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The Epstein-Barr virus (EBV) nuclear protein 3C (EBNA 3C) is essential for EBV-mediated transformation
of primary B lymphocytes, is turned on by EBNA 2, and regulates transcription of some of the viral and cellular
genes which are regulated by EBNA 2. EBNA 2 is targeted to response elements by binding to the DNA
sequence-specific, transcriptional repressor protein Jk. We now show that EBNA 3C also binds to Jk. EBNA
3C causes Jk to not bind DNA or EBNA 2. Jk DNA binding activity in EBV-transformed lymphoblastoid cells
is consequently reduced. More than 10% of the EBNA 3C coimmunoprecipitated with Jk from extracts of
non-EBV-infected B lymphoblasts that had been stably converted to EBNA 3C expression. EBNA 3C in nuclear
extracts from these cells (or in vitro-translated EBNA 3C) prevented Jk from interacting with a high-affinity
DNA binding site. Under conditions of transient overexpression in B lymphoblasts, EBNA 2 and EBNA 3C
associated with Jk and less EBNA 2 associated with Jk when EBNA 3C was coexpressed in the same cell. EBNA
3C had no effect on the activity of a 2512/140 LMP1 promoter-CAT reporter construct that has two upstream
Jk sites, but it did inhibit EBNA 2 transactivation of this promoter. These data are compatible with a role for
EBNA 3C as a ‘‘feedback’’ down modulator of EBNA 2-mediated transactivation. EBNA 3C could, in theory,
also activate transcription by inhibiting the interaction of the Jk repressor with its cognate DNA. The
interaction of two viral transcriptional regulators with the same cell protein may reflect an unusually high level
of complexity or stringency in target gene regulation.

Epstein-Barr virus (EBV) establishes a latent infection in
human B lymphocytes and induces their proliferation, in vitro
or in vivo (for a review see reference 41). These growth-trans-
formed B lymphocytes express a characteristic repertoire of
viral nuclear proteins (EBNAs) and integral membrane pro-
teins (LMPs) which maintain latent infection and cause the
infected lymphocyte to perpetually proliferate (for a review see
reference 26). EBV recombinant-based genetic analyses indi-
cate that EBNA LP, 2, 3A, and 3C and LMP1 are important in
primary B-lymphocyte growth transformation in vitro (9, 10,
20, 22, 25, 34, 51, 53; for a review see reference 26). EBNA 1
is also important for transformation, since it binds to a site in
the EBV genome, thereby enhancing transcription and en-
abling the site to serve as an origin for S-phase replication by
cellular DNA polymerase (47, 48, 63). Most of the rest of the
EBV genome, including genes that in latent infection encode
EBNA 3B, LMP 2A and 2B, the BARFO RNA, and the
EBERs, is dispensable for B-lymphocyte immortalization (30–
32, 42, 43, 49, 50).
This report focuses on EBNA 3C (40), which appears to

partially overlap in function with EBNA 2, a gene whose role
in EBV infection is considerably better understood than that of
EBNA 3C. In the transformation of primary B lymphocytes to
lymphoblastoid cell lines (LCLs), EBNA 2 is one of the first
two viral genes expressed (2, 3, 44) and is a key regulator of

viral and cellular gene transcription (1, 13, 14, 28, 59–61).
EBNA 2 up regulates transcription of the EBNA 3s, of EBNA
1, and of the LMPs, and it also up regulates the transcription
of cellular genes, including CD21, CD23, and c-fgr (1, 7, 13, 28,
54, 59–61). EBNA 2 is an acidic-type transactivator (8, 52)
which recruits cellular transcription factors to specific promot-
ers through its interaction with sequence-specific DNA-bind-
ing proteins, including Jk (18, 21, 24, 36, 65, 66) and PU.1 (24).
EBNA 2 interacts with Jk through a 27-amino-acid domain
which includes two tryptophans (18, 62). Mutation of these two
tryptophans abrogates the binding of Jk to EBNA 2 and leads
to a loss of EBV transforming activity, indicating the impor-
tance of EBNA 2-Jk interaction in the transformation of pri-
mary B lymphocytes (62).
EBNA 3C can up regulate the expression of some of the

genes that are up regulated by EBNA 2. EBNA 3C up regu-
lates CD21 expression in non-EBV-infected Burkitt lymphoma
(BL) cells (60) and LMP1 expression in Raji cells (4). Raji cells
are infected with an EBV that lacks EBNA 3C, and LMP1
expression is down modulated in G1-arrested Raji cells (6).
Expression of EBNA 3C in Raji cells up regulates LMP1 ex-
pression during G1 arrest (4). The mechanism by which EBNA
3C up regulates CD21 in BL cells and LMP1 expression in
G1-arrested Raji cells is obscure. Although the EBNA 3C
amino acid sequence includes basic residues and a coiled coil
domain reminiscent of cFos- and cJun-type transcription fac-
tors, EBNA 3C does not bind DNA specifically (37, 45, 56).
The experiments presented here begin with the surprising

observation that stable EBNA 3C expression in BL cell lines
results in markedly diminished Jk activity, as measured by the
ability of nuclear extracts to gel shift a probe containing a Jk
cognate sequence. Since Jk is a key mediator of EBNA 2
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transactivation in EBV-infected cells (18, 21, 29, 36, 62, 65, 66)
and is a repressor of transcription in the absence of EBNA 2
(11) an effect of EBNA 3C on Jk could be an important aspect
of EBNA 3C’s effects in EBV infection. Further, Jk is a ubiq-
uitously expressed and evolutionarily conserved gene, essential
in Drosophila melanogaster embryonic development (15, 16, 19,
46, 55). We have therefore investigated the basis for this sur-
prising effect of EBNA 3C expression on interaction of Jk with
its cognate sequence.

