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Abstract

The signal transducer and activator of transcription 3 (STAT3) protein is constitutively activated in
several cancers. STAT3 activity can be blocked by inhibiting its Src Homology 2 (SH2) domain,
but phosphotyrosine and its isosteres have poor bioavailability. In this work, we develop peptide-
based inhibitors of STAT3-SH2 by combining chemical strategies that have proven effective for
targeting other SH2 domains. These strategies include a STAT3-specific selectivity sequence, non-
hydrolyzable phosphotyrosine isosteres, and a high-efficiency cell-penetrating peptide. Peptides
that combined these three strategies had substantial biological stability and cytosolic delivery, as
measured using highly quantitative cell-based assays. However, these peptides did not inhibit
STAT3 activity in cells. By comparing /n vitro binding affinity, cell penetration, and proteolytic
stability, this work explores the delicate balance of factors that contribute to biological activity for
peptidic inhibitors of STAT3.
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Introduction

The signal transducer and activator of transcription 3 (STAT3) protein is a transcription
factor frequently dysregulated in hematological malignancies such as leukemias and
lymphomas, as well as in solid tumors such as breast cancers, prostate cancers, and
glioblastoma multiforme.1=3 Cytokine stimulation with 1L-6 or oncostatin M leads to
phosphorylation of gp130, which recruits STAT3 to the cell membrane via its Src Homology
2 (SH2) domain. Once localized to the plasma membrane, STAT3 is phosphorylated by
Janus kinases. Phosphorylated STAT3 dimerizes via its SH2 domains, and the dimer
translocates to the nucleus where it acts as a transcription factor.1# STAT3 upregulates
numerous genes critical for cancer cell survival, including: survivin, Bcl-2, and Bcl-xL,
which allow evasion of apoptosis; VEGF, which promotes angiogenesis; MMPs, which
enhance cell motility; and PD-L1, which allows for immune evasion.>=2 Importantly, STAT3
was shown to be necessary for malignant transformation of mouse fibroblasts, but not for
normal fibroblast growth, suggesting a potential therapeutic window as a cancer target.10

Membrane localization and dimerization are both critical steps in STAT3 activity, and both
require the function of the STAT3 SH2 domain. This has prompted the hypothesis that
inhibitors of the STAT3 SH2 domain could block STAT3 activity.1112 However, SH2
domains are challenging targets for drug discovery. SH2 domains recognize phosphotyrosine
(pTyr)-containing sequences, yet pTyr is rapidly hydrolyzed in the cytosol by protein
tyrosine phosphatases. Additionally, pharmacological agents with pTyr have poor cytosolic
penetration, which is typically ascribed to their multiple negative charges.13 Numerous pTyr
isosteres have been developed over the last several decades in order to address these issues.
Phosphonates, including phosphonomethyl phenylalanine (Pmp) and
difluorophosphonomethyl phenylalanine (F,Pmp), have been applied as phosphatase-stable
SH2 domain inhibitors.14-16 However, these and other pTyr isosteres still have multiple
negative charges, and typically still suffer from poor cytosolic delivery.13

Significant efforts have been undertaken to develop more cell-penetrant small molecule
inhibitors containing diverse pTyr isosteres including phosphonates, salicylates, benzoates,
sulfonamides, benzothiophenes and others.17=27 These efforts have generated inhibitors with
nanomolar binding affinities and potent STAT3 inhibition in cells. However, to date, no
STAT3 small molecule inhibitor (or any other STAT 3-targeted therapy) has attained FDA
approval, so there is an ongoing need for STAT3 inhibitor development. Other SH2 domains
constitute promising drug targets, but even small molecule ligands (developed using
traditional medicinal chemistry efforts involving high-throughput screening and extensive
analog testing) present challenges of balancing affinity, selectivity and cell penetration.
Given these difficulties for developing small molecule inhibitors, we and others have
continued to explore peptides as potential starting points for SH2 domain inhibitors.13 In this
work, we revisited an earlier approach to inhibiting STAT3-SH2 by starting with a selective
phosphopeptide ligand and addressing the major challenges of biological degradation and
cell penetration.

