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ABSTRACT Epstein-Barr virus (EBV) maintains a life-long infection due to the ability
to alternate between latent and lytic modes of replication. Lytic reactivation starts
with derepression of the Zp promoter controlling BZLF1 gene expression, which
binds and is activated by the c-Jun transcriptional activator. Here, we identified the
cellular Arkadia-like 1 (ARKL1) protein as a negative regulator of Zp and EBV reacti-
vation. Silencing of ARKL1 in the context of EBV-positive gastric carcinoma (AGS)
cells, nasopharyngeal carcinoma (NPC43) cells, and B (M81) cells led to increased
lytic protein expression, whereas overexpression inhibited BZLF1 expression. Similar
effects of ARKL1 modulation were seen on BZLF1 transcripts as well as on Zp activ-
ity in Zp reporter assays, showing that ARKL1 repressed Zp. Proteomic profiling of
ARKL1-host interactions identified c-Jun as an ARKL1 interactor, and reporter assays
for Jun transcriptional activity showed that ARKL1 inhibited Jun activity. The ARKL1-
Jun interaction required ARKL1 sequences that we previously showed mediated
binding to the CK2 kinase regulatory subunit CK2�, suggesting that CK2� might me-
diate the ARKL1-Jun interaction. This model was supported by the findings that si-
lencing of CK2�, but not the CK2� catalytic subunit, abrogated the ARKL1-Jun inter-
action and phenocopied ARKL1 silencing in promoting EBV reactivation. Additionally,
ARKL1 was associated with Zp in reporter assays and this was increased by additional
CK2�. Together, the data indicate that ARKL1 is a negative regulator of Zp and EBV re-
activation that acts by inhibiting Jun activity through a CK2�-mediated interaction.

IMPORTANCE Epstein-Barr virus (EBV) maintains a life-long infection due to the abil-
ity to alternate between latent and lytic modes of replication and is associated with
several types of cancer. We have identified a cellular protein (ARKL1) that acts to re-
press the reactivation of EBV from the latent to the lytic cycle. We show that ARKL1
acts to repress transcription of the EBV lytic switch protein by inhibiting the activity
of the cellular transcription factor c-Jun. This not only provides a new mechanism of
regulating EBV reactivation but also identifies a novel cellular function of ARKL1 as
an inhibitor of Jun-mediated transcription.
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Epstein-Barr virus (EBV) is a gammaherpesvirus that infects over 90% of the world-
wide human population (1). Primary infection with EBV is often asymptomatic, but

it can present as infectious mononucleosis (IM) if delayed until adolescence. Since its
discovery as the first human oncogenic virus, EBV has been tightly associated with
several types of malignancies, including Burkitt’s and Hodgkin’s lymphomas and naso-
pharyngeal and gastric carcinomas (2–5). Transmitted through saliva, the virus estab-
lishes life-long infections through infection of B cells and epithelial cells (6).

EBV alternates between latent and lytic modes of infection. During EBV latency, cells
become immortalized through the action of a small number of latency proteins (EBNAs
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and LMPs) as well as viral microRNAs (miRNAs), and the viral genomes are replicated
and maintained in circular form at a constant copy number in the absence of virion
production (7, 8). Lytic infection involves the ordered expression of �80 additional EBV
proteins, which leads to amplification of the EBV genomes in linear form and virion
production. The switch from latency to lytic infection starts with the expression of the
immediate early (IE) gene BZLF1, encoding a basic leucine zipper (bZIP) transcriptional
activator that activates the expression of EBV immediate early and early lytic genes by
binding to AP-1 and AP-1-like sequences termed ZREs (BZLF1-responsive elements)
(9–14). In latency, EBV lytic promoters, including the BZLF1 promoter (Zp), are densely
covered with nucleosomes containing repressive histone marks, and lytic reactivation
involves a switch to active chromatin, including increased histone acetylation and H3K4
trimethylation (15–17). Experimentally, BZLF1 expression can be induced by treatment with
histone deacetylase inhibitors (e.g., sodium butyrate [NaB]), 12-O-tetradecanoylphorbol-13-
acetate (TPA), calcium ionophores (18–21), or cross-linking surface immunoglobulins of B
cells using anti-immunoglobulin (anti-Ig) (22).

Expression of the BZLF1 gene is tightly regulated at the transcriptional level by
several activator and repressor proteins that bind various elements of Zp (9, 12, 23).
Both Sp1 and MEF2 family transcription factors bind to the ZI element of Zp to activate
the promoter (24–26). A second critical element for Zp activation is ZII. ZII contains an
AP-1/CREB binding site that is bound and activated by several cellular factors, including
c-Jun (27–29). Zp also contains ZREs within the ZIII element, which are bound by the
BZLF1 protein, leading to increased Zp activity once the lytic cycle is initiated (30). In
addition, cellular nucleosome assembly protein TAF-I� associates with Zp and induces
BZLF1 expression in lytic infection by recruiting MLL1 and increasing histone H3K4
dimethylation and H4K8 acetylation (31). X-box-binding protein 1 (Xbp-1) in combina-
tion with activated protein kinase D has also been found to contribute to Zp activation
(32). In contrast to these Zp activating factors, Zp has been shown to be suppressed by
ZEB1 and ZEB2, which bind ZV elements in Zp (33–35). ZIIR has also been identified as
a negative regulatory element in Zp. ZIIR inhibits PKC-mediated activation of Zp,
thereby contributing to establishment of latent infection (36, 37).

The EBV protein EBNA1 is expressed in all forms of EBV latency in proliferating cells
as well as in lytic infection (38). EBNA1 has multiple roles in latency, including the
replication and mitotic segregation of latent EBV episomes, transcriptional activation of
some EBV latency genes, and anti-apoptotic functions (38, 39). In addition, EBNA1
contributes to lytic infection. In epithelial cells, this involves the disruption of promy-
elocytic leukemia (PML) nuclear bodies (NBs) through the degradation of PML proteins
(40). The EBNA1-mediated degradation of PML proteins involves the recruitment of CK2
kinase, which phosphorylates PML, triggering its ubiquitination and degradation (41,
42). CK2 is a ubiquitously expressed protein kinase, composed of two catalytic (� or �‘)
and two regulatory (�) subunits, that regulates many cellular processes (43). EBNA1
binds CK2 through a pocket in the CK2� subunit containing a KSSR motif (44). To
determine whether any cellular protein interacted with CK2 through the same binding
pocket as EBNA1, affinity purification coupled to mass spectrometry (AP-MS) experi-
ments were performed comparing wild-type (WT) and KSSR mutants of CK2�. ARKL1
was identified as the most prevalent cellular protein binding to the KSSR pocket (44).
ARKL1 is an uncharacterized protein, whose gene is within a pericentric inversion
region of chromosome 18 related to schizophrenia and bipolar affective disorder (45).
It has homology to the N-terminal region of Arkadia (RNF111), a SUMO-targeted
ubiquitin ligase (STUbL) involved in the degradation of SUMO-modified proteins (46–
48). ARKL1 contains two out of the three putative SUMO-interacting motifs (SIMs) of
Arkadia but lacks the catalytic RING domain required for ubiquitin ligase function (47).
It also contains a polyserine region that resembles the region in EBNA1 that binds the
KSSR motif in CK2� (44). In addition, ARKL1 was identified as a protein that is highly
SUMO modified in response to influenza virus infection (49).

