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Small-molecule inhibitors targeting the DNA-binding domain
of STAT3 suppress tumor growth, metastasis and STAT3
target gene expression in vivo

This article has been corrected since Advance Online Publication and a corrigendum is also printed in this issue

W Huang1,8, Z Dong1, Y Chen1, F Wang1, CJ Wang1, H Peng1, Y He2, G Hangoc3, K Pollok1,4,5, G Sandusky5,6, X-Y Fu3,5, HE Broxmeyer3,5,
Z-Y Zhang2,5, J-Y Liu1,7 and J-T Zhang1,5

Signal transducer and activator of transcription 3 (STAT3) is constitutively activated in malignant tumors and has important roles in
multiple aspects of cancer aggressiveness. Thus targeting STAT3 promises to be an attractive strategy for treatment of advanced
metastatic tumors. Although many STAT3 inhibitors targeting the SH2 domain have been reported, few have moved into clinical
trials. Targeting the DNA-binding domain (DBD) of STAT3, however, has been avoided due to its ‘undruggable‘ nature and
potentially limited selectivity. In a previous study, we reported an improved in silico approach targeting the DBD of STAT3 that
resulted in a small-molecule STAT3 inhibitor (inS3-54). Further studies, however, showed that inS3-54 has off-target effect although
it is selective to STAT3 over STAT1. In this study, we describe an extensive structure and activity-guided hit optimization and
mechanistic characterization effort, which led to identification of an improved lead compound (inS3-54A18) with increased
specificity and pharmacological properties. InS3-54A18 not only binds directly to the DBD and inhibits the DNA-binding activity of
STAT3 both in vitro and in situ but also effectively inhibits the constitutive and interleukin-6-stimulated expression of STAT3
downstream target genes. InS3-54A18 is completely soluble in an oral formulation and effectively inhibits lung xenograft tumor
growth and metastasis with little adverse effect on animals. Thus inS3-54A18 may serve as a potential candidate for further
development as anticancer therapeutics targeting the DBD of human STAT3 and DBD of transcription factors may not be
‘undruggable‘ as previously thought.
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INTRODUCTION
Upon stimulation by cytokines and growth factors, signal
transducer and activator of transcription 3 (STAT3) is phosphory-
lated at tyrosine residue 705 (Tyr705), leading to dimerization,
nuclear entry, binding to specific elements in genomic DNA and
activation of gene transcription.1 In contrast to the transient and
strictly controlled activation of STAT3 in normal cells, over-
expression and/or constitutive activation of STAT3 is frequently
observed in many human cancers.2 Aberrant STAT3 signaling
contributes to oncogenic transformation by upregulating its
downstream target genes important for proliferation, survival,
migration, invasion, angiogenesis and immune evasion.3–6

Analysis of clinical specimens revealed that persistent STAT3
signaling correlates with enhanced tumor progression.7–9 Sub-
cutaneous injection of cells harboring constitutively activated
STAT3 resulted in tumor formation10 and inhibition of
STAT3 expression using antisense oligonucleotides significantly

impaired the growth of human and mouse nucleophosmin-
anaplastic lymphoma kinase tumors in xenograft models.11

Therefore, STAT3 represents an attractive target for the devel-
opment of novel antineoplastic drugs.
Indeed, various STAT3 inhibitors have been identified over the

past 15 years,2,12–25 with some inhibiting xenograft tumor growth
in animal models. However, few have moved into clinical trials and
none is approved for clinical use. The reasons for the failures are
currently unknown. It is noteworthy that the common feature of
many of these inhibitors is that they are designed to inhibit the
binding of SH2 domain to pTyr705 residue for dimerization or to
inhibit phosphorylation of Tyr705 for activation. This approach is
problematic because unphosphorylated STAT3 can bind to DNA
and may still be functional.26–28 Thus disrupting the interactions
between SH2 domain and pTyr705 of STAT3 or STAT3 activation
alone may not completely inhibit STAT3.
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Although targeting the DNA-binding domain (DBD) of STAT3 may
be more effective to eliminate STAT3 signaling, it has not been in the
main stream of research perhaps due to the belief that targeting DBD
of transcription factors has potentially limited selectivity.29,30 Hence,
DBDs are considered ‘undruggable‘. In a previous study, we reported
an improved in silico approach targeting the DBD of STAT3 and
identified a small-molecule inhibitor (inS3-54), which is selective to
STAT3 over STAT1.31 However, further study showed that it has off-
target effects. In the present study, we performed an extensive
structure and activity-guided hit optimization and mechanistic study
and identified an improved lead compound (inS3-54A18) with
increased specificity and pharmacological properties. We also
showed that inS3-54A18 indeed binds directly to the DBD of STAT3.
Thus inS3-54A18 may serve as a potential lead candidate for further
development of anticancer therapeutics by targeting the DBD of
STAT3 to eliminate STAT3 signaling.