Cell-penetrating peptides (CPPs) offer a promising solution for the cytosolic delivery of
peptidomimetics containing pTyr or pTyr isosteres.28-30 CPPs including Tat, polyarginine,
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and penetratin have been used to deliver peptides containing pTyr and pTyr isosteres,
resulting in inhibition of various SH2 domains and protein tyrosine phosphatases.31-3% Most
of these prior efforts delivered phosphopeptides, which are prone to dephosphorylation in
serum (vide infra) and in the cytosol. A handful of prior efforts have incorporated pTyr
isosteres to prevent phosphate hydrolysis.34:3% For example, Watson and colleagues
developed a bicyclic peptide inhibitor of the Grb7 SH2 domain containing a
carboxyphenylalanine (cF) residue, and conjugated it to penetratin to promote cell uptake.
This peptide inhibited Grb7 binding to FAK, HER2, and SHC in SKBR3 breast cancer cells
when assessed by coimmunoprecipitation.3* Additionally, Lian and colleagues incorporated
FoPmp into a bicyclic peptide targeting the phosphatase PTP1B, in which one macrocycle
incorporated a pseudosubstrate motif and the other incorporated a cyclic CPP, cyclo(FeR4)
where ¢ is 2-naphthylalanine. This peptide produced a two-fold increase in insulin receptor
phosphorylation in HepG2 liver cells when applied at 200 nM.3® These studies demonstrated
that combining non-hydrolyzable pTyr isosteres, macrocyclization, and CPPs, one can
develop relatively potent and cell-penetrant inhibitors of SH2 domains and protein tyrosine
phosphatases.

Based on this prior work, we sought to apply a similar strategy to the inhibition of STAT3.
To take advantage of recent advances in CPP development,36-38 we chose to apply an
improved version of cyclo(FgR4), CPP12, to deliver STAT 3-targeted peptides to the cytosol.
CPP12 was demonstrated by Qian and colleagues to improve cytosolic delivery efficiency by
6-fold compared to cyclo(FeR,), and 30 to 60-fold compared to polyarginine and Tat,
respectively.36 We found that STAT3-selective binding sequences from gp130 could be
substituted with FoPmp and maintain micromolar binding affinity for STAT3. Since
micromolar inhibitors of STAT3 have been shown to be effective in cellular models of
STAT3 activation, we tested CPP12-fused peptides to measure their effects on STAT3
activity in relevant STAT3-driven cancer cell lines. When the peptides did not act as effective
STAT3 antagonists, we followed up by quantitatively measuring the serum stability, cell
lysate stability, and cytosolic penetration of selected CPP12 fusions, producing a rich data
set that addresses the delicate balance that must be achieved between target affinity,
resistance to degradation, and cytosolic penetration for pTyr-mimetic SH2 domain inhibitors.

2. Results

2.1. Substituting pTyr with isosteres Pmp and F,Pmp

We began by directly substituting pTyr with phosphonomethyl phenylalanine (Pmp) in a
previously described, high-affinity STAT3-binding peptide derived from phospho-gp130
(Ac-G(pTyr)LPQTV-NH,).3940 While many phosphopeptide ligands of the STAT3 SH2
domain have been identified, the vast majority of these ligands have micromolar affinity for
STAT3-SH2.40 This gp130-derived phosphopeptide demonstrated a 150 nM 1Csg in an
electrophoretic mobility shift assay measuring STAT3:DNA binding.#C In that study,
phosphopeptides that incorporated a proline two residues C-terminal to the phosphotyrosine
had the highest-affinity binding, likely due to optimal positioning of the glutamine residue to
interact with the specificity pocket. We chose the gp130-derived phosphopeptide because it
is the highest-affinity phosphopepetide ligand known for STAT3-SH2, and because it
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continues to be used as a scaffold for designing small molecule STAT3 inhibitors.2”:41 We
prepared fluorescein-labeled versions of the native pTyr peptide (flu-pTyr) and the Pmp-
containing analog (flu-Pmp) to permit direct fluorescence polarization (FP) binding assays.
flu-pTyr bound recombinant STAT3 with a Kq4 of 60 nM (Fig 1a, Fig S1la—c), consistent with
previously observed binding affinities.3® However, flu-Pmp showed poor binding even at
micromolar protein concentrations; this represented over a 100-fold loss in binding affinity
(Fig 1a). We concluded that Pmp was not a suitable replacement for pTyr in the context of
this STAT3-SH2 ligand.

