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Mouse embryonic cells are unable to support the replication of Moloney murine leukemia virus (MLV). The integrated viral
DNA is transcriptionally silenced, largely due to binding of host transcriptional repressors to the primer binding site (PBS) of
the provirus. We have previously shown that a PBS DNA-binding repressor complex contains ZFP809 and TRIM28. Here, we
identified ErbB3-binding protein 1 (EBP1) to be a novel component of the ZFP809-TRIM28 silencing complex and show that

EBP1 depletion reduces PBS-mediated retroviral silencing.

Murine leukemia viruses (MLVs) are unable to replicate in
embryonic stem (ES) or embryonic carcinoma (EC) cells
(1-3). In embryonic cells, reverse transcription and proviral inte-
gration proceed normally, but viral transcription is repressed, and
hence no viral gene products can be detected. Several mechanisms
are likely involved in the transcriptional silencing, including (i)
the absence of enhancer proteins recognizing binding sites in the
viral long terminal repeat (LTR) (1, 2), (ii) recruitment of trans-
acting transcriptional repressors (3-5), and (iii) de novo DNA
methylation (6). One critical site for transcriptional silencing,
termed the repressor binding site (RBS), shows extensive overlap
(17/18 bp) with the primer binding site (PBS,,,) of MLV (7-9),
which normally functions during the priming of reverse transcrip-
tion by host proline tRNA. The RBS by itself is sufficient to induce
potent transcriptional repression of reporter constructs in EC
cells, irrespective of its orientation or position (10, 11). In addi-
tion, electrophoretic mobility shift assays (EMSAs) using RBS as
the probe demonstrate the presence of stem cell-specific nuclear
factors. A single base pair mutation in the RBS, termed the B2
mutation, is sufficient to abolish nuclear factor binding and
thereby restore viral gene expression (10, 11). These findings have
allowed the characterization of the stem cell-specific trans-acting
transcriptional repressor complex as containing TRIM28 (also
known as KAP-1 or Tif1-beta), a known transcriptional corepres-
sor (12-14), and Kriippel-associated box (KRAB) zinc finger pro-
tein 809 (ZFP809) (15), a DNA binding transcription factor. The
current model for PBS-mediated silencing consists of the binding
of PBS,,,, by ZFP809 and the subsequent recruitment of TRIM28 to
the provirus via the ZFP809 KRAB domain. This association per-
mits TRIM28-dependent recruitment of additional chromatin
modifiers, such as the histone H3K9 methyltransferase SETDB1
(16), heterochromatin-associated protein 1 (HP1) (12), and the
nucleosome remodeling histone deacetylase (NuRD) complex
(17). Together, the ensuing histone and DNA methylation of the
proviral DNA ensures transcriptional silencing and genomic sta-
bility.

The ZFP809-TRIM28 complex detected by EMSA is of high
molecular weight (13, 15, 18), and PBS-dependent silencing in-
volves many effector proteins. It is thus fully plausible that
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ZFP809-TRIM28-dependent silencing requires additional un-
known host factors. In an effort to identify novel components of
the ZFP809-TRIM28 silencing complex, we generated stable
HEK-293 cell lines expressing a Flag-tagged version of ZFP809
lacking its C terminus [Flag-ZFP809(1-353)]. As shown previ-
ously, compared to full-length ZFP809, this truncation mutant is
more readily expressed and retains full capacity to restore PBS-
mediated retroviral silencing in differentiated cells (15). Lysates
from tagged ZFP809-expressing HEK-293 cells were subjected to
immunoprecipitation with an anti-Flag antibody followed by
mass spectrometric analysis of ZFP809-associated proteins. Im-
munoprecipitates using nonspecific IgG were analyzed similarly
as the negative control. Seventeen unique ZFP809-interacting
proteins were identified (see Table S1 in the supplemental mate-
rial), with TRIM28 having the largest number of peptides, consis-
tent with its major role in PBS-dependent retroviral silencing in
embryonic cells (13-15, 19). In addition, peptides corresponding
to proliferation-associated protein 2G4 (PA2G4), also known as
ErbB3-binding protein 1 (EBP1), were isolated specifically from
ZFP809-expressing cells. EBP1’s known involvement in the tran-
scriptional repression of E2F1 and androgen receptor-regulated
genes (20-24) raises the possibility that EBP1, through its associ-
ation with ZFP809, may exert similar repressor functions in the
context of PBS-dependent retroviral silencing.

