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CtBP has been shown to be a highly conserved corepressor of transcription. E1A and all the various
transcription factors to which CtBP binds contain a conserved PLDLS CtBP-interacting domain, and EBNA3C
includes a PLDLS motif (amino acids [aa] 728 to 732). Here we show that EBNA3C binds to CtBP both in vitro
and in vivo and that the interaction requires an intact PLDLS. The C terminus of EBNA3C (aa 580 to 992) has
modest trans-repressor activity when it is fused to the DNA-binding domain of Gal4, and deletion or mutation
of the PLDLS sequence ablates this and unmasks a transactivation function within the fragment. However, loss
of the CtBP interaction motif had little effect on the ability of full-length EBNA3C to repress transcription. A
striking correlation between CtBP binding and the capacity of EBNA3C to cooperate with (Ha-)Ras in the
immortalization and transformation of primary rat embryo fibroblasts was also revealed.

CtBP (E1A C-terminal binding protein) was initially identi-
fied as a cellular factor interacting with the COOH terminus
(amino acids [aa] 225 to 238) of adenovirus E1A oncoproteins.
Although the precise significance of this interaction remains
unknown, it is essential for the immortalization of primary
rodent cells by E1A and has also been reported to negatively
modulate E1A-mediated transformation, tumorigenicity, and
metastasis (2, 23, 24, 27, 29). More recently it has been shown
that this E1A-binding protein is one of a highly conserved
family of (co)repressors of transcription. The Drosophila mela-
nogaster homologue dCtBP mediates transcriptional repres-
sion by at least six different transcription factors, including
Knirps, Kruppel, Snail, Zfh-1, Polycomb, and Hairy (16, 17, 20,
22, 28). CtBP also interacts with Xenopus and human Poly-
comb proteins (28), and human hCtBP acts as a corepressor
for the ZEB transcription factor that is involved in the regu-
lation of lymphocyte and muscle differentiation (23). The
mouse homologue mCtBP is a corepressor for the NET mem-
ber of the Ets family of transcription factors and oncogenes
(3). mCtBP also participates in the Ikaros repression complex
(10). It has been reported that in some situations CtBP can
recruit chromatin-modifying histone deacetylase (HDAC) en-
zymes 1, 4, 5, and 7 and that it can also bind Sin3A. However,
the precise molecular mechanism by which CtBP inhibits tran-
scription is unknown and may turn out to be different in dif-
ferent situations (3, 10, 15, 30, 36). All these various cellular
transcription factors and also the E1A proteins contain a con-
served Pro-X-Asp-Leu-Ser (PLDLS) CtBP interaction domain
that is necessary and probably sufficient for the interaction. A
second mammalian CtBP was recently described, and the two
family members—which are referred to as CtBP1 and CtBP2—

are largely homologous, although they may have distinct tissue
distributions (5, 32). The protein described in this report is
human CtBP1 and hereafter will be referred to as CtBP.

The PLDLS amino acid motif is also found in a human
cellular protein called CtIP (CtBP interacting protein), which
also has (co)repressor activity and was recently shown to
bridge an interaction between the retinoblastoma tumor sup-
pressor protein (pRb) and CtBP, forming a complex which can
repress E2F-regulated genes and thus participate in regulation
of the cell proliferation cycle; CtIP probably bridges p130 and
CtBP in a similar manner (6, 15). CtIP has also been shown to
bind to the carboxyl-terminal region of the breast cancer-as-
sociated tumor suppressor and transcription factor BRCA1
and may be involved in regulation of the p21WAF1 and
GADD45 genes by BRCA1 (11, 12, 34, 35).

