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T he signal transducer and activator of transcrip-
tion (STAT) family of proteins was originally dis-
covered as latent cytoplasmic transcription fac-

tors that mediate cytokine and growth factor responses
(1, 2). Seven members of the family, Stat1, Stat2, Stat3,
Stat4, Stat5a and Stat5b, and Stat6, mediate several
physiological effects including growth and differentia-
tion, survival, development, and inflammation. STATs
are SH2 domain-containing proteins. Upon ligand-
binding to cytokine or growth factor receptors, STATs be-
come phosphorylated on critical Tyr residue (Tyr705 for
Stat3) by growth factor receptors, cytoplasmic Janus ki-
nases (Jaks), or Src family kinases. Two phosphorylated
and activated STAT monomers dimerize through recipro-
cal pTyr-SH2 domain interactions, translocate to the
nucleus, and bind to specific DNA-response elements
of target genes, thereby inducing gene transcription
(1, 2). In contrast to normal STAT signaling, many hu-
man solid and hematological tumors harbor aberrant
Stat3 activity (see refs (3–8) for reviews). Constitutive
Stat3 activity mediates dysregulated growth and sur-
vival, angiogenesis, as well as suppresses the host’s im-
mune surveillance of the tumor, making constitutively
active Stat3 a critical molecular mediator of carcinogen-
esis and tumor progression.

Genetic and other molecular evidence reveals persis-
tent Tyr phosphorylation of Stat3 is mediated by aber-
rant upstream Tyr kinases and shows cancer cell re-
quirement for constitutively active and dimerized Stat3
for tumor maintenance and progression. Thus, in numer-
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ABSTRACT Stat3 is hyperactivated in many human tumors and represents a
valid target for anticancer drug design. We present a novel small-molecule Stat3 in-
hibitor, S3I-M2001, and describe the dynamics of intracellular processing of acti-
vated Stat3 within the context of the biochemical and biological effects of the Stat3
inhibitor. S3I-M2001 is an oxazole-based peptidomimetic of the Stat3 Src homol-
ogy (SH) 2 domain-binding phosphotyrosine peptide that selectively disrupts active
Stat3:Stat3 dimers. Consequently, hyperactivated Stat3, which hitherto occurs as
“dotlike” structures of nuclear bodies, undergoes an early aggregation into non-
functional perinuclear aggresomes and a late-phase proteasome-mediated degra-
dation in malignant cells treated with S3I-M2001. Thus, S3I-M2001 inhibited Stat3-
dependent transcriptional regulation of tumor survival genes, such as Bcl-xL.
Furthermore, Stat3-dependent malignant transformation, survival, and migration
and invasion of mouse and human cancer cells harboring persistently activated
Stat3 were inhibited by S3I-M2001. Finally, S3I-M2001 inhibited growth of human
breast tumor xenografts. The study identifies a novel Stat3 inhibitor, S3I-M2001,
with antitumor cell effects mediated in part through a biphasic loss of functional
Stat3. The study represents the first on intracellular Stat3 stability and processing
following inhibition by a small molecule that has significant antitumor activity.
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ous proof-of-concept studies (9–13), inhibition of Stat3
activation or disruption of dimerization induces cancer
cell death and tumor regression. How aberrant Stat3 is
regulated for meeting the tumor-specific requirements in
malignant cells remains undefined. There have been
no studies into defining the molecular details of how
malignant cells regulate aberrant Stat3 and how this
regulation changes upon Stat3 inhibition prior to the on-
set of phenotypic changes, although knowing these
events will facilitate efforts in modulating aberrant Stat3
for managing human cancers. Small-molecule Stat3 in-
hibitors thus provide tools for probing the molecular dy-
namics of the cellular processing of Stat3 to under-
stand Stat3=s role as a signaling intermediate and a
molecular mediator of the events leading to carcinogen-
esis and malignant progression.

The computational analysis of the interaction be-
tween the Stat3 SH2 domain-binding pTyr peptide se-
quence and the SH2 domain, per the X-ray crystal struc-
ture of Stat3� bound to DNA (14), can generate valuable
information about key structural requirements for the
Stat3:Stat3 dimer formation that will facilitate the de-
sign of effective small molecules to disrupt the dimer.
Such molecules can be used for therapeutic purposes
and as tools for investigating the regulation of Stat3 pro-
tein. In the molecular modeling of the Stat3 pTyr-SH2
domain interaction, the peptidomimetic inhibitor, ISS
610 (10) derived from the Stat3 SH2 domain-binding
pTyr (Y*) peptide, PY*LKTK (9), was used as a chemical
probe for interrogating the Stat3:Stat3 dimer interface in
order to derive nonpeptide mimics. We describe the de-
sign and characterization of an oxazole-based peptido-
mimetic, S3I-M2001, as a selective disruptor of Stat3:
Stat3 dimerization and inhibitor of Stat3 activation and,
the study of the stability and intracellular processing of
aberrant Stat3 within the context of the activity of S3I-
M2001 as a Stat3 inhibitor.

