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Role of IRF4 in IFN-Stimulated Gene Induction and
Maintenance of Kaposi Sarcoma—Associated Herpesvirus
Latency in Primary Effusion Lymphoma Cells

Adriana Forero, Patrick S. Moore, and Saumendra N. Sarkar

IFN regulatory factor (IRF) 4 is a hematopoietic cell-specific transcription factor that regulates the maturation and differentiation
of immune cells. Using an inducible expression system, we found that IRF4 directly induced a specific subset of IFN-stimulated
genes (ISGs) in a type I IFN-independent manner in both epithelial and B cell lines. Moreover, Kaposi sarcoma-associated
herpesvirus (KSHV)-encoded viral FLICE inhibitory protein (vFLIP) enhances IRF4-mediated gene induction. Coexpression
of IRF4 with vFLIP significantly increased ISG60 (IFIT3) and Cig5 (RSAD2) transcription that was dependent on the ability of
vFLIP to activate NF-kB. A vFLIP mutant (A57L) defective in NF-kB activation failed to enhance IRF4-mediated ISG induction.
Thus, we provide a physiologically relevant mechanism by which viral protein-mediated NF-kB activation modulates specific ISG
induction by IRF4. In contrast, IRF4 also acted as a negative regulator of KSHYV replication and transcription activator expres-
sion after induction of KSHYV lytic reactivation in KSHV-positive primary effusion lymphoma cells. Taken together, these results

suggest a dual role for IRF4 in regulating ISG induction and KSHY lytic reactivation in primary effusion lymphoma cells. The
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factors are mainly involved in the regulation of innate

immune response genes, type [ IFNs, and the maturation of
immune cells (1, 2). IRF4, a member of the IRF family, is required
for proper maturation and differentiation of immune cells (3), as
well as acting as both positive (4, 5) and negative (6, 7) regulator
of gene transcription. IRF4 was first identified in multiple mye-
loma cells, where its overexpression caused deregulation of cell
cycle regulatory proteins (8, 9), highlighting the diverse functions
of IRF4 in regulation of transcription and the importance of bal-
anced IRF4 activity in maintaining homeostasis. IRF4 has also
been found to have transformation potential that contributes to
several lymphoproliferative diseases (10, 11). It is overexpressed
in human T lymphotropic virus 1-infected adult T cell leukemia
cells and contributes to their transformed phenotype (12, 13). High
IRF4 levels are associated with the transformation of B cells by
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EBV LMP1 oncoprotein, resulting in increased cellular growth and
proliferation (14, 15). However, in primary effusion lymphoma
(PEL), a B cell neoplasm linked to Kaposi sarcoma—associated
herpesvirus (KSHYV; also called human herpesvirus 8) (16, 17),
the role of IRF4 has not been defined.

PEL most commonly occurs among immunocompromised in-
dividuals (16, 17). It has an immunoblastic or plasmablastic ap-
pearance and is both IRF4- and CD138-positive (10, 18). PEL
cells are characterized by latent infection with KSHV (19), in
which the virus persists in cells as a naked episome and expresses
only a limited subset of viral genes (latent genes) (20-23). These
include genes encoding viral FLICE inhibitory protein (vFLIP),
viral cyclin (vCYC), latency-associated nuclear Ag LANA, LANA2
(also known as vIRF3), and miRNA encoding genes (24), which
modulate antiviral immune responses through various mechanisms.
The transition from latency to lytic replication is controlled by the
KSHYV replication and transcription activator (RTA) protein, which
initiates viral lytic gene transcription, leading to virion formation
and death of the host cell.

The vFLIP protein, encoded by the KSHV gene K13/ORF71,
was first identified as a vFLIP (25) and led to the subsequent dis-
covery of cellular FLIP proteins (26). More recent studies reveal
that the primary function of VFLIP is activation of NF-kB through
interactions with IkB kinase (IKK) complex (27, 28). Constitutive
activation of NF-kB by VFLIP is required for Rat-1 cell transfor-
mation (29), lymphomagenesis in transgenic mice (30), and sur-
vival of PEL cells (31). Furthermore, VFLIP suppresses full lytic
viral gene expression through an NF-«kB targeting mechanism that
is essential for the maintenance of viral latency in PEL (32, 33).

In this study, using an inducible IRF4 expression system, we
examined the role of IRF4 as a regulator of IFN-stimulated gene
(ISG) induction. Our results suggest that IRF4 directly targets
ISG60 and Cig5 to positively regulate their expression. IRF4-
mediated ISG induction was enhanced by KSHV vFLIP in an
NF-kB-dependent manner, highlighting the importance of NF-kB
in the transcriptional regulation of ISGs. In contrast, we observed
a negative regulatory effect of IRF4 on KSHV RTA-mediated
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transcription and lytic gene expression following viral reactivation.
Taken together, these results show that IRF4 plays an important role
in shaping innate immune responses in PEL cells and may be es-
sential for maintaining KSHV latency in PEL.

Materials and Methods

Cells and reagents

HEK?293 cells, 293T cells, and HEK293-derived cell lines were cultured
in DMEM (Lonza) containing 10% FBS (Atlanta Biologicals) and
100 IU/ml penicillin and 100 pg/ml streptomycin (Lonza). BCBL-1,
BC-1 and BCP-1, and BJAB cells were cultured in RPMI 1640 medium
supplemented with 10-20% FBS. The 293/IRF4 cells were transfected
with FuGENE 6 (Roche), following the manufacturer’s protocol. Cells
were stimulated for 48 h with varying doses of doxycycline (Dox; Clontech).
TNF-a was obtained from PeproTech and 12-O-tetradecanoylphorbol-13-
acetate (TPA) from Sigma-Aldrich. The following primary Abs were used
in this study: anti-IRF4 (Cell Signaling Technology); anti-V5 (Invitrogen);
anti-RSAD?2, anti-actin, and anti-tubulin (Santa Cruz Biotechnology); anti-
OASL (Abgent); anti-ISG60 and anti-DRBP76 (34); anti-LANA2 (CM-
A807); anti-LANA (35); and anti-ORF50 (36).