We anticipated that fusion to a CPP might alter binding affinity, so we prepared CPP12-pTyr,
a pTyr-containing g130 sequence fused to CPP12 (Fig 2). CPP12 was synthesized N-
terminal to the gp130-derived sequence with a linker of two B-alanines.36 Because CPP12
uses the N-terminus for cyclization, we did not attach fluorescein to these peptides, and
instead used the competition FP assay to measure competitive inhibition of the STAT3-
gp130 phosphopeptide interaction. CPP12-pTyr inhibited this interaction slightly better than
ac-pTyr, with 1Csq values of 410 nM and 610 nM, respectively (Fig 1b). This demonstrated
that fusion to CPP12 did not greatly impact the inhibitory potency. Next, we substituted pTyr
with difluorophosphonomethyl phenylalanine (FoPmp), a pTyr isostere that has shown
improved properties over Pmp for SH2 domain binding.1%:16:42 CPP12-F,Pmp had an 1Cx
of 7.12 uM, which was 17-fold less potent than CPP12-pTyr (Fig 1b).

While CPP12-F,Pmp was less potent than CPP12-pTyr, this was a significant improvement
over the Pmp-containing peptide and merited additional characterization. Next, we tested
CPP12-pTyr and CPP12-Fo,Pmp in a STAT3 transcriptional reporter assay in a U3A
fibrosarcoma cell line.3 In previous work, we used this robust assay to test the effects of
small molecules that affect the STAT3 pathway,*344 and nearly identical assays have been
used by others to monitor cellular activities of direct STAT3 SH2 domain inhibitors, often
showing effects in the low micromolar range.24:26:45.46 However, even at 25 pM peptide
incubated for 24 hours, neither CPP12-pTyr nor CPP12-F,Pmp inhibited OSM-stimulated
STAT3 activity (Fig 1c). There are multiple examples in the literature of small molecule
STAT3 SH2 domain inhibitors with single- to double-digit micromolar ICsg values when
tested /n vitro under the same conditions as our STAT3 fluorescence polarization assay, yet
display potent cell-based phenotypes.19-20 As such, the lack of an observable phenotype with
our peptides led us to investigate what barriers were responsible.

2.2. Cell penetration studies of CPP12-conjugated gp130 peptide fusions

One possibility was that CPP12 was not sufficiently delivering the peptide into the cytosol.
The Kritzer lab previously reported an assay for quantitatively comparing the cytosolic
delivery of peptides and other biomolecules.*” This assay, called the Chloroalkane
Penetration Assay or CAPA, uses a HelLa cell line that stably expresses HaloTag in the
cytosol to measure the relative cytosolic penetration of molecules labeled with a small
chloroalkane tag. We prepared a representative CPP12-linked peptide with a chloroalkane
tag (CPP12-Pmp-ct, Fig. S5a) as well as a non-CPP-linked analog ct-Pmp. The cytosolic
delivery of these peptides were compared to control molecules ct-W, a small-molecule with
excellent cytosolic penetration, and ct-Tat, a molecule with moderate cytosolic penetration.*
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ct-Pmp showed little cytosolic delivery except at the highest concentration tested (25 uM),
while CPP12-Pmp-ct showed substantial cytosolic delivery at concentrations above 750 nM.
By fitting 1Csq curves to the dose-dependence data, we have derived “CP5q values” which
allow direct, quantitative comparison of the extent of cytosolic delivery. CPP12-Pmp-ct had
a CPgq value of 720 nM, while the Pmp-containing peptide without CPP12 (ct-Pmp) had a
CPsq value of 18.9 uM (Fig 3a). A chloroalkane-linked version of the commonly used CPP
Tat (ct-Tat) had a CPsq value of 7.74 uM under these conditions (Fig 3a). These data
indicated that fusion to CPP12 improved cytosolic delivery of the Pmp-containing peptide
by roughly 20-fold, and the CPP12-linked anionic peptide was roughly 10-fold more
cytosolically penetrant than cargo-free Tat peptide. Because this assay was performed in
serum-free medium and the STAT3 reporter assay was performed in DMEM with 10% FBS,
we hypothesized that serum proteins may be restricting access to the cytosol, either directly
through sequestering our peptide inhibitors, or indirectly through modulation of processes
like endosomal uptake. We repeated CAPA in DMEM with 10% FBS and observed no
difference in cytosolic penetration (Fig. S5e). Overall, the CAPA data indicated that CPP12-
gp130 fusions with pTyr isosteres effectively access the cytosol when incubated at high
nanomolar to low micromolar concentrations for 4 hours or longer.