MATERIALS AND METHODS

Cell lines, culture conditions, and plasmids. Raji is a BL cell line infected with
an EBV strain in which EBNA 3C is deleted. P3HR-1 is a BL cell line infected
with an EBV strain in which EBNA LP and EBNA 2 are deleted, which renders
the virus nontransforming (10, 20). P3LCL and B95LCL are LCLs infected with
a P3HR-1 virus marker rescued for transformation with EBNA LP and EBNA 2
and with B95-8 virus, respectively. BJAB is an EBV-negative BL cell line (60).
Stable cell lines were prepared by transfection of pZipneo EBNA 3A, EBNA 3B,
or EBNA 3C or vector into BJAB cells followed by neomycin selection (60). Cell
lines were grown in RPMI 1640 medium supplemented with 10% fetal bovine
serum, 2 mM glutamine, penicillin (50 U/ml), and neomycin (200 mg/ml) when
necessary. Cultures were incubated at 378C in 5% CO2 and expanded as appro-
priate.
Plasmids GST-Jk[1-48] and GST-Jk are constructs containing the first 48

amino acids (NcoI-to-ScaI fragment) and the complete cDNA (NcoI-to-NcoI
fragment) of the Jk gene isoforms I and III, respectively (18), cloned into the
pGex vector. pSG5Flag-Jk is an SmaI-BglII fragment containing the Jk isoform
III open reading frame cloned into a pSG5Flag vector (unpublished data) at the
PmlI and BglII sites. The pSG5-EBNA 2, pSG5Flag-EBNA 2, and pSG5Flag-
CAM-Kinase plasmids have been described previously (38, 54, 62). pSG5-EBNA
3C is a construct containing entire EBNA 3C open reading frame cloned into the
pSG5 vector.
Northern (RNA) blot analysis. A total of 108 cells from each culture were

harvested by centrifugation, and total RNA was isolated by using RNAzol B
(Tel-Test, Inc.). The cell pellet was resuspended in 20 ml of RNAzol B. Total
RNA was harvested by standard procedures (38). Total RNA (15 mg) was
electrophoresed on a 1% formaldehyde denaturing gel at 50 V for 12 h, and the
RNA was transferred to GeneScreen Plus (NEN-Dupont) (38). The membrane
was incubated with [a-32P]dCTP-labeled Jk and GAPDH probes (38).
Nuclear extracts and EMSAs. Probes or competitors for use in electrophoretic

mobility shift assays (EMSAs) were prepared by using complementary synthetic
oligonucleotides and were labeled with the Klenow fragment of DNA poly-
merase I and [32P]dGTP (18, 24). Crude nuclear extract (5 mg), S-Sepharose or
DNA affinity column fractions (1 to 5 ml), or programmed reticulocyte lysate (7.5
ml) was used in the EMSA experiments (24).
Electrophoresis of proteins, immunoblotting, and immunoprecipitations. Pro-

teins were analyzed on sodium dodecyl sulfate (SDS)–8% polyacrylamide gels,
transferred to 0.4-mm-pore-size nitrocellulose filters, and incubated with human
sera recognizing the EBV EBNAs (42, 43). Jk antibody is a rabbit polyclonal
antibody against glutathione S-transferase GST-Jk residues 1 to 48 from Jk
isoform I (18, 19). Immunoprecipitations were done by using Flag monoclonal
antibody M2 linked to agarose beads (IBI/Kodak) or polyclonal rabbit antibody
followed by protein A-Sepharose. Immunoprecipitates were washed six times
with radioimmunoprecipitation assay (RIPA) buffer (52) prior to performance of
SDS-polyacrylamide gel electrophoresis (PAGE).
Protein-protein interaction assays. EBNA 3A, 3B, and 3C and Jk were trans-

lated in vitro (TNT; Promega) from T7 expression plasmids (18, 24, 62) with or
without 35S-Express (NEN-Dupont) (18, 24, 62). The GST-Jk and GST-EBNA 2
(positions 243 to 337) proteins were purified on glutathione-Sepharose beads
(18, 62). Labeled EBNA 3s or Jk was incubated with glutathione-Sepharose-
bound GST-Jk or GST-EBNA 2 in binding buffer (20 mMHEPES [N-2-hydroxy-
ethylpiperazine-N9-2-ethanesulfonic acid; pH 7.9], 150 mM NaCl, 0.5% Nonidet
P-40 [NP-40], 250 mg of bovine serum albumin [BSA] per ml, 2 mM dithio-
threitol, 10 mg of aprotinin per ml, 0.5 mM phenylmethylsulfonyl fluoride, 1 mM
leupeptin, 1 mM pepstatin) at 48C for 30 min and centrifuged briefly. After the
pellet was washed three times in binding buffer, proteins were eluted in SDS-
PAGE lysis buffer and electrophoresed on SDS–8% PAGE gels (18, 42, 43). For
competition experiments, unlabeled in vitro-translated EBNA 3A or EBNA 3C
was added as a lysate to labeled in vitro-translated Jk for 15 min on ice prior to
addition of the mixture to GST-EBNA 2 (positions 243 to 337) beads.
Transfections. BJAB cells (106) were transfected with 50 mg of pSG5Flag-Jk,

pSG5Flag-EBNA 2, pSG5-EBNA 2, or pSG5-EBNA 3C in 400 ml of RPMI 1640
containing 10% fetal bovine serum by using a Bio-Rad electroporation apparatus
at 220 V and 960 mF (18, 42, 43). After electroporation, cells were resuspended
in 10 ml of complete medium as described above and incubated at 378C for 20 h.
Cell pellets were resuspended in phosphate-buffered saline, extracted in RIPA
buffer on ice for 1 h, and clarified by centrifugation at 48C for 6 min. The lysate

was transferred to a fresh tube, the specific antibody was added, and the mixture
was vortexed briefly and incubated at 48C for 1 h. The protein A-Sepharose or
M2 agarose beads (IBI/Kodak) were collected by centrifugation, washed six
times in RIPA buffer, resuspended in lysis buffer, and then heated at 1008C for
5 min and fractionated by SDS–8% PAGE followed by Western blotting (im-
munoblotting).

