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ABSTRACT To replicate and persist in human cells, linear double-stranded DNA
(dsDNA) viruses, such as Epstein-Barr virus (EBV), must overcome the host DNA
damage response (DDR) that is triggered by the viral genomes. Since this re-
sponse is necessary to maintain cellular genome integrity, its inhibition by EBV is
likely an important factor in the development of cancers associated with EBV in-
fection, including gastric carcinoma. Here we present the first extensive screen of
EBV proteins that inhibit dsDNA break signaling. We identify the BKRF4 tegu-
ment protein as a DDR inhibitor that interferes with histone ubiquitylation at ds-
DNA breaks and recruitment of the RNF168 histone ubiquitin ligase. We further
show that BKRF4 binds directly to histones through an acidic domain that targets
BKRF4 to cellular chromatin and is sufficient to inhibit dsDNA break signaling. BKRF4
transcripts were detected in EBV-positive gastric carcinoma cells (AGS-EBV), and
these increased in lytic infection. Silencing of BKRF4 in both latent and lytic AGS-EBV
cells (but not in EBV-negative AGS cells) resulted in increased dsDNA break signal-
ing, confirming a role for BKRF4 in DDR inhibition in the context of EBV infection
and suggesting that BKRF4 is expressed in latent cells. BKRF4 was also found to be
consistently expressed in EBV-positive gastric tumors in the absence of a full lytic in-
fection. The results suggest that BKRF4 plays a role in inhibiting the cellular DDR in
latent and lytic EBV infection and that the resulting accumulation of DNA damage
might contribute to development of gastric carcinoma.

IMPORTANCE Epstein-Barr virus (EBV) infects most people worldwide and is
causatively associated with several types of cancer, including ~10% of gastric
carcinomas. EBV encodes ~80 proteins, many of which are believed to manipu-
late cellular regulatory pathways but are poorly characterized. The DNA damage
response (DDR) is one such pathway that is critical for maintaining genome in-
tegrity and preventing cancer-associated mutations. In this study, a screen for
EBV proteins that inhibit the DDR identified BKRF4 as a DDR inhibitor that binds
histones and blocks their ubiquitylation at the DNA damage sites. We also pres-
ent evidence that BKRF4 is expressed in both latent and lytic forms of EBV infec-
tion, where it downregulates the DDR, as well as in EBV-positive gastric tumors.
The results suggest that BKRF4 could contribute to the development of gastric
carcinoma through its ability to inhibit the DDR.

KEYWORDS BKRF4, double-stranded break signaling, RNF168, histone ubiquitylation,
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pstein-Barr virus (EBV) is a gammaherpesvirus that has established lifelong infec-

tions in most people due to the ability to alternate between latent and lytic modes
of infection. While usually asymptomatic, EBV infection induces a variety of B-cell
lymphomas as well as nasopharyngeal carcinoma and gastric carcinoma (GC), account-
ing for ~10% of GCs (1-3). Due to the expression of a small subset of viral proteins and
many viral microRNAs, latent infection induces cell immortalization, which is an impor-
tant step in oncogenesis. However, increasing evidence indicates that sporadic switches
to lytic infection and/or expression of subsets of lytic proteins drives oncogenesis (4-6).
The EBV genome encodes approximately 80 proteins, ~70 of which are expressed only
in lytic infection. Combined, these proteins manipulate many cellular processes, includ-
ing innate immune responses, cell cycle progression, and DNA damage responses
(DDRs), to promote both cell survival and viral production. However, the functions of
most EBV lytic proteins are incompletely understood or completely unknown.

EBV and herpesviruses in general have a complicated relationship with the cellular
DNA damage response (DDR), both activating and inactivating different steps in the
response (7-10). The cell responds to DNA double-strand breaks (DSBs) by a cascade of
events beginning with MRE11-RAD50-NBS1 (MRN) binding to the double-stranded DNA
(dsDNA) break, which recruits and activates ATM, a phosphatidylinositol 3-kinase (PI3K)
protein kinase. Phosphorylation of the histone variant H2AX by ATM generates a
histone mark, y-H2AX, that is then read by MDC1. Next, the phosphorylation of MDC1
by ATM induces the recruitment of RNF8, an E3 ligase that initiates a ubiquitylation
cascade at the break by polyubiquitylating histone H1 (11-14). Following its recruit-
ment to DSBs through its interaction with polyubiquitylating histone H1, the E3 ligase
RNF168 monoubiquitylates histone H2A at lysines 13 and 15 (15), a histone mark that
is subsequently read by 53BP1, a DNA repair factor that promotes nonhomologous end
joining by preventing resection of the broken ends (16, 17). DSB signaling also induces
a transient p53 induction and activation and cell cycle arrest until the DNA break is
repaired. Failure to repair the break or aberrant DDR signaling results in sustained p53
activation and apoptosis.

As their DNA ends mimic dsDNA breaks, linear dsDNA viruses, such as EBV, would
typically elicit a DDR upon entry into the nucleus if not countered by viral proteins.
Indeed, it has been shown that incoming herpes simplex virus 1 (HSV-1) genomes are
detected by the DNA repair machinery but that histone ubiquitylation and recruitment
of repair proteins are inhibited by the action of the viral immediate early (IE) ubiquitin
ligase ICPO, which targets RNF8 and RNF168 for degradation (18, 19). For EBV and
Kaposi's sarcoma-associated herpesvirus (KSHV), it has been shown that ATM kinase
becomes activated upon initial infection of primary B cells and endothelial cells,
respectively (20-22). For EBV, this host response activates cell cycle arrest and limits cell
transformation (20, 21). There is also reason to believe that ATM activation by EBV may
be intentional, as ATM activation is required for EBV lytic infection. Indeed, ATM
inhibition or silencing has been reported by several labs to inhibit reactivation of EBV
to the lytic cycle in gastric carcinoma, nasopharyngeal carcinoma, and Burkitt's lym-
phoma cells (23-25). Moreover, ATM and several other proteins from the DDR pathway
have been detected at the sites of EBV lytic DNA replication, suggesting that they play
roles in EBV DNA replication (24, 26, 27). The EBV BZLF1 immediate early protein and
the BGLF4 viral kinase have been implicated in EBV-induced ATM activation, as either
protein expressed on its own induces ATM activation (25, 28).

Despite ATM activation by EBV infection, activation of p53 and apoptosis are
avoided, indicating that EBV has mechanisms to interfere with sustained DSB signaling.
Interestingly, BZLF1 has been shown to concomitantly activate ATM and interfere with
the formation of 53BP1 foci in response to DNA damage (29). Inhibition of the DDR was
reported to involve failure to recruit RNF8 to DNA damage sites, due to the ability of
BZLF1 to interfere with the Mdc-RNF8 interaction (29). However, few EBV proteins have
been studied for their effects on the DDR, and given the importance of DDR modulation
for EBV infection, it seemed likely that multiple mechanisms would exist to comman-
deer this pathway.
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The functions of many of the ~70 EBV lytic proteins are poorly characterized,
although it is assumed that they have roles in manipulating cellular processes. To
identify cellular functions for EBV proteins, we generated a library for expression of
individual EBV lytic proteins in human cells with C-terminal FLAG tags (30). The library
was characterized for efficiency of expression of full-length proteins and subcellular
localization (30). Viable constructs were then screened for the ability to disrupt or alter
PML nuclear bodies and contribute to cell cycle arrest at the G,/S interface (as is typical
of EBV lytic infection), leading to new functions for several EBV proteins (30, 31). In this
study, we screened the library of 47 viable EBV proteins for the ability to interfere with
cellular DSB signaling as detected by 53BP1 foci. This led to the identification of an EBV
tegument protein that binds to histones through an acidic region and inhibits the
ubiquitylation cascade that occurs at DSBs.

