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ERBB3-Binding Protein (EBP1) is a novel DPPA4 cofactor in 
human pluripotent cells
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1Department of Cell Biology and Human Anatomy, University of California, Davis, 1 Shields Ave, 
Davis, CA 95616

2Institute of Pediatric Regenerative Medicine, Shriners Hospital for Children Northern California, 
Sacramento, CA 95817

Abstract

Developmental Pluripotency-Associated-4 (DPPA4) is one of the few core pluripotency genes 

lacking clearly defined molecular and cellular functions. Here we used a proteomics screening 

approach of human embryonic stem cell (hESC) nuclear extract to determine DPPA4 molecular 

functions through identification of novel cofactors. Unexpectedly, the signaling molecule ERBB3-

binding protein 1 (EBP1) was the strongest candidate binding partner for DPPA4 in hESC. EBP1 

is a growth factor signaling mediator present in two isoforms, p48 and p42. The two isoforms 

generally have opposing functions, however their roles in pluripotent cells have not been 

established. We found that DPPA4 preferentially binds p48 in pluripotent and NTERA-2 cells, but 

this interaction is largely absent in non-pluripotent cells and is reduced with differentiation. The 

DPPA4-EBP1 interaction is mediated at least in part in DPPA4 by the highly conserved SAF-A/B, 

Acinus and PIAS (SAP) domain. Functionally, we found that DPPA4 transcriptional repressive 

function in reporter assays is significantly increased by specific p48 knockdown, an effect that was 

abolished with an interaction-deficient DPPA4 ΔSAP mutant. Thus, DPPA4 and EBP1 may 

cooperate in transcriptional functions through their physical association in a pluripotent cell 

specific context. Our study identifies EBP1 as a novel pluripotency cofactor and provides insight 

into potential mechanisms utilized by DPPA4 in regulating pluripotency through its association 

with EBP1.
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INTRODUCTION

Stem cells have strong potential in regenerative medicine; however, one of the main 

roadblocks remaining to clinical translation is the link between pluripotency factors and 

tumorigenesis [1]. A better understanding of the molecular machinery that both governs 

pluripotency and its link to cancer is essential for moving to the clinic. Several master 

pluripotency-related transcription factors, such as OCT-3/4 and SOX2 have been implicated 

in tumorigenesis [2,3], and epigenomic mechanisms play a role both in stem cells and 

cancer. For instance, Polycomb proteins are involved in regulating the biology of both 

pluripotent and cancer cells. In addition, specific histone modifying enzymes, DNA 

methyltransferases, and epigenetic states link cancer and pluripotency [4]. A number of 

these factors are also involved both in oncogenic transformation and reprogramming to an 

induced pluripotent state as well [5].

The closely related Developmental Pluripotency-Associated proteins, DPPA4 and DPPA2, 

function in both pluripotent stem and cancer cells. They were identified as embryonic stem 

cell (ESC)-specific transcripts that are downstream targets of the transcription factor OCT-4 

[6–8] and are hypothesized to play an important role in maintaining the undifferentiated 

state of stem cells, but the mechanisms by which DPPA4 and DPPA2 function in stem cells 

remain unclear. Importantly, DPPA2 was also identified separately as a gene with the 

intriguing feature of only being expressed in embryonic and cancerous tissues. Hence it was 

given the name Embryo-cancer sequence A (ECSA) [7,9].

DPPA4 expression is normally restricted to early embryos and normally diminishes at E13.5 

[10]. DPPA4-null mice displayed lung and skeletal defects along with perinatal death, 

suggesting that DPPA4 is essential for early embryogenesis and that defects due to DPPA4 
depletion manifest substantially after its normal expression ceases [10–12] possibly due to a 

perturbation of epigenetic memory that impacts cell fate. DPPA4 and DPPA2 proteins are 

highly conserved [13] and their expression is routinely utilized as markers of pluripotency, 

although their actual functional impact on pluripotency remains unclear. Recent studies have 
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shown that DPPA4 is a nuclear factor that associates with active chromatin [14,15], and 

DPPA4 and DPPA2 overexpression is evident in several types of cancer, including both 

germline and adult cancers [7,16]. Importantly, both DPPA4 and DPPA2 have recently been 

established as putative oncogenes with transformative capability similar to established 

oncogenes, such as Ras [17]. Aberrant expression of DPPA2 has been linked to poor 

prognosis and tumor metastasis of colorectal and gastric cancers [18]. A recent study 

concluded through genome-wide binding studies that DPPA2 functions outside the 

conventional pluripotency network in ESCs, [19] however, even less is known about DPPA4 

function in pluripotent cells, and there is a particular gap on DPPA4 function in human cells. 

For instance, most existing data is on murine Dppa4 with very few reports on human DPPA4 

function, and whether there are functional differences between murine and human DPPA4 

proteins which are 56% identical is unclear.

As most studies to date have examined DPPA4 gene expression rather than DPPA4 protein 

function, here we pursued the identification of novel potential protein cofactors for human 

DPPA4 protein in hESCs with the goal of gaining insight into its molecular function in 

pluripotency and in cancer. Utilizing a proteomics screening approach, we identified putative 

endogenous DPPA4 cofactors from H9 hESC including most prominently ERBB3 Binding 

Protein 1 (EBP1), encoded by the PA2G4 gene. We validated that DPPA4 can directly 

interact with EBP1, a ubiquitous protein that is expressed in most cell lines examined, 

including germline cells [20,21]. However, to our knowledge there are no reports of PA2G4 
or EBP1 expression or function in hESC or induced pluripotent stem cells (IPSC). Due to 

alternative splicing, EBP1 protein occurs as two isoforms, p48 and p42, that while differing 

by only 54 amino acids at the N-terminus, display largely opposing functions in non-stem 

cell types. While p48 promotes cell survival by suppressing apoptosis in an ERBB3-

independent manner, p42 suppresses cell growth and promotes differentiation of cell lines 

upon stimulation of ERBB3 by heregulin [20–22]. We found that DPPA4 interacts 

specifically with p48 in pluripotent stem cells, but this interaction is much weaker or absent 

in normal, non-pluripotent cells. Additionally, the binding between DPPA4 and p48 is 

significantly reduced upon differentiation of pluripotent cells. DPPA4-EBP1 protein 

interaction is mediated in part by the highly conserved SAF-A/B, Acinus and PIAS (SAP) 

domain in DPPA4. Furthermore, p48 loss-of-function studies implicate it in attenuating 

DPPA4 transcription repression function in a SAP-domain dependent manner. Overall, our 

data indicate that EBP1 is a major cofactor of DPPA4 in pluripotent and cancer cells that 

impacts DPPA4 transcriptional function.