RESULTS

Stable EBNA 3C expression leads to decreased Jk gel shift
activity. Multiple clones of BJAB non-EBV-infected BL cells
that had been converted to neomycin resistance after transfec-
tion with the pZipneoSV(X) expression vector or with the
expression vector and an EBNA 3A, 3B, or 3C cDNA insert
were established. The clones were screened by immunoblotting
for EBNA 3A, 3B, or 3C expression by using EBV-immune
human serum, and at least four clones expressing each EBNA
3 were studied. There was no apparent difference in the ease of
isolating clones that had vector only or those that were express-
ing EBNA 3A, 3B, or 3C. The growth characteristics of these
stable cell lines were also similar.
Jk-specific EMSA activity was assayed with a Jk cognate

sequence probe and nuclear extracts from various cells lines,
including at least four of the BJAB clones expressing EBNA
3A, 3B, or 3C, Raji, and EBV-transformed LCLs (Fig. 1 and
data not shown). As expected, nuclear extracts from EBV-
infected BL cells (Raji and P3HR-1) or from BJAB, BJAB
vector control, BJAB EBNA 3A-converted, or BJAB EBNA
3B-converted cells yielded two major complexes with a labeled
LMP2 promoter Jk site probe (Fig. 1A); the faster EMSA
complex (indicated by an arrow) comigrates with a complex
produced by in vitro-translated Jk cDNA (18). This complex
was inhibited with a minimal Jk binding site (lane O34) but not
with an oligonucleotide that was mutated for the core binding
site (O910) (18, 24). The more slowly migrating complex in all
lanes just above the Jk complex was due to a different protein
that binds to an adjacent site in this probe (18). Surprisingly,
nuclear extracts from all clones of BJAB cells which had been
converted to stable EBNA 3C expression had significantly less
or no Jk EMSA activity (Fig. 1, lanes E3C.1 to E3C.7). No
novel EMSA supershift appeared with BJAB EBNA 3C nu-
clear extracts which would have been indicative of a complex of
EBNA 3C, Jk, and probe. This is in contrast to the case with
EBNA 2, which can supershift a Jk-probe complex (18, 21, 29,
62, 66). The level of EBNA 3C expression in the converted
BJAB clones was two to threefold higher than that in a typical
EBV-transformed LCL as determined by immunoblotting with
EBV-immune human serum (Fig. 1B; compare lanes E3C.1 to
E3C.7 with lane B95LCL). Importantly, the level of Jk EMSA
activity in LCLs was intermediate between those in BJAB and
BJAB EBNA 3C-converted cells, consistent with the interme-
diate level of EBNA 3C in the LCLs (P3LCL and B95LCL in
Fig. 1). Thus, expression of EBNA 3C in BJAB cells or LCLs
is associated with less Jk-specific EMSA activity. The ease of
selecting clones with such high-level EBNA 3C expression and
the normal growth of these cells with substantially diminished
Jk gel shift activity are indications that normal levels of Jk
activity are not critical to BL cell growth.
EBNA 3C does not affect Jk RNA levels. To determine

whether EBNA 3C alters Jk EMSA activity by decreasing Jk
transcription, the level of Jk mRNA in EBNA 3C-converted
BJAB cells was compared with those in controls. Jk mRNA
was detected in all BL cell lines and LCLs by Northern blotting
of total RNA (Fig. 2). While the ratio of Jk mRNAs to
GAPDH mRNAs varied as much as sixfold among the cell
lines, EBNA 3C-converted BJAB cell lines (Fig. 2, lanes 9 to
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18) and other cell lines (Fig. 2, lanes 1 to 8) exhibited the same
range of variability and did not differ overall. Thus, the de-
crease in Jk gel shift activity observed with EBNA 3C-con-
verted BJAB cells was not due to an effect of EBNA 3C on Jk
mRNA abundance. The variability observed in the relative
levels of Jk mRNA abundance was probably due to the large
size of Jk mRNA and to variation in the quality of the RNA
preparations.
EBNA 3C directly inhibits Jk EMSA activity in vitro. To

investigate whether EBNA 3C directly affects the Jk EMSA
shift, in vitro-translated EBNA 3C or in vitro-translated lucif-
erase (as a control) was mixed with Jk-enriched S-Sepharose
column fraction (CF) prepared from a Louckes nuclear extract
or with BJAB nuclear extract and the Jk EMSA activity was
assayed (Fig. 3A). The Louckes CF contained a slightly higher
concentration of Jk activity than the BJAB extract. Despite the
high concentration of Jk in the Louckes CF, 10 ml of in vitro-
translated EBNA 3C almost completely inhibited the Louckes
CF Jk probe shift (lanes E3C10), while the same amount of in
vitro-translated luciferase had no effect (Fig. 3A, lane LUC10).
No new supershifted band appeared, as might be anticipated
for a Jk-probe-EBNA 3C complex. Instead, the amount of free
probe appeared to be increased in the lane to which 10 ml of
EBNA 3C was added, which is compatible with the possibility
that EBNA 3C directly affects the ability of Jk to interact with
its cognate probe. Similar results were obtained with in vitro-
translated EBNA 3C and the BJAB nuclear extract. Curiously,
the slightly more slowly migrating complex evident in nuclear
extract gel shifts appeared to be affected by 10 ml of luciferase
or EBNA 3C in vitro translation product, while the Jk shift was
specifically affected only by the EBNA 3C in vitro translation
product.
The impact of EBNA 3C on the Jk shift was also readily

