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ABSTRACT: A growing body of evidence shows that Signal
Transducer and Activator of Transcription 5 (STAT5) protein,
a key member of the STAT family of signaling proteins, plays a
pivotal role in the progression of many human cancers,
including acute myeloid leukemia and prostate cancer. Unlike
STAT3, where significant medicinal effort has been expended
to identify potent direct inhibitors, Stat5 has been poorly
investigated as a molecular therapeutic target. Thus, in an
effort to identify direct inhibitors of STAT5 protein, we
conducted an in vitro screen of a focused library of SH2
domain binding salicylic acid-containing inhibitors (∼150)
against STAT5, as well as against STAT3 and STAT1 proteins
for SH2 domain selectivity. We herein report the identification
of several potent (Ki < 5 μM) and STAT5 selective (>3-fold specificity for STAT5 cf. STAT1 and STAT3) inhibitors, BP-1-107,
BP-1-108, SF-1-087, and SF-1-088. Lead agents, evaluated in K562 and MV-4-11 human leukemia cells, showed potent
induction of apoptosis (IC50’s ∼ 20 μM) which correlated with potent and selective suppression of STAT5 phosphorylation, as
well as inhibition of STAT5 target genes cyclin D1, cyclin D2, C-MYC, and MCL-1. Moreover, lead agent BP-1-108 showed
negligible cytotoxic effects in normal bone marrow cells not expressing activated STAT5 protein. Inhibitors identified in this
study represent some of the most potent direct small molecule, nonphosphorylated inhibitors of STAT5 to date.

■ INTRODUCTION
The Signal Transducers and Activators of Transcripion
(STAT) family of proteins play important and diverse cell
signaling and transcriptional roles in cells. STAT signaling is
transiently activated in normal cells and is deactivated by a
number of different cytosolic and nuclear regulators, including
phosphatases, SOCS, PIAS, and proteasomal degradation.1 Of
the seven STAT isoforms (STAT1, STAT2, STAT3, STAT4,
STAT5a, STAT5b, and STAT6), STAT3 and STAT5 have
gained notoriety for their aberrant role in human cancers and
tumorigenesis.2 Abnormal STAT5 activity has been found in
many cancers, including those of the breast, liver, prostate,
blood, skin, head, and neck.2 Because of their similar structures
and function (93% sequence homology),2 we will use the term
STAT5 to mean both STAT5a and STAT5b and will use the
specific notation of STAT5a or STAT5b when referring to a
specific isoform of the STAT5 protein. Despite significant
evidence implicating STAT5's causal role in human malig-
nancies, there has been very little progress in identifying small
molecule inhibitors of STAT5 function. The majority of
medicinal research on STAT function in transformed cells has

been aimed at identifying an inhibitor of STAT3 protein. As a
result, several direct inhibitors of STAT3 including peptidomi-
metics, small molecules, and oligonucleotide-based inhibitors
have entered preclinical trials as a STAT3-targeting therapeu-
tic.3−5 Progress toward a potent and direct inhibitor of STAT5
function for the treatment of human malignancies has been
disappointingly limited.
STAT5 activation involves a complex signaling cascade

beginning at the cell surface. Stimulation by growth factors such
as Kit ligand/Stem Cell Factor, erythropoietin, or prolactin
results in receptor dimerization and activation of STAT5 by
intracellular kinases such as Janus Kinases (JAKs).6 In addition,
oncogenes such as BCR-ABL and FLT3-ITD induce activation
of STAT5. Phosphorylation of the receptor’s cytoplasmic tail
provides docking sites for recruitment of monomeric, non-
phosphorylated STAT5 proteins via their SH2 domain.
Activated tyrosine kinases, such as JAK2 phosphorylate
recruited STAT5 proteins at a specific tyrosine near the
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carboxy terminus (Tyr694 in STAT5a and Tyr699 in
STAT5b). Phosphorylated STAT5 (pSTAT5) protein is
released from the receptor, and dimerization occurs through
reciprocal phosphotyrosine−SH2 domain interactions. Phos-
phorylation of a serine residue then allows the STAT5 dimers
to translocate to the nucleus where STAT5 binds to a
consensus DNA sequence and promotes gene expression.2,7

In cancer cells, STAT5 is routinely constitutively phosphory-
lated which leads to the aberrant expression of STAT5 target
genes resulting in malignant transformation. Cancer cells
harboring persistently activated STAT5 overexpress antiapop-
totic proteins such as BCL-XL, MYC, and MCL-1, conferring
significant resistance to natural apoptotic cues and administered
chemotherapeutic agents.8 Of particular interest, STAT5 has
been identified as a key regulator in the development and
progression of acute myelogenic (AML) and acute lympho-
blastic leukemias (ALL).9−11 Moreover, inhibitors of upstream
STAT5 activators (such as JAK and FLT3) have been shown to
exhibit promising anticancer properties.12,13 However, a
shortcoming of tyrosine kinase inhibitors, and other upstream

effectors of kinase activity, is the disruption of multiple
downstream signaling pathways, increasing the likelihood of
undesirable toxicity. In addition, it is possible that other
proteins in the malignant cell may also be activating STAT5;
this signaling would not be affected by an upstream-targeted
inhibitor. Therefore, silencing a downstream signaling target
such as STAT5 would ultimately result in fewer side effects and
would thus represent a more attractive candidate for a
molecularly targeted drug for the treatment of human cancers
harboring aberrant STAT5 activity.
To date, inhibition of STAT function has been achieved

through N-terminal domain binders, DNA binding domain-
targeting oligonucleotides, and most popularly, SH2 domain
binders that block STAT phosphorylation, dimerization, and
target gene expression.3−5 However, the vast majority of
medicinal chemistry effort has been conducted against STAT3
and not against STAT5. To the best of our knowledge, only
one family of chromone-based STAT5 SH2 domain binding
small molecules has been identified as being direct inhibitors of
STAT5 activity in vitro.2 In this work, Berg and co-workers