The finding that EBNA1 and ARKL1 would have to compete for the same binding site
on CK2 prompted us to investigate the impact of ARKL1 on EBV infection. Here, we
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identify a novel role of ARKL1 in the regulation of EBV reactivation through effects on
Zp and BZLF1 gene expression. We further show that this regulation involves ARKL1
interactions with c-Jun and CK2�.

RESULTS
ARKL1 suppresses EBV reactivation. We investigated possible roles of ARKL1 in

EBV infection by examining effects of silencing ARKL1. Unlike its homologue Arkadia,
we found no evidence that ARKL1 affected the transforming growth factor � (TGF-�
signaling pathway) (data not shown), which is consistent with previous reports (47).
However, ARKL1 silencing using two different ARKL1-specific small interfering RNAs
(siRNAs) in gastric carcinoma cells latently infected with EBV (AGS-EBV) led to increased
reactivation of EBV to the lytic cycle, as determined by expression of BZLF1 and BMRF1,
which are immediate early and early lytic proteins, respectively. This was seen both
when reactivation was induced by NaB/TPA treatment (Fig. 1A and B) and for sponta-
neous reactivation (Fig. 1C and D; for the effect of NaB/TPA treatment on lytic protein
induction see Fig. 1E). In the spontaneous reactivation experiment, samples were also
analyzed for BZLF1 transcripts by reverse transcriptase quantitative PCR (RT-qPCR) (Fig.
1F). The results show that ARKL1 silencing increases the level of BZLF1 transcripts,
suggesting that ARKL1 suppresses BZLF1 expression and subsequent EBV reactivation.

We then investigated whether ARKL1 overexpression had the opposite effect as
ARKL1 silencing and suppressed EBV reactivation. To this end, AGS-EBV cells were
transfected with FLAG-ARKL1 and then treated with NaB/TPA to induce reactivation.
Cells were stained for FLAG to identify transfected cells and for the BZLF1 immediate
early protein as a marker for EBV reactivation. The percentage of FLAG-positive and
FLAG-negative cells expressing BZLF1 were then determined. Since we have previously
observed that transient overexpression of any protein can increase EBV reactivation (50)
(possibly due to a stress response), we also included a control of an overexpressed
FLAG-tagged protein that is unrelated to EBV infection (FLAG-DDX24). Overexpression
of FLAG-ARKL1 was found to significantly decrease the percentage of reactivated cells,
compared with both untransfected and FLAG-DDX24-expressing cells (Fig. 2A). Similar
experiments were also performed in the absence of NaB/TPA induction to examine the
effects of ARKL1 on spontaneous reactivation (Fig. 2B). Again, FLAG-ARKL1 significantly
decreased reactivation relative to FLAG-DDX24, which was used as the negative control.
A comparison of FLAG-ARKL1 to additional FLAG-tagged proteins (FBXO38 and EBV
BKRF4) also confirmed that FLAG-ARKL1 suppressed spontaneous reactivation (Fig. 2C).
In addition, the effect of FLAG-ARKL1 overexpression on BZLF1 transcripts was quan-
tified by RT-qPCR, confirming that ARKL1 decreases BZLF1 transcripts (Fig. 2D). To-
gether, the results indicate that ARKL1 can suppress EBV reactivation in AGS-EBV cells
by decreasing BZLF1 transcription.

To determine whether ARKL1 also regulated EBV reactivation in other cell
backgrounds, we examined the effect of ARKL1 silencing in NPC43 nasopharyngeal
carcinoma and M81 B cells. The NPC43 cell line was recently established from
biopsy specimens of recurrent nasopharyngeal carcinoma (NPC) and stably retains
its original EBV genome (51). A proportion (�10%) of these cells spontaneously
enter the lytic cycle, unless the cells are maintained in ROCK inhibitor (51), making
them an excellent system for examining spontaneous EBV reactivation. Due to low
transient transfection efficiency of these cells, we silenced ARKL1 by transduction
with lentiviruses expressing three different short hairpin RNAs (shRNAs) targeting
ARKL1 and then examined effects on BZLF1 expression. All three ARKL1-targeted
shRNAs decreased the levels of ARKL1 and led to an increase in BZLF1 compared
with negative-control shRNAs (Fig. 3A and B). These results are consistent with
those in AGS-EBV cells.

We also examined effects of ARKL1 silencing in B cells transformed with M81 EBV
(52). Unlike most EBV-transformed B cells, a significant proportion of these cells
undergo spontaneous reactivation. These cells were transduced with the lentivi-
ruses expressing three different ARKL1-targeted shRNAs (or negative-control
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shRNA). All three shARKL1 lentiviruses resulted in stable cell lines with decreased
levels of ARKL1. A comparison of the BZLF1 levels showed that ARKL1 depletion
resulted in an obvious increase in BZLF1 (Fig. 3C and D), consistent with increased
reactivation. Quantification of BZLF1 transcripts in these cells confirmed that ARKL1
depletion resulted in increased transcription of BZLF1 (Fig. 3E). Together, our results
indicate that ARKL1 can suppress EBV reactivation in multiple cell backgrounds
relevant for EBV infection by suppressing BZLF1 transcription.

