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ABSTRACT

A major hurdle to killing Epstein-Barr virus (EBV)-infected tumor cells using oncolytic therapy is the presence of a substantial
fraction of EBV-infected cells that does not support the lytic phase of EBV despite exposure to lytic cycle-promoting agents. To
determine the mechanism(s) underlying this refractory state, we developed a strategy to separate lytic from refractory EBV-posi-
tive (EBV™*) cells. By examining the cellular transcriptome in separated cells, we previously discovered that high levels of host
STAT3 (signal transducer and activator of transcription 3) curtail the susceptibility of latently infected cells to lytic cycle activa-
tion signals. The goals of the present study were 2-fold: (i) to determine the mechanism of STAT3-mediated resistance to lytic
activation and (ii) to exploit our findings to enhance susceptibility to lytic activation. We therefore analyzed our microarray data
set, cellular proteomes of separated lytic and refractory cells, and a publically available STAT3 chromatin immunoprecipitation
sequencing (ChIP-Seq) data set to identify cellular PCBP2 [poly(C)-binding protein 2], an RNA-binding protein, as a transcrip-
tional target of STAT3 in refractory cells. Using Burkitt lymphoma cells and EBV™ cell lines from patients with hypomorphic
STAT3 mutations, we demonstrate that single cells expressing high levels of PCBP2 are refractory to spontaneous and induced
EBV lytic activation, STAT3 functions via cellular PCBP2 to regulate lytic susceptibility, and suppression of PCBP2 levels is suf-
ficient to increase the number of EBV lytic cells. We expect that these findings and the genome-wide resources that they provide

will accelerate our understanding of a longstanding mystery in EBV biology and guide efforts to improve oncolytic therapy for

EBV-associated cancers.

IMPORTANCE

Most humans are infected with Epstein-Barr virus (EBV), a cancer-causing virus. While EBV generally persists silently in B lym-
phocytes, periodic lytic (re)activation of latent virus is central to its life cycle and to most EBV-related diseases. However, a sub-
stantial fraction of EBV-infected B cells and tumor cells in a population is refractory to lytic activation. This resistance to lytic
activation directly and profoundly impacts viral persistence and the effectiveness of oncolytic therapy for EBV* cancers. To
identify the mechanisms that underlie susceptibility to EBV lytic activation, we used host gene and protein expression profiling
of separated lytic and refractory cells. We find that STAT3, a transcription factor overactive in many cancers, regulates PCBP2, a
protein important in RNA biogenesis, to regulate susceptibility to lytic cycle activation signals. These findings advance our un-
derstanding of EBV persistence and provide important leads on devising methods to improve viral oncolytic therapies.

Oncogenic gammaherpesviruses such as Epstein-Barr virus
(EBV) and Kaposi’s sarcoma herpesvirus are causally linked
to cancers such as Burkitt lymphoma (BL), nasopharyngeal cell
carcinoma, posttransplant lymphoproliferative diseases, Kaposi’s
sarcoma, and primary effusion lymphomas (1-3). EBV genomes
have also been identified in other types of cancer such as breast
and gastric carcinomas (4, 5). While other herpesviruses, such as
cytomegalovirus, are not known to cause cancers, they can never-
theless be present in cancers such as glioblastomas (6). Herpesvi-
ruses are therefore recognized as attractive therapeutic targets,
potentially for a broad range of cancers.

Herpesvirus-directed oncolytic therapy involves pharmaco-
logically switching the latent virus to its lytic phase in cancer cells,
thereby making such cancer cells susceptible to killing by antiviral
agents such as ganciclovir. Indeed, a phase 1/2 trial of butyrate, a
short-chain fatty acid, to induce the EBV lytic cycle, and ganciclo-
vir, a nucleoside-type antiviral agent, to then kill cells supporting
the lytic phase of EBV, showed promise in patients with refractory
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EBV-positive (EBV™) lymphomas (7). However, with this ap-
proach, killing of cancer cells is restricted by the ability of cells to
support the lytic phase of the viral life cycle. Studies have shown
that only about half the number of latently infected cells in a pop-
ulation responds to lytic cycle-activating agents (8, 9). Conse-
quently, a substantial fraction of cells in a population is refractory
to oncolytic killing. We reasoned that to improve cell killing, the
susceptibility of latently infected cancer cells to lytic activating
signals would need to be increased.

In our efforts to improve the susceptibility of latently infected
cells to lytic cycle-inducing stimuli, we developed a strategy to
robustly detect and separate cells lytically infected with EBV
from refractory (latently infected) cells (10). By probing a cellular
microarray using RNA from separated cells, we then identified
STATS3 (signal transducer and activator of transcription 3) as a key
regulator of the refractory state. Specifically, we found that high
levels of cellular STAT3 restrict the susceptibility of latently in-
fected cells to lytic cycle activation signals (8, 9). In this study, we
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examined the proteome of EBV* sorted refractory and lytic cells
to identify PCBP2 [poly(C)-binding protein 2], an RNA-binding
protein, as a transcriptional target of STAT3 in refractory cells. We
also show that EBV-positive Burkitt lymphoma cells expressing
high levels of PCBP?2 are resistant to lytic cycle-inducing stimuli,
that the manipulation of PCBP2 levels impacts the number of Iytic
cells, and that STAT3 exploits cellular PCBP2 to regulate the re-
fractory state.

