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Proglr_ess Report:

Sum iginal objecti the fund jec

In 2003, we proposed to use fruit fly Drosophila melanoganster as the model system to test
the molecular mechanism of the EGF receptor activation of the STAT. In order to establish a
‘model system which is able to be applied to the examination of human homologies, we were first
proposed to examine the Drosophila EGF receptor (DER) and its possible interactions with
Drosophila endogenous STAT protein (STAT92E) by focusing on DER cytoplasmic region and
STAT92E SH2 motif. All researches were originally plancd to be tested in cell culture and further
to be characterized with in vivo model.

The to date in achieving the r. ai in testing hypoth

As part of the research project funded by the Moran Foundation and the NIH, thc first
‘| few experiments were the verification of our previous discovery that EGFR distinctively activates
STAT1 and STAT3 in mammalian cells. In order to test our hypothesis that distinct activation of
STAT proteins by EGFR is determined by the EGFR cytoplasmic region and the specificity of
SH2 domain of each individual STAT protein, we tested the DER and human STAT proteins and
found there was no activation of STAT in response to the overexpression of DER. Due to the time
limit, we are unable to overcome the technical difficulties to generate the Drosophila specific
ligand for the receptor DER. However, in mammalian cell system, we further discovered that the
distinct activation of STAT by EGFR is a result of the mediation of non-receptor tyrosine kinase c-
| Src. This recent discovery has been submitted to the journal of Molecular Cellular Biology (Mol.
Cell. Biol.) and currently is under revision for resubmission (see appendix). In this report, we show
that the activation of different members of the STAT protein family (STAT3 & STAT1) by the
EGFR involves different mechanisms. Physiologically, STATS3 is the predominant STAT protein
associated with the EGFR activation under the stimulation of ligand (TGFa or EGF). However,
co-stimulation with arsenite and TGFa resulted in an activity shift from a STAT3 to a STATI1
dominant pattern. Although exposure to arsenite synergistically increases the ligand-induced
EGFR activation, further experiments show that arsenite exposure down-regulates the activity of
JAK1 and c-Src induced by EGFR activation. Our data revealed that these non-receptor tyrosine
kinases are necessary for a maximal activation of STAT3 in the EGFR pathway. The activity shift
from a STAT3 to a STAT1 dominant pattern is a combined result of arsenite-activation of EGFR
and arsenite-inhibition of JAK1 and c-Src. Our study defines the molecular basis for the distinct
activation of different members of STAT family (STAT1 and STAT3) by EGFR and demonstrates
two independent effects of arsenite on EGFR-dependent signaling: (1) arsenite activation of the
EGFR; (2) arsenite inhibition of the JAK and c-Src.




"Our current progress of the research indicates that c-Src may play critical role in the
mediation of EGFR activation of STAT proteins, particularly in the activation of STAT3.
Although Dr. Perrimon at Havard Medical School provided us the cDNA constructs encoded
Drosophila EGF receptor (DER) and Drosophila STAT protein (STAT92E). These constructs have |
been engineered into 3 Drosophzla express1b1e vector (Gateway universal expression platform
purchased from Invitrogen). We believe it is necessary to extend our research in mammalian cells
and further examine the roles of c-Src may play in the regulation of STAT distinct activation by
EGFR. Our data now convinced us that c-Src, in conjunction with other factors (SH2 domains of
STAT protcins, tyrosine sites of EGFR), is necessary and sufficient for the distinct activation of
| STAT1 and STAT3. Since simultaneous activation of STAT1 and STATS3 is commonly observed -

in other growth factor and cytokine/interferon pathways, the molecular basis for the control of _
STAT distinct activation may be shared by them, in which c-Src play an indispensable role for the
_regulation. On the other hand, in various cancet cclls_, constitutively activated c-Src and STAT3
are easily detectable. Increased activity of c-Src and STATS3 are frequently associated with |
| aberrantly expressed EGFR or mutation of EGFR. Our finding may suggest that “on/off “ status of
c-Src activity is determining the interaction of EGFR with STAT proteins via phosphor-tyrosine-
/| SH2 binding and controls the directions of EGFR-dependent signaling. Our hypothesis is that c-
Src affects the binding afﬁmty of STAT protein to the EGFR cytoplasmic motifs, which becomes
our current research focus. Therefore, we shifted our direction and are going to test this in the
Drosophila S2 expression system we have establlshed durmg 2003-2004 financial ycar (scc new
proposal for 2004-2005).
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Abstract: .
¥ Ligand binding to tlie épidermal growth factor réceptor (EGFR) triggers various
signal transduction. pathways including activation of signal transducer and activator of

transéﬁption (STAﬁ ”factclyrs as well as non-receptor tyrosine kinases JAK 1 and c.-Sr.c. In

this report, we show that the activation of diffetent members of the STAT protein family

(STAT3 & STATI) by o BeEER Hvolves diiess: mschusians: Physiologically,
STAT3 is the predominant STAT protein assoé?awd with the EGFR activatién under the
stimulatioﬁ _of ligml;'i (T GFa. or EGF). Howevel, co-stimulation with arsenite and TGFa |
resulted in an activity shift from a STAT3 to a STAT1 dominant pattern. Althﬁugh '

. exposui'e to arsenite synergistically increaseﬁ the ligand-induced EGFR activation, further

experin;lents show that arslenite expﬁsure dow_n-régulates the activity of JAKI and c-Src.

- induced by EGFR activgﬁon. .Our data revealed that these non-receptor tyrosine kinases
are necessary for a maximal activation of STAT3 in the EGFR pathway. The activity
shift from a STAT3 to a STATI dominant paftern isa t;.ombined result of arsenite-
activétion of EGFR and arsen_ite—inhibition of JAK1 and ¢-Sre. Our study defines the

‘molecular basis for the distinct activation of different n'.lembers of STAT family (STAT1
and STAT3) by EGFR and demonstrates two. ingiependent eﬁ'écts of arsenite on EGFR-
dependent signaling: (1) arsenite activation of thIe EGFR; (2) arsenite inhibition of the

JAK and c-Src.
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Introduction:

Signal transducer and activator of 'transcril:ttion (STAT) 'protein§ were initiatlly
1dent1ﬁed asa famﬂy of latent cytosolic transcnptlon factors activated by non receptor
tyrosme kmases (i.e. JAKs and c-Src) downstream of mterferon and other cytokmes
ai, 14,25,29,33,44). Polypeptlde growth factor receptors, such as epidermal growth
- factor receptor (EGFR), also activate STATs JAK1, and c-Src
_(1,2,18,21,38,40,41,42,43 ,46). Polypeptide hgand binding induces growth factor re_ceptor
'autophpsphorylation and STAT associatton (13,42). The intﬁnsic kiﬁase activity. of the
EGFR is knowrt to be important for the activation of STAT proteins (10,16). The
. receﬁtor recruited STAT proteins are phdSphorylatcd by the intrinsic .kinase activity of
the receptor on a conserved tyrosme resndue (Y705 in STAT3 and Y701 in STATl)
However, the role of EGFR actlvated JAK1 and c- Src in STAT actlvatlon remalns tobe _
| fully determined. Several lines of e\_ridence indicate that the JAK kinases and c-Src work '
cooperatively with the EGFR in receptor autophosiahorylation and in receptor-mediated
STAT protein phosphorylation (18,19,22,27,30,31,32,35,37,39,41,43). Similarly, c-Sre
~ and JAK kinases may also mediate the activation of STATS by the platelet-derived |
~ growth fa_ctor rccé_ptor (PDGFR) (12,47,48).-It has not yet been resolved whether or. not
“the non—teceptor tyrosine kinases JAK aﬁd c-Src are necessary for the distinct activation
of different STAT isoforms in the EGFR pathway. |

It has been observed that EGFR activation in(;reases the.activity of différen_t'

STAT proteins (STAT1, STAT3, and STATS) (2,13,21,2'2,23.). In vitro and in vivo
studies have shown that the activation of STAT1 and STAT3 has opposite biological

consequences (29). STAT] activation is associated with cell cycle arrest and cell growth



suppression while STAT3 activation is known to promote cell cycle p_rogressiﬁn and
induce tumor growth in v.;'vo; (5). The activation of EGFR can lead to two opposite
biological consequépces,'cell transformation and cell cycle arrest (17,50). Specific
inhibition of STATé'Qc;iQity in the EGFR pathway can significantly decrease EGFR-
~driven cell growth and cell transformation (20,28). Conversely, STAT]1 activation is a
key factor for the EGFR-dependent cell growth suppressién (23). 'fhe underlying
| determining factor(é),for EGFR-induced activa'fion of different members of STAT,
proteins (S:TATS aﬂd STATT1) and the detem‘niJants f(_jr the receptor-driven biological
consequences (tumorigenesis or cell growth inhibition) remain to be determinéd.

