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ABSTRACT: The molecular determinants for the activities of
the reported benzoic acid (SH4−54), salicylic acid (BP-1−
102), and benzohydroxamic acid (SH5−07)-based STAT3
inhibitors were investigated to design optimized analogues. All
three leads are based on an N-methylglycinamide scaffold, with
its two amine groups condensed with three different
functionalities. The three functionalities and the CH2 group
of the glycinamide scaffold were separately modified. The
replacement of the pentafluorobenzene or cyclohexylbenzene,
or replacing the benzene ring of the aromatic carboxylic or
hydroxamic acid motif with heterocyclic components (con-
taining nitrogen and oxygen elements) all decreased potency.
Notably, the Ala-linker analogues, 1a and 2v, and the Pro-based derivative 5d, all with (R)-configuration at the chiral center, had
improved inhibitory activity and selectivity against STAT3 DNA-binding activity in vitro, with IC50 of 3.0 ± 0.9, 1.80 ± 0.94, and
2.4 ± 0.2 μM, respectively. Compounds 1a, 2v, 5d, and other analogues inhibited constitutive STAT3 phosphorylation and
activation in human breast cancer and melanoma lines, and blocked tumor cell viability, growth, colony formation, and migration
in vitro. Pro-based analogue, 5h, with a relatively polar tetrahydropyranyl (THP) ring, instead of the cyclohexyl, showed
improved permeability. In general, the (R)-configuration Pro-based analogs showed the overall best profile, including
physicochemical properties (e.g., microsomal metabolic stability, Caco-2 permeability), and in particular, 5d showed improved
tumor-cell specificity.

KEYWORDS: STAT, signal transducer and activator of transcription, BP-1−102, SH5−07, SH4−54, small-molecule inhibitors,
breast cancer, melanoma, antitumor cell effects

Signal transducer and activator of transcription (STAT) family
of cytoplasmic transcription factors have important roles in

many cellular processes, including cell growth and differentiation,
inflammation, and immune responses.1−4 Classically, STAT
proteins are activated by tyrosine (Tyr) kinases, such as Janus
kinases (JAKs) and Src family kinases, in response to the binding
of cytokine and growth factors to their cognate receptors. TheTyr
phosphorylation (pTyr) promotes dimerization between two
activated STAT:STAT monomers through reciprocal pTyr-Src
homology SH2 domain interactions. Active STAT:STAT dimers
translocate to the nucleus to induce gene transcription by binding
to specific DNA-response elements in the promoters of target
genes.1,2,4

Aberrant activation of the family member, STAT3, occurs in a
wide spectrum of human solid and hematological malignancies
and promotes tumorigenesis and cancer progression.1,3−6 The
mechanisms of constitutively active STAT3 in oncogenesis

include the dysregulation of gene expression, resulting in
uncontrolled cell proliferation and survival, enhanced tumor
angiogenesis and metastasis, and the suppression of antitumor
immunity. The critical role of STAT3 in cancer progression has
made it an attractive target for anticancer drug discovery and
anticancer therapy.3−5 One of the STAT3 anticancer drug
discovery strategies is to target the key pTyr:SH2 domain
interaction and hence the STAT3:STAT3 dimerization, thereby
modulating STAT3 signaling.3,4,7−9 A number of small-molecule
STAT3 inhibitors have been reported, none of which has gone
beyond the preclinical stage because of potency and pharmaco-
kinetic issues, except for OPB31121, although its exact
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mechanism of action is presently unclear and likely involves the
inhibition of Tyr kinases.10−18

We have previously reported on BP-1−102, SH4−54, and
SH5−07 as STAT3 dimerization disrupters8,19 (structures
presented in Supplementary Table S6). All three lead compounds
are basedon theN-methylglycinamide scaffold,with its two amine
moieties condensed with three different functionalities. To
further improve the potency and physicochemical properties of
the lead compounds and to furnish more potent and drug-like
analogues, while maintaining selectivity, we took an iterative
medicinal chemistry approach. The representative analogues, 1a,
5d, and 2v (Figure 1A), strongly inhibited STAT3 DNA-binding
activity in vitro, with an IC50 of 3.0± 0.9, 2.4± 0.2, and 1.80± 0.94
μM, respectively.
Substitution of the glycine scaffold: alanine motif shows