MATERIALS AND METHODS

Cell lines. EBV lymphoblastoid cell lines (EBV-LCLs) derived from 3
healthy subjects and 3 patients with autosomal dominant hyper-IgE syn-
drome (AD-HIES) were described previously (9). Two AD-HIES patients
had a mutation in the SH2 domain and the third patient had a mutation in
the DNA-binding domain of their STAT3 gene. The study of cell lines
derived from human subjects was approved by the Institutional Review
Board (IRB) at Stony Brook University. The EBV-infected HH514-16 cell
line is a subclone of the P3]J-HR1 Burkitt lymphoma cell line (11).

Chemical treatment of cell lines. The EBV lytic cycle was activated as
previously described (10). Briefly, HH514-16 cells were subcultured at
3 X 10° cells/ml; 48 h later, cells were treated with 3 mM sodium butyrate
(NaB; Sigma) and harvested at the indicated times.

Transfection of cell lines. HH514-16 cells were subcultured at 3 X 10°
to 5 X 10° cells/ml 24 h prior to transfection, washed twice with phos-
phate-buffered saline (PBS), and transfected with 100 wM small interfer-
ing RNA (siRNA) (targeting STAT3 [catalog number sc-29493] or PCBP2
[catalog number sc-38270], scrambled [sc-37007], or fluorescein isothio-
cyanate [FITC] scrambled [catalog number sc-36869]; Santa Cruz Bio-
technology) or 3 pg of plasmid DNA (pCMV-STAT3, pCMV-Neo [both
gifts from Nancy Reich], pPCBP2, or pPCDNA3 [the latter 2 plasmids were
gifts from Ken Fujimura]) per million cells via nucleofection, as described
previously (9). For the flow cytometry experiment depicted in Fig. 5B,
combinations of siRNA (targeted or scrambled) and FITC-scrambled
siRNA were transfected at a 3:1 ratio to identify transfected cells (12).

Immunoblotting. Total cell extracts were electrophoresed in 10%
SDS-polyacrylamide gels, transferred onto nitrocellulose membranes,
and reacted with antibodies (Abs) as described previously (9). Mouse
monoclonal Abs were used to detect PCBP2 (1/500 dilution) (catalog
number sc-101136; Santa Cruz Biotechnology) and B-actin (1/3,000 di-
lution) (catalog number AC-15; Sigma). Signals were detected by using
extended chemiluminescence.

Flow cytometry. Cells were stained in PBS containing 5% fetal bovine
serum (FBS) with reference human sera (EBV positive or negative) fol-
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lowed by FITC-conjugated anti-human IgG (1/200 dilution) (BD), as
described previously (8, 10). Cells were fixed and permeabilized by using
Cytofix/Cytoperm (BD) and incubated with anti-PCBP2 Ab (1/50 dilu-
tion) (catalog number sc-101136; Santa Cruz Biotechnology) or a mouse
IgG isotype control followed by allophycocyanin (APC)-conjugated anti-
mouse IgG (1/500 dilution) (Life Technologies). Specific detection of lytic
antigens by reference EBV-positive serum was determined over back-
ground detection of similarly treated cells by reference EBV-negative se-
rum (0.5 to 1% detection as a cutoff) using dot plot analyses. Cells shown
in Fig. 3C were divided into PCBP2™, PCBP2™, and PCBP2'*'~ subpopu-
lations after comparison with cells stained with the isotype control anti-
body. Events (100,000) were acquired by using a FACSCalibur flow cy-
tometer (BD), and data were analyzed by using FlowJo software (Tree
Star).

Immunofluorescence microscopy. Staining and microscopy were
performed as described previously (9, 12). Briefly, cells were stained as
described above for flow cytometry by using rabbit anti-human STAT3
(Santa Cruz Biotechnology) followed by FITC-anti-rabbit IgG (Life
Technologies), washed, cytospun onto glass slides, air dried, and mounted
with 4',6-diamidino-2-phenylindole (DAPI) Prolong Gold Antifade (Life
Technologies). All images were acquired under identical settings at a X40
magnification on an AxioScope Al microscope (Zeiss) with SPOT v4.0
software. Images were deidentified, and nuclei were counted by two indi-
viduals.

Quantitative reverse transcription-PCR (qRT-PCR). Total RNA was
isolated from EBV-LCL and HH514-16 cells by using an RNeasy kit (Qia-
gen), followed by DNase digestion (Promega). RNA was quantitated
by using a NanoDrop instrument (Thermo Scientific). RNA (500 ng)
was converted to cDNA by using qScript cDNA SuperMix (Quanta
BioSciences). Relative transcript levels of selected cellular and viral
genes were determined with gene-specific primers by using Fast SYBR
green master mix on a StepOne Plus thermocycler (Applied Biosys-
tems). Sequences of primers for 18S rRNA, STAT3, and BMRFI were
described previously (9). Sequences of other primers are as follows:
forward primer TTCCACAGCCTGCACCAGTG and reverse primer
GGCAGCCACCTCACGGT for BZLF1, forward primer ACTCCCGG
CTGTAAATTCCT and reverse primer CCATACAGGACACAACAC
CTCA for BRLF1, forward primer TTCTGACATCCCAGTTCTGC
and reverse primer TGTCTATGGCGCGTTGG for BFRF3, forward
primer CGGAAAGGAAGTAGGAAGC and reverse primer GTGGAG
TTGGGCAGCATA for PCBP1, forward primer AGGCAGGTTACCA
TCACTGG and reverse primer CATTGTTCTAGCTGCTCCCC for
PCBP2, forward primer CGCTAGGATGAAGCTCGTG and reverse
primer CCACACCTGTGATTGTTCCA for SNRPDI, forward primer
TAGAGGAATTCGCAGAGGGA and reverse primer TTGTATCCCA
GCTCAAGCCT for HNRPDL, and forward primer TGAACATGTGC
TCAGTGGCT and reverse primer AAAGGGTCTGTCACTGGCTG
for UTP14A.