MATERIALS AND METHODS

Maltose Binding protein (MBP) Pulldown Assays and Mass spectrometry

Equal amounts of purified recombinant control MBP alone and MBP-fusion proteins (30ug) 

were bound to washed and BSA-blocked amylose resin and 100 uL nuclear or whole cell 

lysates (1 mg/ml) were added to amylose-bound MBP proteins. The mixture was rotated 

overnight at 4C. Following incubation, beads were washed ten times (for mass spectrometry) 

or four times for validation binding and Western blotting experiments with buffer containing 

100 mM NaCl, 1M Tris-HCl, 0.5M EDTA, 1 mM DTT. Proteins bound to beads were 
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submitted to the UC Davis Proteomics Core for LC-MS/MS analysis on an Orbitrap with Q-

exactive Mass spectrometer. Peptide analysis was done using the Scaffold Proteome 

Software [23]. Analysis filters were set to 5% FDR and peptides that were present in the 

MBP-DPPA4 samples while absent in the MBP sample were chosen as potential candidates 

for validation. For validation interaction studies, proteins bound to beads were analyzed 

through Western blotting with antibodies to the candidate interacting protein. Proteins were 

quantified to ensure equal input of recombinant proteins into interaction assays.

Cell culture and transfections

H9 embryonic stem cells were cultured using feeder-free conditions utilizing Matrigel (BD 

Biosciences) coated plates and mTESR-1 medium (Stem Cell Technologies 0580). 293FT, 

NIH-3T3, mouse embryonic fibroblasts (MEFs), human dermal fibroblasts (HDF) and 

NTERA-2 clone D1 cells (supplied by Shiro Urayama) were cultured in DMEM 

supplemented with 10% FBS (Hyclone) and 1% L-glutamine. HEK 293FT were transfected 

with 5ug plasmid DNA (DPPA4 or p48 sequences in pcDNA3.1 or pCS2+-HA vector 

backbones) using the X-tremeGENE HP DNA transfection reagent (Roche, 06366236001) 

according to the manufacturer instructions. Media was changed 24-hours post transfection 

and cells were harvested for nuclear or whole cell lysates 48 hours post transfection. siRNA 

transfections were conducted as reverse transfections with 50 pmol siRNA utilizing the 

Lipofectamine RNAiMax Reagent (Thermo Fisher Scientific) according to the manufacturer 

instructions (https://tools.thermofisher.com/content/sfs/manuals/

Lipofectamine_RNAiMAX_Reag_protocol.pdf). Briefly, siRNA and RNAiMax were diluted 

in OptiMEM (Thermo Fisher Scientific) and incubated for 25 minutes. The siRNA 

transfection complex was then plated onto empty cell culture plates on top of which 

trypsinized cells and media were plated. Cells were incubated for 24 hours to complete the 

reverse transfection prior to co-transfection with plasmid DNA. hIPSC were generated, 

validated in the Knoepfler laboratory and previously characterized [24]. The hIPSC lines 

tagged with mEGFP at the Tubulin-alpha 1b (TUBA1B) locus were obtained from the Allen 

Institute for Cell Science (cell line ID: AICS-0012). hIPSC were plated on Matrigel 

(Corning: 354230) in the presence of the 10uM Rock Inhibitor compound Y27632 

(Reagents Direct: 53-B85 or StemRD: 50175997) and routinely cultured with mTeSR1 

(Stem Cell Tech: 85850) as per the Allen Institute for Cell Science protocol [25].

Cellular Differentiation

NTERA-2 cells—NTERA-2 cells were plated in T75 flasks and differentiated by addition 

of 10uM all-trans retinoic acid (at-RA) as previously described [26,27]. Media containing at-

RA was changed every 2-3 days for 8 or 18 days after which cells were lysed with lysis 

buffer for whole cell lysates. Untreated cells were used as a control.

Embryoid Body Formation—Embryoid bodies (EBs) were formed based on protocol 

established by Lancaster and Knoblich [28]. Briefly, hiPSC were washed with PBS and 

incubated with Accutase (Stem Cell Technologies: 07920) until cells lifted. Cells were 

washed further with PBS, counted and resuspended in low bFGF media (20% KOSR, 3% 

FBS, 1% Glutamax, 1% NEAA, 0.0007% B-me and 4 ng/ml bFGF) plus Y27632. Either 

9,000 (EB-1) or 18,000 (EB-2 and EB-3) were plated per well of a round-bottom 96-well 
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plate (Corning: 3799) in 150ul low bFGF/Y27632 media and incubated at 37 degrees 

Celsius with 5% CO2. Half of the media was replaced every other day and EBs were 

harvested for nuclear lysates at 7-15 days.

Neural Induction—hiPSC were differentiated into neural lineages using the Gibco neural 

induction kit and recommended protocol (Gibco: A1647801). Cells were split as mentioned 

before, and 3×105 cells were plated into each well of a matrigel-coated 6 well plate. 24 

hours later, mTeSR1 media was aspirated and replaced with 2.5ml of the neural induction 

media. Media was changed every other day for 7 days at which point cells were split and 

propagated onto a matrigel coated plate and switched to the neural expansion media. All cell 

passaging was conducted using 10uM Y27632.

