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From a y-AApeptide-based one-bead-one-compound (OBOC)
combinatorial library, we identified y-AApeptides that can
selectively inhibit STAT3/DNA interaction and suppress the
expression levels of STAT3 target genes in intact cells. Our
results demonstrate that in addition to the SH2 domain, the
DNA binding domain of STAT3 is targetable for the
development of new generation of anti-cancer therapeutics.
The Signal Transducer and Activator of Transcription 3 (STAT3)
is a transcription factor that regulates many biological processes
including cell proliferation, differentiation and survival.'* Under
normal physiological condition, the activation of STAT3 is
transient and tightly regulated, and is only triggered by the
stimulation of extracellular cytokines and growth factors such as
IL-6, EGF and PDGF, which leads to the phosphorylation of a
specific tyrosine (Y-705) on STAT3.> © This phosphorylation
subsequently induces the dimerization of STAT3-STAT3 which
is stabilized by two reciprocal phosphotyrosine-SH2 binding
interactions. The phosphorylated STAT3 dimers translocate to the
cell nucleus and bind to promoter regions in DNA, resulting in
regulation of specific gene expression.” ® However, STAT3 is
constitutively activated in a variety of cancers including both
solid tumors (i.e. breast, prostate, lung, pancreatic) and
hematological cancers (i.e. lymphoma, leukemia, melanoma).”"!
Such hyperactivation of STAT3 leads to uncontrolled cell
proliferation by activating cell cycle regulators such as c-Myc
and cyclin D1, and enhancement of cell survival by selectively
inducing the expression of anti-apoptotic proteins including Bcl-
xL and survivin. As such, STAT3 mediated signaling pathways
are recognized as valid cancer targets.

Many approaches have been adopted to inhibit constitutive
activation of STAT3. Among the domains of STAT3 that regulate
its function are SH2 domain (dimerization domain) and the DNA-
binding domain (Figure 1). Thus, STAT3 signaling can be
suppressed by either inhibition of STAT3 dimerization or
STAT3-DNA binding."* Significant effort has been devoted to
the development of STAT3/STAT3 dimerization inhibitors that
disrupt the phosphotyrosine-SH2 binding.” ® '>'7 Because
STAT3-DNA binding is downstream of phosphorylated STAT3
dimerization, most STAT3 dimerization inhibitors also exhibit
inhibitory activity against STAT3-DNA binding.'* However,
molecules that specifically recognize the STAT3 DNA binding
domain, and therefore directly disrupt STAT3-DNA binding
interactions, are rare. This is because the STAT3-DNA binding
interface is large and unlike in other transcription factor/DNA
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interactions the STAT3 DNA binding domain is complex
involving residues from multiple a-helices and B-sheets.'® As
such, the rational design of inhibitors is difficult. However,
disruption of STAT3-DNA binding may be an alternative
approach in the regulation of gene transcription compared to the
inhibition of SH2 domain dimerization. Buettner et al '* used a
virtual screening to identify NSC-368262 that inhibits STAT3-
DNA binding by covalently alkylating Cys468, a residue on the
DNA-binding surface of STAT3. The exploration of new and
non-covalent molecular ligands that selectively inhibit STAT3-
DNA binding are therefore very significant, as such an effort will
not only lead to novel anti-cancer therapeutics, but also provide a
new tool to further dissect the functional role of STAT3 in the
regulation of cell proliferation and apoptosis.
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Figure 1. The domains of STAT3 protein.'®

Based on chiral PNA backbone, we, have recently developed a
new class of peptidomimetics termed “y-AApeptides” (Figure
2),%° as they are oligomers of N-acylated-N-aminoethyl amino
acids. This class of peptidomimetics can project the same number
of side chains compared to a peptide of the same length.?" %
Additionally, they are highly amendable for the generation of
chemically diverse libraries because half of their side chains can
be selected from an endless set of acylating agents *
Moreover, they are highly resistant to proteolytic degradation.®*
% These features make y-AApeptides a promising platform for
the identification and development of potential molecular ligands
and drug candidates. This has been evidenced by our recently
developed one-bead-one-compound (OBOC) y-AApeptide-based
combinatorial library, from which we have successfully identified
one y-AApeptide capable of preventing the aggregation of AP
peptides.”® Thus, we believed the similar approach of y-
AApeptide combinatorial library could be used to identify
molecular ligands that specifically disrupt STAT3/DNA
interaction.
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Figure 2. The structure of y-AApeptide in comparison to a-peptide.