Relative expression levels were calculated by using the AAC method,
normalized to 18S rRNA levels, and compared to those of untreated but
mock-sorted (see Fig. 2), healthy subject-derived LCL (Fig. 4B), or scram-
bled siRNA-transfected (see Fig. 4 and 5) cells with StepOne software v2.2.
Individual samples were assayed in triplicate.

FACS sorting of lytic and refractory cells. HH514-16 cells were
treated with NaB (or untreated), stained for lytic and refractory cells, and
sorted by fluorescence-activated cell sorting (FACS), as described previ-
ously (10).

SILAC labeling of cells for proteomic analysis. HH514-16 cells were
metabolically labeled with ['*C]lysine and ['*Cg]arginine (catalog num-
ber 88210; Pierce) by using the SILAC (stable isotope labeling by amino
acids in cell culture) method according to the manufacturer’s instructions
(catalog number 1860971; Pierce). Compared to unlabeled cells, 99% of
proteins in labeled cells had incorporated “heavy” amino acids after 48 h
of culture. Labeled cells were treated with NaB for 24 h and sorted into
lytic and refractory populations by FACS. One million each of lytic and
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refractory cells were obtained from each sort. Pooling of cells from 2
independent sorting experiments yielded 60 g of total protein from each
population; these proteins were subjected to mass spectrometry (MS).

Multidimensional protein identification technology and tandem
mass spectrometry. After trypsin digestion, peptide mixtures were sub-
jected to multidimensional protein identification technology (MudPIT)
by using an LTQ-Orbitrap XL mass spectrometer equipped with a nano-
liquid chromatography (LC) electrospray ionization source (Thermo-
Finnigan, San Jose, CA) (13). Full MS spectra of the peptides were
recorded over a range of 400 to 2,000 11/z by using the Orbitrap spectrom-
eter, followed by five tandem mass spectrometry (MS/MS) events sequen-
tially generated by linear trap quadrupole (LTQ) in a data-dependent
manner on the first, second, third, and fourth most intense ions selected
from the full MS spectrum (at 35% collision energy). Mass spectrometer
scan functions and high-performance liquid chromatography (HPLC)
solvent gradients were controlled by the Xcalibur data system (Ther-
moFinnigan).

Interpretation of MS/MS data sets. Tandem mass spectra were ex-
tracted from raw files, and low-quality MS/MS spectra were removed
based on an empirical classifier. The remaining spectra were searched
against the Uniprot human protein database (released February 2011). To
calculate confidence levels and false-positive rates, we used a decoy data-
base containing the reverse sequences of annotated protein sequences and
the SEQUEST algorithm (14) to find the best-matching sequences using
the Integrated Proteomics Pipeline (IP2; Integrated Proteomics Inc.,
CA). The peptide mass search tolerance was set to 50 ppm. No differential
modifications were considered. At least half-tryptic status was imposed on
the database search, so the search space included all candidate peptides
whose theoretical mass fell within the 50-ppm mass tolerance window.
The validity of peptide/spectrum matches was assessed with DTASelect2
(15) using SEQUEST-defined parameters, the cross-correlation score
(XCorr), and the normalized difference in cross-correlation scores
(DeltaCN). The search results were grouped by charge state (+1, +2, and
+3) and tryptic status (fully tryptic, half-tryptic, and nontryptic), result-
ing in 9 distinct subgroups. For each subgroup, the distribution of XCorr
and DeltaCN values for (i) direct and (ii) decoy database hits was ob-
tained, and the two subsets were separated by quadratic discriminant
analysis. Outlier points in the two distributions (for example, matches
with very low Xcorr but very high DeltaCN values) were discarded. The
discriminant score was set such that a false-positive rate of 1% was deter-
mined based on the number of accepted decoy database peptides. In ad-
dition, a minimum sequence length of 7 amino acid residues was required,
and each protein on the final list was supported by at least two indepen-
dent peptide identifications unless otherwise specified. After this last fil-
tering step, the false identification rate was reduced to <1%. SILAC ratios
were derived by using CenSus (16).

The mass spectrometry proteomics data were deposited in the
ProteomeXchange Consortium.

Bioinformatic analysis. Raw data from microarray experiments
(GEO accession number GSE49568) were normalized and analyzed by
using dChip software (17 December 2010 build) (17). Comparison oflytic
and refractory samples was performed under default dChip settings (fold
change of >2 with 90% confidence). For genes with multiple probes se-
lected by dChip, the average fold change was used. In a few cases, different
probes from the same gene had conflicting up- or downregulation infor-
mation; these genes were omitted from the differentially expressed gene
lists. The present/absent calls were generated from Affymetrix GCOS soft-
ware using the MASS5 algorithm. A gene was considered absent if all its
probes had an absent flag. A 2-fold cutoff (by total ionic counts or spectral
counts) was also used to select the changes for proteins in lytic and refrac-
tory comparisons. Potential STAT3 target genes were identified by using
the ENCODE GM 12878 cell line STAT3 antibody track and PeakSeq soft-
ware, as described previously (see the supplemental material in reference
9). Common genes/proteins between differentially expressed genes, pro-
teins, and potential STAT3 targets were identified by using gene symbols.
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FIG 1 Comparison of gene expression levels in sorted lytic and refractory cells
by using microarray and proteomic approaches. (A) Venn diagram showing
the overlap between the numbers of genes with at least 2-fold increased levels
of gene products in lytic cells (top half) and those in refractory cells (bottom
half). Numbers outside circles indicate the total number of genes with in-
creased levels of mRNA (by microarray analysis [left]) or protein (by pro-
teomic analysis [right]). Numbers inside small circles indicate the number of
genes whose products were observed in lytic or refractory cells only.