Dual Luciferase Reporter Assays

Reporter assays were conducted in 293FT cells seeded at 400,000 cells/well. Briefly, cells 

were reverse transfected with 50pmol pooled (4 individual siRNAs) of either non-targeting 

siRNA or EBP1 siRNA (Dharmacon), and transiently transfected with GAL4 reporter 

plasmids (pGL3-basic, Promega) and GAL4-DBD containing constructs (pCMX-Gal4) as 

previously described [17]. Renilla reporter plasmids (pRL-CMV, 20ng) was co-transfected 

to account for transfection variability. Luciferase activity was detected at 48-hours post 

plasmid transfection using a Dual Luciferase Reporter assay kit (Promega) measured on a 

Spectramax I.3 machine (Molecular Devices). Experiments were performed as at least three 

independent biological replicates.

Additional Methods are described in Supplemental Methods.

RESULTS

A proteomics screen for DPPA4 cofactors in hESC identifies candidate cofactors including 
EBP1

We conducted a proteomics screen with the goal of identifying novel DPPA4 protein 

cofactors in human pluripotent stem cells. The screen used purified recombinant human 

DPPA4 fused at its amino-terminal end to maltose binding protein (MBP-DPPA4) as a bait 

to identify proteins in H9 hESC nuclear extracts that bind to DPPA4 by pulldown (Figure 

1A, Supplemental Figures S1A–C). This kind of screen can identify both directly interacting 

proteins as well as proteins together found in multi-protein complexes. The screen here was 

repeated as two independent biological replicates and 74 candidate DPPA4-binding proteins 

were identified. The strongest candidate DPPA4 cofactor was ERBB3-binding protein 1 

(EBP1), which was present in both replicate experiments when using MBP-DPPA4 as bait 

but was entirely absent in the MBP alone control samples (Figure 1B). EBP1 was present 

with 100% probability of identification at 48% and 36% coverage in each experiment, 

respectively, and FDR <0.05. Regarding the two EBP1 isoforms present in cells, both the 

unique N-terminal region of p48 and shared regions of p42 and p48 were identified in the 16 

and 10 unique peptides pulled out with the MBP-DPPA4 samples in the two biological 

replicate experiments, respectively, indicating that DPPA4 either bound only the p48 isoform 

or both isoforms, but not p42 alone (Figure 1C).
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Several additional putative DPPA4 binding proteins were also identified. The DNA 

methyltransferase DNMT1 was present in both experimental replicates. Other candidate 

cofactors including some that are known to be specific to stem cells or even pluripotent cells, 

such as LIN28A, were also identified. Some members of the POU-domain family of 

transcription factors were also present, including OCT4 and OCT6. However, in each case 

these appeared in the screen results with much lower scores including relatively low peptide 

counts present in both biological replicates, or only present in one biological replicate alone 

(Supplemental Table S1 and Supplemental Table S2).

Proteins that were identified with at least one unique peptide in both of the MBP-DPPA4 

samples while absent in the MBP control in both biological replicates, or with at least two 

unique peptides in one of the MBP-DPPA4 samples while absent in the MBP control were 

included for STRING database analysis of predicted protein-protein interactions [29]. As 

almost nothing is known of the DPPA4 protein network especially in human cells, we 

utilized this approach to identify several predicted interconnected protein networks in human 

ESCs. Interestingly, the STRING protein network included a majority of proteins that are 

not strictly associated with pluripotency or not reported to have pluripotent-specific 

functions, including EBP1 (PA2G4) as centrally linked (Figure 2A). Predicted molecular 

functions based on gene ontology generated by the STRING database implicated RNA, 

DNA and macromolecular complex binding as potential activities for these networks (Fig 

2B). Gene ontology analysis of biological processes related to the predicted protein 

networks also highlighted several roles involving RNA binding including RNA splicing and 

RNA processing (Figure 2C), a notable finding given that DPPA4 contains a SAP domain, a 

domain type implicated in both RNA and DNA binding [11]. EBP1 (PA2G4) was linked to 

all predicted molecular functions shown except for macromolecular complex binding.

DPPA4 binds both EBP1 isoforms in vitro, but only p48 when expressed in cells

To validate DPPA4-EBP1 binding, we conducted direct in vitro pulldown assays to test for 

DPPA4 and EBP1 interaction utilizing MBP-DPPA4 and MBP with in vitro transcribed and 

translated (TNT) hemagglutinin (HA)-tagged EBP1 (Figure 3A). To account for variations 

in protein expression and antibodies used, all pulldown binding assays were normalized to 

expression of input sample. The inclusion of a beads alone sample also verified that the 

EBP1 detected in MBP pulldown assays was not bound to the amylose beads alone. HA-

EBP1 bound specifically to DPPA4 and not the MBP alone control. Because of homology 

between DPPA4 and DPPA2 as well as potential DPPA4-DPPA2 dimerization [17], 

(Supplemental Figure S2), we also conducted in vitro pulldown assays utilizing MBP-

DPPA2 and TNT HA-EBP1 (protein purification and validation shown in Supplemental 

Figure S1D). We observed binding of DPPA2 with EBP1 (Figure 3B). Since the HA-EBP1 

plasmid utilized in these tests did not differentiate between its isoforms as it contains the 

entire open reading frame that if spliced can also make p42, we next conducted a binding 

assay utilizing TNT hemagglutinin (HA) tagged p48 or p42 with MBP-DPPA4 and MBP-

DPPA2. Both EBP1 isoforms bound DPPA4 and DPPA2 in vitro (Figures 3C and 3D) with a 

stronger interaction observed between p42 and DPPA2 versus p48 (Supplemental Figure 

S3). The in vitro findings using recombinant MBP fusion proteins with TNT-produced EBP1 

proteins are most likely indicative of direct DPPA4 (or DPPA2) binding to EBP1, but it is 
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formally possible that there are other proteins in TNT reticulocyte lysate that can bridge the 

proteins together in complexes.