Plasmids

IRF4, transcript variant 1 (NM_002460), was PCR amplified with N-terminal
V5 tag from pCMV6-IRF4 (OriGene). The PCR product was then cloned into
pENTR-D/TOPO (Invitrogen), following the manufacturer’s guidelines. The
expression vector pcDNA/IRF4-V5 was generated by recombination be-
tween pENTR/D-TOPO IRF4-V5 and pcDNA/DEST47, using Gateway
LR Clonase II enzyme mix (Invitrogen) according to the manufacturer’s
guidelines. Phosphomimetic mutant of IRF4 S446D was generated by site-
directed mutagenesis of pPENTR/D-TOPO IRF4-VS5, using the QuikChange
II Site-Directed Mutagenesis Kit (Stratagene), following the manufacturer’s
protocols and using the following primers: 5'-CCACAGATCTATCCGCC-
ATGACTCTATTCAAGAATGACTC-3" and 5'-GAGTCATTCTTGAATA-
GAGTCATGGCGGATAGATCTGTGG-3'. The pcDNA/K13-HA was
generated by PCR amplification of vFLIP cDNA with a C-terminal HA
tag from pMSCV/K13 and cloned into pENTR/D-TOPO (Invitrogen).
K13-HA was then subcloned into the EcoRI-Xbal sites in pcDNA3.1(+)/
Hygro (Invitrogen). The vFLIP mutant AS7L was generated from pcDNA/
K13-HA, using the previously described method and the following primers:
5'-CGTTTCCCCTGTTACTGGAATGTCTGTTTCGTG-3" and 5'-CAC-
GAAACAGACATTCCAGTAACAGGGGAAACG-3'. The pcDNA/LANA,
pcDNA/LANA?2, and pcDNA/ORF50 have been previously described
(37-39). The IkB super-repressor mutant S32A/S36A has been described
before (40). The reporter plasmids pGl3—Nut-1 and NF-«B firefly lucif-
erase have been previously discussed (41, 42). The pRL-null vector ex-
pressing Renilla luciferase was obtained from Promega.

Lentiviral vectors

Dox-inducible lentiviral vectors were generated by performing LR re-
combination between pENTR/D-TOPO IRF4-V5 or pENTR/D-TOPO
IRF4-S446D-VS5 and pInducer 20 destination vector (43). Constitutive
IRF4 expressing lentiviral vector was generated by LR recombination of
pENTR/IRF4-V5 with pLenti CMV Puro DEST (W118-1) (Addgene).
Control pInducer20 and pLenti CMV Puro vectors were generated by
recombination with pENTR-VS5 plasmid (Addgene). Lentiviruses were
packaged in 293T and pseudotyped with VSV G protein. Transduction
of HEK293, BJAB, and BCBL-1 cells was carried out for 1-5 h at 37°C
in the presence of 1 wg/ml polybrene. Cells were selected with 500 ng/ml
G418 or 1 pg/ml puromycin to establish stable cell lines.

Reporter assays

In a 24-well plate, 293T cells (1.5 X 10° cells per well) were transfected
using FuGENE 6, as indicated. At 24 h later, the cells from each well were
collected by trypsin-EDTA digestion and seeded into 6 wells in a 96-well
plate. At 48 h post transfection, luciferase activity was measured using the
Dual-Glo Luciferase Assay System (Promega). Firefly luciferase activity
was normalized to Renilla luciferase activity and expressed as fold changes,
as indicated.

Quantitative PCR analysis of gene expression

Total RNA was extracted using TRIzol reagent (Invitrogen) and treated with
DNase I at 37°C for 1 h (DNA Free kit; Ambion). Next 1 g total RNA was
used for reverse transcription with the iScript cDNA Synthesis Kit (Bio-
Rad) and subjected to real-time PCR with a CFX96 Real-Time System

(Bio-Rad) according to the manufacturer’s instructions. Primers used for
target gene amplification can be found in Supplementary Table I. Samples
were normalized to RPL32 and expressed as fold change with respect to
untreated vector control cells (value 1), marked with (#).

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) was performed using the ChIP-IT
Express Kit from Active Motif according to the manufacturer’s protocols.
Briefly, 1 X 107 HEK293 cells stably expressing pLenti vector control or
pLenti/IRF4-V5 were cross-linked with 1% formaldehyde for 10 min.
Cells were then lysed, and chromatin was sheared into 200- to 600-bp
fragments by sonication. The cross-linked chromatin was incubated with
protein G magnetic beads and anti-V5, anti-Pol II, or control IgG Ab to
immunoprecipitate the target protein. DNA was purified after reversing
protein/DNA cross-linking; equal amounts of the purified ChIP DNA were
subjected to quantitative PCR analysis using primers ISG60 IFN-stimulated
regulatory element (ISRE) (5'-GGTCTCAAGCCGTTAGGTTTCATTT-3';
5'-GAAGTCTTCCTGTCTGCCTCAAGTA-3") and Cig 5 ISRE (5'-CC-
CGATCTCTAGTCTTCAGTCTTGG-3"; 5'-GCAGGACACACCTTCTT-
TGACTAAC-3"). Each sample was normalized to the negative control and
expressed as fold change with respect to vector-expressing cells. Similarly,
1 X 10" BCBL-1 cells were cross-linked with 1% formaldehyde for
10 min. Cells were then lysed, and chromatin was sheared into 200- to
600-bp fragments by sonication. The cross-linked chromatin was incubated
with protein G magnetic beads and anti-IRF4, anti-Pol II, or control IgG
Ab to immunoprecipitate the target protein. DNA was purified after re-
versing protein/DNA cross-linking; equal amounts of the purified ChIP
DNA were subjected to quantitative PCR analysis, using primers ISG60
ISRE (5'-GGTCTCAAGCCGTTAGGTTTCATTT-3'; 5'-GAAGTCTTC-
CTGTCTGCCTCAAGTA-3") and ORF57 replication and transcription
activator-responsive element (RRE)/ISRE (5'-ACACTTATGAGTCA-
GTGTTTTGCCAG-3"; 5'-GGCAGCCAGGTTATATAGTGGGATTA-3").
Each sample was normalized relative to isotype control.