apparent when in vitro-translated Jk was used instead of Jk-
enriched CF (Fig. 3A, right panel). In this experiment, 10 ml of
in vitro-translated luciferase or 1 ml of in vitro-translated
EBNA 3C had no effect on the Jk gel shift, while 10 ml of in

vitro-translated EBNA 3C nearly completely blocked the Jk
gel shift. The amount of free probe also appeared to increase
in the lane containing 10 ml of EBNA.
To more easily observe the effect of EBNA 3C in disrupting

the ability of Jk to shift probe, a 1/10 amount of probe was
incubated with an amount of Jk-enriched CF that resulted in
the specific shift of most of the probe (Fig. 3B). The amounts
of free probe and of Jk-shifted probe in each lane were quan-
titated with a PhosphorImager. Increasing amounts of EBNA
3C in vitro translation product (Fig. 3B, lanes 5 through 8)
resulted in less Jk-shifted probe (80, 70, 40, and 15 counts) and
more free probe (50, 90, 120, and 140 counts), while similar
additions of luciferase in vitro translation product had no effect
on the amount of Jk-shifted probe. This experiment demon-
strates that EBNA 3C directly interferes with the ability of Jk
to interact with its cognate sequence.
EBNA 3C and Jk form a stable complex in vitro. To evaluate

whether EBNA 3C and Jk directly interact, a bacterial GST-Jk

FIG. 1. (A) EMSA for Jk activity in nuclear extracts of cell lines which express EBNA 3C or controls. Nuclear extracts (5 mg) from each cell line were used for
EMSA (18, 24, 62). The LMP2 probe (CTCGCGACTCGTGGGAAAATGGGCGGAAGGGCA [5, 65]) contained a Jk binding site (boldface). The specific competitor
O34 (GACTCGTGGGAAAATGGGC) also contained a Jk binding site, while the nonspecific competitor O910 was mutated at the Jk site (GACTCTCTGGAAAAT
GGGC). The positions of the Jk EMSA complex and the unbound probe are indicated. The lanes indicate the extract used in each reaction. Raji is a BL line infected
with a type 1 EBV in which EBNA 3C is deleted. The O34 and O910 lanes contain Raji extract incubated with probe and a 100-fold excess of specific (O34) or
nonspecific (O910) competitor. P3HR-1 is a BL line infected with a type 2 EBV in which EBNA LP and EBNA 2 are deleted. P3LCL is a recently derived LCL infected
with a P3HR-1 recombinant with wild-type EBNALP and EBNA 2 (26). B95-8 LCL (B95LCL) is a recently derived LCL infected with the B95-8 EBV type 1 strain.
BJAB is an EBV-negative BL cell line. NEO is pZipneo-converted BJAB, while E3A.1, E3B.1, and E3C.1 to E3C.7 are BJAB cell lines converted to EBNA 3A, 3B,
or 3C expression. (B) Immunoblot with EBV-immune human serum which detects all of the EBNAs in EBV type 1 strains (42, 43). Nuclear extracts (50 mg) were
resolved on an SDS–8% PAGE gel, and EBNA proteins were detected (42, 43). The open circles indicate the position of EBNA 3B, and the closed circles indicate
that of EBNA 3A.

FIG. 2. Northern blots with Jk or GAPDH cDNA probes and 12 mg of total
RNA from EBNA 3C-converted or control cell lines. The numbers in the boxes
indicate the ratios of Jk to GAPDH as determined by using Imagequant Software
(PhosphorImager; Molecular Dynamics Corp.). Lanes 1 to 8 contain RNA from
P3HR-1 c16, BJAB, B95-8 LCL, P3LCL, Raji, and BJAB pZipneo vector control
cells and BJAB cells expressing EBNA 3A or 3B, respectively. Lanes 9 to 18
contain BJAB clones expressing EBNA 3C (E3C.1 to E3C.10). The position of
the Jk transcripts is indicated by the arrow above the 28S rRNA.
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fusion protein was adsorbed to glutathione-Sepharose and
then incubated with in vitro-translated EBNA 3A, 3B, or 3C.
The fractions of in vitro-translated proteins that adsorbed to
the GST-Jk fusion were analyzed by SDS-PAGE (Fig. 4A).
More than 25% of the in vitro-translated EBNA 3C bound to
Jk, while no binding to GST control protein was observed. In
vitro-translated EBNA 3A did not bind to GST-Jk or to GST.
Surprisingly, in vitro-translated EBNA 3B significantly (more
than 20%) bound to GST-Jk, and the binding to GST-Jk was
much greater than that to the GST control. These data indicate
that EBNA 3C binds efficiently, specifically, and directly to
bacterially expressed and presumably unmodified Jk in vitro
and that EBNA 3B can also interact with Jk in vitro.
EBNA 3C associates with Jk in BL cells and can inhibit the