FIG 1 ARKL1 silencing promotes EBV reactivation in AGS-EBV cells. (A) AGS-EBV cells were treated with
siRNAs against ARKL1 or negative-control siRNA, and then reactivation was induced with NaB/TPA for 24
hours. A total of 30 �g of lysates was compared by Western blotting using antibodies against ARKL1,
BMRF1, BZLF1, and actin. (B) Quantification of BMRF1 bands from three experiments performed as in (A).
(C) AGS-EBV cells were treated with siRNAs against ARKL1 or negative-control siRNA, and then 100 �g of
lysates were compared by Western blotting as in (A). (D) Quantification of BZLF1 bands from three
experiments performed as in (C). (E) Western blot comparing 30 �g of lysates from induced and
uninduced samples from (A and C). Exposure time used was longer than in panel A. (F) AGS-EBV cells
were transfected with siRNA targeting ARKL1 or negative-control siRNA as in (C), followed by quantifi-
cation of BZLF1 transcripts by RT-qPCR. BZLF1 mRNA levels were normalized to actin mRNA and are
shown relative to negative-control siRNA. Average values from three separate experiments with standard
deviations are shown. *, 0.01 � P � 0.05; ***, P � 0.001; ****, P � 0.0001.
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ARKL1 suppresses the BZLF1 promoter. Since ARKL1 affects expression of the
BZLF1 lytic switch protein, we asked whether ARKL1 acts on the BZLF1 promoter (Zp).
The activity of Zp can be assessed using a luciferase reporter construct in which
expression of the firefly luciferase gene is under the control of Zp (53). This reporter
plasmid was cotransfected with FLAG-ARKL1 expression plasmid or empty FLAG plas-
mid along with a renilla reporter plasmid as a transfection control. Luciferase activity
was then quantified and normalized to renilla. ARKL1 overexpression consistently
decreased luciferase expression, indicating suppression of Zp (Fig. 4A). We then si-
lenced ARKL1 with siRNA (ARKL1-1 from Fig. 1) and repeated the Zp-luciferase reporter

FIG 2 ARKL1 overexpression inhibits EBV reactivation in AGS-EBV cells. (A) AGS-EBV cells were transfected with
plasmids expressing FLAG-ARKL1 or FLAG-DDX24 and then treated with NaB/TPA. Twenty-four hours later, cells
were fixed and stained with antibodies against FLAG and BZLF1, and the percentage of FLAG-positive cells
expressing BZLF1 was determined. Untransfected FLAG-negative cells expressing BZLF1 are also shown (Untrans.).
At least 100 transfected cells were counted for each experiment. Average values from three separate experiments
with standard deviations are shown. Representative images of cells stained with DAPI, FLAG, and BZLF1 are also
displayed. (B) AGS-EBV cells were transfected and processed as in (A) except that cells were not treated with
NaB/TPA. (C) AGS-EBV cells were transfected with plasmids expressing FLAG-FBXO38, FLAG-BKRF4, FLAG-DDX24, or
FLAG-ARKL1, and the percentage of BZLF1-positive cells was compared. (D) AGS-EBV cells were transfected with
FLAG-ARKL1 or empty FLAG (pCMV3FC) expression plasmids as in (B) followed by quantification of BZLF1
transcripts by RT-qPCR. BZLF1 mRNA levels were normalized to actin mRNA and shown relative to empty plasmid
control. The averages from three experiments along with their standard deviations are shown. **, 0.001 � P � 0.01;
***, P � 0.001. A Western blot is also shown to confirm expression of FLAG-ARKL1 (relative to vinculin loading
control).
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assay. Compared with the negative-control siRNA treatment, ARKL1 silencing signifi-
cantly increased luciferase expression, indicating increased Zp activity (Fig. 4B). There-
fore, ARKL1 represses the BZLF1 promoter to regulate BZLF1 expression.

ARKL1 interacts with and suppresses the activity of c-Jun. To gain insight into
the mechanism by which ARKL1 might regulate Zp and EBV reactivation, we used
affinity purification coupled to mass spectrometry (AP-MS) to identify the protein
interactions of ARKL1. To this end, FLAG-ARKL1 was transiently expressed in 293T cells
and recovered on anti-FLAG resin under stringent conditions, and eluted proteins were
analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS). The most
prevalent interactors identified with FLAG-ARKL1 in two independent experiments and
not found in the FLAG negative-control are shown in Table 1 (indicated by total spectral
counts). We also compared the recovery of each protein to the average spectral counts
in the Contaminant Repository of Affinity Purification database (http://www.crapome
.org/) (54) to rule out nonspecific interactions. CK2 protein subunits were the top
interactors of ARKL1, which is consistent with our previous finding that ARKL1 is a
prevalent interactor of CK2� (44). Among the ARKL1 interactors was the AP-1 tran-

FIG 3 ARKL1 silencing promotes EBV reactivation in NPC43 and M81 B cells. (A) NPC43 cells were transduced with
lentivirus expressing three different shRNAs (A, B, and C) targeting ARKL1 or negative-control shRNA (shControl).
Equal amounts of lysates were compared by Western blotting using antibodies against ARKL1, BZLF1, and actin.
(B) Quantification of BZLF1 bands from two experiments performed as in (A), showing averages and standard
deviations. (C) M81 B cells were transduced with lentivirus expressing three different ARKL1-specific shRNAs or
negative-control shRNA, and equal amounts of lysates were compared by Western blotting. (D) Quantification of
BZLF1 bands from two experiments performed as in (C), showing averages and standard deviations. (E) M81 B cells
transduced with ARKL1 shRNAs or negative-control shRNA as in (C) were harvested for RT-qPCR analysis of BZLF1
mRNA transcripts. Levels of the BZLF1 transcripts normalized to actin are shown relative to the control shRNA.
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scription factor c-Jun, which was previously identified as an important activator of Zp
(14, 18, 20, 23, 26, 55). The interaction of ARKL1 with Jun was then confirmed by
immunoprecipitation in AGS cells, where transient expression of FLAG-ARKL1 efficiently
recovered endogenous Jun (Fig. 5A).

The interaction of ARKL1 with Jun suggested a mechanism by which ARKL1 might
suppress Zp, by binding to and inhibiting the activation function of Jun. Therefore, we
tested whether ARKL1 affected Jun activity using a luciferase reporter under the control
of Jun binding sites (5xTRE) and normalized to effects on the renilla reporter. When
coexpressed with Jun, ARKL1 inhibited the ability of Jun to activate the luciferase
reporter (Fig. 4C). As a control, we also measured the effects of ARKL1 overexpression
in the absence of Jun overexpression (Fig. 4D). As expected, the ability of ARKL1 to
repress the Jun-luciferase reporter was dependent on Jun. These results are consistent
with our model that ARKL1 represses Zp by negatively regulating Jun activity.