Subcellular fractionations

Cells were washed, and cell pellets were suspended in hypotonic buffer
(20 mM HEPES [pH 8.0], 10 mM KCl, 1 mM MgCl,, 20% glycerol, 0.1%
Triton-X 100) with protease inhibitors. The cell suspensions (100 wl) were
vortexed for 30 s, incubated on ice for 15 min, and centrifuged (16,000 X g
for 10 min at 4°C). The supernatants were collected as soluble cytoplasmic
fractions. The remaining nuclear pellets were thoroughly washed in 10
volumes of hypotonic buffer and then resuspended in 100 pl RIPA buffer
(50 mM Tris-HCI [pH7.4], 150 mM NaCl, 1% Nonidet P-40, 0.25% so-
dium deoxycholate, 1 mM EDTA, 1 mM PMSF, 1X protease inhibitor
mixture) and incubated in ice for 30 min prior to SDS-PAGE.

Statistical analysis

Data were analyzed using a two-tailed paired Student 7 test. Values were
considered significant at p < 0.05.

Results
IRF4 upregulation leads to ISG induction in PEL cells

PEL cells are characterized by their plasma cell-like phenotype and
express high levels of IRF4 (10, 18, 44). As shown in Fig. 1A and
1B, PEL-derived BCBL-1 cells showed expression of IRF4, as well
as latency-associated KSHV proteins LANA and LANA2, com-
pared with the non-PEL B cell line BJAB. Transcriptional activ-
ities of IRF are usually associated with their activation and nuclear
translocation (45), followed by their binding to ISREs located in
the promoter regions of their target genes (46, 47). As expected for
an activated IRF, in BCBL-1 cells, a major portion of IRF4 protein
was present in the DRBP76-positive nuclear fraction (Fig. 1C). To
examine whether activated IRF4 in PEL cells induced ISGs, PEL
cell lines BCBL-1, BC-1, and BCP-1 were tested for IRF4 and
ISG60 expression. As shown in Fig. 1D, both BCBL-1 and BC-1
cells expressed high levels of IRF4 accompanied by various levels
of ISG60 expression, whereas BCP-1 showed lower levels of IRF4
and no detectable ISG60 induction. BCBL-1 and BCP-1 cells are
both KSHV positive and EBV negative, whereas BC-1 cells are
both KSHV and EBV positive (19, 48, 49). Previous studies have
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FIGURE 1. IRF4 and ISG60 are upregulated in PEL cell lines. (A) Anal-
ysis of IRF4 protein levels in BJAB and BCBL-1 cells. Lysates were prepared
from 1 X 10° cells and immunoblotted with anti-IRF4, anti-LANA, anti-
LANA2, and anti—B-actin Abs. (B) IRF4 mRNA analysis in BJAB and
BCBL-1 cells. Total RNA was harvested from 1 X 10° cells and subjected
to quantitative RT-PCR using primers against IRF4 and RPL32, as de-
scribed in Materials and Methods. Expression of IRF4 was normalized to
RPL32 and expressed as fold change with respect to BJAB cells (#). (C)
Subcellular localization of IRF4 in PEL cell lines. Cytoplasmic and nu-
clear fractions were prepared from 1 X 107 BCBL-1 cells and immuno-
blotted with IRF4, tubulin, and DRBP76 Abs. (D) Analysis of ISG60 and
IRF4 protein expression in PEL cell lines BCBL-1, BC-1, and BCP-1.
Lysates were prepared from 1 X 10° cells and immunoblotted with Abs
against IRF4, ISG60, and tubulin. (E) PU.1 mRNA analysis in 293, BCBL-1,
and BJAB cells. Total RNA was harvested from 1 X 10° cells and subjected
to quantitative RT-PCR, using primers against PU.1 and RPL32, as de-
scribed in Materials and Methods. *Expression of PU.1 was normalized
to RPL32 and expressed as fold change with respect to 293 cells. (F)
Induction of ISG60 by IRF4 in 293T cells. Cells were transfected with
1 wg pcDNA/IRF4-VS5 or vector control plasmids; 48 h post transfection,
lysates were prepared and immunoblotted with anti-IRF4 and anti-ISG60
Abs.

shown that PEL cells display an incomplete B cell phenotype and
lack the expression of lymphocyte-specific transcription factors
PU.1 and IRFS8 (44). With this taken into consideration, transcript
levels of PU.1 in BCBL-1 and control 293T cells were analyzed to
show that these cells express minimal levels of PU.1 mRNA rel-
ative to BJAB cells. Furthermore, IRF4 is an immune cell factor
and not expressed in 293T cells at appreciable levels (Fig. 1F).
Thus, to examine whether IRF4 expression induces ISG60 in the
absence of lymphocyte-specific transcription factors, IRF4 was
transfected into 293T cells. Exogenous IRF4 expression induced
ISG60 protein expression in these cells (Fig. 1F) as well as in

HT1080 cells (data not shown). Taken together, these results suggest
that IRF4 is capable of inducing the expression of certain ISGs in
a variety of cells, including PEL cells.