improved activity in disrupting STAT3 DNA-binding activity in
vitro. The structure of the Gly-based initial lead compounds, BP-
1−102, SH4−54, and SH5−07, was systematically optimized to
simultaneously improve potency and physicochemical properties
(e.g., lowering lipophilicity from the initial lead, SH5−07, cLogP
of 5.6), whilemaintaining or loweringmolecularweight (MW). In
order to optimize the core scaffold of the lead compounds to
furnish analogues with improved potency and better physico-
chemical properties, several groups of the pharmacophore were
modified systematically (Supplementary Tables S1−S4). Supple-
mentary Table S1 shows substitution at the methylene group of
the glycine linker with small alkyl, hydroxyalkyl, aminomethyl, or
carboxymethyl groups with the goal of improving potency or
finding additional binding interactions. The inhibitory activities of

the representative analogues against in vitro STAT3 DNA-
binding activity, as measured by electrophoretic mobility shift
assay (EMSA), are shown in Figure 1. Replacement of the Gly-
linker by Ala (X = CHMe) to give the salicylic acid (R)-1a
derivative (IC50 of 3.0 μM) moderately improved the STAT3-
inhibitory activity over the parent compound, BP-1−102 (IC50

6.8 μM)13 (Figure 1B(i), Table S1). The corresponding
enantiomer (S)-1e gave somewhat lower potency (IC50 of 5.0
μM) than its antipode (R)-1a.
Interestingly, contrary to the increase in potency observedwith

the salicylic acid-based analogs, the replacement of Gly-linker for
Ala-linker in the benzoic acid-based and benzohydroxamic acid-
based compounds did not improve potency (cf., SH4−54, IC50

4.4 μM with 1c and 1f, IC50 9.3 and 10.0 μM, respectively; and
SH5−07, IC50 3.9 μM, with 1d and 1g, IC50 5.3 and 6.8 μM,
respectively: Figure 1B(i), Table S1). Further substitutions at the
methylene bridge of the salicylic acid-based BP-1−102 Gly-linker
to further probe the structure−activity relationship (SAR),
including ethyl (1h−i), bis-methylene to form a cyclopropyl
(1j), dimethyl (1l), Ser-based linker (1m−p), hydroxyethyl (1q−
r),Thr-based linker (1s−t), aminomethyl (1u−v), andAsp-based
linker (1w−x, Table S1), led to compounds with reduced affinity
compared to the Ala-linker analogues 1a and 1c (Table S1, Figure
1B(ii), (iii)). In general the (R)-configuration analogues
consistently showed stronger potency compared to that of the
corresponding enantiomeric (S)-analogues (Table S1). Based on
this observation, therefore, only compounds with the (R)-
configuration were considered for further optimization.

Figure 1. Structures of 1a, 2v, and 5d, and the effects of new analogues on STAT3 DNA-binding activity in vitro. (A) Analogues 1a, 2v, and 5d; (B−G)
EMSAanalysis of STAT3DNA-binding activity in nuclear extracts of equal total protein prepared from v-Src-transformed fibroblasts containing activated
STAT3 preincubated with 0−100 μM of the indicated compounds for 30 min prior to incubation with the radiolabeled hSIE probe that binds STAT3.
Positions of STAT3:DNAcomplexes in gel are labeled; control lanes (0) represent nuclear extracts pretreatedwith 0.05%DMSO.Data are representative
of 2−3 independent determinations.
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Modification of Benzoic Acid-Based Analogues. Aryl
Ring Critical for the STAT3-Inhibitory Activity of
Compounds. To further improve the potency of the lead
compounds, we focused on optimizing the benzoic acid and
benzohydroxamic acid moieties (Table S2). Interestingly,
replacing the aromatic system with heterocyclic rings such as
pyridine, pyridine-N-oxide, or oxazole (2b, 2c, 2e, and 2f) all
greatly reduced the activity of the new analogues in vitro (Figure
1D, Table S2). We also noted that isosteric replacement of the
standard 4-substituted benzoic acid system with a 3-substituted
phenylacetic acid remarkably decreased the activity of the new
analogue (2d) in vitro (Figure 1D, Table S2). Similarly, the
isoindolinone and indazoles (2g, and 2i) also showed much
weaker in vitro activity, compared to the parent compound
(Figure 1D, Table S2). In addition, previous results from our lab
also showed that the corresponding tetrazole system, instead of
the carboxyl group, does not improve the STAT3-inhibitory
activity.20 These data so far suggest that the carboxyl group can
only be replaced with the hydroxamic acid moiety if STAT3-
inhibitory activity is to be maintained. In addition, we noted that
the sodium benzoate analogs (2a, 4c, and 1b) showed slightly
decreased activity in inhibiting STAT3 DNA-binding ability in
vitro, compared to their free acid forms (SH4−54, 4b, and 1a,
respectively) (Figure 1B(i), 1b; Figure 1D, 2a; Figure 1G, 4c).
We next substituted the aromatic ring with methyl, chlorine, or

