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Herpesvirus saimiri STP A11 protein interacts with STAT3
and stimulates its transcriptional activity
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Abstract

Herpesvirus saimiri (HVS) is an oncogenic c-2 herpesvirus that causes lymphoma in New World primates. HVS can be further

divided into subgroups A, B, and C, based on sequence divergence. Saimiri transforming protein (STP) is coded for by the first open

reading frame at the left end of the HVS genome and is responsible for its oncogenic potential. Here we show that STP A11 binds to

signal transducers and activators of transcription 3 (STAT3), stimulates STAT3 phosphorylation, and activates STAT3-dependent

transcription. STP A11 recruited c-Src kinase to phosphorylate STAT3 protein, and co-expression of STP A11 with c-Src dra-

matically increased STAT3 phosphorylation. We found that the amino terminal domain of STP A11 is required for both STAT3

interaction and activation, and that physical interaction is required for STAT3 activation.

� 2004 Elsevier Inc. All rights reserved.
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Although signal transducers and activators of tran-

scription (STATs) were initially discovered as effectors

for normal cytokine signaling, further study revealed
STAT signaling (especially STAT3) is also involved in

oncogenesis [1]. Expression of a diverse range of onc-

ogenes can activate STAT3, and constitutive activation

of STAT3 contributes to cell transformation [2]. STAT3

is activated in various human cancer cells, indicating

STAT3 activation is a useful marker for oncogenic

transformation [1,3]. Activated STAT3 can induce

transcription of several genes, including Bcl-XL, cyclin
D1, p21WAF1=CIP1, and c-Myc [4–6]. Genes regulated by

STAT3 are associated with oncogenesis through regu-

lation of cell cycle progression and/or apoptosis,

implying that STAT3 is involved in these processes.

Herpesvirus saimiri (HVS) belongs to the c-2 her-

pesvirus subfamily, which includes Epstein–Barr virus

(EBV) and Kaposi’s sarcoma-associated herpesvirus

(KSHV). HVS naturally infects squirrel monkeys (Sai-
miri sciureus) without any apparent disease, but infec-
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tion of other New World primate species results in

fulminant lymphomas, lymphosarcomas, and leukemia

of T cell origin [7]. HVS can be further divided into
subgroups A, B, and C, based on the extent of DNA

sequence divergence at the left end of L-DNA [8–10].

Subgroups A and C are highly oncogenic and able to

immortalize common marmoset T lymphocytes in vitro

such that they become interleukin 2-independent, while

none of the B subgroups tested have this ability [11,12].

Saimiri transforming protein (STP) is located at the

left end of the HVS genome, and both STP A and C
families have transforming and tumor-inducing activi-

ties independent of the rest of the herpesvirus genome

[13]. The detailed mechanism of STP C488 has been well

studied, and cellular ras is known to be an important

partner for transformation [14]. STP A11 of HSV sub-

group A is not required for viral replication but is re-

quired for immortalization of common marmoset T

lymphocytes in vitro and for lymphoma induction in
vivo [9,10,15]. Although the location of STP A11 is

equivalent to STP C488, STP A11 has only limited se-

quence similarity with STP C488, suggesting that its

molecular mechanism for cell transformation is different

from that of STP C488 [8,13]. c-Src and TRAF family
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members bind STP A11 [6,16], but the detailed mecha-
nism of oncogenic transformation is not known. In the

present study, we report that STP A11 interacts with

STAT3 protein and activates STAT3 transcription

activity.
Fig. 1. Activation of STAT3 by STP A11 protein. (A) STP A11 induces

transcriptional activation of a STAT3-dependent promoter. 293T cells
Materials and methods

Cell culture and transfection. 293T cells were grown in Dulbecco’s

Modified Eagle’s medium (DMEM) supplemented with 10% fetal

bovine serum and antibiotics. Transfections were carried out in 293T

using the standard calcium phosphate method. For luciferase assays,

293T cells were seeded in 6-well plates in DMEM 18h prior to

transfection. Total DNA for transfections was typically 2 lg per plate,

comprising 1 lg luciferase reporter construct (pTK/SIE or pTK),

0.5 lg b-galactosidase (b-Gal) internal control vector, and the amounts

of expression vector indicated.