To examine the nature of the DPPA4-EBP1 interaction within cellular lysates, HA-p48 and 

HA-p42 were expressed in HEK 293FT cells and lysates from those were incubated with 

MBP-DPPA4 or MBP-DPPA2 for pulldown assays. To distinguish between binding of 

endogenous EBP1 and exogenously expressed factors after the MBP pulldown, Western 

blots were probed with HA antibody so as to be specific for the exogenous factors. Only 

HA-p48 and not HA-p42 from cell lysates was able to bind to DPPA4 and DPPA2 (Figure 

3E). Both EBP1 isoforms appeared to be expressed roughly equally, suggesting selective 

binding by DPPA4 of the p48 isoform when expressed in cells.

We used NTERA-2 (NT2) embryonic carcinoma cells (ECCs), a pluripotent cell line 

reported to have even higher endogenous expression of both DPPA4 and EBP1 [30] to 

analyze whether entirely endogenous DPPA4 and EBP1 proteins could interact, and if the 

interaction was isoform-specific. Additionally, as NT2s are a pluripotent cancer cell line, 

their use allowed us to investigate the link between DPPA4 function in stem cells and 

tumorigenesis, which is particularly important given the tumorigenic potential of pluripotent 

stem cells to form teratoma and more rarely malignant tumors. While both p48 and p42 were 

robustly expressed in NT2, only endogenous p48 co-immunoprecipitated (co-IP) with 

DPPA4 in nuclear lysates of NT2s, indicating that under completely endogenous conditions, 

DPPA4 preferably interacts with p48 (Figure 3F). Additionally, a co-IP of EBP1 in NT2 

whole cell lysates demonstrated a weak, but detectable, interaction between endogenous 

DPPA4 and p48 (Figure 3G). We did not detect any interaction of endogenous p42 with 

DPPA4 in these experiments; however, since the anti-EBP1 antibody utilized did not appear 

to immunoprecipitate p42, binding between DPPA4 and p42 under endogenous conditions 

was not ruled out.

DPPA4 strongly binds p48 in pluripotent stem cells, but only weakly or not at all in 
fibroblasts

Since, to our knowledge, there have been no direct studies of differential expression of EBP1 

isoforms in pluripotent stem cells, we examined the expression of EBP1 in H9 hESCs, 

human IPSCs previously generated in our lab (see Methods), and F1A mouse ESCs 

(mESCs; Figure 4). Both EBP1 isoforms were endogenously expressed in human pluripotent 

cells (Figure 4A). Consistent with previous reports that only one form of EBP1 protein is 

expressed in mouse cells [31], we observed only one isoform in mESCs that migrated as p48 

(Figure 4B). Pulldown assays utilizing MBP-DPPA4 or MBP-DPPA2 incubated with total 

cellular protein lysates from NT2 cells were conducted, and while both isoforms were 

expressed in NT2s, only p48 was detectably bound to DPPA4 and DPPA2 (Figure 4C) with 

approximately equal loading of MBP-tagged proteins in interaction assays (Supplemental 

Figure S4A-B). Similarly, preferential interaction of DPPA4 and DPPA2 with p48 was 

observed with endogenous nuclear protein lysates from H9 ESCs and IPSCs (Figure 4D). 

The isoform ratio of input p48 and p42 in human pluripotent stem cells varied to some 

degree depending on cell type and experiment, however while the ratios were generally 
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similar across pluripotent cells, non-pluripotent HDF cells exhibited a much higher p48/p42 

ratio (Supplemental Table S3).

Given the consistent interaction of DPPA4 with p48 from ESCs and ECC, we further tested 

the ability of EBP1 from human dermal fibroblasts (HDF) to bind to DPPA4. We found very 

weak to no interaction of HDF EBP1 with DPPA4 and DPPA2 relative to MBP control 

(Figure 4E, Supplemental Figure S4C). Similarly, a test of interaction of EBP1 in mouse 

embryonic fibroblasts (MEF) with DPPA4 or DPPA2 showed at most a slight interaction and 

only with DPPA2 above background, while EBP1 from immortalized NIH-3T3 cells 

demonstrated moderate binding to DPPA4 and DPPA2 (Figure 4F). Collectively, these data 

indicate that EBP1 (p48) binds to DPPA4 most strongly in cells that share characteristics 

between pluripotent and cancer cells. Notably, in addition to p48, we found weak interaction 

of p42 with DPPA4 and DPPA2 in IPS cells compared to what was observed for p42 in H9 

or NT2 cells (Supplemental Figure S4D-S4E).

Differentiation of NT2s significantly reduces binding of p48 to DPPA4, with more variable 
results with differentiation of hIPSCs

Since we found the DPPA4-EBP1 interaction to be specific to pluripotent or cancer cells, we 

tested the hypothesis that differentiation of NT2s would reduce this interaction. NT2 is an 

established cellular model of induced differentiation via all-trans retinoic acid [26]. MBP 

binding assays with extracts from NT2 cells differentiated for 8 days showed a significant 

reduction of approximately 40% in the ability of p48 to bind to MBP-DPPA4 compared to 

control undifferentiated lysates (Figure 5A-B). We observed some binding to DPPA2, but 

the overall DPPA2-p48 interaction was relatively weak. OCT4 and DPPA4 levels were 

examined by Western blotting to validate the loss of pluripotency with differentiation and 

EBP1 protein levels were moderately decreased (Figure 5C). Additionally, we tested 

interaction of EBP1 with DPPA4 via the same approach but at 18 days of differentiation of 

NT2 cells and found no additional decrease of binding between the proteins at day 18 

compared to day 8, while expression of p42 and p48 remained similar to Day 8 (data not 

shown). These data support a pluripotent-specific role of DPPA4-EBP1 interaction. We 

conducted similar experiments differentiating hIPSCs to examine the impact on DPPA4-

EBP1 interaction, but found more variable influence of differentiation in that context, 

ranging from reduced binding to no effect depending on the experiment (Supplemental 

Figure S5).