ARKL1 binds Jun through CK2�. We have previously shown that the interaction of
ARKL1 with CK2� involves the polyserine region of ARKL1 (amino acids 202 to 226),
such that deletion of this region in ARKL1 (ARKL1ΔS) abrogates CK2� binding (44). In

FIG 4 ARKL1 suppresses Zp and Jun activity in reporter assays. (A) AGS cells were cotransfected with pZp-luc (firefly
luciferase) and pRL-TK (renilla) reporter plasmids along with FLAG-ARKL1 or empty FLAG (pCMV3FC) expression
plasmids. (B) AGS cells were transfected with siRNA targeting ARKL1 or negative-control siRNA, followed by
transfection with pZp-luc and pRL-TK reporter plasmids. (C) AGS cells were transfected with plasmids expressing
c-Jun and either FLAG-ARKL1 or empty FLAG (pCMV3FC) along with 5XTRE-luciferase and pRL-TK reporter plasmids.
(D) AGS cells were transfected with plasmids expressing FLAG-ARKL1 or empty FLAG (pCMV3FC) along with
5XTRE-luciferase and pRL-TK reporter plasmids. In all cases, cells were harvested 48 h post-plasmid transfection, and
firefly luciferase and renilla were quantified in a luminometer. Raw luciferase values were over 10,000 units for all
experiments. Average luciferase values from multiple experiments (four for A and B and three for C and D) after
normalization to renilla are shown, along with the representative Western blots for the expression of the
transfected plasmids. ns, no significance; **, 0.001 � P � 0.01; ****, P � 0.0001.
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the course of verifying the ARKL1-CK2� interaction, we found that endogenous Jun was
efficiently immunoprecipitated by FLAG-ARKL1 but was not detected with FLAG-
ARKL1ΔS (Fig. 5A). This raised the possibility that ARKL1 might associate with Jun
through CK2� (or the CK2 holoenzyme). We tested this possibility in two ways. First, we
asked whether Jun could interact with either CK2 subunit. To this end, we expressed
FLAG-tagged CK2� or CK2� and performed FLAG immunoprecipitations (IPs) to com-
pare recovery of endogenous Jun (Fig. 5B). Despite lower expression levels and
recovery of CK2� compared to CK2�, Jun was clearly recovered with CK2� but not
CK2�. Second, we asked whether silencing CK2� or CK2� affected the ability of
FLAG-ARKL1 to immunoprecipitate endogenous Jun (Fig. 5C). To this end, CK2� (lanes
5 and 6) or CK2� (lanes 3 and 4) were efficiently silenced in AGS cells with siRNA
compared with siControl samples (lanes 1 and 2), followed by transfection of FLAG-
ARKL1 or empty FLAG plasmids and FLAG IP. Jun was recovered with FLAG-ARKL1 in
both siControl or CK2�-silenced samples (lanes 8 and 12) but not detected in the
CK2�-silenced sample (lane 10), indicating that CK2� but not CK2� is needed for the
Jun-ARKL1 interaction. Together, the data suggest that the interaction between Jun
and ARKL1 is mediated by CK2�.

CK2� suppresses EBV reactivation. If our model is correct that ARKL1 associates
with Jun through CK2� and that this inhibits Zp activation by Jun, then CK2� (but not
CK2�) should inhibit EBV reactivation. To test this hypothesis, CK2� and CK2� were
individually silenced with specific siRNA in AGS-EBV cells, followed by NaB/TPA treat-
ment to induce reactivation, and effects on BZLF1 and BMRF1 lytic protein expression
were examined (Fig. 6A). Silencing of CK2� had little effect on lytic protein expres-
sion. In contrast, CK2� silencing resulted in a notable increase in lytic protein expres-
sion. These experiments were repeated in HONE1 nasopharyngeal carcinoma cells
containing latent Akata EBV (HONE1-Akata) (Fig. 6B). Again, silencing of CK2� but not
CK2� led to a striking increase in EBV lytic proteins. These results confirm a role for
CK2� in suppressing EBV reactivation that is independent of its role as part of the CK2
kinase, supporting the model that CK2� mediates the interaction between ARKL1
and Jun.

ARKL1 localizes to the BZLF1 promoter. The discovery of the ARKL1-Jun interac-
tion and the inhibition of Jun activity by ARKL1 suggests that ARKL1 may suppress
BZLF1 transcription by binding to promoter-associated Jun or, alternatively, could
sequester Jun away from the promoter, as shown in the models in Fig. 7A. To determine
if ARKL1 can be recovered at the BZLF1 promoter, we expressed HA-ARKL1 with the
Zp-luc reporter plasmid and performed chromatin immunoprecipitations (ChIPs) using
hemagglutinin (HA) antibody (or IgG control antibody), followed by qPCR for Zp.

TABLE 1 Affinity Purification-Mass Spectrometry of ARKL1

Protein IDa
Protein
identified

Total spectral counts of:b

FLAG-ARKL1 FLAG-pCMV3FC
CRAPome
avgExpt 1 Expt 2 Expt 1 Expt 2

Q96B23 C18orf25 (ARKL1) 510 642 0 0 0
P68400 CK2� 309 208 0 0 2.9
P67870 CK2� 251 104 0 0 1.6
P19784 CK2�= 197 106 0 0 1.5
Q9BVP2 GNL3 21 39 0 0 5.5
Q92598 HSPH1 19 46 0 0 6
P49458 SRP9 16 11 0 0 1.7
P61289 PSME3 15 42 0 0 4.4
Q9BQ67 GRWD1 8 22 0 0 2.7
P37108 SRP14 8 17 0 0 2.6
P05412 Jun 7 9 0 0 1.5
P35659 DEK 5 9 0 0 2.8
aID, identifier.
bTotal spectral counts for two independent experiments with FLAG-ARKL1 or empty FLAG (negative control)
are shown. Average spectral counts reported for each protein in the CRAPome database are also shown for
comparison.
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Recovery of Zp was found to be greatly increased by HA-ARKL1 compared with the
empty vector control (Fig. 7B), supporting the model in which ARKL1 associates with
Zp. The ChIP experiment with HA-ARKL1 was repeated comparing recovery of Zp-luc to
a luciferase reporter plasmid lacking Zp, and the results confirmed the importance of
Zp element (Fig. 7C). We also examined effects of overexpressing CK2�, Jun, or both on

FIG 5 Requirements for ARKL1-Jun interaction. (A) AGS cells were transfected with FLAG-ARKL1, FLAG-ARKL1ΔS, or empty FLAG
(pCMV3FC) expression plasmids followed by FLAG immunoprecipitation. Recovered proteins were analyzed by Western blotting using
antibodies against c-Jun, CK2�, and FLAG. A total of 5% of input lysates are also shown along with actin loading control. (B) AGS cells were
transfected with plasmids expressing FLAG-tagged CK2�, CK2�, or empty plasmid (pMZS3F), followed by FLAG-IPs and Western blotting
as above using antibodies against c-Jun and FLAG. (C) AGS cells were treated with siRNA targeting CK2� (�) or CK2� (�) or
negative-control (C) siRNA, followed by transfection of FLAG-ARKL1 (�) or empty expression plasmids (�). FLAG-IPs and Western blots
were performed as described above using antibodies against Jun, FLAG, CK2�, and CK2�.