Plasmids. Plasmids encoding AU1-tagged STP A11 (AU1-STP

A11) and STP B (AU1-STP B) were provided by Jung and co-workers

[16,17]. Amino terminal truncated mutants of STP A11 were generated

using PCR amplification and subcloned into pGEX4T-1 and pcDNA3

vectors. STP A11 point mutants were generated using the Quick

Change Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA), and

each mutant was completely sequenced to verify the presence of the

mutation and the absence of any other changes.

Immunoprecipitation and immunoblotting. For immunoprecipita-

tion, cells were harvested and resuspended in lysis buffer [150mM

NaCl, 50mM Hepes (pH 8.0), and 0.5% NP40] containing phospha-

tase inhibitor (0.1mM Na2VO3) and a protease inhibitor cocktail

(Roche, Germany). Immunoprecipitated proteins from precleared cell

lysates were used for immunoblotting. Immunoblot detection was

performed with a 1:1000 or 1:2000 dilution of primary antibody, and

an enhanced chemiluminescence system (ECL; Amersham, Chicago,

IL). Antibodies for STAT3 and phosphoSTAT3 were purchased from

Cell Signaling (Beverly, MA).

were transfected with 0, 10 or 100 ng pcDNA3/STP A11, together with

either 1lg pTK/SIE-Luc or pTK-Luc to measure transcriptional

activation of the STAT3-dependent promoter. b-Gal (0.5 lg) was

included as an internal control. Twenty-four hours after transfection,

luciferase activity was measured and normalized according to b-ga-
lactosidase activity in each sample. Transfections were performed in

triplicate and the standard deviation is shown. (B) STP A11 induces

phosphorylation of STAT3. 293T cells were transfected with pCMV/

FLAG-STAT3 (lanes 3 and 4) in combination with pcDNA3/STP A11

(lanes 2 and 4). STAT3 proteins were immunoprecipitated with anti-

FLAG antibody, and the immunoprecipitates were immunoblotted

with anti-phosphotyrosine antibody (4G10). The membrane was re-

probed with anti-STAT3 antibody, and whole cell lysates (WCL) were

immunoblotted with anti-STAT3 antibody.
Results

STP A11 activates a Stat3-dependent promoter

Expression of viral oncogenes often results in the

activation of STAT3, and constitutive STAT3 activation

contributes to cell transformation. STP A11 is respon-

sible for the transforming activity of HVS [10,12]. We

examined whether STP A11 activated STAT3. Plasmids
encoding STP A11 protein were transiently transfected

into 293T cells along with a STAT3-dependent pTK/

SIE-Luc reporter to measure STAT3 transcription ac-

tivity. Twenty-four hours after transfection, luciferase

activity was measured and normalized according to b-
galactosidase activity. We found that STP A11 expres-

sion increased STAT3 transcription activity up to

fourfold (Fig. 1A). In contrast, STP A11 transfection
did not significantly affect pTK reporter activity,

showing that STP A11 specifically activated STAT3-

dependent transcription.

Phosphorylation of STAT3 is the critical event for

dimerization, nuclear localization, and DNA binding,

and phosphorylation of tyrosine 705 in particular is
required for STAT3 activation [18,19]. We examined

whether STP A11 protein could induce phosphoryla-
tion of STAT3. FLAG-tagged STAT3 (FLAG-STAT3)

and AU1-STP A11 were transiently expressed in 293T

cells, and 48 h after transfection cells were lysed,

FLAG-STAT3 was immunoprecipitated with anti-

FLAG antibody and subjected to immunoblotting with

an anti-phosphotyrosine antibody (4G10). STAT3

phosphorylation was detected when STP A11 and

STAT3 were co-expressed (Fig. 1B, lane 4). These data
indicate that STP A11 specifically activates STAT3

signaling.
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STP A11 interacts with STAT3 in vitro and in vivo

Using an in vitro binding assay, we examined whether

STP A11 directly interacted with STAT3. A GST-STP

A11 fusion protein was produced in bacteria, and to

facilitate expression of this molecule its hydrophobic

region for membrane anchoring (aa 137–164) was trun-

cated. This protein was termed GST-STP A11 DTM.