Gene Ontology (GO) enrichment analysis was performed by using
DAVID Bioinformatics Resources version 6.7 (18). For gene lists gener-
ated from microarray and potential STAT3 targets, the whole genome was
used as the background; for protein lists, all proteins detected in the mass
spectrum were used as the background. A false discovery rate (FDR) of
<<25% was used to determine significantly enriched GO terms.

Statistical analyses. P values were calculated by comparing the means
for two groups of interest using the unpaired Student ¢ test.

Accession number. Raw files generated by the mass spectrometer and
searched files with protein identifications are available at the Proteome-
Xchange Consortium (http://proteomecentral.proteomexchange.org/)
via the PRIDE partner repository with the data set identifier PXD001838.

RESULTS

A multipronged approach narrows the list of STAT3-responsive
genes likely to regulate susceptibility of EBV-infected B cells to
lytic activation signals. The central function of STATS3 is tran-
scriptional activation. Therefore, to determine the mechanism by
which STAT3 contributes to the maintenance of the EBV refrac-
tory state, we needed to identify the gene(s) transcriptionally ac-
tivated by STAT3 in refractory compared to lytic cells. However,
because STAT3 can potentially regulate the transcription of sev-
eral thousand genes (9, 19), this made the identification of the
downstream target(s) of STAT3 challenging. We therefore ex-
ploited two genome-wide analysis strategies: a transcriptome
analysis of human genes in sorted refractory and sorted lytic cell
populations that we have previously described (9) and a pro-
teomic analysis of human genes in the same 2 populations, pre-
sented here. To identify cellular genes whose mRNA and protein
levels were both increased by at least 2-fold, we compared relative
expression levels of all cellular gene products in lytic and refrac-
tory cells in the microarray and proteomic data sets (Fig. 1). As we
have shown previously, lytic cells demonstrated 1,345 transcripts
with levels that were higher than those of the corresponding tran-
scripts in refractory cells (9). Of these, 75 transcripts were detected
only in lytic cells. In refractory cells, 1,084 transcripts showed
higher levels than those in lytic cells (9). Of these, 50 transcripts
were detected only in refractory cells. For proteins, 125 were de-
tected at higher levels in lytic than in refractory cells; of these, 20
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were detected only in lytic cells. In comparison, 140 proteins were
present at higher levels in refractory cells than in lytic cells; of
these, 33 were detected only in refractory cells. The overlap of
the two analyses revealed that both transcript and protein levels
were elevated for 4 genes in lytic cells and 14 genes in refractory
cells. The lists of 125 and 140 proteins with increased levels in
lytic and refractory cells, respectively, are shown in Table S1 in
the supplemental material. Genes whose products were ob-
served only in lytic or refractory cells by microarray and pro-
teomic analyses, respectively, are shown in Table S2 in the sup-
plemental material. As expected, we observed an enrichment of
EBV lytic proteins in the lytic fraction (see Table S3 in the
supplemental material).

To determine which of the 4 and 14 genes with increased prod-
uct levels in lytic and refractory cells, respectively, were transcrip-
tional targets of STAT3, we used another genome-wide analysis
measure: a publically available STAT3 chromatin immunopre-
cipitation sequencing (ChIP-Seq) data set from the EBV-posi-
tive lymphoblastoid cell line (LCL) GM12878 (19). As de-
scribed previously, our analysis of this STAT3 ChIP-Seq peak
set produced a list of >8,000 potential STAT3-regulated genes
(9). Intersection of the gene lists from Fig. 1 with the list of
STAT3-regulated genes revealed that 2 of the 4 genes whose
levels were increased in lytic cells were potential transcriptional
targets of STAT3. In comparison, 12 of the 14 genes with in-
creased expression levels in refractory cells were potential tran-
scriptional targets of STAT3. A list of these genes is provided in
Table S$4 in the supplemental material.

The “RNA processing” Gene Ontology term is a biological
target of STAT3 in refractory cells. Our strategy for identifying a
mechanism by which STAT3 promotes the refractory state in-
volved identifying genes whose mRNA and protein levels were
both increased, whose expression(s) might be regulated by
STAT3, and whose functions may be biologically linked. We
therefore converted lytic and refractory gene lists with increased
levels from microarray (9) and proteomic (see Table S1 in the
supplemental material) approaches and the list of genes in the
STAT3 ChIP-Seq peak set to GO terms. In the lytic population,
only 2 microarray-derived but 25 proteomics-derived terms
reached statistical significance (hypergeometric distribution, with
an FDR of <25%). In the refractory population, 33 microarray-
derived and 6 proteomics-derived terms were statistically signifi-
cant. In the STAT3 ChIP-Seq peak set, 124 terms were statistically
significant. When these terms were overlapped, no common GO
terms were identified in the lytic population. In contrast, a single
common GO term (GO:0006396; RNA processing) was identified
in the refractory population. Of the genes in the RNA processing
pathway, 5 (PCBP2, SNRPDI, HNRPDL, UTP14A, and RBM17)
demonstrated elevated mRNA and protein levels. Importantly,
these genes were also among the 14-member list of refractory
genes shown in Table S4 in the supplemental material. Of the 5
genes, 4 (PCBP2, SNRPD1, HNRPDL, and RBM17) were also po-
tential transcriptional targets of STAT3. Thus, 4 genes with in-
creased mRNA and protein levels in refractory cells met the crite-
ria of being STAT3 targets and being biologically linked. In
contrast, none of the genes with increased mRNA and protein
levels in lytic cells met these criteria.