The DNA/RNA binding SAP domain of DPPA4 is necessary for interaction with EBP1

The only putative domain within DPPA4 is a SAP (SAF-A/B, Acinus, and PIAS) domain in 

the N-terminal region that is conserved between mouse and human species [11,13] (Figure 

6A). SAP domains are predicted DNA/RNA binding motifs [32]. In order to test the 

hypothesis that the SAP domain is necessary for DPPA4 interaction with EBP1, we 

conducted in vitro pulldown assays with a fusion protein of MBP-p48 or MBP incubated 

with full length DPPA4 or DPPA4 with an internal SAP domain deletion (DPPA4ΔSAP). 

Deletion of the SAP domain abolished binding to p48 compared to the full-length protein 

(Figure 6B) with approximately equal loading of MBP and MBP-fused proteins in the assay. 

Additionally, using the reverse approach, we detected weak but reproducible interaction of 
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endogenous EBP1 from 3T3 cell lysates with the DPPA4 SAP domain alone fused to MBP 

(Figure 6C). Notably, we also detected stronger interaction of EBP1 with the N115 domain 

of DPPA4 that contains the SAP domain (N81-N115) and other sequences (Figures 6A,C) 

even relative to full-length DPPA4. Together, these findings indicate that the SAP domain of 

DPPA4 can bind EBP1 and is necessary for its interaction, but other interaction surfaces 

could be present as well.

DPPA4 transcriptional repressive function is enhanced with p48 knockdown

A fusion of the GAL4-DNA binding domain with DPPA4 exhibits a transcriptional 

repressive function in cells [17]. GAL4-fusion based reporter assays are used as there is no 

known DPPA4 consensus DNA binding sequence. Given the predicted molecular functions 

for the DPPA4-EBP1 protein network (Figure 2), we asked whether EBP1 can affect the 

transcriptional repression of DPPA4. We performed dual luciferase reporter assays in 293FT 

control cells, a cell line we chose because it is routinely utilized for reporter assays, it is the 

one we used for our original characterization of DPPA4 repressive function [17], and one in 

which we demonstrated consistent DPPA4-EBP1 interaction (Figure 3E). We were also able 

to substantially lower p48 protein levels through siRNA-mediated knockdown in 293FT 

cells. The knockdown was specific to p48, with little to no change to p42 (Figure 6D, 

Supplemental Figures S6A-S6B) allowing us to measure the specific effect of p48 on the 

transcriptional repression by DPPA4 in this assay. As previously described [17], GAL4-

DPPA4 exhibited greater than 100-fold transcriptional repression compared to the GAL4 

alone in 293FT cells (Figure 6E). We found that p48 knockdown (relative to cells transfected 

with control non-targeting (NT) siRNA) increased repression by GAL4-DPPA4 by 2-fold, 

while reporter activity of GAL4 itself was not reduced (Figure 6E-F, p=0.0005). Therefore, 

DPPA4 is a better repressor in the context of lower p48 levels in reporter assays, suggesting 

p48 may normally impair DPPA4 repressive function.

To examine whether the increase in DPPA4 transcriptional repression in the context of 

reduced p48 levels we observed was specifically due to reduced interaction of DPPA4 and 

p48, we tested the relative effect of EBP1 siRNA on the transcriptional repression activity of 

GAL4 fused to DPPA4ΔSAP containing an internal deletion of the SAP domain (GAL4-

DPPA4ΔSAP) rendering it EBP1-interaction deficient. The expression of GAL4-DPPA4 and 

GAL4-DPPA4ΔSAP plasmids was verified through Western blot (Supplemental Figure 

S6C). The GAL4-DPPA4ΔSAP exhibited transcriptional repression in WT cells as 

previously described [17], although substantially weaker than the WT DPPA4 protein. 

However, the GAL4-DPPA4ΔSAP still has some repressive effects indicating that while the 

SAP domain influences transcriptional repression by DPPA4, there are other mechanisms of 

DPPA4 repression. Notably, in contrast to GAL4-DPPA4, the transcriptional repression by 

GAL4-DPPA4ΔSAP was unaffected by p48 knockdown (p=0.03 versus GAL4-DPPA4, 

Figure 6E-F) suggesting the effect of p48 knockdown on repression by GAL4-DPPA4 is at 

largely SAP domain-dependent as in the absence of the SAP domain, DPPA4 becomes 

relatively insensitive to EBP1 status. Together, these results indicate (1) the transcriptional 

repression of DPPA4 is decreased by interaction with p48 demonstrating that DPPA4 may be 

a stronger repressor without p48, (2) p48 may impede the transcriptional repression of 

DPPA4 via the SAP-domain, most likely through mediating protein-protein interaction, and 
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(3) the SAP domain overall plays an important even if not all-encompassing functional role 

in DPPA4 transcriptional repression.

DISCUSSION

DPPA4 function in stem cell biology has not been well understood. Here, through probing 

for molecular partners of DPPA4, we have identified several putative protein cofactors for 

DPPA4, with validation of EBP1 as a major interacting-partner of DPPA4, providing new 

insights into DPPA4 function. Collectively, our data support a model in which DPPA4 

specifically can bind to the EBP1 p48 isoform in a pluripotent context. In this model, 

DPPA4 can mediate transcriptional repression, but upon binding to p48, the DPPA4-p48 

complex may either (a) transcriptionally activate target genes or (b) p48 may inhibit the 

ability of DPPA4 to transcriptionally repress target genes. We theorize that activation or 

repression of specific target genes by DPPA4 either with or without EBP1 impacts cell 

biology. However, at this point relatively little is known about the direct gene targets that 

DPPA4 can regulate, with only a few published studies supporting transcriptional 

modulation by DPPA4 including our past report of DPPA4 being a strong repressor when 

fused to the GAL4 DNA-binding domain [17]. In contrast, DPPA4 has been found 

associated with transcriptionally active chromatin through its co-localization with both 

phosphorylated RNA polymerase II and the H3K4Me3 histone mark also associated with 

actively transcribed chromatin in mouse ESCs [14]. While we consistently find that DPPA4 

has robust transcriptional repression activity through reporter assays, the increase in 

transcriptional repression observed in the absence of p48 suggests that p48 may inhibit the 

transcriptional repression of DPPA4 thereby facilitating stem cell-related transcriptional 

regulation at specific genomic loci, or they may cooperate in active transcription at native 

targets. EBP1 itself has been identified in a repressive complex including YY1, NuRD, HP1 

and Trim28 in mouse ESCs although the functional targets remain unclear [33].

