MOLECULAR AND CELLULAR BIOLOGY, May 2001, p. 3387–3397
0270-7306/01/$04.00⫹0 DOI: 10.1128/MCB.21.10.3387–3397.2000
Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Vol. 21, No. 10

JAK2 Activates TFII-I and Regulates Its Interaction with
Extracellular Signal-Regulated Kinase
DAE-WON KIM

AND

BRENT H. COCHRAN*

Department of Cellular and Molecular Physiology, Tufts University School of Medicine, Boston, Massachusetts 02111
Received 10 January 2001/Accepted 14 February 2001

TFII-I is a transcription factor that shuttles between the cytoplasm and nucleus and is regulated by serine
and tyrosine phosphorylation. Tyrosine phosphorylation of TFII-I can be regulated in a signal-dependent
manner in various cell types. In B lymphocytes, Bruton’s tyrosine kinase has been identified as a TFII-I
tyrosine kinase. Here we report that JAK2 can phosphorylate and regulate TFII-I in nonlymphoid cells. The
activity of TFII-I on the c-fos promoter in response to serum can be abolished by dominant negative JAK2 or
the specific JAK2 kinase inhibitor AG490. Consistent with this, we have also found that JAK2 is activated by
serum stimulation of fibroblasts. Tyrosine 248 of TFII-I is phosphorylated in vivo upon serum stimulation or
JAK2 overexpression, and mutation of tyrosine 248 to phenylalanine inhibits the ability of JAK2 to phosphorylate TFII-I in vitro. Tyrosine 248 of TFII-I is required for its interaction with and phosphorylation by ERK
and its in vivo activity on the c-fos promoter. These results indicate that the interaction between TFII-I and
ERK, which is essential for its activity, can be regulated by JAK2 through phosphorylation of TFII-I at tyrosine
248. Thus, like the STAT factors, TFII-I is a direct substrate of JAK2 and a signal-dependent transcription
factor that integrates signals from both tyrosine kinase and mitogen-activated protein kinase pathways to
regulate transcription.
pathway (41). The finding that SRF interacts with TFII-I suggests that TFII-I may play a role in the RhoA-SRF pathway.
A notable structural feature of TFII-I is its six helix-loophelix repeats. It also contains a putative leucine zipper domain
at the N-terminal region. TFII-I also has a D-box motif, which
is a consensus MAP kinase binding domain (51, 52). We have
shown that TFII-I binds the ERK1 MAP kinase through its D
box in a signal transduction-dependent manner and that this
interaction is required for the activity of TFII-I on the c-fos
promoter (16). Furthermore, analysis of the primary sequence
of TFII-I reveals two consensus tyrosine phosphorylation sites.
Interestingly, it has been demonstrated that TFII-I (BAP135)
can associate with the Bruton’s tyrosine kinase (BTK) and that
the tyrosine phosphorylation of TFII-I can be regulated by
BTK in B cells (32, 53). Tyrosine phosphorylation of TFII-I is
also required for its transcriptional initiation activity for the
TATA-less V␤1 promoter in T cells (31). In addition, we have
previously shown that growth factor stimulation can enhance
the tyrosine phosphorylation of TFII-I and potentiate its enhancement of the c-fos promoter in fibroblasts (15).
In an attempt to understand the regulation of TFII-I by
tyrosine phosphorylation in nonlymphoid cells, we show here
that TFII-I can be phosphorylated by JAK2 and that this phosphorylation is required for the activity of TFII-I. We also find
for the first time that JAK2 is also a serum-responsive tyrosine
kinase. Moreover, we find that JAK2 regulates the ability of
TFII-I to interact with extracellular signal-regulated kinase
(ERK) through tyrosine phosphorylation of TFII-I. These results suggest that TFII-I functions as a signaling molecule for
the activation of the c-fos promoter by integrating signals from
both JAK2 tyrosine kinase and the MAP kinase pathway.

TFII-I (also known as SPIN and BAP-135) plays multiple
roles in broad biological processes including transcription and
signal transduction. Deletions of TFII-I are associated with
Williams-Beuren syndrome, which is a human neurodevelopmental disease (33). It was initially described as an Inr-dependent transcription factor (22, 37–39) but has been also shown
to bind E-box elements and activate transcription from sites
upstream of initiator elements (36, 37). In addition, it can form
complexes with the serum response factor (SRF) and STAT
transcription factors (10, 15). We have previously found that
TFII-I can bind to sites overlapping the serum response element (SRE) and c-sis–platelet-derived growth factor inducible
factor element (SIE) of the c-fos promoter. We have also
demonstrated that transcriptional enhancement of the c-fos
promoter by TFII-I in vivo is dependent on the SIE and SRE
and also on its own binding sites, which overlap with the c-fos
SIE and SRE (15).
The c-fos promoter is the best-studied immediate-early gene
promoter and is responsive to a variety of extracellular stimuli
(5, 9, 18, 29). The mechanism of the responses to calcium,
cyclic AMP, tyrosine kinases, and mitogen-activated protein
MAP kinases have been well documented (4, 46). However,
there is still a major pathway that regulates c-fos transcription
which has not been fully characterized. Substantial evidence
suggests that there is an alternative pathway leading to the
activation of SRE which operates through SRF independently
of TCF (7, 14, 34). This serum-responsive pathway is regulated
by the activation of the small G protein RhoA (12). It has been
recently suggested that the actin dynamics can regulate this

* Corresponding author. Mailing address: Department of Cellular
and Molecular Physiology, Tufts University School of Medicine, 136
Harrison Ave., Boston, MA 02111. Phone: (617) 636-0442. Fax: (617)
636-6745. E-mail: cochran@opal.tufts.edu.

