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Discovery of Chromone-Based Inhibitors of the Transcription Factor STAT5

Judith Miiller, Bianca Sperl, Wolfgang Reindl, Anke Kiessling, and Thorsten Berg*?

Molecular signals originating at the cell surface are conveyed
by a complex system of interconnected signaling pathways to
the nucleus. They converge at transcription factors, which in
turn regulate the transcription of sets of genes which ultimate-
ly determine the cellular phenotype. Whereas enzymes in-
volved in signaling pathways, that is, intracellular kinases and
phosphatases and receptor tyrosine kinases, have been recog-
nized and exploited as intervention points for modulating cel-
lular properties with small organic molecules,”” transcription
factors are often considered “nondruggable” because of their
lack of enzymatic activities. However, as many transcription
factors require interactions with themselves or other proteins,
cell-permeable inhibitors of protein—-protein interactions could
provide an approach towards the inhibition of this important
class of proteins, and would thereby allow for the analysis of
transcription factor functions and for therapeutic intervention
of diseased states.”™ Initially regarded as unfeasible, a growing
body of evidence indicates that the inhibition of protein-pro-
tein interactions can be potently and selectively achieved by
drug-like molecules,*™ some of which are even undergoing
clinical trials.'>'

STATs (signal transducers and activators and transcription)
are a family of transcription factors, which require their Src-ho-
mology 2 (SH2) domain at two steps of the signaling process
to be active. Firstly, STATs need to bind via their SH2 domain
to activated receptors and nonreceptor tyrosine kinases
(NRTKs), and can subsequently be phosphorylated at a con-
served tyrosine residue C-terminal of their SH2 domain
(Scheme 1). Secondly, upon tyrosine phosphorylation, STATs
dissociate from the respective receptor or NRTK, and form
dimers via reciprocal interactions between their SH2 domains
and the sequences surrounding the phosphorylated tyrosine
residue. Therefore, a small molecule which inhibits the pro-
tein—protein interactions mediated by the SH2 domain of
STATs could inhibit STAT functions efficiently (Scheme 1).'¥
Direct inhibition of STATs is less likely to result in unintentional
inhibition of additional signaling pathways than the targeting
of upstream kinases.

Two STAT family members, STAT3 and STAT5, have been rec-
ognized as therapeutic targets for many human tumors.">'®
We have recently identified a small-molecule inhibitor of
STAT3, which acts by selectively inhibiting the function of the
STAT3 SH2 domain, thus validating the outlined approach
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Scheme 1. Simplified model of STAT signaling induced by activated cytokine
receptors. The signaling steps indicated by the dashed arrows (phosphoryla-
tion and dimerization) could be inhibited by an inhibitor of the SH2 domain
of STAT family members.

toward STAT inhibition."” Two isoforms of STAT5 exist, dubbed
STAT5a and STAT5b, which are 93 % identical at the amino acid
level. STAT5 is overactive in several kinds of leukemias, and
also in breast cancer, uterine cancer, prostate cancer, and squa-
mous cell carcinoma of the head and neck (SCCHN)."® As the
inhibition of signaling by STAT5 has been shown to inhibit
tumor growth and to induce apoptosis of tumor cells,*2"
direct inhibition of the STAT5 protein would be desirable to
help dissect and counteract the role of STAT5 in cancer. Small-
molecule inhibitors of STAT5 could furthermore be useful tools
to clarify the relevance of STAT5 for various cellular processes
in genetically unmodified systems.?? Despite the significant in-
terest in small-molecule inhibitors of STATS5, to the best of our
knowledge, nonpeptidic molecules which inhibit the function
of the STAT5 SH2 domain have not been published to date.

To identify organic molecules which can inhibit the function
of the SH2 domain of STAT5, we used a homogeneous assay
based on fluorescence polarization which monitors binding of
the peptide 5-carboxyfluorescein-GY(PO;H,)LVLDKW, which is
derived from the erythropoietin (EPO) receptor,*?! to the SH2
domain of STAT5b."”"*! Screening of diverse chemical libraries
consisting of a total of 17298 molecules for compounds which
disrupt the interaction between STAT5b and its binding pep-
tide led to the identification of the chromone-derived acy! hy-
drazone 1 (Table 1, apparent ICs,=47 £17 pm). The functions
of the SH2 domains of STAT3, STAT1, and of the tyrosine kinase
Lck were inhibited to a lesser extent (Table 1, Figure 1).
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Table 1. Activities of compounds 1-16 against the SH2 domains of STAT5b, STAT3, STAT1, and Lck in the fluorescence polarization assay.