RESULTS

Screen of EBV proteins for inhibition of 53BP1 focus formation. To identify EBV
proteins that inhibit DSB signaling, 47 different epitope-tagged EBV lytic cycle proteins
were expressed individually in U20S cells, followed by a brief etoposide treatment to
induce DNA damage. Cells were then stained with anti-FLAG to identify cells expressing
and not expressing the FLAG-tagged viral protein (or with anti-myc in the case of
myc-tagged BBLF2/3), as well as with 53BP1 antibody. All visible 53BP1 foci (regardless
of intensity) were counted in 50 FLAG-positive and 50 FLAG-negative cells on the same
slide for each viral protein, and average values were compared (Table 1). The ICPO
protein of HSV-1 was included as a positive control, as it is known to induce the
degradation of RNF8 and RNF168 (18), which should inhibit formation of 53BP1 foci. As
expected, the 53BP1 focus numbers in cells expressing ICPO were 3- to 4-fold lower
than those in neighboring cells not expressing ICPO (ratio, 0.29). For most EBV proteins,
the ratio of FLAG-positive over FLAG-negative cells was close to 1, indicating that the
viral proteins did not affect formation of 53BP1 foci. For EBV proteins that appeared to
increase or decrease 53BP1 foci in the initial screen, the experiment was repeated two
additional times and overall fold changes, standard deviations, and P values for foci
were calculated (Table 1). These analyses identified 9 EBV proteins that consistently
downregulated 53BP1 foci by 30% or more (with P values of <0.05), including BZLF1,
which was previously reported to inhibit recruitment of RNF8 (29). These are indicated
by shading in Table 1.

BKRF4 inhibits ubiquitylation at DSBs through its N-terminal domain. One of
the EBV proteins that consistently inhibited the formation of 53BP1 foci was a tegument
protein (32). Tegument proteins are of interest because proteins in this compartment
of the virion typically function to alter cellular processes immediately upon viral
infection. Figure 1A (top row) shows the decrease in 53BP1 foci observed in cells
expressing FLAG-BKRF4 compared to the neighboring cells. We then examined two
earlier steps in the DDR. Ubiquitin conjugation to histones and other proteins at DNA
breaks can be detected with the FK2 antibody. Comparison of the numbers of FK2 foci
in cells expressing and not expressing BKRF4 after etoposide treatment showed that
this step of the DDR was also severely impaired by BKRF4 (Fig. 1A, second row).
However, the formation of y-H2AX foci, which occurs earlier in the DDR, was unaffected
by BKRF4 expression (Fig. 1A, bottom row).

The sequence of BKRF4 is shown in Fig. 2A. Although it contains no recognizable
enzymatic or structural domains, the N-terminal half (BKRF4N) has many acidic residues,
while the C-terminal half (BKRF4CQ) is very proline rich. Therefore, we examined the
effects of these two halves of BKRF4 (Fig. 2B). As shown in Fig. 1B, FLAG-BKRF4N but not
FLAG-BKRF4C inhibited the formation of 53BP1 and conjugated ubiquitin (FK2) foci in
response to etoposide treatment.

One possible reason for the inhibition of FK2 foci by BKRF4 would be failure to
recruit RNF168 at DSBs. Currently available RNF168 antibodies are not of sufficient
specificity to reliably detect RNF168 in DDR foci in the above-described assay. We
generated a doxycycline (Dox)-inducible green fluorescent protein (GFP)-RNF168 U20S
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TABLE 1 Effects of EBV proteins on 53BP1 focus formation after etoposide treatment?

Effect on 53BP1 focus formation

Protein Description or function Avg fold change sD P value
PMZS3F Empty vector 1.08 0.03 NA
ICPO HSV1 ubiquitin ligase positive control 0.29

BALF1 Bcl-2 homologue 1.27 0.05 0.05
BALF2 Major single-stranded DNA binding protein 0.94

BALF3 Endonuclease and DNA packaging 0.96

BARF1 Secreted cell stimulatory factor 1.12

BaRF1 Ribonucleotide reductase, small subunit 1.11

BBLF2 Part of BBLF2/3 protein 143 0.28 0.23
BBLF2/3 Helicase-primase complex component 1.02

BBLF4 DNA helicase 1.04 0.33 0.87
BBRF2 Uncharacterized homologue of HSV1 UL7 1.27 0.02 0.02
BcRF1 TATT binding protein; late gene activator 1.00

BCRF1 Viral interleukin 10 0.99 0.02 0.07
BDLF1 Minor capsid protein 1.03 0.16 0.70
BDLF2 Glycosylated envelope protein 0.63 0.03 0.004
BDLF3 Envelope glycoprotein gp150 1.07

BDLF4 Early gene protein 0.93 0.05 0.07
BdRF1 Scaffold protein 1.36 0.01 0.007
BFLF2 DNA packaging 0.87 0.40 0.54
BFRF1 Viral egress 0.59 0.06 0.01
BFRF2 Uncharacterized HSV-1 UL49 homologue 1.03

BFRF3 Small capsid protein 0.97

BGLF1 DNA packaging; HSV UL17 homologue 1.06

BGLF2 Tegument protein; cell cycle and AP-1 modulator 0.71 0.098 0.26
BGLF4 Serine-threonine kinase 1.06

BGRF1 Uncharacterized HSV UL15 homologue 0.99

BKRF3 Uracil DNA glycosylase 1.12

BKRF4 Tegument protein 0.65 0.18 0.03
BLLF2 Uncharacterized late gene 1.19

BLLF3 dUTPase 1.04

BLRF1 Envelope glycoprotein, gN homologue 1.00 0.10 0.36
BLRF2 Uncharacterized tegument 1.00

BMLF1 C-terminal part of SM/EB2 0.99

BMRF1 DNA polymerase processivity factor 0.68 0.03 0.007
BNLF2a Immune evasion; TAP inhibitor 0.66 0.14 0.02
BORF1 Minor capsid protein 0.98

BORF2 Ribonucleotide reductase, large subunit 1.24

BRLF1 Rta transcriptional activator 1.11 0.36 0.92
BRRF1 Na transcriptional activator 0.61 0.0002 0.002
BRRF2 Viral egress 0.62 0.05 0.009
BSLF1 DNA primase 1.39 0.03 0.009
BSLF2 N-terminal part of SM/EB2 1.33 0.12 0.170
BSRF1 Uncharacterized tegument protein 1.13

BTRF1 Uncharacterized 1.10 0.002 0.55
BVRF1 Uncharacterized tegument protein 0.94 0.20 0.43
BVRF2 Autocatalytic scaffold protease 0.83 0.03 0.02
BXLF1 Thymidine kinase 0.88 0.20 0.29
BZLF1 Zta (ZEBRA) transcriptional activator 0.58 0.09 0.02
SM protein mRNA binding and export 0.48 0.03 0.003

aNumber of 53BP1 foci in cells expressing the indicated protein (FLAG positive) were counted for 50 cells and compared to 50 cells on the same slide that are not
expressing the protein (FLAG negative). Ratios of FLAG-positive to FLAG-negatve focus numbers are shown. Standard deviations and P values were calculated from 3
to 4 independent experiments. EBV proteins that consistently inhibited 53BP1 focus formation (P value < 0.05) are shaded. NA, not applicable.

2-6-5 cell line to visualize the recruitment of the protein to DSBs. In these experiments,
cells transfected with plasmids expressing BKRF4 or BKRF4N or empty plasmid were
Dox treated to induce GFP-RNF168 expression and then treated with etoposide, and
the recruitment of GFP-RNF168 to DSBs was quantified by counting the y-H2AX-
positive GFP-RNF168 foci in 50 cells in three independent experiments (Fig. 3A and B).
Cells expressing BKRF4 or BKRF4N were found to have decreased GFP-RNF168 foci at
the DNA breaks, although the expression of GFP-RNF168 was not significantly affected
(Fig. 3C). These results support a model where BKRF4 inhibits RNF168-induced ubig-
uitylation of H2A on the chromatin surrounding the break, at least in part by inhibiting
the recruitment of RNF168.