Components of the “RNA processing” biological process are
involved in resistance to lytic activation. To further narrow the
list of candidate genes, we sorted EBV-positive HH514-16 Burkitt
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FIG 2 Candidate genes contributing to the RNA processing GO term show
increased transcript levels in refractory cells. Untreated but mock-sorted
HH514-16 BL cells, NaB-treated sorted refractory cells, and NaB-treated
sorted lytic cells were subjected to qRT-PCR using primers targeting four
candidate genes that are transcriptional targets of STAT3 and contribute to the
“RNA processing” GO biological process pathway. Results represent means of
relative amounts of RNA normalized to the level of 185 rRNA * standard
errors of the means from three technical replicates from each of three inde-
pendent sorting experiments (*, P < 0.05).

lymphoma (BL) cells into refractory and lytic cells 24 h after ex-
posure to the lytic cycle-inducing histone deacetylase (HDAC)
inhibitor sodium butyrate (NaB). We were able to amplify tran-
scripts from 4 genes (PCBP2, SNRPD1, HNRPDL, and UTP14A).
Levels of mRNA for all 4 genes were significantly higher in refrac-
tory cells than in lytic cells (Fig. 2). However, mRNA levels for
only 2 genes (PCBP2 and UTP14A) were significantly elevated in
refractory cells compared to cells unexposed to lytic activation
signals. Thus, 2 candidate genes contributing to the “RNA pro-
cessing” biological process demonstrated increased transcript lev-
els in refractory cells compared to lytic cells and cells unexposed to
Iytic signals.

EBV-infected B cells expressing high levels of the PCBP2
protein are refractory to EBV lytic activation. Of PCBP2 and
UTPI4A, the 2 genes with increased mRNA levels in refractory
cells compared to both lytic cells and cells unexposed to lytic sig-
nals, only PCBP2 was a transcriptional target of STAT3 (based on
the results of the STAT3 ChIP-Seq peak set). We therefore focused
our investigation on PCBP2 [poly(C)-binding protein 2] to deter-
mine the relationship between PCBP2 protein levels and the re-
fractory state, whether its expression was regulated by STAT3, and
whether manipulation of its levels affected lytic susceptibility.
PCBP2 is a member of the PCBP family of proteins that bind to
C-rich single-strand RNA motifs (20). PCBP proteins have been
found to mediate a multitude of functions ranging from mRNA
stabilization, translational enhancement, and translational silenc-
ing to transcriptional regulation, antiviral activities, and cell sur-
vival (20-24).

Since refractory cells that have high levels of STAT3 (8) also
demonstrate high levels of PCBP2 mRNA (Fig. 2) and since high
levels of STATS3 restrain EBV lytic activation (8, 9), we examined
the relationship between PCBP2 levels and susceptibility to lytic
activation signals at the single-cell level. As shown by using cells
not treated with NaB (Fig. 3A), spontaneously lytic cells were de-
rived primarily from cells expressing low levels of PCBP2, and cells
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FIG 3 Cells expressing high levels of PCBP2 protein are refractory to spontaneous and induced EBV lytic activation. (A to C) HH514-16 cells were untreated (A)
or treated with NaB (B and C). Cells were harvested 48 h later and evaluated for lIytic cells (using reference EBV-seropositive serum [top] or reference
EBV-seronegative serum [bottom] in panels A and B) and PCBP2 expression by flow cytometry. Numbers in panels A and B represent the percentages of cells in
quadrants; numbers in rectangular gates in panel C represent the percentages of PCBP2" (top), PCBP2™™ (middle), and PCBP2'”~ (bottom) cells undergoing
lytic activation. Staining with a matched isotype control antibody for PCBP2 is shown at the bottom of panels A and B. (D) HH514-16 cells were transfected with
control scrambled siRNA or siRNA targeting PCBP2, harvested 24 h later, and subjected to immunoblotting with anti-PCBP2 and anti-B-actin antibodies.
Numbers indicate the relative amounts of PCBP2 protein after normalization to B-actin levels. These experiments were performed at least twice. Data for

representative experiments are shown.

expressing high levels of PCBP2 were refractory to lytic activation
signals in culture. As expected, treatment of cells with NaB re-
sulted in an increase in the percentage of lytic cells, and these lytic
cells were again derived from cells expressing low levels of PCBP2,
with those expressing high levels of PCBP2 remaining refractory
to the lytic activation signal (Fig. 3B). Furthermore, single cells
expressing larger amounts of PCBP2 protein demonstrated pro-
gressively increasing resistance to lytic activation signals such that
22.4% of PCBP2" cells, 13.1% of PCBP2™ cells, and 0.8% of
PCBP2™ cells were Iytic (Fig. 3C). As expected, the anti-PCBP2
antibody detected endogenous PCBP2, as demonstrated by a de-
crease in the amount of the target protein of the expected size
following the introduction of siRNA targeting PCBP2 (Fig. 3D).
Thus, cells expressing high levels of PCBP2 are refractory to spon-
taneous and induced EBV lytic activation.