FIG 6 CK2� silencing promotes EBV reactivation. AGS-EBV (A) or HONE1-Akata (B) cells were transfected
with siRNA targeting CK2� or CK2� or negative-control siRNA, followed by treatment with NaB/TPA.
Equal amounts of lysates were then compared by Western blotting using antibodies against BMRF1,
BZLF1, CK2�, CK2�, and actin.
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the ChIP results and found that both proteins could increase recovery of ARKL1 at Zp
(Fig. 7C). This supports the model that ARKL1 associates with Zp through CK2� and Jun.

DISCUSSION

Life-long infection by EBV depends on its ability to alternate between latent and
lytic infection cycles. Reactivation to the lytic state is important not only for the
horizontal transmission of the virus but also for the increase in latent infection in some
compartments due to increased viral load. As a result, high lytic infection predicts an
increased risk of some EBV-associated cancers, including nasopharyngeal carcinoma (2,
56, 57). In addition, while EBV-induced cancers are considered to be latent infections,
expression of subsets of lytic proteins is common and is thought to drive oncogenesis
(58–61). However, the proteins and mechanisms that control EBV reactivation and
specific lytic protein expression are not well understood. Here, we have identified

FIG 7 Model and ChIP of ARKL1 interaction with Zp. (A) Model of possible roles for ARKL1 in suppressing EBV
reactivation. In the absence of ARKL1, Jun binds to the Zp to activate BZLF1 transcription promoting EBV
reactivation. In the presence of ARKL1, ARKL1 can interact with Jun through CK2� to either negatively regulate Jun
activity at the BZLF1 promoter or sequester Jun away from the Zp promoter. (B) ChIP of HA-ARKL1 on Zp. AGS cells
were transfected with HA-ARKL1 expression plasmid or empty vector pcDNA3.1 along with Zp-luc reporter plasmid
followed by formaldehyde cross-linking. ChIP was performed on sheared chromatin using HA or negative-control
IgG antibodies, and Zp was quantified by qPCR. Fold enrichment of chromatin with HA antibody over IgG control
was determined, and the recovery of Zp with HA-ARKL1 relative to empty plasmid pcDNA3.1 is displayed. Average
values from two independent experiments is shown along with their standard deviations. (C) AGS cells were
transfected with luciferase reporter plasmid with (Zp-luc; Zp) or without (pGL4.10-luc; no Zp) Zp, a second plasmid
expressing HA-ARKL1, and, where indicated, additional plasmids expressing FLAG-CK2� and/or FLAG-c-Jun. ChIP
assays were performed as in (B). Recovery of chromatin with HA antibody was normalized to IgG, and the Zp
recovery from each sample is shown relative to the sample transfected with HA-ARKL1 and Zp only.
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ARKL1 as a cellular protein that can inhibit EBV reactivation by suppressing expression
of the EBV BZLF1 lytic switch protein that controls reactivation of EBV.

Reactivation to the EBV lytic cycle can occur in both B cells and epithelial cells,
although the oral epithelium is the most prominent site of lytic infection (62–64). We
examined the effect of ARKL1 on EBV infection in the context of gastric carcinoma (AGS)
cells, NPC (NPC43) cells, and B cells and, in all cases, found that ARKL1 suppresses
reactivation of EBV to the lytic cycle. Importantly, all of the EBV-positive cell lines we
used had a low level of spontaneous reactivation, which allowed us to assess effects of
ARKL1 modulation on reactivation in the absence of chemical treatments that are
commonly used to reactivate EBV (such as TPA and sodium butyrate) but also have
multiple effects on the cell. Subsequent experiments showed that ARKL1 acted on the
promoter of the BZLF1 lytic switch protein (Zp), suggesting that repression of Zp and
BZLF1 expression is at least part of the mechanism by which ARKL1 suppresses EBV
reactivation.

A proteomic experiment identified Jun as an interactor of ARKL1. Jun was previously
shown to be associated with Zp and to activate transcription of BZLF1 (23, 27, 29).
Moreover, high levels of Jun are thought to be an important factor in the high degree
of EBV reactivation in AGS cells (29). Since ARKL1 suppresses Zp, we tested the
possibility that ARKL1 did so by inhibiting Jun activity. Consistent with this hypothesis,
we showed that ARKL1 overexpression suppressed Jun activity in a Jun reporter assay.
Some EBV lytic proteins in addition to BZLF1 can be directly regulated by AP-1
transcription factors, such as Jun (28, 65, 66). Therefore, the effect of ARKL1 on the EBV
lytic cycle may not be limited to regulation of BZLF1 expression, although that alone
would have a major impact on lytic infection.

We previously identified ARKL1 as a protein that interacted with CK2� through the
KSSR binding pocket and showed that this interaction was mediated by a polyserine
region of ARKL1 (44). Our ARKL1 proteomic experiment (Table 1) confirmed CK2� (and
associated CK2�) as a prominent interaction. Additionally, we found that the ARKL1
polyserine region was required for the Jun interaction, suggesting that this interaction
might be mediated by either CK2� or the CK2 holoenzyme. This possibility was further
supported by the finding that depletion of CK2� disrupted the ARKL1-Jun interaction
and led to induction of BZLF1 expression. Similar effects were not seen when CK2� was
depleted, suggesting that CK2� was acting independently of CK2� in this regard. The
model that CK2� mediates the ARKL1-Jun interaction (Fig. 7A) is further supported by
coimmunoprecipitation of Jun with CK2� but not CK2� (Fig. 5B). Interestingly, Jun was
previously reported to be negatively regulated by phosphorylation by CK2, indicating
multiple roles of CK2 in regulating Jun activity (67). In addition, phosphorylation of
BZLF1 by CK2 has been shown to regulate BZLF1’s ability to repress expression of an
EBV late gene (68). Our results suggest a novel role for CK2� that is independent of the
CK2 holoenzyme. The possibility that CK2� can function independently of CK2� is also
supported by previous reports that cellular CK2� levels are in excess of the CK2 catalytic
subunits and that CK2� is detected in cellular locations devoid of the catalytic subunits
(43, 69).

We have identified ARKL1 as a negative regulator of EBV reactivation, suggesting
that high ARKL1 levels would promote latency and decrease lytic infection. Interest-
ingly, a study by Domingues et al. (49) also identified ARKL1 as a factor inhibiting
influenza A virus infection, although the mechanism of this effect was not determined.
In addition, ARKL1 expression was shown to be repressed by human T-cell leukemia
virus type I (HTLV-1) infection (70), suggesting that interference with ARKL1 is also
beneficial to this virus. Overall, these results point to an antiviral function of ARKL1.
While the cellular functions of ARKL1 have yet to be determined, our findings on the
mechanism of ARKL1 repression of EBV reactivation indicate that ARKL1 can suppress
Jun activity. This suggests that ARKL1 might also have a similar role in regulating Jun
activation of cellular genes, including Jun target genes involved in proliferation,
differentiation, and apoptosis (71–74).

