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Interferon Regulatory Factor 4 Is Activated through c-Src-Mediated
Tyrosine Phosphorylation in Virus-Transformed Cells
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The importance of the oncogenic transcription factor interferon regulatory factor 4 (IRF4) in hematological malignancies has
been increasingly recognized. We have previously identified the B cell integration cluster (BIC), the gene encoding miR-155, as
the first microRNA (miRNA)-encoding gene transcriptionally targeted by IRF4 in virus-transformed cancer cells. Activation of
IRFs is prerequisite for their functions. However, how IRF4 is activated in cancer is an open question. Our phosphoproteome
profiling has identified several tyrosine phosphorylation sites on IRF4 in Epstein-Barr virus (EBV)-transformed cells. Further,
we show here that c-Src dramatically stimulates IRF4 phosphorylation and activity and that Y61 and Y124 are two key sites re-
sponding to c-Src-mediated activation. Consistently, c-Src is constitutively expressed and active in EBV-transformed cells. How-
ever, c-Src is unlikely to be a direct kinase for IRF4. Furthermore, we have a polyclonal antibody specific to phospho-IRF4(Y121/
124) developed in rabbit. We have further shown that inhibition of c-Src activity reduces p-IRF4(Y121/124) and significantly
represses transcription of the IRF4 target BIC in EBV-transformed cells. Our results therefore, for the first time, demonstrate
that IRF4 is phosphorylated and activated through a c-Src-mediated pathway in virus-transformed cells. These findings will im-
prove our understanding of IRF4 in neoplasia and will provide profound insights into the interaction of oncogenic viruses with

IRF4 in the development of hematological malignancies.

nterferon regulatory factors (IRFs) are a small but important

family of transcription factors in multiple facets of host defense
systems and are also involved in the regulation of tumorigenesis,
cell growth, differentiation, and myeloid cell development (1).
Among IRFs, IRF2 (2), -4 (3), and -7 (4) have oncogenic and
transforming potentials and antiapoptotic activity (3, 5, 6). These
oncogenic IRFs all intimately interact with Epstein-Barr virus
(EBV) latency programs (3, 7-10), which are associated with a
variety of hematological and epithelial malignancies.

IRF4, also known as multiple myeloma (MM) oncoprotein 1
(MUM1), is lymphocyte specific and is overexpressed in EBV-
transformed cells (3, 7, 11, 12), MM (13, 14), and human T cell
leukemia virus 1 (HTLV1)-infected cell lines and associated adult
T cell lymphoma/leukemia (ATLL) (15-19). IRF4 overexpression
is a hallmark of the ABC type of DLBCL and MM (20, 21) and is
frequently used as a diagnostic and prognostic marker for these
and other proliferative disorders (21-23). Chromosomal translo-
cation and genetic mutation of IRF4 have been found in MM,
peripheral T cell lymphomas (24), and chronic lymphocytic leu-
kemia (CLL) (13, 25). More recently, IRF4 was shown to be ex-
pressed in all LMP1-driven tumors in mice (26). These lines of
evidence underscore the importance of IRF4 in these malignan-
cies. However, the role of IRF4 in tumorigenesis remains to be
elucidated.

Importantly, we have recently identified B cell integration clus-
ter (BIC), which encodes the oncogenic microRNA (miRNA)
miR-155, as the first miRNA-encoding gene induced by IRF4 in
virus-transformed cells (6). miR-155 plays important roles in in-
nate immunity (27, 28) and is the first identified oncogenic
miRNA (oncomiR) that is implicated in various types of cancers,
including lymphomas (29-31), breast cancer, leukemia, pancre-
atic cancer, and lung cancer (32, 33). Like oncogenic IRFs, miR-
155 is also associated with EBV latency (29, 34-36). Our findings
therefore made a connection between these two pivotal players of
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cancer and immunity and have provided valuable insights into the
interaction between viral oncogenesis and immune mechanisms
governed by them. For example, both factors are crucial regulators
of germinal center reaction (37, 38), which is implicated in lym-
phoma development and EBV latent infection (39). Furthermore,
our microarray analysis shows that IRF4 regulates a pool of inter-
esting genes in EBV-transformed cells (our unpublished data).
Future pursuits on selected targets may disclose novel roles for
IRF4 and broaden our knowledge in its interaction with viral on-
cogenesis and other associated cancers.