To test our hypothesis, the OBOC y-AApeptide combinatorial
library was prepared as previously reported (Scheme 1).*
Briefly, TentaGel beads were attached with a Met residue, which

s allows the cleavage of the y-AApeptides from the beads upon the
treatment with CNBr.**2%27 Four alloc-y-AA building blocks and
five acylating agents (Figure 3b) were used to construct the
OBOC y-AApeptide library containing 192,000 different y-
AApeptides. The sequences in the library are composed of four y-

10 AApeptide building blocks, which are equivalent to 8-mer
peptides in length. A library containing y-AApeptides of same
lengths has been previously reported to be successful in the
identification of the unnatural ligand disrupting AP aggregation.
2 To maximize chemodiversity, hydrophobic, cationic and

15 anionic groups were used in the library. The on-bead library was
treated with TFA to remove any protecting groups before use for
screening.
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Scheme 1. a, the preparation of y-AApeptide OBOC library. b, The

20 diversity of the library: Totally 4 x 5 x4 x 5 x4 x5 x4 x 6=192,000
compounds. Beads: TentaGel MB NH2, particle size: 140 - 170 pm,
capacity: 0.5 nmol/bead.

A screening protocol was then carried out to identify ligands

that potentially target STAT3-DNA binding. In brief, the library

25 was first incubated with STAT3 (full length STAT3 protein) (see
experimental for details), followed by the incubation with anti-
STAT3 antibody (Figure S1). This antibody specifically
recognizes the c-terminus of STAT3, and therefore potentially
either disrupts the interaction of SH2 domain-binding beads with

30 STAT3, or does not bind to STAT3 if such an interaction is too
strong. In either case, anti-STAT3 antibody is not capable of
sticking on beads recognizing SH2 domain of STAT3. Next, the
library was incubated with Alexa Fluor 594 labeled secondary
antibody, and the red-colored fluorescent beads were isolated by

35 a micropipette under the microscope. Out of 192,000 beads, six
positive beads were identified, suggesting the specificity of the
library is high. The y-AA peptides were cleaved off the beads by
CNBr and sequenced by MS/MS (Figure S2).** Four sequences

were identified unambiguously (Figure 3).
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Figure 3. The structures of sequences identified from y-AApeptide
OBOC library against STAT3 screening.
In an effort to test the ability of the lead y-AApeptides to
inhibit STAT3-STAT3 dimerization, we conducted fluorescence
45 polarization assays to determine whether these molecules disrupt
the binding of STAT3 to fluorescein-labelled GpYLPQTV
phosphotyrosine peptide which is known to bind the STAT3-SH2
domain.” None of these molecules show any inhibitory activity
(Figure S4), suggesting that these y-AApeptides do not bind to
so STAT3-SH2 domain and therefore do not prevent STAT3
dimerization.
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Figure 4. DNA-STAT3 binding assays. a, STAT3 DNA binding filter
plate assay with nuclear extract from MDA-MB-468 human breast cancer

s5 cells. Compounds (0-100 uM) were added to the mixture of nuclear
extract and STAT3 probe and detected by chemiluminescence. b, STAT3
DNA binding filter plate assay on whole cells. Intact MDA-MB-468 cells
were first treated with compounds then nuclear extracts were prepared,
and incubated with STAT3 probe and detected by chemiluminescence.

60 S31-1757, a previously reported inhibitor of STAT3 dimerization, is
included as a control. The concentration used for all the compounds is
100 uM. ¢, the structure of S31-1757.
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To assess if these y-AApeptides bind to STAT3 and therefore
inhibit STAT3-DNA binding, an in vitro STAT3 filter assay was
carried out (Figure 4a). In this assay, nuclear extract from MDA-
MB-468 human breast cancer cells were incubated with a biotin-
conjugated STAT3 probe (please see experimental methods for
more details) to allow the formation of STAT3/DNA probe
complex, which could be detected with streptavidin-HRP by
luminescence. The SH2-binding phosphotyrosine peptide,
GpYLPQTV (ICsq of 150 nM for inhibition of dimerization of
STAT3-STATS3 in vitro in FP assays), ** inhibited STAT3-DNA
binding by 40% and 60% at 10 pM and 100 puM in this STAT3
filter assay (Figure 4a), respectively. This is because dimerized
STAT3 has higher DNA-binding affinity compared to monomeric
STAT3, and therefore prevention of dimerization exhibits
inhibitory effect on STAT3-DNA binding. Intriguingly, Figure 4a
shows that all lead y-AApeptides, although didn’t bind to STAT3
SH2 domain, disrupted DNA-STAT3 binding effectively. Except
for y-AApeptide 4, the other sequences exhibited 1Csos of 10-30
uM, with y-AApeptide 1, inhibiting DNA-STAT3 binding at 30
uM. The fact that 1 was the most and 4 was the least potent
suggest that a negative charge was not tolerated on the N-
acetylated C-terminus of the AApeptides. However, the negative
charge is tolerated on the N-aminoethyl at the C-terminus and on
the N-acetylated N-terminus.