MATERIALS AND METHODS
Plasmids and antibodies. For transient overexpression of human TFII-I, the
pEBG–TFII-I construct was used as previously described (15). The wild-type
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c-fos–luciferase construct and pRL-TK luciferase construct for reporter assays
were previously described (15). Activated (E665K) or dominant negative
(K788E) JAK2 expression plasmids were previously described (3, 20). V12-Ras,
BXB-Raf, L63-RhoA, and HA-ERK1 expression plasmids were previously described (6, 8, 30, 35). The v-Src expression plasmid was a gift of Larry Feig.
pCDNA3 empty vector was obtained from Invitrogen. Anti-glutathione S-transferase (GST) antibody was obtained from Sigma, and anti-HA antibody was
obtained from Boehringer Mannheim. Anti-phospho-ERK (pERK) antibody
was obtained from New England Biolabs. Anti-JAK2 antibody and antiphosphotyrosine antibody (4G10) were obtained from UBI. Anti-TFII-I antibody was
previously described (16). To generate phosphospecific anti-pY248 antibody, a
phosphopeptide with the sequence CVKEESEDPDpYYQYN was synthesized
and coupled to keyhole limpet hemocyanin. The keyhole limpet hemocyaninconjugated phosphopeptide was used to immunize rabbits. For the experiment in
Fig. 8a, 1-g aliquots of the indicated peptides were spotted onto nitrocellulose
and air dried for dot blotting. Y462 and pY462 peptides were used as negative
controls to confirm the specificity of the anti-pY248 antibody. The sequences for
the peptides as follows: Y248, CVKEESEDPDYYQYN; pY248, CVKEESEDP
DpYYQYN; Y462, CKFEAHPNDLYVEGL; and pY462, CKFEAHPNDLpYV
EGL. Anti-pY248 primary antibody incubations for the experiments in fig. 8
were carried out at 1:1,000 dilutions of the antisera in the presence of 2 g of the
unphosphorylated cognate Y248 peptide per ml.
Cell culture, transfection and infection. Murine NIH 3T3 fibroblasts were
grown in Dulbecco’s modified Eagle’s medium (DMEM) with 10% calf serum
(CS). Rat-1 and COS-1 cells were cultured in DMEM with 10% fetal calf serum
(FCS). For transient transfection, Fugene 6 (Boehringer Mannheim) was used.
For reporter assays, 100 ng of reporter construct, 250 ng of pEBG-TFII-I (or
pEBG) expression plasmid, and 25 ng of pRL-TK normalization plasmid were
used per well of a 12-well plate. Twenty-five nanograms of V12-Ras, BXB-Raf,
L63-RhoA, or v-Src construct and 100 ng of dominant negative JAK2 expression
plasmid were included where indicated. The total amount of DNA per well was
kept at 400 ng using pCDNA3 to adjust total DNA amounts where necessary.
The dual luciferase assay was carried out as previously described (15). All
transfection experiments were performed in duplicate, and the results were
normalized to the expression of the Renilla luciferase transfection control. Relative luciferase activities presented are from a representative experiment, and
similar results were obtained in all cases in at least three additional independent
experiments. For inhibitor treatment, PP1 (19) and AG490 (26) were obtained
from Calbiochem. Human recombinant epidermal growth factor EGF was purchased from R&D Systems. For Western blot analyses, COS-1 cells were maintained before harvest for 36 h in medium containing 10% FCS following transfection, except for the experiment in Fig. 8b where the cells were incubated in
medium containing 2.5% FCS after transfection. Five micrograms of the indicated expression plasmids was used per 100-mm plate. The total amount of DNA
was kept at 15 g per 100-mm dish using pCDNA3 to adjust total DNA amounts
where necessary. For the experiment in Fig. 4, Rat-1 cells were infected with a
vector control adenovirus or SOCS-1-encoding adenovirus for 12 h (3,000 particles per cell) in the normal growth media and then serum starved for 36 h in
medium with 0.5% CS. Stimulation was carried out with 10% FCS for 10 min
prior to harvest. SOCS-1 adenovirus was a gift from Dan Frantz and Steve
Shoelson.
GST pulldown, immunoprecipitation, and Western blot analysis. Cell lysates
for the experiments in Fig. 3a, 4, 6, 8b, 8c, and 9 were prepared in buffer
containing 20 mM Tris (pH 7.8), 200 mM KCl, 10% glycerol, 0.4% Triton X-100,
0.5 mM phenylmethylsulfonyl fluoride, and 1 g each of leupeptin, antipain,
pepstatin, and chymostatin per ml. The lysates were then centrifuged for 10 min
at 10,000 ⫻ g at 4°C, and the supernatants were used for GST pulldown or
immunoprecipitation assays as previously described (15, 16). Western blot analyses were carried out under standard conditions.
In vitro mutagenesis and isolation of overexpressed TFII-I. The Y248F-TFII-I
and Y277F-TFII-I mutants were generated as previously described (16). The
following complementary oligonucleotides were used to synthesize mutated
DNA strands (mutated bases in boldface): Y248F (⫹), GGAAGAATCAGA
AGATCCTGATTtTTATCAATATAACATTCAAGGAAGCC; Y248F (⫺),
GGCTTCCTTGAATGTTATATTGATAAaAATCAGGATCTTCTGATTCT
TCC; Y277F (⫹), CCAGCAGAAGATGATGATTtTTCTCCACCGTCTAAG
AGACC; and Y277F (⫺), GGTCTCTTAGACGGTGGAGAAaAATCATCAT
CTTCTGCTGG. The wild-type or various mutant TFII-I proteins were purified
from transfected COS-1 cells as previously described (15), and equal amount of
each protein was used for in vitro kinase assays.
In vitro kinase assay. HA-JAK2 (see Fig. 7) or HA-ERK (see Fig. 10) expression construct (10 g per 100-mm plate) were transfected into COS-1 cells,
and the cells were maintained for 36 h in medium containing 10% FCS and
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stimulated with 25 ng of EGF per ml for 10 min before harvest. Cell lysates were
prepared in buffer containing 25 mM Tris (pH 7.5), 500 mM NaCl, 10 mM
MgCl2, 5 mM MnCl2, 0.2 mM Na3VO4, 10% glycerol, 1% Triton X-100, 0.5 mM
phenylmethylsulfonyl fluoride, and 1 g each of leupeptin, antipain, pepstatin,
and chymostatin per ml. The lysates were then centrifuged for 10 min at 10,000 ⫻
g at 4°C, and the supernatants were used for anti-HA antibody immunoprecipitation. Immunoprecipitated JAK2- or ERK-containing beads were washed with
kinase buffer (25 mM Tris [pH 7.5], 100 mM NaCl, 10 mM MgCl2, 5 mM MnCl2,
0.2 mM Na3VO4). The immune complex kinase assay was performed essentially
as described previously (40). Briefly, immunoprecipitates were incubated for 30
min at room temperature with 20 Ci (6,000 Ci/mmol) of [␥-32P]ATP in either
the presence or absence of substrate proteins. The labeled proteins were then
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE) (8% polyacrylamide), fixed, dried and visualized by autoradiography.
Each band was also quantitated by using Phosphorimager analysis for the reaction efficiency comparison.