Impairment of STAT3 causes suppression of PCBP2 tran-
script levels. Since PCBP2 is predicted to be a STAT3-responsive
gene, we next examined the effect of STAT3 on PCBP2 transcript
levels. Figure 4A shows a decrease in the PCBP2 transcript level in
the presence of siRNA targeting STAT3 compared to BL cells
transfected with a scrambled siRNA. In a complementary ap-
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proach, we examined EBV-positive B cell lines (LCLs) derived
from patients with autosomal dominant hyper-IgE syndrome
(AD-HIES), each carrying a distinct, naturally occurring hypo-
morphic mutation in the STAT3 gene. Patients with AD-HIES
have a dominant negative mutation in their STAT3 gene that ren-
ders the majority of the protein nonfunctional. As shown in Fig.
4B, we found that the baseline levels of the PCBP2 transcript were
lower in AD-HIES LCLs than in EBV-LCLs derived from healthy
subjects. This result is consistent with our previously reported
observation that AD-HIES LCLs are more lytically active at base-
line than are healthy subject-derived LCLs (9). Furthermore,
transfection of siRNA targeting STAT3 in both AD-HIES LCLs
and healthy subject-derived LCLs resulted in a significant reduc-
tion in PCBP2 mRNA levels compared to those in scrambled
siRNA-transfected LCLs (Fig. 4C). As expected, compared to cells
transfected with scrambled siRNA, transfection of siRNA target-
ing STAT3 resulted in decreases in STAT3 mRNA levels (Fig. 4A
and C) and STATS3 protein levels in ~15% of cells (Fig. 4D [rep-
resentative nuclei are shown]). Thus, paralleling the STAT3 ChIP-
Seq results, our findings indicate that PCBP2 transcript levels are
regulated by the transcription factor STAT3.
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FIG 4 Impairment of STATS3 results in suppression of PCBP2 transcript levels. (A) HH514-16 cells were transfected with scrambled siRNA (open bars) or siRNA
targeting STAT3 (black bars) and harvested 24 h later for determination of relative amounts of PCBP2 and STAT3 mRNAs by qRT-PCR after normalization to
18S rRNA levels using the AAC;- method. (B) Seven-week-old LCLs derived from 3 healthy subjects and 3 AD-HIES patients were examined for relative levels of
PCBP2 transcripts by qRT-PCR as described above for panel A. (C) Healthy subject-derived and AD-HIES patient-derived LCLs were transfected with scrambled
siRNA (open bars) or siRNA targeting STAT3 (black bars) and harvested 24 h later for determination of the relative amounts of PCBP2 and STAT3 mRNAs by
qRT-PCR as described above for panel A. Error bars are standard errors of the means of data from 3 technical replicates from each of 2 transfection experiments
in panels A and C (¥, P < 0.05). (D) Healthy subject-derived LCLs were transfected with scrambled siRNA (SiScram) (top) or STAT3 siRNA (bottom), harvested
24 h later, and examined for STAT3 expression by immunofluorescence. Representative nuclei (~15% of cells transfected with siRNA targeting STAT3,

consistent with our typical transfection efficiency) are shown. Experiments were performed twice.

Inhibition of PCBP2 is sufficient for EBV lytic activation.
The correlation between high levels of PCBP2 and the refractory
state prompted us to examine the effect of PCBP2 suppression on
EBV lytic activation. As shown in Fig. 5A, siRNA-mediated suppres-
sion of PCBP2 resulted in 13-fold, 8-fold, and 2.3-fold increases in the
relative levels of transcripts of the lytic genes BZLFI (immediate
early), BMRF]I (early), and BFRF3 (late), respectively. As expected,
the PCBP2 transcript level was suppressed in the presence of siRNA
targeting PCBP2 compared to scrambled siRNA. To determine if this
increase in lytic gene transcript levels indicated a corresponding in-
crease in the number of cells supporting lytic activation, we evaluated
single cells by flow cytometry. Figure 5B shows that there were 5.1-
fold more lytic cells when BL cells were transfected with siRNA tar-
geting PCBP2 than when BL cells were transfected with scrambled
siRNA. Thus, suppression of PCBP?2 is sufficient to increase suscep-
tibility to EBV lytic activation.

Overexpression of PCBP2 restricts EBV lytic cycle activa-
tion. To determine if an increase in the PCBP2 level results in an
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opposite effect on susceptibility to EBV lytic activation signals, we
transiently overexpressed PCBP2 in BL cells (Fig. 6). Following
exposure to NaB, cells transfected with a PCBP2 plasmid, com-
pared to those transfected with an empty vector, demonstrated a
significant repression of representative lytic genes of all kinetic
classes (Fig. 6A). As expected, transfection of the PCBP2 plasmid
resulted in increases in the levels of PCBP2 mRNA (Fig. 6A) and
PCBP2 protein at the single-cell level in ~18% of cells (Fig. 6B).
Importantly, there were 16.1% fewer lytic cells following the over-
expression of PCBP2 than in empty vector-transfected cells (Fig.
6C). Consistent with our typical nucleofection efficiency of 15%
(9), 17.4% of cells underwent transfection in this experiment, as
demonstrated by the uptake of FITC* scrambled siRNA (Fig. 6D).
It was not possible to fluorochrome mark PCBP2-overexpressing
cells while simultaneously evaluating their response to NaB, be-
cause cotransfection with FITC" scrambled siRNA and the
PCBP2 plasmid followed by NaB treatment resulted in extensive
cell death. These experiments demonstrate that an increase in the
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FIG 5 Suppression of PCBP2 results in EBV lytic activation. (A) HH514-16 cells were transfected with scrambled siRNA (open bars) or siRNA targeting PCBP2
(black bars) and harvested 24 h later for determination of relative amounts of transcripts from 3 EBV lytic genes, BZLF1, BMRF1, and BFRF3, as well as PCBP2
by qRT-PCR after normalization to 18S rRNA levels by using the AAC method. Error bars indicate standard errors of the means of data from 3 technical
replicates from each of 2 transfection experiments (*, P < 0.05). (B) HH514-16 cells were transfected with either PCBP2 siRNA and FITC" scrambled siRNA
(PCBP2) at a 3:1 ratio (the latter to mark transfected cells) or FITC-negative and FITC™ scrambled siRNA at a 3:1 ratio (Sc). After 24 h, the FITC™ (i.e.,
transfected) population was examined for lytic cells by flow cytometry using reference EBV-seropositive and -seronegative human sera. Numbers indicate the