fluorine for SAR evaluation (Table S2). Aromatic methyl
substitutions of Gly-linker analogues (2j, 2l, and 2n) significantly
reduced the ability to disrupt STAT3 DNA-binding activity in
vitro, compared to the lead compound, SH4−54 (Figure 1E(i),
Table S2). However, their corresponding Ala analogues (2k, 2m,
and 2o) showed comparable (2k and 2m, IC50 of 5.7, 6.6,
respectively) or slightly improved (2o, IC50 4.2 μM) in vitro
STAT3-inhibitory activity compared to the lead compound,
SH4−54 (IC50 4.4 μM) (Figure 1E(i), Table S2). The ortho- or
meta-substitution with chlorine decreased the in vitro activity of
the new analogues (2p and 2s, IC50 8.6−14.4 μM) (Figure 1E(ii),
Table S2), compared to SH4−54, whereas their corresponding
Ala analogues (2q and 2t, IC50 4.1 and 3.6 μM, respectively), and
the benzohydroxamic analogue of 2q (2r, IC50 3.5 μM), showed
moderately improved activity, compared to the parental lead
compound (Figure 1E(ii), Table S2). Notably, contrary to
chlorine, a single fluorine substitution at the 3-position (2v, IC50
1.8 μM) led to a 2-fold improvement in potency against STAT3
activity in vitro (Figure 1E(iii), Table S2). Similar substitution of a
fluorine at the 3-position of the indazole also led to improvement
(Table S2, entry 26 vs entry 9). By contrast, other fluorine
replacements, including substitution at the 2-position or 3,5-
positions (2y and 2x), showed no improvement in activity
compared to SH4−54 (Figure 1E(iii), Table S2).
Substitutions on pentafluorophenyl or cyclohexylbenzyl group

decrease the potency of analogues in vitro. We have previously
reported that the replacement of the 4-toluene-sulfonamide
moiety of S3I-201.1066 with pentafluoro-benzenesulfonamide
generated the first orally bioavailable small-molecule inhibitor of
STAT3, BP1−102,8 which substantially improved the STAT3-
inhibitory potency in vitro (IC50 of 6.8 μM) over the parental
compound (IC50 of 35 μM). Our new strategy focused on the
pentafluorophenyl ring for SAR evaluation (Table S3) and for
addressing whether thismotif is critical for the potency of the lead
compounds. Interestingly, reducing the number of fluorine atoms
in a variety of different ways on the aromatic ring (analogues 3a,
3b, 3c, 3d and 3e), or replacing the pentafluorophenyl groupwith
3,5-bis(trifluoromethyl)phenyl or pyridyl (3f, and 3g) all

significantly suppressed the activity of the new analogues against
STAT3 DNA-binding activity in vitro (IC50 higher than 26 μM)
(Figure 1F, Table S3). For SAR studies, the sulfonamide linker
was replaced with an amide or a methylene. However, the
modifications of the pentafluorobenzenesulfonamide group to a
pentafluorobenzamide or a pentafluorobenzylamide were sim-
ilarly not tolerated (3h−i, Table S3).
In our previous study, the incorporation of the (4-cyclohexyl)-