RESULTS AND DISCUSSION
Computational Modeling of the Stat3 SH2 Domain-

ISS 610 Complex. Close structural analysis of the low-
est genetic optimization for ligand docking (GOLD) (15)
conformation of ISS 610 (yellow) (IC50 � 42 �M for inhi-
bition of Stat3:Stat3) (10) bound within the Stat3 SH2

domain (Figure 1, panel a), per the
X-ray crystal structure of Stat3�

(14), indicated key structural re-
quirements for hydrophobic,

hydrogen-bonding, and electrostatic interactions critical
for tight binding. Appropriate candidate binders are suit-
ably substituted heterocyclic systems that reproduce
the critical ISS 610-Stat3 interactions. Hence, S3I-
M2001 (Figure 1, panel b), which contained a central ox-
azole core with two hydrophobic substituents to
complement the relatively hydrophobic protein surface
and a pTyr group to bind to the phosphate recognition
residues of the third pocket, and which superimposes
well with the parent ISS 610 docked into the same SH2
cavity (Figure 1, panel a). Docking studies of S3I-M2001
identified significant complementary interactions be-
tween the protein surface and the molecule. The pTyr
moiety is bound tightly within a hydrophilic cleft com-
posed of Arg609, Ser613, and Ser611. This important
contact may predetermine the subsequent orientations
of the two lipophilic groups within the hydrophobic re-
gions of the SH2 domain. The naphthyl appendage
makes significant contact with the Ile634 side chain,
and the lipophilic hexyl substituent is partially encased
within a hydrophobic channel composed primarily of
Phe716 and Trp623. Positive cooperativity may exist be-
tween these subunits to provide a highly potent bind-
ing agent for the SH2 active site. (See Supporting Infor-
mation, Results and Discussion for more on this
subject.)

Stat3-Inhibitory Property of S3I-M2001. Per DNA-
binding assay/electrophoretic mobility shift assay
(EMSA) analysis (see Methods for details), S3I-M2001
favorably disrupts Stat3 activity in vitro in nuclear ex-
tracts containing activated Stat3 (Figure 2, panel a, left)
or in lysates from Sf-9 cells containing activated Stat3
(Supplementary Figure S1), and preferentially inhibits
Stat3 activity over Stat1 by 2-fold (IC50 values (�M),
Stat3:Stat3, 79 � 09; Stat1:Stat3, 92 � 11; and Stat1:
Stat1, 159 � 06) (Figure 2, panel a, middle and right).
Similarly, per DNA-binding assay/EMSA analysis
(Figure 2, panel b), SDS-PAGE/Western blot (Figure 2,
panel c) and immunocytostaining (Supplementary Fig-
ure S2) analyses, S3I-M2001 inhibited constitutive
Stat3 Tyr phosphorylation and activation in the NIH3T3/
v-Src and the human breast cancer MDA-MB-231 and
MDA-MB-435 cell lines that harbor constitutively active
Stat3 (16–18) (Figure 2, panel b, lanes 1–13, and
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Figure 1. Computational modeling of S3I-M2001 bound to the Stat3 SH2 domain and S3I-M2001 chemi-
cal structure: a) S3I-M2001 (green) docked to the SH2 domain of Stat3, along with Stat3 peptidomimetic
inhibitor, ISS 610 (yellow) (10), and chemical structure of b) S3I-M2001 or c) ISS 610.
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Figure 2, panel c, lanes 1–6), and preferentially inhib-
ited the epidermal growth factor (rhEGF)-induced Stat3
activation over that of Stat1 in the mouse fibroblasts
overexpressing the human EGF receptor (NIH3T3/
hEGFR) (Figure 2, panel b, right). Supershift analysis
with anti-Stat3 antibody shows protein:DNA probe com-
plex contains Stat3 (Figure 2, panel b, lane 8). By con-
trast, the pJak1, pSrc, and pErk1/2 (MAPKs) in NIH3T3/
v-Src fibroblasts are not repressed by S3I-M2001
(Figure 2, panel c, lanes 7–12), indicating minimal ef-
fect on non-Stat3-related proteins. Furthermore, tran-
sient transfection and luciferase reporter studies
showed S3I-M2001 inhibited v-Src-induced Stat3-
dependent pLucTKS3 luciferase reporter, but not the
v-Src-induced Stat3-independent pLucSRE luciferase re-
porter (17, 19), in a similar manner to the effect of the
transient coexpression of the dominant-negative Stat3�

(Figure 3, panel a) (17, 19).
To confirm the disruption of Stat3:Stat3 dimerization,

the previously reported dissociation�reassociation
analysis (9, 10, 20) was performed using pooled cell ly-
sates of independently prepared lysates of activated
Stat1 and Stat3 (details are provided in Supporting In-
formation). Stat1 or Stat3 DNA-binding activity was evi-
dent in their respective cell lysates (Figure 3, panel b,
lanes 1 and 2) and present together in the pooled ly-
sates (Figure 3, panel b, lane 3). Pooled lysate treated
with S3I-M2001 showed a concentration-dependent
diminution of Stat3:Stat3 DNA-binding activity (Figure 3,
panel b, lanes 3–6) ahead of a diminishing Stat1:Stat1
homodimer activity (Figure 3, panel b, lanes 5–7), and
the appearance of an intermediate band corresponding
to Stat1:Stat3 heterodimer activity, which was hitherto
not present (Figure 3, panel b, lanes 5 and 6). The for-
mation of the Stat1:Stat3 band is due to the reassocia-
tion between transient monomers of active Stat3 and
Stat1 (9, 10). The disappearance of the activities for
Stat3:Stat3 (Figure 3, panel b, lanes 5–7) and Stat1:
Stat3 (Figure 3, panel b, lane 7) is due to dimer disrup-
tion, as previously observed for ISS 610 (9, 10), and sug-
gests a preferential disruption of Stat3:Stat3 over Stat1:
Stat1 homodimer (Figure 2, panel a, middle and right).
By contrast, in vitro enzyme-linked immunosorbent assay
(ELISA) study of the pTyr-SH2 domain interaction between
the unrelated Lck SH2-GST and its cognate phosphopep-
tide, biotinyl-�-Ac-EPQpYEEIEL-OH (21) (Figure 3, panel c,
fourth bar) showed minimal effect of S3I-M2001 at 30 or
100 �M (Figure 3, panel c, compare bars 5 and 6 to

bar 4). Thus, S3I-M2001 selectively disrupts Stat3:
Stat3 dimers, thereby inhibiting Stat3 DNA-binding and
transcriptional activities, while not affecting the Lck-SH2
domain function. On whether disruption of Stat3 dimer-
ization inhibits nuclear translocation, immunofluores-
cence imaging/confocal microscopy for the nuclear local-
ization of Stat3 in EGF-stimulated NIH3T3/hEGFR mouse
fibroblasts revealed a strong EGF-induced nuclear stain-
ing of Stat3 in the absence of S3I-M2001 (Figure 3,
panel d, third panel from left), which was significantly at-
tenuated upon treatment of cells with S3I-M2001
(Figure 3, panel d, fourth from left), suggesting inhibi-
tion of Stat3 activation blocks its nuclear localization.

Intracellular Stat3 Processing. Malignant cell require-
ment for persistently active Stat3 for the maintenance
of the malignant phenotype is well-established (17–19,
22, 23). How tumor cells regulate Stat3 to meet this re-
quirement, however, is not defined. Moreover, while the
inhibition of aberrant Stat3 activity results in malignant
cells demise (9–13), the molecular details of Stat3 cel-
lular processing and the fate of the protein within the
context of such an inhibition have not been explored.
Given S3I-M2001’s specific anti-Stat3 properties, it was
used to probe the intracellular processing and localiza-
tion dynamics of aberrant Stat3. Fluorescent microscopy
(Nikon Eclipse TE200) (Figure 4, panel a) and laser scan-
ning confocal microscopy (Figure 4, panels b�e) of the
NIH3T3/v-Src fibroblasts stably transfected with the yel-
low fluorescent protein (YFP)-tagged Stat3 (Stat3-YFP)
plasmid (24) (NIH3T3/v-Src/Stat3-YFP) showed a stron-
ger nuclear Stat3-YFP signal, consistent with constitutive
Stat3 activation (Figure 4, panels a, b, and d, right, and
e). Treatment with S3I-M2001 induced a time-
dependent decrease in the Stat3-YFP fluorescence;
there is no change in signal at 1 h treatment or less,
while an increasing degree of Stat3 fluorescence loss
becomes evident from 2 to 5 h, 100–300 �M S3I-
M2001 treatment (Figure 4, panel a, time t � 0 to 6 h,
left; arrows denote Stat3-YFP signal; Figure 4, panel b,
second column from left compared to first, time t � 0 to
2 h; Figure 4, panel d, right, time t � 0 to 5 h)). Phase
contrast microscopy showed cellular integrity was main-
tained (Figure 4, panel a, time t � 0 to 6 h, right; ar-
rows identify cells remaining or originally positive for
fluorescent signal). Protein degradation can result in
fluorescence signal loss (25). Accordingly, the presence
of MG132 proteasome inhibitor prevented the fluores-
cence loss (Figure 4, panel b, third column from left),
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while MG132 alone has no appreciable effect (Figure 4,
panel b, fourth column from left), suggesting the Stat3
fluorescence decay may involve the ubiquitin-
proteasome degradation pathway. In contrast, similar
studies with the v-Src transformed fibroblasts stably ex-
pressing the non-Stat3 related green fluorescent pro-
tein (GFP) (NIH3T3v-Src/GFP) showed no evidence of
GFP signal change by S3I-M2001 or the proteasome in-
hibitor MG132 (Figure 4, panel c, and Figure 4, panel d,
left), thus excluding the possibility of nonspecific fluo-
rescence quenching or photobleaching. Moreover, im-
munoblotting of whole-cell lysates from NIH3T3/v-Src/
Stat3-YFP fibroblasts showed reduced Stat3-YFP
expression in S3I-M2001-treated cells in 3 and 5 h,
which was similarly partially restored when cells were
cotreated with MG132 (Figure 5, panel a, lanes 3 and 4
vs lanes 5 and 6). That only a partial corresponding de-
crease in total Stat3 protein occurred (Figure 5, panel a,
lanes 3 and 4) suggests a weak proteasome activity
against total Stat3 protein. However, immunoblotting
for ubiquitin of Stat3 immunoprecipitates (i.p.) from
NIH3T3/v-Src fibroblasts showed a strong and time-
dependent increase in the level of Stat3 ubiquitination
following the S3I-M2001 treatment, which occurred in
parallel with partial and strong Stat3 protein reductions
at 5 and 24 h, respectively (Figure 5, panel b). These

