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Replication of the murine leukemia viruses is strongly suppressed
in mouse embryonic stem (ES) cells. Proviral DNAs are formed
normally but are then silenced by a large complex bound to DNA
by the ES cell-specific zinc-finger protein ZFP809. We show here
that ZFP809 expression is not regulated by transcription but rather
by protein turnover: ZFP809 protein is stable in embryonic cells but
highly unstable in differentiated cells. The protein is heavily mod-
ified by the accumulation of polyubiquitin chains in differentiated
cells and stabilized by the proteasome inhibitor MG132. A short
sequence of amino acids at the C terminus of ZFP809, including a
single lysine residue (K391), is required for the rapid turnover of
the protein. The silencing cofactor TRIM28 was found to promote
the degradation of ZFP809 in differentiated cells. These findings
suggest that the stem cell state is established not only by an un-
usual transcriptional profile but also by unusual regulation of pro-
tein levels through the proteasomal degradation pathway.
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Transcription of retroviruses and retroelements in mammalian
genomes is tightly controlled during embryonic development

and in embryonic stem (ES) cells (1, 2). The complex tran-
scriptional profile of these cells first came to light with the dis-
covery that the replication of murine leukemia viruses (MLVs) is
blocked in murine (ES) cells and other primitive stem cells (3–6).
Infection of these cells by MLVs results in normal virus entry,
reverse transcription of the viral RNA, and integration of viral
DNA, but the proviral DNA is then transcriptionally silenced. A
specific DNA sequence used to prime viral DNA synthesis, the
primer binding site complementary to the 3′ portion of proline
tRNA (PBSpro), is present on those viruses that are most
strongly and rapidly silenced (7–10). A large protein complex,
specifically expressed in ES cells, binds to the PBSpro sequence
to mediate the transcriptional repression of proviral DNA (5, 9,
11, 12). This silencing complex contains the transcriptional re-
pressor TRIM28, also known as KAP1 or TIF1β (6), and is
tethered to the PBSpro DNA by ZFP809, a zinc-finger protein
with sequence-specific DNA-binding activity (13). TRIM28 acts
as a scaffold for a number of factors that mediate the silencing
of the nearby DNA, including the NuRD histone deacetylase
complex, histone H3K9 methyltransferase ESET, and hetero-
chromatin protein 1 (14–17). TRIM28, a RING-domain protein,
also plays an important role in the protein modification pathway.
Like other members of the RING domain family, TRIM28 is an
E3 ligase that mediates transfer of ubiquitin or the small ubiq-
uitin-like modifier (SUMO) to target substrates (18, 19).
ZFP809 contains two domains, a KRAB box at the N terminus

that is responsible for the interaction with TRIM28 and a zinc-
finger domain containing seven zinc fingers that provide its
sequence-specific DNA-binding activity (Fig. 1A). Whereas most
of the components of the silencing complex are expressed
ubiquitously, ZFP809 is expressed specifically in embryonic cells

and not in differentiated cells (13, 20). ZFP809 is the key ES cell-
specific component of the silencing complex. Ectopic expression
of suitable forms of ZFP809 in differentiated cells is sufficient to
induce the formation of the DNA-binding silencing complex and
to establish the silencing in those cells (13), suggesting that the
lack of restriction of MLVs in differentiated cells is due to the
reduced amount of ZFP809 protein.
The basis of the cell type-specific expression of ZFP809 is not

known. ES cells have unusual transcriptional profiles (21, 22),
and a natural supposition would be that the ZFP809 gene is
specifically transcribed in ES cells. However, the cell type-spe-
cific expression of proteins such as ZFP809 could be effected by
regulation at any of several steps: at the level of transcription,
posttranscriptional mRNA processing or stability, mRNA trans-
lation, or posttranslational protein modification or stability. To
identify the mechanism of regulation of ZFP809, we have directly
examined the levels of mRNA and the synthesis and stability of the
protein. We find that the down-regulation of ZFP809 in differen-
tiated cells is not due to the reduction of ZFP809 mRNA but to
changes in protein stability. The full-length ZFP809 protein is
relatively stable in ES cells but is degraded rapidly in differentiated
cells. Mutagenesis and protein ubiquitinylation assays indicate that
the degradation is mediated through the ubiquitin-dependent
proteasomal pathway.

