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ABSTRACT Stat proteins are SH2 domain-containing
transcription factors that are activated in cells by various
cytokines and growth factors. In the case of cytokines whose

receptors lack protein kinase activity, phosphorylation—

activation is mediated by members of the JAK family of
tyrosine protein kinases. In the case of growth factors whose
receptors have intrinsic tyrosine protein kinase activity, it is
thought that Stat proteins can be activated either directly by
the receptor or indirectly through JAK proteins. To test the
possibility of direct activation, we have used purified Stat3a,
Stat3B, and epidermal growth factor receptor kinase pro-
duced in recombinant baculovirus-infected Sf9 insect cells.
The Stat proteins formed a stable complex with the receptor
kinase, and they were phosphorylated on tyrosine by the
receptor kinase and activated for binding to DNA, properties
shared with Stat proteins purified from Sf9 cells coexpressing
JAK1 or JAK2. Both JAK-phosphorylated Stat3B and Stat3p
phosphorylated in vitro by the receptor kinase were 20-50
times more active on a molar basis for DNA binding than

phosphorylated Stat3a. We conclude that Stat3 isoforms can
be directly phosphorylated and thereby activated invitro by the
epidermal growth factor receptor kinase.
 

Polypeptide cell signaling molecules such as growth factors and
cytokines influence a variety of biological events of the cell
through interaction with their specific receptors at the cell
surface. Ligand binding initiates a series of molecular inter-
actions involving the cytoplasmic domain of the receptor,
eventually leading to the sequential expression of target genes.
Manycytokines and growth factors signal through a recently
described widespread pathway, the JAK-Stat pathway, first
uncoveredin studies on interferon-regulated gene expression
(for review, see refs. 1-3).

Stat proteins are SH2 domain-containing transcription fac-
tors found in latent form in the cytoplasm in the absence of
signaling ligands. To date, six membersofthe Stat family have
been described (Stati to Stat6) and in someinstances long and
short isoforms have been found that are encoded by alterna-
lively spliced mRNAs (4-11). JAK proteins (JAK1, JAK2,
JAK3, and Tyk2) are cytoplasmic tyrosine protein kinases (12,
13). In cytokine transmembranesignaling, one or more JAK
proteins associate with the cytoplasmic domain of a ligand-
activated receptor, become phosphorylated, and then phos-
phorylate multiple tyrosine residues of the receptor. A Stat
protein is thoughtto bind to the phosphorylated receptor-JAK
complex via its SH2 domain (14, 15) and is phosphorylated by
JAK on a tyrosine residue near the C terminus that is
conserved in all Stat family members (Tyr-701 in Statl and
Tyr-705 in Stat3) (16, 17). Phosphorylation of this tyrosine
residue leads to homodimerization (or heterodimerization
with a different Stat), movement of the activated Stat to the

 

The publication costs of this article were defrayed in part by page charge
payment, This article must therefore be hereby marked “advertisement”in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

13704

nucleus, binding to a specific DNA response element, and gene

activation.
Unlike cytokine receptors, certain growth factor receptors,

e.g., epidermal growth factor (EGF) and platelet-derived
growth factor (PDGF) receptors, possess intrinsic tyrosine
kinase activity thal is activated by the ligand (18), raising the
possibility that the receptor kinase directly phosphorylates and
activates Stat proteins. Evidencein favorof direct activation of
Stat proteins by receptor kinase is the finding that cell lines
deficient in each of the known JAK family membersstill show
Stat activation in response to EGF or PDGF(19, 20, 25).
Moreover, activated EGF receptor kinase present in cellular

immunoprecipitates prepared with anti-receptor antibody can
activate Stat in vitro (21); however, the possibility that such
precipitates have intermediary kinasesis difficult to exclude.

In the present study, we set out to determine whether
purificd EGF receptor kinase produced in recombinant bac-
ulovirus-infected cells can activate in vitro the two known
isoforms of Stat3. We report herein that the receptor kinase
phosphorylates purified Stat3@ and Stat38 on Tyr-705, thereby
activating the Stat proteins for binding to DNA.In addition, we
describe the formation of a receptor kinase-Stat complex and
a marked quantitative difference in the DNA-bindingactivities
of tyrosine-phosphorylated forms of Stat3a and Stat3£.