IRF4 induces the expression of a specific subset of ISGs

To further characterize the transcriptional activity of IRF4 and
identify other potential target ISGs, stable HEK293 cells with
Dox-inducible V5-tagged IRF4 expression (293/IRF4) were gen-
erated. Stimulation of 293i/IRF4 cells with increasing doses of Dox
for 48 h resulted in a dose-dependent increase in expression of
IRF4 mRNA (Fig. 2A) and protein levels (Fig. 2B). Immunoblot
analysis in 293iIRF4 cells, as in PEL cells, showed cytoplasmic, but
predominantly nuclear, localization of IRF4 after treatment with
Dox (Fig. 2C), confirming its potential role in direct transcriptional
regulation. To determine if IRF4 specifically regulated the endog-
enous expression of ISG in 293iIRF4 cells, the induction of several
well-known ISG transcripts after Dox treatment was examined.
Among the ISGs tested, three distinct phenotypes were observed
upon IRF4 expression. Several ISG mRNAs showed strong IRF4
dose-dependent induction, such as ISG60, Cig5, and OASL (Fig.
2D). This feature correlated with their protein expression (Fig. 2E).
In contrast, ISG15, PKR, and IRF7 showed modest to insignificant
levels of increase (Fig. 2F). IFN-$3, which is not an ISG but is in-
duced via IRF3/IRF7 binding to ISRE, also followed a similar pat-
tern, showing a very modest increase after IRF4 expression (Fig. 2F).
In the third category was MxA, which showed a dose-dependent,
significant inhibition after Dox treatment (Fig. 2G). IFN-« (pri-
mers used for the common regions of all human subtypes) also
showed a similar, albeit modest, pattern (Fig. 2G). Furthermore, the
effect of IRF4 on ISG induction was independent of other relevant
IRF protein induction, as expression of IRF4 in 293/IRF4 did not
change the protein or mRNA expression levels of other IRF family
members (Supplemental Fig. 1A, 1B). These data suggest that IRF4
stimulates the transcription of only a subset of ISGs in an IFN-
independent manner, whereas it can act as a possible repressor
on other ISGs.

To further address the positive modulation of ISG expression by
IRF4 in B cells, a BJAB-derived stable cell line, BJAB{IRF4, was
generated using the Dox-inducible IRF4 vector (Fig. 3A, 3B).
Similar to 293/IRF4 cells, these cells also showed an increase in
ISG60 and Cig5 transcripts and a decrease in MxA transcripts in a
Dox-dependent manner (Fig. 3C-E). Taken together, these results
indicate that IRF4 activates expression of some ISGs in B cells
and may be responsible for the high levels of ISG60 protein ob-
served in most PEL cells.

Transcriptional activation of ISG60 and Cig5 is directly
mediated by IRF4

To establish that IRF4 is responsible for direct induction of a
subset of ISGs, the mechanism of IRF4-mediated upregulation
of ISG60 and Cig5 was examined. Sequence analysis of the 5’
regulatory region of ISG60 and Cig5 genes showed putative
ISREs (Fig. 4A, Supplemental Fig. 2A) (46, 50). To confirm the
ability of IRF4 to specifically bind to the ISREs and drive tran-
scription, ChIP assays were performed on HEK293 cells con-
stitutively expressing V5-tagged IRF4. ChIP with anti-V5 Ab
showed that IRF4 bound to the ISG60 promoter in the region
encompassing both the ISREII/Iss of ISG60 (Fig. 4B) and to the
region containing the ISRE on the Cig5 promoter (Supplemental
Fig. 2B). To establish IRF4 binding to the ISRE on the ISG60
promoter in PEL cells, ChIP with anti-IRF4 Ab was carried out in
BCBL-1 cells, which showed increased promoter occupancy by
IRF4, compared with isotype control (Fig. 4C). These results
suggest that direct binding of IRF4 to the ISREs in the promoter
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FIGURE 2.

IRF4 induces the expression of a specific subset of ISGs. (A) Analysis of IRF4 mRNA induction in 293i/IRF4 cells. Following 48 h Dox

stimulation with indicated doses, total RNA was harvested from 1 X 10° cells per sample and subjected to quantitative RT-PCR to detect expression of
IRF4. *Samples were normalized to RPL32 and expressed as fold change with respect to untreated cells (value 1). (B) Analysis of IRF4 protein induction
following Dox stimulation of 293/IRF4 cells. Cell lysates were prepared from Dox-stimulated cells (48 h) and immunoblotted with anti-V5 and actin Abs.
(€) Subcellular localization of IRF4 in 293{/IRF4 cells. A total of 1 X 10° cells were stimulated with 0.5 wg/ml Dox for 48 h. Cytoplasmic and nuclear
fractions were prepared as described in Materials and Methods and immunoblotted with indicated Abs. (D) In an experiment similar to that in (A), ISG60,
Cig5, and OASL mRNA induction was analyzed following Dox stimulation. (E) Analysis of ISG60, Cig5, and OASL protein induction following 48-h Dox
stimulation of 293/IRF4 cells. Cell lysates were probed with ISG60, Cig5, OASL, and actin Abs. (F and G) Analysis of ISG15, PKR, IRF7, and IFN-§ (F)
and pan—IFN-a and MxA (G) mRNA induction by IRF4 expression following 48 h Dox stimulation.

regulatory regions of the ISG60 and Cig5 genes results in the
transcriptional activation.