To confirm the authenticity of the EBP1-ZFP809 interaction,
lysates from Flag-ZFP809-expressing HEK-293 cells were sub-
jected to immunoprecipitation with either anti-Flag or control
anti-hemagglutinin (anti-HA) antibodies, and the bound proteins
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FIG 1 EBP1 forms a complex with ZFP809 and TRIM28 in vivo. (A) Total cell
lysates were prepared as described before (15) from HEK-293 cells stably ex-
pressing Flag-tagged ZFP809, and proteins were immunoprecipitated with
anti-Flag or control anti-HA antibody. Bound proteins were subjected to 10%
SDS-PAGE and immunoblotted with anti-EBP1, anti-TRIM28, and anti-Flag
antibodies as indicated on the right. The input lane represents 2% of the ma-
terial used for the immunoprecipitations. (B) Total cell lysates from Flag-
ZFP809-expressing HEK-293 cells were subjected to immunoprecipitation
and immunoblotting as indicated. The input lane represents 2% of the mate-
rial used for each immunoprecipitation. (C) Total cell lysates prepared from
F9 embryonic carcinoma cells were subjected to immunoprecipitation and
immunoblotting as indicated. The input lane represents 2% of the material
used for the immunoprecipitations. Note that all of the data shown in Fig. 1 are
representative of at least three independent experiments.

were then analyzed by immunoblotting with either anti-EBP1 or
anti-TRIM28 antibodies. Endogenous EBP1 was specifically de-
tected in anti-Flag but not anti-HA immunoprecipitates (Fig. 1A).
As expected, TRIM28 also associated with ZFP809. We observed
the reciprocal interactions upon immunoprecipitation of endog-
enous EBP1 from Flag-ZFP809-expressing HEK-293 cells fol-
lowed by immunoblotting with either Flag or TRIM28 antibodies
(Fig. 1B). Furthermore, in F9 embryonic carcinoma cells, a cell
line known to be nonpermissive to MLV infection, the association
of endogenous EBP1 with TRIM28 immunoprecipitates could
also be detected (Fig. 1C). The lack of specific ZFP809 antibodies
prevented us from performing coimmunoprecipitation studies of
endogenous ZFP809. Taken together, these results suggest that
EBP1 may be a novel component of the ZFP809-TRIM28 tran-
scriptional repression complex.

The observation that EBP1 forms an endogenous complex
with both ZFP809 and TRIM28 raises the possibilities that (i)
EBP1 directly interacts with ZFP809, (ii) EBP1 is recruited to
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ZFP809 via association with TRIM28, or (iii) EBP1 is capable of
forming physical contacts with both ZFP809 and TRIM28. To test
these possibilities, we expressed each protein fused to glutathione
S-transferase (GST) in Escherichia coli, recovered the GST fusion
proteins on glutathione-Sepharose beads, and performed in vitro
binding assays. Beads containing GST-ZFP809, GST-TRIM28, or,
as a negative control, GST-ZFP124, an unrelated zinc finger pro-
tein not implicated in PBS-mediated silencing (15), were incu-
bated with purified His,-EBP1, and bound proteins were visual-
ized by immunoblotting with an anti-His antibody. EBP1 bound
specifically not only to GST-ZFP809 as expected but remarkably
also to GST-TRIM28 even in the absence of ZFP809 (Fig. 2A).
EBP1 showed no binding at all to ZFP124. The lack of binding to
ZFP124 is striking, given that like ZFP809, it contains an N-ter-
minal KRAB domain and a C-terminal cluster of zinc fingers. The
yield of EBP1 bound by ZFP809 was higher than the yield bound
by TRIM28. The yield bound by a mixture of ZFP809 and TRIM28
was similar to that bound by ZFP809 alone. To further map the
regions in ZFP809 responsible for EBP1 interaction, we created
two additional deletion mutants targeting its KRAB domain
(ZFP809AKRAB) or its seven zinc fingers (ZFP809AZF). Initial
attempts to express these mutants as GST fusion proteins in bac-
teria were unsuccessful, and we therefore chose to overexpress
these mutants in mammalian cells and carried out Hisg-EBP1
pulldown assays using mammalian cell lysates. As shown in Fig.
2B, ZFP809(1-353) and ZFP809AKRAB mutants formed a com-
plex with EBP1 in vitro, and such interaction was lost upon re-
moval of the ZFP809 zinc fingers (ZFP809AZF). Given the amino
acid differences in the zinc finger domains of ZFP809 and ZFP124,
this observation is consistent with EBP1’s preferential association
with ZFP809 and not ZFP124 (Fig. 2A). It further suggests that the
zinc finger domains of ZFP809 may function in both DNA-bind-
ing and EBP1 recruitment. To test whether the presence of non-
specific DNA in the cell lysate may affect binding, we repeated the
experiment after DNase I treatment of the cell lysate. No differ-
ence in binding was observed (data not shown).