Results
Expression of mRNAs and Proteins of ZFP809 in Different Cell Types.
The ZFP809 gene is transcribed to form two mRNAs by al-
ternative splicing: One mRNA encodes a full-length protein,
and a second mRNA encodes a shorter, C-terminally truncated
protein. Surprisingly, mRNA expression databases report that
the levels of total ZFP809 mRNAs are roughly comparable
among murine ES cells, induced pluripotent stem cells, and
differentiated cells (23). ZFP809 mRNA levels were certainly
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not especially high in ES cells but rather in some experiments
were even modestly lower in ES cells than in other tissues (24).
Whole-genome RNA-sequence data indicated that the tran-
script encoding full-length ZFP809 is the major form in both
embryonic cells and differentiated cells and that the levels of
transcripts did not change significantly during differentiation
(25) (Fig. S1).
To confirm these whole-genome expression data, we assessed

the mRNA levels of ZFP809 in different cell types by reverse
transcriptase (RT)-PCR. PCR primer pairs were designed to
amplify RT DNAs only from the alternatively spliced full-length
and short-form mRNAs or from all ZFP809 mRNAs (Fig. S2A).
Analysis of the RT products by agarose gel electrophoresis
revealed products of the expected sizes. E14 ES cells and NIH
3T3 cells contained roughly equal levels of total ZFP809
mRNAs, and of the mRNA encoding the full-length form of
ZFP809, whereas the mRNA encoding the short form was barely
detectable (Fig. S2B). Measurements by quantitative (q)RT-
PCR demonstrated that the levels of total ZFP809 mRNAs, nor-
malized to the mRNA levels of the housekeeping gene GAPDH,
were not markedly different between ES cells (E14), embryonic
carcinoma (EC) cells (F9), and fibroblast cells (NIH 3T3) (Fig.
S2C). The findings are fully consistent with the results in the da-
tabases. These experiments suggest that ES cell-specific ZFP809

expression is not determined by differential transcription nor dif-
ferential stability of the mRNAs between the cell types.
ZFP809 expression, in principle, might be regulated by post-

transcriptional or translational regulatory elements. To test
whether selected sequences of ZFP809 mRNA could regulate
the expression of a reporter transcript, we subcloned 5′ UTR, 3′
UTR, and coding sequences of ZFP809 mRNA, and a scrambled
control sequence, into a Renilla luciferase expression construct
(Fig. S3A). Equal amounts of these DNAs, along with a control
plasmid encoding firefly luciferase, were introduced into a hu-
man transformed cell line (293T), mouse fibroblast line (NIH
3T3), and mouse embryonic carcinoma cell line (F9), and 48 h
later the levels of both luciferases in lysates were measured.
Levels of Renilla luciferase were unaffected by any of the
ZFP809 sequences (Fig. S3B), providing no indication of regu-
lation through effects on mRNA stability or translation.
Several lines of evidence previously suggested that ZFP809

might be regulated at the level of protein turnover. Our initial
efforts to establish cell lines stably expressing the full-length
ZFP809(FL) were not successful (13); transformation of differ-
entiated cells with DNA constructs expressing the full-length
ZFP809 cDNA resulted in a marked reduction in the recovery of
transformants and the isolation of cell lines expressing only very
low levels of the protein. Screening large numbers of colonies
arising after transformation yielded a few that expressed high
levels of ZFP809, but these rare lines were found to have lost a 3′
portion of the cDNA during the course of transfection and
expressed a C-terminally truncated form of the protein, closely
mimicking the short form expressed from the alternatively
spliced mRNA. Tests of a construct expressing a variant lacking
the C-terminal 50 amino acids but retaining the KRAB box and
zinc fingers [ZFP809(1–353) (13)] revealed that this form of the
protein was readily expressed at high levels. We proposed that
expression of the full-length protein was toxic to differentiated
cells, but another possible explanation is that the full-length
protein was unstable.
To confirm these earlier observations, we transfected 293T cells

with equal amounts of DNAs encoding epitope Flag-tagged versions
of the full-length ZFP809(FL) or the truncated ZFP809(1–353)
and examined the levels of expressed proteins by Western blot.
The levels of the full-length protein were dramatically lower
than those of the truncated form (Fig. 1B). To rule out the
possibility that the difference in expression was due to differ-
ent transfection efficiency, both forms of ZFP809 cDNA were
cloned into a vector expressing a single bicistronic mRNA
encoding both ZFP809 and an mCherry reporter translated
from an IRES element. 293T or NIH 3T3 cells were trans-
fected with the DNAs, and the levels of the expressed proteins
were assessed by Western blot. ZFP809(FL) was expressed at
much lower levels than ZFP809(1–353) in both 293T and NIH
3T3 cells, whereas the levels of mCherry protein were approxi-
mately the same (Fig. 1C). These results suggest that the full-
length ZFP809 protein is significantly down-regulated in dif-
ferentiated cells by posttranslational mechanisms.