RESULTS
JAK2 is required for the activity of TFII-I. We have previously shown that growth factor stimulation enhances the activity of TFII-I and its tyrosine phosphorylation (15). To attempt
to identify which tyrosine kinases are required for the tyrosine
phosphorylation of TFII-I in nonlymphoid cells, we initially
examined the effect of various kinase inhibitors on the activity
of TFII-I. JAK2 and Src tyrosine kinase inhibitors were selected for investigation since we have demonstrated that TFII-I
is regulated by Ras (15) and both JAK2 and Src have been
implicated in Ras-associated signal transduction pathways (27,
42, 44, 48, 50). Thus, the c-fos–luciferase reporter construct
was transfected into NIH 3T3 fibroblasts in the absence or
presence of TFII-I and the transfected cells were maintained in
0.5% calf serum for 36 h. Prior to serum stimulation, the cells
were preincubated for 1 h with AG490 (26), a specific JAK2
inhibitor, or PP1 (19), a specific inhibitor of Src family kinases.
The luciferase assay was carried out on cellular extracts after
4 h serum stimulation. As can be seen in Fig. 1A, the enhancement of the c-fos promoter by TFII-I in response to serum was
abolished by the JAK2 inhibitor AG490. This result suggests
that TFII-I functions in a manner that is dependent on the
activity of the JAK2 tyrosine kinase. In the absence of TFII-I
overexpression, AG490 diminished overall c-fos promoter induction in response to serum by 30%. The lack of complete
inhibition of the c-fos promoter by AG490 suggests that other
JAK2-independent pathways contribute to promoter induction
by serum. This is to be expected given the multiplicity of
pathways activated by serum stimulation that converge on the
c-fos promoter (46). Lysophosphatidic acid (LPA) is believed
to activate c-fos principally through the RhoA-SRF pathway
(12). Interestingly, when AG490 was added to LPA-stimulated
cells transfected with c-fos–luciferase, overall induction of the
c-fos promoter was inhibited by more than 50% and the further
activation of the c-fos promoter by TFII-I was completely abrogated, as shown in Fig. 1B. These results suggest that JAK2
plays a significant role in LPA induction of c-fos.
In contrast, PP1 did not have significant effects on the activity of TFII-I (Fig. 1A), indicating that Src kinase is not
required for the activity of TFII-I in this assay. To rule out the
possibility that PP1 was not active in the experiment, a similar
c-fos reporter assay using the v-Src expression construct was
carried out. The activation of the c-fos promoter by v-Src
overexpression was efficiently diminished by PP1 treatment
(Fig. 1C), indicating that PP1 was effective as an inhibitor in
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FIG. 1. JAK2 inhibitor AG490 abolishes the activity of TFII-I on
the c-fos promoter. (A) NIH 3T3 cells were transfected with the c-fos–
luciferase reporter construct in the absence or presence of TFII-I and
serum starved for 36 h in 0.5% CS following the transfection. The
transfected cells were then incubated with 25 M AG490 or 100 nM
PP1 for 1 h prior to serum stimulation. Each inhibitor was also included during the 4-h FCS stimulation. Cell extracts were then processed for luciferase activity. (B) NIH 3T3 cells were transfected with
the c-fos–luciferase reporter construct with or without TFII-I and
serum starved for 40 h in 0.5% CS. Then the transfected cells were
treated with 25 M AG490 for 1 h prior to and during stimulation with
10% FCS or 10 M LPA for 4 h as indicated. Cell extracts were then
processed for luciferase activity. (C) The v-Src expression plasmid was
transfected into NIH 3T3 cells with the c-fos–luciferase reporter construct, and the cells were maintained for 48 h in 0.5% CS following the
transfection. AG490 (25 M) or of PP1 (100 nM) was included in the
culture for final 12 h before harvest as indicated. Cell extracts were
then processed for luciferase activity. DMSO, dimethyl sulfoxide.

the reporter assays, but did not affect the activity of TFII-I on
the c-fos promoter. AG490 had no significant effect on v-Src
activation of c-fos, indicating that AG490 did not inhibit Src
family tyrosine kinases at the concentration used in these experiments.
To further confirm the functional cooperation between
TFII-I and JAK2, dominant negative JAK2 was transfected
into NIH 3T3 fibroblasts with the c-fos–luciferase reporter in
the absence or presence of TFII-I and luciferase activity was
measured after serum stimulation. The results are shown in
Fig. 2A. Dominant negative JAK2 eliminated the ability of
TFII-I to enhance the c-fos promoter in response to serum
stimulation and reduced the overall serum responsiveness of
the promoter. Consistent with the results in Fig. 1, these results
also indicate that the activity of TFII-I on the c-fos promoter
requires JAK2. To determine whether dominant negative
JAK2 affects the c-fos induction mainly through inactivation of
the SIE via the JAK/STAT pathway, the effects of dominant
negative JAK2 on a heterologous promoter driven by an iso-

lated SRE lacking the STAT binding site SIE were examined
(Fig. 2B). Very similar to the c-fos promoter, dominant negative JAK2 completely abolished enhancement of the SRE promoter by TFII-I and attenuated the overall promoter induction
by serum. Interestingly, TFII-I cotransfection had a greater
enhancement effect on the isolated SRE-driven promoter than
on the full-length c-fos promoter. Thus, consistent with the
results in Fig. 1, these results imply that the majority of the
TFII-I/JAK2 activity on the c-fos promoter is mediated by SRF
and the SRE.
We have previously shown that RhoA can functionally cooperate with TFII-I for activation of the c-fos promoter (16),
and RhoA has been shown to be the major upstream activator
of the c-fos SRE in response to serum and LPA (12). To
further understand the role of JAK2 in the activation of the
c-fos SRE, we examined whether dominant negative JAK2 can
affect RhoA induction of the c-fos promoter. The results are
shown in Fig. 2C. TFII-I enhanced c-fos induction by activated
L63-RhoA, and dominant negative JAK2 reduced it. Moreover, c-fos promoter enhancement by TFII-I in conjunction
with L63-RhoA was completely eliminated by dominant neg-
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FIG. 2. Dominant negative JAK2 inhibits the transcriptional activity of TFII-I. (A and B) The dominant negative JAK2 expression
plasmid was transfected into NIH 3T3 fibroblasts with the c-fos–luciferase (A) or an isolated SRE-luciferase (B) reporter construct in the
absence or presence of TFII-I, and the cells were maintained for 40 h
in 0.5% CS prior to a 4-h FCS stimulation. Cell extracts were then
processed for luciferase activity. (C) The L63-RhoA expression plasmid was transfected into NIH 3T3 fibroblasts with the c-fos–luciferase
reporter construct in the absence or presence of TFII-I, and the dominant negative JAK2 expression plasmid was also included where indicated. The transfected cells were maintained for 40 h in 0.5% CS
before harvest. Cell extracts were then processed for luciferase activity.