RESULTS
Identification of active analogs of inS3-54 targeting the DBD of
STAT3
To further investigate the feasibility of targeting DBD of STAT3 and
identify inhibitors with improved potency, selectivity and phar-
macological properties, we first searched the virtual Chemdiv
database for inS3-54 analogs with a criterion of 80% structural
similarity using the Chemfinder module in Chemoffice 8.0. In total,
79 commercially available analogs (see Supplementary Table S1)
were acquired and tested for their activity in suppressing STAT3-
dependent luciferase expression in comparison to inS3-54 and
dimethyl sulfoxide (DMSO) vehicle controls. Figure 1a shows that
15 analogs (A1, A13, A18, A20, A26, A27, A36, A41, A45, A51, A68,
A69, A72, A75 and A79) significantly inhibited STAT3-dependent
luciferase expression compared with DMSO vehicle control.
Among these 15 analogs, 3 (A18, A26 and A69) appear to be
more potent than the original compound inS3-54.

Structural and activity analysis of these analogs revealed some
potential active and inactive side R1 and R2 groups with a 5-
phenyl-1H-pyrrol-2(3H)-ketone core structure (Figure 2b). For
example, it appears that compounds with R1 being p-hydro-
xybenzene or p-carboxybenzene have high STAT3-inhibitory
activity while compounds with R1 being m-hydroxybenzene or
m-carboxybenzene have low or no activity. When the R2 group is
nitrobenzene, p-chlorobenzene or benzenamine, the compounds
appear to have higher STAT3-inhibitory activity than the
compounds with R2 being p-methoxylbenzene. Clearly, both R1
and R2 groups have important roles in inhibiting STAT3 activity.

Validation of active analogs
Next we validated A18, A26 and A69 using resynthesized
compounds in the STAT3-dependent luciferase reporter assay.
As shown in Supplementary Figures S1A and B, the resynthesized
A18, A26 and A69 all suppressed STAT3-dependent luciferase
expression in dose- and time-dependent manners with IC50 of 8.8–
12.6 μM and t1/2 of 12.7–49.9 h. It appears that A18 and A26 have
significant lower IC50 and thus may be slightly more potent than
inS3-54. Although the IC50 of A69 did not change from that of
inS3-54, its t1/2 is significantly lower than that of inS3-54. Similar
to inS3-54, none of these three analogs inhibited the reporter
expression driven by a p27 promoter containing no STAT3-
binding site (Supplementary Figure S1C), suggesting that the
inhibition of reporter expression by these compounds is unlikely
due to non-specific effect on the reporter gene or due to cell
death induced by the compounds.

Selectivity and specificity of active inS3-54 analogs
To determine the specificity of A18, A26 and A69, we performed
colony-formation assay of hematopoietic progenitor cells isolated
from bone marrows of wild-type (STAT3+/+) and bone marrow-
specific STAT3 knockout (STAT3− /−) mice.32 Recently, it has been
shown that STAT3 knockout in bone marrow reduces 50–70%

Figure 1. STAT3-dependent luciferase reporter assay of inS3-54 analogs. (a) Effects of inS3-54 analogs on STAT3-dependent luciferase activity.
MDA-MB-231 cells with stable STAT3-dependent luciferase expression were treated with DMSO control, 20 μM inS3-54 or its analogs (A1–A79),
followed by measurement of luciferase activity. (*Po0.05; **Po0.01; ***Po0.001, n= 3). (b) Core structure of inS3-54 analogs and
representative active and inactive R1 and R2 side groups.
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colony-formation activity of granulocyte macrophage, erythroid
and multi-potential hematopoietic progenitor cells.33 We rea-
soned that a STAT3-specific inhibitor should not further reduce
the proliferative activity of STAT3− / − hematopoietic progenitor
cells due to lack of STAT3 in these cells. As shown in Figure 2a,
inS3-54 and the three analogs reduced ~ 40–80% colony-
formation efficiency of hematopoietic progenitor cells from
STAT3+/+ mice, consistent with the effects of STAT3 knockout.33

However, inS3-54 further reduced the colony formation of the
cells from STAT3− / − mice, consistent with the finding that inS3-
54 inhibits colony formation of wild-type cells more than its
analogs (Figure 2b). This finding suggests that inS3-54 may not
be specific to STAT3. Interestingly, none of the active analogs
had any significant effect on the colony formation of hemato-
poietic progenitor cells from STAT3− / − mice (Figure 2b),
suggesting that these analogs unlikely inhibit other targets
important for proliferation of hematopoietic progenitor cells.

These findings indicate that the analogs A18, A26 and 69 are
more specific to STAT3 than the parent inS3-54.
To confirm the STAT3 specificity of these analogs, we performed

electrophoretic mobility shift assay (EMSA) using [32P]-labeled sis-
inducible element (SIE) probe and H1299 cells transiently
transfected with FLAG-STAT3 or STAT1. As shown in Figure 2c,
the specific binding of DNA probe to STAT3 was demonstrated
using super-shift and competition analyses. A18, A26 and A69 all
inhibited the DNA-binding activity of STAT3 in a dose-dependent
manner although A18 and A69 appear to be more effective than
A26 (Figures 2c and d). On the other hand, the specific binding of
DNA probe to STAT1 as shown by interference of binding using
cold probe and STAT1 antibody that is known to interfere DNA-
binding activity of STAT1(refs 28,29) was not affected by any of these
compounds at concentrations up to 100 μM. Thus A18, A26 and
A69 all selectively inhibit the DNA-binding activity of STAT3
over STAT1.

