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ABSTRACT Cancer-causing herpesviruses infect nearly every human and persist in-
definitely in B lymphocytes in a quiescent state known as latency. A hallmark of this
quiescence or latency is the presence of extrachromosomal viral genomes with
highly restricted expression of viral genes. Silencing of viral genes ensures both im-
mune evasion by the virus and limited pathology to the host, yet how multiple
genes on multiple copies of viral genomes are simultaneously silenced is a mystery.
In a unifying theme, we report that both cancer-causing human herpesviruses, de-
spite having evolved independently, are silenced through the activities of two mem-
bers of the Krüppel-associated box (KRAB) domain–zinc finger protein (ZFP) (KRAB-
ZFP) epigenetic silencing family, revealing a novel STAT3-KRAB-ZFP axis of virus
latency. This dual-edged antiviral strategy restricts the destructive ability of the lytic
phase while promoting the cancer-causing latent phase. These findings also unveil
roles for KRAB-ZFPs in silencing of multicopy foreign genomes with the promise of
evicting herpesviruses to kill viral cancers bearing clonal viral episomes.

IMPORTANCE Despite robust immune responses, cancer-causing viruses Epstein-Barr
virus (EBV) and Kaposi’s sarcoma-associated herpesvirus (KSHV) persist for life. This
persistence is accomplished partly through a stealth mechanism that keeps extrach-
romosomal viral genomes quiescent. Quiescence, or latency, ensures that not every
cell harboring viral genomes is killed directly through lytic activation or indirectly via
the immune response, thereby evicting virus from host. For the host, quiescence
limits pathology. Thus, both virus and host benefit from quiescence, yet how quies-
cence is maintained through silencing of a large set of viral genes on multiple viral
genomes is not well understood. Our studies reveal that members of a gene-
silencing family, the KRAB-ZFPs, promote quiescence of both cancer-causing human
viruses through simultaneous silencing of multiple genes on multicopy extrachromo-
somal viral genomes.

KEYWORDS Epstein-Barr virus, KRAB-ZFP, Kaposi’s sarcoma-associated herpesvirus,
STAT3, SZF1, TRIM28, ZNF557, lytic cycle, viral persistence

Cancer-causing herpesviruses persist in a quiescent or latent state in the host. They
belong to a family of ubiquitous DNA viruses that challenge the infected cell with

multiple episomal copies of the viral genome. Transcriptional silencing of a large set of
viral replicative/lytic genes on these genomes is required for quiescence. This quies-
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cence ensures immune evasion by the virus, thereby favoring persistence of the foreign
genomes in the cell. Transcriptional silencing of viral genomes also serves as an antiviral
strategy to limit pathology caused by the replicating form of the virus. However, the
quiescent state of the virus increases the risk of cancer development by the oncoviruses
Epstein-Barr virus (EBV) and Kaposi’s sarcoma-associated herpesvirus (KSHV).

A tightly regulated cascade of replicative gene expression from viral genomes
governs the switch from quiescence to the replicative phase that culminates in release
of infectious virus particles, thereby terminating quiescence. Quiescence-to-lytic-cycle
transition is also regulated by the host. Indeed, not every cell that bears quiescent viral
genomes supports transition to the replicative phase (1, 2). As a result, a population of
latently infected cells remains at any time to ensure persistence in the host. This
property also thwarts efforts to medically eradicate tumor virus-bearing cancer cells, all
of which harbor clonal quiescent viral genomes. Therefore, understanding the mech-
anistic basis for the repressive state of herpesvirus episomes will be essential for
eradication of these viruses and diseases caused by them. While data from functional
genomic studies suggest combined virus and host regulation of episomes (3), few host
proteins that repress episomes of both tumor viruses have been described. Among
such proteins that regulate both EBV and KSHV genomes are cohesin subunits and
signal transducer and activator of transcription 3 (STAT3) (1–4). Cohesin molecules
regulate the formation of higher-order chromatin structures, while STAT3 plays pivotal
roles in regulating broad functions, such as immune responses as well as cell growth
and differentiation, including in the development of EBV- and KSHV-related and
-unrelated cancers (5–7). To understand how STAT3, a transcriptional activator, re-
presses the EBV episome, we intersected the expression profile of B lymphocytes
carrying quiescent/latent EBV and the profile of B cells carrying derepressed/lytically
active EBV with a chromatin immunoprecipitation sequencing (ChIP-seq) data set
of genes bound by STAT3, also in B cells. This strategy identified members of the
Krüppel-associated box (KRAB) domain–zinc finger protein (ZFP) (KRAB-ZFP) family of
transcriptional repressors as candidates that silence viral genomes (2).

KRAB-ZFPs represent the largest family of transcriptional repressors in tetrapods (8).
These repressors harbor a KRAB domain upstream of an array of 2 to 40 C2H2 zinc
fingers. The KRAB domain recruits the transcriptional corepressor tripartite motif con-
taining 28 (TRIM28/KAP1/TIF1�) and targets it to DNA via DNA-binding zinc finger
domains, ultimately promoting heterochromatinization and repression of the surround-
ing DNA. Repression is mediated by interactions of TRIM28 with the histone methyl-
transferase SETDB1, the NuRD histone deacetylase complex, the heterochromatin
amplification factor HP1, and DNA methyltransferase 3A (DNMT3A) or DNMT3B (9).
Collectively, these factors initiate establishment of heritable gene repression via CpG
methylation (9). Previously, KRAB-ZFPs were shown to cause embryonic suppression of
endogenous retroviral elements that are integrated into the host genome (10).

In this report, we demonstrate that two members of the KRAB-ZFP repressor family,
SZF1 and ZNF557, silence multiple genes on viral episomes to promote virus persis-
tence. This silencing, observed in cultured cells and in virus-infected cells from patients,
is achieved via TRIM28 for one of the KRAB-ZFPs. Both ZFPs are regulated by the
transcriptional activator STAT3, thereby now assigning STAT3 the unexpected function
of epigenome regulation. Furthermore, repression of both EBV and KSHV episomes
implicates KRAB-ZFPs in surveillance and silencing of multicopy extrachromosomal
foreign genomes. These findings carry implications for evicting herpesviruses and
thereby killing viral cancers bearing clonal viral episomes.