benzyl moiety into the compound S3I-201 generated S3I-
201.1066,7 which showed a 3-fold improvement in activity, with
an IC50 of 35 μM. This important substructure is also
incorporated in the three lead compounds (BP1−102, SH4−
54, and SH5−07). In order to improve the physicochemical
properties of the scaffold, for example, reduce the hydrophobicity,
and improve the solubility of the new analogues, we substituted
the cyclohexyl group with heterocycles containing oxygen or
nitrogen (Table S4). Interestingly, the replacement of cyclo-
hexane by tetrahydro-4H-pyran (THP) (4a, 4e, and 4d) or
piperidine (4l and 4f) decreased the activity of the new analogues
(Figure 1G, Table S4). However, the THP analogue, 4b (IC50 5.0
μM, Table S4), which incorporates an Ala-linker, shows a
moderately improved potency against STAT3 DNA-binding
activity in vitro compared to the parental compound, BP-1−102
(IC50 6.9 μM), indicating that the incorporation of alanine can
compensate for the loss of activity caused by oxygen substitution
in the cyclohexane moiety. Other analogues also designed and
prepared include replacing the cyclohexane with cycloheptane
(4i), cycloheptene (4j), or 4,4-difluorocyclohexane (4g, 4h), or
replacing the benzyl systemwith a pyridylmethylmoiety (4k), but
all resulted in compromised STAT3-inhibitory potency (Figure
1G, Table S4).

Extension of the Alanine SAR. Proline analogues show
further activity improvement in disrupting STAT3 DNA-binding
in vitro. A furthermodification to theAla linker was to join the two
methyl groups to become a novel Pro-linker system. Notably, the
(R)-enantiomer Pro analogue 5d (IC50 of 2.4 μM, Figure 1C,
Table S5) showed 3-fold improvement in potency in inhibiting
STAT3DNA-binding activity in vitro, compared to that of BP-1−
102 (IC50 6.8μM).Consistentwithwhatwas observed before, the
(S)-5c showed lower activity than that of the (R)-5d (IC50 of 7.2
μM vs 2.4 μM, respectively) [Figure 1C]. Interestingly, an
isomeric modification of the Pro pyrrolidine ring, such as in
compounds 5a and 5b (IC50 6.5−6.9 μM, Table S5, Figure 1C),
led to lower potency compared to that of the Pro-linker 5d (IC50
of 2.4 μM) [Figure 1C], but still similar to that of the original lead
compound BP-1−102 (IC50 6.8 μM).Unlike alanine, the increase
in potency seen in the case of themeta-fluorine analogue 2v (IC50
1.8 μM, Table S5 vs SH4−54, IC50 4.4 μM) was not realized for
the Pro-based analogue, 5e (IC50 5.3 μM). Substitution of a
chlorine in the 2-position or conversion of the salicylic acid to the
benzohydroxamic acid showed no improvement (5k, IC50 3.8
μM; 5l, IC50 5.5 μM). In addition, the substitution of the
cyclohexyl group of 5d with a THP provided analogue 5g (IC50
5.4 μM,Table S5), which although showedmoderately improved
potency in disrupting STAT3DNA-binding activity in vitrowhen
compared to their parent compound, BP-1−102 (IC50 6.9 μM), it
was less potent than 5d. However, further substitutions of the
cyclohexane group such as tetrahydrofuran (THF) 5j (IC50 4.5
μM, Table S5) or a cyclopentane 5i (IC50 3.6 μM, Table S5)
showed promise in the proline series. Select variations of the
pentafluorophenylsulfonyl group in the proline series were not
tolerated as observed with the alanine series (Table S3; Table S5,
entries 13−16).
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On selectivity, we note that select analogues disrupt the DNA-
binding activities of both STAT3 and STAT5, but not that of
STAT1 in vitro (Supplementary Figure S1). These are discussed
in detail in the Supporting Information.
New analogues inhibited constitutive STAT3 activation in