Using recombinant viruses, EBNA3C has been shown to be
one of the five viral genes which are absolutely essential for the
activation and immortalization of human B cells by Epstein-
Barr virus (EBV) (8, 9, 31). The large (992 aa) nuclear protein
that it encodes is first expressed in EBV-infected resting hu-
man B cells during activation into their first proliferation cycle;
thereafter, the steady-state level of EBNA3C in lymphoblas-
toid cell lines (LCLs) is remarkably constant. To date, detailed
genetic analysis of EBNA3C function in this immortalization
process has not been possible. The only recombinant EBV in
which EBNA3C has been modified are unable to express a
functional protein, and these viruses fail to immortalize B cells
(31). The little we know about the activities of EBNA3C in the
immortalization process has been extrapolated from evidence
gained from in vitro biochemical studies and the transfection
of EBNA3C expression plasmids. These approaches have re-
vealed that EBNA3C can act as a potent repressor of tran-
scription when it is targeted to DNA as a fusion with the
DNA-binding domain (DBD) of Gal4 (1, 33). Moreover, the
unfused wild-type protein can specifically repress reporter
plasmids containing the EBV Cp latency-associated promoter.
EBNA3C binds a transcriptional repression complex which
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includes the chromatin-modifying enzyme HDAC1, and the
data are consistent with this being targeted to Cp by the cel-
lular DNA-binding protein CBF1/RBP-Jk (25, 26). Since Cp is
the main promoter for EBNA mRNA initiation, EBNA3C
might contribute to a negative autoregulatory control loop.
Although the full-length EBNA3C represses transcription
when it is targeted to DNA, a cryptic (recessive) transactiva-
tion domain located in the C terminus (aa 724 to 826) has also
been described (14), and in certain circumstances EBNA3C
can transactivate the EBV LMP1 promoter (14, 37).

In addition to modulating transcription, EBNA3C can sub-
stitute for papillomavirus type 16 E7 and adenovirus E1A in
oncogenic transformation assays; like these other viral oncop-
roteins, EBNA3C also enables activated (Ha-)Ras to trans-
form primary rodent embryo fibroblasts (REFs). Also like E7
and E1A, it can overcome the repressive effect of p16INK4 in
REF assays (18). These results indicated that EBNA3C might
override normal signals for growth arrest at the restriction
point (R-point) in G1 of the cell cycle, when pRb (the opera-
tional target of p16INK4) is primarily active. This was subse-
quently confirmed when it was shown that EBNA3C over ex-
pression can direct cell cycle progression in serum-deprived
cells and suppress the accumulation of the cyclin-dependent
kinase inhibitor p27KIP1 that is normally associated with exit
from the cell cycle. Overexpression of EBNA3C also leads to
polyploidy and the emergence of cells with multiple nuclei,
suggesting that it might deregulate additional cell cycle check-
points (19).

Inspection of the predicted amino acid sequence of
EBNA3C revealed a motif of five residues (aa 728 to 732) that
matched perfectly the CtBP-binding site in E1A. Since CtBP
plays a role in transcriptional repression and EBNA3C can
repress transcription, the ability of in vitro-translated EBNA3C

to bind to a glutathione S-transferase (GST) fusion with CtBP
was tested. As predicted by the presence of a PLDLS se-
quence, EBNA3C was precipitated by GST-CtBP bound to
Sepharose beads (Fig. 1A). The GST pulldown assays were
performed essentially as described previously (25, 26).

PLDLS motif in EBNA3C is essential and sufficient for
interaction with CtBP. Mutants of EBNA3C were generated
by recombinant PCR or site-directed mutagenesis (Quick-
change; Stratagene) in order to test whether the PLDLS motif
was necessary for this binding. In one mutant, the PLDLS
encoding nucleotides were deleted (DPLDLS), and in the
other the critical proline and leucine residues (13) were re-
placed with alanine (ALDAS). These proteins were translated
in vitro and tested in GST pulldown assays, and the results,
illustrated in Fig. 1A, showed that both mutants had lost the
ability to bind to CtBP. These data are entirely consistent with
PLDLS being essential for the interaction between EBNA3C
and CtBP.

In order to show that PLDLS is not only necessary but also
sufficient for CtBP binding by EBNA3C, another mutant was
generated. The DPLDLS mutant was further mutated at the
codons for residues 901Q and 902D to create the substitute
899PLDLS903 (EBNA3C.PLDLS2/1). GST pulldown experi-
ments were performed and consistently showed that
DPLDLS2/1 was able to bind GST-CtBP, but with reduced
efficiency relative to wild-type EBNA3C (Fig. 1A). These re-
sults showed that PLDLS is sufficient for the interaction with
CtBP but that the binding affinity could be affected by the
flanking residues and/or the position of the motif in the
polypeptide (summarized in Fig. 1B and C).