at 500 um

No Structure STAT5b apparent ICs, [um]  STAT3 apparent ICs, [um]  STAT1 apparent ICso [um]  Lck apparent 1Cs, [um]
or inhibition [%]® or inhibition [%]" or inhibition [%]>" or inhibition [%]"
1 N o 47 £17 um 36 4% inhibition 26 +3% inhibition 7 £7% inhibition
@YH‘N//\{E@ at 500 pm at 500 pm at 500 um
\
°© O
2 N o 53432 um 5448 um 5241 um 34+ 4% inhibition
&J\H/H\N//\[Nj@/\ at 500 pm
|
© (6]
3 N o 79420 um 159+£19 um 396 +84 um 124 1% inhibition
&JYH\N//\KD/F at 500 pm
|
°© @]
N
= | H o]
4 N N-\? i 217 £45 um 1074+9 um 162436 um 340+2 um
°© o]
/N
| =
5 X N.\# 311461 um n.d. n.d. n.d.
o]
6 /9 9 56410 um 504 3% inhibition 43+3% inhibition 17 +8% inhibition
= ‘N//\fj@ at 500 um at 500 um at 500 um
© O
7 " o} 53424 um 241455 um 384 2% inhibition 23 +8% inhibition
N\N//\fk/© at 500 um at 500 pum
\
© o
g HCO o 64426 um 176 +22 um 351423 um 3843% inhibition
H\Nm at 500 pum
|
°© (6]
9 HO o 90430 um 47 +3% inhibition 42+ 8% inhibition 18+ 6% inhibition
H\N//m at 500 pm at 500 um at 500 pum
|
© 0
10 H Q 86+27 um 242443 um 46+1% inhibition 746% inhibition
\rrN\N//\fD at 500 pum at 500 pm
° (6]
n H o 92+13 um 343414 um 36+4% inhibition 6+4% inhibition
H\H/N*N//\fjjij at 500 um at 500 pum
(o]
(6]
H (0]
12 0% 1541 um 5447 um 6945 um 381448 um
O
H (0]
1B O A 1142 um 2042 um 34+5um 111+5 um
o =
H @]
F
14 &\fﬁ@ 2244 um 41411 pm 6448 um 287 £57 um
(®)
H o
15 O)\fb\ 51410 pm nd. nd nd
(6]
16 i 0% inhibition n.d nd n.d
aes

[a] Proteins were incubated with compounds for 1 h at 22°C before addition of fluorophore-labeled peptide. See experimental procedures for details.
[b] n.d.: not determined.
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Figure 1. Activity profile of compound 1 against the SH2 domains of
STAT5b, STAT3, STAT1, and Lck in the fluorescence polarization assay at
22°C.

The chemical structure of 1 was confirmed by resynthesis
(see the Supporting Information for synthesis of 1 and selected
derivatives). Substitution of the hydrogen at C6 of the chro-
mone ring by an ethyl group (compound 2) did not affect
activity of 1 against STAT5b, but led to complete loss of selec-
tivity against other STAT family members (Table 1). A fluorine
atom at C6 (compound 3) decreased activity against STAT5
slightly and also negatively affected the activity profile. Simul-
taneous introduction of two methyl groups in positions 5 and
7 of the chromone ring decreased the activity against STAT5
by more than fourfold (compound 4), and even caused prefer-
ential inhibition of STAT3 over STAT5b. Substitution of the
chromone group for a naphthyl ring (compound 5) reduced
activity against STAT5b by more than sixfold. These data indi-
cate recognition of the chromone part of 1-3 by STAT family
members.

Analysis of the requirements for the acyl hydrazone parts of
the molecules revealed a surprisingly large tolerance for vari-
ous groups. Substitution of the nicotinoyl residue for furan-2-
carbonyl (compound 6) or benzoyl (compound 7) resulted in
similar potency against STAT5b as that observed for 1 (Table 1).
The 4-methoxybenzoyl group also conferred activity, albeit
with decreased selectivity (compound 8). Insertion of a C,
spacer between the aromatic ring and the acyl carbon (com-
pound 9) was tolerated with a slight decrease in activity.
Stimulated by the wide range of tolerated acyl hydrazone sub-
stituents, we investigated the activity of acetyl hydrazone 10
and formyl hydrazone 11. Both compounds turned out to be
only about twofold less active than 1, which led us to investi-
gate whether chromone aldehydes formed by cleavage of the
corresponding acyl hydrazones in aqueous media might be
involved in STAT inhibition. In fact, formyl chromone 12 was
threefold more active than acyl hydrazone 1 (Table 1). Ana-
logues to the structure-activity relationships observed for hy-
drazones 2 and 3, introduction of an ethyl group (compound
13) or a fluorine (compound 14) in the 6-position of the chro-
mone moiety changed activity against STAT5b only slightly. As
had been observed for the nicotinoyl hydrazones 4 and 5, the
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presence of methyl groups in positions 5 and 7 of the chro-
mone ring (compound 15) or substitution of the chromone
ring for a naphthyl group in (compound 16) led to significant
or even complete loss of activity, arguing for recognition of
the chromone moiety by STATS.

