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Abstract

Signal Transducer and Activator of Transcription (STAT) 3 emerged rapidly as a high-value 

target for treatment of cancer. However, small-molecule STAT3 inhibitors have been slow to enter 

the clinic due, in part, to serious adverse events (SAE), including lactic acidosis and peripheral 

neuropathy, which have been attributed to inhibition of STAT3′s mitochondrial function. Our 

group developed TTI-101, a competitive inhibitor of STAT3 that targets the receptor pY705­

peptide binding site within the Src homology 2 (SH2) domain to block its recruitment and 

activation. TTI-101 has shown target engagement, no toxicity, and evidence of clinical benefit 

in a Phase I study in patients with solid tumors. Here we report that TTI-101 did not affect 

mitochondrial function, nor did it cause STAT3 aggregation, chemically modify STAT3 or 

cause neuropathic pain. Instead, TTI-101 unexpectedly suppressed neuropathic pain induced 

by chemotherapy or in a spared nerve injury model. Thus, in addition to its direct anti-tumor 

effect, TTI-101 may be of benefit when administered to cancer patients at risk of developing 

chemotherapy-induced peripheral neuropathy (CIPN).
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1. Introduction

STAT3 is known to play an essential role in biological processes important for development, 

including cell growth and survival, as well as in restoring homeostasis after injury. However, 

persistent STAT3 signaling has been linked to a number of pathological conditions including 

cancer, chronic inflammation and fibrosis. An extensive body of preclinical data indicates 

that inhibition of STAT3 signaling may be of substantial therapeutic benefit [1,2]. However, 

agents that target STAT3 have been slow to enter the clinic, in part, because of difficulties 

inherent in targeting transcription factors, a class of proteins deemed “undruggable” due to 

the large size of their protein–protein interaction interfaces [3]. In addition, serious adverse 

events (SAE), including lactic acidosis and peripheral neuropathy, have been observed with 

some small-molecule STAT3 inhibitors in clinical-stage development [4,5]. These have been 

attributed to targeting of STAT3’s non-canonical functions, most notably, its contribution 

to mitochondrial-mediated oxidative phosphorylation [6], which relies on phosphorylation 

of STAT3 on serine 727, in contrast to phosphorylation on tyrosine 705 required for its 

canonical function [7,8].

Many STAT3-directed drug development programs have focused on STAT3′s SH2 domain, 

in particular its phosphotyrosine (pY) peptide binding pocket. However, the finding that 

some inhibitors induce mitochondrial toxicity suggests they may target other regions of 

STAT3 and affect STAT3 structure and stability. In fact, Genini et al. demonstrated that 

OPB-51602, and other small-molecule STAT3 inhibitors designed to directly target STAT3, 

caused STAT3 aggregation and altered intracellular protein homeostasis [6]. They further 

argued that induction of cell death by these agents is mediated, in part, through a proteotoxic 

mechanism in metabolically stressed cancer cells and suggested that this may be a common 

mechanism underlying the anticancer activity of any inhibitor that directly targets the SH2 

domain within STAT3.

Our group, working in collaboration with Tvardi Therapeutics, Inc., developed TTI-101 

(formerly C188–9), a competitive inhibitor of STAT3 designed to target the pY-peptide 

binding site within STAT3′s SH2 domain and thereby directly block two key steps in its 

activation—recruitment to activated cytokine receptor complexes and homodimerization 

[9,10]. We previously performed good laboratory practice (GLP)-compliant, 28-day 

pharmacotoxicology studies of TTI-101 [10] that demonstrated no drug-related toxicity up 

to the maximum dose administered (200 mg/kg/day in rats and 100 mg/kg/day in dogs). 

Moreover, an ongoing Phase I clinical trial of TTI-101 that has enrolled 40 patients with 

advanced solid tumors [11] up to dose level 4 (25.6 mg/kg/day) for as long as 12 months, 

has not demonstrated any serious adverse events, including lactic acidosis.

The studies reported here were undertaken to determine in vitro if TTI-101 affects 

STAT3 mitochondrial function, causes STAT3 aggregation, chemically modifies STAT3, or 

induces peripheral neuropathy in mice. We tested TTI-101 and four other STAT3 inhibitors 

purported to target the STAT3 SH2 domain and demonstrated that two of these—WP-1066 

and cryptotanshinone—induced STAT3 aggregation and caused mitochondrial toxicity in 

metabolically stressed cells. Importantly, our studies revealed that TTI-101 does not: 1) 

affect mitochondrial function, 2) chemically modify STAT3, 3) cause STAT3 aggregation 
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in metabolically stressed cells, or 4) cause peripheral neuropathy. In fact, TTI-101 

administration unexpectedly reversed mechanical allodynia in models of chemotherapy­

induced peripheral neuropathy (CIPN) and spared nerve injury (SNI). These findings 

indicate that TTI-101 may be of special benefit when administered to patients receiving 

CIPN-inducing agents as part of their cancer therapy regimen.