Rapid Degradation of Full-Length ZFP809 Protein in Differentiated
Cells. To test whether the low levels of full-length ZFP809 pro-
tein in differentiated cells were due to the degradation of pro-
tein, measurements of the protein half-life were made. Flag-
tagged ZFP809(FL) and ZFP809(1–353) were expressed by
transfection of 293T cells, and after 24 h cycloheximide (CHX)
was added to block translation (26). Cells were lysed at various
times after the addition of CHX, and the levels of ZFP809 were
assessed by Western blotting. The levels of ZFP809(FL) protein
dropped rapidly upon inhibition of translation, whereas the levels
of ZFP809(1–353) remained relatively constant (Fig. 2 A and B).
These data suggest that the C-terminal 50 residues contained a
degron sequence responsible for the rapid degradation of the
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Fig. 1. Expression of ZFP809 proteins in different cell types. (A) Domain
structure of the full-length form of ZFP809(FL) protein and various mutant
constructs. KRAB box and zinc fingers are indicated. A C-terminally trun-
cated form, ZFP809(1–353) is indicated, closely mimicking the natural short
form. Mutants with a change of lysine residue near the C terminus to ala-
nine, ZFP809(K391A), and change of aspartic acid and valine (DV) residues in
the KRAB box to alanine, [ZFP809(DV-AA)], are indicated. (B) Western blot of
proteins from 293T cells transfected with empty vector DNA or constructs
expressing Flag-tagged versions of ZFP809(1–353) or ZFP809(FL). Blots were
probed with anti-Flag or control anti-tubulin as indicated. (C) Western blot
of 293T or NIH 3T3 cells transfected with empty vector or constructs
encoding a single mRNA expressing both Flag-tagged ZFP809(1–353) or
ZFP809(FL) and an IRES-driven mCherry. Blots were probed with anti-Flag or
anti-mCherry antibodies as indicated.
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full-length protein in differentiated cells. We tested to see whether
the fusion of the ZFP809 C terminus (C50) to reporter proteins
could direct their degradation. 293T cells were transfected with
constructs encoding EGFP or an EGFP–C50 fusion, or Renilla
luciferase or a luciferase–C50 fusion, and the stability of the
proteins after CHX arrest was measured by Western blots or lu-
ciferase assays. The addition of the ZFP809 C terminus had no
effect on the lifetimes of the reporters, suggesting that the tar-
geting of the C terminus is context-dependent and not recognized
in the fusion proteins.
To examine the behavior of ZFP809 in ES cells, similar

measurements of the protein half-life were made in E14 cells.
Due to low transfection efficiency of mouse ES cells and rapid

silencing of the CMV promoter in ES cells (27), however, the
expression of ZFP809 driven by the CMV promoter was un-
detectable after transfection. Two approaches were taken to
increase expression. One was to use the same CMV-driven
construct but with addition of two drugs, trichostatin A (TSA)
(28) and forskolin (FSK) (29), known to release the restriction
of the CMV promoter in mouse ES cells. The other was to use
the EF1α promoter to drive ZFP809 expression (30). In both
cases, the full-length ZFP809 protein was expressed well in
E14 ES cells and, most importantly, after CHX addition the
protein was very stable (Fig. 2C). These results indicate that
ZFP809 is degraded rapidly in differentiated cells and stable in
ES cells.
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Fig. 2. Rapid degradation of full-length but not truncated ZFP809 in differentiated cells and not in stem cells. (A) 293T cells were transfected with plasmids
expressing Flag-tagged versions of full-length ZFP809(FL) or truncated ZFP809(1–353). Twenty-four hours after transfection, CHX was added to stop trans-
lation. Cell lysates were collected 0, 10 min, 30 min, 1 h, 2 h, and 3 h after CHX addition, and ZFP809 levels were assessed by Western blotting and probed with
anti-Flag or control anti-tubulin antibodies as indicated. Two exposures of the blot are shown. (B) Band intensities in A were quantified and are presented
relative to the value at time 0. A decay curve for the ZFP809(FL) protein was calculated by the best fit to a linear regression. (C) E14 cells were transfected with
plasmids expressing ZFP809 from the CMV promoter or EF1a promoter as indicated, CHX was added to stop translation, and lysates were taken at the in-
dicated times and analyzed by Western blot probed with the indicated antibodies. E14 cells expressing proteins from the CMV promoter were treated with
TSA and FSK for 4 h before addition of CHX to activate the promoter.
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Ubiquitin-Dependent Proteasomal Degradation of ZFP809. Mamma-
lian cells use two major systems for the intracellular degradation
of proteins: the lysosomal and proteasomal pathways (31, 32).
Chloroquine (CQ) is a lysosomotropic agent that inhibits lyso-
somal protein degradation (33), whereas MG132 is a potent,
membrane-permeable proteasome inhibitor (34). To determine
the route of ZFP809 degradation in differentiated cells, 293T
cells expressing ZFP809 were treated with CHX to arrest
translation as before, and MG132, CQ, or vehicle control
(DMSO) was added and the levels of ZFP809 were monitored at
different time points by Western blot. MG132, but not CQ or the
vehicle DMSO, dramatically stabilized the full-length ZFP809
protein (Fig. 3). MG132 also stabilized ZFP809 in the rodent
fibroblast Rat2 cell line (Fig. S4). These observations suggest
that the full-length ZFP809 is rapidly turned over in many dif-
ferentiated cells by proteasomal degradation.
Proteasomal degradation of substrate proteins can be either

ubiquitin-dependent or ubiquitin-independent (35, 36). Proteins
undergoing ubiquitin-mediated degradation are modified by the
serial addition of multiple copies of ubiquitin, which form a ladder of
bands when displayed on SDS gels (37). To test for ubiquitinylation
of ZFP809, 293T cells were transfected with plasmids expressing
His-tagged ubiquitin (38) and Flag-tagged ZFP809 or p53 (39).