2.3. Serum and lysate stability studies of CPP12-gp130 peptide fusions

Another potential barrier to cellular activity is degradation, either in serum or within cells.
We investigated the first possibility by measuring degradation of selected CPP-gp130
peptides in serum-containing media. We incubated CPP12-pTyr and CPP12-FoPmp at 150
UM in DMEM with 10% FBS, took aliquots at various time points over the course of 24
hours, and analyzed those samples via reverse-phase HPLC. In serum, the CPP12-pTyr
peptide was degraded by almost 50% at 4 hours, and it was almost completely absent at 24
hours (Fig 3b, Fig S6a). Mass spectrometry analysis revealed that the primary product was
the dephosphorylated peptide (Fig S7a,b). When the serum stability assay was repeated in
the presence of 10 mM sodium orthovanadate, a general inhibitor of protein tyrosine
phosphatases, dephosphorylation was blocked, with nearly 60% of CPP12-pTyr still intact
after 24 hours (Fig 3b, Fig S6b). Consistent with these results, CPP12-F,Pmp showed little
degradation, even after 24 hours in serum (Fig 3b, Fig S6c, S7c,d).

Testing peptide stability in a cell lysate was recently reported as a particularly demanding
assay for benchmarking the cellular stability of peptide therapeutics.*8 When tested in HeLa
cell lysate, CPP12-pTyr was degraded much more quickly than in serum-containing media,
with less than 20% of the original peptide remaining after just 1 hour (Fig 3c). This process
could be slowed but not completely prevented with the addition of sodium orthovanadate
(Fig 3c). Mass spectrometry revealed that, in the first hour of incubation, CPP12-pTyr is
rapidly dephosphorylated. Following dephosphorylation, the peptide undergoes proteolysis
at multiple positions including at the tyrosine generated by pTyr dephosphorylation (Fig
S8a, S9a). CPP12-F,Pmp was more stable in cell lysate, with about 80% of the peptide
remaining after 5 hours and 50% remaining after 24 hours of incubation (Fig 3c, Fig S8b).
Interestingly, while CPP12-pTyr had numerous end products consistent with proteolysis at
multiple positions, the mass spectrometry data revealed that CPP12-F,Pmp was proteolyzed
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at a single site. Specifically, this peptide was cleaved just N-terminal to the glutamine
residue (Fig S8b).

In order to slow the intracellular degradation of CPP12-F,Pmp, we substituted the glutamine
residue with N-methyl glutamine. This peptide, CPP12-F,Pmp-npmeQ, was completely
resistant to degradation in cell lysate at 24 hours (Fig 3c, Fig S8c, S9c). Therefore,
substitution of just two artificial amino acids (the pTyr isostere FoPmp and a single N-
methyl glutamine) produced a cell-permeable peptide with considerable stability to
degradation by intracellular enzymes. Finally, we tested CPP12-FoPmp-nmeQ in the STAT3
luciferase reporter assay (Fig S4a,b), as well as a 72-hour viability assay in the STAT3-
dependent MDA-MB-468 breast cancer cell line.*° However, at 25 pM no activity was
observed in either assay (Fig S10). The cause of this was revealed when we tested CPP12-
FoPmp-nmeQ in the competition FP assay. CPP12-FoPmp-nnveQ had very poor STAT3
binding affinity (Fig S3a—c), so despite its high stability, it was unsuitable for further
development as a STAT3 inhibitor.

3. Discussion and Conclusions

In this work, we sought to use CPP12 to enhance cellular delivery of peptides containing
pTyr and pTyr isosteres, with the goal of producing more effective inhibitors of the STAT3
SH2 domain. Despite extensive development of STAT3 SH2 inhibitors, and prior
applications of CPPs to deliver pTyr-mimicking peptides, to the best of our knowledge there
are no reported efforts to develop CPP-peptide fusions to inhibit STAT3-SH2 in living cells.
We quantitated the STAT3 affinity and cytosolic delivery of these CPP12 conjugates,
evaluated their stability in cell lysate and serum, and measured their activity in cell culture.
The medicinal chemistry of peptidomimetic pTyr isosteres has always required a difficult
balance among cellular stability, cytosolic penetration, and target affinity.13 In this work, we
directly measure each of these properties for CPP-linked peptides containing pTyr and pTyr
isosteres.