association of Jk with EBNA 2. Coimmunoprecipitation exper-
iments were performed with BL cells transiently or stably ex-
pressing EBNA 3C to evaluate the association of EBNA 3C
and Jk in vivo. In the first series of experiments, BJAB cells
were transiently cotransfected with an EBNA 3C expression
vector and amino-terminally epitope-tagged (Flag; IBI/Kodak)
Jk, Flag-EBNA 2, or Flag-CAM kinase IV control (38) expres-
sion vectors. Monoclonal antibody to the Flag epitope was
used to immunoprecipitate the Flag-tagged fusion proteins
from nonionic detergent-containing cell extracts, and the pres-
ence of EBNA 3C and EBNA 2 in the immunoprecipitates was
detected by immunoblotting with monoclonal antibodies
(EBNA 3C in Fig. 4B and EBNA 2 in Fig. 4C; EBNA 2 is
indicated by dots and is the band just under the monomeric
immunoglobulin G from the anti-FLAG epitope monoclonal
antibody). Flag-Jk associated with EBNA 3C, as detected on
immunoblots with A10 monoclonal antibody to EBNA 3C
(lanes 1, 4, and 5), while Flag-CAM kinase did not associate
with EBNA 3C. Surprisingly, cotransfection of Flag-EBNA 2
and EBNA 3C constructs followed by Flag immunoprecipita-
tion and immunoblotting for EBNA 2 and 3C resulted in
coimmunoprecipitation of EBNA 3C with EBNA 2 (lane 2),
although the amount of EBNA 3C brought down by Flag-
EBNA 2 was slightly less than that brought down by Flag-Jk
(lanes 1, 4, and 5). Cotransfection of Flag-Jk and EBNA 2 into

FIG. 3. EBNA 3C inhibits Jk DNA binding activity. (A) EMSA with an LMP2 promoter-derived probe and Jk-enriched CF from EBV-negative Louckes BL cells,
nuclear extract from BJAB BL cells (5 mg per lane [18]), or in vitro-translated Jk (right panel [18]). The lanes, from left to right, contain probe, probe plus CF, probe
plus CF plus 10 ml of in vitro-translated luciferase (LUC10), and probe plus CF plus 1 and 10 ml of in vitro-translated EBNA 3C, respectively (E3C1 and E3C10). The
set is repeated with BJAB nuclear extracts (NE) and in the right panel with 10 ml of in vitro-translated Jk (IVT Jk) in each lane. Lane IVTE3C in the right panel contains
in vitro-translated EBNA 3C added to the probe without any Jk. (B) LMP2 probe (lane 1) was incubated with CF (lane 2); with CF plus a specific competitor (O34;
lane 3); with 20% of the usual amount of nuclear extract from BJAB clone E3C 1.10 (lane 4); with CF (lane 5); with CF plus 2.5, 5, or 10 ml of in vitro-translated EBNA
3C (lanes 6 to 8); or with CF plus 5 or 10 ml of in vitro-translated luciferase (lanes 9 and 10). Arrows on the right include free LMP2 probe and the Jk EMSA complex.
The amounts of free and Jk-bound probe were quantitated with a PhosphorImager (Molecular Dynamics Corp.), and the estimates (in counts) are displayed below the
gel.

FIG. 4. EBNA 3C interacts with Jk in vitro and in vivo. (A) EBNA 3B (E3B),
EBNA 3A (E3A), and EBNA 3C (E3C) were translated in vitro with [35S]me-
thionine, and 7.5 ml of in vitro-translated (IVT) protein was incubated with 7.5
ml of GST or GST-Jk fusion protein bound to beads. After 30 min of incubation
at 48C followed by three washes, bound protein was eluted in SDS sample buffer
and analyzed on an SDS–8% PAGE gel in comparison with 7.5 ml of in vitro
translation product. (B and C) In vivo association of Jk with EBNA 3C. A Flag
epitope was cloned at the amino-terminal end of the Jk (FLAGJk), EBNA 2
(FLAGEBNA2 [62]), or CAM kinase IV (FLAGCAM-K [38]) open reading
frame in the pSG5 expression vector. BJAB cells were transfected with FLAGJk
and EBNA 3C expression vectors (lanes 1 and 5); with FLAGEBNA2 and EBNA
3C expression vectors (lane 2); with FLAGJk and EBNA 2 expression vectors
(lane 3); with FLAGJk, EBNA 2, and EBNA 3C expression vectors (lane 4); or
with FLAGCAM-K and EBNA 3C expression vectors (lane 6). After 24 h, the
cells were lysed in 1% NP-40 buffer and adsorbed with 50 ml of anti-Flag M2
affinity matrix (IBI/Kodak chemicals) at 48C for 12 h. The beads were washed six
times in 1% NP-40, and half of the sample was electrophoresed on an SDS–8%
PAGE gel. The gel was transferred to a nitrocellulose membrane and blotted for
EBNA 3C (B) or EBNA 2 (C) by using A10 or PE2 monoclonal antibodies (35,
64) and alkaline phosphatase-conjugated goat anti-mouse antibody. The dark
band in panel C above the position of EBNA 2 is M2 monomeric immunoglob-
ulin G and the closed circles indicate the position of EBNA 2 in the lighter band
below.
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BJAB cells followed by immunoprecipitation with Flag anti-
body resulted in coimmunoprecipitation of EBNA 2 with
Flag-Jk (lane 3), as expected from previous in vitro data (18,
29, 62, 66). When EBNA 3C was expressed in the same cells as
EBNA 2, less EBNA 2 was coimmunoprecipitated with Flag-Jk
(compare lanes 3 and 4 in panel C), although the amount of
EBNA 3C coimmunoprecipitated with Flag-Jk was not de-
creased by EBNA 2 coexpression (compare lanes 4 and 5 in
panel B). This indicates that EBNA 3C can inhibit the inter-
action of Jk with EBNA 2 as well as the interaction of Jk with
probe. These experiments indicate that Jk can associate with
EBNA 3C or EBNA 2. Furthermore, when both EBNA 3C and
EBNA 2 are expressed in the same cell, Jk can associate with
either protein, although EBNA 3C can also compete with
EBNA 2 for Jk interaction. Moreover, EBNA 2, overexpressed
in a cell, can associate with EBNA 3C, possibly in a large
complex with two or more Jk molecules.
The ability of EBNA 3C to compete with EBNA 2 for Jk