July 2018 Volume 92 Issue 14 €00262-18 jviasm.org 4


http://jvi.asm.org

Mechanism of DNA Damage Response Inhibition by BKRF4 Journal of Virology

A DAPI DDR marker FLAG (BKRF4) DDR/FLAG
8§25 :S 1.5
« 20 s
S 15 5 10 *
53BP1 b S o5 —
E 5 S
20 .0
B 2"l BKRF4
340 3 1.5
« 30 S
FK2 520 .
-g 101 g o * %k
2 o g 0o
< ctl BKRF4
340 :.g 15
= 30 ‘S
—— gzo % 1.0 T
Y 24 Qo5 .
2o 2 0o
ctl BKRF4 < ctl BKRF4
B DAPI 53BP1 FLAG (BKRF4) FLAG/53BP1
v ;g Al ug: 1.5
"é N E 1.0 * %k %
BKRF4N g2 © . _
£ 10 g’ 0.5
2 ol 2 o0
< ctl BKRF4N
B 40 g 1.5
§ . E 1.0 —
BKRF4C 5 20 ~
£ 10 g’ 0.5
2 o 2 oo
< ctl BKRF4C
DAPI FLAG (BKRF4) FLAG/FK2
82 2 s
51 S 1o
BKRF4N : éﬂ; S os . —
5 ]
s 2""7cl BKRF4N
8z R
S5 - 10 —
BKRF4C 210 o
E 54 ?05
2ol—— S
ctl BKRF4C < ctl BKRF4C

FIG 1 Effect of BKRF4 on DSB signaling. (A) U20S cells were transiently transfected with FLAG-BKRF4 expression plasmid, and then cells were treated for 2 h
with etoposide (10 ug/ml for 53BP1 and FK2 foci and 1 ug/ml for y-H2AX foci) to induce DNA damage. Cells were stained with antibody against FLAG and
antibody against either 53BP1, conjugated ubiquitin (FK2), or y-H2AX to mark DDR foci and then counterstained with DAPI. DDR foci were counted in 50
FLAG-positive and 50 FLAG-negative cells on the same slides. The distribution of the cell focus numbers for one experiment is shown in each cluster diagram.
The bar graphs show the average focus values relative to FLAG-negative control (ctl) cells, with SDs and P values (*, 0.01 < P < 0.05; **, 0.001 < P < 0.01; ***,
P < 0.001) from 3 independent experiments. (B) Same experiment as for panel A except that FLAG-BKRF4N and FLAG-BKRF4C expression plasmids were used. Scale
bars = 10 um.

BKRF4 is highly associated with histones. To gain insight into how BKRF4 might
inhibit RNF168 recruitment, we conducted affinity purification-mass spectrometry (AP-
MS) experiments on BKRF4 to identify its cellular protein interactions. To this end,
FLAG-tagged BKRF4 was expressed in 293T cells, then BKRF4 and associated cellular
proteins were recovered on anti-FLAG resin, and eluted proteins were trypsinized and
analyzed by liquid chromatography-tandem mass spectroscopy (LC-MS/MS). 293T cells
are the cells of choice for AP-MS experiments because their extensive use by proteom-
ics experts has led to the development of a database (CRAPome [33]) for assessing and
eliminating nonspecific/background interactions (http://crapome.org/). We conducted
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B acidic proline-rich
BKRF4
15 111 217

FIG 2 BKRF4 amino acid sequence. (A) The amino acid sequence of BKRF4 is shown. (B) Schematic of the
arrangement of the BKRF4 acidic and proline-rich domains and the BKRF4 mutants generated.

three independent experiments with BKRF4 under stringent salt conditions (250 mM
NaCl) designed to limit nonspecific interactions. Interactors that were recovered in all
three BKRF4 experiments at levels significantly above that seen in the FLAG-LacZ
negative control or average values in the CRAPome database of nonspecific interac-
tions are shown in Table 2. Histones were overwhelmingly the most frequently recov-
ered proteins, and most of the other recovered proteins were chromatin associated.
This profile suggested that BKRF4 might bind directly to histones and recover other
proteins indirectly through their association with chromatin.

BKRF4 binds directly to histones through its N-terminal domain. The AP-MS
profile of BKRF4 suggested that it might bind directly to histones. To test this, we
expressed 6xXHis-BKRF4-glutathione S-transferase (GST) in Escherichia coli and partially
purified it on metal-chelating resin. In parallel, we generated histone octamers by
assembling histones that were produced in E. coli (34). The BKRF4 protein was immo-
bilized on glutathione resin and then incubated with the purified histone octamers.
After washing, bound proteins were eluted from the resin with glutathione and
compared to proteins that had flowed through the resin. Identical experiments were
performed with 6XHis-GST purified on metal chelating resin as a negative control.
Figure 4A shows that histone octamers were efficiently bound by BKRF4 but not by the
6XHis-GST negative control.

Histone octamers are comprised of H2A/H2B dimers and H3/H4 tetramers. To
determine whether BKRF4 had specificity for either of these subcomplexes, H2A/H2B
dimers and H3/H4 tetramers were assembled from recombinant histones, and the
binding experiments with 6 XHis-BKRF4-GST and 6 XHis-GST were repeated (Fig. 4B and
C). Both the H2A/H2B dimers and H3/H4 tetramers were efficiently bound by BKRF4 but
not by 6XHis-GST.

Since BKRF4N was sufficient to inhibit the DDR, we also asked whether it mediated
the interaction with histones. To determine this, we generated and partially purified
6 His-BKRFAN-GST from E. coli and tested its ability to bind purified recombinant
histones in GST pulldown assays. Like BKRF4, BKRF4N efficiently bound histone octam-
ers, H3/H4 tetramers, and H2A/H2B dimers (Fig. 4D, E, and F), indicating that the
N-terminal acid domain is responsible for histone interactions.

Two herpesvirus proteins have been reported to bind histones octamers, LANA from
KSHV and IET from cytomegalovirus (35, 36). In both cases these interactions involve
contact with the acid patch in H2A/H2B dimers. Our finding that BKRF4 could bind to
both H2A/H2B dimers and H3/H4 tetramers suggested that the acid patch was not
required for binding. However, it was also possible that the dimers and tetramers were
bound through two different mechanisms. To test the importance of the acid patch for
H2A/H2B binding, we generated H2A/H2B dimers from a mutant form of H2A in which
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FIG 3 Effect of BKRF4 on RNF168 recruitment to dsDNA breaks. (A) U20S 2-6-5 cells with inducible
GFP-RNF168 were transiently transfected with plasmids expressing FLAG-tagged BKRF4 or BKRF4N or
empty plasmid (EV), GFP-RNF168 expression was induced with doxycycline for 24 h, and cells were then
treated with 10 ug/ml of etoposide for 2 h to induce DNA damage. Cells were processed for FLAG (red)
and y-H2AX (white) immunofluorescence, and GFP foci were also visualized by fluorescence microscopy.
In all micrographs, dashed lines indicate the nucleus outline (as determined by DAPI staining; not shown),
and insets represent X 10 magnifications of the indicated fields. Scale bar = 5 um. (B) GFP-RNF168 foci
were counted in at least 50 cells expressing the indicated FLAG-tagged protein (or EV control) for three
independent experiments; distributions of the focus numbers are shown in the cluster diagram. Mean
values = SDs relative to control cells for three independent experiments are also shown in the bar graph.
P values are indicated as in Fig. 1. (C) Western blots are shown for samples generated as for panel A using
antibodies against GFP and FLAG (and tubulin as a loading control). Values under the lanes show
expression levels of GFP-RNF168 (normalized to tubulin) relative to empty vector control.