ative JAK2 coexpression, suggesting that JAK2 is required for
the functional cooperation between TFII-I and RhoA.
Serum stimulation activates JAK2. JAK2 has been extensively investigated in various cytokine and growth factor signal
transduction pathways (1, 49). However, it has not been demonstrated that JAK2 is activated by serum growth factors.
Since JAK2 affects the activity of TFII-I on the c-fos promoter
in response to serum, we examined whether JAK2 itself can be
activated by serum stimulation. NIH 3T3 fibroblasts were serum starved for 36 h and stimulated with serum or tetradecanoyl phorbol acetate (TPA) for 10 min. Total-cell extracts
were immunoprecipitated with anti-JAK2 antibody and blotted
with antiphosphotyrosine antibody to determine JAK2 activation by different stimuli. As shown in panel A of Fig. 3a,
tyrosine phosphorylation of JAK2 was increased on serum
stimulation (lane 2) but not by TPA treatment (lane 3). The
anti-JAK2 Western blot (panel B in Fig. 3a) shows that the

overall protein level of JAK2 in the cells remained the same
before and after stimulation. These results suggest that JAK2
becomes activated through tyrosine phosphorylation in response to serum but not to TPA. Consistent with this, Fig. 3b
shows that dominant negative JAK2 inhibited c-fos induction
by serum and LPA but not by TPA. This result, coupled with
the inhibitory effects of AG490 (Fig. 1A and B) and SOCS-1
(see Fig. 4), indicates that JAK2 is active after serum stimulation. Thus, we conclude that serum growth factors lead to the
activation of this kinase.
SOCS-1 inhibits serum-induced tyrosine phosphorylation of
endogenous TFII-I in Rat-1 fibroblasts. Since serum activates
JAK2 and the in vivo function of TFII-I requires JAK2, we
next examined whether the tyrosine phosphorylation of endogenous TFII-I can be affected by JAK2 inactivation. To do this,
Rat-1 fibroblasts were infected with recombinant adenovirus
overexpressing SOCS-1 (for “suppressor of cytokine signaling
1”). SOCS-1 has been well documented to be a potent JAK
family kinase inhibitor (43). A vector adenovirus not expressing SOCS-1 was also used in the experiment as a negative
control. After the infection, Rat-1 cells were serum starved for
36 h and stimulated with serum for 10 min before harvest.
Total-cell extracts were immunoprecipitated with anti-TFII-I
antibody and blotted with antiphosphotyrosine antibody. As
shown in panel A of Fig. 4, tyrosine phosphorylation of TFII-I
can be enhanced by serum stimulation in the control adenovirus-infected cells (lane 2) and this inducible tyrosine phosphor-
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FIG. 4. SOCS-1 inhibits tyrosine phosphorylation of TFII-I. Rat-1
cells were infected with empty vector (lanes 1 and 2) or SOCS-1encoding adenovirus (lanes 3 and 4) for 12 h. Following the infection,
the cells were maintained for 30 h in 0.5% FCS-containing DMEM
(lanes 1 and 3) before a 10-min FCS stimulation was carried out (lanes
2 and 4). Cell extracts were then immunoprecipitated using anti-TFII-I
antibody, and the immunoprecipitated proteins were fractionated by
SDS-PAGE (10% polyacrylamide) and analyzed by antiphosphotyrosine (panel A) or anti-TFII-I (panel B) antibody Western blotting.

FIG. 3. Serum stimulation enhances tyrosine phosphorylation of
JAK2, and dominant negative JAK2 reduces serum induction of the
c-fos promoter. (a) NIH 3T3 fibroblasts were serum starved for 36 h
(lane 1) and stimulated with 15% FCS (lane 2) or 25 ng of TPA per ml
(lane 3) for 10 min. Total cell extracts were immunoprecipitated with
anti-JAK2 antibody. The immunoprecipitates (panel A) and total extracts (panel B) were fractionated by SDS-PAGE (8% polyacrylamide)
and blotted with antiphosphotyrosine antibody (panel A) or anti-JAK2
antibody (panel B). (b) Dominant negative JAK2 expression plasmid
was transfected into NIH 3T3 cells with the c-fos–luciferase reporter
construct, and the cells were maintained for 36 h in 0.5% CS following
the transfection. Then the transfected cells were stimulated with 10%
FCS, 25 ng of TPA per ml, or 10 M LPA for 4 h before harvest. Cell
extracts were then processed for luciferase activity.

ylation of TFII-I was absent in the SOCS-1-infected cells (lane
4). Panel B shows that the protein levels of TFII-I were comparable between the samples. Consistent with other data presented in this work, these results indicate that endogenous
JAKs play an important role in the signal-dependent tyrosine
phosphorylation of TFII-I.
TFII-I requires JAK2 for its activity independently of MAP
kinase activation by JAK2. JAK2 is required for the activity of
TFII-I (Fig. 1 and 2) and also has been implicated in the
activation of Raf leading to the activation of ERK (42, 48, 50).
We have previously demonstrated that TFII-I requires functional ERK for its activity (16). Therefore, to clearly understand the regulation of TFII-I by JAK2, we sought to determine whether JAK2 affects the activity of TFII-I through its
affects on the MAP kinase cascade or through distinct mechanisms. To differentiate between these possibilities, the c-fos
reporter assay was carried out after transfection with different