Modulation of IRF4-mediated ISG induction by KSHV
latency—associated proteins

KSHYV latency—associated proteins have been previously shown to
modulate IRF-mediated signaling (51-55). Therefore, to examine
the effects of these latency-associated viral genes on IRF4-medi-
ated ISG induction, we expressed VFLIP, LANA, and LANA?2 in
293iIRF4 cells. Among them, vFLIP caused a synergistic en-
hancement in ISG60 transcription in the presence of IRF4 (Fig.
5A), whereas LANA or LANA?2 did not (Fig. 5C and 5D, re-
spectively). Expression of VFLIP alone did not significantly acti-

vate ISG60 (Fig. 5A). Similarly, neither LANA nor LANA2
expressed in the absence of IRF4 had any effect on ISG60 tran-
script levels (Fig. 5C, 5D). Moreover, expression of the viral la-
tency proteins did not affect expression of IRF4 (Fig. 5B and data
not shown), indicating that KSHV latency—associated protein
VFLIP enhances IRF4-mediated ISG transcription independently
from the modulation of IRF4 expression.

To define the mechanism of synergistic enhancement of IRF4-
mediated transcription by VFLIP, two approaches were taken.
First, to determine if VFLIP increased nuclear translocation of
IRF4, 293i/IRF4 cells were transfected with vFLIP and stimulated
with Dox. As previously observed (Fig. 2C), > 70% of total IRF4
protein expression was detected in the nuclear fraction, and no
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FIGURE 3. IRF4 induces expression of ISGs in B —— -

cells. (A) Analysis of IRF4 protein induction following
Dox stimulation in BJABIIRF4 cells. A total of 2 X
10° cells were stimulated with increasing doses of
Dox, as indicated, for 48 h. Lysates were prepared after
stimulation and immunoblotted with anti-V5 and actin
Abs. (B-E) Quantitative RT-PCR analysis of IRF4 (B),
ISG60 (C), Cig5 (D), and MxA (E) expression in Dox-
treated BJABIIRF4 cells. Cells were stimulated as
previously described, and total RNA was harvested and
subjected to quantitative RT-PCR. *Samples were nor-
malized to RPL32 and expressed as fold change with
respect to untreated cells (value 1).
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changes in cellular localization of IRF4 were detected following
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(A) Schematic representation of the ISG60 promoter-regulatory region,
depicting the position of two ISRE sites (gray) and their sequences, as pre-
dicted using the Transcriptional Regulatory Element Database. (B) ChIP of
IRF4 bound to the ISG60 promoter. Chromatin was prepared from 1 X 107
HEK?293 cells expressing IRF4-V5 (HEK293/pLenti-IRF4-V5) or vector
control (HEK293/pLenti). IRF4 and Pol II binding to the promoters was
determined by ChIP assay using anti-V5 and anti-Pol II Abs for immuno-
precipitation. Promoter occupancy was determined relative to vector control
cells, as indicated in Materials and Methods. (C) ChIP of endogenous IRF4
bound to ISG60 promoter in BCBL-1 cells. IRF4 (left) and Pol II (right)
binding to the ISG60 promoter was analyzed by ChIP assay, as previously
described. Promoter occupancy was determined relative to isotype control
Ab (value 1).
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evaluated (56). With use of a Dox-inducible cell line expressing
IRF4 S446D, 293iIRF4/S446D (Fig. 5F), the effect of VFLIP co-
expression on ISG mRNA induction was examined. Stimulation of
293iIRF4/S446D cells with Dox showed expected increase in
ISG60 mRNA, which was further enhanced by vFLIP expression
(Fig. 5G) without affecting IRF4 levels. These data suggest that
the effect of VFLIP on IRF4-mediated transcription is independent
from its phosphorylation of Ser**®, and VFLIP does not increase
the IRF4 activation.

NF-kB activation is required for enhancement of IRF4-
mediated ISG induction by vFLIP

Unlike other viral FLIPs, KSHV vFLIP activates NF-kB signaling
by interacting with the IKK complex, resulting in the phosphor-
ylation and subsequent degradation of the NF-«kB inhibitor IkBa
(27, 28). To determine if VFLIP affects ISG induction by IRF4
as a result of NF-«kB activation, vFLIP-transfected 293/IRF4 cells
were treated with the IKK inhibitor Bay 11-7082. The addition of
Bay 11-7082 resulted in a 2-fold reduction of ISG60 induction by
IRF4 and vFLIP, in comparison with untreated cells (Fig. 6A). To
exclude nonspecific kinase inhibition effects, vFLIP was coexpressed
in 293iIRF4 cells with the IkB super-repressor mutant S32A/S36A
(SR-IkBa), which prevents NF-«kB activation. This coexpression
resulted in a nearly 7-fold decrease in the vFLIP-mediated en-
hancement of ISG60 induction (Fig. 6B), confirming the require-
ment for NF-kB activation. Furthermore, a mutant vFLIP that is
impaired in its ability to interact with TNFR-associated factor
proteins and activate NF-kB (A57L) (57) was generated and tested
for its ability to synergize with IRF4. As expected, vVFLIP AS7L
did not activate NF-kB (Fig. 6C) and had no effect on IRF4
expression (data not shown). Synergistic enhancement of IRF4-
mediated ISG60 induction, however, was absent in A57L compared
with wild-type vFLIP-transfected cells (Fig. 6D). Again, no in-
duction of ISG60 was observed in cells transfected with either WT
or mutant VFLIP expression vectors in the absence of Dox treat-
ment. These results suggest that vFLIP upregulates IRF4-mediated
ISG60 induction through the activation of NF-«kB.