5 acidic residues that form the acid patch were replaced with alanines and compared
the retention of these dimers by BKRF4N to wild-type (WT) H2A/H2B dimers (Fig. 4G).
Both forms of H2A/H2B dimers were efficiently bound by BKRF4N, confirming that
BKRF4 interacts with histones through a different mechanism than LANA and IE1.
BKRF4 localizes to cellular chromatin through its N-terminal domain. The ability
of BKRF4 to bind histones suggested that BKRF4 may be associated with cellular
chromatin. We conducted two sets of experiments to test this possibility. First, we
expressed FLAG-tagged BKRF4 in a nasopharyngeal carcinoma cell line (CNE2Z), stained
the cells with 4',6-diamidino-2-phenylindole (DAPI) and anti-FLAG antibody, and

July 2018 Volume 92 Issue 14 €00262-18

Journal of Virology

jviasm.org 7


http://jvi.asm.org

Ho et al. Journal of Virology

TABLE 2 Affinity purification-mass spectrometry of BKRF4 reveals histone interactions®

GenBank Total spectral count

accession

no/|protein FLAG-LacZ FLAG-BKRF4 CRAPome
identifier Expt 1 Expt 2 Expt 3 Expt 1 Expt 2 Expt 3 avg
POC724|BKRF4 0 0 0 23 50 58 NA
P62805|H4 18 10 9 178 298 154 13
P33778|H2B1B 1 0 0 55 103 72 15
Q96QV6|H2A1A 0 0 0 26 118 27 6
075367|H2AY 0 0 0 19 61 27 7
P04908|H2A1B 4 6 7 24 45 36 10
Q9POM6|H2AW 0 0 0 18 33 16 5
Q71UI9|H2AV 4 2 1 24 31 27 6
Q96A08|H2B1A 0 0 0 7 18 15 6
P09874|PARP1 9 12 14 52 119 65 12
P12956|XRCC6 3 2 2 57 77 57 9
P13010|XRCC5 4 0 3 41 65 50 7
Q93009|USP7 0 0 0 32 61 45 4
P83916|CBX1 2 0 1 19 27 11 3
Q99961|SH3G1 0 0 0 14 23 21 2
P27694|RPA1 0 0 0 9 24 16 5
Q14527|HLTF 0 0 0 10 17 6 2
Q96T88|UHRF1 0 0 0 10 9 3 0

aTotal spectral counts for three independent experiments with FLAG-BKRF4 or FLAG-LacZ (negative control)
are shown. Histone interactors are shaded. Average spectral counts reported for each protein in the
CRAPome database are also shown for comparison.

looked for colocalization of FLAG-BKRF4 with the condensed DNA in mitotic cells. As
shown in Fig. 5A (top row), a significant proportion of BKRF4 clearly localized to
metaphase chromatin, and this was observed in all 8 of the metaphase cells expressing
FLAG-BKRF4 that we found.

We also examined chromatin association of BKRF4 by biochemical fractionation. In
this case, FLAG-BKRF4 was expressed in 293T cells, and then lysates from log-phase cells
were separated into soluble and pellet fractions. The pellet fraction was then treated
with DNase to resolubilize chromatin-associated proteins (chromatin-associated frac-
tion). Equal cell equivalents of the soluble and chromatin-associated fractions were
then compared by Western blotting with anti-FLAG antibody (Fig. 5B). To verify the
clean separation of soluble and chromatin fractions, these fractions were also probed
with antibodies against histone H4 and NM23-H1 (37), as markers for chromatin-
associated and cytoplasmic proteins, respectively. The results show that BKRF4 was
distributed approximately evenly between the soluble and chromatin-bound fractions.
We also conducted the same experiment after etoposide treatment of the cells but
found that this did not change the distribution of BKRF4 (Fig. 5B).

The chromatin localization of FLAG-BKRF4N and FLAG-BKRF4C was also examined.
Immunofluorescence microscopy (in CNE2Z cells) showed that BKRFN was tightly
associated with the condensed chromatin in metaphase cells, whereas BKRFC was
excluded from the chromatin (Fig. 5A). The same localization was observed in all
metaphase cells that we found expressing FLAG-BKRF4N or FLAG-BKRF4C. Similarly,
biochemical fractionation of log-phase 293T cells showed that most of the BKRFN was
chromatin associated, while BKRF4C was in the soluble fraction (Fig. 5C). In addition to
the large acidic region, BKRF4N has a sequence at its N terminus (3-MFLKS-7) with
similarity to the LANA peptide (6-MRLRS-10) that mediates interactions with the
H2A/H2B acid patch (35). The finding that BKRF4 binding to histones does not require
the acid patch suggests that this sequence is not important for histone binding.
However, to determine if it made some contribution to chromatin targeting, we
examined the chromatin association of FLAG-BKRF4,5_,,,, which lacks this sequence
(Fig. 2B). Both immunofluorescence microscopy and biochemical fractionation ap-
proaches showed that FLAG-BKRF4,;_,,, was tightly associated with cellular chromatin
(Fig. 5A and Q). Together, the results indicate that the BKRF4 acidic region mediates
interactions with cellular chromatin.
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is compared to binding to WT H2A/H2B dimers (BKRF4N + H2A/H2B).
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FIG 5 Chromatin localization of BKRF4 and BKRF4N. (A) CNE2Z cells were transiently transfected with plasmids expressing
FLAG-BKRF4 or the indicated FLAG-tagged BKRF4 mutant. Log-phase cells were fixed and stained with anti-FLAG antibody and
DAPI. Scale bar = 10 um. (B and C) 293T cells were transiently transfected with plasmids expressing FLAG-BKRF4 (B) or the
indicated FLAG-tagged BKRF4 mutant (C). Log-phase cells were lysed (total fraction in panel C) and separated into soluble and
insoluble fractions. Chromatin-associated proteins in the insoluble fraction were then solubilized by DNase digestions to
generate the chromatin-associated fraction (chromatin). Equal cell equivalents of each fraction were analyzed by Western
blotting with anti-FLAG antibody. The same fractions were probed with antibodies against histone H4 and Nm23-H1 as
markers of chromatin-associated and soluble proteins.

BKRF4 expression and effects on the DDR in EBV infection. We previously
analyzed transcriptome sequencing (RNA-Seq) data on purified-poly(A)-containing RNA
from eight EBV-positive gastric carcinomas and showed that in addition to the ex-
pected EBV latency genes, these tumors consistently express 18 lytic EBV transcripts,
representing subsets of immediate early, early, and late genes (5). This pattern was not
consistent with a lytic infection but rather suggested that specific EBV lytic proteins
were being expressed in the absence of lytic infection. Interestingly, BKRF4 was one of
these EBV proteins. The level of poly(A)-containing BKRF4 mRNA in each tumor sample
is shown in Fig. 6A.

The BKRF4 expression in gastric tumors prompted us to examine the expression of
BKRF4 in the EBV-positive gastric carcinoma cell line AGS-EBV. Transcripts correspond-
ing to the BKRF4 coding sequence were quantified in AGS-EBV cells before and 24 h
after reactivation to the lytic cycle by treatment with 12-O-tetradecanoylphorbol-13-
acetate (TPA) and sodium butyrate. As expected, BKRF4 transcripts increased dramat-
ically after lytic reactivation (Fig. 6B). This signal may also include primary transcripts
from BKRF3, since its 3’ untranslated region (UTR) overlaps with BKRF4. Interestingly,
we also consistently detected a low level of BKRF4 transcripts in the uninduced cells.
This signal in uninduced cells could be due either to BKRF4 expression in the 1 to 3%
of AGS-EBV cells that spontaneously enter the lytic cycle or to a low level of BKRF4
transcripts in the latent cells. We also repeated these experiments with AGS-EBV cells
after treatment with small interfering RNA (siRNA) targeted to BKRF4, confirming that
these transcripts can be efficiently depleted by this approach in both latent and lytic
AGS-EBV cells (Fig. 6B).