RESULTS
STAT3 regulates transcript levels of members of the KRAB-ZFP family. Our

investigations into pure populations of B cells with quiescent/latent/episomal EBV
genomes versus those with replicative/lytic/linear EBV genomes had indicated that
members of the KRAB-ZFP family were expressed at higher levels in cells with episomal
genomes (1, 2, 11). Because cells with episomal genomes are known to express high
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levels of STAT3 (1), we postulated that the KRAB-ZFPs SZF1 and ZNF557 are transcrip-
tional targets of STAT3 and that their expression is subject to STAT3 regulation.
Comparison of transcript levels of both KRAB-ZFPs in EBV-positive (EBV�) B lympho-
blastoid cell lines (LCLs) derived from healthy humans to those in cells from patients
with Job’s syndrome with unique mutations in the SH2 or DNA-binding domain of
STAT3 revealed that SZF1 and ZNF557 transcript levels were higher in healthy-subject-
derived cell lines (Fig. 1A and B). Patients with Job’s syndrome (or autosomal dominant
hyper-IgE syndrome [AD-HIES]) exhibit a functional knockdown of STAT3 due to a
dominant negative mutation in their STAT3 gene (12). Next, introduction of small
interfering RNA (siRNA) to STAT3 in 3 types of EBV� latent B cell lines (a Burkitt
lymphoma [BL]-derived cell line, healthy-subject-derived cell lines, and AD-HIES patient-
derived cell lines, all carrying episomal EBV) resulted in repression of SZF1 and ZNF557
transcripts (Fig. 1C to E).

FIG 1 STAT3 localizes to promoters and regulates expression of KRAB-ZFP genes. (A and B) Levels of SZF1 (A) and ZNF557 (B) mRNAs in healthy-donor-derived
LCLs and AD-HIES patient-derived LCLs were determined by qRT-PCR. (C to E) Levels of SZF1, ZNF557, and STAT3 mRNAs in EBV� latent BL cells (C),
healthy-donor-derived LCLs (D), and AD-HIES patient-derived LCLs (E) transfected with scrambled siRNA (open bars) or siSTAT3 (black bars) were quantitated
by qRT-PCR. Data represent means of three independent experiments (C) or three separate LCLs (A, B, D, and E). (F and G) Relative amounts of SZF1 (F) and
ZNF557 (G) promoter DNAs precipitated by anti-STAT3 antibody were determined by qPCR with normalization to input DNA. BL cells were left untreated or
treated with NaB for 24 h and examined by qPCR using primers spanning bioinformatically predicted STAT3-binding sites in the SZF1 promoter (site 1, position
�1463; site 2, position �1226; site 3, position �74 [relative to transcription start site]) or a non-STAT3-binding site on the SZF1 promoter (position �500 relative
to the transcription start site) or the ZNF557 promoter (�255 relative to transcription start site). Data represent the averages of results from three independent
experiments; error bars indicate standard errors of the means (*, p � 0.05; NS, not significant; p, promoter).
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Examination of SZF1 and ZNF557 genes revealed three and one predicted STAT3
binding sites upstream of the transcriptional start sites of SZF1 and ZNF557, respec-
tively. ChIP using an anti-STAT3 antibody demonstrated preferential enrichment of
STAT3 at these sites in tightly latent cells compared to those treated with sodium
butyrate (NaB), a chemical inducer of the lytic cycle (Fig. 1F and G). ChIP-PCR of a
nearby site on SZFI promoter (SZF1p) that was not predicted to bind STAT3 did not
reveal STAT3 enrichment (Fig. 1F). Thus, not only do cells with higher levels of STAT3,
i.e., latent cells, express higher levels of SZF1 and ZNF557 transcripts, but STAT3 also
regulates SZF1 and ZNF557.

STAT3 regulates transition of EBV from the quiescent/latent state to the
replicative/lytic state via SZF1 and ZNF557. Since latent cells expressed higher levels
of STAT3, SZF1, and ZNF557, and STAT3 regulated SZF1 and ZNF557, we investigated
the effects of the two KRAB-ZFPs on the transition from latency to lytic state. Knock-
down of SZF1 and ZNF557 using two different siRNA sequences resulted in derepression
of transcripts from BZLF1, BRLF1, and BMRF1, all of which are EBV lytic genes (Fig. 2A,
top, and data not shown), and increased levels of ZEBRA protein (BZLF1 gene product
and EBV latency-to-lytic-cycle switch protein) (Fig. 2A, bottom). To assess the effect of
gene knockdown on the number of lytic cells, we simultaneously introduced fluores-
cein isothiocyanate (FITC)-conjugated control siRNA to mark transfected cells. Cells
were marked because transfection efficiencies of B cell lines are typically low, �20 to
25% (data not shown). There were simultaneous increases (1.6- to 2-fold) in the
percentages of lytic cells only in the population with siSZF1/siZNF557 uptake (i.e., FITC�

cells) compared to cells without uptake (i.e., FITC-negative [FITC�] cells) (Fig. 2B). As
expected, siRNA to SZF1 did not affect the levels of ZNF557 transcripts and vice versa
(Fig. 2A), demonstrating specificity. In contrast to knockdown experiments, overexpres-
sion of SZF1 and ZNF557 resulted in smaller amounts of transcripts from BZLF1, BRLF1,
and BMRF1 (Fig. 2C). Although moderate, this repression was significant and observed
despite the relatively low transfection efficiency. Consistent with repression of lytic
transcripts, there were fewer (2.2- to 2.3-fold) lytic cells following uptake of transfected
plasmids than cells without uptake of plasmids (Fig. 2D). Although binding sites for
most KRAB-ZFPs, particularly in the context of a genome, are not known, consensus
binding sites for a few KRAB-ZFPs have been identified by screening random oligonu-
cleotide libraries (13, 14). Based on such a consensus sequence for SZF1, we mapped
one putative SZF1-binding site upstream of each of the coding sequences of BZLF1 and
BMRF1 and inside the transcribed region of BRLF1. ChIP using an anti-SZF1 antibody
showed preferential enrichment of SZF1 at these sites in tightly latent cells compared
to those treated with a lytic-cycle-inducing agent (Fig. 2E). A similar experiment for
ZNF557 was not possible due to lack of known ZNF557 consensus binding sites. These
results implicate the two KRAB-ZFPs in repression of lytic genes.