2. Material and methods

2.1. Materials

STAT3 inhibitors - Stattic, cryptotanshinone, WP1066 and STA21 were obtained from 

Selleck Chemicals (Houston, TX, USA). TTI-101 was custom synthesized by Regis 

technologies Inc. (Morton Grove, IL, USA). Molecular grade dimethyl sulfoxide (DMSO), 

reduced glutathione (GSH), iodoacetamide, and N-ethylmaleimide were obtained from 

Sigma-Aldrich (St. Louis, MO, USA). Cisplatin was acquired from (TEVA Pharmaceuticals, 

North Wales, PA). All LC/MS reagents, including ammonium acetate, formic acid, 

acetonitrile, methanol and water, were obtained from Honeywell Fluka (Morris Plains, NJ, 

USA). STAT3 antibody was purchased from Cell Signaling Technology (Danvers, MA, 

USA). Antibodies to histone H2B (ab52484) and GAPDH (ab9485) were purchased from 

Abcam (Toronto, ON, Canada). Antibody to Vimentin (sc66002) was obtained from Santa 

Cruz Biotechnology (Dallas, TX, USA). DMEM XF base medium, FCCP, and rotenone/

antimycin A were obtained from Agilent Technologies (Santa Clara, CA, USA). A C18 

Synergi™ 4 μm Fusion-RP 80 Å LC column (50 × 2 mm) was purchased from Phenomenex, 

(Torrance, CA, USA); a Waters Symmetry C18 column (100 Å, 3.5 μm, 4.6 mm × 150 mm) 

was purchased from Waters (Milford, MA, USA).

2.2. Cell line and culture

The human prostate cancer cell line DU-145 was obtained from American Type Culture 

Collection (ATCC, Rockville, MD, USA) and cultured in RPMI 1640 medium (ATCC 

modification) containing 10% fetal bovine serum and Antibiotic-Antimycotic from Gibco, 

Invitrogen (Carlsbad, CA, USA). The cells were cultured at 37 °C with an atmosphere of 5% 

CO2.

2.3. Mitochondrial assays

DU-145 cells (2.5 × 104) were seeded per well in XF24 plates and incubated at 37 °C / 5% 

CO2 in complete RPMI medium. After 12Hrs complete medium was replaced with nutrient 

depleted four-day culture media: conditioned media (CM) and incubated for 4 Hrs. Cells 

were then treated for another 2 Hrs with STAT3 inhibitors prior to analysis using a Seahorse 

XF24 Analyzer. The Oxygen Consumption Rate (OCR) was measured in DMEM XF base 

medium containing 10 mM glucose, 2 mM glutamine and 1 mM pyruvate, before and after 

the sequential injection of oligomycin, FCCP and rotenone/antimycin A, as indicated in 

(Fig. 1), to final concentrations of 1 uM, 1 uM and 0.5 uM, respectively.

2.4. Cell fractionation

Cells were treated for 16 Hrs with STAT3 inhibitors at a concentration of 10 uM 

and 1% DMSO in glucose depleted conditioned media (CM), as described [6]. Lysates 
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were fractionated into cytosol, organelle, nuclei, and cytoskeleton subcellular fractions 

using ProteoExtract kit (Calbiochem, San Diego, California, USA) according to the 

manufacturer’s directions. Enrichment of each fraction was assessed by SDS-PAGE and 

immunoblotting using antibodies against GAPDH (cytosol and organelles, Fractions I and 

II), Histone H2B (nucleus, Fraction III), and Vimentin (cytoskeleton and insoluble proteins, 

Fraction IV).

2.5. Expression and purification of recombinant STAT3

STAT3 (127–722) cDNA was cloned into a pET15b vector and transformed in BL21 (DE) 

(Life Technologies, Inc. Woburn, MA, USA). Expression of the recombinant protein was 

induced by 0.5 mM IPTG, at 20 °C for 5 Hrs. The recombinant STAT3 protein was purified 

by ammonium sulfate precipitation followed by an ion exchange step with a HiTrap Q 

column (GE Healthcare Bio-Sciences, Uppsala Sweden) and size exclusion chromatography 

to achieve purity of over 98%.