MATERIALS AND METHODS

Expression and Purification of Stat3 Proteins. A BamHI-
Hindi] DNA fragment containing either murine Stat3q@ or
Stat36 (11) was cloned into the baculovirus expression vector,
pFastBacl (GIBCO/BRL), and a 10-histidine residue tag was
engineered onto the N terminus of Stat3. Baculoviruses en-
coding murine JAK1 and JAK2 werekindly providedby J. Ihle
(St. Jude Children’s Research Hospital, Memphis, TN). For
expression of proteins, Sf9 cells (2 X 10° cells per ml) were
infected with recombinantvirus encoding Stat3 at a multiplic-
ity of infection of 1 and harvested at 3 daysafter infection. For
preparation of phosphorylated Stat3, the cells were infected
with Stat3- and JAK-expressing viruses. The cells (6 X 107
cells) were resuspended and lysed in 10 ml oflysis buffer [20
mM Hepes, pH 7.9/100 mM NaC!/0.5% Nonidet P-40/15%
glycerol/2 mM 2-mercaptoethanol/1 mM phenylmethylsulfo-
nyl fluoride/leupeptin (10 pg/ml)/1 mM Na3VO,/1 mM
Na2MoQ./15 mM imidazole] for 1 hr. Lysates were centri-

fuged for 10 min at 20,000 x g to remove insoluble material,
and incubated with Ni** ProBondresin (Invitrogen) for | hr.
The mixture of lysate and Ni?* resin was packed in a column
and extensively washed with lysis buffer containing 30 mM
imidazole. Ni?*-bound proteins were scriaily cluted with im-
idazole at the concentrations of 50, 70, 80, and 350 mM.Stat

 

Abbreviations: EGF, cpidermal growth factor; PDGF, platclet-
derived growth factor; EMSA,electrophoretic mobility-shift assay;
EGFRKD,EGFreceptor kinase domain.
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proteins were eluted at 350 mM imidazole. The purified Stat
proteins were incubated with 20 mM EDTA,dialyzed against
the buffer containing 10 mM Hepes, pH 7.4/100 mM NaCl/0.5
mM dithiothreitol, and stored at —70°C.

Electrophoretic Mobility-Shift Assay (EMSA). Purified Stat
proteins were incubated with **P-labeled high-affinity c-fos
sis-inducible element (hSTE; Santa Cruz Biotechnology) in the
presence of 1 ug of poly(dI-dC) in 10 mM Hepes, pH 7.8/50
mM KClI/1 mM EDTA/S5 mM MgCl2/10% glycerol/5 mM
dithiothreitol/BSA (1 mg/ml)/leupeptin (10 ~g/ml)/pepstatin
A (5 yg/ml)/0.5 mM phenylmethylsulfonyl fluoride/1 mM
Na3VOg,. After a 15-min incubation at room temperature, the

samples were electrophoresed on 4% polyacrylamide gels.
Immunoblot Analysis. Purified Stat proteins were electro-

phoresed in SDS/10% polyacrylamide gels, transferred to
nitrocellulose, and detected as reported (11). For quantitation,
the blots were probed using anti-Stat3 [Transduction Labora-
tories (Lexington, KY) catalog no. $21320] or anti-
phosphotyrosine (4G10, Upstate Biotechnology) monoclonal
antibody and '*I-labeled goat anti-mouse IgG (22). Labeled
proteins were visualized and quantitated on a
PhosphorImager.

In Vitro EGF Receptor Kinase Reaction. EGF receptor
kinase (EGFRKD) prepared in recombinant baculovirus-
infected insect cells and purified by immunoabsorption with
anti-phosphotyrosine monoclonal antibody (23) was supplied
by D. Cadena and G. Gill or purchased from Stratagene.
Results with each preparation were similar. SDS/polyacryl-
amide gel electrophoresis (PAGE) and staining with silver or
Coomassie blue revealed a predominant protein correspond-
ing to 68 kDa in each case, as reported (23). For the kinase
reaction, purified Stat3 protein (2-10 xg) was mixed with 0.1
pg of EGFRKD in 40 pl of 12.5 mM Hepes, pH 7.4/50 uM
Na3VO4/10 mM MnClp/20 pM ATP/10 pCi of [y-*PJATP (1
Ci = 37 GBq). The mixtures were incubated for 1 hr at room
temperature, and the reaction stopped by the addition of
SDS/PAGEsampling buffer. The samples were subjected to
SDS/PAGEand autoradiography. For use in EMSA,10 yg of
Stat3 proteins and 1 ug of EGFRKD were mixed in the same
buffer without [y-**PJATP. The reactions were incubated with
10 mM EDTAovernightat 4°C,and aliqouts were analyzed by
EMSA.PD157655, an inhibitor of EGF receptor kinase, was