findings together raise the pos-
sibility there is an impairment
of proteasome function (26, 27)
at the early hours (�5 h) of S3I-
M2001 treatment and sug-
gests additional mechanisms
contribute to the Stat3 fluores-
cence signal decay.

Protein misfolding can lead
to ubiquitin-proteasome degra-
dation, and aggregation into ag-
gresomes (25, 28–30). Aggre-
somes can lead to fluorescence
signal loss (25) and impair-
ment of proteasome function
(26, 27). Using laser scanning
confocal microscopy, we ob-
served that the specific loss of
Stat3�YFP signal in the
NIH3T3/v-Src/Stat3-YFP that
follows S3I-M2001 treatment
(Figure 4, panel d, right column,

and panel e, right column, time t � 0 to 5 h) is accom-
panied by aggregated bodies, possibly aggresomes of
Stat3�YFP, within 5 h of S3I-M2001 treatment (Figure 4,
panel e, right bottom; red arrow denotes bodies). By
contrast, Cisplatin treatment produced no such effect
(Figure 4, panel e, middle column). Confirming these
data, immunofluorescence imaging/confocal micros-
copy of Stat3 in NIH3T3/v-Src fibroblasts revealed that
in contrast to the strong nuclear fluorescence of acti-
vated Stat3 protein that occurred in “dotlike” structures
resembling nuclear bodies (24) and the low cytoplas-
mic signal in the untreated cells (Figure 6, panel a, con-
trol), a strongly reduced Stat3 fluorescence signal oc-
curred that coincided with the appearance of
perinuclear aggregated bodies, possibly aggresomes in
the S3I-M2001-treated cells within 3 h and later, with a
stronger aggresome formation at 24 h treatment
(Figure 6, panel a, S3I-M2001, time t � 0.5 to 24 h).
Thus, S3I-M2001 promotes the disruption of activated
Stat3 from “dotlike” nuclear bodies (24) into perinuclear
aggresomes, which may explain the apparent low
proteasome-mediated degradation in the early period
of S3I-M2001 treatment. The Stat3 aggresome forma-
tion and signal loss are events specific to S3I-M2001,
because they are not induced by Cisplatin (Figure 6,
panel a, Cisplatin) and occur in the early hours (�5 h)
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of treatment prior to change in cellular integrity (Figure 4,
panel a, and data not shown). The resting of NIH3T3/v-
Src fibroblasts for 2 h following a 5 h S3I-M2001 treat-
ment led to a partial recovery of Stat3 signal, while ag-
gresomes remained (Figure 6, panel b, top, compare
right column vs middle column, 5 h treated cells with-
out recovery vs control), suggesting the effect of S3I-
M2001 still persisted in the 2 h following drug removal.
By contrast, Stat3 immunofluorescence was completely
recovered within 19 h of resting after 5 h of treatment
(Figure 6, panel b, bottom, compare right column vs
middle column, 5 h treated cells without recovery vs
control), either because S3I-M2001’s effect on Stat3
was reversible or that new Stat3 protein was synthe-
sized. To investigate further and to demonstrate the pe-
rinuclear aggresome localization, immunofluorescence
imaging/confocal microscopy was performed on
NIH3T3/v-Src fibroblasts harboring constitutively active
Stat3 to assess the colocalization with Hook2, an adap-

