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Proteomic Profiling of EBNA1-Host Protein Interactions in Latent and

Lytic Epstein-Barr Virus Infections

Natasha Malik-Soni and Lori Frappier

Department of Molecular Genetics, University of Toronto, Toronto, Ontario, Canada

The Epstein-Barr nuclear antigen 1 (EBNA1) protein of Epstein-Barr virus (EBV) is expressed in both latent and lytic
modes of EBV infection and contributes to EBV-associated cancers. Using a proteomics approach, we profiled EBNA1-host
protein interactions in nasopharyngeal and gastric carcinoma cells in the context of latent and lytic EBV infection. We
identified several interactions that occur in both modes of infection, including a previously unreported interaction with
nucleophosmin and RNA-mediated interactions with several heterogeneous ribonucleoproteins (hnRNPs) and La protein.

pstein-Barr virus (EBV) is normally found in a latent mode

of infection, which can contribute to the development of
several cancers, including nasopharyngeal carcinoma (NPC)
and gastric carcinoma (8, 17). Latent EBV can also be reacti-
vated to enter the lytic cycle in which virions are produced.
Epstein-Barr nuclear antigen 1 (EBNAL) is critical for latent
infection, where it mediates the persistence of the EBV ge-
nomes and alters the cellular environment to promote cell pro-
liferation and survival (7). All of these roles involve EBNA1
interactions with specific cellular proteins, and proteomics
methods, including tandem affinity purification (TAP) tagging
and affinity column profiling, have been particularly informa-
tive in identifying functional connections between EBNA1 cel-
lular pathways (10). However, to date in vivo proteomics meth-
ods have been performed only for EBNAT in 293T cells (due to
their ease of transfection), which are not particularly relevant
for EBV infection. In addition, interactions between EBNA1
and host proteins have not been globally examined in the con-
text of latent or lytic viral infection. EBNA1 interactions in lytic
infection are of interest because EBNA1 is also expressed in and
contributes to lytic infection (25). In this study, we adapted
proteomics methods to compare EBNA1-protein interactions
in NPC and gastric carcinoma cell lines in the presence and
absence of EBV latent and lytic infection.

Our studies used both EBV-positive and EBV-negative NPC
cell lines (C666 [3] and CNE2 [27], respectively), as well as AGS
gastric carcinoma cells with (AGS-EBV) and without recombi-
nant EBV episomes that can be reactivated to lytic infection by
treatment with sodium butyrate (NaB) and tetradecanoyl phorbol
acetate (TPA) (23, 25). The ViraPower adenoviral expression sys-
tem (Invitrogen) was used to efficiently deliver low levels of
EBNA1 cDNA or beta-galactosidase (3-Gal) cDNA (negative con-
trol) with a C-terminal sequential peptide affinity (SPA) tag, con-
sisting of a calmodulin binding peptide and a triple-FLAG tag
(31). This version of EBNA1 lacks most of the variable Gly-Ala
repeat region and is identical to that used previously in TAP-
tagging experiments (10). With this system, EBNA1 was expressed
in almost all of the cells (Fig. 1A), atlevels considerably lower than
that typically seen with transfection of expression plasmids but
somewhat higher than the native EBNALI levels in C666 cells (Fig.
1B). Twenty-five 150-mm plates of cells were harvested 48 h
postinfection, and lysates were generated as previously described
(10). Lysates were mixed with 50 wl anti-FLAG M2 affinity gel
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(Sigma-Aldrich) for 4 h at 4°C, followed by washing, elution, and
trypsinization of the bound proteins as described in Chen and
Gingras (1). The peptides were analyzed by affinity chromatogra-
phy coupled to liquid chromatography mass spectrometry (AP/
MS) on a ThermoElectron LCQ Deca XP mass spectrometer cou-
pled with an Agilent capillary HPLC 1100 series at the Advanced
Protein Technology Centre (Hospital for Sick Children, Toronto,
Canada).