2.6. Glutathione reaction studies

STAT3 inhibitors (10 ul of 10 mM stock in DMSO) were spiked into reaction buffer [50 

mM HEPES pH7.5 containing 10 mM reduced glutathione (GSH)] the samples were mixed 

thoroughly and placed in an autosampler set at 20 °C. The reactions were monitored by 

high performance liquid chromatography (HPLC) using an Exion LC Sciex unit equipped 

with a UV detector. The stationary phase used was a C18 Synergi™ 4 μm Fusion-RP 80 

Å LC column (50 × 2 mm), the mobile phase was water (A) and acetonitrile (B). The 

elution process consisted of a gradient starting at 20% mobile phase B to 80% for 2 min. 

The flow rate was maintained at 0.5 mL/min during the run. Measurements were conducted 

at intervals of 5 min for a period of 50 min total. The presence of the STAT3 inhibitors 

were quantified by calculating the area under the curves (AUCs) of the compound peaks at 

260–295 nm.

2.7. STAT3 alkylation studies

Purified recombinant core fragment of STAT3β protein in ammonium bicarbonate buffer 

(10 uM) was mixed with each compound at a final concentration of 100 uM. The protein 

mixture was then incubated at 37 °C overnight. Samples were reduced with 5 mM DTT 

at 37 °C for one hour and further alkylated with iodoacetamide (15 mM) for 30 min at 

room temperature in the dark, followed by digestion with trypsin gold in a dry incubator at 

37 °C overnight. Formic acid was added the next day to a final concentration of 5% and 

each protein sample was diluted in 5 mM ammonium acetate containing 0.5% formic acid 

immediately prior to analysis by targeted mass spectrometry Multiple Reaction Monitoring 

(MRM).

2.8. Lc–MS/MS

A QTRAP 5500 Sciex hybrid quadrupole-linear ion trap system with a turbo ion spray 

source coupled to a Sciex LC Exion liquid chromatography system (Redwood City, CA, 

USA) were used to analyze tryptic digests of STAT3 protein samples treated with STAT3 

inhibitors. Fractionation of the samples was done using a Waters Symmetry C18 column 
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(100 Å, 3.5 μm, 4.6 mm × 150 mm) with a 30 min linear gradient of acetonitrile 

containing 0.1% formic acid at a flow rate of 300 uL/min. A transition list of cysteine­

containing peptides with expected drug-cysteine adducts was generated in Skyline software 

and exported to the QTRAP mass spectrometer for the development of the acquisition 

method. Resultant raw data files were imported back into Skyline for analysis and additional 

processing.

2.9. High resolution LC/MS

Aliquots of the tryptic digests of STAT3 proteins treated with DMSO (control) and those 

treated with Stattic and TTI-101 were analyzed by LC-MS/MS on an Ultimate 3000 RSLC­

Nano chromatograph interfaced to an Orbitrap Fusion high-resolution mass spectrometer 

(Thermo Scientific, Waltham MA). All MS/MS data were analyzed using Sequest-HT 

(Thermo Scientific). Proteins were identified by searching their fragment spectra against 

the Swiss-Prot protein database (EBI). The iodoacetamide derivative of cysteine, stattic 

adducts of cysteine, and the predicted TTI-101 adducts of cysteine were specified as variable 

modifications. To access for potential unknown modifications, the data was analyzed in 

MaxQuant using the dependent peptide search option [12]. An all-peptides output list was 

analyzed by comparing Stattic, TTI-101 and TTI-101ox with DMSO treated samples, as 

described in [13].

2.10. Animals

Male and female C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor, 

ME) and housed at the University of Texas MD Anderson Cancer Center animal facility 

(Houston, TX) on a regular 12-hour light/dark cycle with free access to food and water. 

Mice were group-housed on the same rack in individually ventilated cages. Mice were 8 – 

10 weeks of age at the start of the experiment and were randomly assigned to groups (cage) 

by animal care givers not involved in the experiment. Investigators were blinded to treatment 

until group data were analyzed and the code was broken by an investigator not involved 

in the study. All experimental procedures were consistent with the National Institute of 

Health Guidelines for the Care and Use of Laboratory Animals and the Ethical Issues of the 

International Association for the Study of Pain [14] and were approved by the Institution for 

Animal Care and Use Committee (IACUC) of M.D. Anderson Cancer Center. Experiments 

were performed and reported in compliance with the ARRIVE guidelines [15].