Activation of IRFs by phosphorylation is prerequisite for their
functions. Serine phosphorylation of IRF4 by the kinase ROCK2
activates IRF4, leading to interleukin 17/21 (IL-17/21) production
in the autoimmune response in mice (40). However, how IRF4 is
activated in cancer is an open question. Many proteins involved in
signal transduction are tyrosine phosphorylated. Interestingly, a
few limited high-throughput profiling studies have identified sev-
eral tyrosine phosphorylation sites on IRF4 in different cancer
contexts, including Y191 in MM (41) and Y36, Y121, Y124, Y427,
and Y439 in Hodgkin’s lymphomas (42).

In this study, we have taken advantage of the high-throughput
strategy phosphoproteome profiling for the first time to profile
global tyrosine phosphorylation associated with EBV latency. Our
results have shown that IRF4 is tyrosine phosphorylated in EBV-
transformed cells and identified several phosphorylation sites. We
have further shown that the tyrosine kinase c-Src promotes IRF4
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TABLE 1 Identification of phosphorylation sites of IRF4 and SFKs in EBV-transformed cells

Avg intensity No. of peptides
Protein name Site(s) Peptide identified” (arbitrary units) identified
IRF4 124 SQLDISDPYKVY*R 117,487 1
IRF4 176, 191 S*WRDYVPDQPHPEIPY*QCPM#TFGPR 93,958 1
IRF4 180 SWRDY*VPDQPHPEIPYQCPM#TFGPR 310,990 4
IRF4 180, 191 SWRDY*VPDQPHPEIPY*QCPM#TFGPR 105,136 3
IRF4 191 DYVPDQPHPEIPY*QCPMTFGPR 112,356 1
IRF4 427 QLYYFAQQNSGHFLRGY*DLPEHISNPEDYHR 278,562 1
SFKs 393, 416, 418, 419, 425 LIEDNEY*TAR 1,881,080 3
SFKs 436, 438, 439, 445 WTAPEAALY*GR 828,680 4

@ Asterisks (*) indicate that the left Y is phosphorylated; pound signs (#) indicate oxidized methionine.

phosphorylation and activation and identified Y61 and Y124 of
IRF4 as two key sites responding to c-Src-mediated activation.
Moreover, we show that c-Src is constitutively expressed and ac-
tivated in EBV-transformed cells and that inhibition of c-Src ac-
tivity represses expression of the IRF4 target BIC in these cells.
These findings indicate that IRF4 is activated through a c-Src-
mediated pathway in EBV-transformed cells.

MATERIALS AND METHODS

Cell lines. Sav I, Sav III, JiJoye, P3HRI, and IB4 are EBV-transformed B
cell lines. BJAB is an EBV-negative B cell line. All B cell lines are cultured
in RPMI 1640 medium plus 10% fetal bovine serum (FBS) and antibiotics.
293 and 293T cells are cultured with Dulbecco’s modified Eagle medium
(DMEM) plus 10% FBS and antibiotics.

Phosphoproteome profiling. Large-scale profiling of tyrosine phos-
phorylation associated with EBV infection has been performed using the
technique PhosphoScan by Cell Signaling Company. Whole-cell lysates
from IB4 were digested, and phosphorylated peptides were enriched with
IgG control or the antibody p-Tyr-100 (catalog number 8954), which
recognizes the motif XyX. LTQ-Orbitrap-Velos liquid chromatography-
tandem mass spectrometry (LC-MS/MS) was performed, and MS/MS
spectra were evaluated against the Homo sapiens FASTA database (NCBI)
using SEQUEST 3G and the SORCERER 2 platform from Sage-N Re-
search (v4.0; Milpitas, CA), with a 5% default false-positive rate to filter
the results. Duplicate runs have been performed.