association was further investigated by incubating GST-EBNA
2 with in vitro-translated labeled Jk and in vitro-translated
EBNA 3A or 3C (Fig. 5). Very little labeled Jk bound to
GST-EBNA 2 in the presence of in vitro-translated EBNA 3C,
while in vitro-translated EBNA 3A had no effect on the bind-
ing of the labeled Jk to GST-EBNA 2.
The association of EBNA 3C with Jk in vivo in the EBNA

3C-stably converted BJAB cells was further substantiated by
using a polyclonal antibody developed against residues 1 to 48
of Jk. The antiserum precipitated 10 to 20% of the Jk from
NP-40-lysed cell extracts or from 0.4 M NaCl nuclear extracts
(compare the Jk immunoblot of a whole-cell extract with the
Jk immunoblot of a Jk antibody immunoprecipitation from the
nuclear extract of the same number of cells or the immuno-
precipitation of the NP-40 lysate of 20 times as many cells in
Fig. 6). As expected from the earlier Northern blotting data,
the abundance of Jk in the immunoprecipitates from EBNA
3C-expressing BJAB cells was not different from that in im-
munoprecipitates from BJAB cells, from vector-only BJAB
cells, or from EBNA 3B-expressing BJAB cells (Fig. 6). The Jk
antiserum immunoprecipitations from BJAB cells expressing
EBNA 3C brought down a fraction of the total cellular EBNA
3C that was similar to the immunoprecipitated fraction of total
cellular Jk (Fig. 6). In the experiment with 107 cells, antibody
was limiting and about 50% of the Jk remained in the super-

natant after immunoprecipitation (data not shown). Since the
immunoprecipitation was not in antibody excess and only 50%
of the Jk in the NP-40 lysate was precipitated, at least 20% of
the cellular EBNA 3C was associated with Jk in this lysate.
These data clearly demonstrate that a significant fraction of the
EBNA 3C is stably associated with Jk in lymphocytes.
EBNA 3C modulates EBNA 2 transactivation of the LMP1

promoter in BL cells. Given the physical association of EBNA
3C with the Jk protein and its effect on Jk DNA binding and
EBNA 2 interaction, EBNA 3C could effect EBNA 2 transac-
tivation of target promoters. This was evaluated by using a
2512/140 LMP1 promoter-CAT construct in BJAB cells (54)
(Fig. 7). Expression of EBNA 3C had no effect on basal chlor-
amphenicol acetyltransferase (CAT) expression when cotrans-
fected with a 2512/140 LMP1 promoter-CAT construct. As
expected, cotransfection of EBNA 2 with the2512/140 LMP1
promoter-CAT construct resulted in approximately ninefold
transactivation. EBNA 3C competitively inhibited the EBNA 2
transactivation in a dose-dependent fashion when the two pro-
teins were coexpressed in BJAB cells along with 2512/140
LMP1 promoter-CAT (Fig. 7). The highest levels of cotrans-
fected EBNA 3C expression vector resulted in complete inhi-
bition of EBNA 2-mediated transactivation. A b-galactosidase
expression plasmid was included in all transfections to evaluate
potential differences in transfection efficiency or toxicity. No
substantial differences in b-galactosidase expression were ob-
served in any of the transfections, indicating an absence of
significant toxicity. Thus, EBNA 3C can interfere with EBNA
2-specific transactivation without having generalized effects on
transcription.

FIG. 5. In vitro-translated EBNA 3C specifically blocks the binding of in
vitro-translated 35S-labeled Jk to GST-EBNA 2 (gst-E2). 35S-labeled Jk was
incubated with in vitro-translated EBNA 3A (3A) or EBNA 3C (3C) or with
control reticulocyte lysate (Ly) and with a GST-EBNA 2 (positions 243 to 337)
fusion protein. The beads were washed with 1% NP-40 buffer, and bound protein
was analyzed on an SDS–8% PAGE gel.

FIG. 6. EBNA 3C coimmunoprecipitates with Jk from BJAB E3C.7 cells. Jk
was immunoprecipitated from an isotonic NaCl–1% NP-40 cell lysate of 107 cells
or from a 0.4 M NaCl nuclear extract by using a rabbit anti-Jk antibody. Immu-
noprecipitates were resolved by SDS–8% PAGE and transferred to nitrocellu-
lose. A whole-cell SDS lysate (5 3 105 cells) was included as a control for total
cellular EBNA 3C or Jk. The lanes marked Ab and staph contain NP-40 lysate
incubated with rabbit antibody and staph protein A alone, respectively. Lanes
BJAB, Vec, and E3B are precipitations from BJAB cells, vector-transfected
BJAB cells, and EBNA 3B-converted BJAB cells, respectively, while the lanes
marked E3C are immunoprecipitations from BJAB E3C.7 cells. Membranes
were blocked in 5% BSA, probed with a 1:100 dilution of rabbit anti-human Jk
antibody, and subjected to 125I-protein A detection and autoradiography. Sub-
sequently, membranes were reblocked, probed with A10 antibody to EBNA 3C
followed by a 1:5,000 dilution of horseradish peroxidase-conjugated sheep anti-
mouse antibody, and subjected to ECL detection. The positions of Jk, EBNA 3C,
and molecular size standards (in kilodaltons) are indicated.