To determine whether BKRF4 impacts cellular DSB signaling in the context of EBV
infection, we silenced BKRF4 in AGS-EBV cells with siRNA and then either reactivated
EBV to the lytic cycle (with sodium butyrate-TPA treatment) or left the cells in the latent
state. Efficient silencing of BKRF4 transcripts was confirmed by quantitative real-time
PCR (qRT-PCR) as shown in Fig. 6B. Cells were then stained for 53BP1 to identify
endogenous DSB signaling, as well as for BMRF1 as a marker of early lytic gene
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FIG 6 Expression of BKRF4 in AGS-EBV cells and gastric tumors. (A) Transcriptome (RNA-Seq) data from
eight EBV-positive gastric carcinomas were analyzed for BKRF4 transcripts (dark bars) and shown relative
to baseline values (light bars), calculated as the average expression of EBV-encoded EBNA 2, EBNA3A,
EBNA3B, and EBNA3C transcripts, known not to be expressed in gastric carcinoma. (B) AGS-EBV cells were
transfected with siRNA against BKRF4 (siBKRF4) or AllStars negative-control siRNA (siCtl). Twenty-four
hours later, cells were either lysed (uninduced) or induced with butyrate-TPA treatment for 24 h prior to
harvesting. BKRF4 transcripts in each sample were quantified by qRT-PCR and normalized to actin. Values
shown (from three independent experiments) are relative to siCtl uninduced samples.

expression. Because butyrate-TPA treatment causes viral reactivation in only a subset of
the cells, BMRF1 staining allowed us to distinguish the cells that entered the lytic cycle
after this treatment from those cells on the same slide that remained latent. 53BP1 foci
were counted separately in BMRF1-positive and BMRF1-negative cells that had received
the butyrate-TPA treatment. In both cases, BKRF4 silencing caused a degree of increase
in 53BP1 foci similar to that with negative-control siRNA (P values were 0.008 and 0.07
for latent and lytic cells, respectively), suggesting that BKRF4 was expressed in both cell
populations (Fig. 7A). In contrast, any effect on BKRF3 expression would not have been
expected to affect 53BP1 foci, since our screen showed that BKRF3 did not affect 53BP1
foci (Table 1). Latent AGS-EBV cells that had not received the butyrate-TPA treatment
also showed a statistically significant increase in 53BP1 foci upon BKRF4 silencing (P =
0.0017 [Fig. 7A]). This effect of BKRF4 siRNA was not seen in parental EBV-negative AGS
cells (Fig. 7A), indicating that the effect on 53BP1 foci was not due to an off-target effect
of the siRNA on a cellular protein. Interestingly, the lytic cells had a reduced number of
53BP1 foci compared to the latent cells, consistent with inhibitory effects of lytic
proteins on DSB signaling.
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FIG 7 BKRF4 silencing increases DSB signaling in AGS-EBV latent and lytic cells. (A) AGS-EBV cells or EBV-negative
AGS cells (right side) were transfected with siRNA targeting BKRF4 (siBKRF4) or negative-control siRNA (siCtl).
Twenty-four hours later, cells were harvested directly or treated with butyrate and TPA (Bu/TPA) for 24 h to
reactivate EBV. Cells were then stained with antibodies against BMRF1 (to identify cells in lytic infection) and 53BP1
to mark DDR foci. DDR foci were counted in 50 cells in each category in three independent experiments. Average
values, SDs, and P values (*, 0.01 < P < 0.05; **, 0.001 < P < 0.01; ***, P < 0.001) are shown. In the Bu/TPA-treated
samples, DDR focus counts are shown separately for BMRF1-positive (lytic) and BMRF1-negative (latent) cells. (B)
Three independent experiments with AGS-EBV cells were performed as for panel A, except that cells were treated
with 10 ug/ml of etoposide for 2 h to induce DNA damage. (C) Sample images of Bu/TPA-treated siCtl cells in B
showing 53BP1 foci in lytic (BMRF1-positive) and latent (BMRF1-negative) cells. Scale bar = 10 um.

We also repeated the BKRF4 silencing experiment (with and without reactivation of
EBV to the lytic cycle) but included a mild etoposide treatment (as in the initial screen)
to induce the DDR. Again, the latently infected cells that did not receive the butyrate-
TPA treatment or that did not reactivate after this treatment showed a statistically
significant increase in 53BP1 foci with BKRF4 silencing (P values of 0.009 and 0.003,
respectively [Fig. 7B]). Note that the mild etoposide treatment did not lead to EBV
reactivation, as cells did not stain for the BMRF1 lytic protein marker (data not shown).
Again, the AGS-EBV cells that reactivated to the lytic cycle had fewer 53BP1 foci than
the latent cells, indicating that DSB signaling was suppressed in the EBV lytic cycle.
Sample images of this effect are shown in Fig. 7C. This is consistent with our finding
that multiple EBV lytic proteins inhibit DSB signaling. However, silencing of BKRF4 still
resulted in a detectable increase in 53BP1 foci (P = 0.08). Together the results suggest
that BKRF4 plays a role in inhibiting DSB signaling in both latent and lytic EBV infection.

DISCUSSION

EBV manipulates multiple cellular processes in order to promote viral infection and
the survival of infected cells. While some aspects of EBV lytic infection induce ATM
kinase signaling, downstream steps of the DDR must be inhibited in order to avoid
apoptosis. However, little is known about which EBV proteins function to inhibit the
host DDR. Here we present an unbiased screen of EBV lytic cycle proteins that inhibit
DSB signaling as detected by downregulation of 53BP1 foci after induction of DNA
damage. We identify nine EBV lytic proteins with some capacity to inhibit this pathway,
including one (BZLF1) that was previously reported to do so (29). While some of these
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proteins might affect DSB signaling indirectly, we have shown that BKRF4 binds directly
to histones and interferes with ubiquitylation at sites of DNA damage.

Analysis of the steps of the DDR that are affected by BKRF4 showed that H2AX
phosphorylation occurred normally but that subsequent ubiquitylation events at the
DSB breaks was impaired. This ubiquitylation is carried out by two E3 ubiquitin ligases,
RNF8 and RNF168. RNF8 initiates the ubiquitylation cascade by polyubiquitylating
histone H1 (11-14), which serves to recruit RNF168. RNF168 then monoubiquitylates
histone H2A (at lysines 13 and 15) (15). Assays measuring recruitment of RNF168 to sites
of DNA damage showed that BKRF4 interfered with this recruitment, which would
explain the effect of BKRF4 on the inhibition of ubiquitylation signaling and the
recruitment of 53BP1 at the break. It is possible that recruitment of RNF8 might also be
affected, although this remains to be tested.

In keeping with the ability of BKRF4 to interfere with RNF168 recruitment and
histone ubiquitylation, we found that BKRF4 directly binds to histones. This supports a
model in which BKRF4 binding to histones at DSBs physically blocks recruitment of
RNF168, and possibly other factors, thereby inhibiting further DSB signaling and DNA
repair. Two other viral proteins have been reported to inhibit DSB signaling through
nucleosome interactions. Adenovirus core protein VIl interacts with nucleosomes and
downregulates DSB signaling by inhibiting phosphorylation of H2AX (38, 39). The KSHV
LANA protein interacts directly with histones and inhibits H2A ubiquitylation by RNF168
(35, 40). This resembles the mechanism of DDR inhibition that we have discovered for
BKRF4. However, LANA interacts specifically with H2A/H2B dimers through the acid
patch on H2A, blocking the RNF168-acid patch interaction that is required for H2A
ubiquitylation (40, 41). In contrast, BKRF4 can interact with H3/H4 tetramers or H2A/H2B
dimers independent of the acid patch. The cytomegalovirus IE protein also interacts
with the acid patch on H2A/H2B dimers (36), although its effect on DSB signaling has
not been reported. Both LANA and IE1 use a short basic peptide to target the H2A/H2B
acid patch. BKRF4 is unique among the known histone binding viral proteins in using
an acidic region to target histones. This resembles the mechanism by which the cellular
histone chaperone Nap1 targets histones. Like BKRF4, Nap1 uses an acidic domain to
interact with histone and can bind both H2A/H2B dimers and H3/H4 tetramers in vitro
(42-44).

BKRF4 has no homologues in alpha- or betaherpesviruses but is distantly related to
ORF45 in KSHV. However, ORF45 is twice as big (407 amino acids) as BKRF4 and only
20% similar (14% identical). BKRF4 and ORF45 appear to have conserved structural
functions in the virion, as they both interact with homologous virion components (EBV
BGLF2 and KSHV ORF33, respectively) through a conserved C-terminal sequence, are
packaged in the virion tegument, and affect the production of progeny virions (45, 46).
ORF45 was also found to bind USP7 and use it to stabilize ORF33 (45). Our AP-MS data
with BKRF4 also revealed an interaction with USP7, suggesting that this interaction
might similarly be used to stabilize BGLF2. While BKRF4 and ORF45 may have similar
structural roles in the virion, there is no evidence of conservation of their cellular
effects. ORF45 functions in activating extracellular signal-related kinase (ERK) and p90
ribosomal S6 kinase to facilitate viral translation (47, 48). Unlike with BKRF4, AP-MS
performed with ORF45 does not identify any significant interaction with histones
(reference 49 and our unpublished data). Therefore, it is likely that these proteins have
distinct cellular effects.