Plasmids, reagents, and antibodies. Flag-tagged IRFs were cloned in
pCMV2-Flag vector. Beta interferon (IFN-)-Luc was described in our
previous work (43). Mouse c-Src cDNA constructs cloned in pCMV7.1/
3XFlag were provided by Todd Miller (Stony Brook University). Anti-
Flag M2 (Sigma), anti-LMP1 CS1-4 (Dako), anti-IRF4 H140 (Santa
Cruz), anti-phospho-Src family (Y416 and Y527) (cell Signaling), anti-c-
Src clone B12 (Santa Cruz), anti-IkBa C21 (Santa Cruz), anti-p-IkBa
(§32/36) (Santa Cruz), anti-B-actin AC15 (Sigma), and anti-GAPDH
(Santa Cruz) were used for Western blotting. All second antibodies were
purchased from Cell Signaling. BAY11-7085 and pyrazolo-[2,3-d]pyrimi-
dine 2 (PP2) were purchased from Sigma and EMD Millipore, respec-
tively.

Antibody development. Phospho-specific antibodies against IRF4
pY121 and pY124 were developed in rabbit by 21st Century Biochemicals,
Inc. The designed immunogens include C-Ahx-ISDP[pY KV |[pY]RIVPE-
amide, C-Ahx-ISDP[pY]KVYRIVPE-amide, and C-Ahx-ISDPYKV[pY]
RIVPE-amide. The peptide fragment for immunodepletion is C-Ahx-
ISDPYKVYRIVPE-amide. The antibodies recognize pY121 only, pY124
only, and both pY121 and pY124.

Promoter-reporter assay. Cells were transfected with expression plas-
mids as indicated together with IFN-B-Luc and Renilla as the internal
transfection control. Empty vector was used to equalize the total amounts
of DNA in all transfections. Cells were collected 24 h after transfection.
Luciferase activity was measured with equal amounts (10% of the total for
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each sample) of protein lysates with the use of a dual-luciferase assay kit
(Promega).

Transfection. 293 and 293T cells were transfected with Effectene re-
agent (Invitrogen), and B cells were transfected with Amaxa Nucleofector
kits by following the manufacturer’s instructions.

RNA isolation and reverse transcriptase reactions. Total RNA was
isolated using an RNeasy minikit (Qiagen) according to the manufactur-
er’s protocols. The eluted RNA was subjected to reverse transcriptase (RT)
reactions, which were performed with the use of a GoScript RT kit (Pro-
mega) by following the manufacturer’s instructions.

Real-time quantitative PCR. Quantitative PCR (qPCR) was per-
formed with the use of SYBR green (Applied Biosystems) on an ABI 7300
real-time PCR system with SDS version 1.3.1. All reactions were run in
duplicates. Mean cycle threshold (C,) values were normalized to GAPDH
(glyceraldehyde-3-phosphate dehydrogenase), yielding a normalized C.
value (AC;). The AACvalue was calculated by subtracting the respective
control from the AC;, and the expression level was then calculated by 2
raised to the power of the respective —AAC - value. Results are the average
and standard error (SE) of duplicates for each sample. Primers for gPCR
include the following: BIC forward, 5'-ACCAGAGACCTTACCTGTCAC
CTT-3'; BIC reverse, 5'-GGCATAAAGAATTTAAACCACAGATTT-3’
(44); GAPDH forward, 5'-ATGACATCAAGAAGGTGGTG-3'; GAPDH
reverse, 5'-CATACCAGGAAATGAGCTTG-3'.

RESULTS
Identification of IRF4 phosphorylation sites associated with
EBV infection. Phosphoproteome profiling has identified 2,984
nonredundant (9,073 redundant) phosphorylated peptides in IB4
cells. Among these peptides, we have fortunately found five IRF4
phosphorylation sites, including Y124, -176, -191, -180, and -427
(Table 1). Consistent with our results, phosphorylation of Y124
and Y427 and of Y191 of endogenous IRF4 was also identified by
phosphoproteome profiling in Hodgkin’s lymphoma cells (42)
and multiple myeloma cells (41), respectively. In contrast, phos-
phorylation of Y37, Y121, and Y439, which were identified in
Hodgkin’s lymphoma cells (42), was not identified in EBV-trans-
formed cells in our assays with the same strategy.