tor protein important for the association of cargos with
dynein for the transport on microtubules and for aggre-
some formation (28). As expected, a strong nuclear
Stat3 staining is observed (Figure 6, panel c, upper left),
which contrasts a Hook2 expression that appears ubiq-
uitous (Figure 6, panel c, upper middle), without any evi-
dence of colocalization. By contrast, S3I-M2001 in-
duced the formation of perinuclear aggregated bodies
of Stat3 (Figure 6, panel c, bottom left), which colocal-
ized with Hook2 (Figure 6, panel c, bottom middle and
right; red arrows denote aggregated bodies), suggesting
a possible association between the two proteins and im-
plicating the Hook proteins in the Stat3 aggresome
formation.

Together, our studies are the first on the localization
dynamics and the molecular mechanisms for terminat-
ing Stat3 function in response to a small-molecule in-
hibitor. Two possible mechanisms may account for the
loss of aberrant Stat3 function: one involves protein
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ubiquitination and an early
aggregation into perinuclear
aggresomes (30), and a
late-phase proteasome-
mediated degradation
event, potentially a “quality
control” mechanism for
Stat3 (31), given its appar-
ent unnatural state pro-
moted by S3I-M2001. The
effects of early aggresome
formation may be revers-
ible, while the late-phase

events are irreversible and lead to a long-
term loss of Stat3 function, with biological
consequences. The perinuclear aggresome
formation also suggests a nuclear-to-
perinuclear exit of disrupted “activated” Stat3
by as yet undetermined mechanisms.

Suppression of Malignant Phenotype and
Tumor Growth. Consistent with Stat3=s im-
portance in maintaining the malignant pheno-
type (17), WST-1 assay (Figure 7, panel a)
and trypan blue exclusion/cell counting (data
not shown) revealed S3I-M2001-induced
growth inhibition and a greater than 2-fold se-
lective loss of viability of the human breast
(MDA-MB-435 and MDA-MB-231) and pancre-
atic (Panc-1) cancer cells, and the NIH3T3/v-
Src fibroblasts, which all harbor constitutively
active Stat3, with IC50 values in the range of
50–100 �M, compared to effects on normal
NIH3T3 fibroblasts, and the human breast
(MDA-MB-453) and pancreatic (MiaPaca-1)
cancer cells that lack aberrant Stat3 (IC50 val-
ues of 120–300 �M) (Figure 7, panel a). Fur-
thermore, S3I-M2001 blocked growth in soft-
agar of the NIH3T3/v-Src and the pancreatic
cancer, Panc-1 cells (Figure 7, panel b), and in-
duced morphology changes in NIH3T3/v-Src
(Supplementary Figure S3), in contrast to no
appreciable effects on v-Ras transformed fi-
broblasts (NIH3T3/v-Ras) lacking constitu-
tively active Stat3 (Figure 7, panel b). Termi-
nal nucleotidyl transferase-mediated nick end
labeling (TUNEL) (Figure 7, panel c) and An-
nexin V binding with flow cytometric analyses
(Figure 7, panel d, first and third pairs of bars)
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Figure 4. Fluorescence with confocal microscopy of intracellular Stat3 signal. Fluorescence mi-
croscopy of the NIH3T3/v-Src fibroblasts stably expressing the plasmids for a) and b) yellow
fluorescent protein (YFP)-tagged Stat3 (NIH3T3/v-Src/Stat3-YFP) or c) green fluorescent pro-
tein (GFP) (NIH3T3/v-Src/GFP) and treated with or without S3I-M2001 for the indicated times
in the presence or absence of the proteasome inhibitor, MG132 (1 h of pretreatment); and la-
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showed strong apoptosis in the NIH3T3/v-Src (3T3/v-
Src) and MDA-MB-231 and MDA-MB-435 cells harbor-
ing aberrant Stat3 and treated with S3I-M2001, com-
pared to minimal effect on normal NIH3T3, human