Twenty-four hours after transfection, MG132 was added for 4 h
to stop degradation and allow accumulation of ubiquitinylated
proteins. Lysates were prepared and ubiquitinylated proteins
were isolated by binding to and elution from Ni2+-NTA beads.
Analysis of the eluted proteins by Western blot showed that both
full-length ZFP809 and p53 were heavily ubiquitinylated (Fig. 4A).
The ubiquitin-dependent pathway involves the covalent link-

age of a polyubiquitin chain to a lysine residue of the substrate
(40). The observation that the full-length ZFP809 is degraded,
and the C-terminally truncated ZFP809(1–353) is not (Fig. 2A),
suggests that the C terminus might contain a site for poly-
ubiquitinylation. This region contains a single lysine residue, K391.
To test for the importance of this residue in ZFP809 turnover, we
generated a construct expressing a mutant protein with this single
lysine residue changed to alanine (K391A). Tests of protein half-
life showed that ZFP809(K391A) was significantly more stable
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Fig. 3. ZFP809 stability in the presence of inhibitors of protein degradation.
(A) Western blot of proteins from 293T cells transfected with a plasmid
expressing Flag-tagged ZFP809. Forty-eight hours after transfection, cells
were treated with CHX to stop translation, along with the inhibitors chlo-
roquine or MG132 or vehicle DMSO control, and samples were taken at the
indicated times. Blots were probed with anti-Flag or control anti-tubulin as
indicated. (B) The intensity of each band in A was measured. Relative in-
tensity was calculated by dividing the intensity of each band by the intensity
of the band at time 0.
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Fig. 4. Ubiquitin-dependent degradation of ZFP809. (A) In vivo ubiq-
uitinylation assay. 293T cells were cotransfected with plasmids expressing
Flag-tagged p53 or ZFP809(FL), with or without plasmid expressing His-
tagged ubiquitin. Twenty-four hours after transfection, MG132 was added
for 4 h to stop protein degradation and lysates were prepared. Lysates were
incubated with Ni2+-NTA agarose beads, and the bound His-tagged proteins
were eluted and analyzed by Western blot, probed with anti-Flag anti-
bodies. The total ZFP809 and ubiquitin protein levels in the lysates that
were input into the binding reactions are shown below. IB, immunoblotting.
(B) Western blot of proteins from 293T cells transfected with constructs
expressing wild-type ZFP809 or mutant K391A. Cells were treated with CHX
at time 0 and samples were taken at the indicated times. Blots were probed with
anti-Flag or anti-tubulin antibodies as indicated. (C) Quantification of ZFP809
levels. The intensity of each band in Bwas measured, and the relative intensity
was calculated as a fraction of the intensity of the band at time 0.
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than the wild type in differentiated cells (Fig. 4 B and C). Further
tests by selection for expression of a linked drug-resistance marker
in transfected NIH 3T3 cells showed good expression of this mu-
tant without toxicity, identical to the truncated ZFP809(1–353) and
in marked contrast to the WT protein (data not shown).

TRIM28 Promotes the Degradation of ZFP809. The above results
suggest that full-length ZFP809 protein in differentiated cells is a

target for ubiquitin-dependent protein degradation. TRIM28,
which interacts with ZFP809, is a RING domain-containing pro-
tein and known to serve as an E3 ligase for transfer of ubiquitin
(41). RING domain proteins often bind to Cullins, a protein family
serving as a scaffold for the assembly of a complex that mediates
protein degradation (42). To test the role of TRIM28 in the deg-
radation of ZFP809 in differentiated cells, we used siRNA to
partially knock down TRIM28 expression in 293A cells (Fig. 5A).
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Fig. 5. TRIM28 promotes degradation of ZFP809. (A) Knockdown of TRIM28. 293A cells were transfected with control siRNA and TRIM28 siRNA twice. Lysates
were prepared after each transfection and analyzed by immunoblotting with anti-TRIM28 and anti-tubulin antibodies. (B) Cells treated with control siRNA or
TRIM28 siRNAs were transfected with DNA encoding Flag-tagged ZFP809, CHX was added to stop translation, and lysates were prepared at the indicated
times and analyzed by Western blot. (C) Coimmunoprecipitation of TRIM28 with wild-type or mutant ZFP809 proteins. 293T cells were transfected with DNAs
expressing Flag-tagged wild-type ZFP809(FL), mutant ZFP809(DV-AA), or empty vector, and after 24 h lysates were prepared. Anti-Flag magnetic beads were
added to the cell lysates, and the bound proteins were recovered by elution, analyzed by Western blotting, and probed with anti-TRIM28 or anti-Flag an-
tibodies. The total TRIM28 in the lysates input into the binding reactions is shown below. (D) Western blot of proteins from 293T cells transfected with
constructs expressing wild-type ZFP809 or mutant ZFP809(DV-AA). Cells were treated with CHX at time 0 and samples were taken at the indicated times. Blots
were probed with anti-Flag or anti-tubulin antibodies as indicated. (E) Quantification of ZFP809 levels. The intensity of each band in D was measured, and the
relative intensity was calculated as a fraction of the intensity of the band at time 0.
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Protein degradation assays showed that ZFP809(FL) was dramat-
ically stabilized in TRIM28-depleted cells (Fig. 5B), suggesting that
TRIM28 plays a role in ZFP809 turnover.
It has been previously shown that substitution of two con-