c-Src stimulates IRF4 transcriptional activity. Activation of
IRFs by phosphorylation is a prelude to their functions. Serine
phosphorylation of IRF4 by the kinase ROCK2 activates IRF4,
leading to IL-17/21 production in the autoimmune response in
mice (40). To this end, PhosphoMotif Finder and Kinasephos2.0
were used to predict the tyrosine kinase(s) responsible for IRF4
phosphorylation and activation. Promoter-reporter assay results
show that c-Src, but not other candidates, dramatically increases
IRF4 activity. In addition to c-Src, two other kinases, Alk and
TNK, also significantly increase IRF4 activity (Fig. 1A). We focus
on c¢-Src in this study.
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FIG 1 c-Src stimulates IRF4 transcriptional activity. 293 cells in 12-well plates were transfected with 0.2 g IRF4 and 0.2 g kinase expression plasmids, 40 ng
pGL3/IFN-B-Luc, and 10 ng Renilla. A dual-luciferase assay was performed. Results are the averages and standard errors (SE) of duplicates. Representative results
from at least three independent experiments are shown. The ability of the vector control to activate the promoter construct was set to 1. (A) Identification of a
potential kinase(s) for IRF4 activation. (B) c-Src kinase activity is required for stimulating IRF4 activity. (C) c-Src does not activate IRF7.

To check if the kinase activity of c-Src is required for stimulat-
ing IRF4 transcriptional activity, we have used a few c-Src mu-
tants, including the kinase-dead mutants c-Src (K297R) and c-Src
(Y418F), as well as the constitutively active form of c-Src (Y527F)
to perform promoter-reporter assays. Results show that the two
kinase-dead mutants failed to stimulate IRF4 activity but that c-
Src (Y527F) has much greater ability to activate IRF4 than does the
wild-type c-Src (Fig. 1B). These results indicate that c-Src kinase
activity is required for IRF4 activation.

To define the specificity of c-Src on IRF4, we have used IRF7 as
a control. Results show that c-Src failed to activate IRF7 (Fig. 1C).

Together, these data indicate that c-Src specifically activates
IRF4.

Map IRF4 phosphorylation sites responsive to c-Src. Since
our phosphoproteome profiling has identified five tyrosine phos-
phorylation sites for IRF4 in EBV-transformed cells, we first
aimed to check which of these sites are responsive to c-Src. We
have also predicted other tyrosine phosphorylation sites using
Netphos2.0. We have used Flag-IRF4 as the template to create a
panel of tyrosine-to-phenylalanine (Y-F) or tyrosine-to-alanine
(Y-A) point mutants for these sites and tested their ability to re-
spond to c-Src. As shown in Fig. 2A in the left panel, compared to
the wild-type Flag-IRF4, two single point mutants, Flag-
IRF4(Y61F) and Flag-IRF4(Y124F), have significant decreases in
response to c-Src stimulation, and simultaneous mutation of both
sites has further decreased activity consistently in response to c-
Src. All other tested point mutants have activities similar to that of
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the wild-type IRF4. Western blotting results show that these point
mutants have similar expression levels (Fig. 2A, right). Thus, Y61
and Y124 are likely important phosphorylation sites targeted by
c-Src.

In addition to Y124, we have found that mutation of Y324 to
alanine (Y324A) completely disables IRF4 (Fig. 2B, left). How-
ever, mutation of Y324 to phenylalanine (Y324F) did not affect
IRF4 activity, and all other Y-A mutants have activities similar to
that of the wild-type IRF4. Western blotting results show that all
the Y-A mutants have similar expression levels (Fig. 2B, right).
These results indicate that Y324 is a crucial site for IRF4 active
conformation and functions independently of its phosphoryla-
tion.

Further, we have generated a panel of deletion mutants for
IRF4. Promoter-reporter assay results with these mutants suggest
that c-Src may target multiple sites in addition to Y61 and Y124 to
fully activate IRF4 (Fig. 2C, top). As indicated above, Y324 is a
crucial site for IRF4 active conformation. However, some deletion
mutants without this site are still functional, implying that these
deletion mutants reconstitute the active conformation of the full
length of IRF4. Moreover, analysis with these deletion mutants
indicates that the region spanning amino acids (aa) 255 to 412 is
an important domain which inhibits IRF4 activity, but the domain
spanning aa 412 to 420 is crucial for its activation (Fig. 2C, top).
Western blotting results show that these deletion mutants are all
well expressed (Fig. 2C, bottom).