kindly provided by D. Fry (Parke Davis).
In Vitro Stat Binding to EGF Receptor Kinase. Stat proteins

and EGFRKD were mixed and phosphorylated as described
above. Binding buffer (1 ml), indicated detergents, and Ni**
matrix (100 yl) were added and incubated for 1 hr at 4°C with
constant rotation. The matrix was collected, washed three

times with the same buffer, and resuspended in SDS/PAGE

sampling buffer. Proteins were separated on a SDS/10%
polyacrylamide gel and visualized by autoradiography.

RESULTS

Preparation of Inactive and Active Forms of Stat3a@ and
Stat3 B. In preparationfor in vitro studies of activation of Stat3
proteins by EGFreceptor kinase, both nonphosphorylated and
tyrosine-phosphorylated (activated) recombinant forms of
Stat3a and Stat38 containing 10 N-terminal histidine residues
were prepared from baculovirus-infected Sf9 cells and assessed
for DNA-binding activity. The tyrosine-phosphorylated pro-
teins were prepared from cells coinfected with JAK1- or
JAK2-cxpressing baculovirus (24). Each protein was purified
to homogeneity (Fig. 1).
As seen in Fig. 2, in the absence of JAK1 or JAK2, the

purified Stat3a contained no detectable phosphotyrosine,
whereas the Stat3was tyrosine-phosphorylatedat a low level.
“Constitutive” phosphorylation of Stat38, but not Stat3a, had
previously been observed in mammalian cells expressing the
respective isoform from a transfecting plasmid (11). When the
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Fic. 1. Coomassie blue-stained SDS/PAGE gels of Stat3a and

Stat38 purified from insect Sf9 cells infected with recombinant
baculovirus. (Left) Nonphosphorylated Stat proteins. (Right) Stat
proteins phosphorylated in JAK-containingcells.

insect cells also contained either JAKI or JAK2, Stat3a@ was
phosphorylated on tyrosine, and the tyrosine phosphorylation
of Stat36 increased markedly. The ratio of phosphotyrosine
signal to Stat3 protein was generally found to be higher in the
case of Stat38 compared with Stat3q@,as illustrated in Fig. 2.
Also shown in Fig. 2 is a comparison of JAK-associated
tyrosine phosphorylation of wild-type Stat3 isoforms versus
Y705F mutant proteins. Tyr-705 is the tyrosine residue thatis
phosphorylated in cells expressing Stat3a@ or Stat3B in re-
sponse to EGF (T.S.S., unpublished work). The mutant pro-
teins had essentially no phosphotyrosine. We conclude from
this series of experiments that both Stat3 isoforms appear to
be substrates for JAK1 or JAK2 resulting in phosphorylation
of Tyr-705, although we cannot exclude the possibility that the
JAKsact indirectly in the insect ceils.
We next determined whether JAK1- and JAK2-associated

phosphorylation of Stat3@ and Stat3leads to activation of the
Stat proteins for DNA binding to a high-affinity site (high-
affinity c-fos sis-inducible clement,ref. 26), as anticipated from
prior work with Stat proteins (27, 28). As seenin Fig. 3, Stat3a
prepared from cells lacking JAK1 or JAK2 wasinactive, and
Stat38 (which showeda low level of tyrosine phosphorylation)
had low activity. In cach case, wild-type protcin prepared from
cells expressing JAK1 or JAK2 wasactive, whereas the Y705F
protein was not.
As observed in EGF-treated mammalian cells (T.S.S., un-

published work), Stat38 has greater activity than Stat3@ on a
molar basis. From the results of several measurements with
two different preparations of purified proteins, we estimate
that the high-affinity c-fos sis-inducible clement binding ac-
tivity of Tyr-705-phosphorylated Stat3f is approximately 20-
to 50-fold greater than that of Tyr-705-phosphorylated Stat3a.
In Vitro Phosphorylation and Activation of Stat3 by