CtBP and EBNA3C interact in vivo. Further experiments
were performed in order to determine whether EBNA3C and
CtBP interact in vivo. Initially, a series of cotransfections were

FIG. 1. (A) PLDLS motif in EBNA-3C is essential for CtBP binding in vitro, but flanking residues affect the affinity of the interaction.
Bacterially expressed GST or GST-CtBP fusion protein (CtBP) was incubated with equal amounts of [35S]methionine-labeled wild-type EBNA-3C
(WT) or EBNA-3C deleted for the PLDLS motif (DPLDLS), point mutated (Pro728 into Ala728 and Leu731 into Ala731) (ALDAS), deleted for the
PLDLS motif and point mutated (Gln901 to Asp901 and Asp902 to Leu902), creating a substitute 899PLDLS903 (PLDLS2/1). Each assay was done
in triplicate and consistently produced similar results; all these mutants are illustrated in panel B. The results of the binding experiments shown
in panel A were quantified using a Storm 860 (Molecular Dynamics), and the average values are shown in panel C. The degree of binding to
wild-type EBNA3C was given an arbitrary value of 100.
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performed using a plasmid encoding a hemagglutinin (HA)-
tagged CtBP protein. This was expressed from pSG5-HA-
CtBP. DG75 Burkitt’s lymphoma-derived B cells were trans-
fected with plasmids encoding wild type EBNA3C (WT) or
EBNA3C.DPLDLS with or without the plasmid encoding the
tagged CtBP. Protein extracts from the transfected cells were
subjected to immunoprecipitation (IP) using monoclonal anti-
bodies recognizing the HA epitope or an irrelevant antibody
against the c-Myc epitope. Approximately 107 DG75 cells were
transiently transfected, by electroporation, with vector DNA
encoding HA-tagged CtBP, EBNA3C, or EBNA3C.DPLDLS
in the combinations indicated. At 48 h after transfection,
DG75 cells were harvested and lysed in 600 ml of lysis buffer
(50 mM Tris [pH 8], 150 mM NaCl, 10% glycerol, 0.5% Triton
X-100, 2 mM phenylmethylsulfonyl fluoride, 2 mM proteinase
inhibitor cocktail [Boehringer Mannheim]). Lysates were then
centrifuged at 14,000 rpm at 4°C for 10 min, and 200 ml of the
supernatant was incubated with protein G-Sepharose beads
(Amersham Pharmacia Biotech) for 1 h at 4°C. The mixture
was then centrifuged for 1 min at 1,500 rpm at 4°C, and the
supernatant was transferred to a fresh tube. The supernatant
was incubated with the appropriate antibody for 2 h at 4°C
before 30 ml of protein G-Sepharose beads was added, and the
mixture was incubated for a further hour at 4°C. Next the
mixture was centrifuged for 1 min at 1,500 rpm at 4°C, the
supernatant was removed, and the precipitate was washed with
1 ml of ice-cold lysis buffer. The mixture was then centrifuged
for 1 min at 1,500 rpm at 4°C. This washing procedure was
repeated four times. After boiling in sodium dodecyl sulfate
(SDS) sample buffer and removal of the protein G-Sepharose
beads by centrigugation, the proteins were separated by SDS-
polyacrylamide gel electrophoresis (PAGE) and transferred to
nitrocellulose. IP products were then Western blotted using
the A.10 monoclonal antibody directed against EBNA3C as
described previously (18, 19, 25, 26). Representative results
(Fig. 2A) show that EBNA3C (WT) is precipitated by anti-HA
only in the presence of HA-CtBP. In contrast, EBNA3C.
DPLDLS was not precipitated by anti-HA. Similar results were
obtained with EBNA3C.ALDAS (data not shown).

Coimmunoprecipitation experiments were performed on ex-
tracts from LCL cells using an anti-CtBP rabbit serum. The
LCLs express the complete range of EBV latent proteins
expressed from the episomal genome. The products of the
immunoprecipitation were Western blotted with the anti-
EBNA3C monoclonal antibody A.10. These experiments con-
firmed that in vivo, some fraction of CtBP and of physiologi-
cally normal levels of EBNA3C interact and coprecipitate (Fig.
2B shows a representative experiment). A Western blot of the
LCL extract probed with the anti-CtBP serum confirmed the
specificity of this reagent and showed that there was no cross-
reactivity with EBNA3C (data not shown).