When GST-STP A11 DTM was mixed with FLAG-
STAT3 protein in vitro, we found that the two molecules

bound to each other (Fig. 2A). To determine whether
Fig. 2. Interaction between STP A11 and STAT3. (A) STP A11 in-

teracts with STAT3 in vitro. FLAG-STAT3 proteins were transiently

expressed in 293T cells and incubated with equal amounts of GST and

GST-STP A11 DTM proteins. The bead-bound proteins were eluted

and blotted with anti-FLAG antibody (upper panel). The membrane

was stained with Ponceau S solution to visualize GST and GST-STP

A11 DTM (lower panel). (B) STP A11 interacts with STAT3 in vivo.

293T cells were transiently transfected with 1 lg pCMV/STAT3 in

combination with either 5 lg pFJ/STP A11 or a control vector (pFJ).

STP A11 proteins were precipitated with anti-AU1 antibody and im-

munoprecipitates were immunoblotted with anti-FLAG antibody to

detect STAT3. The membrane was re-probed with anti-AU1 antibody

and WCL were probed with anti-FLAG antibody.
these two molecules interacted in cells, plasmids encod-
ing AU1-STP A11 protein and FLAG-STAT3 protein

were transiently transfected into 293T cells. Forty-eight

hours after transfection, STP A11 protein was immu-

noprecipitated with anti-AU1 antibody and bead-bound

STAT3 proteins were detected by immunoblotting using

anti-FLAG antibody. The results of these co-immuno-

precipitation assays indicated that STAT3 specifically

interacts with STP A11 in vivo (Fig. 2B).

STP A11 recruits c-Src tyrosine kinase to phosphorylate

STAT3

Although STP A11 co-transfection caused STAT3
phosphorylation (Fig. 1B), STP A11 does not have ki-

nase activity, suggesting a kinase is recruited to the

complex. STP A11 is known to interact with c-Src ty-

rosine kinase [16]. We examined whether c-Src is in-

volved in the STP A11/STAT3 interaction. 293T cells

were transiently transfected with FLAG-STAT3 to-

gether with c-Src in the presence or absence of AU1-STP

A11. c-Src was immunoprecipitated with anti-c-Src
antibody and bead-bound STAT3 and STP A11 were

detected by immunoblotting using anti-FLAG and anti-

AU1 antibodies. We found that STAT3 was associated

with a complex containing c-Src and STP A11 (Fig. 3A).

These data indicate the presence of a c-Src/STP A11/

STAT3 ternary complex.

STP A11 contains three conserved tyrosine residues

at 37, 54, and 115 [16]. Tyrosine 115 is a component of
the Src Homology 2 Binding (SH2B) motif and is re-

quired for interaction with c-Src. To further investigate

the role of c-Src in STAT3 and STP A11 interactions,

each STP A11 conserved tyrosine residue was replaced

with alanine, and the effect on STAT3 binding was tes-

ted. Co-immunoprecipitation assays revealed that all

three STP A11 mutants associated with STAT3

(Fig. 3B). However, while STAT3 was phosphorylated
in complexes containing STP A11 mutants Y37A or

Y54A, it was not phosphorylated in complexes con-

taining STP A11 Y115A. These data suggest that

STAT3 is phosphorylated by c-Src kinase.

To further characterize the connection between c-Src

and STAT3 activation, a plasmid encoding c-Src was

transfected into 293T cells in combination with either

STP A11 or STP A11 Y115A together with FLAG-
STAT3, and FLAG-STAT3 proteins were immunopre-

cipitated with anti-FLAG antibody and then

immunoblotted with an anti-phosphoSTAT3 antibody.