Table 1. Comparative STAT Isoform Selectivity Data (Ki Values, μM) as Assessed by STAT5, STAT3 and STAT1 FP Assays
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identified several small molecule chromone-based compounds
that potently bound to STAT5's SH2 domain, as assessed by a
competitive STAT5 fluorescence polarization (FP) assay and
by in silico docking studies.14 However, despite promising in
vitro disruption of STAT5/phosphopeptide interactions (IC50
∼15−50 μM), much higher concentrations of inhibitor were
required to elicit the inhibition of STAT5 activation in
lymphoma whole cells (100−200 μM).2 Thus, while STAT5
remains a highly appealing and validated molecular target, the
discovery of a potent STAT5 inhibitor with in vivo efficacy has
yet to be achieved.
Thus, in an effort to identify potent and direct inhibitors of

STAT5 function, we have investigated the application of small
molecule scaffolds targeting STAT5′s SH2 domain to disrupt
STAT5 signaling and the expression of STAT5 gene targets.
Through an in silico screening of a National Cancer Institute
library of compounds, we identified compounds containing
salicylic acid as being effective SH2 domain binders, likely a
result of effective phosphotyrosine mimicry.15 In silico docking
with GOLD software showed the salicylic component making
binding interactions with the key pTyr binding pocket. Upon
the basis of the salicylic acid moiety, we constructed a library of
rationally designed SH2 domain binders targeting STAT3's
SH2 domain.16,17 As previously reported, this SAR study
yielded a number of potent STAT3 inhibitors, including SF-1-
066,16,17 which was shown to potently inhibit STAT3 function
in vitro and in in vivo models of breast cancer.17 Given that each
inhibitor in the family possessed an SH2 binding salicylic
moiety, we reasoned that our library of privileged structures
could contain potent STAT5 binding agents. Thus, we
screened our library of ∼150 compounds for in vitro STAT5
SH2 domain binding activity.

■ RESULTS
The library was subjected to a high-throughput STAT5b FP
assay to determine binding affinity for the STAT5b SH2
domain.14 This competitive assay is based upon the small
molecule-mediated displacement of a STAT5-SH2 domain
binding 5-carboxyfluorescein-labeled (F*) erythropoietin phos-
phopeptide, F*-GpYLVLDKW from the STAT5b-SH2 domain,
wherein the unbound F*-GpYLVLDKW results in reduced
polarization of the emitted fluorescence due to a higher
mobility of the unbound phosphopeptide fluorophore. The
library was first screened for activity against STAT5b at 25 and
50 μM, and compounds eliciting potent activity at <25 μM
were further evaluated to determine Ki values and STAT
specificity. The most potent STAT5b inhibitors identified were
subjected to previously described STAT118 and STAT319 FP
assays. The STAT5, STAT3, and STAT1 Ki values are reported
in Table 1.
First, as a negative control, we evaluated SF-1-066,16 a

previously reported, potent and selective STAT3 protein
inhibitor. Unsurprisingly, SF-1-066 showed no inhibitory effect
against STAT5b or STAT1 phosphopeptide binding (Ki’s > 25
μM). More generally, and most encouragingly, out of the
approximately 150 compounds screened in parallel, we
identified a number of lead compounds including, BP-1-075,
BP-1-122, SF-2-096, BP-1-107, BP-1-108, BP-1-111, BP-1-
122, SF-1-087, and SF-1-088 that showed impressive STAT5b
binding affinity (Ki’s < 10 μM). Next, lead compounds were
subjected to FP binding assays for both STAT3 and STAT1
affinity (Table 1., and Supporting Information). Encouragingly,
of the 10 lead compounds, six agents, BP-1-107, BP-1-108, SF-

1-087, BP-1-111, and SF-1-088 showed promising STAT5b
specificity (2−3-fold specificity). Most notably, BP-1-108, SF-
1-088, and BP-1-111 exhibited the highest selectivity for
STAT5b (∼3-fold specificity for STAT5 cf. STAT1 and
STAT3). While BP-1-075, incorporating a large substituted
terphenyl R group, was a potent binder of STAT5b (Ki = 3.8
μM), we determined that it was equipotent against both
STAT1 (Ki = 3.2 μM), a tumor suppressor gene,20 and STAT3
(Ki = 2.8 μM). Moreover, the structurally similar BP-2-122,
showed similar STAT5b potency (Ki = 4.8 μM) as well as
limited STAT isoform selectivity (<2 fold). Structurally,
STAT5b inhibitors generally contained a bulky and, in most
cases, hydrophobic R substituent (cyclohexylbenzyl, terphenyl
or a substituted benzyl piperidyl). However, of note, SF-1-088,
incorporating the smallest R and R′ substituent, an N-benzyl
and tolyl group, respectively, exhibited the highest STAT5
specificity, i.e., STAT5b Ki = 8 μM cf. STAT1 and >25 μM cf.
STAT3 >25 μM. Moreover, unlike the majority of STAT5b
inhibitors identified in this screen, SF-1-088 is equipped with a
bulky R′′ group (R′′ = N-tert-butyloxycarbonyl). We also
investigated the disruption of preformed STAT5−STAT5
dimers by electrophoretic mobility shift assay (EMSA) analysis
of nuclear extracts taken from NIH3T3/hEGFR cells,
harboring activated STAT5. While BP-1-108 was shown to
disrupt STAT5−STAT5 dimers with an IC50 of approximately
100 μM (Supporting Information), the modest potency
exhibited in this assay suggested that this class of compound
will only poorly disrupt activated STAT5 dimers. Instead,
inhibitory function will most likely be derived from binding to
the unphosphorylated STAT5 monomer and thus prevent
STAT5 phosphorylation and/or binding to the phosphorylated
STAT5 protein disrupting the formation of STAT5 dimers.
Next, computational docking analysis using Genetically