Mutation of the CtBP binding site in EBNA3C unmasks an
activation domain located in the C terminus of EBNA3C. Pre-
vious studies showed that the C-terminal 412 aa of EBNA3C
fused to the DNA-binding domain of Gal4 have modest re-
pressor activity on the pUAS-CAT reporter (1). This fragment
of EBNA3C includes the PLDLS motif. In order to determine
the effect of deleting or changing the amino acid composition
of the CtBP interaction site on this repressor activity, DG75
cells were transfected with pUAS-CAT (a Gal4-responsive

reporter) together with pCDNA3-Gal4/3C(580–992).WT,
pCDNA3-Gal4/3C(580–992).DPLDLS, or pCDNA3-Gal4/3C
(580–992).ALDAS plasmid DNA. The electroporation proce-
dure and activity assays were performed as described previ-
ously (25, 26). The results showed that while wild-type DNA
produced modest repression (four- to fivefold) with up to 500
ng of transfected DNA, in similar experiments DPLDLS and
ALDAS both had little or no effect at similar concentrations of
input DNA (50 to 100 ng). However, at 500 ng and above, the
mutants actually activated the pUAS-CAT reporter by up to
eightfold (Fig. 3). These data indicate that EBNA3C and CtBP
functionally interact in vivo and suggest that an activation
domain located within this fragment of EBNA3C is occluded
by CtBP binding to the PLDLS motif.

CtBP binding makes little contribution to repression by
Gal4-EBNA3C and no apparent contribution to repression of
Cp by EBNA3C. Further experiments were performed in order
to determine what contribution CtBP might make to the re-
pression of transcription by Gal4 fusions with the full-length
EBNA3C. A series of transfections in DG75 cells showed that
a full-length EBNA3C fusion with the Gal4 DNA-binding do-
main was able to repress pUAS-CAT activity by up to approx-

FIG. 2. (A) EBNA-3C WT but not EBNA-3C.DPLDLS can inter-
act with HA-CtBP in vivo. DG75 cells were transfected with 10 mg of
pSG5-EBNA-3C WT or 10 mg of pSG5-EBNA-3C DPLDLS with or
without 10 mg of pSG5-HA-CtBP. Forty-eight hours after transfection,
cell extracts were subjected to IP with mouse monoclonal antibodies
against HA or c-Myc as indicated. After resolution on an SDS–7.5%
polyacrylamide gel, the proteins were Western blotted (W-B) and
probed with anti-EBNA-3C A.10. (B) EBV-encoded EBNA-3C inter-
acts with cellular protein CtBP in vivo. Cell extracts from an LCL
immortalized by EBV were subjected to IP with rabbit polyclonal
antibodies against CtBP or a rabbit anti-mouse immunoglobulin serum
(Dako) as indicated. After resolution on an SDS–7.5% polyacrylamide
gel, the proteins were Western blotted and probed with anti-EBNA-3C
A.10.
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imately 10-fold. However, both the DPLDLS and the ALDAS
mutant proteins consistently exhibited only very slightly re-
duced capacity to repress in similar assays (Fig. 4A). The
reduction in activity was consistent but very modest, suggesting
that binding to CtBP makes only a minor contribution to the
ability of Gal4-EBNA3C to repress transcription by comple-
menting the activity of other factors. This is consistent with our
previous demonstration that the N-terminal half of EBNA3C
also has repressor activity and that this is associated partly with
binding to HDAC1 and partly with an unidentified factor(s) (1,
26). It seems that transcriptional repression by EBNA3C in-

volves multiple repression domains and protein-protein inter-
actions.

When the abilities of unfused EBNA3C.DPLDLS and
EBNA3C.ALDAS to repress the EBV Cp promoter were com-
pared with the wild-type protein, no significant differences
were detected (Fig. 4C). Although this repression involves
HDAC activity (26), it appears to be independent of CtBP.