Since STAT3 regulated the levels of the two KRAB-ZFPs, and both STAT3 and
KRAB-ZFPs regulated susceptibility to lytic activation, we addressed whether STAT3
functioned via the KRAB-ZFPs to regulate lytic susceptibility. As expected, overexpres-
sion of STAT3 repressed lytic genes despite exposure to a lytic-cycle-inducing agent,
but simultaneous knockdown of SZF1 or ZNF557 impaired the ability of STAT3 to
suppress lytic susceptibility (Fig. 2F). Figure 2G shows that overexpression of STAT3 led
to increased levels of STAT3 mRNA as well as mRNAs from its transcriptional targets
SZF1 and ZNF557. Collectively, these experiments demonstrate that STAT3, by tran-
scriptionally modulating the levels of SZF1 and ZNF557, represses lytic genes to
maintain the episomal state.

The quiescent/latent state is characterized by high levels of SZF1 and ZNF557
at the single-cell level. In addressing whether individual cells harboring the episomal
form of the viral genome expressed higher levels of KRAB-ZFPs, we separated EBV-
infected cells into those that responded to a lytic activation trigger (i.e., lytic cells) from
others that did not (i.e., latent/refractory cells bearing episomal DNA) using a sorting
strategy that we developed (11). This assay exploits the presence of high titers of EBV
lytic-antigen-directed antibodies in EBV-seropositive human sera to identify cells with
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derepressed lytic genes. We found that compared to lytic cells, refractory cells ex-
pressed high levels of both KRAB-ZFPs (Fig. 3A to C). This was true irrespective of
whether cells transited to the lytic state spontaneously in culture or after being induced
into the lytic phase by a chemical agent (NaB). To determine if this relationship
between KRAB-ZFPs and lytic cells held true in vivo, we examined B cells in the blood
of an immunosuppressed peripheral blood stem cell transplant recipient whose EBV
load was acutely elevated. Of the peripheral B cells, 1.5% expressed an EBV lytic gene
while simultaneously demonstrating low levels of KRAB-ZFPs compared to the remain-

FIG 2 STAT3 functions via KRAB-ZFPs to regulate repression of lytic genes on the EBV episome. (A and B) EBV� latent BL cells transfected with scrambled siRNA
(open bars), siSZF1 (black bars), or siZNF557 (gray bars) were treated with NaB, and indicated EBV lytic transcripts were quantitated by qRT-PCR and immunoblot
analysis with antibodies against �-actin and EBV lytic protein ZEBRA (A). BL cells transfected with indicated siRNAs and FITC-scrambled (Sc) siRNA (to mark
transfected cells) were treated with NaB and percentages of lytic cells in FITC� (i.e., transfected) cells (open bars) and FITC� (i.e., nontransfected) cells (black
bars) were determined by flow cytometry (B). Flow cytometry was performed by using human sera to demarcate lytically active cells, as described previously
(11), as well as antibodies against SZF1 or ZNF557. (C) BL cells transfected with empty vector (open bars), HA-SZF1 (black bars), or HA-ZNF557 (gray bars) were
treated with NaB, and lytic transcripts were measured by qRT-PCR. (D) BL cells were transfected with indicated plasmids and FITC-scrambled siRNA, as described
above for panel B, and treated with NaB, and percentages of lytic cells in FITC� (i.e., transfected) cells (open bars) and FITC� (i.e., nontransfected) cells (black
bars) were determined by flow cytometry, as described above for panel B. EV, empty vector. (E) Relative amounts of DNA precipitated by anti-SZF1 antibody
in latent BL cells (open bars) versus NaB-treated BL cells (black bars) were determined by qPCR with normalization to input DNA. PCR primers flanked predicted
binding sites for SZF1 on indicated EBV genes. p, promoter. (F) BL cells were transfected with control or STAT3 plasmid and indicated siRNAs, exposed to NaB,
and examined by qRT-PCR for relative amounts of EBV lytic transcripts: BZLF1 (open bars), BRLF1 (black bars), and BMRF1 (gray bars). (G) BL cells were transfected
with control or STAT3 plasmid and indicated siRNAs and examined by qRT-PCR for relative amounts of STAT3 (open bars), SZF1 (black bars), and ZNF557 (gray
bars). Data in panels A, C, E, F, and G represent the averages of results from three independent experiments; error bars indicate standard errors of the means
(*, p � 0.05). Data in panels B and D are representative of results from 2 independent experiments.
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der, i.e., uninfected and latent B cells (Fig. 3D to F). Thus, overall, individual cells with
latent/episomal EBV express high levels of KRAB-ZFPs.

SZF1 and ZNF557 repress multiple EBV lytic genes in quiescent/latent cells.
Loss of KRAB-ZFP-mediated repression of BZLF1 resulting from knockdown of KRAB-
ZFPs may be sufficient to explain derepression of BRLF1 and BMRF1 (Fig. 2), since both
BRLF1 and BMRF1 are transcriptional targets of the BZLF1 gene product ZEBRA. An
alternative explanation is that KRAB-ZFPs may simultaneously repress all three (and
other) EBV lytic genes. To distinguish between these two possibilities, we induced the
EBV lytic cycle by transfecting a plasmid expressing the primary lytic switch gene BZLF1;
by not using a lytic-cycle-inducing agent, we avoided the simultaneous induction of
lytic genes other than BZLF1. As expected, introduction of BZLF1 resulted in expression

FIG 3 Cells with latent/episomal EBV express higher levels of KRAB-ZFPs than do lytic cells in culture and blood. (A to C) Flow cytometric analysis of latent BL
cells that were left untreated (A and B, left) or treated with NaB for 24 h (A and B, right), followed by staining with human serum containing antibodies to EBV
lytic antigens (x axis) and anti-SZF1 antibody (y axis) (A) or anti-ZNF557 antibody (y axis) (B), and cells that were stained with human serum lacking antibodies
to EBV lytic antigens and isotype control antibody (C). Latent/refractory and lytic cells are indicated; data are representative of results from 3 independent
experiments. (D to F) Peripheral blood B cells (D and E, left) and non-B cells (D and E, right) from an immunosuppressed peripheral blood stem cell transplant
recipient with EBV viremia were stained with antibodies to EBV lytic antigen ZEBRA (x axis) and KRAB-ZFPs (y axis) (SZF1 [D] and ZNF557 [E]), and B cells were
stained with control antibodies (F). Latent (and uninfected) cells as well as lytic cells are indicated.
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of BMRF1, BMLF1, BBLF4, BALF2, and BALF5, all of which are EBV lytic genes (Fig. 4A to
E). Simultaneous knockdown of SZF1 resulted in additional increases in levels of
transcripts from BMRF1, BMLF1, BBLF4, and BALF2 but not BALF5; simultaneous knock-
down of ZNF557 led to a further increase in BMRF1 mRNA (Fig. 4A to E). These lytic
genes were chosen because they are early lytic genes that are targets of ZEBRA and
because they have predicted SZF1-binding sites upstream of their coding sequences.
While ZNF557 appeared to repress only BZLF1, BRLF1, and BMRF1 (Fig. 2A to D and 4A),
additional targets cannot be excluded, since the binding sites for ZNF557 are presently
unknown. Figure 4F shows expected increases in BZLF1 mRNA following introduction of
the BZLF1-expressing plasmid. These experiments support the idea that KRAB-ZFPs
simultaneously repress multiple EBV lytic genes.