served amino acids (DV) with alanine residues (AA) in the
KRAB box of zinc-finger proteins abolishes the interaction be-
tween the KRAB box and TRIM28 (43). To investigate the
importance of the ZFP809–TRIM28 interaction for ZFP809
degradation, we mutated the DV residues to AA in the KRAB
box of ZFP809 to make the mutant ZFP809(DV-AA). 293T cells
were transfected with DNAs expressing Flag-tagged versions of
the wild type or ZFP809(DV-AA), and after 48 h lysates were
prepared. The ZFP809 proteins were immunoprecipitated with
anti-Flag antibodies, and their association with TRIM28 was
assessed by Western blots probed with anti-TRIM28 antibodies.
The wild-type ZFP809 but not ZFP809(DV-AA) bound TRIM28
(Fig. 5C), confirming that the mutation blocked the interaction
between TRIM28 and ZFP809. To determine the effects on the
stability of ZFP809, cells expressing the wild type and mutant were
treated with CHX and the levels of ZFP809 were monitored by
Western blot as before. Whereas the wild type showed the usual
rapid decay, the mutant ZFP809(DV-AA) was degraded at a much
slower rate (Fig. 5 D and E). These observations suggest that the
interaction between ZFP809 and TRIM28 plays a significant role
in the degradation of ZFP809.

Mutations of the C Terminus of ZFP809 Result in Less Ubiquitinylation.
The ZFP809mutant proteins ZFP809(K391A) and ZFP809(DV-AA)
were relatively stable in differentiated cells, suggesting that the lysine
residue K391 and the interaction between TRIM28 and ZFP809
are important for the turnover of ZFP809 (Figs. 4B and 5D).
Full-length ZFP809 is heavily ubiquitinylated in differentiated
cells (Fig. 4A). To assess the ubiquitinylation status of ZFP809
(FL) and mutants, assays for ubiquitinylation in vivo were per-
formed with vectors expressing ZFP809(FL), ZFP809(DV-AA),
ZFP809(K391A), and ZFP809(1–353). Western blotting showed
that ZFP809(DV-AA) and ZFP809(K391A) were also poly-
ubiquitinylated, but the ubiquitinylation level was markedly lower
than that of ZFP809(FL), even though overall protein levels were
much higher (Fig. 6). Furthermore, the truncated ZFP809(1–353)
was mainly monoubiquitinylated rather than polyubiquitinylated
(Fig. 6). Monoubiquitinylation is not a signal for protein degra-
dation, consistent with the observation that ZFP809(1–353) was
very stable in differentiated cells.

Neddylation Inhibitor MLN4924 Stabilizes ZFP809. TRIM28 is a
RING domain-containing protein, a member of a large family of
proteins that assemble with the Cullin proteins to form multi-
subunit Cullin–RING E3 ubiquitin ligase (CRL) complexes (44).
Cullin proteins require activation by a specific covalent modifi-
cation, the addition of Nedd4 (neddylation) (45). Neddylation of
one or more subunits activates the CRL complexes and promotes
their protein degradation activities (46). A small-molecule in-
hibitor, MLN4924, blocks the neddylation activity of Nedd8,
which is required for the activation of Cullin proteins (47,48). To
test whether neddylation is important for ZFP809 degradation,
we examined the half-life of ZFP809 in the presence of
MLN4924. Addition of MLN4924, and not the vehicle control
DMSO, dramatically stabilized the full-length ZFP809 in dif-
ferentiated cells (Fig. S5). This finding suggests that neddylation,
and likely the CRL complex, are important for the degradation
of ZFP809.