Finally, to confirm the involvement of NF-kB in IRF4-mediated
ISG60 upregulation, cells were treated with the NF-kB-activating
cytokine TNF-a and examined for ISG60 and Cig5 transcript
levels in the presence of IRF4. Then 293i/IRF4 cells were stimu-
lated with increasing doses of Dox for 48 h, followed by 12 h
stimulation with 10 ng/ml TNF-a. Costimulation with TNF-a in
the presence of IRF4 resulted in markedly increased ISG60 and
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FIGURE 5. vFLIP enhances IRF4-mediated ISG induction. Quantitation
of ISG60 (A, C, D) and IRF4 (B) mRNA induction in 293iIRF4 cells
transfected with KSHV latency—associated viral proteins. A total of 8 X 10°
cells were transfected in a six-well plate with 800 ng VFLIP (A), LANA (B),
and LANA2 (C) expression vectors or their respective empty vector controls.
At 8 h post transfection, cells were transferred to 24-well plates and stimu-
lated with increasing doses of Dox. Total RNA was harvested 48 h post
stimulation. ISG60 and IRF4 mRNA induction was quantified by quantitative
RT-PCR. *Samples were normalized to RPL32 and expressed as fold change
with respect to untreated vector control cells (value 1). (E) Effect of vFLIP on
IRF4 subcellular localization. The 293i/IRF4 cells were transfected with
pcDNA-K13 and stimulated with 0.5 pg/ml Dox for 48 h. Cell lysates were
fractionated and subjected to immunoblotting with Abs against V5. Immu-
noblots were quantified by densitometry and plotted as total IRF4 fraction-
ated between cytoplasmic and nuclear fractions. (F) Western blot analysis of
IRF4 protein induction following Dox stimulation in 293{IRF4/S446D cells.
Cells were stimulated for 48 h with Dox, as indicated. Lysates were prepared
and subjected to immunoblotting, using Abs against V5 and tubulin. (G)
Effect of IRF4-S446D on vFLIP-mediated enhancement of ISG60 mRNA
induction. The 293/IRF4 and 293iIRF4/S446D cells were transfected and
stimulated as previously described. ISG60 mRNA induction was quantified
by quantitative RT-PCR. *Samples were normalized to RPL32 and expressed
as fold change with respect to untreated vector control cells (value 1).

Cig5 transcription (Fig. 6E). As observed previously after coex-
pression of VFLIP, treatment with TNF-a alone did not result in
a significant induction of either ISG60 or CigS5 mRNA (Fig. 6E).
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FIGURE 6. Enhancement of ISG induction by vFLIP requires NF-kB
activation. (A) Effect of Bay 11-7082 on ISG induction by IRF4 and vFLIP.
The 293iIRF4 cells were transfected with vector control or vFLIP for 8 h.
After transfection, cells were stimulated with Dox in the presence or ab-
sence of 5 uM Bay 11-7082 for an additional 48 h. ISG60 mRNA induction
was analyzed by quantitative RT-PCR, as described before. *Samples were
normalized to RPL32 and expressed as fold change with respect to un-
treated vector control cells (value 1). (B) Effect of SR-IkBa expression on
ISG induction by IRF4 and vFLIP. The 293/IRF4 cells were cotransfected
with VFLIP and SR-IkBa or the respective vector controls for 24 h. After
transfection, cells were stimulated with Dox for an additional 48 h. ISG60
mRNA induction was analyzed by quantitative RT-PCR, as described be-
fore. *Samples were normalized to RPL32 and expressed as fold change
with respect to untreated vector control cells (value 1). (C) NF-kB lucif-
erase reporter assays from 293T cells transfected with wild-type vFLIP,
VFLIP AS57L, or empty vector control. The 293T cells were cotransfected
with 1 pg cDNA, 0.4 wg NF-kB luciferase reporter construct, and 12 ng
pRL-null. Firefly luciferase activity was measured 48 h post transcription
and normalized to Renilla luciferase. (D) Quantitative RT-PCR analysis of
ISG60 induction in 293iIRF4 cells transfected with wild-type or A57L
mutant VFLIP. RNA was extracted after transfection of WT or mutant
VFLIP cDNA for 8 h, followed by 48 h of Dox stimulation. (E) Analysis of
ISG60 induction in IRF4-expressing 293/IRF4 cells stimulated with TNF-
o. RNA was harvested from 293/IRF4 cells that were stimulated for a total
of 48 h with Dox in the presence of 100 ng/ml TNF-« for the last 12 h.
#Samples were normalized to RPL32 and expressed as fold change with
respect to untreated vector control cells (value 1).

Taken together, these results suggest that vFLIP enhances IRF4-
dependent ISG induction through NF-«kB activation.