combinations of V12-Ras, BXB-Raf, and dominant negative
JAK2 in the absence or presence of TFII-I and the luciferase
activity was measured. The results are shown in Fig. 5. The
activation of the c-fos promoter by activated V12-Ras was
diminished 65% by dominant negative JAK2, whereas the effects of activated BXB-Raf, which should be less dependent on
JAK2, were only 25% inhibited. This is consistent with previous reports showing that JAK2 can participate in Raf activation by Ras (42, 48, 50). If the effects of JAK2 on TFII-I were
primarily through its ability to activate ERK, then BXB-Raf
should be able to overcome the inhibitory effect of dominant
negative JAK2 on TFII-I, since its ability to activate ERK is
Ras and JAK2 independent (11). However, c-fos promoter
enhancement by TFII-I in the presence of either V12-Ras or
BXB-Raf was completely abolished by dominant negative
JAK2 coexpression, suggesting that TFII-I requires JAK2 for
its activity independently of MAP kinase activation. These
results indicate that JAK2 functions largely downstream of or
in parallel to Ras but upstream of Raf to lead to c-fos promoter
activation. This conclusion is further confirmed by the experiments below.
The interaction between TFII-I and ERK can be regulated
by JAK2. We have previously demonstrated that TFII-I interacts with the MAP kinase ERK in a signal transduction-dependent manner and that this binding is essential for the activity of TFII-I (16). To correlate the regulation of TFII-I by
JAK2 with ERK interaction, we examined whether constitutively activated or dominant negative JAK2 can affect ERK
binding to TFII-I. Thus, GST–TFII-I and HA-ERK expression
plasmids were cotransfected into COS-1 cells in the presence
of various JAK2 expression plasmids. Protein complexes were
isolated by GST pulldown and analyzed by Western blot analyses. The interaction between TFII-I and ERK was detected by
Western blot analyses using anti-HA antibody, and the tyrosine
phosphorylation of TFII-I was determined by antiphosphotyrosine antibody blotting. The results are shown in Fig. 6. Coexpression of the activated JAK2 enhanced the interaction
between TFII-I and ERK (lane 2), whereas the dominant negative JAK2 reduced it (lane 3), as can be seen in panel A.
These results suggest that JAK2 can regulate the interaction
between TFII-I and ERK. Panels D and E show that there was
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FIG. 5. BXB-Raf fails to bypass the JAK2 requirement for the
activity of TFII-I. pCDNA3 (Control), V12-Ras, or BXB-Raf expression plasmids were transfected into NIH 3T3 fibroblasts with the c-fos–
luciferase reporter construct in the absence ( and ) or presence (
and ) of TFII-I. pCDNA3 ( and ) or dominant negative JAK2
(DN-JAK2) ( and ) plasmid was also included in the transfections
where indicated. Following the transfection, the cells were maintained
for 40 h in 0.5% CS before harvest. Cell extracts were then processed
for luciferase activity.

,
,

,

,
,

,

comparable expression of the transfected TFII-I and ERK
between the samples. Interestingly, TFII-I tyrosine phosphorylation was affected by JAK2 (panel B) while phosphorylation
state of ERK remained relatively unchanged (panel C). The
activated JAK2 also increased the tyrosine phosphorylation of
TFII-I (lane 2 of panel B), and the dominant negative JAK2
significantly decreased it (lane 3 of panel B), which correlates
with the observed interaction with ERK. This result is of interest because JAK2 is required for the activity of TFII-I independently of MAP kinase activation, as indicated in Fig. 5.
Therefore, it is likely that tyrosine phosphorylation of TFII-I
by JAK2 regulates its interaction with ERK, which is in turn
necessary for its enhancement of the c-fos promoter (16).
Mutation of tyrosine 248 diminishes JAK2 phosphorylation
of TFII-I in vitro. Since the regulation of TFII-I by JAK2 is
likely to occur through its tyrosine phosphorylation, we attempted to determine whether TFII-I can be a direct substrate
of JAK2. To do this, HA-tagged JAK2 was overexpressed in
COS-1 cells and immunoprecipitated using anti-HA antibody
and an in vitro kinase assay was carried out in the presence of
[␥-32p]ATP as described in Materials and Methods. GST–
TFII-I protein purified as previously described (15) was added
to the reaction mixture as substrate. As can be seen in panel A
of Fig. 7a, TFII-I was efficiently phosphorylated in vitro by the
HA-JAK2 immunoprecipitate (lane 2). In the absence of HAJAK2 transfection, no phosphorylation of the TFII-I substrate
was observed (lane 1). This shows that JAK2 (or a tightly
associated kinase) can phosphorylate TFII-I. The input
amounts of TFII-I and JAK2 were shown in panel B and C.
Analysis of the TFII-I protein sequence reveals two consen-

FIG. 6. JAK2 can regulate the interaction between TFII-I and
ERK. pEBG-TFII-I and HA-ERK1 expression plasmids were cotransfected into COS-1 cells in the presence of pCDNA3 (lane 1), activated
JAK2 (lane 2), or dominant negative JAK2 (lane 3). Transfected
COS-1 cells were lysed and subjected to a GST-pulldown assay. Glutathione-Sepharose bead-bound proteins (panels A, B, and D) and
anti-HA antibody immunoprecipitates (panels C and E) were fractionated by SDS-PAGE (12% polyacrylamide) and analyzed by anti-HA
(panels A and E), antiphosphotyrosine (panel B), anti-pERK (panel
C), or anti-GST (panel D) antibody Western blotting.