Discussion
ES cells and other primitive cell types exhibit unusual mRNA
profiles, and much of their specific patterns of gene expression
can be attributed to unusual chromatin modifications and tran-
scriptional activity of their genomic DNAs. However, these cells

also exhibit unusual patterns of global protein modifications in-
cluding ubiquitinylation (49), and indeed the very maintenance
of their pluripotency requires unusual profiles of ubiquitinylation
and proteasomal degradation (50–52) (for a review, see ref. 53).
In this study, we found that the ZFP809 protein, the key com-
ponent of a retroviral silencing complex, is regulated by the
proteasomal protein degradation system.
ZFP809 protein is expressed in ES cells but not in most dif-

ferentiated cells, and is responsible for the rapid and efficient
silencing of exogenous (13) and endogenous (20) retroviral
DNAs in ES cells. Ectopic expression of stable forms of ZFP809
in murine or human differentiated cells is sufficient to establish
silencing of MLV proviruses, suggesting that it is the limiting
factor and that all other components of the silencing machinery
are present in most cells. Surprisingly, the levels of ZFP809
mRNAs are comparable in ES cells and differentiated cells. We
found that the full-length ZFP809 protein is subject to ubiquitin-
mediated degradation in most cells but is uniquely stable in ES
and EC cells. Thus, unlike many targets of ubiquitinylation and
degradation in ES cells, ZFP809 is protected from or resistant to
such regulatory events in these cells.
A curious feature of the ZFP809 gene is that its transcription

results in the formation of two alternatively spliced mRNAs that
encode two forms of the protein, a full-length and a C-terminally
truncated form (Fig. 1B). Both mRNAs are expressed in ES and
differentiated cells, with the mRNA for the full-length protein
being by far the more abundant in both cases. Expression of
cDNAs revealed that the full-length protein is the regulated
form, selectively stable in ES cells and degraded elsewhere. The

Elution: Anti-Flag 

Input: Anti-Flag 

Fig. 6. Ubiquitinylation of wild-type and mutant forms of ZFP809. 293T cells
were transfected with plasmids expressing ZFP809(FL), ZFP809(DV-AA),
ZFP809(K391A), or ZFP809(1–353), either alone or with a plasmid expressing
His-ubiquitin, as indicated. Twenty-four hours after transfection, MG132 was
added to stop protein degradation for 4 h and lysates were prepared. Ly-
sates were incubated with Ni2+-NTA agarose beads, and the bound His-
tagged proteins were eluted and analyzed by Western blot, probed with
anti-Flag antibodies. The total ZFP809 protein levels in the lysates input into
the binding reactions are shown below.
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C-terminal 50 residues, and lysine 391 in this sequence in par-
ticular, are required for degradation. It is unclear why the two
forms are made; both forms of the protein retain the KRAB
domain for interaction with TRIM28 and the zinc fingers re-
quired for DNA binding, and the short form seems to have full
functionality in silencing. Why low levels of the truncated form
would be expressed constitutively is not apparent.
Another surprising aspect of the system is the involvement of

TRIM28 in the regulation of the levels of ZFP809. The major
function of the interaction between ZFP809 and TRIM28 is to
bring TRIM28 and all its associated factors to the target DNA to
mediate the silencing through chromatin and DNA modification.
The interaction would be expected to result in the stabilization of
ZFP809. However, in differentiated cells, the interaction is ac-
tually involved in the destabilization of ZFP809 (Fig. 6D). The
results suggest that TRIM28 is playing a major role in keeping
ZFP809 levels low in differentiated cells. TRIM28 may be acting
as the E3 ligase directing the ubiquitinylation of ZFP809, or it
may be acting indirectly, but depleting TRIM28 or preventing
the interaction with ZFP809 significantly reduces the rate of
ZFP809 degradation (Fig. 6 B and D). Although TRIM28 binding
to ZFP809 is needed, we do not yet know whether the E3 ligase
activity of TRIM28 is also essential for its stimulated degradation
of ZFP809. How its destabilizing activity is restricted to differen-
tiated cells, and is prevented from functioning in ES cells, remains
unclear. One intriguing possibility would be the cell type-specific
SUMOylation of the critical K391 lysine, blocking its ubiq-
uitinylation, which could toggle the cells between embryonic and
differentiated states.
The addition of MG132 stabilizes ZFP809 (Fig. 5B) and re-

sults in the accumulation of heavily polyubiquitinylated protein
(Fig. 5A), strongly suggesting regulation by ubiquitin-dependent
proteasomal degradation. Tests of mutant forms of the protein
for ubiquitin content suggest that eliminating the interaction
with TRIM28 by mutation [in ZFP809(DV-AA)], removing ly-
sine 391 by mutation (in K391A), or removing the C-terminal
region [in ZFP809(1–353)] all reduce the levels of polyubiquitin
many fold, although some of the modification remains (Fig. 6).
The continued modification of K391A and the truncated
ZFP809(1–353) indicates that other lysines in ZFP809 or even in
the Flag tag are serving as secondary targets for ubiquitinylation
when K391 is not present. The truncated protein seems to be no
more than monoubiquitinylated (Fig. 6), and as such would not
be recognized by the proteasome for degradation.
Many RING-finger proteins such as TRIM28 function as E3

ubiquitin ligases in concert with one of the Cullin proteins to
target proteins for degradation. The Cullins in turn often require
modification by addition of Nedd proteins (neddylation), for
their functionality (46). The stabilization of ZFP809 by addition
of the neddylation inhibitor MLN4924 suggests that a Cullin
protein is likely involved in TRIM28-mediated degradation of
ZFP809. It is not known which Cullin or Cullins are involved.
ZFP809 is not the only protein involved in MLV silencing that