Taken together, our results indicate that c-Src targets multiple
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FIG 2 Identification of IRF4 tyrosine sites responding to c-Src-mediated activation. 293 cells in 12-well plates were transfected with 0.2 pg Flag-IRF4 or its
point/deletion mutants, 0.2 g c-Src, 40 ng pGL3/IFN-B-Luc, and 10 ng Renilla. A dual-luciferase assay was performed. Results are the averages and standard
errors (SE) of duplicates. Representative results from at least three independent experiments are shown. The ability of the vector control to activate the promoter
construct wasset to 1. (A) Y61 and Y124 are crucial for IRF4 activation by c-Src. The tested Flag-IRF4 Y-F point mutants include Y61F, Y121F, Y124F, Y121/124F,
Y61/124F, Y151F, Y157F, Y169F, Y180F, Y220F, and Y324F. (B) Y324 is a site critical for IRF4 function independently of phosphorylation. The tested Flag-IRF4
Y-A point mutants include Y36A, Y121A, Y124A, Y191A, Y324A, Y334A, Y427A, and Y439A. (C) c-Src targets multiple sites on IRF4. The tested Flag-IRF4
deletion mutants include 1-190, 1-255, 1-260, 1-412, 1-420, 1-445, Del(140-187), and Del(140-408).
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FIG 3 c-Src promotes tyrosine phosphorylation of IRF4. 293 cells in 60-mm
dishes were transfected with 1 pg c-Src and 1 g IRF4 expression plasmids or
their mutants. Cells were collected 48 h posttransfection and analyzed for IRF4
phosphorylation with p-IRF4(Y121/124). (A) c-Src kinase activity is required
for IRF4 phosphorylation. (B) c-Src targets the sites Y121/124 of IRF4. WB,
Western blot.

sites on IRF4 for its full activation and that Y61 and Y121 are two
pivotal sites responsible for its activation by c-Src.

Development of a polyclonal antibody against p-IRF4(Y121/
Y124) in rabbit. Since phosphorylation of Y124 has also been
identified in Hodgkin’s lymphoma cells (42), we speculate that
this is an important functional phosphorylation site of IRF4 in
lymphomas, and our promoter-reporter assay results support our
claim (Fig. 2 and 3). Thus, we focus on this site in this study. To
facilitate our research, a polyclonal antibody has been developed
by 21st Century Biochemicals Inc. (Fig. 3). This antibody can spe-
cifically recognize IRF4 p-Y121 alone, p-Y124 alone, or both
p-Y121 and p-Y124. However, this antibody is able to detect only
phosphorylation of transiently expressed IRF4 and not endoge-
nous phosphorylation of IRF4 (data not shown), which was de-
tected by our phosphoproteome profiling.

c-Src promotes phosphorylation of IRF4 in cells. Since c-Src
specifically activates IRF4, we proposed that c-Src can promote
IRF4 phosphorylation. To test this claim, we transfected 293 cells
with the constructs indicated in Fig. 3A and probed IRF4 phos-
phorylation with the antibody p-Y121/124. Results show that the
wild-type c-Src, but neither K297R nor Y418F, produces a specific
band representative of IRF4 phosphorylation (Fig. 3A). These re-
sults imply that c-Src targets IRF4 Y121 and/or Y124 for phos-
phorylation.

To confirm that Y121 and/or Y124 is targeted by c-Src, we
performed this experiment with two point mutants of IRF4, Y121/
124F and Y324F, as controls. Results show that both wild-type
IRF4 and IRF4(Y324F) are phosphorylated by c-Src, but
IRF4(Y121/124F) did not show a specific band of phosphorylation
(Fig. 3B).

Thus, our results demonstrate that c-Src promotes IRF4 phos-
phorylation at the sites Y121 and/or Y124, among other potential
sites.
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sion and activity are associated with EBV latency. (B) Inhibition of the LMP1/
NEF-kB pathway decreases endogenous c-Src activity in EBV-transformed cells.

c-Src is constitutively expressed and active in EBV-trans-
formed cells. Since c-Src promotes IRF4 phosphorylation that is
present endogenously in EBV-transformed cells, we are interested
to check the level of c-Src protein and its activity in these cells.
Autophosphorylation of Y418 or dephosphorylation of Y527 is
required to switch c-Src from the inactive to the active form (45).
Our PhosphoScan results show that Y418 of c-Src is phosphory-
lated in EBV-transformed cells (Table 1), indicating that c-Src is
active in EBV-transformed cells. We further performed immuno-
blotting analysis with a specific antibody against c-Src p-Y418 for
two pairs of EBV-positive cells, P3HR1 and JiJoye and Sav I and
Sav III. Our results indicate that both plain c-Src and c-Src p-Y418
are present at significantly higher levels in JiJoye and Sav III cells
(Fig. 4A).