To investigate the functional relevance of the EBP1-ZFP809-
TRIM28 interaction for PBS-mediated retroviral silencing, we uti-
lized retroviral RNA interference (RNAi) methods to stably de-
plete endogenous EBP1 expression in Flag-ZFP809-expressing
HEK-293 cells. As a negative control, cell lines containing scram-
bled short hairpin RNA (shRNA) were generated. As shown in Fig.
3A, efficient EBP1 knockdown was achieved. To quantify the level
of PBS-mediated repression, we made use of transducing MLV
reporter viruses expressing phleomycin D1 (Zeocin) resistance.
We compared the titer of a wild-type MLV (MLV-WT) reporter
with the wild-type PBS (hence a target for ZFP809-dependent
silencing) to an MLV-B2 reporter with a mutant PBS escaping
PBS-mediated silencing. The two viruses were used to infect the
various cell lines outlined in Fig. 3B, and cells were then selected
with Zeocin for 2 weeks before colony counting. The ratio of the
number of B2 colonies to WT colonies represents the degree of
PBS-mediated silencing. As expected, differentiated cell types,
such as wild-type HEK-293 cells, lacked PBS-mediated silencing,
as indicated by a B2/WT ratio close to 1 (Fig. 3B). In contrast,
overexpression of ZFP809 in HEK-293 cells induced PBS-medi-
ated silencing, as shown by a B2/WT ratio of 7. EBP1 depletion in
ZFP809-expressing cells caused a 4-fold reduction in PBS-medi-
ated restriction, indicating the functional importance of EBP1 in
the ZFP809-TRIM28 complex. To further confirm our finding, we
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FIG 2 EBPI interacts directly with ZFP809 and TRIM28 in vitro. (A) Top,
purified His,-EBP1 was incubated with either GST-ZFP809, GST-TRIM28, or
GST-ZFP124 (as a negative control) fusion proteins immobilized on glutathi-
one-Sepharose beads. Bound proteins were eluted and subjected to 10% SDS-
PAGE and immunoblotted with an anti-Hisg antibody. The input lane repre-
sents 5% of total Hiss-EBP1 used for each pulldown reaction. Data shown are
representative of three independent experiments. Bottom, the same blot as
that shown in the top panel was stripped and reprobed with anti-GST antibody
to show equal amounts of GST proteins used in each pulldown reaction. (B)
Top, purified His,-EBP1 immobilized on Cobalt resin was incubated with
HEK-293 total cell lysates expressing various Flag-tagged ZFP809 truncation
mutants. As a negative control, Cobalt resin alone was incubated with Flag-
ZFP809(1-353) lysates. Bound proteins were eluted and subjected to 10%
SDS-PAGE and immunoblotted with an anti-Flag antibody. The input lane
represents 2% of cell lysates used for each pulldown reaction. Data shown are
representative of three independent experiments. Bottom, the same blot
shown in the top panel was stripped and reprobed with anti-Hisg antibody to
show equal amounts of Hiss-EBP1 used for each pulldown reaction.