Figure 2. STAT3 selectivity and specificity of active analogs A18, A26 and A69. (a, b) Effects of A18, A26 and A69 on colony formation of
hematopoietic progenitor cells. Hematopoietic progenitor cells isolated from STAT3+/+ (a) and STAT3− /− (b) mice were subjected to colony-
formation assay in the presence of DMSO control or 20 μM inS3-54, A18, A26 or A69 (*Po0.001 compared with DMSO group of each cell type).
CFU-GEMM, colony-forming unit-granulocyte erthyroid macrophage megakaryocyte (multipotential progenitor cell); CFU-GM, colony-forming
unit-granulocyte macrophage (granulocyte macrophage progenitor cell); BFU-E, burst-forming unit-erthyroid (erthyroid progenitor cell). (c)
Effects of A18, A26 and A69 on in vitro DNA-binding activity of STAT3 and STAT1. Whole cell lysate of H1299 cells with transient expression of
FLAG-STAT3 or STAT1 were pretreated without or with excess cold probe, antibody or different concentrations of active analogs A18, A26 and
A69 followed by incubation with [32P]-labeled probe and analysis on non-denaturing PAGE. (d) Relative DNA-binding activity of STAT3 and
STAT1 in the presence of different concentrations of A18, A26 and A69 derived from three experiments.
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InS3-54 analogs bind to STAT3
To determine whether the analogs (A18, A26 and A69) bind to
STAT3, we took advantage of A26, which contains a secondary
amine group, and conjugated it to CNBr-activated Sepharose 4B.
Successful conjugation of A26 to CNBr-activated Sepharose was
confirmed by the change in color of the beads due to the intrinsic
yellow color of A26. The A26-conjugated beads were then used
to pull down STAT3 from the lysates of Flag-STAT3-transfected
H1299 cells followed by western blotting analysis as described
previously.31 Figure 3a shows the expression of Flag-STAT3.
Figure 3b shows that the A26-conjugated beads successfully pull
down STAT3, whereas the vehicle control beads or the beads
conjugated with an irrelevant compound do not. Furthermore,
pretreatment of the cell lysate using excess free A26 but not the
irrelevant compound inhibited the pull down of STAT3 by A26-

conjugated beads (Figure 3c). To determine whether A18 and
A69 also bind to STAT3, we performed a similar competition
analysis due to lack of usable group for immobilization of A18
and A26. As shown in Figure 3c, excess amount of both A18 and
A69 completely inhibited STAT3 binding to A26-conjugated
beads. Thus, we conclude that A18, A26 and A69 all bind
to STAT3.

A26 binds to the DBD of STAT3
Although the parent compound inS3-54 was identified from in
silico screening by targeting the DBD of STAT3(ref. 31) and its active
analogs also bind to STAT3 as shown above using pull-down
assay, it is unknown whether inS3-54 and its active analogs bind
directly to DBD of STAT3. To show the direct binding and to map
the binding domain in STAT3, we performed pull-down assays of
purified recombinant STAT3 protein with different domains
(Figure 3d) using A26-conjugated beads. As shown in Figure 3e,
purified STAT3 proteins lacking carboxyl terminal domains,
including transactivation domain (ΔTAD) and both TAD and
SH2 domains (ΔSH2), were successfully pulled down by
A26-conjugated beads. However, further deletion from carboxyl
terminus including DBD eliminated the pull down by
A26-conjugated beads. These findings suggest that A26 can
directly bind to STAT3 and its binding site in STAT3 is likely located
in DBD as anticipated.

InS3-54 analogs inhibit cancer cell survival by inducing apoptosis
To determine the effectiveness of the analogs A18, A26 and A69 in
suppressing cancer cell survival and to determine the potential
therapeutic window, we performed sulforhodamine B assay of
these compounds using cancer cells of lung (A549 and H1299)
and breast (MDA-MB-231 and MDA-MB-468) as well as a non-
cancerous mammary epithelial cell line (MCF10A1) and lung
fibroblast cell (IMR90) in comparison with the parent compound
inS3-54. Figure 4a shows that the IC50 of these compounds range
from 1.8 to 5.6 μM for cancer cells and form 4.0 to 12.0 μM for non-
cancerous cells. The in vitro therapeutic window for inS3-54, A18
and A69 has a range of ~ 2–5 fold (Supplementary Figure S2).
However, A26 appears to be toxic to non-cancerous lung
fibroblast with an IC50 of 4.0 μM and a small in vitro therapeutic
window for lung cancer cells.
To determine whether apoptosis contributes to analog-induced

loss of cancer cell viability, we performed enzyme-linked
immunosorbent assay (ELISA) analysis to determine and quantify
cytoplasmic histone-associated DNA fragments that are released
from apoptotic cells following treatment with A18 or A69 for 72 h.
As shown in Figure 4b, remarkable induction of apoptosis was
observed in both lung and breast cancer cells following treatment
by A18 or A69.