Since LMP1 is absent or very low in P3HR1 cells but present at
a high level in its parental JiJoye cells, these findings imply that
LMP1 stimulates expression of c-Src and its activation. To verify
these findings, we blocked the main LMP1 downstream pathway
NEF-kB using the NF-kB-specific drug BAY-11 and then checked
the levels of c-Src and its phosphorylation in EBV-transformed
cells. As shown in Fig. 4B, blockage of NF-kB leads to a significant
decrease in c-Src (Y418) phosphorylation but did not affect the
levels of plain c-Src. These data strongly suggest that the LMP1/
NF-kB signaling axis activates c-Src. In fact, we have solid evi-
dence showing that LMP1 activates IRF4 through a c-Src-medi-
ated pathway (our unpublished data). Given that there is
significant p-c-Src (Y418) in P3HRI cells but not in Sav I cells,
other EBV proteins also likely contribute to c-Src activation.

It has been reported that IRF4 is induced by the LMP1/NF-«kB
axis (3). Consistent with this claim, treatment of BAY-11 results in
significant reduction of endogenous IRF4 levels in the tested cells
(Fig. 4B).
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FIG 5 c-Src regulates the IRF4 target BIC in EBV-transformed cells. (A) Inhibition of endogenous c-Src activity decreases the expression of BIC in EBV-
transformed cells. JiJoye, IB4, and Sav III were treated with 20 uM PP2 or dimethyl sulfoxide (DMSO) for 48 h. RNA extraction and real-time PCR are described
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transfected with 1 pg of each indicated plasmid. For PP2 treatment, cells were treated with 20 uM PP2 or a DMSO control for 24 h (B). Cell lysates were prepared

48 h after transfection and subjected to Western blotting.

Collectively, these results indicate that c-Src is constitutively
expressed and activated in EBV-transformed cells.

Regulation of the IRF4 target BIC by c-Src in EBV-trans-
formed cells. Our previous findings have shown that BIC is an
important transcriptional target for IRF4 in virus-transformed
cells (6). Since c-Src stimulates IRF4 phosphorylation and activa-
tion, we were therefore interested to check if c-Src indirectly reg-
ulates BIC expression through activation of IRF4. To this end, we
inhibited the endogenous c-Src activity in EBV-transformed cells
with pyrazolo-[2,3-d]pyrimidine 2 (PP2), a c-Src-specific chemi-
cal inhibitor. Figure 5A shows that inhibition of endogenous c-Src
activity significantly decreases BIC expression.

We then checked if inhibition of c-Src by PP2 inhibits IRF4
phosphorylation. Since the p-IRF4(Y121/124) antibody cannot
detect endogenous IRF4 phosphorylation, we performed this ex-
periment in 293 cells. To this end, we cotransfected 293 cells with
combinations of expression constructs shown in Fig. 5B, and cells
were then treated with PP2. IRF4 phosphorylation was checked
with the antibody p-IRF4(Y121/124). As shown in Fig. 5B, PP2
treatment significantly decreases IRF4 Y121/124 phosphorylation.
We also verified the results with c-Src kinase (CSK) instead of PP2
and got similar results (Fig. 5C). CSK and its homolog, CHK, can
phosphorylate c-Src Y527, leading to c-Src inactivation (46).

Taken together, these results indicate that c-Src regulates IRF4
transcriptional targets through regulating IRF4 phosphorylation.

DISCUSSION

The major findings in this study are the novel discovery of IRF4
tyrosine phosphorylation in EBV-transformed cells and the un-
equivocal identification of a c-Src-mediated pathway for site-spe-
cific phosphorylation and activation of IRF4 (Fig. 6). IRF4 is an
important oncoprotein that is overexpressed in many hematolog-
ical malignancies, serves as a marker for both diagnosis and prog-
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FIG 6 A hypothetical model for IRF4 activation in EBV latency. Our present
study has disclosed that IRF4 is activated through c-Src-mediated tyrosine
phosphorylation, although c-Src is unlikely to be a direct kinase for IRF4. The
level of the c-Src protein is elevated in EBV type 3 latency through an unknown
mechanism. c-Src is activated (phosphorylated at Y418), probably in part by
the LMP1/NF-kB axis. In addition to the LMP1 pathway, other lymphocyte-
specific pathways may also contribute to IRF4 activation. IRF4 expression is
induced by the LMP1/NF-kB axis. In addition, a recent report shows that the
IRF4 protein is stabilized by the EBV latent antigen EBNA3C (50). MAPK,
mitogen-activated protein kinase.
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nosis in hematological malignancies and other cancers, and is a
promising therapeutic target for treatment of some of these neo-
plastic disorders (21, 47). Thus, study of its activation is of para-
mount importance.