3112 ROBERTSON ET AL. J. VIROL.



DISCUSSION

These experiments demonstrate that EBNA 3C and Jk in-
teract in vitro and in vivo and that EBNA 3C binding to Jk can
inhibit the interactions of Jk with its cognate sequence or with
EBNA 2. These biochemical interactions are likely to be fun-
damentally important in our ultimate understanding of the
mechanisms by which EBNA 3C and EBNA 2 cooperate in the
regulation of viral and cellular gene expression and participate
in the establishment and maintenance of primary B-lympho-
cyte growth transformation. In opening this new aspect of the
role of EBNA 3C and Jk in EBV-mediated growth transfor-
mation, these experiments enable the formulation of testable
models. However, a full understanding of the precise biochem-
ical and physiological interactions among EBNA 3C, Jk, and
EBNA 2 in regulating EBV and cellular gene expression will
require substantial further investigation of the interactions
among these proteins in LCLs.
One simple model that is consistent with the available data

is that EBNA 3C biochemically interacts with Jk to down
modulate the up regulatory effects of EBNA 2 and to up
regulate the repressive effects that Jk exerts when it is bound to
DNA and not associated with EBNA 2. EBNA 3C down mod-
ulation of the activating effects of EBNA 2 is likely to be
important in the establishment of growth transforming latent
B-lymphocyte infection (Fig. 8). In the establishment of latent
infection, EBNA 2 and EBNA LP are first expressed under the
control of the Wp promoter (2, 3, 44). EBNA 2 then transac-
tivates the Cp, LMP1, and LMP2 promoters as well as cellular
promoters that have Jk sites (18, 21, 23, 24, 59–61, 65, 66).
Activation of the Cp promoter is associated with its turning on
of EBNA 3A, 3B, and 3C and EBNA 1 mRNA expression, and
EBNA 2 and EBNA LP mRNAs also continue to be expressed.
EBNA 1 further enhances Cp activity (48). On the basis of the
data presented here, we would expect that as EBNA 3C accu-
mulates it would down modulate EBNA 2-mediated transacti-

vation of Cp and LMP1 promoters by blocking interaction of
Jk with its cognate DNA and with EBNA 2. EBNA 3C would
thereby prevent runaway transcription from the Cp promoter
and modulate the activating effects of EBNA 2 on other pro-
moters, most notably the LMP1 promoter. With appropriate
levels of expression of all of the EBNAs and LMPs, the in-
fected cell is able to progress through the first S phase and to
continue to proliferate as long as growth conditions are main-
tained. Precise regulation of LMP1 expression in EBV-trans-
formed cells is critical, since LMP1’s physiologic effects require
expression near the ordinary LCL level and expression above
that level is toxic to cells (57, 58, 60). Thus, an effect of EBNA
3C in down modulating LMP1 up regulation in response to
EBNA 2 and EBNA 1 is likely to be important to growth of
infected cells.
In Raji cells and possibly in other EBV-infected cells, LMP1

expression wanes in G1 arrest and may be cell cycle regulated
(4, 6). Raji is an EBV-infected BL cell line and is presumably
not dependent on the endogenous EBV genome for its growth
in vitro. The Raji EBV genome lacks EBNA 3C, and growth
arrest inhibition of LMP1 expression in Raji cells can be cor-
rected by EBNA 3C expression (4, 6). Our experiments now
link EBNA 3C to Jk, to Jk-mediated repression, and to Jk-
mediated EBNA 2 transactivation of the LMP1 promoter. The
cell cycle dependence of LMP1 expression in Raji cells has not
been traced to EBNA 2, but EBNA 2 is a prime candidate,
since it undergoes extensive posttranslational modification, in-
cluding phosphorylation (39). If EBNA 2’s activating effects
are lost in G1 arrest, Jk without EBNA 2 would exert a repres-
sive effect (11) on promoters with Jk sites. On the basis of the
data presented here, EBNA 3C is expected to have the net
effect of increasing basal expression from promoters with up-
stream Jk sites because dislodgement of Jk from its cognate
DNA sites would reverse its repressive effects. Consistent with
this model, stable EBNA 3C expression in BJAB cells results in
up regulation of the CD21 promoter (60).
Several aspects of the model are incompletely investigated.

First, the failure of transiently transfected EBNA 3C expres-
sion plasmid to activate the cotransfected LMP1 promoter in
BJAB cells appears to be somewhat inconsistent with the ex-
pected EBNA 3C reversal of Jk-mediated repression. How-
ever, this result was most likely due to the high copy number of

FIG. 7. EBNA 3C down regulates EBNA 2 transactivation of the LMP1
promoter. EBNA 2 transactivates a 2512/140 LMP1 promoter-CAT reporter
construct (33, 54). EBNA 3C does not transactivate this construct, but it down
regulates EBNA 2 transactivation. BJAB cells were transfected with the 2512/
140 LMP1 promoter-CAT reporter alone (lane 1) or with the 2512/140 LMP1
promoter-CAT reporter and an EBNA 2 expression vector (lane 2); the EBNA
2 expression vector and 5, 10, or 20 mg of an EBNA 3C expression vector (lanes
3 to 5); 5, 10, or 20 mg of an EBNA 3C expression vector (lanes 6 to 8); or pSG5
vector (10). Cells were harvested and CAT assays were done at 24 h posttrans-
fection (18, 24, 32). The results shown are the averages of those from three
different experiments.