We observed that the substitution of the pTyr with FoPmp within the native gp130 sequence
led to a 17-fold loss in STAT3 affinity, while substitution with Pmp led to over 100-fold loss
in affinity. This generally matches previous reports examining Pmp and F,Pmp isosteres in
other peptide-SH2 interactions, which showed large losses in affinity with Pmp but
anywhere from 5-fold losses to 5-fold gains in affinity with FoPmp.1® While Mandal and
colleagues reported cellular effects on STAT3 activity using prodrug-functionalized 4-
phosphonodifluoromethylcinnamate analogs of the gp130 sequence,17-18 this is the first
reported application of FoPmp to STAT3 inhibitors. It is possible that a similar prodrug
approach could promote greater cytosolic penetration for gp130-derived peptides. Even
more recently, Bai and colleagues utilized a phosphonomethyl indole derivative to generate
high affinity STAT3-targeted peptidomimetics.2” These inhibitors were then incorporated
into proteolysis-targeting chimeras (PRTACSs) for the induction of STAT3 proteasomal
degradation. This work highlights the continued relevance of pTyr isosteres, underscoring
the need for careful evaluation of factors that can improve their cytosolic delivery.
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We chose to apply CPP12 because it was shown to be more efficient than older CPPs at
delivering peptides and peptidomimetics, including negatively charged cargoes.36-38.47,50,51
Since the delivery efficiency of CPP12 has been shown to vary depending on the cargo
attached and the cell line employed, we used the chloroalkane penetration assay to
conclusively demonstrate cytosolic delivery of a CPP12-gp130 fusion containing a pTyr
isostere. These data must be interpreted carefully due to possible perturbations from the
CPP, the linker between the CPP and the gp130-derived sequence, the pTyr isostere, and the
chloroalkane group. Still, the data clearly show that cytosolic delivery can be achieved for
pTyr-isostere-containing peptides at concentrations as low as 720 nM. Considering that the
small molecule control, ct-W, had a CPsq value of 50 nM under these conditions,*”>2 this is
an impressive degree of cytosolic delivery for an anionic peptide. For comparison, the
CPP12-fused peptide showed cytosolic localization at over 10-fold lower concentrations
than Tat without cargo, and over 20-fold lower concentrations than a Pmp-containing control
peptide without CPP12. The 18.9 uM CPsq of the non-CPP12-linked anionic peptide may
reflect a moderate amount of cell penetration at 25 pM, or a small amount of degradation at
this high concentration point; artifacts due to degradation, and additional caveats for CAPA,
are described in detail elsewhere.7:53 Interestingly, while Song and colleagues observed
significantly poorer uptake of CPP12 in media containing 10% FBS,38 we observed no
difference in uptake of CPP12-conjugated anionic peptides between serum-free media and
media with 10% FBS (Fig S5e). Additionally, while these cell penetration studies were only
performed in HeLa cells and penetration may vary between different cell types, multiple
other publications have demonstrated efficient cargo delivery with CPP12 across other cell
types including HMLE, HEK-293, and U87MG glioblastoma cells.5%:51 Still, additional
penetration studies in other cell lines, including STAT3-dependent cancer cells, would be of
great utility. Ultimately, while results can vary depending on the nature of the cargo and
chemical tags, our results suggest that CPP12 is a viable delivery system for delivering small
anionic peptides such as those containing pTyr and pTyr isosteres.

Serum and intracellular stability are also important considerations for peptidomimetic
design, since biological degradation can severely limit efficacy.*® We measured extent of
degradation over 24 hours in serum and in cell lysates, including analysis of degradation
products by mass spectrometry. Our results suggest that CPP12 itself is completely stable in
serum and in the presence of cellular enzymes including lysosomal proteases. Additionally,
these results highlight that phosphopeptides are dephosphorylated rapidly in serum, and even
more rapidly by intracellular enzymes. Interestingly, protection from dephosphorylation
provided a significant boost to proteolytic stability, implying that dephosphorylation likely
precedes proteolysis in many cases. Further, we were able to completely block proteolysis of
CPP12-F,Pmp by incorporating a single N-methylated residue. These modifications allowed
a 17-residue peptide, which was almost entirely degraded in cell lysate after 1 hour, to
become completely stable under these conditions for 24 hours. Unfortunately, the N-
methylation greatly disrupted binding to STAT3. Given published structural evidence that
this glutamine residue engages a fairly narrow pocket on the STAT3 surface, it is possible
that this N-methylation prevents optimal engagement of the glutamine with STAT3.27:54
Another glutamine derivative, or perhaps a non-natural proline derivative N-terminal to the
cleavage site, might prevent degradation with minimal effects on binding affinity. Ultimately,
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these results highlight the careful balance that must be achieved between target affinity and
bioavailability.