In this study, we have examined the activation of STAT1 and STAT3 by EGFR.
Our dafa demonstrate that; in the presence of aréénitc, elevated EGFR activity resulted in
- an activity shift from a lSITATB to a STAT1 dominant pattern. We present evidence that
the EGFR requires non-receptor tyrosine kinase JAKI and!ﬁr c-Src for the full a(_:ti\éation

of STAT3 while the EGFR itself is sufficient fdr the a&ivation of STATI.

Materials and Methods:

Cells & cell transfection: The A431 sql..larm:'.tusI carcinoma cell line was purchased from
the American Type Culture Collection (ATCC, Manassas, VA, USA). The JAKI-
déﬁcient U4A cells (U4A Jakl") and U4A with stable expression of JAK1 (U4A JakI™)
were the gifts from Dr. Michael David (University of California at San Diego, San Diego,
CA) and have been described elsewhere (33). These cells wefe.maintained with Dulbeco
modified essential medium (DMEM), supplemented with 10% fetal bovine serum (FBS).

‘The growth of U4A Jakl™ cells was cultured with DMEM supplemented with 100 pg/ml



G418 (Invitrogen Corporation, Carlsbad, California, USA) to maintain the JAK1 stable
cxpre.ssion.. The human kidney 293T cells were a gift from Df. Thomaé Smithgall .
(University of Pitt'sburgh, Pittsburgh, PA). 293T cells were maintained in DMEM -
rlnedium. su"pplemcnted with 5% FBS. _ |
The EGFR ¢cDNA _témplate was purchésed from Upstate Biological Iﬁc (Catalog |
- #21-176) and re—constructed in pcDNA3, leeo (+) (Invitrogen Corporatlon Carlsbad,
~ California, USA). For estabhshmg U4A Jakl” and U4A Jakl* cells exprcssmg wild-type
EGFR (U4A Jak1'/EgfR and U4A Jakl */EgfR), the U4A cells were transfected with full- -
length wild-tyﬁé EGFR and then selected by 500 pg/ml Zeocin® (Invitrogen .
Corporation, Carlsbad, California, USA) for 20 days. As a mocking control, a stable cell
line with empty vector (pcDNA3.l!Ze_o+) was also established. The expression of wild -
type EGFR and JAK1 was coﬂﬁrmed by irhmunobiottiﬁg before cells were .subjccted to
further experiments. | | _ |
The EGFR;’JAKZ chinieric construct was a gift from Dr. Osamu Miura (Tokyo
Medical and Dental University, Tokyo, Japan) and has been descﬁbed clseﬁhere (35)
The EGFR/JAK2 was transiently expressed in 293T human kidney cells by transient
~ transfection (Fugene 6, Roche Ltd .). After 48 hours, transfected 293T cells were
_subjected to arsenite exposure. |
Reagents and cell treatment: Sodium arsenite (Sigma-Aldrich, St. Louis, MO, USA)
was prepared in phosphate buffered sﬁline (PBS, pH 7.4) as IOG X stock solution and
used for a final concentration (0-400 pM). Recombinant transforming growfh factor
_ﬁeptide (T.GFG.) (R&D Systems Inc., Minneapolis, MN, USA) was prépared in PBS

(1000 X) and stored at —20 °C used at a final concentration (30 ng/ml).



For cell treatment, the A431 or U4A cells were subjected to serum-free starvation

for 16 hours followed by-30 minutes of sodium arsenite treatment. For the co-stimulation
by arsenite and TGFa, the serum-free starved cells wéq'e' pretreated with sodium arsenite
and followed by additional 30 minutes of treatment with TGFa. (30 ng/ml). The

~ transfected 293T cells were subjected to serumifree starvation for 2 hours prior to 1-hour

- exposure of arsenite.

Immunoprecipitatfon; co-immunoprecipitati'ﬁn & immunoblotting: Treated cells
were collected in PBS and clarified (10 minutes, maximal speed, Eppendorf 5417C, 4 °C)
in radioimmune precipitation assay (RIPA) buffer (50 mM ;Tris-HCL; 150 mM NaCl, 1%
Triton X-100, 0.1% SDS, 1 mM EDTA, 1% sodium deoxycholate), supplemented with
25 pg of aprotin_in per ml, .50 pg of leupeptin per. ml, 1 mM phenylmethyléﬁfonyl

. fluoride, 20 mM NaF, 1.mM 'N_a3V04, and 50 pM Na;MoQy. Wild type EGFR, 'STATl_,
STAT3; and c-Src were immunoprecipitated from clarified cell lysates with l ne spéciﬁc- :
polyclonal antibociy against either EGFR or STAT3 or STAT1 (Santa Cruz
Biotechnology, Iﬁc;, ISanta Cruz, CA) or c—Src (instéte, Waltham, MA, USA) and 20. ul
protein G agarose (Inv.itrogen Corporation, Carlsl:;ad, California, USA) for two hours at 4
°C. Specific antibody ref:ognizing the extracellular domain of the EGFR (Upstate,
Waltham, MA, USA) .was used for the immunoprecipitation of the chimeric EGFR/JAK2
protein from 293T cells. Tﬁe immunocomplexes were washed three times with ice-cold
RIPA buffer and final pellets were resolved with 7.5% SDS-PAGE gels. For
immunoblotting analysis of the whole cell lysates, clarified whble cell lysate from treated

cells was prepared by centrifugation and resolved with 7.5% SDS-PAGE gels. Resolved



proteins were transferred to polyvinylidene difluoride (PVDi-‘) membranes (lmmobilon-P
Transfer Membrane 0.45 pym, Mllhpore) and subjected to immunoblot. |
The tyrosine phosphorylation of EGFR either from clarified whole cell iysate or
; fl‘rom 1mmunocomplex was analyzed by the antibodies recogmzmg mdmdual tyrosme
' phosphorylatlon on EGFR cytop]asrmc tall Y992 Y1068, Y1086, Y1148 and Yl 173
(Biosource Intematlonel, _Camanllo, CA, USA). The phosphorylation of STAT3 and _ -
_STAT] was evaluated using antibody rccognieiﬁg pY705 STAT3 (Cell Siwignalin.g _
| Technology, Inc. Beverly, MA). or pY701 STAT]1 (Cell Signaling). -The eOrres‘pénding
proteiﬁ levels ﬁere determined with the antibodies described above. For the experhﬁe_nt
of chimeric EGFR/JAK?2 from the expression in 293’[" cells, resolved chimeric protein .
was ahalyzed by anti-JAK2 (JHI' _domein) (Santa Cruz). The tyrosine phosphorylation of
the chimeric proteins was measured by enti?phosphoty_fosine (PY99) (Santa Cruz). All =
immunoblots were visualized directly on .PVDF membranes ﬁsing the a'lkelfne |
phosphatase.(AP)-conjugatec.l second goat antibody and colorimeu‘ic'.substrate
BCIP/NET. |
In vitro Kinase assay: For in vitro immuno-complex kinase assays, the
; i-mmunocqmplexes_ of a.nti-EGF_R from tr_eéted cells were resuspended in kinaee assay
‘buffer (50 mM HEPES, pH7.4; 10 mM MgCl;). The aliquots of ﬁnai 'immunocomlﬁler{es
were incubated with ['f -?P]-ATP (10 pCi, Pharmacia Corp. Peapack, NJ). For the kinase
assay usmg recombinant EGFR purifi ed from mlmunoaﬁ' n:ty chromatography (49), one
unit of recombinant EGFR protein kinase (Calbiochem, San Diego, CA, USA) for each
reaction was incubated with sodium arsenite (0, 200, 400 uM) in vitro. The'proteins were

