAP2C and YAP1/TEAD4.
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