Optimized Ligand Docking Software (GOLD)21 of agents
was performed with the STAT5a crystal structure
(pdb:1Y1U6). Given the near identical sequences of the
STAT5a and STAT5b SH2 domains (>93%), we reasoned
that inhibitor docking in silico with the STAT5a crystal
structure may also offer some insight into possible inhibitor
binding to STAT5b’s SH2 domain. GOLD docking studies
revealed that the salicylic acid component of SF-1-088 docks
within the STAT5a pTyr binding site composed of polar
residues Arg618, Lys600, and Ser622 (Figure 1). The

Figure 1. Low energy GOLD45-docked SF-1-088 (yellow) in the
STAT5a SH2 domain (pdb: 1Y1U): pink = hydrophobic residues;
blue = hydrophilic residues.
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hydrophobic benzyl substituent interacts with the hydrophobic
portion of the Lys644 side chain as well as with the Leu643 side
chain. The tert-butyl portion of the N-tert-butyloxycarbonyl
group forms van der Waals interactions with Leu643 and
Trp631. SF-1-088’s tetrapodal projection of functionality
facilitates access to a number of subpockets within the
STAT5a SH2 domain. Future work will seek to delineate
inhibitor binding via a thorough structure−activity relationship
against STAT5's SH2 domain.
We next assessed the whole cell potency of lead STAT5

inhibitors in the acute myeloid leukemia cell line, MV-4-11,
known to harbor activated STAT5 via constitutive FLT-3
kinase activity,22 as well as in K562 leukemia cells, which also
contain constitutive STAT5 activity via the presence of BCR-
ABL.23 Both cancer cell lines were treated with inhibitors, BP-
1-107, BP-1-108, SF-1-087, BP-1-075, and SF-1-088 at 10, 20,
and 40 μM concentrations and cell viabilities determined using
Almar Blue (Invitrogen) fluorescent staining in 96-well plates
over 3 consecutive days. Encouragingly, in MV-4-11 cells, we
found that BP-1-108, SF-1-087, and BP-1-075 inhibited cell
viability with IC50 values of 17, 51, and 24 μM, respectively
(Table 2). Similarly, in K562 cells, BP-1-075 and BP-1-108

inhibited cell viability with IC50 values of 24 and 42 μM,
respectively. The cytotoxic potential of BP-1-108 was
confirmed using an Annexin V/PI assay in K562 cells. In this
assay, BP-1-108 (40 μM, 24 h) induced apoptosis in K562 cells
as measured by annexin V staining (Supporting Information).
In contrast, BP-1-108 minimally affected healthy patient bone
marrow cells that do not harbor constitutive STAT5 activity
(Supporting Information) even at concentrations of up to 160
μM. To determine whether the biological effects correlated
with intracellular STAT5 suppression, we next measured
inhibitor mediated suppression of STAT5 phosphorylation in
the K562 cells.
To evaluate the inhibition of intracellular STAT5 in K562

leukemia cells, carrying the BCR-ABL oncogene, were treated
with BP-1-107, BP-1-108, SF-1-087, and SF-1-088. After 6 h
of exposure to the drug, we measured the level of STAT5
phosphorylation by Western blot analysis. Consistent with the
cytoxic effects on leukemia cells, we observed dose-dependent
inhibition of STAT5 phosphorylation after treatment with
inhibitors confirming that these agents inhibit oncogene
mediated STAT5 activation in tumor cells (Figure 2A and
Supporting Information). Presumably, this resulted from the
blockade of STAT5 binding to the pTyr motifs in BCR-ABL or
other proteins recruited by BCR-ABL, and the subsequent
prevention of de novo phosphorylation of STAT5 by tyrosine
kinases. We next evaluated BP-1-108 induced dose-dependent
decreases in pSTAT5, pSTAT3, and pAKT using phospho-flow
cytometry to measure inhibitor-induced effects. As shown in
Figure 2B, and consistent with the Western blot studies, BP-1-

108 is a potent inhibitor of STAT5 phosphorylation. Moreover,
BP-1-108 elicited minimal perturbation of both pSTAT3
(Figure 2C) and pAKT (Figure 2D) phosphorylation in K562
cells at 40 μM, suggesting a STAT5 specific effect.
The above data suggests that the growth inhibitory effect of

BP-1-108 is as a result of blocking the phosphorylation of
STAT5. Alternatively, the drug might be causing death due to
the inhibition of phosphorylation of other down stream targets
of BCR-ABL. Analysis by phospho-flow cytometry also
indicates that BP-1-108 does not affect the level pERK 1,2.
Finally, to demonstrate that BP-1-108 is not acting directly on
the tyrosine kinase activity of BCR-ABL we compared the effect
of the BCR-ABL inhibitor imatinib to BP-1-108. As can be
seen in Figure 3, imatinib caused a marked reduction in both
pSTAT5 and pERK1,2, while BP-1-108 only blocked the
phosphorylation of pSTAT5. Taken together, this suggests that
BP-1-108 does not inhibit the JAK/STAT3 pathway, the PI3K
pathway, or MAPK pathways and that it specifically inhibits the
phosphorylation of STAT5.
To exclude the possibility that this effect on STAT5 was a

peculiarity of cells with an activated oncogene, we used the IL-3
dependent cell line 32D. The level of pSTAT5 was determined
by flow cytometry. In the presence of IL-3, the peak is shifted
to the left in comparison to no IL-3. The addition of BP-1-108
to cells grown in IL-3 resulted in a major reduction in the level
of pSTAT5 (shown in Figure 4).
Previous reports indicate that knockdown of phosphorylated