Ultimately, the most difficult challenges for peptidomimetics containing pTyr isosteres
continue to be cell permeability and proteolytic stability. Our findings highlight the
importance of contextualizing cell-based activity assays with not just target affinity, but
quantitative assessment of cell penetration and proteolytic stability. While limited STAT3
affinity is the most likely reason for the lack of cellular activity, there are other potential
causes including nonspecific binding to other proteins within the cell. If affinity is indeed the
limiting factor, our data demonstrate that degradation-resistant, anionic SH2 domain
inhibitors can be optimized for cytosolic delivery using advanced CPPs. Investigation of
additional pTyr isosteres that may better engage the STAT3 pTyr binding pocket may
provide sufficiently potent STAT3 binders which, coupled to CPP12, could more effectively
inhibit STAT3 in cells. We also anticipate application of this strategy to other SH2 domains
that better tolerate F,Pmp, such as PI-3K and Src, as well as cancer-relevant
phosphotyrosine phosphatases.16:45.55

4. Methods

4.1.

Peptide Synthesis

All peptides were synthesized via standard Fmoc solid phase peptide synthesis on an
automated Tribute Peptide Synthesizer (Gyros Protein Technologies). Peptides were
synthesized on low-loading Rink amide resin (substitution 0.36mmol/g) with deprotection in
20% piperidine in DMF, and coupling with 5 equiv. Each of amino acid, HBTU, and HOBt,
and 10 equiv. of DIPEA. DMF washes were performed between each step. FoPmp was
allowed to couple overnight to ensure complete coupling. For on-resin CPP12 synthesis and
cyclization, C-terminally allyl-protected glutamate was coupled via its sidechain to the
growing peptide. When synthesis of the linear CPP was complete, the allyl group was
removed with three 15-minute incubations with 0.1 equiv. palladium tetrakis and 10 equiv.
of phenylsilane in anhydrous DCM. After N-terminal Fmoc deprotection, the peptide was
cyclized overnight in DMF with 5 equiv. PyBOP, 5 equiv. HOBt, and 10 equiv. DIPEA.36 To
prepare chloroalkane-tagged peptides, an MTT-protected lysine was deprotected with two
10-minute incubations with 1% TFA in DCM. After DMF washes, 2.5 equiv. of
chloroalkane tag was coupled with 2.5 equiv. of PyBOP and 6.5 equiv. of DIPEA in DMF
for 1.5 hours. To prepare fluorescein-labeled peptides, 5 equiv. of 5,6-carboxyfluorescein
were coupled overnight with 10 equiv. DIPEA in DMF. To couple N-methyl glutamine, 5
equiv. each of amino acid, HATU and 10 equiv. DIPEA were coupled for 30 minutes,
followed by a second coupling with the same reagents. The subsequent deprotection in 20%
piperidine was followed by a second deprotection with 2% piperidine and 2% DBU in DMF.
The amino acid following the N-methyl glutamine was double-coupled as well. All peptides
were globally deprotected and cleaved from resin using a TFA cleavage cocktail (95:2:2:1,
TFA:H,O:EDT:TIPS) for 3 hours. Following cleavage, peptides were diethyl ether
precipitated and pelleted, followed by an additional diethyl ether wash and centrifugation.
Peptides were then dried before resuspending in water/acetonitrile for reverse-phase HPLC
purification on a preparative-scale Cg column (Agilent Technologies) at a 5 — 100%
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acetonitrile in 30 min gradient. Masses were determined using MALDI-TOF mass
spectrometry (Bruker Microflex). MALDI Matrix used was 10mg/mL a.-cyano-4-
hydroxycinnamate in 50/50 water acetonitrile with 0.1% TFA. Peptides were at least 95%
pure as determined via analytical HPLC on a C1g column at a 5 — 100% acetonitrile in 20
min gradient. Following purification, peptides were lyophilized and resuspended in DMSO
for working solutions, which were quantified based on absorbance at 280 nm (Thermo
Scientific Nanodrop 1000). Observed masses of final products are given in supplemental
figure S8.