Selection of A18 as a potential lead for further investigation
Based on above studies, it is clear that the parent compound inS3-
54 is less specific to STAT3 than its analogs A18, A26 and A69. A26
is less effective than A18 and A69 in EMSA assay and exerted a
high level of cytotoxicity to non-cancerous lung fibroblasts. It was
thus eliminated from further study. In acute in vivo toxicity studies,
A69 performed poorly and caused death of mice at 0.5 mg/kg
while inS3-54 could not be absorbed. Furthermore, inS3-54, A26
and A69 all have poor solubility. On the other hand, A18 was
completely soluble in a commercial oral formulation (Pharmatek
Laboratories, San Diego, CA, USA) for in vivo studies. It has little
cytotoxicity to non-cancerous cells and can be tolerated by mice
up to 200 mg/kg with multiple dosing. Therefore, A18 was
selected as a potential lead for further investigation.

Figure 3. Binding of inS3-54 analogs to STAT3. (a) Western blotting
analysis of STAT3 from total lysate of H1299 cells transfected with
vector control (VC) or FLAG-STAT3 (F-STAT3). (b) Pull-down assay of
F-STAT3 from total lysate of H1299 cells using Sepharose 4B-
immobilized vehicle control, A26 or irrelevant negative control
compound (IC). (c, d) Competition of STAT3 binding to immobi-
lized A26 by excess free A26, A18, A69, DMSO vehicle control or an
irrelevant negative control compound (IC). (d) Schematic domain
structures of STAT3 and of recombinant proteins. (e) Pull-down
assay of purified recombinant STAT3 proteins with different
deletions by immobilized A26. The doublet of ΔSH2-C protein
may be due to degradation.
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A18 inhibits cancer cell migration and invasion
To further characterize A18, we assessed A18 effects on cancer cell
migration using wound-healing assay and invasion using Matrigel
invasion assay. As shown in Figures 5a and b, at 24 h, 71% and
99% of wounds were healed in control-treated A549 and MDA-
MB-231 cells, respectively. Wound healing was reduced to 64%
and 76% by 5 μM A18 for A549 and MDA-MB-231 cells,
respectively. A18 at 10 μM further reduced the healing to 47%
and 39%, respectively.
Figures 5c and d show that treatment with 5 μM A18 for 6 h

reduced invasion to 66% and 51% for A549 and MDA-MB-231 cells,
respectively. Treatment with 10 μM A18 for 6 h further reduced
invasion to 35% and 13%, respectively. Treatment for 24 h did not
further reduce cell invasion. Although 100% confluent cells were
used and the inhibition of invasion was observed at 6 h of treatment,
the potential of contribution to reduced invasion by inhibition of
proliferation and induction of apoptosis cannot be eliminated. To test
if this is the case, we analyzed cell proliferation and apoptosis under
the same condition as wound-healing and Matrigel invasion assays
following A18 treatment for 6 and 24 h. Supplementary Figure S3
shows that treatment with 5 and 10 μM A18 for 6 or 24 h has no
significant effect on proliferation and apoptosis of confluent A549
cells. Although A18 treatment for 24 h reduced o20% proliferation
of MDA-MB-231 cells, it did not induce any apoptosis. Thus, A18
inhibition of cancer cell migration and invasion may not be due to its
effect on apoptosis and cell proliferation.

A18 inhibits the expression of STAT3 downstream target genes
and the binding of STAT3 to its endogenous target sequences
To investigate the potential effect of A18 on the expression of
STAT3 downstream target genes and thereby validate its
inhibitory effect on STAT3 in cells, we performed western blotting
analysis of cyclin D1, survivin, matrix metalloproteinase-9 and
vascular endothelial growth factor (VEGF) following A18 treatment
of A549 and MDA-MB-231 cells. As shown in Figure 6a, the

expression of all these genes was decreased in both cell lines
following A18 treatment. A18, however, had no effect on the level
of total and Tyr705-phosphorylated STAT3, indicating that it does
not inhibit STAT3 activation.
To further determine the STAT3-inhibitory activity of A18, we

tested whether A18 can inhibit cytokine-induced STAT3 activation
and expression of its downstream genes. For this purpose, A549
cells were serum starved and treated with DMSO vehicle or 10 μM
A18 followed by interleukin (IL)-6 stimulation and western blotting
analysis of phospho-STAT3 (Tyr705) and survivin. As shown in
Figure 6b, IL-6 induced activation of STAT3 and expression of
survivin in serum-starved cells, and A18 pretreatment did not
inhibit IL-6-induced STAT3 activation. However, IL-6-induced
survivin expression was inhibited by A18. These data, together
with that shown in Figure 6a, suggest that A18 does not affect the
constitutive or IL-6-induced STAT3 activation (Tyr705 phosphoryla-
tion) but represses STAT3 target gene (for example, survivin)
expression.
As shown in Figure 2, A18 along with A26 and A69 all inhibited

in vitro DNA-binding activity of STAT3 using EMSA. To determine
whether A18 inhibits STAT3 binding to chromatin DNA in situ, we
treated A549 and MDA-MB-231 cells with A18 followed by
fractionation and western blotting analysis of cytosolic, soluble
nuclear and chromatin-bound STAT3. Figure 6c shows that the
chromatin-bound STAT3 decreases while soluble nuclear STAT3
increases with the increasing concentration of A18, suggesting that
A18 effectively inhibits the binding of STAT3 to its target sequence
on chromatin DNA in situ. To confirm this finding, we performed
chromatin immunoprecipitation (ChIP) assay of STAT3 bound to the
promoter of a STAT3 downstream target gene cyclin D1. As shown
in Figure 6d, A18 treatment eliminated STAT3 binding to the
promoter of cyclin D1 gene. Thus, we conclude that A18 treatments
inhibit STAT3 binding to the promoters of its target genes on
chromatin in situ and inhibits the expression of these genes.