STAT5 (pSTAT5) in AML cells abrogates MCL-1 expression
at both the mRNA and protein level and is sufficient to induce
apoptosis.26 Indeed, suppression of MCL-1 in chronic
lymphocytic leukemia and myeloma cells rapidly induced
apoptosis, identifying MCL-1 as a potential key therapeutic
target. Critically, in AML cells, MCL-1 expression is highly
dependent upon STAT5 mediated signaling pathways,
suggesting that STAT5 inhibitors might be important for
triggering apoptosis in AMLs. Thus, we reasoned that
promising inhibitors of STAT5 should decrease target gene
expression, including MCL-1, cyclin D1/D2, and BCL-XL, and
induce apoptosis as was observed in K562 and MV-4-11
viability assays. To confirm the inhibitory effects of lead STAT5
inhibitors, we conducted experiments to measure changes in
the level of expression of known STAT5-regulated genes,
including MCL-1, C-MYC, cyclin D1, and cyclin D2, in K562
cells. In keeping with our hypothesis, after treatment with 40
μM of BP-1-108, BP-1-075, BP-1-111, and SF-1-087 for 6 h,
we observed a significant reduction of MCL-1, C-MYC, cyclin
D1, and cyclin D2 mRNA (Figure 5). These data, in
conjunction with the Western blot analysis of STAT5
phosphorylation, the potent in vitro disruption of STAT5/
phosphopeptide complexation (Table 1), and whole cell results
(Table 2), indicate that the lead STAT5 binding agents
potently inhibit the transcriptional function of STAT5 and as a
result suppress tumor cell growth, proliferation, and survival,
culminating in cellular apoptosis.
To confirm that BP-1-108 disrupted STAT5 binding to the

C-MYC and cyclin D1 promoter regions, we performed a
chromatin immunoprecipitation assay (Millipore, Billerica, MA,
USA). PCR of STAT5 immunoprecipitated chromatin frag-
ments of whole cell lystates taken from K562 cells treated with
BP-1-108 (40 μM, 6 h) showed no STAT5 binding to either
the C-MYC or cyclin D1 promoter regions (Figure 6A) as
compared with untreated control cells, in which pSTAT5
antibody was able to precipitate both C-MYC and cyclin D1

Table 2. Selected IC50 Values (μM) of Inhibitors in MV-4-11
and K562 Cells at 48 h Post-Treatment

IC50 values (μM)

compd MV-4−11 K562

SF-1-088 >80 77 ± 5
SF-1-087 51 ± 7 >80
BP-1-107 >80 80 ± 18
BP-1-108 17 ± 1 42 ± 16
BP-1-075 24 ± 2 24 ± 3
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promoters (Figure 6B). Thus, BP-1-108-mediated inhibition of
STAT5 activation can inhibit the high level expression of C-
MYC and cyclin D1 in K562 leukemia cells.

■ CONCLUSIONS

In summary, we have identified a number of promising STAT5
SH2 domain inhibitors that exhibit potent and selective in vitro
binding activity for STAT5, effectively disrupting STAT5/

phosphopeptide interactions (Ki’s < 5 μM). Moreover, unlike
traditional SH2 domain targeting phosphopeptide mimetics,
the structures identified do not contain a pharmacokinetically
labile phosphotyrosyl group. Moreover, in AML cell lines MV-
4-11, carrying a FLT3-ITD and BCR-ABL positive K562, our
lead agent BP-1-108 suppresses STAT5 phosphorylation and
inhibits STAT5 mediated gene expression, including the down
regulation of C-MYC, cyclin D1, cyclin D2, and MCL-1,

Figure 2. (A) Western blot analysis of STAT5 inhibition in K562 cells treated with BP-1-107, BP-1-108, SF-1-087, and SF-1-088 STAT5 inhibitors.
The different sized bands in the pSTAT5 and STAT5 panels arise due to alternate forms (STAT5a and STAT5b) and post-translational
modifications of the proteins.24,25 (B) Dose-dependent inhibition of pSTAT5 by BP-1-108 as measured by phospho-flow cytometry. (C) Minimal
inhibition of pSTAT3. (D) pAkt by BP-1-108 as measured by phospho-flow cytometry.

Figure 3. K562 cells nontreated or treated with imatinib or BP-1-108 were fixed and stained for the levels of pSTAT5 and pERK1,2. The Y axis is
pSTAT5, and the X axis is pERK1,2.
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important inhibitors of apoptosis and regulators of the cell
cycle. Particularly, MCL-1 has been shown as a key therapeutic
target in leukemias.24 As a result, BP-1-108 exhibited
encouraging antileukemic activity in K562 cells (IC50 = 17
μM) while showing no cytotoxicity against healthy bone
marrow cells at concentrations up to 160 μM (Supporting
Information). These molecules represent the most potent
direct inhibitors of STAT5 function reported to date. Given the

current dearth of small molecules effectively targeting STAT5−
STAT5 protein complexes in human cancers, our work in
conjunction with that of Berg24 shows that STAT5 protein−
protein interactions are an appealing and viable target for small
molecule disruptors.

■ EXPERIMENTAL SECTION
Fluorescent Polarization Assay. Fluorescence polarization

experiments were performed on an Infinite M1000 (Tecan,
Crailsheim, Germany) using black 384-round-bottom well plates
(Corning) and buffer containing 50 mM NaCl, 10 mM Hepes, pH 7.5,
1 mM EDTA, and 2 mM dithiothreitol and a final concentration of 5%
DMSO. STAT protein (120 nM, 150 nM, and 105 nM for STAT1,
STAT3, and STAT5, respectively) were treated with varying
concentrations of inhibitor compounds (200 to 0.2 μM final
concentrations). The fluorescent probe was added at a final
concentration of 10 nM. Protein, inhibitor, and probe were combined
and incubated for 15 min prior to analysis. Polarized fluorescence was
plotted against concentration and fitted using a standard dose−
response curve.