IRF4 inhibits KSHV reactivation from latency

Although IRF4 has been shown to negatively regulate host gene
transcription in specific situations (Fig. 2G and Refs. 6, 7), its role
in regulating viral latency has not been described. In the context of
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KSHYV, RTA, encoded by ORF50, activates the expression of viral a stable cell line, BCBL-1/IRF4, was generated, which expressed
immediate-early and early genes, as well as its own expression by Dox-inducible V5-tagged IRF4 (Fig. 7B, Supplemental Fig. 3).
binding to RREs (58). RTA can also bind to ISRE found in cellular Stimulation of these cells with TPA in the presence or absence of
ISGs as well as ISRE-like sequences contained in the promoter Dox showed ~ 20% reduction in RTA protein expression upon
regulatory regions of viral genes (59). Although IRF4 binds ISRE IRF4 expression (Fig. 7C). Finally, to determine whether the in-
and modulates ISG expression (Figs. 2, 4), the ability of regulating hibitory effect of IRF4 on RTA expression was due to changes in
KSHYV reactivation and gene expression through a similar mech- transcriptional induction of RTA, the induction kinetics of RTA
anism by IRF4 has not been elucidated. For this purpose, the effect mRNA, and ORF57, an RTA-responsive gene known to be nega-
of IRF4 expression on RTA-mediated transcription was examined tively regulated by IRF7 (59), mRNA following TPA treatment
using a Nut-1 (PAN) promoter luciferase reporter construct (41). was examined. Again, IRF4 expression resulted in repression of
IRF4 expression inhibited RTA-mediated luciferase activity in a RTA and ORF57 mRNA after TPA treatment (Fig. 7D). These
dose-dependent manner (Fig. 7A). Next, the effect of IRF4 on data suggest that IRF4 inhibits the expression of RTA-mediated

endogenous RTA expression was examined following TPA stim- viral gene expression required for lytic KSHV replication. This
ulation to induce lytic gene transcription (20). For this purpose, observation was in accordance with the previous findings showing

A B BCBL-1/IRF4

c 2004 z

s e | IRF4-V5

O~

3 3150

= E’ s — e | IRF4

£ 5100

?rd‘% -_— == | DRBP76

§§ 50 1 —

5 W W | Tubuin

=z 04

500 & & F S

100
IRF4 DNA (ng) No Dox  1ug/ml

O
O

p=0.021

& [ No Dox
8 c c
_§100- I 1.g/ml Dox % 4 RTA _g 5 ORF57
. 3 . |- NoDox 3 4{-@~No Dox
c £3 £
2 o |mtugm o 5| ugm
E_ [e] [e)
504 w2 [
'<£ Ee] g2
x g @
=1 =
% 0 2o Sol— , . ;
x 0 2 4 8 0 2 4 8
hours post TPA treatment hours post TPA treatment
ORF57 RTA RTA/IRF
-200 ﬁ 200
ATTTTTCGTTTG
? BCBI‘.-1 . % BCBL-1
§ 5_ ChiP:ant-IRF4 § 50—, ChIP: anti-RNA Polll
3
3 3
S 4 8 40-
2 o}
34 5 30
g § 30
=2 & 20
0 5
e & 10
o o
2 0- 0 0-
Z 19G IRF4 £ 19G Pol Il
& ©
v

FIGURE 7. 1IRF4 inhibits KSHV viral reactivation. (A) Effect of IRF4 on Nut-1 luciferase in 293T cells. The 293T cells were cotransfected with 100 or
500 ng IRF4 expression plasmid, 0.4 wg Nut-1 luciferase reporter construct, 24 ng pRL-Null, and 75 ng of either RTA cDNA or empty vector. Total
transfected DNA levels were kept equal with empty vector. At 48 h after transfection, luciferase activity was measured. Fold induction was normalized to
both Renilla luciferase activity and non—-RTA-transfected cells. (B) Analysis of IRF4 protein expression levels in BCBL-1iIRF4 cells. A total of 2 X 10°
BCBL-1i4 cells per milliliter were treated with 1 pg/ml Dox or left untreated for 48 h. Subcellular fractions were harvested as previously described and
subjected to immunoblot with anti-RTA Ab. (C) Ectopic IRF4 expression leads to reduced RTA protein expression. A total of 2 X 10° BCBL-1/IRF4 cells
per milliliter were treated with 1 pg/ml Dox or left untreated for 48 h, followed by stimulation with 15 ng/ml TPA or DMSO for 12 h prior to harvesting.
Cell lysates were subjected to immunoblot with anti-RTA Ab. RTA expression levels were quantified for three independent experiments, and induction was
calculated relative to cells without Dox stimulation. (D) Inhibition of RTA and ORF57 mRNA induction in BCBL-1 cells by IRF4. BCBL-1iIRF4 cells were
stimulated with Dox for 48 h, followed by stimulation with 15 ng/ml TPA for 2, 4, and 8 h. Fold induction of RTA mRNA levels were normalized to RPL32
and non—TPA-stimulated cells. (E) Schematic representation of the ORF57 promoter-regulatory region, depicting the position of RTA binding sites (black)
and the RTA/IRF binding sites (gray). The RTA/IRF target site sequence has been highlighted. (F) ChIP of endogenous IRF4 bound to the ORF57 promoter
in BCBL-1 cells. IRF4 (left) and Pol II (right) binding to the ORF57 promoter was analyzed by ChIP assay, as previously described. Promoter occupancy
was determined relative to isotype control Ab (value 1).
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that IRF4 can act as a negative regulator of ISRE containing MxA
(Fig. 2G). To further understand the mechanism of this inhibition,
direct binding of IRF4 to the defined RTA/IRF target element in
the ORF57 promoter (Fig. 7E and Ref. 59) was examined by ChIP
assay. Using Abs against endogenous IRF4, we found that IRF4
was able to occupy the RTA/IRF region in BCBL-1 cells (Fig. 7F),
suggesting that the observed inhibition of ORF57 transcription is
potentially due to IRF4 competing with RTA for promoter bind-
ing. Taken together, these data suggest that IRF4 acts as a dual
regulator of cellular and viral gene transcription in PEL cells,
likely contributing to the maintenance of viral latency.