cancer cells, with minimal effects on other signaling proteins.
Select analogues were investigated for their inhibitory activities
against constitutively active STAT3 in tumor cells. The human
breast cancer cells, MDA-MB-231, were treated with 10 μM 1e or
1a for 1, 3, or 24 h, or the human breast cancer line, MDA-MB-
468, was treated with 5 μM 1a, 2j, 2p, 2k, or 2q for 3 or 24 h.
Nuclear extracts were prepared and samples of equal total protein
were subjected to STAT3 DNA-binding activity/EMSA analysis
to determine effects on intracellular STAT3 activity. Results show
variable degrees of inhibition of STAT3 activity, which are cell-
type dependent. STAT3 DNA-binding activity in MDA-MB-231
cells was inhibited by both 1e and 1a following 3 h treatment, with
little change at 1 h treatment (Supplementary Figure S2A(i)). At
the 24 h time point, the treatment with 1e, but not with 1a,
continued to inhibit STAT3 DNA-binding activity (Supplemen-
tary Figure S2A, 24 h), suggesting the inhibitory effect of 1e is
sustained up to 24 h. Moreover, EMSA analysis shows STAT3
DNA-binding activity in MDA-MB-468 cells is inhibited by
treatment with 5 μM 1a for 3 or 24 h, 5 μM 2k for 3 h, and with 5
μM 2q for 24 h (Supplementary Figure S2A(ii)). Other
compounds tested (2j and 2p) showed minimal effect on
STAT3 DNA-binding activity in cells (Supplementary Figure
S2A(ii)).

Select analogues were evaluated for their inhibitory effects on
pY705STAT3, relative to nonspecific effects on pJak2, pSrc, and
pERK1/2 induction in the human breast cancer, MDA-MB-231
and MDA-MB-468 cells, and the metastatic melanoma, C8161,
1205LU, and UACC903 cells. Results, which are discussed in
detail in the Supporting Information, show that at concentrations
that inhibit pY705STAT3 and STAT3 DNA-binding activity
(Supplementary Figure S2), the analogues have little effect on
other signaling proteins (Supplementary Figure S3). Altogether,
the new analogues show strong and variable inhibitory effects
against constitutive STAT3 DNA-binding activity and Tyr
phosphorylation in human tumor cells. The variable responses
may reflect the complexities in the STAT3 signaling pathway that
impacts small molecule inhibitors in cells.19 We note that the Ala
analogues 2k and 2q are more potent compared to their Gly-
based counterparts, 2j and 2p.
Novel active analogues decreased the growth, colony

formation, and migration of human cancer cells harboring
persistently active STAT3. Constitutive STAT3 activity
promotes tumor cell growth and proliferation and survival.2 We
have previously shown that the lead agents SH4−54 and SH5−07
inhibit human tumor cell growth.19 We determined the effects of
the new active analogues on tumor cells harboring aberrantly
active STAT3. Based on the activity of the compounds in
inhibiting STAT3 DNA-binding in vitro, we selected potent
analogues for further evaluation of their effects on inhibiting
tumor cell phenotype. We note the variable responses of the
compounds tested against tumor cells harboring constitutively
active STAT3, compared to cells that do not. Treatment with 5d,

Figure 2. Effects of compounds on cell viability, growth, colony survival, andmigration in vitro. Human breast cancerMDA-MB-231 (A) andMDA-MB-
468 (B) cells harboring aberrantly active STAT3 orMCF-7 cells that do not (C) grow in 96-well plates were treated once with 0−10 μMof the indicated
compounds for 72 h and subjected to CyQuant cell proliferation assay for viable cells, which are plotted as % viability against concentration. (D)Cultures
ofmelanoma cells harboring aberrantly active STAT3 (C8161, 1205LU, andC81−61) and counterpart that does not (AR7119)were treatedwith1aor1c
at the indicated concentrations for 72 h and subjected toMTTassay for viable cells, whichwere plotted as%viability. (E)Humanbreast cancerMDA-MB-
231 cells were seeded as single-cell culture and treated once with 0−3 μM of the indicated compounds and allowed to culture until large colonies were
visible, which were stained with crystal violet, counted, and plotted. (F) Human breast cancer MDA-MB-231 cells in culture were wounded and treated
oncewith or without 8μMof the indicated compounds and allowed tomigrate to the denuded area over a 23 h period and imaged. Control (0) represents
0.05%DMSO-treated cells. Values, mean± SD of three independent determinations. Data are representative of three independent determinations. *p <
0.01, **p < 0.005, ***p < 0.001.