labeled with [y-**P]-ATP (10 uCi, Pharmacia Corp. Peapack, NJ) for 30 minutes at room



temperature. All rcactiong. were stopped by heating (95 °C X 5 minutes) in 2X SDS
sample buffer. Phosphory;izlitéd proteins were rcsolvedb'on 7.5% SDS-PAGE gels and
visqalized by autoradiography. | |
" For the assés';;ﬁen'lc .of endogenous c-Src activity from treated cells, anti-c--Src_
_ 'innnﬁnocomplexes were prepared from JAK1 -fiull U4A cells (with or without expression
of the wild-type EGFR (U4A JakI" or U4A Jakl /Eg/R). Each aliquot of the anti-c-Sre
.immuno.compl'ex from treated cells Was incubét%:d with additional recombinant substrate
Sam68 (0.3 pg, sa;{ia, Criiz) and labeled by [7-34P]-ATP in vitro. For the assessiient of
direct action of afsc_eﬁiﬁe on fhe ¢-Src kinase activity, the recombinant c-Src protein
(purchased from U.pstatc) was incubated directly -ﬁith different concentrations of arsenite.
Each re;action (20 1) o purified c-Src (1 ﬁnit), reéombinant substréte Sam68 (0.3
 ng), and different levels ,6f arsenite. The reaction was labeled by [y-*P]-ATP as
:.describéd aBové. o | |
Electro_phorgiic Mobiliiy Shift Assay: We used whole cell extracts for the
eléctrophoretic mobility shift assay (EMSA) to evaluate fhc STAT activity. Cell pelléis_
were resuspended in 50 pL 2% high salt buffer (840 mM NaCl; 40 mM HEPES pH7.9; 2
mM EDTA; 2 mM EGTA and 40% Glycerol). A.ﬁer 3 cycles .of freezez'thaw on ice, the
_ samples were clarified by centrifugatiﬁn (1.2,000 rpm X .15 minutes, 4 °C). The clarified
cell extracts were incubated with [7-3215] end-labeled doublc-stranded oligonucleotides
| (hSIE, 5’-GTGCATTTCCCGTAAATCTTGTCTACA-3 ") for 20 minutes. The reactions
were resolved on 5% noﬁ-denaturing pdlyacrylamid_e gels and visualized by
autoradiography. The specificity of the identified STAT-probe co-migration was

confirmed by co-incubation with unlabeled ASIE oligonucleotides (cold probe



* competition); or with antibodies of against STAT3 (1 pg) or STATI (1 pg) for the -

“supershift” assay.

ilesults:

Acti'_vafion of EGFR by arsenite: We_erhplbyed an in vitro Kinase activity assay to
evaluate the effect of arsenite on tﬁe activity of EGFR. In A431 cells, TGFo treatment
i_néreased_ the aétivitf of EGF.R.(F igure 1A, toi:» row, compare lane 2 with lane 1).
Arseni';e treatment alone also elevated thé EGFR activity (F igufe 1A, top foﬁt, 'cbmpa_re
lane 3 to lane Ij. Further, there is a syn.er'gy between TGFa and arsen_it'e I(F igure 1A, top
TOW, éompare lane 3 and 4). These results indicate that arsenite activéte_s EGf‘R and the
arsenite activation of EGFR Iis ligand—independent as wleil as ligand-synergistic.

To determine if arscnité can directly induce activation of the EGFR, we
perfonned measurement of EGFR pﬁospﬁorylation by direct incubation of fccornbinant
EGFR protein with arsenite in.vftro. The kinase labeling was cfmducféd by _[1-32P]-ATP
with or without additional recombinant TGFa (Figure 1B). The diré_t.;t iﬁcubatio'n of .
arsenite with the EGFR protein resulted in increased receptor activity as judged By 32p
incorporation (F ig.ure 1B, Eompare lane l_, 2, and 3). In addition, a sy.nergistic effect of
arsenite with ligand on the activation.of EGFR was found (Figure 1B, lane 4, 5, and 6).
| Our results indicate that arsenite act:iva.ti'on. of EGFR does not require any additibﬁal
factor. Arsénite can directly interact with EGFR and such interaction activates the EGFR.

Within the signal region of the EGFR, five major tyrosine autophosphorylation
sifes have been identified (3,13,36,43). To determine whether or not arsenite

differentially affects the tyrosine phosphorylation at specific sites, we examined the _ -'



phosphorylation of each of the five tyfbsim sites (pY992, pY 1068, pY 1086, pY 1148, and
pY1173). As shown in Fi_;gu:;e 2, the activity of EGEFR from treated Ad31 cells displayed
a dose-dependent ré_sponse to arsenite trcaﬁncnt._ While there were slight differences in
the se'.r'ls'iti.\_rity. to u;ei;.;;nel{t or immunoblotting, each of the five lhajor tyrosine -
~ phosphorylation sites (Figure 2, rows frqm top to bottom in both panels) displayed the
_ dose—dependent_ response patterns to the increasing lévels .of arsenite (compare lane 1-6 of
each_paﬁel). Each of the five tyrosine sites sho#ked further enhanced phosphorylation
when co»sti_mulate;i"bj arsenite and TGFa (Figllre 2, compare left panel to right panel).
These findings confirm thaf arsenite is capable of activating EGFR and potentiatihg |
ligand—'induccd EGFR signaling. Furthermore, thésc results suggest that arsenite does not
diﬂ'ereﬁtially affect indivi&ua} tyrosine phosphofylation site within the sié;nal region of
 the EGFR. g |
| Disﬁnct activation of STAT i:roteins by the EGFR: One .of the downstrcam signélir-lg
pathwﬁys relaying EGFR signaling is the activaﬁon of lSTAT proteins. In treated A431
cells, we used EMSA to determine whether or not the arsenite-induced activation of
EGFR results in activation of STAT?: and STATI: As s.hown in Figure 3, TGFa
stimulation in the absleﬁce of arsenite induced dominant STAT3 activation (F igufe 3, lane
7). Co-stimulation with TGFo and arsenite i.ncréased the formation of STAT3.:STAT1
heterodimers (F igure 3, cbmpare lane 7, 8, 9 to lane 10, 11, and 12). With low levels of
arsenite exposure, the formation of STAT3:STAT3 homodimers was slightly increased
(Figure 3, compare lane 7, 8, and 9). Further increasing level of arsenite exposure |
eliminated the STAT3 :STATS homodimers activity in EMSA whereas enhanced |

exposure to arsenite increased the formation complexes of STAT1:STAT1 and

10



STAT3:STAT1 (lane 10, 11 and 12). Thus, although arsenite synerglstlcaﬂy actwated the
EGFR with TGFa., the co-stlmulat:ton resulted in a dose-dependent shift from a STAT3

. dominant to a STAT1 dominant activity pattem. Arsenite alone produced no significant

7 change in STAT activity (Flgure 3, lane 1-6).