Our data are consistent with a low level of BKRF4 expression in latently infected
AGS-EBV cells. We consistently detected BKRF4-containing transcripts in AGS-EBV.
While this could be due to BKRF4 expression in the small percentage (1 to 3%) of cells
spontaneously entering the lytic cycle, our finding that BKRF4 silencing increased the
DSB break signaling in the latent population of AGS-EBV cells strongly suggests that
some BKRF4 was being expressed in these cells. This effect was seen on both sponta-
neous 53BP1 foci and DNA damage-induced 53BP1 foci in latent AGS-EBV cells, whereas
no effect of BKRF4 silencing was evident in EBV-negative AGS cells, arguing against an
off-target effect on a cellular protein. Note that while an antibody against BKRF4 was
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recently developed, it appears to require high levels of BKRF4, such as those that
accumulate 2 days after reactivation, for detection by immunofluorescence microscopy
(reference 46 and our unpublished data). The expression of BKRF4 in AGS-EBV cells was
also reported by Liang et al. (50), who further verified the presence of BKRF4 transcripts
in two additional EBV-positive gastric carcinoma cell lines (SNU179 and YCCEL1). In
addition, BKRF4 transcripts have been detected in the EBV-positive nasopharyngeal
carcinoma cell line C666-1, which is tightly latent (51). Furthermore, our analysis of
purified poly(A) mRNA from eight gastric carcinoma samples showed that BKRF4 was
expressed in 7 out of 8 of these samples (reference 5 and Fig. 6A). Together, the data
suggest that BKRF4 not only plays a role in lytic infection but also makes contributions
to latent infection.

We have shown that BKRF4 downregulates DSB signaling in the context of both
latent and lytic EBV infection. The finding that the magnitude of the effect is small is
likely due to the expression of multiple EBV proteins in these cells, some of which
would also impact DDRs. Indeed, we identified nine EBV proteins expressed in lytic
infection that downregulate DSB signaling, suggesting some degree of redundancy in
inhibiting this cellular pathway. We expect that these proteins function through a
variety of mechanisms and that some may affect DSB signaling indirectly. The efficient
inhibition of DSB signaling by EBV lytic proteins was demonstrated by the fact that
53BP1 foci that formed in response to DNA damage were significantly decreased in
lytically infected cells compared to latent cells (Fig. 7B). This efficient inhibition is most
likely due to the action of a combination of the EBV lytic proteins that we have
identified as inhibiting DSB signaling. Since previous studies have shown that EBV lytic
infection activates ATM (20, 23, 24), inhibition of the ATM signaling pathway down-
stream of ATM activation is likely important to ensure cell survival.

The finding that BKRF4 is consistently expressed in gastric carcinoma raises the
possibility that BKRF4 contributes to oncogenesis. Its ability to inhibit the DDR would
be expected to lead to an accumulation of DNA damage, which is an important factor
in oncogenesis (52). While our screen identified BKRF4 as a DDR inhibitor, it seems likely
that a protein that binds histones so efficiently may impact additional chromatin-
associated functions. For example, BKRF4 might interfere with the recruitment of
histone readers and writers that regulate the transcription of cellular and viral genes.
Therefore, it will be interesting to investigate the full impact of BKRF4 on histones and
chromatin-related processes and how these relate to EBV infection and oncogenesis.

MATERIALS AND METHODS

Expression constructs. The library of EBV proteins was generated in pMZ3F for expression with
C-terminal calmodulin binding peptide and triple FLAG tags, as previously described (30). The DDR
screen also used pDH318 (53) expressing Myc-BBLF2/3 (a gift from Diane Hayward) and pCMV3FC
expressing SM (two EBV proteins not in our initial library). pCMV3FC-SM was generated by PCR
amplification of SM from pCDNA3 (a gift from Sankar Swaminathan) and insertion between Sall and Xbal
sites in pCMV3FC. Full-length BKRF4 was subcloned into pCMV3FC from pMZS3F-BKRF4 using Xbal/Xhol
sites. For the expression of BKRF4N (amino acids 1 to 111), BKRF4C (amino acids 112 to 217), and
BKRF4,,_,,, (amino acids 15 to 217) in human cells, relevant BKRF4 fragments were PCR amplified and
inserted between the Hindlll and BamHI sties in pCMV3FC using the following primer pairs: for BKRF4N,
5'-ACGAAGCTTATGGCCATGTTTCTGAAGTC-3’ and 5'-ACGGGATCCAGATCGTGAGGCCTGAG-3'; for BKRF4,
5'-ACGAAGCTTATGTCAAGAGTCTCGCCATCTAC-3" and 5'-ACGGGATCCCAGCCATGGCCAATTG-3'; and for
BKRF4,5_5,5, 5'-ACGAAGCTTATGGACCGGCGCCTCT-3" and 5'-ACGGGATCCCAGCCATGGCCAATTG-3'".

To construct the BKRF4 clones for expression in bacteria, a modified version of pET15b (pET15b-GST)
was made by inserting a multiple-cloning site followed by a GST tag. The primers 5'-ACGCATATGGGA
TCCCGGGTCGACTCGAGAATGTCCCCTATACTAGGTTAT-3" and 5'-CGTAGATCTTCATTTTGGAGGATGGTCG
C-3" were used to PCR amplify a GST tag with a multiple-cloning site, and this fragment was inserted
between the Ndel and Bglll sites of pET15b. The coding sequences of full-length BKRF4 and BKRF4N were
PCR amplified and inserted between the Ncol and Sall sites of pET15b-GST vector (to generate proteins
with N-terminal 6 XHis and C-terminal GST tags) using the following primer pairs: for full-length BKRF4,
5'-ATACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCATGGCAATGT
TTCTGAAAAGC-3' and 5'-CGTGTCGACCAGCCACGGCCAGTTATAATT-3’, and for BKRF4N, 5'ATACCATGGGCA
GCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCATGGCAATGTTTCTGAAAAGC-3" and
5'-CGTGTCGACGCTACGGCTGGCCTG-3'.

The PiggyBac (PB) transposon-based PB-TetO-GFP-RNF168 expression vector was generated in three
steps. (i) The OSKM genes from PB-TAC-OSKM (kind gift from Knut Woltjen; Addgene plasmid 80481) was
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exchanged for a ccdB gene in a BP clonase reaction with pDONR-221 to generate PB-TAC-gateway
plasmid. (ii) The IRES-mCherry reporter cassette was then removed from PB-TAC-gateway by Sfo I/Apal
restriction digestion, Klenow fill-in reaction, and ligation to generate PB-TetO-gateway. (iii)) GFP-RNF168
was PCR amplified from pCDNA FRT-TO-GFP-RNF168 (54), gateway cloned into pDONR-221, and recom-
bined into PB-TetO-gateway with LR clonase. The PB-CA-rtTA-IRES-NEO plasmid was generated by
cloning an rtTA-IRES-neo fragment (obtained by Notl/Sall restriction enzyme digestion of pRetroX-Tet-On
Adv [632104 from Clonetech]) into PB-CA (kind gift from Andras Nagy; Addgene plasmid 20960) by
Notl/Sall restriction enzyme digestion and ligation.