The discovery of chromone aldehydes as inhibitors of STAT
family proteins might suggest a model by which, under the
assay conditions, acyl hydrazones 1-11 are cleaved to the re-
spective aldehydes which represent the active species. Howev-
er, the following three observations argue for a more complex
inhibition mode, as they suggest a contribution of the acyl hy-
drazone parts towards protein recognition. Firstly, the activity
profile of aldehydes 12 and 13 against STAT family members
differed from the activity profile of the corresponding nicotino-
yl hydrazones 1 and 2. In the case of the unsubstituted chro-
mone core, nicotinoyl hydrazone 1 showed more selective
activity than aldehyde 12, whereas in the context of 6-ethyl
chromone, the free aldehyde 13 was more selective than the
corresponding nicotinoyl hydrazone 2 (Table 1). Secondly, the
specificities of hydrazones bearing the same chromone group
differ (compare the activity profile of 1 for STAT5b over STAT3
to the corresponding profiles of 8, 10, or 11). Thirdly, the activi-
ties of compounds 1 and 6-11 containing the unsubstituted
chromone moiety against STAT5b differed from each other,
even if only by a factor of two (compare the activities of 1 and
6 to the activities of 9-11 in Table 1). Differences in activities
and specificities within the group of acyl hydrazones carrying
the unsubstituted chromone core were also observed in the
assays described in the following paragraphs.

In principle, inhibitors of STAT SH2 domains can be expected
to interfere with DNA binding of STATs, as DNA binding re-
quires dimerization of phosphorylated STAT subunits. However,
dissociation of preformed, phosphorylated STAT5 dimers,
which interact via two reciprocal SH2 domain-pTyr interac-
tions, is a significantly harder task than the inhibition of associ-
ation between a single SH2 domain and its pTyr-containing
ligand. Using the high-affinity peptide QDTpYLVLDKWL known
to bind to the STAT5 SH2 domain, we found that dissociation
of preformed STAT5 dimers®®® requires approximately 100-fold
higher concentrations of this SH2-domain binding peptide (ICs,
~50 pm, Figure S1 in the Supporting Information) than inhibi-
tion of binding between a single SH2 domain and its binding
motif in the fluorescence polarization assay (ICs,~<0.5 um).?
Nevertheless, the most active and selective acyl hydrazones
from the fluorescence polarization assay, 1 and 6, strongly in-
hibited STAT5 DNA binding at concentrations of 400 um and
higher (Figure 2A). DNA binding of the structurally unrelated
transcription factor dimers consisting of Jun und Fos, which
need to bind to each other to stably bind to DNA, was not sig-
nificantly affected by 1 and 6 at 400 pum (Figure 2B). Derivative
9, and especially the less selective derivative 8 showed only
partial, if any, selectivity in this assay (Figure S2 in the Support-
ing Information).

To validate the results of the fluorescence polarization assay
in a more relevant cellular setting, we analyzed the effects of
the test compounds on STAT activation, that is, phosphoryla-
tion of STATs at the conserved tyrosine residue adjacent to
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Figure 2. A) DNA binding of pre-phosphorylated STAT5 is inhibited by acyl hydrazones 1
and 6 as analyzed by electrophoretic mobility shift assay (EMSA). All lanes contain *?P-la-
beled DNA comprising the STAT5 binding site and lysates from K562 cells, which contain
activated, that is, tyrosine phosphorylated, STAT5. An antibody against STAT5 in the
second lane increases the molecular weight of the STAT5/STAT5/DNA complex and thus
causes a reduced mobility of the complex, thereby confirming the identity of the STAT5/
STAT5/DNA band. An excess of unlabeled DNA in the third lane competes with the *2P-
labeled DNA for the proteins, and thereby abolishes the signal. Experimental conditions
used for lanes 1 and 4 are identical. Both compounds 1 and 6 decrease the concentra-
tion of the STAT/STAT5/DNA complex in a dose-dependent manner. B) DNA binding of
Jun/Fos is not significantly inhibited by 1 and 6 in EMSA. All lanes contain **P-labeled
DNA comprising the Jun/Fos binding site, Jun, and Fos, except for the first lane, which