Increased association of the EGFR with STATS and STAT1 by arsenite: The :
activation of STAT3 by EGFR requ_ires its interaction with the intracellular signal region
- of the EGFR (3,13,38); The p.hosphory]at_iqn c;f the intracellular signal region,
particulariy Y1068 and Y1086, provides the docking sitcs.for. phospﬁoﬁdsihe'(EGFR}
SH2 (S.TATB) interaction and the receptor proximal recruitmgﬁt of STAT3 (43). To ﬁle '

~ out the possibility that the suppression of STAT3 acﬁ\fity in the activated state of .EGFR
is aresult of arsenite selectivé blocking 6f STATS3 interaction with the EGFR, we
conducted co-immunoprecipitation experilﬁ'ents fo evalﬁate the physical ass'oc_iétion_ of
STAT3 and STAT1 with the EGFR...Aﬁér 16 hours serum-free starvatidn,'A431 cells
were stimulated with TGFo. and arsenite (Figure 4, lright panel)'; or, ina parallel
experiment, treated with arsenite alone (Figure 4, left panel). As ekpccted,_ TGFa. |
stimulation induced EGFR acti\f*ation (Figme 4, right panel, row 5, lane 1, from tbp to
‘bottom). Clo;stimuiation by arsenite and TGFa increased the ligand-induced activity of
the EGFR (right panel, row 5, oompafe'lane_l to lane 2, 3, and 4). Co-stil_mllation of -
~ EGFR by arsenite and TGFo. could increase the association of EGFR with STAT3'.(right |
panel, row 2) and STATI (right panel, row 4). The increase& level of pY705 STAT3
(right panel,.top row) and pY701 STATI (right panel, row 3) in the co-stimulate;d EGFR-
associated immunocomplex was also found (compare lanes 1-4 in right panel). With |

arsenite alone, the association of STAT3 with the EGFR was siightly increased,
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particularly with the exposure of higher concentrations of arsenite (left panel, row 2,
compare lane 1-4), The aééoéiation of STAT1with EGFR was aIﬁo increased after
exposure to arsenité: (left panel, row 4, conﬁpare 1-4). The increased association of
STAT3 and STAT-I_ w1th ]éGFR appears to be correlated with inéreased tyrosine -
-phos.phorylation of the EGFR (compare iane 1-4 in left and right panels). Although
arsenite alone was syfﬁpiént to activate EGFR ﬂe_ft ﬁénel,. bottom two rows, compé,re
.Iane 1-4) and increased the association of STA"f:B and STAT1 with the EGFR, no .
detectable Wsine i&f}bsphorylation of STAT3 dleft panel, row 1) or STATI (left pénel, =
row 3) in the immo@mplex was found. Taken together, ohr results show thaf érsehite
did not disrupt the #peciﬁc interactiop between EGF_R and STAT3 or STAT]I. Therefore,
the distinct activation of STAT3 and STATI1 by the EGFR in the presencé'of arsenite is.
not a result of selecﬁve disruption of the physical :association of STAT3 with the EGFR.

' Interestingly, in co-immdnoprcbipitation ekperimenf (F iguré 4), we found an 'unidentiﬁed
protei.n'(l IO~120 kDa) associated with the anti-EGFR iinmunocomplex and detectable by |
anti-STAT3 speci_ﬁc antibody (left and right panels, row 2, lane 4). Whethef or not this

" unidentified protein plays a role ih the selective inhibitié)n of STAT3 requires further -
investigation. | | |

Itis khown thalt the non-receptor tyrosine kinases c-Src and JAK can |
synergistically increase the EGFR-dependent activation of STAT3 (1,18) and the
oncogenic activity of the EGFR (31). Other studies have shown that the JAK1 activity
migh_t be nccesémy for the c-Src-induced activation of STAT3 (8,51). In EGFR path\;fay,
inhibition of JAK family'tyroéine kinases partially b.locks EGF stimulation-induced

ac_:tivat'ion of STATS3; and inhibition of c-Src activity can block the JAK1 phosphorylation

12



" in response to the EGF stimulation and EGFR-dependent STAT aétivity (18,223 '?)
These results indicate that c-Src mediates the activation of JAKI by EGFR and_suggést
critical roles of JAK1 and c-Src in the maximal activation of STAT by the EGFR. -
.' .We;'ha\}e shown that arsenite can. '.in'hibit JAK l_c.inase_.in cellular and sﬁbcelluiar

- systems .(1 1) Ifis pbssibl_e that, in EGFR patﬁway, arsenite can selectively in.}ﬁbit. JAK1

o ancifor c-Src while syncrgistically.activa_te EGFR with fhel ligand. In order to examii‘lc
these possibilities, witﬁ or without the prcs'enclc of EGFR, we performed experiments to
'detenniné the effects of arseﬁite_ on JAK and c-Src kinase activify. In a_dd.'itioﬁ, we also
examin.ed. if EGEFR activation is sufficient for the activation of STAT3 or STAT1 anﬂ if

JAKI is essential for the EGFR-dependent activation of STAT proteiﬁs.
Selective inhibition of JAK'kina_se acﬁvity by arsenite. Previously, we have found that
overexpression of wild-type JAK1 in JAK1-null Hela célls resulted in STAT3 activation _
(11) and no STAT1 activation was obserfed (unpublisﬁed data). Treatment by arsenite |
inhibits JAK.I kinase activity and blocks JAKl-depen&ent STATS3 tyrosine
phosphorylation. In the ﬁame study, we found that arsenite can inhibit other JAK family
members (Tel-JAK (JH1) fusion proteins), suggesting that arsenite can exert direct - |

| interaction with JAK catalytic domain. In the present study, we used an EGFR/JAK |
chimera, which is' composed of the extracellular and transmembr_anc portions of the N
EGFR intracellularly fused to the JAK2 kinase domain (JH1 domaiﬁ) (F lgure 5A). .
Ovércxpres‘sion of the chimeric EGFR!JAK in 293T c;lls reieaséd JAK kinase éctiv_ity
and induced tyl_'osine phosphorylation (Figure 5B, tbp row, lane 1). Exposure'to'arsc.nite
abolished its tyrosine ki.nase activity (lane 2). In a control experiment, arsenite did not

inhibit the activity of wild-type EGFR in 293T cells (data not shown). This result :
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“ confirms our previous ﬁndmg that arsenite can selectively inhibit JAK kinase activity
thle it synergistically actwates EGFR. Our results demonstratc that arsenite is not a
genenc tyrosine kmase mhlbltor
Biphasic regulation of c-Src actmty in the EGFR pathway by arsenite: To determme

~-whether or not arsenite can affect c-Src act1v1tyl, we first assessed the effect of arsenite on

c—Srd Kinase activity using-c-Src’-containirig imﬁnuno.clomp.lexes; To prepare anti-c-Src
lmmunocomplexes, JAK1-null U4A cells w1th Or without stable expresswn of the EGFR |

(U4A Jak or U4A Jak /EgfR) were exposed to éncreasmg concentrations of arsenite. The

aliquots of c-Src-contau_lmg immunocomplexes were labeled by [}'-”P] in vitro to analyze

| c-Src activity (Figure 6A). In the presence of EGFR (U4A Jak/EgfR, Figure 6A, lanes 1-

- 5), co-sﬁmulation with TGFa and low levels of arsenite increased c-Src I |

autophosphorylation (Figure 6A, top row, compare lane 1, 2 and 3) and phos.phorylat'ion
of tyrosine kinase subsu‘éte Saﬁl68 45 iguré 6A, row 2, pdmpare lane 1, 2, ant_:i 3 |
indicéting that low concentration of arsenite exﬁpsure eﬁhances EGFR-dependent c-Src
activiiy. Howéver-, exposure of cells to higher concentrations of arsenite (lane 4 and 5)