is tightly regulated in ES cells, and indeed the levels and activity
of TRIM28 are also subject to complex regulation. The PHD
domain of TRIM28 functions as an intramolecular E3 ligase that
SUMOylates the adjacent TRIM28 bromodomain, and this
modification is required to recruit the SETDB1 histone meth-
ylase to effect transcriptional silencing (54). Phosphorylation of
TRIM28 is also required for its function in transcription re-
pression (55). The active TRIM28, once phosphorylated and
SUMOylated, has a shorter half-life and is targeted for degra-
dation by RNF4 (56). This pattern of behaviors suggests that
after silencing a specific chromatin region, TRIM28 function for
that region is subsequently turned off. The continued presence of
TRIM28 may not be required to maintain the silencing of MLVs
in stem cells. Once silenced, the proviruses presumably cannot
be activated during differentiation because the restriction complex

has already placed many silencing marks on the associated chro-
matin, or on the proviral DNA (57).
Retroviral DNAs are subject to profound regulation in ES

cells and during their differentiation. This may be in large part to
prevent genotoxic expression of exogenous and endogenous
proviruses, but it is also likely a reflection of the fact that viral
transcriptional elements have been co-opted by the host for the
regulation of cellular genes important for maintenance of the
pluripotent state and for appropriately timed gene expression
during their differentiation (58, 59). Although much of this
regulation is at the level of transcription, the observations of
ZFP809 here suggest that some of this regulation may be con-
trolled at a higher level by protein turnover. A full character-
ization of “stemness”—the pluripotent state—will thus likely
require a detailed knowledge of the ubiquitin ligase substrates,
and more generally the machinery that adds and reads out
posttranslational protein modifications.

Materials and Methods
Cell Culture and Transfection. The 293A cell line (human embryonic kidney
cells), 293T cell line [human embryonic kidney cells expressing simian virus
40 (SV40) large T antigen], NIH 3T3 cells (mouse fibroblast cell line), MEFs
(mouse embryonic fibroblasts), F9 cells (an embryonic carcinoma cell line),
and Rat2 cells (a rat fibroblast cell line) were maintained in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% (vol/vol) FBS, 100
U/mL penicillin, and 100 μg/mL streptomycin. E14 cells, a mouse ES cell line,
were cultured on a layer of MEF cells in DMEM with 20% (vol/vol) FBS,
supplemented with nonessential amino acids, 2 μM sodium pyruvate, 100 U/mL
penicillin, 100 μg/mL streptomycin, and 1,000 U/mL leukemia inhibitory factor
(Stem Cell Technologies). E14 cells were transferred to plates coated with
0.1% gelatin for transfections. DNAs were introduced into cells by trans-
fection using polyethylenimine reagent (60) or Lipofectamine 2000 (Invi-
trogen) according to the manufacturer’s instructions. All cells were cultured
at 37 °C in 5% CO2.

Plasmids. The plasmids pcDNA3.1-3X-Flag-ZFP809(FL) and -ZFP809(1–353)
were as described (13). The coding regions from these plasmids were
transferred into the pLVX IRES mCherry vector using SnaBI and XhoI re-
striction sites. The 5′ UTR, cDNA, and 3′ UTR sequences of ZFP809 mRNA
were inserted after the stop codon of the Renilla gene ORF in the pcDNA3.1
plasmid expressing Renilla luciferase to test for effects on reporter expres-
sion. Plasmids pcDNA3-Flag-p53 and pCI-His-ubiquitin were purchased from
Addgene. Mutations of ZFP809 changing lysine residue 391 to alanine
(K391A), or the aminoproximal aspartic acid and valine to alanines (D8V9 to
AA), were introduced using overlap extension PCR (61) and SLIC cloning (62).

Analysis of ZFP809 mRNA Levels. E14, F9, and NIH 3T3 cells were harvested and
total RNA was extracted using TRIzol reagent (Invitrogen). Four micrograms
of total RNA per cell line was used to produce cDNA using random hexamers
and a SuperScript III Kit (Invitrogen). Two microliters of each cDNA was used
for quantitative PCR analysis of ZFP809 and GAPDH transcript levels. The
expression of ZFP809 was normalized to the level of GAPDH. One microgram
of each cloned cDNA was used for PCR, with primers detecting generic or
different transcripts of ZFP809 or GAPDH as a control. Amplified DNA was
displayed by agarose gel electrophoresis and stained by ethidium bromide.