sus tyrosine phosphorylation sites (244 EDPDY 248, 273 EDDDY 277). To identify the JAK2 phosphorylation sites on
TFII-I, two tyrosine point mutations of TFII-I were generated
by changing tyrosines 248 or 277 of TFII-I to phenylalanines.
These mutants are referred to below as Y248F–TFII-I or
Y277F–TFII-I. The non-PCR-based QuickChange mutagenesis method (Stratagene) was used to avoid the introduction of
other mutations into the protein, and each mutation was verified by sequencing. To determine whether the mutation of
either tyrosine 248 or 277 alters the ability of JAK2 to phosphorylate TFII-I, purified Y248F–TFII-I or Y277F–TFII-I
were used as substrates of the JAK2 in vitro kinase assay, as
shown in Fig. 7b. Compared to the wild type (lane 2, panel A),
the Y248F–TFII-I mutant exhibited greatly reduced phosphorylation by JAK2 (lane 3, panel A) and Y277F–TFII-I also
showed a substantial decrease in its phosphorylation (lane 4,
panel A). Both of these mutation failed to denature or significantly affect the folding of TFII-I as they both retained the
ability to bind DNA in a sequence-specific manner (data not
shown). Phosphorylation efficiency of different TFII-I mutants
by JAK2 in comparison with the wild type was quantitated by
measuring 32P incorporation of each band using PhosphorImager analysis (panel B). The amount of the purified TFII-I
protein used in each reaction as substrate was determined by
anti-GST antibody Western blotting and is shown in panel C.
These results suggest that both tyrosine 248 and 277 of TFII-I
can be phosphorylated by JAK2 but to different extents and
that tyrosine 248 is a more significant in vitro substrate site
than tyrosine 277.
Tyrosine 248 is phosphorylated in vivo in a signal-dependent manner. To confirm the phosphorylation of Y248 in vivo,
a phosphospecific antibody against the pY248 peptide (VKEE
SEDPDpYYQYN) was generated as described in Materials
and Methods. To characterize the specificity of this antiserum
a dot blot using anti-pY248 antibody was carried out against
phospho-and nonphospho-Y248 peptides. Both phospho- and
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FIG. 7. JAK2 can phosphorylate TFII-I in vitro. (a) pEBG empty
vector (lane 1) or HA-JAK2 expression plasmid (lane 2) was transfected into COS-1 cells. Following the transfection, the cells were
maintained for 40 h in 10% FCS-containing DMEM before being
subjected to EGF stimulation. Cell extracts were then immunoprecipitated to pull down JAK2 using anti-HA antibody, and an in vitro kinase
assay was carried out in the presence of purified TFII-I protein and
[␥-32P]ATP as described in Materials and Methods. The amounts of
TFII-I and JAK2 proteins used in each reaction were compared by
anti-TFII-I (panel B) or anti-HA (panel C) antibody Western blotting.
(b) A JAK2 in vitro kinase assay was carried out with the wild-type–
TFII-I (lane 2), Y248F–TFII-I (lane 3), or Y277F–TFII-I (lane 4)
proteins as substrates. Only [␥-32P]ATP without substrate was added to
the reaction mixture in lane 1 as a negative control. 32P incorporation
of each band was quantitated using PhosphorImager analysis in panel
B. A comparable amount of the purified TFII-I protein used in each
reaction as substrate was shown by anti-GST antibody Western blotting in panel C.

nonphospho-Y462 peptides were included in the experiment as
unrelated peptide controls. The sequence of each peptide is
described in Materials and Methods. Figure 8a shows that
anti-pY248 antibody only recognizes the pY248 peptide and
none of the other peptides spotted onto the nitrocellulose
filter. These results indicate that this antiserum (␣-pY248)
specifically recognizes the phosphorylated form of the Y248
peptide and in addition does not simply recognize all phosphotyrosines, since the pY462 peptide is not recognized by this
antibody.
To demonstrate that the anti-pY248 antibody recognizes in
vivo phosphorylation of Y248 in the context of the native
TFII-I protein, wild-type–TFII-I or Y248F–TFII-I expression
plasmids were transfected into COS-1 cells in the absence or
presence of activated JAK2. The transfected cells were grown
in low-serum medium for 40 h, and the whole-cell lysates were
immunoprecipitated with anti-TFII-I antibody. The isolated
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FIG. 8. Tyrosine 248 of TFII-I is phosphorylated in vivo upon
JAK2 overexpression or serum stimulation. (a) A 1-g aliquot of each
indicated peptide (sequences are described in Materials and Methods)
was spotted onto a nitrocellulose membrane and air dried. The spotting positions for different peptides are indicated in panel A, and the
dot blot result using anti-pY248 antibody is shown in panel B. (b) The
wild-type–TFII-I (lane 1 and 2) or Y248F–TFII-I (lane 3 and 4) expression plasmid was transfected into COS-1 cells in the absence (lanes
1 and 3) or presence (lanes 2 and 4) of activated JAK2 expression
construct. The transfected cells were maintained in 2.5% FCS-containing medium for 48 h before harvest. Cell lysates were immunoprecipitated with anti-TFII-I antibody and fractionated by SDS-PAGE (10%
polyacrylamide). Antiphosphotyrosine (panel A), anti-pY248 (panel
B), or anti-TFII-I (panel C) antibody was used for Western blot analyses. (c) NIH 3T3 fibroblasts were serum starved for 36 h (lane 1) and
stimulated with 15% FCS (lane 2) for 10 min. Total extracts were
immunoprecipitated with anti-TFII-I antibody. The immunoprecipitates were fractionated by SDS-PAGE (10% polyacrylamide) and blotted with anti-pY248 antibody (panel A) or anti-TFII-I antibody (panel
B).

TFII-I was then analyzed by Western blot analyses using antiphosphotyrosine, anti-pY248, or anti-TFII-I antibody. The results are shown in Fig. 8b. Anti-pY248 antibody recognized
pY248 in the context of the full length TFII-I protein (lane 2
of panel B), and mutation of this site abolished this recognition
(lane 4 of panel B). Consistent with our in vitro results in Fig.
7b, cotransfection of JAK2 stimulated Y248 phosphorylation
of TFII-I in vivo. From the results with the antiphosphotyrosine antibody (panel A), we found that mutation of Y248
diminished but did not abolish tyrosine phosphorylation of
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FIG. 9. Tyrosine 248 of TFII-I is required for the ERK interaction.
pEBG–TFII-I (wild type) (lane 1), pEBG–Y248F–TFII-I (lane 2), or
pEBG–Y277F–TFII-I (lane 3) expression plasmids were cotransfected
with the HA-ERK expression plasmid into COS-1 cells. Transfected
COS-1 cells were lysed and subjected to a GST-pulldown assay. Glutathione-Sepharose bead-bound proteins (panels A and C) and totalcell extracts (panel B) were fractionated by SDS-PAGE (12% polyacrylamide) and blotted by anti-HA (panel A and B) or anti-GST
(panel C) antibody.