Protein Expression

STAT3 protein was expressed and purified as described.>® Rosetta BL21 E. coli were
transfected with an expression plasmid for His6-STAT3 (codons 127-711). Transfected cells
were grown on kanamycin agar plates and colonies were selected and grown in LB culture
medium. At an optical density of 0.6 to 0.8, 1 mM IPTG was added and cells were incubated
for 3 hours at 37 °C. Cells were pelleted, resuspended in lysis buffer (50 mM Tris pH 8.0,
300 mM NacCl, 5 mM imidazole, 0.2% lysozyme, 1 protease inhibitor cocktail pellet
(Roche), and 2.5U/mL universal nuclease (Pierce), sonicated and lysed, and the lysate was
centrifuged to pellet debris. The protein was purified from clarified lysate using Ni-NTA
resin by incubating protein with resin for 45 min at 4 °C, rinsing with wash buffer (50 mM
Tris pH 8.0, 300 mM NaCl, 5 mM imidazole), and then eluting in 50 mM Tris pH 8.0, 300
mM NaCl, 250 mM imidazole at 4°C.

The eluate was further purified by size exclusion chromatography using an automated FPLC
system (AKTA, GE) on a Superdex S200 prep column in 20 mM HEPES pH 7.5, 50 mM
NaCl, 1 mM EDTA, and 2 mM DTT. Protein fractions were analyzed via SDS-PAGE, and
pure fractions were pooled together. Concentration of protein was quantified via absorbance
at 280 nm and confirmed via BCA assay. Protein was stored in frozen aliquots at —80°C.

4.3. Fluorescence Polarization Assays

FP assays were performed as described.3® For direct FP assay, fluorescent peptide was
mixed at a final concentration of 10 nM with a serial dilution of STAT3 protein [5.6 uM to
0.0055 uM] in a final reaction volume of 50 pL in a black, flat-bottomed 384-well
polypropylene plate (Greiner Bio-One). The buffer composition was 10 mM HEPES pH 7.5,
50 mM NaCl, 1 mM EDTA, and 2 mM DTT. The plate was incubated in the dark for 45 min
at room temperature, then read at 494 nm excitation and 519 nm emission. Data was
normalized to the maximum polarization observed (raw data shown in supplement). For
competition FP assays, fluorescent probe at a final concentration of 10 nM was mixed with
STAT3 protein at a final concentration of 300 nM and a serial dilution of inhibitor peptide
[25 or 50 uM to 0.025 uM]. DMSO was normalized across the plate to a final concentration
not exceeding 0.5%. The final reaction volume was 50 pL in a black 384-well plate. The
buffer composition was 10 mM HEPES pH 7.5, 50 mM NaCl, 1 mM EDTA, and 2 mM
DTT. The plate was incubated in the dark for 45 min at room temperature before reading at
494 nm excitation and 519 nm emission. Data was normalized to the no inhibitor (maximum
polarization) control. Kq and ICsq values were obtained from curve fits using KaleidaGraph
graphic software as described.>’
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4.4. STAT3 Luciferase Reporter Assay

Luciferase reporter assay was performed as described.*3 STAT3-luc/U3A fibrosarcoma
reporter cells were seeded in a 96-well plate at 10* cells per well overnight. Then, cells were
treated with selected concentrations of peptide or vehicle [10 or 25 uM] for 1 or 24 hours at
37 °C, and then stimulated with OSM at 10 ng/mL for 6 hours at 37 °C. Luciferase activity
was quantified using the Bright-Glo Luciferase Assay system (Promega) and a Luminoskan
Ascent Luminometer (Labsystems).

4.5. Chloroalkane Penetration Assay

CAPA assay was performed as described.#”-52 Halo-GFP-Mito HeLa cells were cultured
using DMEM + 10% FBS + 1% Pen/Strep + 1ug/mL puromycin. Cells were seeded in a 96-
well plate at 1.0 x 10° cells/well and incubated overnight. Cells were then rinsed with Opti-
MEM and treated with a serial dilution of peptides [25 uM to 0.0004 uM] or ct-W control [2
UM to 0.001 uM] in Opti-MEM for 4 hours. Media was aspirated and cells were washed
with Opti-MEM. Cells were then treated with 5 M ct-TAMRA for 30 minutes before
washing and trypsinizing cells. Cells were pelleted and resuspended in PBS twice before
resuspending in a final volume of 250 L of PBS and transferring them to a 96-well plate for
flow cytometry analysis (Guava EasyCyte 6HT-2L benchtop flow cytometer), gating for live
cells and measuring 5000 cells per sample. Fluorescence was normalized to the ct-TAMRA
treated (100% fluorescence) and untreated (0% fluorescence) cells. ct-W and ct-TAMRA
were prepared and characterized as described.4’