The PCR primers are as follows. qRT-PCR primers: GAPDH-F (forward), 5′-ACC
TTT AGC CTT GCC CTT T-3′; GAPDH-R (reverse), 5′-ACA TCA CCC CCA TCA CTC
AT-3′; ZFP809-F, 5′-TGGTGGCGGAGACCGAGTCA-3′; ZFP809-R, 5′-TCCTCTGAG-
CAGCGTCCAGGT-3′. PCR primers for generic or different isoforms: 809 exon 4/5,
5′-GACACGATTGAAGCAGAACTAAAG-3′; 809 generic, 5′-ATTGAGGTGAGACTT-
GCGGA-3′; 809-short1, 5′-TCAGCTATCCCCATACTGACCT-3′; 809-short2, 5′-TCCC-
CATACTGACCTGTGTGT-3′; 809-long1, 5′-TCAGAGCCCACCCCCAAT-3′; 809-long2,
5′-CCATATGCCCAAGTCCATGT-3′.

Measurements of Protein Stability. In various experiments, cells were in-
cubated with inhibitors of translation (CHX, at 50 μg/mL) (26), the protea-
some (MG132, at 10 μM) (63), lysosome functionality (CQ, at 100 μM) (64),
and neddylation (MLN4924, at 1 mM) (47). ES cell cultures were treated with
TSA (100 ng/mL) and FSK (10 μM) to release the silencing of the CMV pro-
moter (28, 29). To monitor the rate of protein degradation, CHX was added
to the cultures and cells were lysed by addition of Laemmli SDS sample
buffer at 0 min, 10 min, 30 min, 1 h, 2 h, and 3 h after translation arrest.
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Samples were analyzed by SDS/PAGE and immunoblotting with anti-Flag
antibody to determine the levels of ZFP809 proteins.

In Vivo Ubiquitinylation Assay. 293T cells were transfected in 6-cm plates with
2 μg of the indicated expression plasmid alone or along with 4 μg of plasmid
expressing His-tagged ubiquitin. Twenty-four hours after transfection,
MG132 was added to stop the protein degradation for 4 h. Cells were lysed
in buffer A (6 M guanidinium·HCl, 0.1 M Na2HPO4/NaH2PO4, 0.01 M Tris·HCl,
pH 8.0, 5 mM imidazole, 10 mM β-mercaptoethanol) and the lysates were
incubated with Ni2+-NTA beads (Qiagen) for 4 h at room temperature. The
beads were washed with buffer A, buffer B (8 M urea, 0.1 M Na2HPO4/
NaH2PO4, 0.01 M Tris·HCl, pH 8.0, 10 mM β-mercaptoethanol), and buffer C
(8 M urea, 0.1 M Na2HPO4/NaH2PO4, 0.01 M Tris·HCl, pH 6.3, 10 mM β-mer-
captoethanol), and the bound proteins were eluted with Laemmli buffer
(modified as in ref. 65). Samples were analyzed by Western blotting with
anti-Flag antibody (Sigma).

Western Blotting. Proteins were resolved by SDS/PAGE. After transfer to ni-
trocellulose membranes, the blots were probed with mouse anti-Flag
monoclonal antibody (Sigma), mouse anti-mCherry monoclonal antibody
(Abcam), mouse anti-TRIM28 monoclonal antibody (Abcam), mouse anti-
tubulin monoclonal antibody (Abcam), or mouse anti-beta actin monoclonal
antibody. Secondary antibodies were ECL-based anti-mouse IgG and horse-
radish peroxidase-linked whole antibody (GE Healthcare). Membranes were
developed using an ECL Kit (Life Technologies).

Luciferase Assay. 293T cells seeded in a six-well plate were transfected with
pcDNA3-Rluc plasmid encoding Renilla luciferase and derivative plasmids

with inserted ZFP809 mRNA sequence elements. Transfection was carried out
using a polyethylenimine protocol in which the constructs were added at a
ratio of 3 (Renilla luciferase) to 1 (firefly luciferase, serving as transfection
efficiency control). Cells were lysed 48 h posttransfection with Passive Lysis
Buffer (Promega), and luciferase activity was measured using a Dual-Glo
Luciferase Assay System (Promega) in a Veritas Microplate Luminometer.
Renilla luciferase data were normalized to firefly luciferase readings in
each well.

Knockdown of TRIM28. For the transient knockdown of TRIM28, 293A cells
were transfected with siRNA specifically targeting TRIM28 or a nontargeting
siRNA (Thermo Scientific). Cells were transfected with Lipofectamine 2000
(Invitrogen) using a 2-d transfection protocol followed by 24 or 48 h of rest to
gain maximum knockdown efficiency (66). Cells were collected following the
resting period and analyzed by Western blotting.

Protein Interaction Assay. Equal amounts of pcDNA3-3X-Flag, pcDNA3-3X-
Flag-ZFP809, or pcDNA3-3X-Flag-ZFP809(DV-AA) plasmids were transfected
into 293T cells. Twenty-four hours after transfection, cells were lysed in IPH
buffer (50 mM Tris pH 8, 150 mM NaCl, 5 mM EDTA; 0.5% NP-40) (6). Cell
lysates were incubated with anti-Flag magnetic beads (Sigma). After 4 h of
incubation, beads were washed with modified IPH buffer (the concentration of
detergent was increased to 1%) and eluted with Laemmli buffer. The eluted
proteins were analyzed by Western blotting.
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