CtBP-binding mutants of EBNA3C are impaired in their
capacity to cooperate with (Ha-)Ras in the immortalization
and transformation of REFs. CtBP was originally defined as a
protein that bound to the C terminus of the E1A oncoprotein

FIG. 3. (A) Mutation of the CtBP binding site in EBNA-3C unmasks an activation domain located in the C terminus of EBNA-3C. DG75 cells
were transfected with 5 mg of the pUAS-CAT reporter plasmid and with the amounts of pCDNA-3/Gal4DBD-HA (Gal4DBD), pCDNA-3/
Gal4DBD-HA-EBNA-3C(580–992). WT, pCDNA-3/Gal4DBD-HA-EBNA-3C(580–992).DPLDLS, or pCDNA-3/Gal4DBD-HA-EBNA-3C(580–
992).ALDAS effector plasmid DNA as indicated. Cell extracts were prepared 48 h after transfection, and chloramphenicol acetyctransferase (CAT)
activity was determined. After normalization to b-galactosidase activity (2 mg of pSV-bgal per transfection was used), the data were expressed as
CAT activity relative to the activity from pUAS-CAT with empty control vectors, which was given an arbitrary value of 1. Mean values and standard
deviations from three independent experiments are shown. (B) Western -blot analysis of the cell extracts pooled from three independent
experiments. The protein extract from transfected cells was resolved by SDS-PAGE (7.5%), blotted, and probed with anti-EBNA-3C A.10.
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of adenovirus. Furthermore, CtBP binds to at least one pRb-
interacting protein, CtIP, and this interaction is probably cen-
tral to the repression of transcription and regulation of cell
proliferation by pRb (7, 15).

Since EBNA3C can bind CtBP, also cooperates with acti-
vated Ras to immortalize and transform REFs, and appears to
disrupt the p16INK4-pRb regulatory pathway (18, 19), we de-
termined whether CtBP binding was involved in the coopera-
tion of EBNA3C with (Ha-)Ras in primary REF immortaliza-
tion and transformation assays. Multiple experiments (n 5 14)
performed as described previously (4, 18) are summarized in
Table 1. They show a remarkably good correlation between

EBNA3C binding to CtBP and the capacity of EBNA3C to
cooperate with Ras to produce transformed foci. The two
mutants of EBNA3C (DPLDLS and ALDAS) that no longer
bind CtBP were both severely compromised in their ability to
cooperate with (Ha-)Ras. The binding of CtBP to EBNA3C
appears to be important for the outgrowth of the primary
rodent cells cotransfected with EBNA3C and activated Ras.
This again suggests that there is an interaction in vivo and that
it has some biological significance. Both mutants of EBNA3C
were shown to have a nuclear distribution when expressed
transiently in U20S cells (data not shown).