Typical data from these experiments are presented in

Fig. 3C. We found that STAT3 was phosphorylated in

cells co-expressing STP A11 (lane 3), and that low level

c-Src expression (10 ng) increased phosphorylation up to

7- to 8-fold (lane 6). These data suggest that STP A11
and c-Src kinase act in concert to phosphorylate

STAT3. Long exposures of the immunoblots revealed



Fig. 3. STP A11 recruits c-Src tyrosine kinase to phosphorylate STAT3. (A) STP A11 induces interaction between STAT3 and c-Src. 293T cells were

transiently transfected with 1 lg pCMV/STAT3 and 3 lg pcDNA3/c-Src in combination with either 3 lg pFJ/STP A11 or a control vector (pFJ). c-

Src was immunoprecipitated with anti-c-Src antibody, bead-bound proteins were eluted and immunoblotted with anti-FLAG (STAT3) and anti-AU1

(STP A11) antibodies. (B) c-Src binding is required for STAT3 phosphorylation. 293T cells were transfected with pCMV/STAT3 in combination with

a vector control (lane 2), pFJ/STP A11 WT (lane 3), pFJ/STP A11 Y37A (lane 4), pFJ/STP A11 Y54A (lane 5), or pFJ/STP A11 Y115A (lane 6). STP

A11 was immunoprecipitated with anti-AU1 antibody and immunoprecipitates were immunoblotted with anti-phosphoSTAT3 (PY-STAT3, Y705)

and anti-FLAG antibodies. (C) c-Src and STP A11 act in concert to phosphorylate STAT3. 293T cells were transiently transfected with 1lg pCMV/

STAT3 in the presence (+) or absence ()) of 10 ng pcDNA3/c-Src, together with 1 lg control vector (pFJ, lanes 2 and 5), pFJ/STP A11 WT (lanes 3

and 6), or pFJ/STP A11 Y115A (lanes 4 and 7). STAT3 was immunoprecipitated with anti-FLAG antibody and the immunoprecipitates were

immunoblotted with anti-PY-STAT3 and anti-FLAG antibodies.
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trace amounts of STAT3 were phosphorylated in cells
expressing c-Src alone (data not shown). Compared to

STP A11 WT (lanes 3 and 6), STAT3 phosphorylation

was dramatically decreased in cells expressing STP A11

Y115A either in the absence (lane 4) or presence (lane 7)

of c-Src kinase. Our data suggest that since STP A11

Y115A has very little binding affinity for c-Src [16], its

co-expression with c-Src induces low level of STAT3

phosphorylation (lane 7).

Direct interaction between STAT3 and STP A11 is

required for STAT3 activation

To determine whether direct interaction with STP
A11 is required for STAT3 activation, we constructed a

series of amino terminal mutants of STP A11 and

termed them N1 (aa 31–164), N2 (aa 50–164), N3 (aa

80–164), and N4 (aa 99–164). In addition to the amino

terminal truncation, the carboxyl terminal hydrophobic

domain of each mutant was also removed for better

expression in bacteria (STP A11 DTM). Each mutant

protein was produced in bacteria and in vitro binding
Fig. 4. Identification of STAT3 binding regions in STP A11. (A) Schematic d

(31–164), N2 (50–164), N3 (80–164), and N4 (99–164). (B) FLAG-STAT3 a

lysates were incubated with GST, GST-STP A11 DTM (amino acids 1–136),

(99–136). The bead-bound proteins were eluted and immunoblotted with ant

visualized by Ponceau S staining. (C) Expression of STP A11 and its muta

munoblotting using anti-HA antibody. (D) Luciferase activity in 293T cells
assays were performed to determine their interactions
with STAT3 (Figs. 4A and B). We found that STP A11

N1 (31–136) bound strongly to STAT3, while STP A11

N2 (50–136) bound poorly (Fig. 4B). These data sug-

gest that the 31–50 region of STP A11 is important for

interaction with STAT3 proteins. c-Src was used as a

positive control, and it bound to all mutants since all

contained SH2B domains [16]. We determined the effect

of STP A11 amino terminal truncation on STAT3 ac-
tivation. We found that STP A11 WT and STP A11 N1

activated STAT3-dependent transcription, but STP

A11 N2 and N3 mutants, which had low binding af-

finity with STAT3, poorly activated STAT3 (Fig. 4D).