performed the analogous experiments in F9 EC cells (Fig. 3D).
The ratio of MLV-B2 to WT reporter was close to 60-fold in F9
and F9-control KD cells. Such restriction was significantly re-
duced upon TRIM28 depletion, with a 6-fold loss in silencing.
PBS-mediated silencing was reduced by 2- to 3-fold upon the
depletion of endogenous EBP1 (Fig. 3D). Based on these observa-
tions, we next postulated that EBP1 may be capable of associating
with the integrated provirus in vivo in a PBS,,, -dependent man-
ner. To test this, chromatin immunoprecipitation (ChIP) experi-
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ments were performed using Flag-ZFP809-expressing HEK-293
cells transduced with either an MLV-PBS,,,, virus or an MLV-
PBS,,, virus known to escape PBS-dependent silencing. As ex-
pected, ZFP809 is highly enriched (25-fold) on the PBS,,,, but not
the PBS,,, locus (Fig. 3E). Consistently, EBP1 showed a 5-fold
enrichment on PBS,,,,,, while no enrichment was seen on PBS,
(Fig. 3E). These results correlate with EBP1’s repressive effect on
PBS,,, and are consistent with the model of ZFP809-mediated
recruitment of EBP1 to the provirus in vivo. Finally, it has been
demonstrated that cellular differentiation leads to the concomi-
tant loss of ZFP809-TRIM28 recruitment to the provirus, thereby
mitigating PBS-dependent retroviral silencing (13). Therefore, to
rule out the possibility that depletion of endogenous EBP1 in em-
bryonic cells may lead to either cellular differentiation or changes
in the levels of ZFP809, we prepared total RNA from NIH 3T3, F9,
F9-control KD, and F9-EBP1-KD cells and quantified the mRNA
levels of Nanog, a marker for embryonic cells, as well as ZFP809
using quantitative reverse transcription-PCR (qRT-PCR) (Fig.
3F). Consistently, EBP1-depleted cells did not show reduced levels
of Nanog or ZFP809, while NIH 3T3 cells show reduced levels of
both mRNAs. Collectively, these observations suggest a role for
EBP1 in mediating ZFP809-TRIM28-dependent retroviral re-
striction in embryonic cells.

The ability of mouse embryonic cells to silence MLV DNA via
the PBS lies in its expression of the sequence-specific KRAB-ZFP
ZFP809. ZFP809, through its interaction with the PBS,,, of MLV,
serves to coordinate the assembly of macromolecular silencing
complexes containing TRIM28, ESET, HP1, and others, thereby
establishing a transcriptionally inactive provirus. In this report,
we expand our current understanding of retroviral silencing by
identifying a potential link between EBP1, a known transcrip-
tional repressor of E2F1 and androgen receptor-regulated pro-
moters (20-24), to the ZFP809-TRIM28 silencing complex in em-
bryonic cells. Previously, in breast and prostate cancer cell lines,
EBP1, in association with RB (25), HDAC2 (23), and Sin3A (20),
has been shown to prevent cellular proliferation via the transcrip-
tional repression of E2F1- and AR-regulated genes (20). Interest-
ingly, our observation of the interaction between EBP1 and
TRIM28 coincides with previous findings showing the involve-
ment of both proteins at the E2F target promoter (26). Therefore,
it remains plausible that on other promoters, specific DNA bind-
ing proteins, acting in a manner similar to that of ZFP809, may
recruit both EBP1 and TRIM28 to the target promoter and mod-
ulate gene expression epigenetically. We note that both EBP1 and
TRIM28 are ubiquitously expressed and could regulate target
genes in many cell types, but the ES cell-specific regulation will be
determined by ES cell-specific zinc finger proteins, such as
ZFP809, that tether them to the DNA.