Using various in vitro and in vivo assays here, we have

FIG. 4. (A) CtBP makes little contribution to the repression by a full-length EBNA-3C/Gal4DBD fusion. DG75 cells were transfected with 5
mg of the pUAS-CAT reporter plasmid and with the amounts of pCDNA-3/Gal4DBD-HA (Gal4DBD), pCDNA-3/Gal4DBD-HA-EBNA-3C.WT,
pCDNA-3/Gal4DBD-HA-EBNA-3C.DPLDLS, or pCDNA-3/Gal4DBD-HA-EBNA-3C.ALDAS effector plasmid DNA as indicated. Cell extracts
were prepared 48 h after transfection, and CAT activity was determined. After normalization to b-galactosidase activity (2 mg of pSV-bgal per
transfection was used), the data were expressed as fold repression relative to the activity from pUAS-CAT with empty control vectors, which was
given an arbitrary value of 1. Mean values and standard deviations from three independent experiments are shown. (B) Western blot analysis of
the cell extracts pooled from three independent experiments. The protein extract from transfected cells was resolved by SDS-PAGE (7.5%),
blotted, and probed with anti-EBNA-3C A.10. (C) CtBP makes no significant contribution to the repression of Cp by a full-length EBNA-3C.
DG75 cells were transfected with 5 mg of the 4XCp-TK-CAT reporter plasmid and with the amounts of pSG5-EBNA-3CWT, pSG5-EBNA-
3C.DPLDLS, or pSG5-EBNA-3C.ALDAS effector plasmid DNA as indicated. Cell extracts were prepared 48 h after transfection, and CAT activity
was determined. After normalization to b-galactosidase activity (2 mg of pSV-bgal per transfection was used), the data were expressed as fold
repression relative to the activity from pUAS-CAT with empty control vectors, which was given an arbitrary value of 1. Mean values and standard
deviations from three independent experiments are shown. (D) Western blot analysis of the cell extracts pooled from three independent
experiments. The protein extract from transfected cells was resolved by SDS-PAGE (7.5%), blotted, and probed with anti-EBNA-3C A.10.
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convincingly demonstrated that EBNA3C can interact with the
cell protein CtBP through a PLDLS motif. The motif is both
necessary and sufficient for binding to CtBP; however, the
surrounding amino acids affect the affinity of the interaction
between EBNA3C and CtBP. Most or perhaps all of the fac-
tors that have been shown to interact with CtBP do so through
a PLDLS or PLDLS-like motif. Without exception, all the
reported CtBP-binding factors have been implicated in tran-
scriptional repression, and unsurprisingly, fusions of CtBP with
the Gal4 DNA-binding domain are also capable of repressing
transcription when targeted to promoters (15, 28). Since
EBNA3C includes a canonical CtBP-binding motif and this
mediates a physical interaction between the two proteins, we
determined the functional significance of this sequence in two
of the phenotypes described for EBNA3C. The roles of
PLDLS in the repression of transcription and in the coopera-
tion with (Ha-)Ras were investigated. In an initial series of
experiments, a fusion between the C terminus of EBNA3C (aa
580 to 992) and DNA-binding domain of Gal4 was used. De-
leting or mutating the PLDLS motif transformed this polypep-
tide from a modest repressor of transcription (four- to fivefold)
into a moderately powerful transactivator (eightfold). This
contrived system confirmed, using a functional readout, that
EBNA3C and CtBP can interact in vivo through the PLDLS.
Furthermore, the results suggest that in addition to recruiting
a repression complex to the EBNA3C fusion, the binding of
CtBP to the PLDLS motif occludes a domain in EBNA3C that
can activate transcription. This cryptic activation sequence has
not been characterized here, but it may be the transactivation
domain described previously (14).

Despite compelling evidence for a physical and functional
interaction between CtBP and the C terminus of EBNA3C,
surprisingly, when experiments were performed with the full-
length EBNA3C, deletion or mutation of the PLDLS motif
made little difference to the activity recorded. This is probably
because other factors recruited by Gal4-EBNA3C or unfused
EBNA3C are more important. These could include CBF1/
RBP-Jk, an HDAC complex, and an unidentified factor(s) that
associates with the region between aa 280 and 525 of EBNA3C
(1, 25, 26). Since it is not known whether EBNA3C targets any
cellular genes, we cannot rule out the possibility that other
EBNA3C-responsive promoters exist and that these could be
dependent on the CtBP interaction for repression.

We next determined whether the ability to bind CtBP af-
fected the capacity of EBNA3C to cooperate with (Ha-)Ras
and permit the latter to transform primary rodent fibroblasts.

Multiple experiments revealed a very good correlation be-
tween the ability of EBNA3C to bind CtBP in vitro and its
ability to produce transformed foci after cotransfection of
REFs with pCDNA3-EBNA3C and the (Ha-)Ras expression
vector pEJ6.6.

The results presented in this study suggest at least two mech-
anisms for how EBNA3C might function. Either EBNA3C
binds to CtBP and targets the associated repression complex to
a cellular gene(s) and so down regulates a critical function
required for the inhibition of cell proliferation, or, because it
includes the same CtBP interaction motif as CtIP, the Poly-
comb proteins, and various other transcription factors involved
in the regulation of proliferation and differentiation, EBNA3C
could compete effectively with these factors for binding to
CtBP. In this way EBNA3C might disrupt or modify repression
complexes that are critical for the regulation of genes that
drive cell cycle progression and/or differentiation. We cannot
rule out either of these possibilities, and we are currently
exploring both.
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