effects of the acyl hydrazones, albeit observed at rel-
atively high concentrations, could have been influ-
enced by effects not relevant under cellular condi-
tions. As activation of STATs by tyrosine phosphoryla-
tion is indispensable for STAT dimerization via recip-
rocal SH2-phosphotyrosine interactions, which in
turn is required for nuclear translocation, DNA bind-
ing, and target gene activation, the selective inhibi-
tion of STAT5 activation by 1 and 6 inhibits STAT5 sig-
naling at a very early stage. As a result of the high
concentrations of compounds needed in the gel shift
analysis (see Figure 2), we assume that inhibition of
STAT5 phosphorylation is the more relevant cellular
mechanism of action than inhibition of dimerization
or DNA binding. We did not observe any obvious
morphological changes of the Daudi cells upon expo-
sure to the test compounds in these experiments.

As aldehydes 12 and 13 were the most potent
agents against STAT5b in the fluorescence polariza-
tion assay (Table 1), we also tested their effects in the
cellular STAT activation assay. Despite their good po-
tencies in vitro, their ability to inhibit tyrosine phos-
phorylation of STAT5 was not superior to the corre-
sponding nicotinoyl hydrazone 1 (Figure S4 in the
Supporting Information). The low cellular activities of
aldehydes 12 and 13 could be caused by unspecific
interactions with components of the tissue culture
medium or the cell membrane, which would lead to
their deactivation before reaching their intracellular

lacks Fos and thereby excludes the possibility that Jun/Jun homodimers are bound to
DNA. Fos cannot bind DNA on its own. The second lane contains an excess of unlabeled

competitor DNA to verify the identity of the band.

their SH2 domains. The peptide motifs used in the fluores-
cence polarization assays are derived from the receptors to
which STATs bind, and receptor binding is a prerequisite to
STAT phosphorylation. Therefore, inhibition of a STAT SH2
domain should be reflected by decreased tyrosine phosphory-
lation of the respective STAT (Scheme 1). Stimulation of lym-
phoma cells (Daudi) with IFN-a leads to simultaneous tyrosine
phosphorylation of STAT5, STAT1, and STAT3,%® which is moni-
tored by Western blot analysis using antibodies that recognize
STAT proteins only when phosphorylated at their conserved
tyrosine residue. Preincubation of the cells with the two most
active and selective acyl hydrazones, compounds 1 and 6,
before IFN-a treatment inhibited IFN-a-induced STAT5 tyrosine
phosphorylation, but not tyrosine phosphorylation of STAT3
and STAT1 (Figure 3A). In addition, we analyzed the activity of
derivatives 8 and 9, which had proven less selective (8) or
slightly less potent (9) in the fluorescence polarization assays
(Table 1). Cellular activity profiles of 8 and 9 matched their in
vitro activity profiles (Figure S3 in the Supporting Information).
Compound 4, which was significantly less active than 1 and 6
in vitro (Table 1), displayed only weak activity in the cellular
assay (Figure 3B). The good correlation between in vitro and
cellular activities argues against the notion that the in vitro
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targets. The aldehydes’ cellular selectivity profiles re-
sembled the selectivity profiles observed in vitro, in
that 12 was more selective for STAT5 than 13
(Table 1).

To the best of our knowledge, this manuscript is
the first report of nonpeptidic small molecules which inhibit
activation of the cancer target STAT5 directly by targeting the
function of its SH2 domain. In particular, chromone-based nico-
tinoyl hydrazone 1 selectively inhibited the function of the
STAT5b domain and STAT5 DNA binding in vitro, and selective-
ly inhibited activation of STAT5 in a cancer cell line. Our data
provide further evidence for the feasibility of targeting the
function of the SH2 domain of STATs with small organic mole-
cules,"”?72 and add to the growing body of evidence that
transcription factors are in fact amenable to inhibition by low-
molecular weight compounds.®?3? Future research will be
aimed at understanding the binding mode of the inhibitors,
and will assess the suitability of the compounds for the inhibi-
tion of STAT5 in a wider range of cell types.
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