The interactions shown in Table 1 are those identified with
100% probability (determined by Scaffold Proteomics Soft-
ware) in two or more experiments for any cell line, where the
peptide recovery (spectral counts) was above that seen with
B-Gal (background). In addition, proteins that have been iden-
tified as common contaminants in FLAG tag pulldowns from
293 cells coupled to AP/MS (1) were eliminated, with three
exceptions as discussed below. EBNA1 was found to have very
similar interaction profiles in the different cell backgrounds,
and many of these interactions corresponded to those previ-
ously identified in 293T cells (10), namely, interactions with
ubiquitin-specific protease 7 (USP7); casein kinase 2 (CK2)
subunits «, a’, and 3; PRMT5; and P32/TAP. The interaction
of EBNA1 with USP7 has been previously shown to lead to p53
destabilization and loss of promyelocytic leukemia (PML) nu-
clear bodies (that control apoptosis and DNA repair), and the
EBNA1-CK2 interaction has also been shown to be important
for inducing loss of PML nuclear bodies (18, 22—24). There-
fore, our present observations suggest that EBNA1 can affect
these processes both in the presence and absence of latent in-
fection. The EBNALI interaction with GMP synthetase that we
detected was likely indirect and mediated by USP7, since we
have previously shown that GMP synthetase binds to USP7
(19). PRMTS5 and P32/TAP are common contaminants in pro-
teomic studies (1); however, we included them in Table 1, as
both have been previously confirmed as interactors of EBNA1
(2,10, 21, 29). Note that the previously reported interaction of
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FIG 1 Expression of SPA-tagged EBNA1 and lytic cycle induction. (A) C666,
CNE2, and AGS cells were grown on coverslips and infected with adenovirus to
deliver SPA-tagged EBNAL. Forty-eight hours after infection, cells were fixed
and stained as previously described (24) using FLAG antibody (Bethyl; 1:800)
and goat anti-rabbit Alexa Fluor 555 secondary antibody (Invitrogen; 1:100).
Coverslips were mounted onto slides using ProLong Gold antifade medium
containing DAPI (4',6-diamidino-2-phenylindole) (Invitrogen). Images were
obtained using the 40X oil objective on a Leica DM IRE2 inverted fluorescence
microscope and processed using OpenLAB (version X.0) software. (B) C666,
CNE2, and AGS cells were infected with the adenovirus expressing EBNAI-
SPA (+V) and, 48 h later, lysed in 9 M urea and 5 mM Tris-HCI (pH 6.8)
followed by brief sonication. Similar lysates were also generated of AGS cells 48
h posttransfection with pMZS3F.EBNAL1 (22) expressing SPA-tagged EBNA1
(AGS tran) and of C666 cells (first lane). A total of 30 g of each lysate was
analyzed by Western blotting using K67 rabbit serum against EBNA1 (kindly
supplied by Jaap Middeldorp). The positions of the native EBNA1 in C666 cells
(EBNA1) and EBNA1-SPA are indicated. The latter is smaller than native
EBNALI because it lacks most of the nonessential Gly-Ala repeat region. (C)
AGS-EBV cells were treated with 3 mM NaB and 20 ng/ml TPA and harvested
3 to 24 h later as indicated. Cells were lysed in 9 M urea 5 mM Tris-HCI (pH
6.8) and briefly sonicated. A total of 50 ug of total protein was analyzed by
Western blotting using antibodies against BZLF1 (Santa Cruz; 1:1,000 dilu-
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EBNA1 with EBP2 (12, 13, 20) could not be assessed by this
method since EBP2 is largely insoluble and hence not present in
the clarified lysate used for the FLAG pulldowns.

We also detected interactions of EBNA1 with the related
nucleosome assembly proteins TAF-If (also called SET) and
NAPI, previously isolated from HeLa lysates on EBNA1 affinity
columns and subsequently shown to contribute to EBNA1
functions in transcriptional activation and DNA replication
(10, 28). Interactions of EBNA1 with NAP1 and TAF-IB ap-
peared to vary in different cell backgrounds, as the EBNA1-
NAP1 interaction was not detected in CNE2 cells but was con-
sistently detected in C666 and AGS cells, with highest recovery
in C666 cells. However, EBNA1 was previously shown to im-
munoprecipitate with NAP1 in CNE2 cells (28), and therefore
the lack of detection of this interaction in the current CNE2
experiments is likely due to the recovery of NAP1 being too
small of a fraction of the total proteins to be detected during the
mass spectrometry sampling period.

In addition, a higher number of TAF-I@ peptides was recov-
ered with EBNA1 in the AGS cells (than with the C666 and CNE2
cells), even though fewer EBNA1 peptides were recovered. The
degree of recovery of NAP1 and TAF-If3 does not appear to be due
to their cellular expression levels since they are expressed in all of
these cell lines at similar levels (data not shown).

We also identified an EBNA1 interaction with nucleophosmin
(also called B23), a histone chaperone with multiple roles in reg-
ulating transcription, p53 function, and chromosome stability
(4). While nucleophosmin is commonly isolated in FLAG pull-
downs from 293 cells (1), we consistently found that it was recov-
ered with EBNAL at levels considerably higher than with 3-Gal or
typical background interactions. This interaction was not previ-
ously seen in TAP-tagging experiments in 293T cells where
EBNA1-SPA was purified using both affinity tags, suggesting that
it may not be stable enough to withstand the double purification
but can be captured with the single affinity purification as con-
ducted here. The EBNA1-nucleophosmin interaction was verified
by coimmunoprecipitation in C666 cells and was not sensitive to
RNase treatment (Fig. 2; B23).