: resu.ltcd in a suppression of c-Src activity which leads t(-J a decrease of both

autophosphorylét.ion qf c-Src (top row) and phosphorylation of Sam68 (row 2). The

" results_ indicaf that arsenite, at high ievels, éaﬁ blc;»ck th.e EGFR-dependent acti§ation of c-

Src. We failed to see c-Src activity response to arsenite in the absence of EGFR

expression (U;IA Jak , Figure 6A, lane 6-10), suggesting that the elevated c-Src activity

upon arsenite (lane 1-5) is EGFR-dependent. The biphasic effect of arsenite on the. |

activity of c-Src in the pi-esence of EGFR is correlated with the EGFR-dependent STAT3
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activation (Figure 3), suggesting that the biphasic activity pattern of the STAT3 m '
response to arsenite-activated EGFR is functionally .associatéd with ¢-Src ac.tivity.. |
To ﬁlrther determine the direct effect of arsenite on the c-Src tyrosme kinase
act1v1ty, urified recombinant c-Src proteln kinase was labeled by [y- -2p) A’I‘P under the
condition of dlrect incubation of ¢c-Src with different levels of sodium arsenite (F]gure
6B). The direct incubation of arsenite with c-Src resulted in decreased
: gutophosphorylatlon of c-Src (top band) and Sam68 phosphorylation (bottom band). As
shown in Figure 6B, the inhiﬁitory effect of arsenite on the c-Sfc kiﬁase QCtii(ity 1s dose- - '
dependent (cmﬁpa'rc lane 1 to 2, 3, an_d#). Our data show that arsenite affects c-Srg |
activity in two different ways. Arsenite can increase c-Src kinase activity through EGFR—
dependent pathway but it also directly exerts mhlbltory effect on c-Src kinase activity.
Requirement of JAK kinase for the activation of STAT3 by EGF receptor To
determine the specific role of JAK1 in the activation of STAT3 by the EGFR, we
established stable cell line exp.rcssing' thc EGFR (U4A JakI/EgfR) using JAK1-null U4A
.cells (U4A JakI'). We aiso established stable expression of the EGFR in .IAKi-pdSifivé
U4A cells (U4A Jaki* and U4A Jakl"/EgfR). Using these established U4A cells, we
| _ analyzed'thé EGFR—dependeﬁt STAT1 and STATS3 tyrosine phosphorylation by |
Iimmunolﬁlotting (F igure 7). In the absencé of JAK1, little or no response of STAT3 |
' activity over basal background was induced by the stimu]atibn of TGF_U. (Figure 7, left
panel row 3, lane 7) and co-stimulation by TGFa. and arsenite did not change the activity
of STAT3 (Figure 7, left panel, row 3, lane 8). Conversely, the activity of STAT] was:
induced by TGFa stimulation under the same condition (F igure 7, left panel, top row,

lane 7). In contrast to STAT3, the activity of STATI was enhanced by co-stimulation -
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with TGFa and arsenite yvithout JAK 1 (Figure 7, left panel, top row, compare lane 7 to
8). 'Co-expression of JAIél ond EGFR restored the ineiuction of STATS3 activity by
TGFa (Figure 7, nght panel, row 3, lane 7) and co-stimulation by TGFa. a_n_d arseniteI
.further increased thel;hoslphoryiation of STATS3 (right panel row 3, lane 8). However,
~ the STATI1 response to the stimulation of TGFa in U4A cells expressing both JAK1 and
EGFR (U4A JakI*/EgfR) was similar to JAKl-nuIl cells (U4A Jakl/EgfR) (top Tow,
‘compare lane 7 in leﬁ and right panels). Comparnng the differences between the
responses of STAT3 and S'I’ATI to the EGFR elctwatton with or without JAKl
expression, we found that JAK1 presence is essential for STAT3 actwatlon by EGFR and
| is requn‘ed to maximize the activity of STAT3 coupled to EGFR actzvatlon The result of
increased STAT3 phosphorylatlon in response to the co—stnmulahon (Flgure 7, right
panel, row 3, lane 8) is ¢orrelated with the increased fonnat_xon of STAT3:STAT1 | _
heterodimers in JAK 1-positive cells (A431 and U4A JakI*/EgfR, see EMSA results in
F.i.gurc.B and Figure 8B). |
Further, we used EMSA to anolyze the effects of .arsenite on the activation of o
STATI1 and STAT3 by EGFR. In J.AKl-_nuil cells stably express'ing EGFR (U4A JakI
/EgfR), we founel that the JAK1 depletion signiﬁcantly impnii'ed the activity of STAT3 in
" response to the TGFo stimulation. The ligand-induced formation of STAT3:STAT3
homodimers and STAT3:STAT1 heterodimers were weakly deteeinble (Figure 8A, lane '
7). However, in the absence of JAK1, it appears that the low levels of arsenite exposnfe
still slightly.increased the formation of STAT3:STAT3 and STAT3:STAT]1 (Figure 8A,
compare lane 7 to lane ﬁ, 9. and 10). Our results indicate that fhe role of JAK] in the

EGFR activation of STAT3 is necessary but not exclusive. High levels of exposure to
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arsenite suppressed the activity of STAT3:STAT3 (compare lane 7 - 12). In contrast, co-
stimulation of arsenite and TGFa increased the activity of STAT1:STAT1 homodimers
in a dose-dependent manner (Figure 8A, compare lane ?-12). In JAK1-null cells with
. ﬁGFR-(U4A Jakl/EgfR), costimulation by arsenite (high levels)) and TGFa did not -
enhance the activity of STAT3:STAT1 heterodimers (Figure 8A, lane 11 and 12,
compare Figure 8A to Figure 8B and Figure 3). Without EGFR expression, no altered
activity of either STAT3 or STAT1 was de_tecfed (Figure 8A, lane 1-6). |
Next, we analyzed the activity of STAT1 and STAT3 in JAK 1-restored U4A cells
(U4A Jakl” anci U4A JakI*/EgfR) (Figure 8B). With the EGFR expression, TGFuI
stimulation induced dominant formation of the STAT3:STAT3 homodimers and
| STAT3:STATI heterodil;nerg (Figure 8B, lane 7). The ljgand co-stimulation with low
levels of arsenite enhanced thc. formation of STAT3:STAT3 homodimérs and
STAT3:STAT! heterodimers (Figure SB,. compare lane 7 to lane 8, 9 and. Iﬁ, arsenite <
200 uM). However, further inércase in the concentrations of sodium arsenite abolished
the formation of STAT3:STAT3 homodiﬁers and promoted the foﬁnation of the o
STAT1 :STAT] homodimers (Figure SB; compare lane 7-14). In addition to
STATI :STAT], formation of STAT3:STATI heterodimers was also increased along with
the increase of arsenite exposure (Figure 8B, compare lane 7-14). In the absence of
' EGFR, little or no effect of arsenite on the activity of STATs was found, indicafing that
the altered STAT1 and STATS3 activity by arsenite is an EGFR-dependent event