We next determined if the y-AApeptides can retain STAT3-
DNA binding inhibitory activity on whole cells. As
phosphotyrosine peptide GpYLPQTV is not cell permeable, a
previously reported small molecular inhibitor of STAT3
dimerization, S3I-1757, was included as a positive control.”
Figure 4b shows all y-AApeptides are able to permeate cell
membranes and disrupt STAT3-DNA binding. y-AApeptide 1
was the most potent and its activity was comparable to S3I-
1757. The results suggest y-AApeptides might be promising
candidates for the development of drug candidates targeting
STAT3 signaling pathway.

To assess the ability of lead y-AApeptides to modulate the
expression of STAT3 regulated genes, we have carried out
western immunoblotting to determine the effect of y-AApeptides
on the expression levels of survivin and cyclin D1 (Figure 5).
Consistent with FP results, none of y-AApeptides inhibit STAT3
phosphorylation, while S31-1757, blocks STAT3 phosphorylation
as expected. Figure 5 also shows that all of y-AApeptides
decreased to protein levels of survivin and cyclic D1, as potent as
did S31-1757.
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Figure 5. Treatment of MDA-MB-468cells with y-AApeptides decreases
the levels of survivin and cyclin D1 but not P-STAT3. MDA-MB-468
cells were treated overnight with 100 uM compounds and processed for
western immunoblotting with the indicated antibodies as described in
Methods. S31-1757 was included as positive control. The results are
representative of three independent experiments.
To rationalize the findings that these y-AApeptides can disrupt
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STAT3/DNA binding, a computer molecular modeling was
carried out by docking the most effective inhibitor 1 onto the
STAT3 domain that binds DNA (Figure 6).

Figure 6. Docking of y-AApeptide 1 on the STAT3 DNA-binding
domain (PDB 1BG1) using Glide program. a, STAT3 is shown as the
surface representation and 1 is shown as the stick representation. b,
Interactions between 1 and residues from STAT3. 1 is shown as the stick
representation, and amino acid residues in STAT3 are shown in line
representation.

As shown in Figure 6a, y-AApeptide 1, containing multiple
negatively charged carboxylate groups, is highly complementary
to the STAT3 binding domain in which many cationic and polar
amino acid residues are present. The three carboxylate groups
interact with positively charged residues R423, R382 and K340
respectively through electrostatic attraction, which may account
for the most critical force for the binding affinity of 1 towards
STAT3 DNA-binding domain (Figure 6b). In addition, the phenyl
ring near the N-terminus inserts deeply into the hydrophobic
pocket formed by L430, 1431 and V432. The hydrophobic
interaction may further contribute to the binding specificity and
affinity. Furthermore, the backbone of 1, including its C-
terminus, make a few contacts with other polar and charged
residues including E415, R417, N466 and Q409. Overall, the
modeling suggests that as the STAT3 DNA binding domain is
highly positively charged, the most negatively charged sequence
in the identified y-AApeptides, 1 binds to STAT3 DNA binding
domain through a range of charge-charge interactions and
hydrophobic interactions. Interestingly, the least potent y-AA-
peptide 4 has only one carboxylate that is not optimally
positioned to interact with residue K340. The modeling also

provides some insights into future rational design and
optimization of molecules for the inhibition of STAT3/DNA
binding.

In summary, we have developed a y-AApeptide OBOC
combinatorial library, and successfully identified lead compounds
that disrupt STAT3-DNA interaction in nuclear extracts. The fact
that these y-AApeptides do not inhibit the binding of
GpYLPQTV to STATS3 distinguishes them from STAT3-STAT3
dimerization inhibitors (REFs). Furthermore, despite their fairly
large size, these y-AApeptide were taken up by human cancer
cells and inhibited STAT3-DNA binding and STAT3-regulated
gene expression. This is not only the first report of y-AApeptides
inhibiting STAT3 function but also that y-AApeptides are among
the first few molecules that bind to STAT3 DNA-binding
domain non-covalently and disrupt STAT3-DNA interaction. The
results herein strongly suggests that STAT3 DNA-binding
domain is a novel target for inhibiting STAT3 function, and
inspires the future development of novel anti-cancer agents
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targeting STAT3 signaling. In addition, our strategy also
demonstrates that the approach of y-AApeptide OBOC library
can be used to identify chemical probes or drug candidates
against targets traditionally believed “undruggable”. Thus, with
appropriate modification and further development of y-
AApeptide libraries, this strategy could be employed to develop
more potent and specific ligands that bind to a variety of
medicinally relevant targets. The further development of y-
AApeptide libraries, as well as the optimization of lead y-
AApeptides for their inhibitory activity against STAT3-DNA
binding, is currently underway.

This work is supported by Elsa Pardee Foundation and Florida
Bankhead-Coley program (JC) and NIH RO1 CA140681-05 (SS).
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