Discussion

IRF4 is an immune cell-specific transcription factor that plays
a role in lymphomagenesis. These functions of IRF4 are defined
by its ability to bind various transcription factors and regulate
gene expression, such as PU.1lin B cells. In this study, we found
that in the context of PEL cells, which do not express PU.1, IRF4
can differentially regulate ISG expression. Modulation of ISG ex-
pression was also observed in epithelial cells, which, like PEL
cells, lack the expression of B cell-specific transcription factors.
Of interest, ectopic expression of IRF4 also resulted in similar ISG
modulation in B cell lines. Our data showing that IRF4 binds to
the cis elements of specific ISG promoters to induce their tran-
scription expand the current paradigm of IRF4 function, in which
it may play an important role in ISG function in a cell type—
specific manner. Next, having identified some direct IRF4 target
ISGs, we asked if this activity can be modulated by KSHV la-
tency—associated proteins. As shown in Fig. 5, modulation of
IRF4-mediated ISG induction by KSHV latency-associated pro-
tein, vFLIP in the context of PEL, provides additional evidence for
its biological importance in this malignancy. Among the three
latency-associated proteins tested, coexpression of VFLIP resulted
in a synergistic activation of ISG60. This effect was specific to
VFLIP, as neither LANA nor LANAZ2, both of which have previously
been shown to bind and modulate IRF-mediated transcriptional
activation (52-54), modulated IRF4-mediated ISG60 induction.
This finding indicates differential modulation of transcriptional
activity of IRFs by KSHV-encoded proteins.

Although the role of NF-«B in the induction of IFN-B is well
established (60), the requirement for NF-«kB in transcriptional
control of ISGs has not been greatly understood. Recent work has
shown that a subset of ISGs can be further regulated by NF-«B
(61). However, in the absence of a robust NF-kB activation by
type I IFNs, the physiological relevance of these results has re-
mained unclear. Using both chemical/genetic inhibitors of NF-kB
and a VFLIP mutant devoid of NF-«kB activity, we showed that
NF-kB activation is required for enhancement of ISG60 tran-
scription by vFLIP (Fig. 6). This observation showed that both
ISG60 and Cig5 gene expression can be controlled by both IRF4
and NF-kB in a physiologically relevant setting where NF-«B
activation is mediated by a viral protein. Furthermore, stimulation
with TNF-a also resulted in an enhancement of ISG induction,
supporting the role of NF-kB in specific ISG regulation. Of note,
VFLIP expression or TNF-a stimulation alone was not sufficient
for the induction of ISGs or IRF4 expression (Fig. 5B, Fig. 6E).
Finally, these results suggest that in B cells ISG60 or Cig5 en-
hancement by vFLIP is independent of STAT1 or STAT2 and IFN
signaling, which was the case in endothelial cells (62). Thus, IRF
proteins primarily drive the induction of ISG60 and Cig5, whereas
NF-kB functions as a secondary enhancer of their transcription.

RTA-mediated gene transcription initiates KSHV lytic replica-
tion (58). RTA has also been found to bind ISREs in host genes
and induce the expression of ISG (59). Recently, IRF7 has been

shown to suppress viral reactivation by competing with RTA for
binding to RREs on the ORF57 promoter (63). Results presented
in Fig. 7, showing inhibition of RTA-mediated Nut-1 reporter
following IRF4 expression, support this model. Considering our
finding that IRF4 can bind to ISREs in cellular genes (Fig. 4) as
well as the ISRE-like RRE found in ORF57 (Fig. 7), it is possible
that inhibitory effects of IRF4 on RTA-mediated transcriptional
activation are due to competitive inhibition of RTA binding to its
target sites, thereby promoting the maintenance of KSHV latency
in PEL cells. Of interest, though, ectopic expression of IRF4 in
BCBL-1 cells resulted in a modest yet significant decrease in RTA
protein expression > 12 h after TPA treatment (Fig. 7C). Of all the
lytic genes, ORF57 has the best characterized ISRE-like RRE.
Thus, we followed the effect of IRF4 expression on mRNA in-
duction of both RTA and ORF57, showing a 2-fold decrease in
transcript levels. This observation is significant because previous
studies have shown that KSHV-encoded Nut-1 RNA, a noncoding
RNA and the most abundant viral RNA during lytic infection, can
bind to IRF4 and inhibit DNA binding (26). This interaction between
Nut-1 transcript and IRF4 highlights the importance of IRF4 as a
negative regulator of viral gene transcription and shows the virus
has developed multiple strategies to circumvent the transcriptional
block imposed by IRF4 on RRE/ISRE-regulated promoters.

Mechanisms controlling the maintenance of latency and the switch
to lytic gene expression of KSHV are complex. Several studies have
shown the contribution of NF-kB activation to the negative regu-
lation of RTA-mediated transcription (64). Recruitment of RTA to
the promoters of lytic genes ORF57 and K-bZIP is inhibited by
NF-kB, whereas the K12 promoter was not affected by NF-kB
activation (15). In PEL cells, vFLIP-induced NF-«kB activation
inhibits both ORF50 and ORF57 gene expression contributing to
the establishment of latency in an AP-1-dependent manner (65).
Furthermore, inhibition NF-kB with Bay 110782 results in spon-
taneous reactivation (33, 66). In contrast, NF-kB activation also
functions as a positive modulator of lytic replication, as shown by
Grossman et al. (33). Thus, it is likely that both IRF4 and NF-«B
function together as negative regulators of KSHV lytic gene ex-
pression in the context of PEL. However, further studies will be
necessary for a detailed understanding of their specific contributions
to viral reactivation and maintenance of latency.

Our studies establish an important role for IRF4 in controlling
specific ISG induction and its enhancement by VFLIP through NF-
kB activation. Concomitantly, IRF4 can act as a negative regulator
of KSHV lytic gene expression. Thus, we describe the complex
functions of IRF4 that modulate innate immune responses and
contribute to the maintenance of KSHV latency in PEL cells.
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