A recent report of novel interacting proteins of the variant polycomb repressive complex 

(vPRC) component, Polycomb Group Ring Finger 1 (PCGF1), identified DPPA4 as a 

PCGF1-interacting protein among several other pluripotency specific proteins, through an 

IP-Mass spectrometry screen of protein partners for PCGF1 in NT2 cells [34]. Utilizing 

molecular mass and stoichiometry analysis in that study, the authors concluded that DPPA4 

and PCGF1 form a complex independent of the vPRC1. Their stoichiometry data also 

indicated that in addition to the participation of DPPA4 in several high mass protein 

complexes, DPPA4 elutes as a 60kDA protein complex, which could indicate a DPPA4 

dimer. Taking into account our data, key remaining questions include whether DPPA4 can 

form multiple distinct dimers that consist of DPPA4 homodimers or DPPA4-DPPA2 

heterodimers, and does EBP1 interact with DPPA4 dimers or a monomer. DPPA4 and 

DPPA2 were also both identified through a screen to pinpoint interacting partners of the es-

BAF chromatin remodeling complex in mESCs [35]. This complex is essential for self-

renewal and pluripotency of mESCs. Similar to our findings of DNMT1 as a potential 

DPPA4-interacting protein, the authors of the es-BAF study also identified DNMT-family 

members as potential interacting proteins of the es-BAF complex along with DPPA4 and 

DPPA2.
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A previous study demonstrated the binding of DPPA4 to core histone H3, both in vitro and 

in vivo, via its c-terminal region. Additionally, it was shown that DPPA4 can bind to plasmid 

DNA directly [15]. However, to our knowledge there are no reports describing DPPA4 

genomic binding specificity or properties, and in our hands in an in vitro screen for DPPA4 

DNA binding specificity no clear consensus sequence emerged (Knoepfler and Segal, 

unpublished). The association of DPPA4 with histones and chromatin modifying proteins as 

well as DNA together has suggested possible transcriptional or epigenetic roles for DPPA4. 

These studies, along with candidate proteins identified in our proteomics screen, highlight 

the potentially versatile role for DPPA4 in associating with other pluripotent and non-

pluripotent-specific proteins. Together, DPPA4 with such partners or within such complexes 

likely functions to carry out different molecular functions that may ultimately aid in 

maintaining potency and directing appropriate cell fate during differentiation, but when 

perturbed may contribute to tumorigenesis.

Here we focused primarily on the DPPA4-EBP1 interaction in NT2 ECCs due to the links of 

DPPA4 with both oncogenesis and pluripotency. NT2 cells are a pluripotent testicular 

embryonic carcinoma cell line with gene expression and chromatin profiles that resemble 

human ESCs when undifferentiated. Therefore, NT2s are an ideal model in which to study 

DPPA4 since they are both stem and cancer cells. This is particularly important given our 

past studies defining the oncogenic functions of DPPA4 and the ability of pluripotent cells to 

form tumors. NT2s are widely described as a neoplastic pluripotent line as characterized by 

their expression of pluripotent factors such as OCT-4, SSEA-3 and their pattern of 

differentiation strongly resembles human ES cells [36]. They are an effective model of 

differentiation, as administration of retinoic acid downregulates the pluripotency factors and 

promotes cellular differentiation into the neuroectodermal lineage. As NT2 cells differentiate 

in this neuronal lineage and DPPA4 levels decline, its binding with p48 decreases both due 

to reduced levels and potentially other differentiation-associated mechanisms. This reduced 

binding with differentiation is most apparent in NT2 cells and less consistently so in hIPSC. 

This variability and difference between NT2s and hIPSC may be due to differences in the 

cells or in the molecular process of retinoic-acid induced differentiation of NT2s versus 

embryoid body or neural induction induced differentiation of hIPSCs.

NT2s are most widely used for neuronal differentiation, but other protocols to differentiate 

NT2s into distinct lineages do exist [37]. We utilized retinoic-acid induced differentiation of 

NT2s in our study as it is straightforward and the most standard method of differentiation 

with these cells. As the number of studies differentiating them into distinct lineages is few, a 

moderate drawback of using NT2s is that there is some uncertainty about the full extent of 

their potency relative to fully validated pluripotent stem cells such as hESCs and hIPSCs. 

For that reason, in this study we did not analyze whether differences in EBP1 and DPPA4 

binding exists in pluripotent cells that are differentiating towards other lineages. Even so, the 

decrease in DPPA4-p48 binding in differentiated NT2s is very consistent and may be due to 

either a post-translational modification to p48 that disrupts binding to DPPA4, or the 

association of p48 with other factors in the cell upon differentiation that renders it less 

available to bind to DPPA4.
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There is a growing appreciation of the complex links between stem cell potency and cancer, 

including specifically roles for DPPA4. Perturbed DPPA4-p48 complex function may also 

contribute to cancer. A study examining the expression of self-renewal genes in several types 

of cancer found an association between higher grade prostate, bladder, and colon cancer and 

increased DPPA4 transcription levels in these tissues where DPPA4 is not normally 

expressed [16]. Stable expression of DPPA4 caused the formation of tumors in both in vitro 
transformation assays and in in vivo experiments in immunodeficient mice [17]. In that 

study, we also found that DPPA4 increases cell proliferation through upregulation of pro-cell 

cycle genes associated with the bypassing the G1/S transition. The two isoforms of EBP1 

itself have also been recognized for their roles in oncogenesis. While p42 is considered to 

function similar to a tumor suppressor [38,39], p48 has characteristics similar to an 

oncogene with the ability to promote cell growth and invasion of several human cancer cells 

such as glioblastomas, oral squamous cell carcinomas, and breast cancer cells [40–42]. 