SZF1 and ZNF557 repress lytic genes via TRIM28. KRAB-ZFPs are thought to
mediate transcriptional repression via TRIM28 (9). However, several KRAB-ZFPs have
been found to mediate repression independent of TRIM28 (9). To test whether KRAB-
ZFPs functioned via TRIM28 to repress the EBV genome, we overexpressed SZF1 or
ZNF557 while simultaneously knocking down TRIM28 using a previously validated
siRNA to TRIM28 (15). As expected, overexpression of KRAB-ZFPs repressed transcripts
from BZLF1 and BMRF1, which were shown in previous experiments to be targets of
both KRAB-ZFPs. However, this repressive effect was partially or completely obliterated
when TRIM28 was simultaneously knocked down (Fig. 5A and B). Accordingly, short
hairpin RNA (shRNA)-mediated knockdown of TRIM28 resulted in accumulation of
acetylation on histone 3, with simultaneous reduction of trimethylation at lysine 9 of H3
within the promoters of both EBV lytic genes (Fig. 5C and D). Immunoblot analysis
demonstrated efficient knockdown of TRIM28 in experiments shown in Fig. 5C and D

FIG 4 KRAB-ZFPs repress multiple EBV lytic genes. BL cells were transfected with empty vector plus scrambled siRNA, empty vector plus siSZF1 (left-hand bar
graphs) versus empty vector plus siZNF557 (right-hand bar graphs), BZLF1 plasmid plus scrambled siRNA, or BZLF1 plasmid plus siSZF1 (left-hand bar graphs)
versus BZLF1 plasmid plus siZNF557 (right-hand bar graphs). Transfected cells were examined for relative amounts of mRNA from indicated lytic genes that are
transcriptional targets of ZEBRA (BZLF1 gene product) (A to E) and from BZLF1 (F). Data represent the averages of results from two independent experiments
with 3 technical replicates each; error bars indicate standard errors of the means (*, p � 0.05).
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(right). Collectively, these experiments indicate that SZF1 and ZNF557 mediate repres-
sion of lytic genes via TRIM28.

While KRAB domains of KRAB-ZFPs were capable of binding TRIM28 in a mammalian
two-hybrid system, full-length KOX1, a prominent KRAB-ZFP originally used to purify
TRIM28, demonstrated only weak interaction with endogenous TRIM28 (16). Thus,
questions have been raised about the ability of endogenous KRAB-ZFPs to bind to
endogenous TRIM28. Moreover, evidence for direct interactions between KRAB-ZFPs
and TRIM28 inside cells is lacking. To address whether SZF1 and ZNF557 bound TRIM28,
we first performed a coimmunoprecipitation between KRAB-ZFPs and TRIM28 in BL
cells. Endogenous TRIM28 coimmunoprecipitated with SZF1 and vice versa following
expression of hemagglutinin (HA)-tagged SZF1. However, we were unable to detect a
similar coimmunoprecipitation between TRIM28 and HA-tagged ZNF557 (Fig. 6A). To
assess if endogenous SZF1 and TRIM28 interacted directly with each other, we used
proximity ligation assay (PLA) and detected direct interactions between SZF1 and
TRIM28, indicated by the green foci; in contrast, and consistent with lack of coprecipi-
tation of ZNF557 and TRIM28 in Fig. 6A, we did not detect PLA signals when ZNF557
and TRIM28 were examined (Fig. 6B and C). Data from PLA performed with control

FIG 5 KRAB-ZFPs repress EBV lytic genes through the transcriptional corepressor TRIM28. (A and B) BL cells were transfected with empty vector
and scrambled siRNA, SZF1 (A) or ZNF557 (B) plasmid and scrambled siRNA, or SZF1 (A) or ZNF557 (B) plasmid and siTRIM28. Cells were exposed
to NaB and harvested for determination of relative amounts of transcripts from the EBV latency-to-lytic-cycle switch gene BZLF1 and the early lytic
gene BMRF1 by qRT-PCR. Data represent results from two independent experiments with 3 technical replicates each; error bars indicate standard
errors of the means (*, p � 0.05). Samples were also harvested for immunoblotting and reacted with indicated antibodies. Representative data
from two independent experiments are shown. (C and D) ChIP was performed on BL cells containing doxycycline (dox)-inducible shTRIM28
cassette. Cells were left untreated (open bars) or treated with doxycycline (black bars) for 12 h. DNA precipitated by using anti-H3K9Ac and
anti-H3K9Me3 antibodies was analyzed via qPCR using primers spanning predicted SZF1-binding sites in the promoters of lytic genes BZLF1 (C)
and BMRF1 (D) and normalized to input. Immunoblot analysis of TRIM28 after doxycycline induction of shTRIM28 was performed to assess
knockdown efficiency. Data represent the averages of results from three independent experiments; error bars indicate standard errors of the
means (*, p � 0.05).
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antibodies are shown in Fig. 6D. Furthermore, there were significantly fewer SZF1-
TRIM28 interaction foci in lytic (ZEBRA�) than in latent (ZEBRA�) nuclei (Fig. 6B, left, and
C), consistent with loss of SZF1-TRIM28 complex-mediated repression of EBV episomes
during the lytic state; of note, latently EBV-infected cells are known to carry multiple
episomes per nucleus.