percentages of transfected cells that were spontaneously lytic. Data are representative of two experiments.

PCBP2 level curbs lytic gene expression and limits the number of
cells susceptible to a lytic activation signal.

STATS3 functions via PCBP2 to limit EBV lytic cycle activa-
tion. We reasoned that if STAT3 functions via PCBP2 to repress
Iytic susceptibility, then experimentally depleting PCBP2 while
simultaneously overexpressing STAT3 should impair the ability of
STATS3 to restrict lytic gene expression in response to NaB. As
expected, cotransfection of the STAT3 plasmid and scrambled
siRNA significantly reduced the levels of BZLFI and BRLF]I tran-
scripts in response to NaB exposure; in contrast, but as predicted,
cotransfection of the STAT3 plasmid and siRNA targeting PCBP2
did not have a similar repressive effect on the levels of lytic gene
transcripts (Fig. 7A). Figure 7B shows that transfection of the
STAT3 plasmid resulted in an increase in the level of STAT3
mRNA, while the introduction of siRNA targeting PCBP2 caused
a fall in the level of the PCBP2 transcript but not the PCBPI tran-
script. In summary, STAT3 regulates the expression of PCBP2 to
regulate the susceptibility of EBV-infected cells to lytic activation
signals.
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DISCUSSION

Our efforts to delineate the mechanism(s) by which STAT3 regu-
lates EBV lytic susceptibility have identified the cellular protein
PCBP2 as a prime candidate. We have confirmed the biological
relevance of PCBP2 by investigating its levels in single lytic and
refractory cells and determining the functional consequence of
impairing (or increasing) PCBP2 expression on lytic activation,
also at the single-cell level. Furthermore, our experiments mech-
anistically link STAT3, a transcription factor overactive in many
human cancers (25-27), to PCBP2, a protein important in RNA
biogenesis (20). The involvement of these proteins in EBV lytic
susceptibility expands our understanding of how EBV manipu-
lates the cellular machinery to regulate its persistence in humans.
This study now also provides the EBV scientific community with a
proteomic data set from lytic and refractory cells to unravel addi-
tional mechanisms underlying susceptibility to EBV lytic activa-
tion signals.

Analysis of the cellular transcriptome using messages from
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FIG 6 Overexpression of PCBP2 results in repression of the EBV lytic cycle. (A to C) HH514-16 cells were transfected with an empty vector (EV) or the PCBP2
plasmid, exposed to NaB after 12 h, and harvested after another 24 h for determination of the relative amounts of transcripts from 3 EBV lytic genes, BZLFI,
BMRFI1, and BFRF3, as well as PCBP2 by qRT-PCR after normalization to 18S rRNA levels by using the AAC- method (A) and examined for PCBP2 expression
(after comparison with cells stained with the isotype control antibody) (B) or for lytic cells by using reference EBV-seropositive and -seronegative human sera
after gating on “live cells” based on forward- and side-scatter distribution by flow cytometry (C). Error bars in panel A indicate standard errors of the means of
data from 3 technical replicates from each of 2 transfection experiments (*, P < 0.05). The number in panel B indicates the percentage of live, PCBP2-transfected
cells expressing high levels of PCBP2. Numbers in panel C indicate the percentages of live cells that were lytic. (D) HH514-16 cells were transfected at the same
time as in panels A and B with FITC" scrambled siRNA (or were mock transfected as a control), harvested 36 h later, and examined for the percentage of

FITC-positive cells (numbers in dot plots) by flow cytometry. Data are representative of two experiments.

sorted refractory and lytic cells revealed differential levels of gene
products from several thousand candidate genes (9). A combined
informatics analysis of this data set, a proteomic data set from
similarly sorted populations, and a publically available STAT3
ChIP-Seq peak set resulted in causally linking STAT3 and PCBP2
to the refractory state. Although it was somewhat surprising that
the levels of STAT3 protein in refractory cells did not meet the
2-fold increase cutoff, this result was consistent with our observa-
tion of a small increase in the STAT3 mRNA level in the transcrip-
tome analysis (8, 9). These data are furthermore consistent with
STATS3 being a transcription factor, a group of proteins that can
effect considerable downstream changes without large changes in
their own levels. Furthermore, because it potentially regulates the
transcription of thousands of genes (9), STAT3 may function to
maintain the refractory state not by one but by multiple mecha-
nisms. Indeed, we have discovered that STAT3 may also restrain
lytic susceptibility by upregulating members of a transcriptional
corepressor family in refractory cells (9).