2.11. Pain measurements and chemotherapy-induced peripheral neuropathy (CIPN)

The effect of TTI-101 and chemotherapy on mechanical sensitivity as a read out for pain 

were assessed over time using von Frey hairs (0.02, 0.07, 0.16, 0.4, 0.6, 1.0, and 1.4 g; 

Stoelting, (Wood Dale, Illinois, USA) and the up and down method as described previously 

[16,17]. Cisplatin was diluted in sterile PBS and administered i.p. at a dose of 2.3 mg/kg per 

day for 5 days followed by 5 days of rest and another 5 days of injections [18]. After 17 days 

of the last dose of cisplatin the mice were treated with TTI-101 (50 mg/kg i.p. every other 

day) for a total of seven doses.

Kasembeli et al. Page 5

Biochem Pharmacol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.12. Spared nerve injury (SNI)

SNI surgery was performed on male and female C57BL/6j mice (8 weeks old; Jackson 

Laboratories), as described [19]. The sural, common peroneal and tibial branches of the 

sciatic nerve of the left hind paw were exposed under isoflurane anesthesia. A silk suture 

was used to ligate the common peroneal and tibial branches and 2–4 mm of the distal ends 

were removed. The sural nerve was left intact. Mice received buprenorphine right before and 

1 h after surgery. Mice were treated with 6 doses of TTI-101 (50 mg/kg in vehicle—60% 

Labrasol/40% PEG-400—or vehicle alone) administered by oral gavage every other day 

starting on day 10 after SNI. Mechanical sensitivity was monitored over time using von Frey 

hairs.

2.13. Data and analysis

Studies were designed to include groups of equal size, using randomization and blinded 

analysis. Statistical analysis was undertaken for studies where each group size was at least 

n = 5, with the exception of the CIPN study where 4 mice per group were used. Animal 

group size selection for mechanical allodynia was based on previously published data for 

similar experiments in which sample size calculations were established [19]. Pain behavior 

data were normally distributed and analyzed by Two-way repeated measures ANOVA 

followed by Tukey post tests using PRISM8 software; P < 0.05 was considered statistically 

significant. Data from all animals enrolled were included in the final analysis.

2.14. RNA-seq and transcriptome analysis of dorsal root ganglion (DRG)

Whole-genome RNA sequencing was used to identify transcriptional changes induced by 

cisplatin and TTI-101 in the DRG of 3 mice per group. Total RNA was isolated with the 

RNeasy MinElute Cleanup Kit (Qiagen, Hilden, Germany). Libraries were prepared with the 

Stranded mRNA-Seq kit (Kapa Biosystems, Wilmington, MA) following the manufacturer’s 

guidelines. Stranded-mRNA seq was performed with a HiSeq4000 Sequencer (Illumina, San 

Diego, CA) with 76nt PE format by the RNA Sequencing Core at MD Anderson Cancer 

Center.

Data analysis was performed as previously described [20,21]. Briefly, expression data of 

three samples per group were analyzed in R using bioconductor packages. STAR was 

used for alignment of paired-end reads to the mm10 version of the mouse reference 

genome; featureCounts was used to assign mapped sequence reads to genomic features, 

and DESeq2 was used to identify differentially expressed genes (padj < 0.05). Quality 

check of raw and aligned reads was performed with FastQC and Qualimap. Next, we 

used Ingenuity Pathway Analysis (IPA;Qiagen Inc., https://www.qiagenbioinformatics.com/

products/ingenuity-pathway-analysis/) for analysis of the canonical pathways implicated by 

cisplatin-induced transcriptome changes in DRG.

3. Results

3.1. TTI-101 does not affect mitochondrial function

Mitochondrial dysfunction has been demonstrated to contribute to drug-related SEA [22]. 

Examination of TTI-101 for safety in 28-day IND-enabling studies in rats and dogs [9], as 
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well as in a Phase I clinical trial of patients with advanced solid tumors through dose level 

4 [11], did not demonstrate any serious toxicity including lactic acidosis, which is a clinical 

manifestation of mitochondrial dysfunction. However, to determine if TTI-101 caused 

subclinical abnormalities in mitochondrial function, we examined the effects of TTI-101 and 

four other direct STAT3 inhibitors on mitochondrial respiration using a Seahorse XF Cell 

Mito Stress Test kit that measured basal respiration, ATP production, maximal respiration, 

proton leak, and spare respiratory capacity. The OCR curves of cells incubated with TTI-101 

at concentrations 10-fold higher than its IC50 for STAT3 inhibition [9] were similar to cells 

treated with DMSO control (Fig. 1A–C). Similarly, STA21 and Stattic did not consistently 

alter the OCR curves compared to DMSO at these concentrations (Fig. 1A–C).