ACS Medicinal Chemistry Letters Letter

DOI: 10.1021/acsmedchemlett.7b00544
ACS Med. Chem. Lett. 2018, 9, 250−255

253

http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.7b00544/suppl_file/ml7b00544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.7b00544/suppl_file/ml7b00544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.7b00544/suppl_file/ml7b00544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.7b00544/suppl_file/ml7b00544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.7b00544/suppl_file/ml7b00544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.7b00544/suppl_file/ml7b00544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.7b00544/suppl_file/ml7b00544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.7b00544/suppl_file/ml7b00544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.7b00544/suppl_file/ml7b00544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.7b00544/suppl_file/ml7b00544_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.7b00544/suppl_file/ml7b00544_si_001.pdf
http://dx.doi.org/10.1021/acsmedchemlett.7b00544


2v, 2j, 2p, 2k, and 2q variably inhibited the viability ofMDA-MB-
231 and MDA-MB-468 cells (Figure 2A,B). These results are
consistentwith the previous report19 on the lead agents. Analogue
2v further inhibited MDA-MB-231 cell growth (Supplementary
Figure S4), which is discussed in detail in the Supporting
Information. By contrast, 72 h treatment with 5d, 2v, 2j, 2p, 2k, or
2q ofMCF-7 cells that do not harbor aberrantly active STAT3 led
to relatively weaker inhibitory effects on cell viability and growth,
as measured by CyQuant viability assay (Figure 2C). Overall, 10
μM concentration of these analogues showed relatively stronger
effects on MDA-MB-231 and MDA-MB-468, compared to the
generally weak-to-moderate effects on cells (MCF-7) that do not
harbor constitutively active STAT3 (Figure 2), suggesting
preferential effects on STAT3-dependent tumor cells. Intra-
cellular activity overall are moderately improved, which in part
reflects the enhancement in physicochemical factors that
influence cell membrane permeability, metabolic stability, and
hence increased intracellular concentrations. Importantly, the
Pro-based analogue, 5d, improved tumor-cell specificity and
preferentially inhibited the growth of MDA-MB-231 and MDA-
MB-468 human breast cancer cells harboring constitutively active
STAT3 over the MCF-7 line that does not.
Moreover, treatment with 1a for 48 h strongly inhibited the

viability of human metastatic melanoma C8161, 1205LU, and
C81−61 cell lines that harbor constitutively active STAT3,
compared to the relatively weaker activity against the
immortalized human normal melanocyte, AR7119 line that
does not harbor aberrant STAT3 activation (Figure 2D). We
surmise that at concentrations (<10 μM) that inhibit STAT3
activity in tumor cells, the tested compounds showed relative
preferential effects against the viability of tumor cells that harbor
constitutive STAT3 activation over cells that do not.
Colony survival assay in which single-cell cultures of MDA-

MB-231 linewere treated oncewith 0−20μM 2j, 2p, 2kor 2q and
allowed to culture until colonies were visible showed that all four
analogues strongly inhibited the formation of colonies at 3 μM,
with the minimum effect at 1 μM (Figure 2E, Supplementary
Figure S4C). In vitro cell migration scratch assay showed that
treatment of MDA-MB-231 cells with 8 μM of the analogues
variably suppressed cell migration, with the strongest inhibition
caused by 2j, 2p, and 2q, while 2k had moderate to weak effect
(Figure 2F).
Initial Pharmacokinetic Evaluation.Wewere interested in

understanding how the physicochemical properties of these
compounds influence their pharmacokinetic parameters and
initially focused on reducing lipophilicity by introducing
heteroatoms at different sites of the pharmacophore structure.
For example, replacement of the pentafluorophenyl group with a
3-pyridyl ring (3g, Table S3), replacement of the benzoic acid
group with different heterocyclic systems (2b-c, 2e−f, 2z Table
S2), modification of the 4-cyclohexylbenzyl group to 4-cyclo-
hexyl-3-pyridylmethyl (4k, Table S4), or the modification of the
cyclohexyl ring to 1- and 4-piperidyl systems (4f, 4l, Table S4)
were explored, which all gave weaker in vitro STAT3-inhibitory
activity compared to BP-1−102. Although the replacement of the
cyclohexyl ring with 4-tetrahydropyranyl (THP) also tended to
give compoundswith relatively lower activity (4a, 4c-e, Table S4),
some other THP analogues gave comparable potency with the
parent BP-1−102 (e.g., 4b, IC50 5.0 μM, Table S4, vs BP-1−102,
IC50 6.8 μM). This finding was exploited to improve the
physicochemical properties of the compounds (vide supra).
Preliminary in vitro assessment of aqueous solubility, cell
membrane permeability (Caco-2 cells assay), and mouse and