breast epithelial MCF-10A, breast cancer MDA-MB-453,
and human umbilical vein endothelial cells (HUVEC) that
do not contain aberrant Stat3. Validating that the S3I-
M2001-induced apoptosis is due to interaction with its
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Figure 6. Immunofluorescence with laser scanning confocal imagining of Stat3 aggregation into peri-
nuclear aggresomes induced by S3I-M2001. Immunofluorescence and confocal microscopy of NIH3T3/v-
Src fibroblasts growing in culture treated with or without S3I-M2001 or Cisplatin for the indicated times:
a) fixed and stained with rabbit anti-Stat3 antibody (green) or DAPI nuclear staining (blue); b) allowed to
recover from the effects of S3I-M2001 for 2 or 19 h prior to fixing and staining for Stat3 or with DAPI;
c) fixed and stained with rabbit antibody against Stat3 (green) or goat antibody against Hook2 (blue). Ar-
rows denote aggregated Stat3 and localization of Hook2 protein. Images were captured using Leica TCS
SP5 laser scanning confocal microscope and are representative of three independent experiments.
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molecular target (Stat3 SH2 domain), NIH3T3/v-Src fi-
broblasts (3T3/v-Src) transiently transfected with a plas-
mid encoding the Stat3 SH2 domain (3T3/
v-Src/ST3-SH2) and treated with S3I-M2001 showed di-
minished apoptosis (Figure 7, panel d, compare middle
two bars) compared to mock-transfected (3T3/v-Src/
pcDNA3) (Figure 7, panel d, left two bars) or untrans-
fected cells (Figure 7, panel d, right two bars). More-
over, Western blot analysis showed diminished Bcl-xL
expression, a known Stat3-regulated and antiapoptotic
gene (32), in the S3I-M2001-treated NIH3T3/v-Src and
MDA-MB-435 cells (Figure 7, panel e; in situ immunohis-
tochemical staining in Supplementary Figure S4), sug-
gesting repressed Bcl-xL expression is part of the under-
lying mechanism for the S3I-M2001-induced apoptosis.

Given Stat3=s importance in tumor growth and tumor
progression (33), matrigel assay using Bio-Coat migra-
tion chambers showed significant S3I-M2001-induced

inhibition of the migration of
NIH3T3/v-Src (76%), MDA-MB-
231 (37%), and Panc-1 (21%)
and the invasion of NIH3T3/v-
Src (28%), MDA-MB-231 (48%),
and Panc-1 (38%) cells harbor-
ing constitutively active
(Figure 8, panel a; percent inhi-
bition in parentheses defined
in “Methods” section). Further-
more, in xenograft models of
human breast (MDA-MB-231
cells that harbor aberrant Stat3)
tumor-bearing mice, the i.v. in-
jection of S3I-M2001 at 5, 10,
and 20 mg kg�1, but not vehicle
(control) every 2 or 3 days for
26 days, strongly inhibited
growth of tumors (Figure 8,
panel b). Animals remained vi-
able at the highest (20 mg
kg�1) dose applied. DNA-
binding assay with EMSA analy-
sis and SDS/AGE-Western blot-
ting of lysates from residual tu-
mor tissues extracted from
representative control and
treated mice showed abro-
gated Stat3 activity and pTyr lev-
els in S3I-M2001-treated tu-

mors (T1 and T2) (Figure 8, panels c and d). These
findings together demonstrate S3I-M2001 induces anti-
tumor cell effects and tumor regression in part by target-
ing the Stat3 SH2 domain and inhibiting Stat3-mediated
tumor processes (3, 6, 7, 17, 22, 34, 35). Moreover, S3I-
M2001 compares favorably with other Stat3 SH2
domain-targeting small-molecule inhibitors, including
S3I-201, which was obtained by computational model-
ing and virtual chemical library screening (13), and rep-
resents a significant improvement over its peptidomi-
metic predecessors (10).

We provide the first study of the cellular process-
ing and stability of aberrant Stat3 in malignant cells
within the context of inhibition by a chemical probe
that has implications for the many human tumor cells,
including the human breast and pancreatic cancer
cells that harbor aberrant Stat3. The general applica-
bility of the current study to other previously identified
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Figure 7. Effect of S3I-M2001 on cell viability, malignant transformation, apoptosis, and Bcl-xL expres-
sion: a) IC50 values for the S3I-M2001-induced loss of cell viability determined by WST-1 assay;
b) anchorage-independent growth in soft-agar suspension of malignant cells (NIH3T3/v-Src, Panc-1, and
NIH3T3/v-Ras) treated with or without S3I-M2001 every 3 days; c) TUNEL staining for DNA damage in
normal NIH3T3 and NIH3T3/v-Src, human endothelial (HUVEC), breast cancer cells (MDA-MB-453, MDA-
MB-231, and MDA-MB-435), and the normal breast epithelial MCF-10A cells treated with or without S3I-
M2001 for 48 h, Stat3 activity status is indicated as (�), pStat3 (activated), (�), no Stat3 activity; d) an-
nexin V binding and flow cytometry of NIH3T3/v-Src fibroblasts transfected with empty vector, pcDNA3
(3T3/v-Src/pcDNA3) or the Stat3 SH2 domain (3T3/v-Src/ST3-SH2) for 4 h or untransfected (3T3/v-Src)
and treated with or without 100 �M S3I-M2001 for additional 24 h; e) SDS-PAGE and Western blot
analysis for Bcl-xL in NIH3T3/v-Src and MDA-MB-435 cells. Images shown are representative of two to
three independent studies. Values are the mean and standard deviation of three to four replicate
experiments.
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Stat3 inhibitors, including
the g-quartet oligonucle-
otides (36), peptide
aptamers (37), platinum
(IV) complexes (11, 12),
and STA-21 (NSC 628869)
(38), however, is unclear,
as those other agents have
different modes of inhibi-
tion of Stat3 from S3I-
M2001. Altogether, our
studies establish the proof-
of-concept for the antitu-
mor effects of S3I-M2001
that correlate with disrup-
tion of constitutively active
Stat3:Stat3 dimers, while
using S3I-M2001 as a
chemical probe to investi-
gate the molecule dynam-
ics of termination of Stat3
function following
inhibition.