To assess if SZF1 interacts with TRIM28 on the EBV genome, we performed ChIP–
re-ChIP experiments in which anti-SZF1 and anti-TRIM28 antibodies were used sequen-
tially. Figures 6E to G show that SZF1 and TRIM28 co-occupied the predicted SZF1-
binding sites on all 3 EBV lytic loci. Furthermore, occupancy of the SZF1-TRIM28

FIG 6 SZF1 and TRIM28 interact directly and colocalize on EBV lytic promoters preferentially in quiescent/latent cells. (A) Coimmunoprecipitation assays using
control rabbit IgG or anti-SZF1, anti-ZNF557, or anti-TRIM28 antibody were performed on BL cells that were cotransfected with HA-SZF1 and HA-ZNF557
plasmids. Precipitates were analyzed by probing with anti-TRIM28 or anti-HA antibody to detect pulled-down endogenous TRIM28 or overexpressed, HA-tagged
SZF1 or ZNF557, respectively. IP, immunoprecipitation; IB, immunoblotting. (B) Proximity ligation assays using antibodies targeting SZF1 and TRIM28 (left) or
ZNF557 and TRIM28 (right) were performed on NaB-treated BL cells. Lytic cells were identified by immunofluorescence staining with anti-ZEBRA antibody.
Representative fields from 3 independent experiments are shown. (C) Thirty lytic (ZEBRA�) and 70 refractory (ZEBRA�) nuclei were examined, and the numbers
of PLA foci per ZEBRA� and ZEBRA� nucleus were determined. (D) PLAs using control goat IgG plus control rabbit IgG (�/�), control goat IgG plus rabbit
anti-SZF1 antibody (�/SZF1), goat anti-TRIM28 antibody plus control rabbit IgG (TRIM28/�), or goat anti-TRIM28 plus rabbit anti-SZF1 antibodies (TRIM28/SZF1)
were performed on BL cells. Fluorescent green foci indicate in situ interactions between TRIM28 and SZF1. Data are representative of results from 3 independent
experiments. (E to G) Chromatin precipitated from BL cells using anti-SZF1, anti-TRIM28, or a control rabbit IgG antibody was subjected to qPCR analysis (S, SZF1;
T, TRIM28) using primers spanning bioinformatically predicted SZF1-binding sites within BZLF1p (E), BRLF1 (F), and BMRF1p (G) and normalized to input or
subjected to a second round of ChIP using anti-TRIM28 or anti-SZF1 antibody (S/T and T/S), respectively, before qPCR analysis. Negligible amounts of DNA were
pulled down by using rabbit IgG control antibody, and values were subtracted from experimental results prior to normalization. (H to J) ChIP–re-ChIP was
performed, as described above for panels E to G, on untreated and NaB-treated BL cells. Data represent the averages of results from three independent
experiments; error bars indicate the standard errors of the means (*, p � 0.05).
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complex at these loci was abolished when the latent state was terminated by the
addition of the lytic-phase-inducing agent NaB (Fig. 6H to J). Together, these findings
indicate that although both KRAB-ZFPs are important for repression of the EBV epi-
some, SZF1 functions by directly recruiting TRIM28 to EBV lytic loci, while ZNF557 may
rely on other factors.

Upregulation of SZF1 and ZNF557 is a shared mechanism by which STAT3
prevents transition from the quiescent/latent state of both human oncogenic
herpesviruses. In light of the involvement of SZF1/ZNF557-TRIM28 complexes in
STAT3-mediated repression of the EBV genome, we tested if STAT3 similarly regulates
these KRAB-ZFPs in latently KSHV-infected primary effusion (B) lymphoma cells. We
found that the transcript levels of both KRAB-ZFPs were suppressed upon siRNA-
mediated knockdown of STAT3; as expected, siSTAT3 resulted in knockdown of STAT3
(Fig. 7A). Furthermore, overexpression of either KRAB-ZFP resulted in impaired tran-
script levels of two selected KSHV lytic genes but recovery of both KSHV lytic messages

FIG 7 KRAB-ZFPs regulate persistence of KSHV, the other oncogenic human herpesvirus. (A) Levels of SZF1, ZNF557, and STAT3 mRNAs in KSHV� primary
effusion lymphoma (BCBL-1) cells transfected with scrambled siRNA (open bars) or siSTAT3 (black bars) were quantitated by qRT-PCR. BCBL-1 cells were
transfected with scrambled siRNA or siSTAT3 and harvested for immunoblotting with indicated antibodies. (B and C) BCBL-1 cells were transfected with empty
vector and scrambled siRNA, SZF1 (B) or ZNF557 (C) plasmid and scrambled siRNA, or SZF1 (B) or ZNF557 (C) plasmid and siTRIM28, exposed to VPA, and
harvested for determination of the relative amounts of transcripts from the KSHV latency-to-lytic-cycle switch gene ORF50 and the early lytic gene ORF59 by
qRT-PCR. All data represent the averages of results from three independent experiments; error bars indicate standard errors of the means (*, p � 0.05). (D and
E) BCBL-1 cells were transfected with combinations of empty vector, HA-tagged KRAB-ZFP plasmids, scrambled siRNA, and siTRIM28, treated with VPA, and
harvested for immunoblotting with indicated antibodies. Data are representative of results from two independent experiments. (F) Model of oncogenic human
herpesvirus persistence depicting that STAT3 transcriptionally activates the KRAB-ZFPs SZF1 and ZNF557, which localize to EBV and KSHV genomes. Bound SZF1
functions directly through TRIM28 to repress lytic genes despite the presence of lytic triggers, while bound ZNF557 functions in a TRIM28-independent manner
(?), thereby maintaining latency and promoting virus persistence.
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when TRIM28 was simultaneously knocked down by siRNA (Fig. 7B and C); simultane-
ous changes to SZF1, ZNF557, and TRIM28 proteins are shown in Fig. 7D and E.

We conclude that STAT3 regulates KRAB-ZFPs to retain KRAB-ZFP with (or without)
TRIM28 complexes on lytic genes within the genomes of human oncolytic herpesvi-
ruses (oncoherpesviruses), thereby silencing lytic genes and preventing transition of
the virus from the quiescent/latent state (Fig. 7F).

DISCUSSION

In a converging theme, we find that both oncogenic human herpesviruses, EBV and
KSHV, despite having evolved independently, are silenced by members of the KRAB-
ZFP transcriptional repressor family. In so doing, we also reveal a novel STAT3-KRAB-
ZFP axis of virus latency. Furthermore, these findings indicate that KRAB-ZFPs survey
and silence multicopy extrachromosomal foreign genomes. Mammalian genomes carry
hundreds of KRAB-ZFP genes, but the physiological targets and functions of these
repressors remain ill-defined. Little is also known about the forces that have driven the
number and diversity of KRAB-ZFP genes. Previous studies have shown that KRAB-ZFPs
bind to and repress transcription of retroviruses and endogenous retroelements (17,
18). Indeed, recent studies have proposed that the KRAB-ZFP family evolved primarily
as an adaptive genomic surveillance system against such retroelements (9). However,
unlike in mice, this hypothesis remains unsupported in humans, since evidence for
transposition-competent endogenous retroviruses in the human genome is lacking. Yet
there continue to be over 300 KRAB-ZFP genes in humans (19), raising the prospect that
KRAB-ZFPs in humans have been repurposed during more-recent evolutionary periods
to ward off viruses, such as oncogenic and possibly nononcogenic herpesviruses.