Figure 4. Effect of inS3-54 and its active analogs on cancer cell survival. (a) IC50 of inS3-54 and its active analogs (A18, A26 and A69) in
different cell lines derived from dose–response survival curves. (b) Effect of A18 and A69 on apoptosis of exponentially growing A549 and
MDA-MB-231 cells. (*Po0.05; **Po0.01; ***Po0.001, n= 3–4).
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A18 inhibits tumor growth, metastasis and expression of STAT3
target genes in vivo
We next evaluated the in vivo efficacy of A18 in a mouse xenograft
model of A549 cells. As shown in Figure 7a, A18 treatment via oral
dosing significantly reduced tumor growth compared with the
vehicle control treatment. However, it had no significant effect on

mouse body weight. The final tumor weight in the A18-treated
mice is significantly less than that of the control-treated group
while there is no significant difference in the wet weight of other
organs (Figure 7b). Secondary metastatic tumors were found in
the lungs of three of the five mice in the control group
(Figure 7c), with extension into the peripancreatic adipose

Figure 5. A18 inhibits cancer cell migration and invasion. (a, b) Effect of A18 on migration. Panel (b) shows quantification analysis of wound-
healing assay from triplicate measurements of three independent experiments shown in panel (a). (c, d) Effect of A18 on cell invasion. Panel
(d) shows quantification of invasion from measurement of 10 random views each of three independent experiments shown in panel (c).
(*Po0.05; **Po0.01; ***Po0.001, n= 3).
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tissues and the adjacent peripancreatic lymph nodes. None of
the five A18-treated mice has any signs of lung metastasis.
Immunohistochemistry staining analysis of xenograft tumors

also revealed that the expression of STAT3 downstream target
genes, survivin and VEGF, but not STAT3 itself, were reduced by
A18 treatment compared with the vehicle-control-treated group

Figure 6. A18 inhibits the expression of STAT3 downstream target genes and STAT3 binding to chromatin. (a) Effect of A18 on constitutive
expression of STAT3 downstream target genes in A549 and MDA-MB-231 cells. (b) A18 inhibition of IL-6 (25 ng/ml)-stimulated STAT3 activation
in serum-starved A549 cells. (c, d) A18 inhibition of STAT3 binding to chromatin in situ as determined using subcellular fractionation and
western blotting analysis (c) or ChIP assay of cyclin D1 promoter (d).

Figure 7. A18 suppresses xenograft tumor growth and metastasis in vivo. (a) Volume of xenograft tumors and body weight of mice following
implantation and A18 treatments. (*Po0.05, **Po0.01, n= 5). (b) Wet weight of final dissected xenograft tumor mass and organs. A single
outlier in the treatment group was rejected by Dixon's Q test at 95% confidence. The variance between the two groups are similar.
(c) Hematoxylin and eosin-stained paraffin sections of lung tissues of vehicle control and A18-treated mice. The arrow indicates a solitary
metastatic tumor. A zoom-in image of the metastatic tumor with adjacent normal tissue is shown. (d) Immunohistochemistry staining of
xenograft tumor tissues for the expression of STAT3, survivin and VEGF.
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(Figure 7d). These findings suggest that A18 may be effective in
suppressing xenograft tumor growth and metastasis with little
adverse effect.

DISCUSSION
In this study, we successfully identified a potential lead inhibitor,
A18, targeting the DBD of STAT3. A18 not only binds to the DBD of
STAT3 but also inhibits the DNA-binding activity of STAT3 both
in vitro and in situ as well as the expression of STAT3 downstream
target genes. However, it does not inhibit constitutive or IL-6-
stimulated STAT3 activation in cancer cells. It further suppresses
xenograft tumor growth and metastasis possibly by inhibiting
STAT3 activity in vivo. Interestingly, A18 is completely soluble in an
oral formulation and is likely specific to STAT3. Furthermore, A18 is
tolerable by mice up to 200 mg/kg in multiple dosing. These
characteristics make A18 a promising potential lead inhibitor for
further modification and development.
Domain mapping of the binding site using purified recombi-

nant STAT3 protein and pull-down assay indicate that these
compounds likely bind directly to the DBD as originally designed.
It also suggests that the improved in silico screening approach in
our previous study31 is effective in identifying STAT3-selective
inhibitors targeting DBD of STAT3 and offers a new promising
approach for drug discovery targeting the ‘undruggable‘ DBD of
other oncogenic transcription factors. Although inS3-54 and its
active analogs likely bind to the DBD of STAT3 and their binding
mode can be predicted using in silico approach,31 how each
compound interact with specific residues in the DBD of STAT3
await further investigation using experimental approaches, such
as generating co-crystal structures.
The potential core structure of compounds that can bind to the