These data indicate that STP A11 interaction with

STAT3 is required for STAT3 activation. STP A11 N1

was only able to activate STAT3 to half the level of

that achieved by STP A11 WT. These data suggest that
amino terminal residues 1–30 are required for full

STAT3 activation. Since STP A11 and its mutants were

efficiently expressed (Fig. 4C), the lack of STAT3 ac-

tivation was not due to different expression levels of

mutants.
iagrams of STP A11 deletion constructs. WT (amino acids 1–164), N1

nd c-Src were transiently expressed in 293T cells and the cleared cell

N1 DTM (30–136), N2 DTM (50–136), N3 DTM (80–136) or N4 DTM
i-FLAG and anti-c-Src antibodies. GST and GST fusion proteins were

nts in 293T cells. HA-STP A11 and its mutants were detected by im-

transfected with STP A11 and its mutants.



284 J. Park et al. / Biochemical and Biophysical Research Communications 320 (2004) 279–285
STAT3 interaction is conserved between STP A and B

Among HVS subgroups, A and C, but not B, are re-

garded as oncogenic (13, 14). Similarly, STPA and C, but

not B, are oncogenic [11,12,17]. Since STPA andB have a

significant level of sequence homology, and share a

binding partner (c-Src), STP B may potentially associate

with STAT3 [17]. Co-immunoprecipitation assays were

performed to test for this possibility. We found that
STAT3 bound to both STPA11 and STP B, with the level

of STP B interaction with STAT3 being comparable to

that of STP A11 (Fig. 5A). These data indicate STAT3

interaction is conserved between STP A and B. We ex-

amined whether STP B could induce STAT3 activation

using a luciferase assay to measure STAT3-dependent
Fig. 5. STAT3 interaction is conserved between STP A and B. (A)

Both STP A11 and STP B can interact with STAT3. AU1-STP A11

and B were immunoprecipitated and the bead-bound proteins were

immunoblotted with anti-FLAG antibody. (B) STP B induces STAT3

activation but it is weaker than STP A11. 293T cells were transfected

with pTK/SIE-Luc in combination with either pFJ/STP A11 or pFJ/

STP B (24–76) and luciferase activity was measured.
transcription. We found that STP A11 dose-dependently
activated STAT3-dependent transcription, as did STP B

but in aweakermanner (Fig. 5B). These data indicate that

while STAT3 activation is conserved between STP A11

and STP B, the level of STAT3 activation correlated with

the oncogenic potential of the STP protein.
Discussion

In this report we demonstrate that STP A11 can as-

sociate with STAT3 and induce its transcriptional ac-

tivity. STAT3 tyrosine phosphorylation is critical for its
activation [18,19], and our data indicate STP A11 re-

cruits c-Src to phosphorylate STAT3. It appears STAT3

is activated by the interaction with STP A11 since the

STP A11 amino terminal deletion mutant lacking amino

acids 1–49 was unable to bind or activate STAT3. Be-

cause STP A and B share the sequence homology,

STAT3 interaction and STAT3-dependent transcrip-

tional activation are conserved between STP A and B.
Our data suggest the ability to activate STAT may be

conserved in most c herpesvirus families. Latent mem-

brane protein 1 (LMP1) of EBV is absolutely required

for B cell transformation, and it is the counterpart of

HVS STP [20,21]. LMP1 interacts with janus kinase 3

(JAK3) and activates STAT proteins [22]. In HVS sub-

group C, the tyrosine kinase interacting protein (TIP)

associates with STAT1 and STAT3 and activates STAT-
dependent transcription, and this is dependent on Lck

interaction [23,24]. Thus, it appears that although

LMP1, TIP, and STP A11 do not have tyrosine kinase

activity, they recruit cellular kinases such as JAK3, Lck,

and c-Src to phosphorylate and activate STAT.

In conclusion, we have demonstrated that the STP

A11 herpesvirus protein can bind and activate mam-

malian STAT3. STAT3 tyrosine phosphorylation is
critical for its activation [18,19], and our data indicate

STP A11 recruits c-Src to phosphorylate STAT3.
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