Cell culture. Human embryonic kidney 293T cells and U20S osteosarcoma cells were cultured in
Dulbecco modified Eagle medium (DMEM) with 10% fetal bovine serum (FBS). CNE2Z EBV-negative
nasopharyngeal carcinoma cells (55) were grown in a-MEM with 10% FBS, and AGS-EBV cells (EBV-
positive gastric carcinoma [56]; a gift from Lindsay Hutt-Fletcher) were grown in RPMI medium with 10%
FBS. U20S 2-6-5 cells (57) (a gift from Roger Greenberg) were cultured in McCoy’s medium supplemented
with 10% FBS. U20S 2-6-5 cells with Tet-inducible GFP-RNF168 were generated with a PB transposon
system (58, 59). These cells were transfected with 125 ng of plasmid expressing the transposase (pCMV
hypBase; Wellcome Sanger Institute), 125 ng of PB-CA-rTTA-IRES-NEO, and 1 ug of PB-TAC-GFP-RNF168.
Forty-eight hours posttransfection, cells were treated with 2 ug/ml of G-418 (Sigma-Aldrich) for 5 days
to select positive clones. Cells were then sorted for GFP expression with a BD SORP FACS Aria Il
cytometer.

DDR focus analysis in U20S cells. U20S cells were grown in 6-well cluster plates on glass coverslips
and transfected with 0.5 ug of expression plasmids using PolyJet in vitro DNA transfection reagent
(FroggaBio) with a DNA-to-PolyJet ratio of 1:2. Twenty-four hours posttransfection, cells were treated for
2 h with 10 pg/ml (for 53BP1 and FK2 foci) or 1 wg/ml (for y-H2AX foci) of etoposide. Cells were then
fixed with 3.7% formaldehyde in phosphate-buffered saline (PBS; 20 min), permeabilized with 0.5% Triton
X-100 in PBS (5 min), and blocked with 4% bovine serum albumin (BSA) in PBS (20 min) prior to
incubation with primary and secondary antibodies in 4% BSA in PBS. EBV proteins were detected by
virtue of their FLAG tag using either mouse anti-FLAG M2 antibody at 1:1,000 (Sigma-Aldrich) or rabbit
anti-DDDDK antibody at 1:1,000 (Bethyl Laboratories). EBV protein BBLF2/3 was detected through its myc
tag with anti-c-myc monoclonal antibody 9E10 (Santa Cruz Biotechnology; 1:1,000 dilution), and ICPO was
detected with mouse anti-ICPO antibody (Virusys; 1:2,000). y-H2AX, conjugated ubiquitin, and 53BP1 foci
were visualized using rabbit anti-y-H2AX (Bethyl Laboratories; 1:1,000 dilution), mouse anti-
ubiquitinylated protein antibody clone FK2 (EMD Millipore; 1:500 dilution), and rabbit anti-53BP1 (Bethyl
Laboratories; 1:500 dilution), respectively. Primary antibodies were detected using either goat anti-mouse
or goat anti-rabbit Alexa Fluor 488 or 555 secondary antibodies (Molecular Probes) at a 1:700 dilution.
Coverslips were mounted onto slides using ProLong Gold antifade fluorescent mounting medium
(Invitrogen) containing DAPI for visualization of nuclear DNA. Images were acquired using a 63X oil
objective (NA 1.4) on a Leica DM IRE2 inverted fluorescence microscope. Images were processed using
OpenLAB (version 4.0.2). For quantification, 50 FLAG-positive and 50 FLAG-negative cells were counted
for each sample and graphs were plotted using Prism software.

RNF168 recruitment assay. U20S 2-6-5 cells with Tet-inducible GFP-RNF168 were grown in 24-well
plates on glass coverslips. Cells were transfected with 250 ng of pCMV3FC-BKRF4 or pCMV3FC-BKRF4N
using Lipofectamine 2000. After 6 h, expression of GFP-RNF168 was induced with 5 ug/ml of doxycycline
(Sigma). Twenty-four hours posttransfection, cells were treated for 2 h with 10 ug/ml of etoposide
(Cederlane). Cells were fixed with 2% (wt/vol) paraformaldehyde in PBS for 20 min at room temperature,
permeabilized with 0.3% (vol/vol) Triton X-100 for 20 min at room temperature, and blocked with
antibody dilution buffer (ADB; 10% normal goat serum, 0.5% NP-40, 0.5% saponin in PBS) for 30 min at
room temperature. Cells were incubated with rabbit anti-FLAG at a 1:1,000 dilution (2368S; Cell Signaling)
and mouse anti-y-H2AX at 1:5,000 dilution (clone JBW301; Millipore) diluted in ADB for 2 h at room
temperature, followed by a washing in PBS. Next, cells were incubated for 1 h at room temperature with
secondary antibodies at a 1:1,000 dilution (Alexa Fluor 555 goat anti-rabbit or Alexa Fluor 647 goat
anti-rabbit [Molecular Probes]) diluted in ADB and counterstained with DAPI (0.4 ng/ml). Cells were
washed with PBS and the coverslips were mounted onto glass slides with Prolong Gold mounting agent
(Invitrogen). Micrograph images were taken using a Zeiss LSM700 laser-scanning microscope equipped
with a 63X oil lens.

Affinity purification-mass spectrometry. Five 10-cm plates of 293T cells were transfected with 5 ug
of pMZ3F-BKRF4 plasimd (or with pMZ3F-LacZ as a negative control) using polyethyleneimine (PEIl)
cellulose (Polysciences) as per the manufacturer’s instructions. The cells were moved to 15-cm plates 24 h later
and harvested 72 h posttransfection. Cells were lysed in 5 volumes of modified RIPA buffer (50 mM Tris-HCI
[pH 8], 300 mM NaCl, 0.1% sodium deoxycholate, 0.5% NP-40, 2 mM EDTA) containing P8340 protease
inhibitor cocktail (Invitrogen). BKRF4 and associated proteins were recovered on anti-FLAG resin, eluted,
and trypsinized as described by Cao et al. (60). Each peptide mixture was individually loaded onto a
reverse-phase microcapillary liquid trap precolumn and separated on an analytical column using an
EASY-nLC high-performance liquid chromatography (HPLC) system (Proxeon) as previously described
(61). Eluted peptides were directly sprayed into an LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher
Scientific) with the collision-induced dissociation (CID) fragment method using a nanospray ion source
(Proxeon) (61). For protein and peptide identification, RAW files were submitted for database searching
using X! TANDEM (version 2007.07.01.3) and TPP (version 4.3) under standard workflow and a modified
UniProt/Swiss-Prot protein database FASTA file. The modification consisted of adding BSA (Swiss-Prot
accession number P02769). Search parameters were set to allow for two missed cleavage sites, variable
modification by methionine oxidation, and one fixed modification by cysteine carbamidomethylation. A
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10-ppm filter was used for peptide identification. The search results were uploaded to Prohits (62) and
compared using at least 99% TPP probability.

Biochemical fractionation. 293T cells in 10-cm dishes were transfected with 5 pug of BKRF4
expression plasmid using PolyJet reagent. Cells were harvested 24 h posttransfection, washed once with
PBS, lysed in 100 ul of lysis buffer (20 mM Tris-HCI [pH 7.5], 75 mM KCl, 30 mM MgCl,, 0.5% NP-40, 1 mM
dithiothreitol [DTT], P8849 protease inhibitor cocktail [Sigma-Aldrich]) for 30 min on ice and fractionated
as described by Kapoor et al. (63). Fifty microliters of the lysate was removed and kept on ice (whole-cell
lysate sample). The remaining 50 ul of the lysate was subjected to centrifugation at 10,000 rpm for 10
min at 4°C. The supernatant was removed and kept on ice (soluble fraction). The pellet was resuspended
in 50 ul of lysis buffer, incubated with 2 U of DNase | (New England BioLabs) at 37°C for 10 min, and then
subjected to centrifugation at 10,000 rpm in a microcentrifuge for 10 min at 4°C. The supernatant was
kept as the chromatin-associated fraction. Twenty microliters of the whole-cell lysate, soluble fraction,
and chromatin-associated fraction were then boiled in SDS loading buffer and separated by SDS-PAGE.