EGFRKD. Having shown that Stat3a and Stat36 are phos-
phorylated on Tyr-705 in cells containing JAKI or JAK2 and
thereby activated for DNA binding, we wanted to determineif
these isoforms could be tyrosine-phosphorylated and activated
by signaling protein tyrosine kinases in vitro. In preliminary
experiments involving immune complexes of JAK1 or JAK2
prepared from Sf9 cells expressing one or the other of these
proteins, we could barely detect phosphorylation of Stat
proteins, and we did not pursue this further. However, recom-
binant EGF receptor kinase purified from baculovirus-
infected Sf9 cells (23, 29) was found to phosphorylate both
purified Stat3a and Stat3@ as well as itself. It should be noted
that phosphorylation occurred in the absence of activators
(23), and that autophosphorylation was stimulated by Stat
(Fig. 44). This reaction was inhibited by PD157655,a specific
inhibitor of EGF receptor kinase. Moreover, there was evi-
dence for the formation of a stable complex between the
EGFRKDandthe Stat3 protein (Fig. 4B). When the kinase
domain and either Stat3a or Stat36 were incubated together
in the presence of [y-*P]ATP and the Stat protein was then
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Fic. 2. Tyr-705-phosphorylated Stat3a@ and Stat3f. Stat3 wild-type and Y705F mutant proteins were prepared from Sf9 cells in the presence
or absence of JAK-expressing baculovirus. Purified Stat3 proteins were subjected to SDS/PAGEfor immunoblotanalysis cither with anti-Stat3

antibody or with anti-phosphotyrosine antibody.

adsorbed to a Ni**- containing matrix in the presence of

neutral detergent, both phosphorylated Stat and phosphory-
lated kinase were retained by the matrix. In the absence ofStat,
the kinase was not retained. The complex between Stat and
EGF receptor kinase appeared to be stable, requiring high

concentration of ionic detergent for dissociation.

That the phosphorylation of Stat3 isoforms by EGFreceptor
kinase was accompanied by activation for DNA binding is
shown in Fig. 5. Just as in the case of Stat3 isoforms phos-
phorylated in cells expressing JAK1 or JAK2, both Stat3a and

Stat3B were activated by EGF receptor kinase in vitro and the
activity of phosphorylated Stat38 was manyfold greater than
that of Stat3a. Furthermore, although the Y705F-substituted
Stat proteins werestill phosphorylated by EGFreceptorkinase
(in a PD157655-inhibitable reaction; data not shown), the

resulting Stat proteins were unable to bind DNA(Fig. 6). We

conclude from this series of experiments that EGF receptor

kinase can interact directly with Stat3a@ and Stat38, phosphor-
ylate Tyr-705, and thereby activate them for DNAbinding. The
fact that the Y705F proteinsare still phosphorylated by EGF

receptor kinase suggests that one or more tyrosine residues of

 

the wild-type Stat proteins other than Tyr-705 are also phos-
phorylated, but this remains to be determined.

DISCUSSION

The main conclusion of this report is that EGF receptor kinase
can phosphorylate Stat3a@ and Stat3B in vitro at Tyr-705,
thereby activating the Stat proteins for DNA binding. This
conclusion is consistent with the observation that in cell lincs
lacking individual JAK proteins, EGFstill activated Stat (19,

20, 25) and with the results of experiments in which immune
complexes of cell extracts prepared with anti-EGF receptor
antibody activated Stat (21). In the latter case, and even in our
own experiments, it is difficult to exclude the presence of a
small amount of an intermediary kinase that copurifies with
the receptor kinase. Ourresults do not imply thatactivation of
Stat proteins in response to ligands that act through receptor
kinasesis solely or even mainly through direct phosphorylation
of Stat by the receptor, since in certain cell lines JAKis
phosphorylated (activated) in response to EGF (19, 30) and
JAK1, JAK2, and Tyk2 are phosphorylated (activated) in
response to PDGF(20). Therefore,it is likely that in at least
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Fig. 3. DNAbindingactivities of Stat3 proteins purified from JAK-containing Sf9 cells. EMSA was performed with two different amounts of

eachindicated Stat3 protein. (Leff) Proteins at 0.1 (right lane of each pair) and 0.2 wg were present. (Right) Amounts of proteins were as follows:

Stata and 3aY705F, 0.5 (left lane of cach pair) and 1 pg, respectively; and Stat3B and 3BY70SF, 1 and 2 ng, respectively.
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Fic. 4. (A) In vitro phosphorylation of Stat3a and Stat38 by
EGFRKD.Purified Stat3a (2 wg) and Stat3B (2 wg) were used for the
kinase reaction; each reaction tube contained 0.1 wg of kinase. An

EGFreceptor kinase-specific inhibitor, PD157655, wasincludedin the
reactionsat the indicated concentrations. The band labeled EGFRKD
corresponds to receptor kinase detected by immunoblotting. (B)
Formation of a stable complex between Stat3 protein and EGF
receptor kinase. The detergents included in binding buffers [50 mM
Tris-HCl, pH 8.0/1 mM phenylmethylsulfonyl fluoride/leupeptin (10
pg/ml)/50 mMimidazole] were as follows: A, 1%Triton X-100; B, 1%:
Nonidet P-40/0.1%SDS/0.5% sodium deoxycholate; C, 1% Nonidet
P-40/1% SDS. Every reaction tube contained 0.1 pg of kinase and,
where indicated, 2 wg of Stat.

some cells both direct receptor kinase activation and JAK-

mediated activation of Stat occur in response to EGF or PDGF.
Thesignificance of the complex formed in vitro between the

EGFreceptor kinase and Stat remains to be determined. We
do not yet know if the complex (or complexes) contains

phosphorylated and/or nonphosphorylated Stat (since both
are retained by the Ni? resin), or if its formation requires
phosphorylated EGF receptor kinase, as would be anticipated
from an interaction involving the SH2 domain ofStat (31). The
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Fic. 5. EGF receptor kinase activation of Stat3a@ and Stat3f for
DNAbinding. Stat3 proteins (10 wg) were phosphorylated by EGF
receptor kinase (1 yg) with nonradioactive ATP in the presence or
absence of PD157655 (1 mM). Indicated amounts of in vitro-
phosphorylated Stat3 proteins were subjected to EMSA.
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Fic. 6. Requirement for Tyr-705 for in vitro activation of Stat3a
and Stat38 by EGF receptor kinase. (4) Stat3 wild-type and Y7USF
mutantproteins (2 4g) were phosphorylated in vitro by EGF receptor
kinase (0.1 yg) as described in Fig. 4. (B) In vitro-phosphorylated
nonradioactive Stat3 proteins were subjected to EMSAasdescribedin

Fig. 5.

complex could be an intermediate in the phosphorylation
reaction and/orin the release of phosphorylated Stat from the
receptor kinase. These possibilities should be testable with
purified components.
There was a marked quantitative difference in the DNA-

binding activities of the tyrosine-phosphorylated isoforms,
whether phosphorylated by JAK1 or JAK2in insect cells (Fig.
3) or by EGFreceptor kinase in vitro (Fig. 5). Phosphorylated
Stat3B had 20- to 50-fold greater activity than Stat3@ on a
molar basis. Although the reason for the difference is not yet
clear, we suspect that phosphorylated Stat38 forms more
stable dimers than phosphorylated Stat3a. Whatever underlies
the difference,it is likely to be reflected in the transcriptional
activities of each isoform during the cellular responseto ligands.
It may also be generalizable to other pairs of Stat isoforms.

Finally, we note that the quantitative difference between the
DNAbindingactivities of Stat3a and Stat3f reported herein
is not the only difference in their transcription-related activ-
ities. Stat3was discovered as a c-Jun-interacting protein (11)
and was shown to cooperate with Jun or Jun/Fos in the
activation of an interleukin 6-responsive promoter that has
binding sites for both Stat3 and Jun. Stat3a, in contrast,

showed no transcriptional cooperativity (11). Furthermore,
only Stat38 showedconstitutive activation in transfected cells
incubated in the absence of known cytokines or growthfactors,
suggesting that high levels of short forms of Stat3 as seen in
certain tumorcell lines (T.S.S., unpublished observation),

might by-pass dependence on ligand for some of the cellular

responses to growth factors and cytokines.
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