Despite the vast number of KRAB-ZFP genes annotated in the mammalian genome,
little is known about how KRAB-ZFPs are themselves regulated. Indeed, the promoters
of KRAB-ZFP genes are highly divergent. However, when KRAB-ZFP genes are clustered
together, they are consistently derepressed following impairment of TRIM28, suggest-
ing that KRAB-ZFPs may themselves be regulated by TRIM28 (20). Here, we show that
STAT3 also regulates KRAB-ZFP genes and that a reduction in STAT3 impairs its ability
to localize to target KRAB-ZFP genes, resulting in disruption of latency. Reduced
enrichment of STAT3 on KRAB-ZFP promoters or KRAB-ZFPs on lytic promoters follow-
ing NaB treatment may be due to (i) smaller amounts of protein (STAT3 or ZFPs) in the
presence of NaB resulting in less occupancy at target promoters and/or (ii) reduced
ability of the protein to occupy target promoters due to posttranslational modifications
or recruitment of other binding partners in the presence of NaB. In contrast to its
well-known function in activating transcription, our findings now reveal an epigenome-
modifying repressive role of STAT3 through regulation of two KRAB-ZFPs.

A balance between quiescently infected and lytically infected cells is essential for
herpesvirus persistence in the host. Furthermore, for a cell to remain quiescently
infected, lytic genes on multiple viral episomes must be repressed. It is therefore not
surprising that an orchestrated network of proteins is needed to maintain quiescence
and that this equilibrium between STAT3, KRAB-ZFPs, and TRIM28 in the cell may be
disturbed by events that influence the levels or functions of any of these constituents.
For example, dominant negative mutations in the STAT3 gene in patients with Job’s
syndrome result in disruption of the quiescent state; similarly, phosphorylation of
TRIM28 at S824, which impairs the repressive functions of TRIM28, results in loss of the
latent state (2, 15, 21, 22). It is noteworthy that this network thwarts lytic replication of
episomal genomes but paradoxically, in so doing, supports the virus life cycle by
promoting virus persistence in the cell.

Interestingly, an unrelated KRAB-ZFP, K-RBP, also favored the quiescent/latent state
of KSHV without actively repressing lytic genes; in a zinc finger module-independent
manner, it prevented access of the key viral transactivator to its targets on the viral
genome. In contrast, two other KRAB-ZFPs, ZBRK1 and KZLP, supported the lytic state
of EBV and KSHV (23, 24). Furthermore, while silencing of BZLF1 via binding of zinc
finger proteins ZEB1 and ZEB2 was described previously, the putative SZF1-binding site
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does not overlap that of ZEB1 and ZEB2 (positions �55 to �63 for SZF1 versus
positions �17 to �10 for ZEB1/2, relative to the transcription start site [TSS] of BZLF1)
(25). Our experiments demonstrate not only nonredundant roles for two KRAB-ZFPs in
regulating lytic genes but also simultaneous repression of multiple lytic genes by
KRAB-ZFPs. Furthermore, only one of these ZFPs functions via TRIM28. This level of
complexity that involves KRAB-ZFPs and other cellular proteins may ensure that not all
cells at any given time support lytic activation. Indeed, such layers of repression using
different proteins may allow fine-tuning of the system and explain the phenomenon of
partial susceptibility of herpesviruses to lytic triggers at any point in time. Whether the
same mechanisms operate in epithelial cells is presently not known.

TRIM28 influences epigenetic marks to regulate the dynamic organization of chro-
matin structure. In response to double-strand DNA breaks in heterochromatin, TRIM28
is phosphorylated, resulting in remodeling, relaxation, and repair of damaged DNA
(26–28). This very mechanism of repression is exploited to curb the herpesviruses EBV,
KSHV, and human cytomegalovirus (CMV) (15, 21, 22, 29–31). However, which KRAB-
ZFPs recruit TRIM28 to viral DNA has remained a mystery. While SZF1 interacts
physically with TRIM28, ZNF557, the other KRAB-ZFP, appears to function through
additional factors. Also notably, SZF1-TRIM28 binding serves as a solitary example of
direct in situ interaction between an endogenous KRAB-ZFP and endogenous TRIM28
in a biologically relevant setting, i.e., on DNA inside the cell, while in the natural context
of other proteins.

TRIM28 has been found to mediate long-range silencing through the spread of
repressive marks beyond regions to which TRIM28 is recruited (32). Whether the
KRAB-TRIM28 complex exercises similar long-range effects beyond its immediate bind-
ing sites on EBV genes remains to be determined; nonetheless, our data show that the
BALF5 gene, which is only 4 kb away from the SZF1-regulated BALF2 gene, is not
repressed by SZF1. Repression through histone methylation, histone deacetylation, and
HP1-mediated heterochromatinization is generally followed by DNA methylation via
the activities of DNMT3A, -3B, and -3L on CpG. DNA methylation has been shown to
lock repressive marks on endogenous retroelements so that expression from such
foreign DNA is suppressed despite proliferation and differentiation of cells during
embryogenesis (33). The extent to which such methylation follows TRIM28-mediated
epigenetic changes at lytic promoters needs to be determined, particularly given the
agility with which herpesviruses transition from the latent/episomal state to the lytic
phase. Indeed, lack of increased demethylase transcripts in pure populations of EBV-
infected lytic cells (2) is in line with the lack of DNA methylation of TRIM28-mediated
heterochromatin in differentiated adult cells (33). Although the relative contributions
of the KRAB-TRIM28 complex and cohesin components to lytic repression on the
episome remain to be determined (34), they likely contribute in different ways: KRAB-
ZFP/TRIM28 by chromatin compaction and cohesin components through DNA looping.

Taken together, this evidence points to a key role for KRAB-ZFPs in regulating virus
infections by silencing multicopy extrachromosomal foreign DNA elements, particularly
in the context of oncogenic herpesviruses that infect practically every human. By
influencing the balance between quiescence and the lytic state, these repressors effect
virus persistence in the host and the population. On the one hand, the STAT3-KRAB-ZFP
pathway curbs pathology by restricting the lytic phase. On the other hand, since both
EBV and KSHV B lymphomas are dominated by the latent/episomal state, this pathway
may contribute to cancer development. Importantly, disrupting this pathway may
boost oncolytic efforts to kill viral cancers by evicting herpesviruses.