(compare lane 1-6 with lane 7-12).
Discussion:
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The main ﬁnding_of this study is that arsenite-induced EGFR activation results in
- a shift from a STAT3 to a STAT] activity dominant p‘attem. The dominant activity shift
from STAT3 to ST_@T] is a combined result that reflects the synergism of arsenite with |
ligand act.i_vati'on of the E(I}FR.and the inhibition of JAK1 and c-Src by arsenite (seé _
‘schematic model, Figure 9). Our data de_monstrhté that, in the absence of TGFa, arsenite
can activa'te.EG._FR; they also show that co—acti@ation .of EGFR by arsenite and TGFa |
changes the aétiirity'; ratio of STAT3 to STATI {compare‘;d to‘ ligand alone). Our data
define a pré_vioﬁsly r‘l'.l.xﬁ'ec.‘fognize:cl pathway _for tlllxe différential activation of STATI and
STATS3 by the EGFR. In this process, the JAK1 and c-Src kinases are essential for
modulating the EGFR in the activation of STAT3. Arsenite can inhibit JAK tyrosine
kinase alctivity in vitro_anlci' invivo (11). The inhiﬁ_ition of B_GFR}JAKZ (JH1) chimeric
kinase by arsenite indicqfcs‘ that arsenite inhibition of JAK kinase is likely a result of | |
'. dircét action on the JH]1 éatalyﬁc domain. In EGFR positive cells, c-Src displays_a |
uniciue .biphasic response to arsenite,. reﬂécting Both an EGFR activity-dependent
activation and a direct inhibitory action of arsenite.
~ Although it has been suggﬁsted that activation o.f STAT proteins by the EGFR
requires the cooperatigﬁ of the EGFR intrinsié kinase activity with JAK1 and c¢-Src, our .
analysis demonstrates that the EGFR alone is sufﬁcien_t for the activation of STAT1
while JAK1 and/or c-Src are necessary for the maximal activation of STAT3 downstream
'_ of the EGFR. Maﬁy inyestig’ators have shown that EGFK JAK1, or c-Src alone c;an
activate STAT3 (9,24,38,44,52) but other studies also indicate that the coordinated |
activation of EGFR togethcr with the activity of c-Src and JAK1 may be necessary for

S_TATS’_ activation (18,37,39). Our data favor a model in which STAT3 and STAT]I are
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the direct substrates of EGFR, but the receptor-dependent a&ivation of ﬁon-rec:cptﬂ
tyrosine kinases (JAK1 and c-Src) further enhances STAT3 activation by the EGFR |
(Figure 9). In ﬂlis'model, autophosphorylatibn of EGFR induced by ligand binding results
in the assoéiation of STAT proteins and the activation of JAK1 and c-Sc. Activated
JAK1 and ¢-Sre, in turn, increase the EGFR kinase actmty and further facnhtate receptor |
recruitment of STAT proteins, part:cularly STATS3.

Our data show that the presence of JAK] and c-Src kinase activity is essential for.
the activation of STAT3 by EGFR. The inhibition of c-Src and JAKI kmase by arsenltc
appears to be the direct mhlbltory action of arsenite on the kinases. However we can not
rule out the possibility that JAK1 or c-Src can serve as the "adaptor protein" to facilitate
 the interaction of STAT3 with EGFR, which are disrupted by hig_her-level_expoéure to
arsenite. It is also possible thlat' arsenite-_écﬁvated EGFR may trigger a feedback loop that .
negatively regulates the functions of JAK1 and c-Src; or that the interaction between
EGFR and STAT proteins caﬁ be directly regulated b)lf arsenite exposhre.

Our findings suggest that JAK1 and/or c-Src serve as a switching poiﬁt for the
~ determination of EGF proliferative/apoptotic signals. Biologically, aberrant activation of

-EGFR is'ass.ociate'd with malignant progression and poor prognosis (15). Tumbrigehesis
Ii.nduced.by EGFR activation is, in part, a result of increased activity of STATS3.
- Clinically, aberrant STAT3 activity and the EGFR have been targeted _fdf therap'cﬂticﬂ
intervention (4,7,26,34,43,45). For EGFR ligand-dependent cell. cycle arrest, it has been
demonstrated that the activation of STAT1 is a key factor for ﬁe EGFR-induced cell
growth suppression (5,6,23). Thus, the activify balance of STAT1 and STAT3 as

downstream mediators in relaying EGFR signaling may determine the biological.
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“consequences of EGFR activity. As a consequence, our results are important in
ﬁnderstanding the underl;}ing mechanism by which EGFR signaling switches from a
proliferation (STAT;3) orientation to an apoptoti_c!éell' growth suppression (STAT1) :

orientation.
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Fighre 1. Effect of arsenilté on the activation of EGFR. A. Immunocomplex of EGFR
kinase activity assay. .Anti-E_GFR immundr_:omp_lexcs ‘were prepared from treated A431
'cellé and was asselssé'ci for the EGFR activity by an in vitro Kinase assay (see Matéfials &
Métﬁods). Lane 1-4 of tlop roﬁ shows thé incorporation of 32p in the EGFR protein (lane
1: no treatment com_rol;_ lane 2: TGFa alone; lahe 3: .arsenite alone; lane 4: costimﬁlation
of TGFa and ar#eniie}.’ Bottom row is the immfunoblot of EGFR protein as a measure of
protein Ioa;iing. B. lk_e;:;::oinbinant EGFR prpteinlkinasg activity assay. Recombinant '
EGFR prdteiﬁ (1 unit per reaction) was incubated directly with [y-nPj-ATP and diﬁ'érent
concentrations of arsenite in vitro. Lanes 1, 2, and 3 are recombinant proteins incubated

- with arsenite alone: Lanes 4, 5, and 6 are the EGFR co-incubated with arsenite and

 additional TGFa. (30 ng/ml)..

Figﬁre 2. Effects of arsenite on phosphorylation of individual tyrosine site within the
EGFR intracellular tail. C]ariﬁed_whﬁle celi lysates fmm treated A431 cells were
resolved with 7.5% SDS-PAGE gel and s_.ubjcc_ted to immunoblofting. Each of the five
major tyrosine autophosphorylation sites With.in the EGFR intracellular tail was ahalyzed
using the antibodies respectively recognizing each tyrosine residue (pY992, pY 1068,
pYl 086,. pY1148 and pY1173). Samples in left panel were treated with arsenite pﬁly
(lane 2-6) with no treatment control in lane 1. In right panel, lane 1 is the sample treatéd
with TGFa only. Lanes 2-6 in.right panel are cells co-stimulated by arsenite and TGFa. .

The level of the EGFR protein was assessed (bottom) as a loading control.
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Figure 3. EMSA analysis of arsenic éff_ects on the activity olfl STAT prdfcins in A431

cells. Whole cell extracts from treatéd A431 cells were assessed for STAT3 and STATI
activity by EMSA (KSIE probe). Lanes 2-6 are the extracts with treatment by arsemte

' alone w1th no treatment control in lane 1 Lanes 8-12 are the extracts w1th co-smnulatlon

by arsemte and TGFa. with the treatment of TGFa alone in lane 7. Lane 13 and 14 are the
“supershift” resu‘lts using an extract .co-stlmu]ated by arsenite and TGFa (same as ]ane
12). Three active forms of STAT dimers co-mlgrated with the probe are mdlcated by
arrows: the homodimers of STAT3:STAT3 (3:3), heterodimers of STAT3 STATI (3 l),

and homodlmers of STATI:STATI (1:1).

" Figure 4, Effects of arsenite on the association of STAT3 and STAT1 with the EGFR.
The anti-EGFR immunocomplex BromtreatsiAd iacdlis were resolved with 7.5% SDS-
PAGE gel and analyzed for the a35001at10n of STAT1 and STAT3 with thc EGFR by |
mlmunoblot Left panel is the cells treated by arsenite alone with no treatment control in
lane 1. Right panel is the cells co-stimulated by arsenite and TGFa w1th ligand - |

| stimﬁlation only in lage 1. Top row: immunoblot of pY705 STAT3; Row 2: immunoblot
of genenc STAT3 protein; Row 3: xmmunoblot of phosphorylatcd pY701 STAT1; Row
4; 1mmunoblot of generic STAT] protem Row 5: 1mmunoblot of phosphorylated EGFR i

- (pY1173); Row 6: immunoblot of generic EGFR as a control.
Figure 5. Effect of arsenite on the activity of JAK kinase. A. Schematic structufe of

EGFR!JAK chi_mera. The fusion protein is composed of an extracellular/transmembrane

portion of EGFR and a kinase domain (JH1) of JAK2 tyrosine kinase as the intracellular
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tail. Receptor dimerizatiqn is mediated by the EGFR portion, which induces the
intrﬁcellular tail autophdfgﬁhbtylati_on by the intrinsic fyrosine kinase activity of t JAK2
kinase (JH1) domain. B. The anti-EGFR (gmi-emace'}_lular portion of the EGFR, Upstate)
_ immdnocomplexesl :\';;éx_'e ].I'nrepared from transfected 293T cells and immunoblotted Iwith
anti-JAK2 antibody recognizing the carﬁoxyl epitope within the JH1 domain (bottom
row). The tyrosi_r_le phosphorylation of the chimeric pfotein was immunoblotted with anti-
phosphotyrosine antibody (PY99) (top row). Lélft lane is the control without arsenite

treatment; right lan'é'i.s the result treated with 460 pM sodium arsenite for 1 hour.