ARKL1 was first identified as a SUMO-interacting protein (75, 76) and was also shown
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to be highly modified by SUMO2 in response to influenza A virus infection (49).
SUMOylation is central to antiviral responses, and conversely, manipulation of the
SUMO pathway is a strategy employed by many viruses to regulate antiviral responses
and promote infections (77–79). It is currently unclear how SUMOylation of ARKL1 (as
observed in response to influenza virus infection) affects ARKL1 activity and whether
SUMOylation of ARKL1 impacts EBV reactivation. However, SUMOylation in general
promotes latency of EBV and other herpesviruses and must be overcome during
reactivation (78, 80, 81), suggesting that SUMO modification of ARKL1 might be
required to repress EBV reactivation. The mechanism by which ARKL1 represses Jun
activity also remains to be determined. Since ARKL1 contains SUMO interacting motifs
(SIMs) similar to those in Arkadia, it is possible that the ARKL1 SIMs may influence its
protein-protein interactions as reported for Arkadia (47). SIMs in Arkadia have been
shown to mediate an interaction with the CBX4 component of Polycomb repressive
complex 1 (PRC1) involved in transcriptional repression of target genes (47). It will be
interesting to determine if ARKL1 also associates with CBX4/PRC1 to exert its suppres-
sive effect on Jun and EBV reactivation.

Reactivation of EBV is largely controlled by activation of BZLF1 expression, and
several cellular proteins have been reported to activate or repress the BZLF1 promoter
(10, 11). Here, we add to this complicated regulation by showing that the uncharac-
terized ARKL1 protein represses BZLF1 expression through effects on Jun, a known
activator of Zp. Moreover, we define a role for CK2� in mediating this interaction and
regulating EBV reactivation, providing a novel and unexpected function for this kinase
subunit.

MATERIALS AND METHODS
Cell lines. AGS cells containing recombinant neomycin-resistant EBV (AGS-EBV) derived from Akata-

Burkitt’s lymphoma (82) were cultured in RPMI 1640 medium (Gibco) supplemented with 10% fetal
bovine serum (FBS). NPC43 cells containing EBV from recurrent NPC tissues (51) were grown in RPMI
media containing 10% FBS, and 4 �M Y-27632 (Enzo Life Sciences). B cells containing M81 EBV, provided
by Henri-Jacques Delecluse (52), were maintained in RPMI medium containing 10% FBS. Human
embryonic kidney 293T cells were cultured in Dulbecco modified Eagle medium (DMEM) with 10% FBS.
HONE1-Akata cells, an NPC cell line infected with Akata EBV (83), were maintained in �-MEM (Gibco)
supplemented with 10% FBS.

Plasmids. Triple FLAG-tagged ARKL1 was generated by inserting the coding sequence of ARKL1 in
the multiple cloning site of the triple FLAG containing pCMV3FC plasmid between the BglII and NotI sites.
The ARKL1ΔS mutant lacking amino acids 202 to 226 was generated by gene synthesis, described in Cao
et al. (44), and inserted into the same restriction sites of the pCMV3FC plasmid as above. The plasmids
expressing FLAG-DDX24, FLAG-FBXO38, and FLAG-BKRF4 are described previously (84–86). The BZLF1
promoter firefly luciferase (pZp-luc) and renilla luciferase plasmids (pRL-TK) were kindly provided by
Takayuki Murata (53). FLAG-c-Jun and 5xTRE firefly luciferase plasmids are described in Vikhanskaya et al.
(87) and provided by Kanuga Sabapathy. FLAG-CK2� and FLAG-CK2� were generated by insertion of the
coding sequence of the respective genes from the pGEX-3X CK2� and CK2� plasmids (provided by David
Litchfield) into the pMZS3F vector containing C-terminal calmodulin binding peptide and triple FLAG
tags (SPA tag). CK2� was inserted between the XbaI and NotI sites using the forward primer 5=-GATCT
CTAGAGGCCATGGAGGCCATGTCGGGACCCGTGCCAAG-3= and reverse primer 5=-GGATCCGCGGCCGCACT
GCTGAGCGCCAGC-3=. CK2� was inserted between the XhoI and NotI sites using the forward primer
5=-GATCGGCCATGGAGGCCCTCGAGATGAGCAGCTCAGAGGAGG-3= and reverse primer 5=-GATCGGATCCC
TAGCGGCCGCAGCGAATCGTCTTGACTGGG-3=. HA-ARKL1 was generated by inserting the coding se-
quence of ARKL1 between the HindIII and NotI sites of the pcDNA3.1 vector (placing triple HA-tags at the
C terminus), using the forward primer 5=-GATCAAGCTTGCCACCATGAAGATGGAGGAGGCAGTGG-3= and
reverse primer 5=-GTGAGCGGCCGCGCCAGTAGGTATTTACGCCTGC-3=.

ARKL1 overexpression in AGS-EBV. AGS-EBV cells were plated in 6-well dishes containing poly-L-
lysine-treated coverslips and transfected with 2 �g of plasmids expressing FLAG-ARKL1, FLAG-DDX24,
FLAG-FBXO38, or FLAG-BKRF4, using 6 �l of linear polyethylenimine (PEI; catalog number 23966; Poly-
science Inc.) according to the manufacturer’s instructions. In some experiments, cells were treated with
3 mM sodium butyrate (NaB) and 20 ng/ml 12-O-tetradecanoylphorbol-13-acetate (TPA) 24 hours post-
transfection to induce the lytic cycle. At 24 hours postinduction, cells were fixed with 3.7% formaldehyde
for 20 minutes, permeabilized with 1% Triton X-100 for 5 minutes, and blocked with 4% bovine serum
albumin (BSA) for 1 hour. Cells were stained with FLAG (1:1,000 dilution; catalog no. 740001; Invitrogen)
and BZLF1 (1:100 dilution; catalog no. sc-53904; Santa Cruz) primary antibodies for 1 hour followed by
1:700 dilution of goat anti-rabbit Alexa Fluor 488 and goat anti-mouse Alexa Fluor 555 secondary
antibodies for 1 hour. Coverslips were mounted onto slides using ProLong Gold antifade fluorescent
mounting medium (Invitrogen) containing 4=,6-diamidino-2-phenylindole (DAPI). Images were obtained
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using 40� oil objective on a Leica DMi8 inverted fluorescence microscope and analyzed using Leica LasX
software. At least 100 transfected cells were counted for each experiment, in three biological replicates.