METHODS
Cells and Reagents. Normal mouse fibroblasts (NIH3T3) and

counterparts transformed by v-Src transformed (NIH3T3/v-Src),

v-Ras (NIH3T3/v-Ras), or overexpressing the human EGFR
(NIH3T3/hEGFR), human breast cancer (MDA-MB-435, MDA-MB-
453, MDA-MB-231 and MDA-MB-468), immortalized human
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Figure 8. S3I-M2001 suppresses malignant cell migration and invasion and inhibits
growth of human breast tumor xenografts: a) Viral Src-transformed mouse fibroblasts
(NIH3T3/v-Src), human breast cancer (MDA-MB-231), and pancreatic cancer (Panc-1)
cells were seeded for studies in migration on filters or invasion on matrigel-coated filters
in Bio-Coat chambers and treated with or without S3I-M2001 (100 mM) for 24. Cells on
the other side of filters were photographed (upper panel) and quantified under light mi-
croscope (lower panel; percent inhibition in parentheses); human breast (MDA-MB-231)
tumor bearing mice were given S3I-M2001 (5, 10, and 20 mg kg�1) i.v. every 2 or 3 days.
b) Tumor sizes, measured every 2 or 3 days, were converted to tumor volumes and plot-
ted against treatment days. c) EMSA analysis of Stat3 DNA-binding activity in lysates
from tumor tissues extracted from one control and two residual treated tumors (T1 and
T2) 3 days after the last S3I-M2001 (5 mg kg�1) injection. d) SDS-PAGE/Western blot
analysis of whole-cell lysates from control or residual treated (T2) tumor tissue and prob-
ing for pTyr705Stat3 and Stat3. Values are the mean and standard deviation of three
independent experiments each in duplicates or replicates of 12 tumor-bearing mice in
each group. Data are representative of two to three independent experiments. Bands of
Stat3:DNA complexes, pStat3, and Stat3 are shown.
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breast epithelial cells, MCF-10A, and pancreatic cancer (Panc-1)
cell lines have all been previously described (9–12, 17, 18,
39). Human umbilical vein cells (HUVEC) were a kind gift Dr. S.
Chellappan of Moffitt Cancer Center and Research Institute
(Tampa, FL). Cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) containing 5% iron-supplemented bovine calf
serum; MCF-10A cells were grown in DMEM:F12 media supple-
mented with 5% FBS, 10 �g mL�1 insulin, 500 ng mL�1 hydro-
cortisone, 20 ng mL�1 EGF, and 100 ng mL�1 cholera toxin.
HUVEC cells were grown in Ham’s F12k medium with 2 mM
L-glutamine containing 1.5 g L�1 sodium bicarbonate and
supplemented with 0.1 mg mL�1 heparin and 0.03 mg mL�1 en-
dothelial cell growth supplement, and 10% FBS. WST-1 viabil-
ity assay reagent was obtained from Roche, and the TUNEL as-
say kit was from BD Biosciences Pharmingen. Each treatment
condition is a single dose at the indicated concentration or 0.1%
DMSO (vehicle) as control. Anti-Hook2 antibody was from Santa
Cruz.

Plasmids. The pLucTKS3 and pLucSRE luciferase reporters
have been previously reported (17, 19).

Compound Synthesis. The design strategy for the construc-
tion of the oxazole scaffold was carried out using standard syn-
thetic procedures, following the principle of rapid incorporation
of structural diversity into an acyclic precursor, with subsequent
late stage aromatization providing the desired heteroaryl array
(40).

Recombinant Baculoviruses, Infection of Sf-9 Insect Cells and
Cytosolic Lysate Preparation. Infection of Sf-9 cells with Stat1,
Stat3, Jak1, and c-Src recombinant baculoviruses and prepara-
tion of the cell lysates containing activated Stat1 or Stat3 have
been previously described (9, 41).