Figure 6. Regulation of c-Src activity by arsenite. A. Anti-c-Src immunocomplexes were
'prepare;:l from treated JAK] -null cell lines with 6r without expression of EGFR |
(Materials & Methods). The c-Src-containing immunocomplexes were assessed for the c-
Src tyrosine kinase activity by Ikinase labeling with ['y-?zP]-ATP in vitro. Each reaction
céntaiﬁs an aliquot of c-Src immunocomplex, recombiﬁ_ant substrate Samé68 (0.3 pg), and
[y-**P]-ATP. The reactions were resoived with 7.5% SDS-PAGE gels and the *°P
incorporation into .the c-Src'(top row) and Sam68 (second row) was visualized by
autoradiographf. Lanes 1-5 are JAK1-null cells with'expression 6f EGFR (U4A JakI’
/Eg)‘R); and lane 6-10 are the mocking control of JAK 1-null stable cell line (U4A Jakl’).
Lane 1 (U4A Jaki/EgfR) and lane 6 (U4A JakI) are cell_s treated .with TGFa alone. Blot
of c-Src protein is shown at the bottom as the control. B. Recombinant c-Src protein was
co-incubated in vitro difected with sodium arsenite and the kinase activity was labeled by
[y-**P]-ATP. Each rcaction.contains relcombinant c-Sre (1 unit), recombinant Samé68 (0.3

ng), [y-"P]-ATP and different amount of arsenite. **P incorporation into the c-Src and
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Sam68 were visualized by autoradiography. Top band: *P iﬁcorporation in c-Src; bottom

band: *?P incorporation in Sam68.

oy Figure 7. Requirement of JAK1 in the activation of STAT3 by EGFR.

Innnunc;complexes of anti-STAT3 and_aﬁti—STATl from cells with or withou.t.JAKl and
EGFR were assesé.ed for the activity of STAT3 and STATI. Left panel is the result from |
JAK1-null U4A cells with EGFR (U4A 'JakI'/IngR, lane 5-8); or without EGFR (U4A
Jak} . laﬁe 1-4). Right panel is the result of JAK 1-restored U4A cells with EGFR (U4A
Jakl”/EgfR, lane 5-8); or without EGFR (U4A Jakl”, lané 1-4). In both left and -right
panels, lane 1 and 5 are cells with no treatment. (controls); lane 2 and 6 are éells treated
with arsenite alone; lane 3 and 7 are cells trcated with TGFa a]ong; and lane 4 and 8 are
cells treated by arsenite and TGFa. From top to boﬁorﬂ, row 1: blot of .pY’?Ol_STATl;
row 2: blot of generic STATI; row 3 blot of pY705 SITATS; row 4: blot 6f generic '

STAT3.

Figulre 8. Analysis of STAT activity by EMSA. A.EMSA result of STAT activity from
JAK1-null U4A cells. JAK]-nulll UA4A cells with EGFR (U4A Jakl/EgfR, lane 7-12) or
)%fitllout EGFR (U4A JaklI’, lane 1-6) were stimulated by arsenite and TGFa.. Lane.l and

i ; are cells treated with TGFa alone. Lane 13 and 14 are the “supershift”. result éf fcaction
incubated with additional 1ug STAT1 (lane 13) or STAT3 (lane 14). Three act_i\}e STAT
dimers co-migrated with [y-"2P]-labeled probe (hSIE) are indicated by arrows. ﬁottom'
panels are immunoblots of the STAT1 (top row) and STAT3 (bottom row) for the control

purposes. B. EMSA result of STAT activity from JAK 1-restored U4A cells. Similarly,
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JAK 1-restored U4A cells with EGFR (U4A Jak! */EgfR, lane 7-12) or without EGFR
(U4A Jakl®, lane 1-6) were stimulated by arsenite and TGFa.. Lane 1 and 7 are cells

treated with TGFa alone. Lane 13 and 14 are the “su;iershiﬂ” results. Western blots f(;r _

the STAT3 and STAT]1 of the extracts are shown at the bottom (top row: immunoblot of

'STAT1; bottom row: immuhoblot of STAT3). |

Figure 9. Schemati¢ model of amenite-mediateéll distinct activation of STAT3 and
STATI1 by EGFR. I::'igﬁnd binding induces EGFL( dimerization. Dimerized EGFR results
- in autophosphorylation of EGFR and activation of downstream non—récepfor tyrosine
kinases JAK1 and c-Src. Activated JAK 1 and c-Src further enhance EGFR interaction
with STAT proteins and réceptor—proximal recru.i.tment. The recruited STAT proteins aré
phosphorylated.by EGFR- mﬁnsic kinase and can be further enhanced by orchestral : |

.' activity from activated JAKl aﬁd ;:-Src. The functional_ cooperation between EGFR
intrinsic kinase activity and JAK1/c-Src is neces-sary fo:; maximal activation of STAT3.
Arsenite synergistically increases ligand-induced EGFR activity. However, arsenite
exerts direct inhibitory action on JAK1 and c-Src. Inhibition of JAK1 and c-Src
subsequently blocks thc STATS3 activation by the EGFR. In contrast, EGFR is sufficient
for activation of STAT1. As a consequence, the c;:)mbined result of arsenite upregulation
of EGFR activity and inhibition of JAK1 and c-Src leads to the activity shift from STAT3

to STAT1 dominant in response to the activation of EGFR.
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' Summary of Meeting
The study of the Jak-Stat sngnahng pathway has now reached an extremely sophisticated level. Nevertheless.

significant new insights continue to rapidly emerge involving either novel pathway components or novel actions of
known pathway components that have profound influences on signaling through both the Jak-Stat pathway as well as
other signaling pathways. Recent work has also shown that Jak and Stats are evolutionarily conserved signaling
molecules that regulate a diverse group of fundamental processes ranging from stem cell renewal and embryogenesis
to organogenesis and development of hematopoietic and lymphoid cells. Furthermore their roles in preventing or
promoting infectious, malignant and autoimmune diseases have now become areas of intense study and exciting new
findings are being made in these areas that have w[de appilcablhty to several fields of biology.

"~ The goals of this meeting are as follows

- Identify novel interactions between members of the Jak-Stat pathway not only with one anolher but also with receptors
and components of other signal transduction pathways with special emphasis on positive and negatlve acting
mechanisms that regulate Jak-Stat pathway signaling.

- Define the roles of the Jak-Stat pathway andits components in development of primitive and higher organisms with
special emphasis being placed on'model genetic organisms and on the hematopoietic and immune systems.