Cell Culture, Treatment, and Viability Testing. To determine
whether STAT5 inhibitors could be cytotoxic in cell lines that have
constitutive activation of STAT5, the cell lines K562 and MV-4-11
were cultured at a concentration of 1 × 105, to ensure that the cells are
at the exponential stage of growth, and treated with the different
synthesized molecules at concentrations of 10, 20, and 40 μM.
Viability were determined using Almar Blue (Invitrogen) in a 96-well
plate over 3 consecutive days. Fluorescence was quantified using
Spectra Max M5 (Molecular Devices).

Annexin V/PI Assay. K562 cells treated with 40 μM of BP-1-108
for 24 h or were untreated and washed twice with PBS and then
stained consecutively with FITC-coupled Annexin V (Becton
Dicknson) antibody for 15° and PI (Becton Dickinson) for 10°.
Then, data were acquired using FacsCaliber and analyzed using FlowJo
software.

Determining Inhibition of Intracellular STAT5, STAT3, and
STAT1 Phosphorylation. Cells were treated with the potential
STAT5 inhibitors for 6 h, then 1 × 107 were lysed using RIPA buffer.
Lysates were loaded on SDS−PAGE in order to size-fractionate the
proteins. Thereafter, proteins were blotted onto PVDF membrane
(PALL Life Sciences). The membrane was blocked using 5% BSA in
PBS containing 0.1% Tween 20 (Sigma) and then probed with
antibodies against pSTAT5, STAT5, pSTAT3, STAT3 (Cell Signal-
ing), and GAPDH. Secondary staining was performed with antirabbit
IgG coupled with HRP (Amersham Bioecinces), and chemilumines-
cence reaction was carried out using ECL Plus (Amersham
Biosciences). Proteins were quantified using Typhoon 9410
(Amersham Biosciences).

Inhibition of IL-3-Induced STAT5 Phosphorylation. IL-3
dependent 32D cells were grown in the absence of IL-3, with IL-3
alone, or with IL-3 and BP-1-108 for 6 h. Following this, the cells were
washed, fixed, stained for pSTAT5, and assessed by flow cytometry.

Flow Cytometry. K562 cells were treated (40 μM BP-1-108) or
untreated for 6 h, then fixed and stained for pSTAT3, pSTAT5,
pAKT1, or pERK1,2. For pSTAT3, pSTAT5 and pAKT1 nonlabeled
rabbit monoclonal antibodies were used first, followed by detection
with Cy5 coupled antirabbit IgG antibodies. pERK1 was detected
using an Alexa448-coupled rabbit monoclonal antibody.

Chromatin Immunoprecipitation (ChIP). ChIP assay was
performed using the EZ ChIP kit (Millipore, Billerica, MA, USA) as
per the manufacturer’s instructions. Briefly, after cross-linking with
formaldehyde (1%), cells were lysed using SDS Lysis Buffer containing
Protease Inhibitor Cocktail, and nuclear extracts were obtained. Then,
cross-linked DNA was sheared using sonication; sheared DNA size was
checked on agarose gel and ranged, in all cases, between 300 and 500
bp. An amount of 1/20 of the shared chromatin was kept as an input.
Sheared chromatin was incubated with rabbit polyclonal Phospho-
STAT5 (Tyr694) Antibody (Cell Signaling, Danvers, MA, USA) at a
dilution of 1:50 or rabbit polyclonal IgG at an appropriate

Figure 4. Effect of BP-1-108 on IL-3 mediated phosphorylation of
STAT5. IL-3 dependent 32D cells were assessed for the level of
pSTAT5 by flow cytometry under different growth conditions; with
IL-3 (green line), IL-3 and BP-1-108 (blue line); or no IL-3 (orange
line).

Figure 5. RT-PCR analysis of K562 whole cell lysates treated with BP-
1-108, BP-1−75, BP-1−111, and SF-1-087 to evaluate the levels of
cMYC, Cyclin D1, Cyclin D2, and MCL-1 transcripts.

Figure 6. Chromatin immunoprecipitation of C-MYC and cyclin D1
promoters using STAT5 antibody in K562 cells treated with 40 μM
BP-1-108.
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concentration. Incubation was performed at 4 °C overnight. The
antibody/chromatin complex was precipitated using Protein G
Agarose beads. After elution, the cross-link of protein/DNA was
reversed, and DNA was purified using Spin Columns. PCR was
performed using platinum Taq (Invitrogen Canada, Burlington, ON,
Canada). Two sets of primers were designed to amplify two DNA
segments that contain STAT5-binding sites located 1672bp and 428bp
upstream of the start sites of C-MYC and cyclin D1, respectively. The
STAT5-binding site in the C-MYC promoter is characterized by a 4N
spacer and has the sequence (ttcccccgaa), whereas the one in the cylcin
D1 promoter is characterized by a 3N spacer and has the sequence
(ttcttggaa).
Chemical Methods. Anhydrous solvents methanol, DMSO,