DBD of STAT3 is 5-phenyl-1H-pyrrol-2(3H)-ketone with variation of
R1 and R2 (Figure 1b). Based on the predicted binding mode of
inS3-54 in a previous study,31 the R2 group binds residues
Met331, Val343, Met420, Ile467 and Met470 in STAT3 via hydro-
phobic interactions while the R1 group stabilizes the binding
via interaction with residues Lys340 and Asn466. Active com-
pounds appear to have p-hydroxybenzene, p-carboxybenzene or
o-methoxybenzene as R1 and p-nitrobenzene, p-chlorobenzene
or benzenamide as R2. However, appropriate combinations
of R1 and R2 may also be needed. For example, compound A23
with p-carboxybenzene as R1 and p-chlorobenzene as R2 does
not appear to have any significant activity in inhibiting STAT3-
dependent luciferase expression. It is currently unclear whether
the combination of different R1 and R2 affects their cellular
permeability, binding affinity to STAT3 or recognition by cellular
detoxification system. However, it is clear that both R1 and R2
groups are critical for specificity of these compounds. For
example, inS3-54 with R1 being carboxybenzene is less specific
to STAT3 than analog A69 with the same R2 but different R1
(hydroxybenzene) from inS3-54 as determined using in vitro colony-
formation assay of STAT3− /− hematopoietic progenitor cells.
It is noteworthy that A18 has an IC50 of ~ 11 μM in luciferase

reporter assay. However, its IC50 in cytotoxicity assay ranges from
~3.2–4.7 μM in cancer to ~ 7.0–10.5 μM in non-cancer cells.
Currently, it is unknown why the IC50 of A18 is lower in
cytotoxicity assay than that in luciferase reporter assay. It is
possible that the cytotoxicity assay is more sensitive as it measures
both proliferation and cell death induced by A18, which is an
amplified result of reduced expression of STAT3 target genes. It is
also possible that A18 may have off-target effects that can impact
on cell survival, making it more effective in suppressing cancer cell
survival. Interestingly, a similar but wider difference was also
observed with inS3-54 in our previous study. The reduced
difference for A18 is consistent with its increased selectivity for
STAT3. Clearly, future more in-depth studies are needed to
differentiate these possibilities.

Finally, drug discovery and development targeting STAT3 needs
to be cautiously performed. Because STAT3 is important for
hematopoiesis and innate immunity,32,33 and as we show herein
(Figure 2b) that STAT3 inhibitors can suppress formation of
colonies in vitro from mouse STAT3+/+ hematopoietic progenitor
cells, chronic use of effective STAT3 inhibitors may cause adverse
effect on bone marrow and innate immunity. However, whether
multiple dosing of A18 inhibits proliferation of these progenitor
cells in vivo remains to be determined. Lack of weight loss,
apparent phenotypic changes and change in organ size suggest
that multiple dosing of A18 in mice may not cause sever adverse
effect and thus A18 warrants further development.

MATERIALS AND METHODS
Materials
Antibodies against STAT3 (sc-482x), STAT1 (sc-346x), matrix metallo-
proteinase-9 (sc-10737), VEGF (sc-152) and cyclin D1 (sc-246) were
purchased from Santa Cruz Biotechnologies (Santa Cruz, CA, USA).
Antibodies against pSTAT3 (9145), STAT3 for immunohistochemistry
(9139), survivin (2808), histone H2A (2578) and histone H3 (9715) were
all from Cell Signaling Technology (Danvers, MA, USA). Antibodies against
FLAG tag (F3165), α-tubulin (T9026) and β-actin (A5316) and protease
inhibitor cocktail were obtained from Sigma-Aldrich (St Louis, MO, USA).
ChIP Assay kit and CpGenome Universal DNA Modification Kit were
purchased from EMD Millipore (Billerica, MA, USA). Metafectene Pro
transfection reagent, the Easy AT vector, and the Formulation Kit were
obtained form Biontex (München, Germany), Promega (Madison, WI, USA),
and Pharmatek Laboratories, respectively. The enhanced chemilumines-
cence regagents, iScript cDNA Synthesis Kit and the StepOnePlus Systems
Kit were purchased from GE Healthcare (Uppsala, Sweden), Bio-Rad
Laboratories (Hercules, CA, USA) and Applied Biosystems (Warrington, UK),
respectively. The Cell Death Detection ELISAPLUS Kit, Matrigel-coated
Boyden Chambers and CNBr-activated Sepharose 4B were from Roche
(Mannheim, Germany), BD Biosciences (Bedford, MA, USA) and GE
Healthcare, respectively. Cell culture media and fetal bovine serum were
from Media Tech (Herndon, CA, USA) or Applied Biosystems-Life
Technologies (Carlsbad, CA, USA). All other chemicals were purchased
from Sigma (St Louis, MO, USA) or Fisher Scientific (Chicago, IL, USA).