EBP1 has recently been implicated in the biology of RNA vi-
ruses in other settings. Honda et al. identified EBP1 as a novel
binding partner for the PB1 subunit of influenza virus RNA poly-
merase and showed that overexpression of EBP1 blocked the tran-
scription of influenza virus and led to reduced viral titers (27). In
another study, it was reported that infection of Vero cells by
rinderpest virus led to the downregulation of EBP1 expression and
that overexpression of EBP1 led to the inhibition of rinderpest
virus transcription (28). EBP1’s role in antagonizing retroviral
infection in embryonic cells (Fig. 3B and D) expands the reper-
toire of RNA viruses sensitive to EBP1 regulation. Preliminary
tests suggest that cellular EBP1 expression is not altered by retro-
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FIG 3 EBP1 depletion impairs PBS-dependent retroviral silencing. (A) Total cell lysates prepared from HEK-293, 293-ZFP809, 293-ZFP809-control KD, and 293-
ZFP809-EBP1 KD cells were immunoblotted with antisera as indicated. Note the sequence of the human EBP1 KD shRNA is TATTTACCGAAATGCTGGTGG (as per
Thermo Scientific). (B) HEK-293, 293-ZFP809, 293-ZFP809-control KD, and 293-ZFP809-EBP1 KD cells were infected with vesicular stomatitis virus glycoprotein
(VSV G)-pseudotyped MLV particles containing either MLV-PBS,,,-Zeo or MLV-PBS;;,-Zeo constructs. Reporter gene expression in each cell line was assessed by
colony counting after Zeocin selection. Graph shows the ratio of B2/Pro infection efficiency, termed fold repression. Results shown are means = standard errors of the
means (SEMs) from three independent experiments performed in triplicate. Student’s ¢ test was used for statistical analysis. * denotes P < 0.05. (C) Total cell lysates
prepared from WT F9 or F9 cells stably transduced with either control shRNA or EBP1-specific ShRNA were immunoblotted with antisera as indicated. Note the
sequence of the mouse EBP1 KD shRNA is TTATACTTGGTCACGACCAGG (as per Thermo Scientific). (D) Rat2, F9, F9-control KD, F9-EBP1 KD, and F9-TRIM28
KD cells were infected with VSVG-pseudotyped MLV particles containing either MLV-PBS,,, -Neo or MLV-PBSy,-Neo constructs. The reporter gene expression in each
cell line was assessed by colony counting after G418 selection. Graph shows the ratio of B2/Pro infection efficiency, termed fold repression. Results shown are means =
SEMs from seven independent experiments performed in triplicate. Student’s ¢ test was used for statistical analysis. ** denotes P < 0.01. (E) Chromatin immunopre-
cipitations (ChIP) assays using anti-Flag (positive control) or anti-EBP1 antibodies in Flag-ZFP809-expressing HEK-293 cells infected with either MLV-PBS,,, or
MLV-PBS,,, reporter viruses. Results shown are mean enrichments at the PBS locus + SEMs from 3 independent experiments relative to input chromatin and
normalized to the signal of the negative-control gene (GAPDH). Student’s ¢ test was used for statistical analysis. * denotes P << 0.05. (F) Total RNA prepared from NIH
3T3, WT F9, or F9 cells stably transduced with either control shRNA or EBP1-specific sShRNA were subjected to quantitative RT-PCR using the indicated primers. The
RNA levels were normalized to WT F9 cells (set to 1). Results shown are means = SEMs from four independent experiments performed in duplicate.

viral infection (data not shown) and that the course of viral DNA  loss of either TRIM28 (19) or SETDB1 (29) in mouse ES cells led
synthesis by reverse transcriptase was not affected. to robust activation of endogenous retroviruses, as well as failure

Mouse embryonic cells suppress the expression of both incom-  to block new retroviral infections. In F9 EC cells, depletion of
ing exogenous retroviruses and endogenous retroelements. The ~ EBP1 did not result in the upregulation of various endogenous
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retroelements (data not shown). Therefore, we suggest that al-
though EBP1 is required for the silencing of newly integrated pro-
virus, it may be dispensable for the silencing of endogenous ret-
roviral elements. Such division of labor has also been observed in
the case of the histone methyltransferase G9a (30).

In summary, the present study revealed EBP1 to be a novel
component of the PBS-dependent silencing machinery in mouse
embryonic cells. It should be noted that retroviral silencing is me-
diated through both PBS-dependent and PBS-independent path-
ways involving the host transcription factor Yin Yang 1 (31), and
further studies will be necessary to address the potential cross talk
between these two arms. It will also be of interest to determine
whether TRIM28 in concert with other KRAB-ZFPs also requires
EBP1 to mediate silencing in other settings.
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