ARKL1 silencing experiments in AGS-EBV. AGS-EBV cells were plated in 6-cm dishes and trans-
fected with 120 pmol of ARKL1-specific siRNA1 (5=-ACGCAGUAUGUUAGCACCAGGCAAA-3=), siRNA2
(5=-CAUCUGCUGGCAAUGCGCCACUCAA-3=) or AllStars negative-control siRNA (Qiagen) using 2 �l of
Lipofectamine 2000 (Thermo Fisher Scientific). The cells were subjected to two additional rounds of
silencing after 24 and 48 hours. In some experiments, 24 hours after the third round, cells were treated
with 3 mM NaB and 20 ng/ml TPA to induce the lytic cycle and harvested 24 hours post-drug treatment
for Western blot analysis. In all cases, cells were lysed in 9 M urea and 10 mM Tris (pH 6.8), followed by
sonication. A total of 30 �g of drug-induced and 100 �g of uninduced lysates were subjected to 10%
SDS-PAGE and transferred to nitrocellulose membrane. Membranes were blocked with 5% skim milk in
phosphate-buffered saline with 0.1% Tween (PBS-T) for 1 hour, followed by overnight incubation with
primary antibodies ARKL1 (1:200 dilution; catalog no. sc-86701; Santa Cruz), BMRF1 (1:2,000 dilution;
catalog no. MAB8186; Millipore), BZLF1 (1:1,000 dilution; catalog no. sc-53904; Santa Cruz), and �-actin
(1:10,000 dilution; catalog no. sc-47778; Santa Cruz) prepared in the blocking buffer. Membranes were
washed with PBS-T and incubated with donkey anti-goat (1:5,000 dilution; catalog no. SAB3700285-1;
Sigma) or goat anti-mouse (1:5,000 dilution; catalog no. sc-2005; Santa Cruz) secondary antibodies for 1
hour. Membranes were washed with PBS-T, and signals were detected by enhanced chemiluminescence
(catalog no. sc-2048; Santa Cruz). Band quantifications were performed using ImageQuant software (GE
Healthcare Life Sciences).

ARKL1 silencing in NPC43 cells and M81 B cells. Lentiviral plasmids (pLKO.1-puro) containing three
different short hairpin RNAs (shRNAs) targeting ARKL1 (pLKO.1-shARKL1) as described in reference 49
were kindly supplied by Ben Hale and were used to generate lentivirus in 293T cells using standard
methods. NPC43 cells or M81 B cells (1 � 105) were infected using Polybrene (Sigma) at a final
concentration of 8 �g/ml with 500 �l of cultured medium containing shARKL1 or shControl lentivirus. At
24 hours postinfection, the medium was replaced with fresh growth medium containing 2 �g/ml
puromycin, and cells were grown for at least 72 hours to select for cells with the integrated lentivirus.
M81 cells were transduced with a second round of lentivirus 7 days after the first round. Harvested cells
were lysed in 9 M urea and 10 mM Tris (pH 6.8), and 70 to 100 �g (NPC43 cells) or 50 �g (M81 cells) of
clarified lysate was subjected to 10% SDS-PAGE and Western blotted as described above with ARKL1,
BZLF1, and actin primary antibodies and donkey anti-goat or goat anti-mouse secondary antibodies.
Band quantifications were performed as described above.

ARKL1 effect on BZLF1 mRNA transcripts. AGS-EBV were plated in 6-well dishes and either
subjected to ARKL1 silencing or overexpression. Briefly, for ARKL1 silencing, AGS-EBV cells were trans-
fected with 100 pmol of siRNA1 using Lipofectamine 2000 for 3 days and harvested 48 hours after the
last round of siRNA transfection. For overexpression, AGS-EBV cells were transfected with 1 �g of
plasmids expressing empty vector pCMV3FC or FLAG-ARKL1 using 3 �l PolyJet and harvested 48 hours
posttransfection. Total RNA was extracted using NucleoZOL (Macherey-Nagel) according to the manu-
facturer’s instructions. One microgram of total RNA was treated with 0.5 units of DNase I (New England
BioLabs) for 15 min. One-step real-time quantitative PCR (RT-qPCR) was performed with 1/10 of the
DNase I-treated mRNA using a Luna Universal one-step RT-qPCR kit (New England BioLabs) with a
reaction volume of 10 �l in a CFX384 real-time system (Bio-Rad). Primers used for BZLF1 mRNA
quantification were described previously (88). The relative mRNA expression level was derived from
2�ΔΔCT by use of the comparative threshold cycle (CT) method. The amount of mRNA in each sample
was normalized to the amount of actin mRNA. Western blots were also performed with lysates from
overexpression samples using antibodies against FLAG and vinculin (1:10,000 dilution; catalog no.
sc-25336; Santa Cruz).

Reporter assays with ARKL1 overexpression. For pZp-luc assays, AGS cells were plated in 6-well
dishes and then transfected with 0.9 �g plasmids expressing FLAG-ARKL1 or empty vector pCMV3FC,
along with 10 ng of pZp-luc reporter and 30 ng of pRL-TK (renilla control) plasmids using 4 �l PolyJet
transfection reagent (SignaGen Laboratories) as per manufacturer’s instructions. For TRE-luc assays
without Jun overexpression, AGS cells were transfected as above along with 10 ng of 5XTRE-luc and
30 ng pRL-TK. For TRE-luc assays with Jun overexpression, AGS cells were transfected with 0.9 �g
plasmids expressing FLAG-ARKL1 or empty vector pCMV3FC in addition to 0.9 �g plasmid expressing
c-Jun, along with 20 ng 5xTRE-luc and 60 ng pRL-TK. In both assays, cells were harvested 48 hours
posttransfection, lysed in passive lysis buffer (PLB) (Promega), and clarified by centrifugation. Luciferase
assays were performed using a dual-luciferase reporter assay system (Promega) and a GloMax 20/20
luminometer (Promega). Firefly luciferase reporter values were normalized to renilla luciferase values to
control for transfection efficiency.

Zp reporter assay with ARKL1 silencing. AGS cells were plated in 6-well dishes and transfected
with 100 pmol of ARKL1-specific siRNA1 using Lipofectamine 2000. This transfection was repeated 24 and
48 hours later. Five hours after the third transfection, cells were transfected with 10 ng pZp-luc, 30 ng
pRL-TK, and 0.9 �g pCMV3FC empty plasmids using 4 �l PolyJet transfection reagent. Forty-eight hours
later, cells were lysed in PLB and clarified by centrifugation. Luciferase activities were measured and
normalized as described above.