CH2Cl2, THF, and DMF were purchased from Sigma Aldrich and
used directly from Sure-Seal bottles. Molecular sieves were activated
by heating to 300 °C under vacuum overnight. All reactions were
performed under an atmosphere of dry nitrogen in oven-dried
glassware and were monitored for completeness by thin-layer
chromatography (TLC) using silica gel (visualized by UV light or
developed by treatment with KMnO4 stain or phosphomolybdic acid
stain). 1H and 13C NMR spectra were recorded on Bruker 400 MHz
spectrometer in CDCl3, CD3OD, or d6-DMSO. Chemical shifts (δ) are
reported in parts per million after calibration to a residual isotopic
solvent. Coupling constants (J) are reported in Hz. Before biological
testing, inhibitor purity was evaluated by reversed-phase HPLC
(rpHPLC). Analysis by rpHPLC was performed using a Microsorb-
MV 300 A C18 250 mm × 4.6 mm column run at 1 mL/min and using
gradient mixtures. The linear gradient consisted of a changing solvent
composition of (I) 100% H2O with 0.1% TFA for 2 min to 100%
MeCN with 10% H2O and 0.1% TFA (v/v) at 22 min and UV
detection at 254 nm, (II) 100% H2O with 0.1% TFA for 2 min to
100% MeCN with 10% H2O and 0.1% TFA (v/v) at 62 min and UV
detection at 214 nm, (III) 100% H2O (0.01 M NH4OAc) for 2 min to
100% MeOH at 22 min and UV detection at 254 nm or (IV) 100%
H2O (0.01 M NH4OAc) for 2 min to 100% MeOH at 62 min and UV
detection at 254 nm, (V) 100% H2O (0.01 M NH4OAc) for 2 min to
100% MeOH at 25 min and UV detection at 254 nm, or (VI) 100%
H2O (0.01 M NH4OAc) for 2 min to 100% MeOH at 62 min and UV
detection at 254 nm, each ending with 5 min of 100% B. For reporting
HPLC data, percentage purity is given in parentheses after the
retention time for each condition. All biologically evaluated
compounds are >95% chemical purity as measured by HPLC. The
HPLC traces for all tested compounds are provided in Supporting
Information.
Final Molecule Characterization. (SF1-066) 4-(N-(4-Cyclo-

hexylbenzyl)-2-(N,4-dimethylphenylsulfonamido)acetamido)-2-hy-
droxybenzoic Acid. δH (400 MHz, d6-DMSO) 1.14−1.40 (m, 5H,
CH2), 1.64 − 1.81 (m, 5H, CH2), 2.36 (s, 3H, CH3Ar), 2.44 (s (br),
1H, CH), 2.77 (s, 3H, NCH3), 3.86 (s, 2H, COCH2), 4.79 (s, 2H,
CH2Ar), 6.79 (d, J = 8.6 Hz, 1H, CH (Ar)), 6.86 (s (br), 1H, CH
(Ar)), 7.06 (d, J = 7.8 Hz, 2H, 2 CH (Ar)), 7.13 (d, J = 7.8 Hz, 2H, 2
CH (Ar)), 7.35 (d, J = 8.0 Hz, 2H, 2 CH (Ar)), 7.54 (d, J = 8.0 Hz,
2H, 2 CH (Ar)), 7.77 (d, J = 8.3 Hz, 1H, CH (Ar)), 11.30 (s (br), 1H,
OH); δC (400 MHz, d6-DMSO) 21.2, 25.1(2), 26.6, 34.2, 36.1, 42.3,
43.6, 51.2, 51.9, 112.7, 116.3, 118.9, 126.9, 127.2, 127.8, 129.9, 131.6,
134.5, 135.3, 143.4, 146.8, 147.3, 161.8, 167.0, 171.5; HRMS (ES+)
calcd for [C30H35N2O6S + H] 551.2223; found, 551.2210; HPLC (I)
tR = 24.35 min (98.11%), (II) tR = 52.80 min (98.16%).
(BP1-075) 4-(2-(N,4-Dimethylphenylsulfonamido)-N-((3′-

(methoxycarbonyl)terphenyl-4-yl)methyl) acetamido)-2-hydroxy-
benzoic Acid. δH (400 MHz, d6-DMSO) 2.36 (s, 3H, CH3), 2.81 (s,
3H, CH3), 4.90 (s, 2H, CH2), 6.80 (d, 1H, J = 8.4 Hz, CH), 6.89 (s,
1H, CH), 7.29 (d, J = 8.4 Hz, 2H, CH), 7.36 (d, J = 8.0 Hz, 2H, CH),
7.61−7.67 (m, 5H, CH), 7.76−7.79 (m, 4H, CH), 7.96 (d, J = 7.6 Hz,
1H, CH), 8.00 (d, J = 8.0 Hz, 1H, CH), 8.24 (s, 1H, CH), 8.32 (s, 1H,
CH); δC (400 MHz, d-CDCl3) 20.87, 35.80, 50.85, 51.57, 52.16,
115.95, 117.44, 118.14, 126.47, 126.89, 127.13, 127.20, 127.34, 127.89,
128.05, 128.34, 129.46, 129.54, 130.30, 131.26, 135.06, 136.38, 137.86,
138.17, 139.10, 139.98, 143.05, 146.39, 161.85, 166.04, 166.73, 171.05;
HRMS (ES+) calcd for [C37H32N2O8S + H] 679.2108; found,

679.2080; HPLC (I) tR = 23.34 min (96.76%), (II) tR = 50.50 min
(98.76%).

(BP2-122) 4-(N-((4″-Carbamoyl-[1,1′:4′,1″-terphenyl]-4-yl)-
methyl)-2-(N,4-dimethylphenyl sulfonamido)acetamido)-2-hydrox-
ybenzoic Acid. δH (400 MHz, d6-DMSO) 2.35 (s, 3H, CH3), 2.79 (s,
3H, CH3), 3.87 (s, 2H, CH2), 4.88 (s, 2H, CH2), 6.78 (d, J = 6.4 Hz,
1H, CH), 6.86 (s, 1H, CH), 7.29 (d, J = 8.4 Hz, 2H, CH), 7.37 (d, J =
8.0 Hz, 2H, CH), 7.55−7.69 (m, 6H, CH), 7.76−7.84 (m, 4H, CH),
7.95−8.04 (m, 3H, CH); δC (100 MHz, d6-DMSO) 21.3, 30.7, 51.3,
52.0, 103.0, 116.2, 118.4, 126.2, 126.5, 127.0, 127.1, 127.3, 128.2,
128.4, 128.7, 128.8, 129.6, 131.4, 131.5, 132.0, 132.1, 132.2, 133.1,
133.2, 135.1, 136.4, 138.1, 138.3, 139.1, 142.1, 143.1, 146.8, 161.7,
166.8, 167.5, 171.1, 172.0; HRMS (ES+) calcd for [C37H33N3O7S +
H] 664.2111; found, 664.2141; HPLC (III) tR = 19.22 min (76.63%),
(IV) tR = 43.81 min (79.95%).