In addition to studying EBNA1 interactions during latency,
we also induced the lytic cycle in the AGS-EBV cells by NaB/
TPA treatment 24 h after infection with the SPA-tagged EBNA1
or B-Gal adenoviruses. A time course after NaB/TPA treatment
was first performed following expression of the BZLF1 imme-
diate early, BMRF1 early, and VCA-p40 late viral proteins, to
establish when the cells were in the early stage of infection. The
Western blot in Fig. 1C indicates that cells were in the early
stage of infection 16 h postinduction. In addition, immunoflu-
orescence (IF) microscopy for BZLF1 showed that ~75% of the
cells had entered the lytic cycle at this time point (Fig. 1D).
Therefore, FLAG pulldowns of EBNA1 and (-Gal were per-
formed 16 h postinduction followed by mass spectrometry
analysis as described above. As shown in Table 1 (last column),

tion), BMRF1 (Chemicon; 1:5,000), VCA-p40 (1:500; kindly supplied by Jaap
Middledorp), and actin (Santa Cruz; 1:5,000). (D) AGS-EBV cells grown on
coverslips were fixed 16 h after NaB/TPA treatment, stained with antibody
against BZLF1 (Santa Cruz; 1:50) followed by anti-mouse Alexa Fluor 488
(Invitrogen; 1:100), and counterstained with DAPI. Images were obtained as
described for panel A.
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TABLE 1 Summary of cellular proteins found to copurify with EBNA1 in NPC and gastric carcinoma cells

No. of assigned spectra”

ﬁ;’:cular C666 CNE2 AGS AGS-EBVOh  AGS-EBV 16h
Identified protein Accessionno.  (kDa) B-Gal EBNAL B-Gal EBNA1 B-Gal EBNAI [(3-Gal EBNAl B-Gal EBNAI
EBNA1 GI:56566195 56 0-0-0 46-16-81 0-0 20 - 34 0-0 19-7 0-0 26-8 0-0 8-7
CK2 subunit alpha  GI:4503095 45 0-0--0 107-26-126 0-0 9-20 0-0 26-38 0-0 133-12 0-0 16 - 30
CK2 subunit alpha’  GI:4503097 41 0-0--0 51-9-46 0-0 4-9 0-0 17-18  0-0 656 0-0 12-19
CK2 subunit beta GI:23503295 25 0-0-0 40-4-36 0-0 13-13  0-0 4-6 0-0 72-3 0-0 10-13
GMP synthase GI:4504035 77 0-0-0 0-4-7 0-0 0-0 0-0 17-0 0-0 5-2 0-0 0-1
NAP1 GI:37359287 45 2:3-:0 12-9-22 0-3 0-0 0-0 8-8 0-0 4-3 0-0 6-23
Nucleophosmin® GI:10835063 33 1-0-0 32-9-38 1-3 1-11 0-0 16-14 2-1 30-9 0-3 3-22
TAF-IB GI:145843637 33 0-0-0 2:0-2 0-0 1-12 0-0 14-36 0-0 17-2 0-1 1-42
p32? GI:1096067 31 1-0-0 77 - 19 - 104 6-0 12-22 0-0 41-33 0-0 58-155 1-1 11-55
PRMT5” GI:20070220 73 7-2-10 62-3-44 19-11 17-29 2-12  38-9 11-0  25-12 0-7 4-19
USP7 GI:150378533 128 0-0-0 87-17-92 0-0 20-18 0-0 87-37 0-0 98 -22 0-0 14-50

¢ Total number of tryptic peptides identified in individual experiments. Data from individual experiments are separated by dots.

Y Identified as common contaminants in 293 cells (1).

EBNA1 was found to mediate the same protein interactions in
the lytic cycle as it did in latency (compare AGS-EBV 0 h to
AGS-EBV 16 h).