TFII-I, suggesting that there are additional sites of tyrosine
phosphorylation as previously suggested (31, 32).
To further determine whether serum stimulates the phosphorylation of endogenous TFII-I on Y248, NIH 3T3 fibroblasts were serum starved for 36 h and stimulated with serum
for 10 min. Total-cell extracts were immunoprecipitated with
anti-TFII-I antibody and then blotted with the anti-pY248
antibody. As shown in panel A of Fig. 8c, Y248 phosphorylation of TFII-I was increased upon serum stimulation. The
anti-TFII-I Western blot (panel B) shows that the overall protein level of TFII-I between samples was comparable. These
results demonstrate that serum stimulation results in enhanced
Y248 phosphorylation of endogenous TFII-I and that Y248 is
indeed a signal-dependent in vivo phosphorylation site of
TFII-I.
The interaction between TFII-I and ERK requires tyrosine
248. We have found that JAK2 can regulate the interaction
between TFII-I and ERK (Fig. 6) and can phosphorylate
TFII-I in vitro in a Y248- and Y277-dependent manner (Fig.
7). Moreover, signal-dependent Y248 phosphorylation was observed in vivo (Fig. 8). To evaluate the role of these JAK2
phosphorylation sites of TFII-I in ERK binding in vivo, we
examined whether these tyrosine mutants are capable of interacting with ERK. To compare ERK binding between the wild
type and the mutants, GST-fused wild-type–TFII-I, Y248F–
TFII-I, or Y277F–TFII-I expression plasmids were cotransfected with HA-ERK expression plasmid into COS-1 cells.
Western blot analysis using anti-HA antibody was carried out
following GST-pulldown to determine the interaction between
the mutant TFII-I and ERK. As can be seen in Fig. 9, Y248FTFII-I completely lost its ability to form a stable complex with
ERK (lane 2, panel A) compared to the wild-type TFII-I (lane
1, panel A) whereas Y277–TFII-I retained its affinity for ERK
(lane 3, panel A). Panel B shows that there was comparable
expression of the transfected ERK between samples, and panel
C confirms the expression of the different mutants of TFII-I.
These results clearly indicate that Y248 of TFII-I is required
for the interaction with ERK but that Y277 of TFII-I, which is
a poorer phosphorylation site than Y248, is dispensable for
ERK binding. Based on the results in Fig. 6 to 9, we conclude
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FIG. 10. Tyrosine 248 of TFII-I is required for its phosphorylation
by ERK. HA-ERK expression plasmid was transfected into COS-1
cells. Following the transfection, the cells were maintained for 40 h in
10% FCS-containing DMEM before being subjected to a 10-min EGF
stimulation. Cell extracts were then immunoprecipitated using anti-HA antibody, and an in vitro kinase assay was carried out in the
presence of the wild-type–TFII-I (lane 2), Y248F–TFII-I (lane 3), or
Y277F–TFII-I (lane 4) protein and [␥-32P]ATP as described in Materials and Methods. [␥-32P]ATP but no substrate was added to the
reaction mixture in lane 1 as a negative control (panel A). 32P incorporation of each band was quantitated using a PhosphorImager (panel
B). A comparable amount of the purified TFII-I protein was used in
each reaction, as shown by anti-GST antibody Western blotting (panel
C).

that tyrosine phosphorylation of TFII-I on Y248 by JAK2 is
essential to enable TFII-I to interact with ERK.
Phosphorylation of TFII-I by ERK is decreased by the tyrosine 248 mutation. We have previously demonstrated that
TFII-I must bind ERK and be phosphorylated by it in order to
enhance c-fos promoter activation (16). Moreover, mutation of
the ERK binding site on TFII-I severely impaired its ability to
be phosphorylated by ERK. Since the tyrosine 248 mutation
resulted in the loss of ERK binding (Fig. 9), we examined
whether Y248F–TFII-I also impairs phosphorylation by ERK.
An in vitro ERK kinase assay was carried out as previously
described (16) with the wild-type–TFII-I, Y248F–TFII-I and
Y277F–TFII-I as substrates. The results are shown in Fig. 10.
The reduction of ERK interaction caused by tyrosine 248 mutation of TFII-I also impaired the phosphorylation of TFII-I by
ERK substantially (lane 3), suggesting that this phosphorylation site of TFII-I modulates both its interaction with ERK and
its ability to serve as an ERK substrate. Consistent with the
results in Fig. 9, the phosphorylation of Y277F–TFII-I by ERK
was unaffected (lane 4) since it retained ERK binding. Each
reaction was quantitated as shown in panel B, and a control
confirming comparable amounts of input TFII-I present in
each sample is shown in panel C.
Tyrosine 248 is required for the activity of TFII-I for the
c-fos promoter. To assess the significance of Y248 of TFII-I on
its function, we examined whether tyrosine 248 is required for
the in vivo activity of TFII-I for the c-fos promoter in the
reporter assay system. Y248F–TFII-I was transfected into NIH
3T3 fibroblasts with the c-fos–luciferase reporter construct,
and luciferase activity was measured after serum stimulation.
Empty vector, wild-type–TFII-I, and Y277F–TFII-I were also
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FIG. 11. TFII-I requires tyrosine 248 for its in vivo activity for the
c-fos promoter. pEBG, pEBG–TFII-I (wild type), pEBG–Y248F–
TFII-I, or pEBG–Y277F–TFII-I plasmids were transfected into NIH
3T3 fibroblasts with the c-fos–luciferase reporter construct. The cells
were serum starved for 36 h in 0.5% CS and then stimulated for 4 h
with 10% FCS. Cell extracts were then processed for luciferase activity.