Affinity purification-mass spectrometry (AP-MS). HEK293T cells in three 10-cm dishes were
transfected with 5 �g of empty plasmid pCMV3FC or plasmid expressing FLAG-ARKL1 using 10 �l PolyJet
transfection reagent. Cells were transferred to 15-cm dishes and lysed 48 hours posttransfection in
modified radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl [pH 8.0], 300 mM NaCl, 0.1%
sodium deoxycholate, 0.5% NP-40, and 2 mM EDTA) with phosphatase (Halt; Sigma) and protease
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inhibitor cocktail (catalog no. P8340; Sigma). FLAG-ARKL1 and associated proteins were recovered on M2
anti-FLAG resin (catalog no. A2220; Sigma-Aldrich) as described in Cao et al. (44). Recovered proteins
were trypsinized and processed for tandem liquid chromatography-mass spectrometry (LC-MS/MS) as
previously described (44) and analyzed using a linear trap quadropole (LTQ) orbitrap system (Thermo
Finnigan) and Mascot software (Matrix Science, United Kingdom).

Immunoprecipitation of Jun with FLAG-ARKL1. AGS cells were plated in 10-cm dishes and
transfected with 7 �g of plasmids expressing FLAG-ARKL1 WT, FLAG-ARKL1ΔS, or empty plasmid
pCMV3FC using 21 �l PEI transfection reagent. Cells were harvested 48 hours posttransfection and lysed
in modified RIPA buffer with sonication. Lysates were clarified by centrifugation, and then 1 mg lysate
was incubated with 5 �l of M2 anti-FLAG resin for 3 hours at 4°C with mixing. Resin was collected by
centrifugation, washed in modified RIPA buffer, and boiled in 2� SDS buffer. Immunoprecipitated
proteins were subjected to SDS-PAGE and analyzed by Western blotting using primary antibodies against
c-Jun (1:1,000 dilution; catalog no. 711202; ThermoFisher Scientific), FLAG (1:20,000 dilution; catalog no.
740001; Invitrogen), CK2� (1:1,000 dilution; catalog no. 2072-1; Epitomics), and �-actin (1:10,000 dilution;
catalog no. sc-47778; Santa Cruz) as described above.

Immunoprecipitation of Jun with FLAG-ARKL1 upon CK2 silencing. AGS cells in 10-cm dishes
were transfected with 250 pmol of siRNA targeting CK2� (5=-CCCAUAAUGUCAUGAUUGAUCAUGA-3=),
CK2� (5=-UCGGAUGGAUCUUGAAACC[dT][dT]-3=), or AllStars negative-control siRNA (Qiagen) using 2 �l
of Lipofectamine 2000, followed by two additional rounds of silencing after 24 and 48 hours. Seven hours
later, cells were transfected with 7 �g of FLAG-ARKL1 or pCMV3FC empty vector using PEI. Forty-eight
hours later, cells were harvested in modified RIPA buffer and sonicated. Lysates were clarified by
centrifugation, and then 700 �g lysate was incubated with 8 �l of M2 anti-FLAG resin for 3 hours at 4°C
with mixing. Resin was collected by centrifugation, washed in modified RIPA buffer, and boiled in 2� SDS
buffer. Immunoprecipitated proteins were subjected to SDS-PAGE and analyzed by Western blotting
using primary antibodies against c-Jun, FLAG, CK2� (1:5,000 dilution; catalog no. A300-198A; Bethyl),
CK2�, and �-actin as described above.

CK2-Jun interaction IP. AGS cells in 10-cm dishes were transfected with 7 �g of pMZS3F-CK2�,
pMZS3F-CK2�, or pMZS3F empty vector using PEI transfection reagents according to the manufacturer’s
protocol. Cells were harvested 48 hours posttransfection and lysed in modified RIPA buffer with
sonication. IPs and Western blots were performed as described above.

CK2 silencing on EBV reactivation. AGS-EBV or HONE1-Akata cells were plated in 6-cm dishes and
transfected with 100 pmol of siRNA against CK2�, CK2�, or AllStars negative-control siRNA using 1 �l of
Lipofectamine 2000 as mentioned above. The cells were subjected to two additional rounds of silencing
after 24 and 48 hours. Twenty-four hours later, cells were transferred to 10-cm dishes and induced for
EBV reactivation with 3 mM NaB and 20 ng/ml TPA. Cells were harvested 24 hours postinduction and
lysed in RIPA buffer (50 mM Tris-HCl [pH 8], 150 mM NaCl, 0.5% NP-40, 0.1% sodium deoxycholate, 2 mM
EDTA, and 1 mM sodium fluoride and protease inhibitors cocktail) followed by sonication. A total of
25 �g of clarified lysates was subjected to 10% SDS-PAGE and Western blotting as described above with
primary antibodies against BMRF1, BZLF1, CK2�, CK2� (1:500 dilution; catalog no. sc-20710; Santa Cruz),
and actin and secondary antibodies goat anti-mouse, goat anti-rabbit, or donkey anti-goat.

HA-ARKL1 ChIP at Zp. AGS cells in two 10-cm dishes were transfected with 4 �g of empty plasmid
pcDNA3.1 or plasmid expressing HA-ARKL1 along with 4 �g of Zp-luc using 24 �l PEI. Forty-eight hours
posttransfection, cells were cross-linked with formaldehyde (1% final concentration) for 10 mins at room
temperature. Chromatin immunoprecipitation (ChIP) assays of HA-ARKL1 on Zp were performed using
the SimpleChIP enzymatic chromatin IP kit (catalog no. 9003; Cell Signaling Technologies). Fragmented
chromatin was subjected to nuclease treatment for 20 minutes at 37°C before sonication. ChIP was
performed on 5 �g of digested chromatin using 2 �g of HA (catalog no. sc-7392X; Santa Cruz) or normal
mouse IgG (catalog no. sc-2343; Santa Cruz) antibodies overnight followed by recovery on protein G
magnetic beads for 2 hours. Immunoprecipitated DNA was quantified by quantitative real-time PCR
(qPCR) with the CFX384 real-time system (Bio-Rad) using the primers for Zp promoter (Zp0) described
previously (17). Fold enrichment of chromatin recovered with HA antibody over IgG control within each
sample condition was calculated. To determine the effect of overexpression of CK2� and c-Jun on ARKL1
recovery of Zp, AGS cells in two 10-cm dishes were transfected with 2 �g of ARKL1, 2 �g of Zp-luc, or
empty luciferase vector pGL4.10-luc and 2 �g of FLAG-CK2� and/or FLAG-c-Jun for a total of 8 �g
plasmids transfected (empty plasmid pcDNA3.1 was added to bring the total plasmid amount to 8 �g as
needed) using 24 �l PEI. Cells were harvested 48 hours posttransfection and subjected to ChIP as detailed
above. Chromatin recovered with HA antibody was normalized to IgG control.

Statistics. Statistical analysis was performed using the paired Student’s t test using Microsoft Excel.
Data represent averages from three independent experiments along with their standard deviations.
Significance is indicated as follows: ns, no significance; *, P � 0.05; **, P � 0.01; ***, P � 0.001; and ****,
P � 0.0001.
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