(SF2-096) 4-(N-(4-(1-(4-Cyanophenyl)piperidin-4-yl)benzyl)-2-
(N,4-dimethylphenyl-sulfon-amido)acetamido)-2-hydroxybenzoic
Acid. δH (400 MHz, d6-DMSO) 1.56−1.68 (m, 2H, CH2), 1.80−1.83
(m, 2H, CH2), 2.36 (s, 3H, CH3), 2.74−2.75 (m, 1H, CH), 2.52−2.53
(m, 2H, CH2), 2.77 (s, 3H, CH3), 2.88−2.98 (m, 2H, CH2), 3.86 (s,
2H, CH2), 4.80 (s, 2H, CH2), 6.79 (dd, J = 8.0 and 2.0 Hz, 1H, CH),
6.87 (d, J = 2.0 Hz, 1H, CH), 7.03 (d, J = 7.2 Hz, 2H, CH), 7.09 (d, J
= 8.0 Hz, 2H, CH), 7.17 (d, J = 8.0 Hz, 2H, CH), 7.35 (d, J = 8.0 Hz,
2H, CH), 7.53−7.56 (m, 4H, CH), 7.77 (d, J = 8.4 Hz, 1H, CH); δC
(100 MHz, d-CDCl3) 21.4, 29.5, 32.4, 35.8, 41.9, 48.2, 51.5, 52.9, 99.4,
114.3, 116.8, 118.9, 126.8, 127.4, 128.6, 129.4, 133.4, 134.3, 134.9,
143.4, 144.8, 147.4, 153.2, 162.8, 165.6, 171.8; LRMS (ES+) calcd for
[C36H36N4O6S + H] 653.24; found, 653.46 [M + H]; HPLC (I) tR =
23.32 min (99.22%), (II) tR = 49.33 min (99.66%).

(SF3-006) 4-(N-(4-(1-(4-Carbamoylphenyl)piperidin-4-yl)benzyl)-
2-(N,4-dimethyl-phenyl-sulfonamido)acetamido)-2-hydroxybenzoic
acid. δH (400 MHz, d6-DMSO) 1.66−1.80 (m, 2H, CH2), 1.82−1.91
(m, 2H, CH2), 2.33 (s, 3H, CH3), 2.58−2.68 (m, 1H, CH), 2.77 (s,
3H, CH3), 2.86 (t, J = 12.0 Hz, 2H, CH2), 3.72 (s, 2H, CH2), 3.89 (d,
J = 12.0 Hz, 2H, CH2), 4.75 (s, 2H, CH2), 6.49 (d, J = 7.2 Hz, 1H,
CH), 6.58 (s, 1H, CH), 6.87 (d, J = 8.8 Hz, 2H, CH), 7.00−7.09 (m,
4H, CH), 7.20 (d, J = 8.0 Hz, 1H, CH), 7.54 (d, J = 8.0 Hz, 1H, CH),
7.67 (d, J = 8.4 Hz, 2H, CH), 7.80 (d, J = 8.0 Hz, 1H, CH); δC (100
MHz, d6-DMSO) 21.2, 29.4, 32.5, 35.7, 41.9, 51.3, 52.7, 114.1, 116.4,
118.6, 121.6, 126.7, 127.2, 128.5, 128.9, 129.4, 132.0, 134.2, 134.9,
143.4, 144.9, 146.5, 150.2, 153.6, 162.4, 166.8, 169.2, 171.3; HRMS
(ES+) calcd for [C36H38N4O7S + H] 671.2533; found, 671.2545;
HPLC (III) tR = 17.72 min (84.23%), (IV) tR = 24.81 min (74.07%).

(BP1-107) 4-(N-(4-Cyclohexylbenzyl)-2-(N-methylbiphenyl-4-
ylsulfonamido)acetamido)-2-hydroxybenzoic Acid. δH (400 MHz,
d6-DMSO) 1.23−1.38 (m, 5H, CH2), 1.62−1.78 (m, 5H, CH2), 2.35−
2.44 (m, 1H, CH), 2.08 (s, 3H, CH3), 3.96 (s, 2H, CH2), 4.78 (s, 2H,
CH2), 6.80 (dd, J = 8.4 and 2.0 Hz, 1H, CH), 6.89 (d, J = 2.0 Hz, 1H,
CH), 7.04 (d, J = 8.0 Hz, 2H, CH), 7.09 (d, J = 8.4 Hz, 2H, CH), 7.44
(d, J = 8.0 Hz, 1H, CH), 7.51 (t, J = 7.6 Hz, 2H, CH), 7.68−7.81 (m,
5H, CH), 7.86 (d, J = 8.4 Hz, 2H, CH); δC (100 MHz, d6-DMSO)
25.4, 26.2, 33.7, 35.8, 43.2, 50.7, 51.6, 115.9, 118.4, 120.3, 126.5, 126.9,
127.2, 127.4, 127.5, 128.4, 129.0, 131.3, 134.1, 136.9, 138.3, 144.1,
146.3, 146.8, 161.6, 166.5, 171.1; HRMS (ES+) calcd for
[C35H36N2O6S + H] 613.2366; found, 613.2356; HPLC (V) tR =
22.09 min (96.50%), (VI) tR = 38.47 min (89.47%).