MATERIALS AND METHODS
Cells and cell lines. Peripheral blood mononuclear cells were isolated from the blood of a pediatric

patient about 1 month after allogeneic stem cell transplantation when EBV load was elevated in the
context of fever. Peripheral blood mononuclear cells were isolated as described previously (2, 35).
The endemic Burkitt lymphoma cell line HH514-16 (a gift from George Miller, Yale University) and the
body-cavity-based KSHV� B lymphoma cell line BCBL-1 (a gift from Christine King at Upstate Medical
University) were maintained in RPMI 1640 supplemented with 10% fetal bovine serum (Gibco) and 1%
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penicillin-streptomycin (Gibco). CLIX-shTRIM28 (clone HH514-16 transfected with pLIX_shTRIM28) cells
were generated from puromycin (catalog number P8833; Sigma-Aldrich)-selected HH514-16 cells trans-
fected with pLIX_402-ShTRIM28. Lymphoblastoid cell lines (LCLs) generated from healthy subjects or
patients with AD-HIES (two with mutations in the SH2 domain and a third with a mutation in the
DNA-binding domain of STAT3) were described previously (2, 35).

Ethics statement. Blood was drawn from the patient after obtaining written informed consent from
a parent. The study of human subjects was approved by the institutional review boards at Stony Brook
University and the University of Florida.

Chemical treatment of cell lines. Sodium butyrate (NaB) (3 mM) (catalog number 303410; Sigma-
Aldrich) and doxycycline (5 �g/ml) (catalog number D9891; Sigma-Aldrich) were used to treat Burkitt
lymphoma cells, except where specific concentrations are indicated. Valproic acid (VPA) (0.6 �M) (catalog
number P4543; Sigma-Aldrich) was used to treat BCBL-1 cells.

Plasmids, siRNAs, and transfection. Plasmid HA-SZF1 was constructed by inserting the SZF1-coding
sequence amplified from a cDNA library of HH514-16 cells with forward primer ATACACTCGAGATGTG
GGCCCCGCGGGAGCA and reverse primer ATACAGCGGCCGCTTACTATCAATCTCTGCACACATAAG into
pCMV-HA (a gift from Christopher A. Walsh [Addgene plasmid 32530]) at the XhoI and NotI sites. Plasmid
HA-ZNF557 was generated by inserting the ZNF557 sequence [into the pcDNA3.1(�) plasmid using the
NheI and ApaI restriction sites] with an N-terminal HA tag and surrounded by small 5= and 3= untranslated
regions (UTRs) that were synthetically generated. The 5= UTR includes a Kozak consensus sequence
proximal to the start codon. The 3= region includes a sequence matching the histone stem loop (HSL)
metazoan consensus that was designed for minimal interaction with known human microRNA (miRNA)
sequences. 3= of the HSL is a segment expected to act as a “histone downstream element” (HDE) to
facilitate HSL-mediated transcription termination. The resulting plasmid has a CMV promoter at the 5=
end and a bGH polyadenylation signal at the 3= end. The poly(A) signal ensures that transcripts produced
outside S phase are terminated with a poly(A) tail. Plasmid pLIX_402-shTRIM28 was constructed by
annealing shTRIM28 sequences using forward primer CTAGCCCATGACCAAGATCCAGAACTTCCTGTCAGA
TTCTGGATCTTGGTCATGGTTTTTA and reverse primer CCGGTAAAAACCATGACCAAGATCCAGAATCTGACA
GGAAGTTCTGGATCTTGGTCATGGG into pLIX_402 (a gift from David Root [Addgene plasmid 41394]) at
NheI and AgeI sites. pCMV-STAT3 was a gift from Nancy Reich, Stony Brook University. Plasmid
pHD1013-Z was a gift from Ayman El-Guindy at Yale University.

siRNAs targeting human STAT3, SZF1, ZNF557, and TRIM28 transcripts (catalog numbers sc-29493,
sc-78092, sc-97365, and sc-38550) were purchased from Santa Cruz Biotechnology. Another set of siRNAs
targeting human SZF1 and ZNF557 (catalog numbers J-020953-05-0005 and J-014343-17-0005) was
purchased from Dharmacon and reconstituted with nuclease-free water. The second set of siRNAs to
SZF1 and ZNF557 was comparable to the first set in the ability to knock down target genes and increase
EBV lytic transcript levels. In these experiments, 1 � 106 HH5514-16 cells, LCLs, or BCBL-1 cells were
transfected with either 20 �g of plasmid or 200 pmol of siRNA in Ingenio solution (catalog number
MIR50117; Mirus) by using an Amaxa Nucleofector II system (program A-024), as described previ-
ously (2, 15).

Antibodies. Rabbit anti-STAT3 (catalog number sc-482) and anti-SZF1 (catalog number sc-100263)
antibodies were purchased from Santa Cruz Biotechnology; rabbit anti-ZNF557 antibodies (catalog
numbers sc-130005 and 20500-1-AP) were obtained from Santa Cruz Biotechnology and Proteintech,
respectively; anti-TRIM28 antibodies (catalog numbers A300-274A, A303-838A, and ab22553) were
purchased from Bethyl Laboratories and Abcam; mouse anti-�-actin (catalog number AC-15) and anti-HA
(catalog number H3663) antibodies were obtained from Sigma; and anti-H3 (ab1791), anti-acetylated H3
(catalog number ab47915), and anti-trimethylated lysine 9 H3 (catalog number ab8898) antibodies were
purchased from Abcam. Horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG(H�L) (catalog
number AP308P) and HRP-conjugated goat anti-rabbit IgG(H�L) (catalog number AP307P) were pur-
chased from EMD Millipore, FITC-conjugated anti-human IgG (whole molecule) (catalog number F53512)
was obtained from Sigma-Aldrich, and Alexa Fluor 647-conjugated goat anti-rabbit IgG (catalog number
A-21245) was purchased from Thermo Fisher. Mouse anti-ZEBRA antibody was a gift from Paul Farrell at
Imperial College, London, United Kingdom.