Cell lines
Human cancer cell lines A549, MDA-MB-231 and MDA-MB-468 and human
lung fibroblast IMR90 were all from ATCC (Manassas, VA, USA) and cultured
in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum
and appropriate antibiotics in a 5% CO2 incubator at 37 °C. H1299 cells
were maintained in RPMI 1640 medium containing 10% fetal bovine serum
and appropriate antibiotics. Human mammary epithelial cell line MCF10A1
was cultured in Dulbecco’s modified Eagle’s medium/F-12 (50:50) with 10%
equine serum, 10 μg/ml insulin, 25 ng/ml epidermal growth factor, 500 ng/
ml hydrocortisone and 100 ng/ml cholera toxin. These cell lines were
authenticated by short tandem repeat analysis on 21 January 2013.

Resynthesis of A18 and A26
Compounds A18 and A26 were prepared as outlined below in Scheme 1
from commercially available starting materials 4-oxo-4-phenylbutanoic
acid (compound 1) and 4-chlorobenzaldehyde (compound 2). Compound
1 reacted with compound 2 in Ac2O with catalytic amount of N,N-
Diisopropylethylamine to give the key intermediate 3. Intermediate 3
reacted with corresponding amine at reflux for 4 h, followed by 6 N HCl at
reflux for 2 h to give desired compounds A18 and A26.

Engineering recombinant STAT3 constructs
The Flag-tagged STAT3 was engineered in our previous study31 and was
used as the template for engineering truncated STAT3 constructs to
produce recombinant proteins. Briefly, the different STAT3 deletion
mutants were generated using PCR with the same forward primer
5′-CGGATATCCATGGCCCAATGGAATCAGCTACAG-3′ containing a EcoR V
site and different reverse primers containing a Xho I site (5′-CGCTCG
AGCTATTACCGACAATACTTTCCGAATGCCTC-3′ for ΔTAD-C; 5′-CGCTCGAGC
TATTAGTACCCTTCGTTCCAAAG-3′ for ΔSH2-C; and 5′-CGCTCGAGCTATTAA
CTTTTCATTAAGTTTCTAAACAGC-3′ for ΔDBD-C). The PCR products were
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first cloned into Easy AT vector (Promega), released by digestion using
EcoR V and Xho I and then cloned into pET-28a(+) vector for production of
His-tagged proteins. All final constructs were verified by sequencing.

Hematopoietic progenitor cell colony-formation assay
Hematopoietic progenitor cell colony-formation assay was performed as
previously described.33 Briefly, 5 × 104 bone marrow cells isolated
from wild-type (STAT3+/+) and bone-marrow specific STAT3 knockout
(STAT3− /−) C57BL/6 mice32 were stimulated in vitro with 1 U/ml
recombinant human erythropoietin, 50 ng/ml recombinant mouse stem
cell factor and 5% vol/vol pokeweed mitogen mouse spleen cell conditioned
medium and 0.1mM hemin in the presence of Iscove’s Modified Dulbecco’s
Medium medium, Iscove’s Modified Dulbecco’s Medium medium plus inS3-
54 analogs or DMSO vehicle control. Colonies were scored 7 days after
incubation at 37 °C with 5% CO2 and lowered (5%) O2.

DNA-binding activity assays
EMSA was used for testing in vitro DNA-binding activity of STAT3 as
previously described,31 Briefly, 20 μg lysate of H1299 cells with transient
expression of FLAG-tagged STAT3 or STAT1 was preincubated with
compounds or vehicle, specific antibodies to STAT3 or STAT1 or excess
cold SIE probe (5′-AGCTTCATTTCCCGTAAATCCCTA-3′) for 30 min at room
temperature in binding buffer (0.1 μg/μl poly(dI·dC), 10 mM HEPES–KOH,
pH 7.9, 50 mM KCl, 10% glycerol, 0.05 μg/μl bovine serum albumin, 1 mM

dithiothreitol and 0.2 mM phenylmethanesulfonylfluoride) before incubat-
ing with 4 × 104 c.p.m. [32P]-labeled SIE probe for 20min at room
temperature. The reactions were separated on 6% non-denaturing
polyacrylamide gel and signals were detected by autoradiography.
The in situ DNA-binding activity of STAT3 was performed by analyzing

chromatin-bound STAT3 also as previously described.31 Briefly, following
treatment with compounds or DMSO vehicle control, cells were harvested
and subjected to subcellular fractionation to separate cytosol, soluble
nuclear and chromatin-bound proteins exactly as we previously described31

followed by western blotting analysis of STAT3 in these fractions.

Western blotting and real-time reverse transcription (RT–PCR)
analyses
Both western blotting and real-time RT–PCR analyses were performed as
we previously described.31 For western blotting analysis, briefly proteins
were separated by SDS–PAGE (sodium dodecyl sulfate-polyacrylamide gel
electrophoresis) and transferred to polyvinylidene difluoride membranes
that were probed using antibodies against different proteins and
visualization by exposing to X-ray films or using FluoChem HD2 Imaging
System (ProteinSimple, Santa Clara, CA, USA) with enhanced chemilumi-
nescence. For real-time RT–PCR analysis, total mRNAs were reverse-
transcribed to cDNA using iScript cDNA Synthesis Kit followed by real-time
PCR using StepOnePlus Systems with primers as described in our previous
publications.31

Immobilization of A26 and pull-down assay
A26 containing a secondary amine group was immobilized to CNBr-
activated Sepharose 4B according to the manufacturer’s instruction.
Vehicle-treated and an irrelevant compound-conjugated CNBr-activated