human liver microsomal (MLM and HLM) metabolic stability
studies were conducted on selected analogues and compared to
the lead compounds, SH4−54 and SH5−07 (Table S6).
Results show that solubility in both pH 7.4 PBS and pH 6.8

buffered simulated intestinal fluid (SIF, Table S6) was improved
by creating sodiumsalts, as observed for1b (127μg/mLbothPBS
and SIF), 4c (132 and 127 μg/mL, respectively), and 5h (123 and
117 μg/mL, respectively), compared to the lead agent, SH4−54,
which had only limited solubility as a carboxylic acid (7.6 and 14
μg/mL, respectively), possibly as a result of enhanced dissolution
rate.21 However, the benzohydroxamic acids, SH5−07 and 2w,
present good solubility in SIF (74 and 72 μg/mL, respectively),
but not in PBS pH 7.4 (0.3 and 4.7 μg/mL, respectively), a result
likely due to the emulsifying effects on dissolution at SIF.22

Ala-based analogues show lower metabolic stability compared
to Gly-based compounds (e.g., 1b and 4c, RLM/HLM t1/2 ≤ 5
min vs SH4−54 and SH5−07 RLM/HLM t1/2 ≥ 17 min, Table
S6). Hypothesizing that the Ala-based compounds are more
prone to metabolic N-demethylation,23 Pro-linker compounds
were designed with the goal to improve metabolic stability and
maintain potency. Indeed, the Pro-based analogues 5f (HLM and
MLM t1/2 = 54 and 26min, respectively) and 5h (HLMandMLM
t1/2 = 15 and 18 min, respectively) showed much improved
microsomal metabolic stability (Table S6).
Caco-2 cell permeability studies show that incorporation of the

THP group instead of the lipophilic cyclohexyl ring gives better
permeability (Table S6). For example, whereas compounds
containing the lipophilic cyclohexyl group, instead of the THP
ring, show no appreciable permeability (SH4−54, SH5−07, and
1b, Table S6), the THP compounds 5f and 5h (Table S6) show
detectable apical (A) to basolateral (B) relative permeability
(Papp 0.1 and 0.2 × 10−6 cm/s, respectively). Another THP
compound, 4c (Table S6), shows increased B to A permeability
(Papp 0.7 × 10−6 cm/s). That cell membrane permeability from
the Caco-2 assay was notably higher for the analogues that
incorporate the THP ring is likely due to the disruption of the
amphiphilic character of the molecule, specifically the lipophilic
cyclohexylphenyl and perfluorophenyl moieties at two different
ends, and the polar carboxyl group at the third other end in the
case of the leads BP-1−102, SH4−54, or SH5−07. Taken
together, these studies demonstrate significant progress toward
developing a more suitable STAT3 inhibitor with drug-like
features.
In summary, Ala-linker analogues 1a and 2v and the Pro-based

derivative 5d, all with (R)-configuration at the chiral center, had
improved inhibitory activity and selectivity against STAT3DNA-
binding activity in vitro, with IC50 of 3.0± 0.9, 1.80± 0.94, and 2.4
± 0.2 μM, respectively. All three analogues, 1a, 2v, and 5d,
inhibited constitutive STAT3 phosphorylation and activation in
human breast cancer andmelanoma lines, and blocked tumor cell
viability, growth, colony formation, and migration in vitro.
However, in general, the (R)-configuration Pro-based analogues
showed overall the best profile, including microsomal metabolic
stability, Caco-2 permeability, and in particular, 5d showed
improved tumor-cell specificity preferentially inhibiting the
growth of MDA-MB-231 and MDA-MB-468 human breast
cancer cells harboring constitutively active STAT3, with minimal
effects at concentrations up to 10 μM on the growth of MCF-7
human breast cancer line that does not harbor persistent STAT3
activity compared to 2v. Additional efforts are currently focused
on further optimizing potency and refining the physicochemical
properties, thereby further improving the activity and efficacy to
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ultimately identify suitable STAT3-inhibiting candidates for
clinical application.
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