Several mechanisms have been suggested for p48’s ability to promote aggressive tumor 

behavior. In glioblastomas, p48 can promote the poly-ubiquitination of the tumor suppressor 

p53, leading to its degradation [40]. Interestingly, ChIP assays with DPPA4 showed that 

DPPA4 can bind to the promoter region of TRp53 [17].

What is already known about EBP1 function including in stem cells? A previous proteomics 

expression study identified EBP1, along with DPPA4, in a long list of proteins that are 

highly expressed in ECCs versus ESCs, including in NT2s [30]. Otherwise, we could find no 

other published reports on EBP1 specifically in pluripotent stem cells. The one notable 

published EBP1 functional study in stem cells reported that EBP1’s p48 isoform was found 

to have a role in controlling the proliferation and differentiation of adult muscle stem cells 

[43]. In that study, while overexpression of EBP1 did not have a major effect on quiescent 

satellite cells, siRNA mediated knockdown of EBP1 greatly inhibited the differentiation and 

proliferation of satellite cells. The role of EBP1 in muscle stem cell growth was found to 

involve the p48 isoform only and the authors reported that this function occurs independent 

of the ERBB3 receptor. Given that we found DPPA4 interacts with endogenous p48 but not 

p42 under the cellular conditions tested in our study, future studies investigating the direct 

involvement of ERBB3 signaling through growth factor stimulation will be of interest. Since 

DPPA4 and p42 can directly bind in vitro, it is possible that they bind in vivo, but only in 

certain contexts such as in specific types of cells.

We find that deletion of the conserved SAP domain renders DPPA4 unable to interact with 

EBP1. While other domains of DPPA4 may also be important for its interaction with EBP1, 

here we focused on the SAP domain as it is implicated in transcriptional and chromatin 

binding functions [32,44–46]. To our knowledge, the SAP domain has not been previously 

implicated in protein-protein interactions highlighting a potentially novel role for this 

conserved protein domain. As DPPA4 dimerizes with DPPA2 and here we find that EBP1 

can directly bind to DPPA2, although to a lesser extent than DPPA4, the possibility of a 

trimeric complex involving these three proteins is of interest. Analysis of the spatial and 

temporal expression of the mouse Dppa4 and Dppa2 genes have suggested that they may be 

controlled by different regulatory mechanisms [11] making it possible that DPPA4 and/or 

DPPA2 form complexes independently with EBP1 in some circumstances to carry out 

various molecular functions.
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Analysis of our proteomics interaction data through the STRING database has pointed to an 

entirely novel, but as yet hypothetical RNA-binding function for DPPA4. The possibility of 

DPPA4 regulation pluripotency through RNA binding suggested by STRING analysis is an 

exciting potential future direction. Although DPPA4 has been shown to bind to plasmid 

DNA in vitro through its SAP domain and it has been linked to several epigenetic roles 

through its putative ability to modulate chromatin [11], it is still unknown whether it can 

bind RNA and function as an RNA regulatory protein, but SAP domains are also putative 

RNA binding domains. In addition, importantly our STRING data suggest that DPPA4 could 

be involved in the regulation of translation, in which EBP1 itself is also known to be 

involved [47]. EBP1 was demonstrated to be a DNA or double stranded-RNA binding 

protein associated with ribosomes that can mediate the phosphorylation of translation factor, 

EIF2A, another candidate protein-interaction partner for DPPA4 that was present in our 

interaction data [48]. Thus, DPPA4-EBP1 complexes could impact RNA functions and 

translation. STRING database analysis of our proteomics data also implicate other molecular 

functions for DPPA4, both shared with EBP1 and independent of EBP1 that include other 

pluripotent specific proteins such as LIN28A.

Overall, our data support a previously uncharacterized function for DPPA4 in pluripotent 

cells through identifying its interaction with EBP1, hereto not reported to function in ESCs, 

in reprogramming to make IPSCs, or in other pluripotent cell types. The connected role of 

both these proteins in potentially modulating transcription may point towards the 

contributions they bring as a novel mechanism in maintaining pluripotency or directing later 

differentiation. Delineating links of pluripotency factors such as DPPA4 and DPPA2 to 

oncogenesis will also be a major factor in the development of safer, more effective stem cell 

and hIPSC-mediated applications that can be potentially translated to the clinic [49].
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FIGURE 1. A DPPA4 proteomics screen identifies candidate interacting proteins, including 
EBP1
(A) MBP or MBP-DPPA4 was bound to amylose beads and incubated with nuclear extracts 

from H9 ESCs. Unbound proteins were washed off and interacting proteins were identified 

through LC MS/MS. Two biological replicates were performed. (B) Table of representative 

proteins identified through LC-MS/MS to be bound to DPPA4-MBP at 0.05 FDR. (C) Mass 

spectrometry peptide coverage of EBP1 from two biological replicates shows coverage of 

both isoforms of EBP1. Both the unique region of p48, within the first 54 amino acids, and 

regions shared by p42 and p48 isoforms were detected.
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FIGURE 2. A DPPA4-interacting protein network
(A) STRING database analysis of proteins identified as DPPA4-interacting proteins through 

mass spectrometry. Proteins were chosen for analysis based on the following criteria: 

proteins that had at least one unique peptide in MBP-DPPA4 sample while absent in MBP 

sample and were present in both biological replicates, or proteins that had at least two 

unique peptides in MBP-DPPA4 sample while absent in MBP sample that were present in at 

least one biological replicate were chosen for analysis. (B) Predicted Molecular Function for 

the protein networks by STRING. (C) Predicted Biological processes for the protein 

networks by STRING.
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FIGURE 3. p48 and p42 can bind to DPPA4/2 in vitro, but only p48 binds DPPA4 in cells
(A, B) MBP-DPPA4 or MBP-DPPA2 was bound with amylose beads and incubated with in 
vitro transcribed and translated HA-tagged EBP1, beads were washed, and bound protein 

was detected through Western blotting with anti-HA antibody. (C, D) EBP1 isoform binding 

to DPPA4 or DPPA2 was tested by binding MBP-DPPA4 or MBP-DPPA2 to amylose beads 

and incubated with in vitro transcribed and translated HA-tagged p48 or p42. Beads were 

washed and bound protein was detected through Western blotting with anti-HA antibody. 