4.6. Peptide Stability Assays

Serum stability assays were performed as described.>® 10% FBS in DMEM was warmed to
37 °C prior to adding peptide. For lysate stability assays, HeLa cells were trypsinized,
washed in PBS, and pelleted before treating with lysis buffer (50 mM Tris, 250 mM NacCl,
0.5% IGEPAL CA-630 detergent, pH 8.0) on ice for 15 min. Then, lysates were centrifuged
for 10 min at 4 °C at 14,800 rpm and the clarified lysate was collected. Peptides were added
to either the serum or the lysate to a concentration of 150 UM and were incubated at 37 °C.
Aliquots of 40 uL were taken at each time point and quenched in 160 uL of ice-cold
methanol. Samples were spun down for 10 min at 14,800 rpm prior to analysis via reverse-
phase analytical HPLC on a Cqg column (Agilent Technologies). Peptide chromatogram
peaks were integrated to determine area under each curve. Areas for each timepoint were
normalized to the zero-hour timepoint to determine percentage of peptide remaining. Data
presented is the average of three biological replicates performed on different days. Peptide
masses present in each sample were determined using MALDI-TOF mass spectrometry
(Bruker Microflex).

4.7. Cell Viability Assay

Cell viability assay was performed as described.*® MDA-MB-468 breast cancer cells were
seeded 3 x 103 cells/well in white opaque 96-well plates overnight. Peptide or vehicle [10 or
25 uM] was added to a final volume of 100 pL and incubated at 37 °C for the specified time.
Cell viability was assessed using the CellTiter-Glo Luminescent Cell Viability kit
(Promega).
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Figure 1.

Binding affinities and cellular STAT3 inhibition of selected peptides. a) Fluorescence
polarization binding data for selected peptides with recombinant STAT3. Fluorescein-labeled
peptides were incubated at 10 nM with serial dilutions of STAT3 at room temperature for 45
min. Data points represent the averages of three biological replicates, each performed with
three technical replicates, normalized to the maximum observed polarization (raw data
shown in Fig. S1). Error bars show standard error of the mean for the three biological
replicates. Ky values are the mean and standard error of the mean for three independent Ky
curve fits to the three biological replicates. b) Competition FP for selected peptides with
STAT3. flu-pTyr was incubated at 10 nM with 300 nM STAT3 protein and serial dilutions of
peptide inhibitors at room temperature for 45 min. Data points represent the averages of
three biological replicates, each performed with three technical replicates, normalized to the
no-inhibitor control (raw data shown in Figs. S2,S3). Error bars show standard error of the
mean for the three biological replicates. 1Csq values are the mean and standard error of the
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mean for three independent curve fits to the three biological replicates. ¢) STAT3
transcription inhibition. STAT3-luc U3A fibrosarcoma cells were pretreated with 10 or 25
UM of CPP12-pTyr and CPP12-F,Pmp for 24 hours at 37 °C in DMEM supplemented with
10% FBS, followed by 6 hour stimulation with OSM (10 ng/mL). Controls included OSM-
treated cells without peptide, and unstimulated cells. This experiment was performed with
two biological replicates, each with two technical replicates (all four values displayed).
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Figure 2.
Structures of CPP12-conjugated STAT3 SH2-targeting peptides.
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Figure 3.
Cytosolic penetration, serum stability, and cell lysate stability of selected CPP12-gp130

peptide fusions. a) Chloroalkane penetration assay with CPP12-Pmp-ct (structure shown in
Fig S5a), non-CPP-linked peptide ct-Pmp, and control molecules ct-Tat and ct-W. The figure
shows data normalized to the no-molecule control (100% fluorescence), which indicates
signal when no molecule accessed the cytosol, and no-dye control (0% fluorescence), which
indicates signal if 100% of cytosolic HaloTag was blocked by chloroalkane-tagged
molecules. Data show averages of three biological replicates (four biological replicates for
CPP12-Pmp-ct), and within each biological replicate each data point represents the mean red
fluorescence of 5,000 cells. CPgq values are reported as the mean and standard error of the
mean for three separate curve fits to the three biological replicates (individual replicates
shown in Fig. S5b—d). b and c) Serum and lysate stability assay for selected CPP12-gp130
peptides. Peptides were incubated for various time points in DMEM supplemented with 10%
FBS (b) or HelLa cell lysate (c) at 37 °C, with and without 10 mM sodium orthovanadate.
Areas under each peptide chromatogram peak were normalized to the area under the zero
timepoint chromatogram peak.
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