Sepharose 4B were also generated in the same way as control beads. As
A26 is yellow, conjugation of A26 to CNBr-activated Sepharose 4B was
verified by monitoring the change in color of the beads. For pull-down
assay, A26-conjugated and control beads equilibrated with binding buffer
(20mM Tris-HCl, pH 8.0, 150mM KCl, 1 mM EDTA, 15% glycerol, 0.5% NP-40)
were blocked with 10% non-fat milk in the binding buffer containing
0.2 mM phenylmethanesulfonylfluoride and 1:1000 diluted protease
inhibitor cocktail followed by incubation with 120 μg total lysate of
H1299 cells with FLAG-STAT3 or 1 μg recombinant STAT3 protein in the
same buffer at 37 °C for 1 h. Unbound proteins were removed by washing
beads seven times with the binding buffer, and the bound proteins were
separated by SDS–PAGE followed by analysis of FLAG-STAT3 using western
blotting or silver staining. For competition analysis, cell lysate was
preincubated with DMSO vehicle or different compound for 1 h at 37 °C
prior to pull-down assay using A26-conjugated beads.

Survival, apoptosis, migration and invasion assays
Survival, apoptosis, migration and invasion assays were performed as
previously described.31 Briefly, cells were treated with or without
compounds for 72 h followed by sulforhodamine B assay to determine
the effects of the compounds on cell survival. Apoptosis induced by STAT3
inhibitors was quantified using Cell Death Detection ELISAPLUS Kit by ELISA
according to the manufacturer’s instructions. Wound-healing assay was
performed by culturing 1 × 105 cells/well in six-well plates, followed by
generating a wound using a pipette tip and continuous culture with
photographic recording at different times. Cell invasion assay was
performed using Matrigel-coated Boyden Chambers following the
manufacturer’s instructions with 1.25 × 105 cells/well.

Chromatin immunoprecipitation
ChIP was performed as previously described.31 Briefly, H1299 cells were
treated with 1% formaldehyde for 10min, and lysates of the cells were
sonicated to shear DNA to lengths between 200 and 1000 bases, which
were then subjected to ChIP using the Chromatin Immunoprecipitation
Assay Kit and normal IgG or STAT3 specific antibody according to the
manufacturer’s instructions. The primers for PCR of cyclin D1 promoter are
5′-AACTTGCACAGGGGTTGTGT-3′ (forward) and 5′-GAGACCACGAGAAGGG
GTGACTG-3′ (reverse).

Efficacy analysis using xenograft mouse model
The in vivo efficacy study was approved by the institution's IACUC
committee at Indiana University. Briefly, 5 × 106 A549 cells were injected
subcutaneously in the flanks of 5–6-week-old male NOD/SCID mice. When the
tumor volume reached about 50.0mm3, the mice were randomized using
online program into two different groups (6/group) with one group treated by
formulation vehicle control and the other by A18 at 200mg/kg with oral
dosing 2–3 times a week for 4 weeks. One mouse in each group died during
the study and was eliminated. Tumor volume and body weight of the
remaining five mice in each group were measured twice a week without
blinding. On the thirty-fifth day after implant, mice were euthanized and the
tumor tissues were harvested and weighed. Necropsy was also performed to
determine changes in the heart, lungs, kidneys, liver and spleen.
To evaluate the histological alternation, metastasis in the lung and the

expression of STAT3 and its downstream proteins, paraffin-embedded

Scheme 1 Synthesis of compounds A18 and A26 ((a) Ac2O, N,N-Diisopropylethylamine (cat.), reflux; (b) 4-aminophenol, toluene, 100 °C; (c)
N-(4-aminophenyl)acetamide, toluene, 100 °C; (d) HCl (6 N), reflux). .
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tissue sections were stained with hematoxylin and eosin and/or used for
immunohistochemistry analysis as we previously described.34,35 Briefly, the
paraffin-embedded tissues were deparaffinized and rehydrated overnight,
followed by incubation with 0.3% H2O2 and target retrieval buffer (10mM

citrate acid, 0.05% Tween-20, pH 6.0) at 95–100 °C for 30min. Following
preincubation in phosphate-buffered saline containing 10% fetal bovine
serum and 0.1% Tween-20 for 30min at room temperature, the tissue
sections were probed with primary antibody against STAT3, survivin or
VEGF at 4 °C overnight followed by further incubation with secondary
antibody and streptavidin–horseradish peroxidase substrate. Slides were
finally counterstained with hematoxylin and mounted with coverslips, and
images were captured under a microscope.

Statistical considerations
The primary outcome of the in vivo efficacy study is the reduction of
xenograft tumor size from control. Independent Student’s t-test was
used with two-sided P-value o0.05 considered as statistically signifi-
cant. With n = 4 per group, we would have a power level of 0.80 to detect
a mean difference of 50% in the treatment group with s.d. at 25%. For
cell-based assays, with n = 3, we would have a power of level of 0.80 to
detect a mean difference of 25% with an s.d. at 10%. In general,
continuous outcomes were summarized by mean ± s.d. and compared
using Student’s t-test.
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