Finally, we found that many RNA binding proteins copuri-
fied with EBNAL1 (Table 2). In particular, a subset of heteroge-
neous ribonucleoproteins (hnRNPs) was isolated with EBNA1
but not with the B-Gal-negative control, as was La protein, a
protein associated with the 3’ end of newly synthesized small
RNA molecules (30). While hnRNPs are common interactors
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FIG 2 Coimmunoprecipitations of cellular proteins with EBNA1. EBNAI-
SPA or B-Gal-SPA were immunoprecipitated from 1 mg of C666 cell lysates
using M2 anti-FLAG resin, before (lanes 3 and 4) and after (lanes 7 and 8)
treatment of the lysate with 50 wl/ml RNase at 25°C for 30 min. Immunopre-
cipitated proteins (IP) and samples of the input (1% of lysate) were analyzed by
Western blotting using antibodies against FLAG (top); hnRNPs A2/B1 (Santa
Cruz; 1:1,000), D (Upstate; 1:1,000), or R (Abcam; 1:1,000); La (Novus;
1:1,000); nucleophosmin (B23; Santa Cruz; 1:3,000); or USP7 (Bethyl; 1:5,000)
as indicated.
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in AP/MS experiments (1), the peptide recovery for each of the
proteins in Table 2 was considerably above that for the B-Gal
control in at least one of the cell lines. Since EBNA1 can also
associate with some RNA molecules (5, 15, 16, 26), we exam-
ined whether the RNA-binding proteins were tethered to
EBNA1 by RNA. To this end, SPA-tagged EBNAI or B-Gal were
immunoprecipitated from C666 lysates using M2 anti-FLAG
resin before and after RNase treatment, and coprecipitating
proteins were analyzed by Western blotting using antibodies
specific for hnRNPs A2/B1, D, or R and La (Fig. 2). While all of
these protein interactions were confirmed in the absence of
RNase, they were all abrogated after RNase treatment (com-
pare lanes 4 and 8). In contrast, the EBNALI interactions with
USP7 (which is known to be direct) and nucleophosmin were
not affected by RNase treatment (Fig. 2, bottom two panels).
Therefore, the results indicate that EBNA1 interacts indirectly
with these RNA binding proteins through RNA.

Interestingly, La has been shown to bind EBERs (stable RNA
molecules produced by EBV) (11), and EBER1 has been shown to
coimmunoprecipitate with EBNA1 (14), raising the possibility
that EBERs may mediated an interaction between EBNA1 and La.
In keeping with this hypothesis, we recovered only La with EBNA1
in cells containing EBV (C666 and AGS-EBV), whereas none of
the EBNA1-hnRNP interactions were dependent on the presence
of EBV. hnRNP proteins also have specificities for particular RNA
sequences that are important for mediating their varied functions
in splicing, nuclear export, transcription, and telomere mainte-
nance (6, 9). Therefore, the RNA-mediated association of EBNA1
with specific hnRNPs may also reflect a tendency of EBNALI to
interact with the same RNA molecules or sequences as these
hnRNPs. Interestingly, hnRNPs A2/B1 and A3 have all been
shown to bind G-quadruplex RNA, and EBNA1 has also been
found to bind this RNA sequence (15).

In summary, we have shown that several of the EBNA1-host
protein interactions previously identified through proteomic
studies in 293T and HeLa cells occur in the context of NPC and
gastric carcinoma cells and that these interactions are maintained
in both latent and lytic modes of EBV infection. We also identified
EBNAL1 interactions with nucleophosmin and several RNA-medi-
ated interactions with specific RNA binding proteins that also oc-
cur in both latent and lytic infection.
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TABLE 2 RNA binding proteins that copurify with EBNA1

No. of assigned spectra®

Molecular

mass C666 CNE2 AGS AGS-EBV 0 h AGS-EBV 16 h
Identified protein ~ Accessionno.  (kDa) B-Gal EBNA1 B-Gal EBNAl1 B-Gal EBNAl1 B-Gal EBNAl (-Gal EBNAI
EBNA1 GI:56566195 56 0-0-0 46-16-81 0-0 20-34 0-0 19-7 0-0 26-8 0-0 87
hnRNP Al GI:111306451 29 0-3-0 6-48-31 4-2 4-2 0-0 26-10 0-2 12-16 0-0 3-9
hnRNP A2/B1 GI:14043072 37 0-3-0 6-28-31 65 4-9 0-0 31-6 0-0 23 0-0 1-7
hnRNP A/B GI:33874222 31 0-0-0 2-1-3 1-0 0-0 0-0 5-0 0-0 13-20 0-0 2:2
hnRNP A3 GI:34740329 40 0-0-0 4-0-1 0-0 0-0 0-0 16-3 0-0 5-2 0-0 1-2
hnRNP D GI:14110420 38 0-2:0 6-7-3 3-0 1-0 0-0 13-3 0-0 5:6 0-0 6-4
hnRNP Q GI:228008291 70 0-0-0 26-3-11 2:2 1-1 0-0 54-9 0-0 5012 0-0 17 -22
hnRNP R GI:2697103 71 0-0-0 19-0-4 0-1 0-2 0-0 34-6 0-0 9-3 0-0 5-14
La protein GI:10835067 47 0-0-0 7-3-17 0-0 0-0 0-0 0-0 0-0 2-4 0-0 4-28

“ Total number of tryptic peptides identified in individual experiments. Data from individual experiments are separated by dots.
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