Purification of BKRF4 for in vitro assays. To generate recombinant 6 XHis-BKRF4-GST and 6 X His-
BKRF4N-GST proteins, E. coli BL21-pLysS containing pET15b-BKRF4-GST or pET15b-BKRFAN-GST at an
optical density at 600 nm (OD,,) of 0.6 was induced overnight at 18°C by addition of 0.2 mM
isopropyl-B-p-thiogalactopyranoside (IPTG). E. coli organisms harvested from 1 liter of culture were
resuspended in 10 ml of extraction buffer (50 mM sodium phosphate [pH 7.0], 300 mM NaCl, P8849
protease inhibitor cocktail) and lysed by 3 rounds of sonication (20 s each). The lysate was clarified by
centrifugation at 10,000 X g for 20 min at 4°C and then incubated with 500 ul of TALON metal affinity
resin (Clontech) for 1 h at 4°C with mixing. The resin was washed 3 times with 5 ml of extraction buffer,
then poured into a gravity flow column, and washed once more with 2.5 ml of extraction buffer. Protein
was eluted from the column with 1 ml of elution buffer (50 mM sodium phosphate [pH 7.0], 300 mM
NaCl, 150 mM imidazole, 1% glycerol, P8849 protease inhibitor cocktail) and collected in 100-pul fractions.

Purification of histones for in vitro assays. Histones were expressed in E. coli BL21 from pET vectors
as previously described (34), with a few minor modifications. Briefly, cultures at ODg,,s of 0.5 to 0.7 were
induced at 37°C with either 0.2 or 0.4 mM IPTG for 2 or 3 h, depending on the histone. Cell pellets were
resuspended in histone wash buffer (50 mM Tris-HCl [pH 7.5], 100 mM NaCl, 1 mM EDTA, 1 mM DTT) and
lysed by freeze-thawing. Lysate were kept at 4°C, digested with lysozyme or homogenized (using a type
B pestle), and briefly sonicated. Inclusion bodies were pelleted by centrifugation for 10 min at 25,000 X
g and then washed by rehomogenizing in 0.1X culture volume in histone wash buffer containing 1%
Triton X-100. The washing step was repeated at least two more times with Triton X-100 and twice
without detergent. Inclusion bodies were finally dissolved in a third of the wash volume in protein
unfolding buffer (7 M guanidinium, 20 mM Tris [pH 7.5], 5 mM B-mercaptoethanol) and left for gentle
stirring for 1 h at room temperature. Insoluble material was removed by centrifugation at 25,000 X g for
30 min at 20°C. Following their purification on a HiTrap SP HP (GE Healthcare) cation exchange column,
histones were refolded by mixing nucleosomal histones in equimolar amounts (H2A/H2B, H3/H4, or
octamers), dialyzing at 4°C against at least 3 changes of 2 liters of refolding buffer (10 mM Tris-HCI [pH
7.5], 2 M NaCl, 10% glycerol, 2 mM EDTA, 5 mM B-mercaptoethanol), and slowly redialyzed against the
same buffer containing 100 mM NaCl. Precipitated material was removed by centrifugation (25,000 X g
for 30 min at 4°C), and H2A/H2B dimers and H3/H4 tetramers were further resolved by gel filtration. For
H2A/H2B dimers with and without acid patch mutations in Fig. 4G, previously described plasmids
(PET15b His-H2A and pET15b His-H2B [64]) were used to produce the histones in E. coli. Mutations in the
acidic patch of H2A (E61A, E64A, D90A, E91A, and E92A) were introduced by site-directed mutagenesis
using QuikChange (Stratagene), and all plasmids were sequence verified.

In vitro histone binding assay. Thirty micrograms of purified 6 XHis-BKRF4-GST, 6 X His-BKRF4N-GST,
or 6XHis-GST was combined with 10 ul of Pierce glutathione agarose (Thermo Fisher Scientific),
preblocked with 2% BSA in a 50-ul final volume of binding buffer (50 mM Tris-HCI [pH 7.0], 25 mM
sodium phosphate, 150 mM NaCl, 0.5% glycerol, and P8849 protease cocktail inhibitor), and mixed for
2 h at 4°C. Then 10 ug of purified histones was added in a 150-ul final volume of binding buffer and
incubated with mixing for 30 min at 4°C. Proteins were eluted from the glutathione agarose by
incubation with 20 ul of elution buffer (50 mM Tris-HCI [pH 8.0], 33 mM glutathione, 5% glycerol, and
P8849 protease inhibitor cocktail) for 1 h at 37°C, with frequent mixing.

BKRF4 localization to mitotic chromatin. CNE2Z cells were grown on coverslips, transfected with
0.5 ug of pCMV3FC-BKRF4 expression plasmid, and fixed 24 h posttransfection as described above for
U20S cells. Cells were stained with anti-FLAG M2 antibody at 1:1,000 (Sigma-Aldrich), followed by goat
anti-mouse Alexa Fluor 488 secondary antibody, and then coverslips were mounted onto slides using
ProLong Gold antifade fluorescent mounting medium (Invitrogen) containing DAPI. Images were ac-
quired as described above for DDR foci, and mitotic cells were identified due to the condensed chromatin
staining.

Detection of BKRF4 transcripts in gastric carcinoma. EBV transcripts were analyzed from total
transcriptome [RNA-Seq; poly(A)-containing RNA] data available for eight EBV-positive gastric carcinoma
samples from PCAWG (65) (stomach adenocarcinoma, project code STAD-US [66]) as previously described
(5). In summary, reads that did not map to the human reference sequence and that were not filtered out
for low complexity and quality were aligned to the annotated EBV NCBI reference genome NC_007605
using the Bowtie2 (67) alignment algorithm in single-end mode with the -very-sensitive-local option.
Levels of BKRF4 expression (in units of reads per kilobase of transcript per million mapped reads [RPKM])
in each sample were then calculated using the formula RPKM = (10° X C)/(N X L), where Cis the number
of reads mapping to the BKRF4 coding sequence (CDS) regions, N is the total number of mapped reads
in the experiment, and L is the transcript length in base pairs. Since it is well established that
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EBV-encoded EBNA2, EBNA3A, EBNA3B, and EBNA3C are not expressed in gastric carcinoma, the average
RPKM value for these transcripts (i.e., over their CDS regions) was used as the baseline expression to
which the BKRF4 expression was compared.

Detection of BKRF4 transcripts in AGS-EBV. AGS-EBV cells in 6-well plates were transfected with

100 pmol of BKRF4-targeted siRNA (GAAGACCCAUCUGAGGGCAGUGAUA) or AllStars negative-control
siRNA (Qiagen) using Lipofectamine 2000 reagent (Thermo Fisher Scientific), and this transfection was
repeated 24 h later. After an additional 24 h, cells were either harvested or induced into the lytic cycle
by incubation with 3 mM sodium butyrate and 0.02 pg/ml of 12-O-tetradecanoylphorbol-13-acetate
(TPA). Twenty-four hours postinduction, cells were harvested and total RNA was extracted using TRIzol
reagent (Sigma-Aldrich) according to the manufacturer’s protocol. One microgram of extracted RNA from
each sample was treated with 2 U of DNase | (New England BioLabs) for 10 min and then reverse
transcribed in a 20-ul reaction using SuperScript IV reverse transcriptase (Invitrogen) with random
hexamer primers according to the manufacturer’s instructions. Quantitative real-time PCR was performed
with 1/10 of the sample using SsoFastTM EvaGreen Supermix (Bio-Rad) with a total reaction volume of
10 pl in a Bio-Rad CFX384 real-time system. Primers used for mRNA quantification of viral genes and
BKRF4 were as previously described (68). The relative mRNA expression level was derived from 2~24¢T py
use of the comparative threshold cycle (C;) method. The amount of mRNA in each sample was
normalized to the amount of actin mRNA.

DDR focus analysis in AGS-EBV cells. AGS-EBV cells were transfected with BKRF4-targeted siRNA or

AllStars negative-control siRNA as described above. Cells were then either treated for 2 h with 10 ug/ml
of etoposide directly or induced into the lytic cycle with sodium butyrate-TPA treatment (as described
above) followed 24 h later by the etoposide treatment. Cells were then fixed and stained with 53BP1
antibody (as described above for U20S cells) and with mouse anti-EBV EA-D-p52/50 (BMRF1; EMD
Millipore; 1:1,000) to identify reactivated cells. 53BP1 foci were counted in 50 reactivated (BMRF1-

positive) or latent (BMRF1-negative) cells in three independent experiments.
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