(BP1 - 1 0 8 ) 4 - ( N - ( 4 - C y c l o h e x y l b e n z y l ) - 2 - ( N , 2 , 4 , 6
tetramethylphenylsulfonamido)acetamido)-2-hydroxybenzoic
Acid. δH (400 MHz, d6-DMSO) 1.26−1.40 (m, 5H, CH2), 1.64−1.81
(m, 5H, CH2), 2.26 (s, 3H, CH3), 2.44 (s, 7H, CH3 and CH), 2.84 (s,
3H, CH3), 3.84 (s, 2H, CH2), 4.75 (s, 2H, CH2), 6.62 (dd, J = 8.4 and
2.0 Hz, 1H, CH), 6.70 (d, J = 2.0 Hz, 1H, CH), 6.99 (d, J = 8.0 Hz,
2H, CH), 7.03 (s, 2H, CH), 7.11 (d, J = 8.0 Hz, 2H, CH), 7.75 (d, J =
8.4 Hz, 1H, CH); δC (100 MHz, d6-DMSO) 20.3, 22.1, 25.4, 26.2,
33.8, 34.4, 43.2, 49.1, 51.5, 116.0, 118.4, 120.2, 126.5, 127.4, 131.2,
131.7, 132.1, 134.1, 139.4, 142.1, 146.7, 146.7, 161.5, 166.6, 171.0;
HRMS (ES+) calcd for [C32H38N2O6S + H] 613.2366; found,
613.2356; HPLC (V) tR = 21.29 min (96.82%), (VI) tR = 37.54 min
(95.30%).

(BP1-111) 4-(2-(4-Chloro-N-methylphenylsulfonamido)-N-(4-
cyclohexylbenzyl)acetamido)-2-hydroxybenzoic Acid. δH (400
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MHz, d-CDCl3) 1.34 (m, 5H, CH2), 1.75 (m, 5H, CH2), 2.44 (m, 1H,
CH), 2.84 (s, 3H, CH3), 3.96 (s, 2H, CH2), 4.77 (s, 2H, CH2), 6.80
(dd, J = 8.4 and 2.0 Hz, 1H, CH), 6.89 (d, J = 2.0 Hz, 1H, CH), 7.04
(d, J = 8.0 Hz, 2H, CH), 7.13 (d, J = 8.0 Hz, 2H, CH), 7.64 (d, J = 8.8
Hz, 2H, CH), 7.72 (d, J = 8.8 Hz, 2H, CH), 7.78 (d, J = 8.4 Hz, 1H,
CH); δC (100 MHz, d-CDCl3) 25.4, 26.2, 33.8, 35.8, 43.2, 50.8, 51.6,
112.4, 115.9, 118.4, 126.5, 127.4, 128.8, 129.1, 131.2, 134.1, 137.1,
137.5, 146.4, 146.8, 161.5, 166.4, 171.0; HRMS (ES+) calcd for
[C29H31ClN2O6S +H] 571.1664; found, 571.1682; HPLC (V) tR =
20.92 min (96.73%), (VI) tR = 35.97 min (97.88%).
(SF1-087) 4-(2-(N-(tert-Butoxycarbonyl)-4-methylphenylsulfona-

mido)-N-(4-cyclohexyl benzyl)acetamido)-2-hydroxybenzoic Acid.
δH (400 MHz, CDCl3) 1.22−1.45 (m, 14H), 1.70−1.85 (m, 5H,
CH2), 2.42 (s, 3H, CH3), 2.46 (s (br), 1H, CH), 4.46 (s, 2H,
COCH2), 4.91 (s, 2H, CH2Ar), 6.70 (d, J = 8.0 Hz, 1H, CH (Ar)),
6.82 (s (br), 1H, CH (Ar)), 7.10−7.15 (m, 4H, 4 CH (Ar)), 7.30 (d, J
= 8.0 Hz, 2H, 2 CH (Ar)), 7.88 (d, J = 8.4 Hz, 1H, 1 CH (Ar)), 8.02
(d, J = 8.2 Hz, 2H, 2 CH (Ar)), 10.66 (s (br), 1H, OH); !C (100
MHz, CDCl3) 21.6, 26.0, 26.8, 27.7, 34.3, 44.2, 47.5, 53.1, 84.7, 111.6,
117.2, 119.3, 126.9, 128.3, 128.8, 129.0, 132.3, 133.5, 136.6, 144.2,
147.5, 147.9, 50.5, 162.9, 166.7, 172.6; HRMS (ES+) calcd for
[C34H41N2O8S + H] 637.2547; found, 637.2578; HPLC (I) tR = 26.55
min (97.80%), (II) tR = 59.27 min (100%).
(SF1-088 ) 4- (N-Benzyl-2-(N-(tert -butoxycarbonyl) -4-

methylphenylsulfonamido)acetamido)-2-hydroxybenzoic Acid. δH
(400 MHz, CDCl3) 1.31 (s, 9H, 3(CH3)), 2.41 (s, 3H, CH3Ar),
4.47 (s, 2H, COCH2), 4.95 (s, 2H, CH2Ar), 6.69 (d, J = 8.4 Hz, 1H,
CH (Ar)), 6.81 (s, 1H, CH (Ar)), 7.20−7.32 (m, 7H, CH (Ar)), 7.87
(d, J = 8.4 Hz, 1H, CH (Ar)), 8.00 (d, J = 8.2 Hz, 2H, 2 CH (Ar)),
10.68 (s (br), 1H, OH); δC (400 MHz, CDCl3) 21.6, 27.7, 47.4, 53.3,
84.8, 111.6, 117.2, 119.2, 127.7, 128.4, 128.5, 128.7, 129.0, 132.3,
136.2, 136.6, 144.2, 147.7, 150.6, 162.9, 166.8, 172.6; HRMS (ES+)
calcd for [C28H31N2O8S + H] 557.1615; found, 577.1615; HPLC (I)
tR = 21.67 min (99.02%), (II) tR = 46.05 min (98.14%).
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