ChIP and ChIP–re-ChIP. HH514-16 cells were subcultured to 3 � 105 cells/ml. After 24 h, the cells
were counted and treated with 3 mM NaB at a concentration of 5 � 105 cells/ml. Cells were harvested
and summarily processed for ChIP, as described previously (36). For each ChIP, 5 �g of antibody was used
for lysate derived from 1 � 107 cells. Eluted chromatin was purified by using phenol-chloroform
extraction and subjected to quantitative PCR (qPCR) analysis. In ChIP–re-ChIP experiments, 3 � 107 cells
were lysed, and 15 �g of antibody was used per reaction. Eluted protein-chromatin complexes from a
first round of ChIP were subjected to a second round of ChIP by adding 5 �g of a second antibody.
Precipitated chromatin was analyzed by qPCR.

Quantitative reverse transcriptase PCR. Quantitative reverse transcriptase PCRs (qRT-PCRs) were
performed and analyzed by using the ΔΔCT method, as described previously (2). Primer sequences
included forward primer GTAACCCGTTGAACCCCATT and reverse primer CCATCCAATCGGTAGTAGCG for
18S rRNA, forward primer TTCCACAGCCTGCACCAGTG and reverse primer GGCAGAAGCCACCTCACGGT
for BZLF1, forward primer ACCTGCCGTTGGATCTTAGTG and reverse primer GGCGTTGTTGGAGTCCTGTG
for BMRF1, forward primer AACCAGAATAATCTCCCCAATG and reverse primer CGAGGCACCCCAAAAGTC for
BFRF3, forward primer CTACCTCGGCATCGTTTG and reverse primer CTTCTCGTCCTCGTCCCT for BMLF1,
forward primer AAGGTGCTGATGCTGTGCC and reverse primer GCCCGTTGATGATGTAGTTCTC for BALF2,
forward primer CGTCTCATTCCCAAGTGTTTC and reverse primer GCCCTTTCCATCCTCGTC for BALF5, for-
ward primer GCTATGGACCACCAATGTGA and reverse primer AGCCAGGCGTTGAAGAAC for BBLF4, for-
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ward primer CCCTGAGCCAGTTTGTCATT and reverse primer ATGGGTTAAAGGGGATGATG for ORF50,
forward primer TTAGAAGTGGAAGGTGTGCC and reverse primer TCCTGGAGTCCGGTATAGAATC for
ORF59, forward primer TCCAAATCCTCCTAACCCCT and reverse primer GAGCAGCTACTGGGCTGG for SZF1,
forward primer GCTCCAGCTGGGAGATCAG and reverse primer TGTACAGGGACGTGATGCTG for ZNF557,
and forward primer GCCAGAGAGCCAGGAGCA and reverse primer ACACAGATAAAACTGTCTTCAGGTATG
for STAT3.

Primers for ChIP-qPCR analysis. For ChIP-qPCR analysis, the following primers were used: forward
primer TAGCCTCGAGGCCATATTTCAACTGG and reverse primer GCCAAGCTTCAAGAATGTTTAGTGAG for
BZLF1p (flanking a putative SZF1-binding site at nucleotide �59 [midpoint] relative to TSS), forward
primer ACTGCCCGCTCACCTACAT and reverse primer CCAGAGCAGAGGCAGGCAGG for BMRF1p (pro-
vided by Ayman El-Guindy) (putative SZF1-binding site at nucleotide �291 [midpoint] relative to TSS),
forward primer TTAGCAATGCCTGTGGCTCA and reverse primer TGGCCATTTGGACGAACTGA for BRLF1
(putative SZF1-binding site at nucleotide �1489 [midpoint] relative to TSS), forward primer GAGAGGG
AGGTTGCAGTGAG and reverse primer TGAAGCACAACTTCCCCAAT for SZF1p site 1 (predicted STAT3-
binding site at nucleotide �1463 [midpoint] relative to TSS), forward primer CCCTTGGGAAGGGCTATTAT
and reverse primer CCCACCTCATCTTCCTTTCA for SZF1p site 2 (predicted STAT3-binding site at nucleo-
tide �1226 [midpoint] relative to TSS), forward primer ATTTTCTCTCGCCCTGCAC and reverse primer
AAAGAAGCAGGACTGGGTGA for SZF1p site 3 (predicted STAT3-binding site at nucleotide �74 [midpoint]
relative to TSS), and forward primer CTGCTTTTTCATTTATCAGCTTT and reverse primer TGATTATGTTTGG
TGAGGAAAA for the ZNF557p site (predicted STAT3-binding site at nucleotide �255 [midpoint] relative
to TSS). As a negative control, forward primer GGTGCTCACTCCACGACTCTT and reverse primer GAGAA
CTGCTTGAACCCGGG were used to amplify a site adjacent to a predicted STAT3-binding site within SZF1p
(at position �500 relative to TSS).

Flow cytometry. Cells were fixed with BD Cytofix/Cytoperm solution (catalog number 554722; BD
Bioscience) at room temperature for 15 min, washed with 1� BD Perm/Wash buffer (catalog number
554723; BD Bioscience), and incubated with indicated primary antibodies (or reference EBV-seropositive
or EBV-seronegative human sera [Fig. 2B and D and 3A to C]) for 1 h at room temperature. After washing,
cells were incubated with the corresponding secondary antibodies (or anti-human IgG [Fig. 2B and D and
3A to C]) conjugated to fluorochrome for another hour at room temperature and then subjected to flow
cytometry using a FACSCalibur instrument (BD Bioscience) and analysis of data using FlowJo software
(TreeStar). Analysis gates for flow cytometry were determined based on parallel staining with isotype-
matched control antibodies (Fig. 3D and E) or reference EBV-seronegative human sera (Fig. 2B and D and
3A to C) (2).

Immunoblotting. Immunoblotting with indicated antibodies was performed as described previously
(2). All immunoblotting was performed by using 10% SDS-PAGE gels, except for Fig. 6A, in which a 12%
gel was run.

Proximity ligation assay. Proximity ligation assay was performed with goat anti-TRIM28 and rabbit
KRAB-ZFP antibodies, the Duolink Anti-Goat Minus plus Anti-Rabbit Plus in situ PLA probe (catalog
numbers DUO92006 and DUO92002; Sigma-Aldrich), Duolink Green in situ detection reagents (catalog
number DUO92014; Sigma-Aldrich), and washing buffers (catalog number DUO82049; Sigma-Aldrich), as
described previously (15).

Statistical analysis. The p values were calculated by comparing the means for two groups of interest
using unpaired Student’s t test.
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