FIG. 8. The role of EBNA 3C modulation of Jk activity in EBV infection.
EBV infects resting B lymphocytes. The Wp EBNA promoter is constitutively
active, causing transcription of EBNA LP and EBNA 2. EBNA 2 activates the Cp
EBNA promoter further upstream and the LMP promoters. The EBNA tran-
scripts now extend past the EBNA 2 polyadenylation site and terminate after the
EBNA 1 polyadenylation site. EBNA LP, EBNA 2, EBNA 3A, EBNA 3B,
EBNA 3C, and EBNA 1 mRNAs are now processed from the longer transcript.
EBNA 1 binds to ori p, which is 3 kbp upstream of the Cp promoter and 4 kbp
upstream of the LMP1 promoter, further increasing transcription. EBNA 3C
binds to Jk and modulates the activity of the Cp and LMP1 promoters (as well
as cellular promoters having Jk sites) to prevent the production of toxic levels of
LMP1 and EBNAs.
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promoter templates that were taken up by transfected cells and
the relatively small number of free Jk molecules in cells. There
may have been an inadequate amount of free Jk to repress the
transfected LMP1 promoter templates and no repression for
EBNA 3C cotransfection to reverse. In fact, previous data
demonstrating Jk-mediated repression of the adenovirus pIX
promoter in transient transfection assays relied on a Jk expres-
sion vector which was cotransfected with a Jk binding site-
promoter-reporter construct (see Fig. 10 in reference 11). The
poor repressive effect of endogenous Jk in that experiment is
consistent with the lack of an effect of EBNA 3C on basal
(unstimulated by EBNA 2) LMP1 promoter activity in the
experiments reported here.
Second, the effects of EBNA 3C on interactions of Jk with

DNA and EBNA 2 are impressive, but the stoichiometry of the
in vivo interactions in EBV-transformed LCLs requires fuller
delineation. EBNA 3C markedly reduced Jk EMSA activity in
BJAB cells, in which there is two- to threefold excess EBNA
3C expression, while in LCLs, EBNA 3C moderately reduced
Jk activity. The extent of stable interaction of Jk with EBNA 2,
cognate DNA, and EBNA 3C in LCLs remains to be deter-
mined. Other factors may affect the stability of the interaction
of Jk with DNA, EBNA 2, or EBNA 3C. PU.1, a hematopoi-
etic lineage-restricted sequence-specific DNA-binding protein
(17, 24, 27, 39), also has a key role in conveying EBNA 2
responsiveness to the LMP1 promoter and is likely to be an
important component of the EBNA 2 responsiveness of B-
lymphocyte-specific genes (24, 27, 39). The potential effect of
PU.1 on the relative stability of EBNA 3C-Jk-DNA-EBNA 2
interactions requires investigation.
Third, very little is as yet known about the effect of cell cycle

or growth arrest on EBV regulation of viral and cellular gene
expression. Multiple isoforms of each EBNA are present in
cells (39). In vitro assays of function have not been established,
and appropriate genetic analyses to evaluate the roles of spe-
cific phosphorylation sites in EBNA activity have not been
done. The data reported here lay the groundwork for examin-
ing the effects of cell cycle and growth arrest on the interac-
tions of Jk with cognate DNA, EBNA 2, and EBNA 3C.
Fourth, Jk is an important mediator not only of EBV and

adenovirus transcription (11), but also of Drosophila develop-
ment. In D. melanogaster Jk is genetically linked to the Hair-
less, Notch, andWingless pathways (15, 46). The Notch protein
interacts directly with Jk through its carboxy-terminal cytoplas-
mic domain, and ligation of the Notch extracellular domain
effects Jk nuclear localization (15). Human Notch (Tan-1) has
been implicated in T-lymphocyte malignancy (12). Further-
more, a search of the human genome database reveals one or
more high-affinity Jk sites upstream of many genes that are
important in cell growth and differentiation (reference 18 and
unpublished data). Moreover, a homozygous null mutation in
Jk in D. melanogaster is lethal in embryonic development (15,
16). Thus, Jk-mediated transcriptional repression, EBNA 2
activation, and EBNA 3C modulation of Jk and of EBNA 2 are
all likely to be important in the complex regulation of EBV
promoters and of a broad repertoire of cellular promoters.
Given the large number of cellular promoters with upstream Jk
sites and the extent to which EBNA 3C overexpression in
BJAB cells eradicates Jk gel shift activity, the lack of significant
changes in BJAB cell growth is quite surprising, and it probably
reflects the complexity of regulation of many of these promot-
ers. In fact, the CD23 promoter is not significantly up regulated
by EBNA 3C expression in BJAB cells even though it has Jk
sites and can be up regulated by EBNA 2 (60).
The interaction of EBNA 3C and EBNA 2 with Jk is an

unusual example in which two viral transcriptional regulators

interact with the same cellular protein. As described above,
regulation through Jk may even be more complex because of
the potential involvement of cellular regulators of Jk activity.
Further, GST-Jk also interacts with in vitro-translated EBNA
3B. Although EBNA 3B does not appear to have an effect on
the interaction of Jk with its cognate DNA, it could have a role
in modulating the interaction of Jk with EBNA 2 or EBNA 3C.
This overlap with EBNA 3C may explain the nonessentiality of
EBNA 3B for B-lymphocyte growth transformation in vitro
(50). An ancillary role for EBNA 3B in Jkmodulation could be
important to the survival, growth, or differentiation of EBV-
infected B lymphocytes in vivo.
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