used in the same experiment as negative or positive controls.
The results are shown in Fig. 11. The mutant Y248F–TFII-I,
which is defective for ERK binding due to its loss of the JAK2
phosphorylation site, was not able to potentiate the c-fos promoter on serum stimulation, whereas the wild-type TFII-I enhanced the promoter response as expected. Y277F–TFII-I,
which interacts normally with ERK (Fig. 9), showed the same
level of enhancement activity for the c-fos promoter as did the
wild type, as anticipated. Thus, it can be concluded that tyrosine 248, which is a JAK2 phosphorylation site of TFII-I and
is also required for ERK interaction, is essential for the activity
of TFII-I on the c-fos promoter enhancement in vivo.
DISCUSSION
Previously in experiments with B cells, TFII-I has been
found to functionally and physically associate with the lymphoid cell-specific BTK and is a substrate of it (32, 53). Here
we find that the activity of TFII-I on the c-fos promoter in
fibroblasts is inhibited by dominant negative JAK2 and by the
JAK2-specific inhibitor AG490. Consistent with this, we also
show that activated or dominant negative JAK2 coexpression
can affect tyrosine phosphorylation of transfected TFII-I in
COS-1 cells and that SOCS-1 overexpression by adenovirus
infection efficiently abolished serum-induced tyrosine phosphorylation of the endogenous TFII-I in Rat-1 fibroblasts.
Similar to the STAT transcription factors, we demonstrate
here that TFII-I can be a direct substrate of JAK2 and that this
phosphorylation of TFII-I by JAK2 is significantly reduced by
mutation of tyrosine 248 of TFII-I to phenylalanine. Interestingly, Y248F–TFII-I is not capable of interacting with ERK or
of being phosphorylated by ERK and is no longer able to
activate the c-fos promoter in vivo. Dominant negative JAK2
has a similar effect on TFII-I. These results suggest that ty-
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rosine phosphorylation of TFII-I by JAK2 regulates its association with ERK and its activity on the c-fos promoter.
Potentially complicating the interpretation of these results is
the observation that TFII-I is regulated by the Ras-ERK pathway (16) and that JAK2 has been found to be able to regulate
the Raf-MAP kinase pathway in conjunction with Ras (42, 48,
50). Thus, it is necessary to distinguish the effects of JAK2
kinase on the activation of ERK from its affects on TFII-I.
Several lines of evidence suggest that JAK2 phosphorylation of
TFII-I is important independently of its effects on ERK. One
of these is the finding that activated Raf, which bypasses JAK2
and Ras for ERK activation, fails to bypass the inhibitory
effects of dominant negative JAK2 on TFII-I activity, as shown
in Fig. 5. The other line of evidence is that mutation of the
putative JAK2 phosphorylation site at Y248, which does not
affect ERK activation per se, inhibits its association with ERK
(Fig. 9), its ability to be phosphorylated by ERK (Fig. 10), and
its in vivo activity on the c-fos promoter (Fig. 11). Thus, while
it may indeed be the case that JAK2 may contribute to ERK
activation, these data indicate that JAK2 also regulates TFII-I
at a distinct level by modulating its functional association with
ERK.
TFII-I binds to ERK though its MAP kinase binding motif
(D box) like Elk-1 (16, 51, 52). Our findings here are the first
example of regulated binding of MAP kinase to a D box by
phosphorylation of the D-box-containing protein. Targeted interaction of ERK with its substrates such as Elk-1 has been
shown to be regulated by the activation state of ERK and
probably by its intracellular compartmentalization; i.e., the Dbox protein Elk-1 resides in the nucleus prior to ERK activation and translocation to the nucleus. Our finding that mutation of a phosphorylation site of TFII-I outside of the D box
disrupts the interaction with ERK is the first example of the
regulation of ERK interaction with a substrate by modification
of the substrate through tyrosine phosphorylation. The mechanism by which tyrosine phosphorylation of TFII-I may enhance ERK association is unclear. However, since the D box
(amino acids 282 to 293) and tyrosine 248 of TFII-I are clearly
separated in the primary sequence of TFII-I, it is likely that
phosphorylation of Y248 leads to a conformational change of
the molecule that makes the D box accessible to ERK.
Here we also show that JAK2 is activated by serum. It has
been previously reported that JAK kinases can lead to ERK
activation (48, 50). This suggests that JAK kinases may play an
important role in the serum stimulation of ERK, which has
been one of the major means of activating ERK experimentally. Moreover, the finding that JAK2 is serum regulated suggests that JAK2 may play a role in many serum-regulated
signaling pathways. We are currently investigating these possibilities further.
Previously, the JAKs have been shown to be associated with
various cytokine receptors and growth factor receptors for the
activation (1, 47, 49). Serum is of course a complex mixture of
factors, so JAK2 may be activated by any of a number of serum
growth factors or cytokines present in serum. However, LPA is
believed to be a major serum mitogen and functions through a
seven-transmembrane receptor (28). Consistent with this, it
has previously been shown that the seven-transmembrane receptor for angiotensin II can stimulate JAK2 phosphorylation
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(23). Thus, LPA may also activate JAKs through a heterotrimeric G protein.
LPA activates the c-fos SRE through a RhoA- and Rasdependent mechanism (12). Since TFII-I binds to SRF and the
SRE and is regulated by RhoA and Ras (15, 16), it is also likely
to be a component the serum-regulated SRF pathway. The fact
that dominant negative JAK2 inhibits serum stimulation of the
c-fos promoter further suggests that JAK2 is an important
serum-regulated tyrosine kinase and may also function in the
LPA-RhoA-SRF pathway.
There is evidence that BTK is itself activated by JAK in
lymphoid cells (45). This raises the question whether JAKs also
participate in TFII-I regulation in lymphoid cells. In fact, both
kinases are activated by IL-6 stimulation (24, 25). This could be
the case since it appears that TFII-I is tyrosine phosphorylated
on multiple sites. It is also possible that there may be other
tyrosine kinases that phosphorylate TFII-I in nonlymphoid
cells. Indeed, Src family kinases are known to be activated by
serum (21). However, our observation that the Src family kinase inhibitor PP1 fails to affect TFII-I activity suggests that at
least in fibroblasts the Src family kinases are not required for
the regulation of TFII-I by the serum pathway. Nevertheless, it
is likely that there are other tyrosine kinases that phosphorylate TFII-I, since we and others have found that TFII-I retains
some tyrosine phosphorylation even in unstimulated cells (15,
31).
There are four known members of the JAK family (13), and
a question that arises from our results is whether other JAK
family members may also participate in TFII-I regulation.
Here we have found that three different JAK inhibitors affect
TFII-I: AG490, dominant negative JAK2, and SOCS-1. Together, these data suggest an important role for JAK2 in fibroblasts since AG490 and dominant negative JAK2 should
primarily target JAK2 (2, 26). However, the JAKs in several
cytokine receptors functions as heterodimers (13), and the
same could be true here. Moreover, the expression of the
various JAK family members varies among cell types. Therefore, it is possible that other JAK family members could substitute for JAK2 in cells where it is not expressed well (17).
Further work is needed to determine whether other JAKs may
regulate TFII-I.
In sum, we have found that JAK2 regulates TFII-I activity
and its association with ERK. Future work will be directed
toward identifying the role of phosphorylation in the cellular
localization of TFII-I and its association with various upstream
activators including SRF and STAT factors.
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