Nuclear Extract Preparation and Gel Shift Assays. Nuclear ex-
tract preparation from cells and EMSA were carried out as previ-
ously described (9–12, 16, 18, 39) (additional information in
Supporting Information). Bands corresponding to DNA-binding
activities were scanned and quantified for each concentration of
compound and plotted as percent of control (vehicle) against
concentration of compound, from which the IC50 values were de-
rived, as previously reported (9, 10, 39).

Immunoprecipitation (i.p.) and SDS-PAGE/Western Blot
Analysis. Whole-cell lysates prepared in boiling SDS sample-
loading buffer, i.p. from lysates using monoclonal anti-Stat3 an-
tibody (Cell Signaling Technology), and the probing of nitrocellu-
lose membranes with primary antibodies and detection of
horseradish peroxidase-conjugated secondary antibodies by en-
hanced chemiluminescence (Amersham Biosciences) were
done, as previously described (13, 17, 19, 41). The probes
used were anti-Stat3 (Santa Cruz), anti-pTyr705Stat3 (Cell Sig-
naling Technology), anti-YFP (Santa Cruz), anti-Bcl-xL, anti-pSrc,
anti-Src, anti-pJak1, anti-Jak1, anti-pEr1/2 and anti-Erk1/2, and
�-Actin (Cell Signaling Technology) antibodies.

Dissociation�Reassociation Analysis. The dissociation�
reassociation analysis with EMSA analysis was performed, as
previously done (10, 20).

Lck-SH2 Domain ELISA Assay. An ELISA assay for the binding
of Lck-SH2 domain with its conjugate phosphopeptide, biotinyl-
�-Ac-EPQpYEEIEL-OH, was carried out, as previously described
(13, 21). Absorbance reading (450 nm) for the peroxidase reac-
tion was determined with an ELISA plate reader.

Fluorescence Microscopy. NIH3T3/vSrc cells either were sta-
bly transfected with Stat3-YFP construct (24) or, growing in 96-
well plates on chamber slides, were transiently transfected with
the Stat3-YFP plasmid (24) using Lipofectamine 2000 for 24 h
according to the manufacturer’s protocol (Roche), treated with
or without S3I-M2001 for different times, and examined under
Nikon Eclipse TE200 fluorescence microscope (Nikon). Images

were captured and processed by NIKON NIS element-Basic re-
search software.

Confocal Microscopy. NIH3T3/hEGFR cells were grown in mul-
ticell plates and treated with or without S3I-M2001 for 3 h prior
to stimulation by rhEGF (10 ng mL�1) for 10 min or NIH3T3/
vSrc cells were grown in multicell plates or chamber slides. Cells
were fixed with 4% paraformaldehyde for 15 min and pro-
cessed for confocal microscopy (details are presented in Sup-
porting Information).

Soft-Agar Colony Formation Assay. Colony formation assays
were carried out in six-well dishes, and colonies were enumer-
ated as previously described (19). Treatment with S3I-M2001
was initiated 1 day after seeding cells in soft-agar suspension
by adding 75–100 �L of medium with or without compound and
repeated every 3 days, until large colonies were evident.

Cell Viability Assay, TUNEL Analysis, and Annexin V Binding and
Flow Cytometry. WST-1 assay for viability (Roche), and terminal
nucleotidyl transferase-mediated dUTP nick end labeling
(TUNEL) staining (Roche) and Annexin V binding with flow cytom-
etry for apoptosis (BD Biosciences) were performed according
to the manufacturer’s protocol (further details in Supporting In-
formation).

Cell Migration and Matrigel Invasion Assays. Cell migration
and invasion experiments were carried out using Bio-Coat migra-
tion chambers (Becton Dickinson) of 24-well companion plates
with cell culture inserts containing 8 �m pore size filters, accord-
ing to the manufacturer’s protocol. Details are provided in Sup-
porting Information. Percent inhibition is calculated as 100 � y,
where y equals residual number of stained cells in the treated/
total number in the control �100.

Mice and in Vivo Tumor Studies. Six-week-old female athymic
nude mice were purchased from Harlan and maintained in the
institutional animal facilities approved by the American Associa-
tion for Accreditation of Laboratory Animal Care. Athymic nude
mice were injected subcutaneously in the left flank area with
5 � 106 human breast cancer MDA-MB-231 cells in 100 �L of
PBS. After 5�10 days, tumors of a diameter of 3 mm were es-
tablished. Animals were grouped so that the mean tumor sizes
in all groups were nearly identical, given S3I-M2001 i.v. at 5, 10,
and 20 mg/kg every 2 or every 3 days for 26 days and moni-
tored every 2 or 3 days, and tumor sizes were measured with
calipers. Tumor volume was calculated according to the formula
V � 0.52a2b, where a is the smallest superficial diameter and
b is the largest superficial diameter.
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