- Discuss the various protective versus disease-promoting effects of the Jak-Stat signaling pathway in infectious and

neoplastic diseases.
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m STAT2 nuclear trafficking

Gregg Banninger and '1'\Iancy C. Reich, Department of Pathology,
Stony Brook University, Stony Brook, N, USA, 11794

STAT?2 is a transgription factor that is critical to a cell’s innate
response to virus infection. Localization is often crucial for the
proper function of a protein, STAT? resides primarily in the
- cytoplasm and interacts constitutively with a non-STAT protein,
‘interferon regulatory factor-9 (IRF-9). Our studies demonstrate that
IRF-9-STAT?2 complex can shuttle in and out of the nucleus. IRF-9
contains a constitutive NLS that targets the complex to the nucleus,
but a strong C-terminal NES within STAT? rapidly exports the
éomp]_ex-back to the cytoplasm. This leads to a cytoplasmic pool of
STAT2-IRF-9 to allow for a rapid response to extracellular signals.
In response to type I interferons (IFN-0/B/w) STAT1 and STAT2
become tyrosine phosphorylated and dimerize. Dimerization leads to
the creation of an additional NLS and targets the STAT1-STAT2-IRF-
9 complex to the nucleus, where it binds DNA and activates
transcnpllon_ Nuclear STAT? is subsequemly redistributed to the
nucleus, allowing for continued response to extracellular signals. We
are currently investigating the biological significance of STAT2-IRF-
9 shuttling.

'BT9 7AB

. . has been implicated in a number of important cellular functions including

-IRF-7 compared to a scrambled control.

Saturday, April 17: Pr;-slér Session 2 Poster Abstracts
202

IRF-7 Plays a Key Role in the BRCA l:"lnterferon YMedlated
Apoptotic'Response

rd

-

Buckley N, E,, Mullan PB.; Andrews HN, McW:lilams 8 Qumn 1E,
Kennedy, R.D., Johnston, P.G,, and Harkin, D.P.
Dept. Oncology, Queen’s University Belfast, Belfsst, Northem Ireland.

o/ ARL

BRCAI encodes a tumour suppressor gene that is mutated in the germline of :
women with a genetic predisposition to breast and ovarian cancer. BRCAI

DNA damage repair, transcriptional regulation, cell i:ycle control, and more
recently, ubiquitination. Using an Affymetrix U95A microarray IRF-7 was
identified as a BRCA1 target and it was also 'shown to be synergistically up-
.regulated by BRCAL1 in the presence of interferon-y (IFN-y), but not
interferons -a: or -B. This was accompanied by a synergistic induction of -
apoptosis. Transient transfection of three IRF-7 isoforms, IRF-7A,Band C
caused a decrease in cell proliferation compared to empty vector control |
implying that IRF-7 may play a role in the observed apoptosis. We have
shown that there is protection from the BRCA1/IFN-y mediated growth
suppression when cells are treated with siRNA directed spec:ﬁca]br agamst

) @uLanpl

It has been shown that BRCA1 can interact with STAT-1 to differentially
activate transciption of a subset of IFN-y target genes. We have shown, using
STAT-1 specific siRNA and the pharmacological STAT-1 inhibitor, MTA, that
STAT-1 plays 2 key role in the synerglsnc induction of IRF-7 by BRCA and
IFN-y.

e 4 c;,j)/v;ﬂ:?@

2

This work has been funded by the European Social Fund and Cancer Research
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m Deacetylase activity is essential for interf
gene transcription, acting at a step dnwnstrum of ISGF3 assembly op target
promoters :

Hac-ming Chang, Matthew Paulson, Michelle Holko, Bryan R. Williams, Isabelle Marié,

and David E. Levy

Departments of Pathology and Microbiology and NYU Cancer Institute, New York

University School of Medicine, New York NY 10016; Rockefeller University, New York
- NY 10021; Department of Cancer Biology, The Cleveland Clinic, Cleveland OH 44195

IFN-stimulated gene expression is mediated by the ISGF3 transceription factor
complex, composed of tyrosine phosphorylated Stat] and Stat2, in conjunction with the
DNA binding protein, IRF9. While Stat2 has been shown to contain the majority of the
transactivation potential of ISGF3, the mechanisms of target gene activation are
incompletely defined. We report a requirement for a histone deacetylase (HDAC) activity
for ISGF3 function, Trichostatin A (TSA), a general inhibitor of HDACs, impairs
mlerferon stimulated gene (lSG) expression, suggesting that deacetylase activity is

i in this transcripti Microarray studies demonstrated the genera]ll} of
Lhe inhibition of ISG expzesswn by TSA. Our data showed that TSA does not impair
STAT1 STAT2, or IRF9 abundance or stability, IFN-stimulated phosphorylation, or
nuclear retention. Electrophoresis mobility shifi assays similarly detected no impairment -
of ISGF3 integrity or DNA binding ability in TS A-treated cells. Recruitment of 1ISGF3 to
chromatin in vivo was further confirmed by chromatin immunoprecipitation (ChIP)
assays that showed that ISGF3 assembly was not abrogated by TSA. However, the
transactivation capability of STAT2 was impaired by TSA, as demonstrated by reporter
assays using Gal4-Stat2 fusions. Additional structurally unrelated HDAC inhibitors, such
as valproic acid and HC toxin, also inhibited ISGs expression, demonstrating that the
inhibition of 1SG expression is mechanism based, requiring the catalytic activity of
HDAC(s).

n of 18G expression by impaired HDAC activity resulted in a sevelley
compromised antiviral state, as demonstrated by the inability of IFN to block hepatitis C
viral replication without active HDAC function. Other inducible transcriptional processes
also required HDAC activity, including induction of some IFN-y target genes dependent

on phosphorvlated Stat] and induction of virus-stimulated genes, dependent on activated

IRF proieins. These results suggest that the requirement for deacetylase activity may be &
general mechanism for regulating rapidly stimulated gene expression.

m Distinct Activation of the Stat1 and 8tat3 by the

Epidermal Growth Factor Receptor

Haiyun Cheng, M. L:cberman Baylor College of Medlcme, Houston,

: Texas 77030

Ligand binding to the epiderma_] growth factor (EGF) receptor
triggers various signal transduction pathways including activation of
signal transducer and activator of transcription (STAT) factors as
well as non-receptor tyrosine kinase JAK 1 and c-Src. In this report,
we show that the activation of different STAT isoforms (STAT3 &
STAT1) by the EGF receplor involves different mechanisms.
Physiologically, STAT3 is the major STAT isoform associated with
the EGF receptor activation afier ligand (TGFa or EGF) stimulation.
Exposure to arsenite induced EGF receptor activation. However, co-
stimulation with arsenite and TGFo or EGF resulted in a complete
shift from a STAT3 to a STAT1 dominant activity pattern. Despite
the fact that arsenite has synergism fo the ligand-induced activation
of EGF receptor, the activity of downstream JAK1 and c-Src is
downregulated by high-level arsenite treatment. Here, we provide
evidence that non-receptor tyrosine kinases are necessary for a
maximal activation of STAT3 in the EGF receptor pathway. The
shifi of STAT3 to STAT1 activity in the activated EGF receptor
pathway is a combined result of arsenite-activation of the EGF
receptor and arsenite-inhibition of JAK1 and c-Src. Our study
defines the molecular basis for the distinct activation of different
STAT isoforms in the EGF receptor pathway and reveals two
independent roles of the arsenite in the EGF receptor pathway: (1}
arsenite activation of the EGF receptor; {2) arsenite inhibition of the
JAK and c-Sre.

Jaks and Stats ( : ' 59



The regulation of STAT distinct activation by the epidermal growth factor receptoris still
active. Our recent dlscovcry is novel and revealing the important regulatory pathway for
the activation of STAT" proteins. Because of its potential implications in further
understanding of EGFR-STAT signal pathway; and most importantly, new strategy for
the designs of therapeutics in the treatment of dancer or infectious diseases, the project is
certainly innovative and NIH fundable. We have submitted to the NIH a full application
(R21) on June 1%, 2004 and are expecting enthusiastically the evaluation.

Haiyun Cheng, M.D.; Ph D.
Assistant Professor = .
Pathology

- Baylor Collegc of Medlcme

July 18, 2004