Both p48 and p42 were found to bind to either DPPA4 or DPPA2 in vitro. (E) HA-tagged 

p48 or HA-tagged p42 plasmid constructs were transiently transfected into 293FT cells and 

cells were harvested 48-hour post transfection. Whole cell lysates were incubated with 

MBP-DPPA4 or MBP-DPPA2 bound to amylose beads, and bound protein was detected 

through western blotting with anti-HA antibody. Only p48-HA expressed in 293FT cells 

bound to MBP-DPPA4 and MBP-DPPA2. (F) Co-immunoprecipitation was performed 

utilizing nuclear lysates of NTERA-2 cells expressing completely endogenous levels of 

EBP1 and DPPA4. p48, but not p42, co-purified with DPPA4 immunoprecipitates. (G) Co-

immunoprecipitation was performed utilizing whole cell lysates of NTERA-2 cells 

expressing completely endogenous levels of EBP1 and DPPA4.
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FIGURE 4. EBP1 p48 in ECC and ESCs, but not fibroblasts, binds to DPPA4
(A) Western blot analysis of EBP1 protein expression in human pluripotent cell lines. Both 

p48 and p42 are endogenously expressed in H9 ESCs, IPSC, and NTERA-2 (NT2) ECCs. 

(B) Western blot analysis of EBP1 expression in mouse pluripotent cell lines. Only one 

isoform of EBP1 is expressed in F1A mESCs. (C) Interaction of EBP1 p48 with DPPA4 and 

DPPA2 was detected through binding of MBP-DPPA4 or MBP-DPPA2 to amylose beads, 

incubating the beads with NT2 whole cell lysates, removal of unbound proteins and 

detection through Western blotting with anti-EBP1 antibody. (D) Interaction of EBP1 p48 

with DPPA4 and DPPA2 was detected in H9 ESCs and IPSCs through binding of MBP-

DPPA4 or MBP-DPPA2 to amylose beads, incubating the beads with H9 or IPS nuclear 

extracts and detection through western blotting with anti-EBP1 antibody. (E) EBP1 

interaction with DPPA4 or DPPA2 was not detected through incubation of amylose beads 

bound MBP-DPPA4 or MBP-DPPA2 with whole cell lysates from human dermal fibroblasts 

followed by western blotting with anti-EBP1 antibody. (F) Interaction of mEBP1 with 

DPPA4 was not detected through incubation of whole cell lysates of mouse embryonic 

fibroblasts with amylose beads bound MBP-mDPPA4 followed by western blotting with 

anti-EBP1 antibody, while weak interaction was detected with MBP-mDPPA2. Binding of 

mEBP1 in 3T3 cells was detected through incubation of whole cell lysates with MBP-

mDPPA4 or MBP-mDPPA2 followed by western blotting with anti-EBP1. Lane 5 is a 

molecular weight marker.
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FIGURE 5. EBP1 displays reduced binding to DPPA4 upon differentiation of NT2 cells
(A) Whole cell lysates of NT2 cells differentiated for 8 days with all-trans retinoic acid (at-

RA) were incubated with amylose-bound MBP-DPPA4 or MBP-DPPA2, unbound proteins 

were washed, and interacting protein was detected through western blotting with anti-EBP1. 

Undifferentiated whole cell lysates were included as a control. Western blot is representative 

of three independent biological replicates. (B) Quantitation of panel A. Western blot analysis 

demonstrated reduced binding of EBP1 p48 to DPPA4, normalized to p48 input, in 

differentiated NT2s. (n=3, *p<0.05). Error bars are standard error of the mean (S.E.M). (C) 
Downregulation of OCT4, DPPA4 and EBP1 protein expression by western blot analysis to 

verify differentiation of NT2s with at-RA.
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FIGURE 6. The DPPA4 SAP domain is necessary for its interaction with p48 and p48 
knockdown enhances the transcriptional repressive function of DPPA4
(A) Schematic of MBP-fusion protein truncations of DPPA4 for interaction mapping. 

Deleted amino acid (AA) region in each truncation is specified in brackets. (B) MBP or 

MBP-p48 was incubated with in vitro TNT DPPA4 or DPPA4-ΔSAP and bound proteins 

were analyzed through Western blot and probed for DPPA4 binding. Image is representative 

of three independent biological replicates. (C) MBP, MBP-DPPA4, MBP-N115, and MBP-

SAP were incubated with 3T3 whole cell lysates, and bound proteins were analyzed through 

Western blot and probed for EBP1 binding. Image is representative of three independent 

assays. (D) Western blot analysis of pooled siRNA targeting EBP1 results in specific 

knockdown of p48 in HEK 293FT cells. Image is representative of three independent 

biological replicates. (NT= Non-targeting) (E) 293FT cells were reverse transfected with NT 

or EBP1 siRNA and the indicated plasmids. Relative reporter activity was calculated after 48 

hours by normalization of luciferase signal to Renilla signal and represented relative to 

Reporter background. Data is representative of four or three independent biological 

replicates for GAL4 and GAL4-DPPA4 or GAL4-DPPA4-ΔSAP respectively. Error bars 

represent standard error of the mean (S.E.M). (F) Relative Reporter activity of Reporter, 

GAL4 GAL4-DPPA4, or GAL4-DPPA4-ΔSAP in the presence of EBP1 siRNA were 

normalized to each in NT siRNA control background. Values shown are the mean of at least 

three independent biological replicates. Error bars are S.E.M. * p< 0.05 ** p<0.001.
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