PCBP2 belongs to the KH (hnRNP K homology) domain su-
perfamily of RNA-binding proteins that bind to C-rich single-
strand motifs (20). PCBPs are defined by their triple-KH-domain
structure and their poly(C)-binding specificity. A variety of func-
tions, including stabilization of human globin mRNA, transla-
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tional silencing of the human 15-lipoxygenase mRNA, and en-
hancement of the antiviral activity of alpha interferon (IFN-a),
have been attributed to PCBPs (20, 24). PCBP2 can also stabilize
poliovirus RNA, increase/facilitate the translation of poliovirus
and hepatitis A virus RNAs, silence human papillomavirus 16 L2
mRNA, and suppress the transcription of vesicular stomatitis vi-
rus genes (20, 21). How PCBP2 regulates EBV lytic susceptibility
remains to be determined. In this context, we have found that
STATS3 also regulates the transcriptional repressors SZF1/ZNF589
and ZNF557 such that the levels of their gene products are in-
creased in refractory cells (9). It is therefore tempting to speculate
that STAT3-mediated coregulation of PCBP2 and the repressors
SZF1 and ZNF557 may promote the stabilization of SZF1 and
ZNF557 gene products by PCBP2 in refractory cells, thereby en-
hancing the repression of viral lytic genes compared to repression
by only SZF1 and ZNF557. This would be consistent with the
greater-than-expected change in lytic RNA levels that we observed
following the introduction of the PCBP2 plasmid compared to the
empty vector (Fig. 6A). Alternatively, PCBP2 may destabilize lytic
mRNAs in refractory cells. Whether products of the SNRPDI,
HNRBPL, and UTP14A genes, also important in RNA biogenesis
(28-31) and with elevated levels in refractory cells, coregulate EBV
lytic susceptibility remains to be determined.
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FIG 7 STAT3 functions via PCBP2 to restrict EBV Iytic cycle activation.
HH514-16 cells were transfected with the empty vector and scrambled siRNA
(control), the STAT3 plasmid and scrambled siRNA, or the STAT3 plasmid
and siRNA targeting PCBP2; exposed to NaB after 12 h; and harvested after
another 24 h for determination of the relative amounts of transcripts from the
EBV immediate early lytic genes BZLFI (open bars) and BRLFI (black bars)
(A) as well as STAT3 (open bars), PCBP2 (black bars), and PCBPI (gray bars)
(B) by qRT-PCR after normalization to 18S rRNA levels by using the AAC,.
method. Error bars are standard errors of the means of data from 3 technical
replicates from each of 2 transfection experiments (*, P < 0.05).

Advances in proteomic approaches have prompted several re-
cent studies of different aspects of the EBV life cycle. Some of these
studies have evaluated changes in expression levels of cellular pro-
teins as well as interactions of the latency protein EBNA1 with the
cellular proteins nucleophosmin and hnRNP in EBV-infected ep-
ithelial cell lines (32, 33). Other studies have identified modifica-
tions of cellular proteins in response to EBV infection of B cells
(34) and identified cellular proteins that are incorporated into
herpesvirus virions (35). Yet others have used proteomics to ex-
amine the modulation of protein content in exosomes secreted by
gammaherpesvirus-infected B cells (36). To our knowledge, the
proteomic data set presented here is the first of its kind comparing
cellular protein levels in separated latent cells to those in separated
lytic cells—Iytic cells that were identified based on the simultane-
ous expression of multiple lytic genes without the introduction of
exogenous genetic material. This data set of protein (and cellular
mRNA) levels under conditions of EBV latency and lytic cycles
provides a subset of genes to be investigated further. Such inves-
tigations are likely to identify additional STAT3-dependent and
-independent mechanisms of regulation of the latency-to-lytic cy-
cle switch.

While the correlation between transcripts and proteins ap-
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peared to be low in our data sets (Fig. 1), it is unclear what the
degree of correlation should be in our system. Studies with cancer
cells at steady state have shown correlations ranging from 29% to
42% (37—-40). Our analysis is further complicated by the facts that
our cells were virus infected and exposed to an HDAC inhibitor
known to have wide-ranging effects on the genome and that the
metabolic state of cells responding (or not) to a lytic inducing
agent is not likely to be at steady state. Furthermore, we had pre-
specified a minimum cutoff of a 2-fold increase to limit the can-
didates to only those proteins with the greatest magnitudes of
change between lytic and refractory populations; this would also
contribute to the low correlation. Notwithstanding the complicat-
ing factors mentioned above, further analysis of our data sets with-
out a prespecified fold change showed that ~78% of all proteins
whose levels were increased in the refractory population also
showed increases in RNA levels; in contrast, only ~21% of all
proteins with increased levels in the lytic population showed in-
creases at the RNA level (data not shown). This difference between
refractory and lytic populations is consistent with host cell shutoff
resulting in RNA degradation in lytic cells (41).

This study demonstrates that high levels of PCBP2, a molecule
which is transcriptionally regulated by STATS3, limit the suscepti-
bility of latently infected cells to spontaneous lytic cycle-inducing
signals in culture. Upon exposure to another lytic cycle-inducing
signal such as NaB, a fraction of cells with lower levels of PCBP2
responds by supporting EBV lytic replication. However, another
fraction of cells responds to NaB by further increasing the levels of
intracellular PCBP2 under the influence of high levels of STAT3;
these cells remain refractory, thereby ensuring that a substantial
fraction of cells remains latently infected with EBV. Because viral
persistence is a result of the balance between lytic and refractory
states, this continued resistance to lytic activation signals impacts
EBYV persistence. Continuing studies at the single-cell level of both
STAT3-dependent and -independent mechanisms underlying the
refractory state in naturally infected cells will be key to under-
standing viral persistence and pathogenesis and devising methods
to improve viral oncolytic therapies.
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