c-Src is the first described proto-oncogene which plays impor-
tant roles in tumor cell proliferation and metastasis (45) and is
overexpressed as well as highly activated in many human cancers
and cell lines derived from these cancers (48). Inhibition of c-Src
kinase activity results in the suppression of primary tumor growth
and metastasis. Thus, c-Src is an important pharmacological tar-
get for cancer treatment (46, 48). Some Src-specific inhibitors
have now been used in clinical treatment of cancers, including
breast carcinoma and prostate and pancreatic cancers (46). Im-
portantly, we present evidence that c-Src is also overexpressed,
activated, and functional in EBV-transformed cells, and our data
from BAY-11 inhibition suggest that the activity of c-Src partially
results from the LMP1/NF-«B signaling axis (Fig. 4 and 5). How-
ever, BAY-11 may not inhibit NF-kB very specifically. Moreover,
the LMP1/NF-kB axis does not contribute to c-Src overexpres-
sion. Thus, following this study, more investigation is needed to
verify these observations and to disclose the mechanism underly-
ing c-Src induction and activation in this setting.

c-Src-mediated activation of IRF4 may not be limited to the
context of EBV infection; in fact, we have preliminary data show-
ing that IRF4 is also likely activated by c-Src in the context of
HTLV1 infection (data not shown). Moreover, in addition to c-
Src, our results also show that Alk and TNK significantly enhance
IRF4 transcriptional activity (Fig. 1), suggesting that these two
kinases may contribute to full activation of IRF4 or may have
unique roles in activation of IRF4 in distinct cancer contexts.

Although IRF4 was shown to interact with c-Src in a yeast
two-hybrid high-throughput screening (49), we failed to verify
their interaction by coimmunoprecipitation assays despite many
attempts. Therefore, c-Src is unlikely to be a direct kinase for IRF4.
Further study is necessary to confirm this claim and to identify the
c-Src-targeted direct kinase(s) for IRF4.

Our mutation analysis has shown that c-Src targets multiple
sites on IRF4 and that Y61 and Y124 are two key sites responsible
for IRF4 activation (Fig. 2). Although phosphorylation of Y61 has
not been identified by phosphoproteome profiling, phosphoryla-
tion of Y124 has also been identified in Hodgkin’s lymphomas
(42). Thus, Y124 is a convincing phosphorylation site at least im-
portant for IRF4-associated lymphomas.

Our results have identified that the region spanning aa 255 to
412 is an important domain which inhibits IRF4 activity but that
the domain spanning aa 412 to 420 is crucial for its activation (Fig.
2C). These results may provide additional details for previously
identified functional domains for IRF4 (37). Further analysis with
more deletion mutants is needed to define definite IRF4 func-
tional domains.

Virus-associated cancers are endemic to the underserved mi-
nority community in South Florida and are increasing and ex-
pected to become significantly more prevalent in the United
States. In future long-term pursuits, we will delineate the interac-
tion of IRF4 with viral malignancies from aspects of oncogenesis
as well as immunity, in both of which IRF4 is a crucial player (21,
47). These will include the identification of the potential lympho-
cyte-specific signaling pathways leading to IRF4 activation and a
systematic and in-depth analysis of the functional role of IRF4 in
viral oncogenesis, such as its potential activity in dampening IFN
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and other innate immune signaling pathways. These studies will
highlight the importance of IRF4 in viral oncogenesis and will
provide profound insights into the interaction of virus with this
cellular factor in the development of cancer. Eventually, we expect
to discover novel signaling pathways and novel molecules, such as
the direct kinase(s) for IRF4, which may open up unique oppor-
tunities for therapeutic treatments of virus-associated diseases
and cancers.
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