In contrast, marked abnormalities were observed in the OCR curves of cells treated with 

cryptotanshinone and WP1066 (Fig. 1A, B). Overall, the effects of cryptotanshinone on 

the OCR curves mimicked a mitochondrial uncoupler, which creates a ‘shot-circuit’ in 

the oxidative process by inducing a proton leak (PL) such that the loss of proton motive 

force proceeds without ATP generation. Cells incubated with cryptotanshinone (30 uM) 

demonstrated a concentration-dependent increase in basal respiratory rate compared to 

control cells and decreased responses to oligomycin and to antimycin A/rotenone treatment. 

In addition, cryptotanshinone blocked cell responses to FCCP treatment and resulted in 

a 50% reduction in ATP level production. (Fig. 1A–C). To further examine the effects 

of cryptotanshinone on ATP production, we measured the fraction of basal mitochondrial 

oxygen consumption linked to ATP synthesis (coupling efficiency); coupling efficiency 

was significantly reduced (Fig. 1C), further indicative of mitochondrial dysfunction. In 

addition, the OCR after oligomycin treatment, which is a direct measure of the proton 

leak rate (Fig. 1C), showed a significant increase in proton leak in cells incubated with 

cryptotanshinone (30 uM) indicating that mitochondria are uncoupled and severely damaged 

[23,24]. Similar to cryptotanshinone, we observed marked abnormalities in the OCR 

curves of cells treated with WP1066. (Fig. 1A–C) indicative of mitochondrial dysfunction 

[24], including diminished basal OCR, ATP production rate, maximal respiration, spare 

respiratory capacity, and coupling efficiency.

3.2. TTI-101 does not induce STAT3 aggregation in cells

STAT3 inhibitors that were demonstrated to impair mitochondrial activity also were found 

to cause STAT3 to aggregate in cells under low glucose conditions [6]. Using similar 

experimental conditions, we assessed the effects of TTI-101 and other direct STAT3 

inhibitors on the partitioning and oligomeric state of STAT3. Cells were incubated in 

medium containing each STAT3 inhibitor at 10 uM final concentration for 16 h. Cells were 

fractionated and fractions I through IV were separated by SDS-PAGE and immunoblotted 

using antibodies selective for each fraction (Fig. 2). TTI-101 had no effect on the 

intracellular localization of STAT3; similar results were obtained in cells incubated with 

STA21 and Stattic. In contrast, in cells treated with cryptotanshinone or WP1066, over 

half of STAT3 was found in the insoluble fraction (Fraction IV) indicating that each 

induced formation of STAT3 intracellular aggregates, which explains their adverse effects on 

mitochondrial function and confirms the findings of Genini et.al. [6].
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3.3. TTI-101 does not react with GSH or covalently modify STAT3

Surface Plasmon Resonance (SPR) studies that directly examined the ability of TTI-101 

to inhibit STAT3 binding to its immobilized pY-peptide ligand were performed under 

reducing conditions [9,25]. Furthermore, the shape of the binding inhibition curves was 

most consistent with competitive inhibition. However, intracellular protein depletion through 

aggregation has recently been described as a key mechanism of action of compounds, such 

as DUB Inhibitors b-AP15 and VLX1570 that possess α,β-unsaturated carbonyl moieties 

capable of covalently reacting with their target [26]. Soon after its discovery, Stattic was 

proposed to alkylate STAT3 via a Michael addition reaction at C687 located within the SH2 

domain, but outside the pY-peptide binding pocket; this alkylation event was proposed to 

allosterically alter the structure of the pY-peptide binding pocket interfering with its ability 

to bind ligand [27]. More recently, SI3–201 and related compounds were shown to modify 

STAT3 in a manner consistent with thiolmediated O-tosyl substitution [28].

We performed two studies to determine directly if TTI-101 mediates its inhibitory effect 

on STAT3 through covalent modification. The first study was a UV-HPLC-based assay to 

determine the stability of TTI-101, as well as the other STAT3 inhibitors, in the presence 

of a natural nucleophile—reduced glutathione (GSH). TTI-101 and the other inhibitors were 

reconstituted at 100 uM in 50 mM HEPES buffer at pH 7.5 containing 10 mM GSH. Each 

reaction mixture was sampled at time 0 and every 5 min for 50 min; all samples were 

analyzed by HPLC. The amount of unreacted inhibitor was determined by measuring the 

area under the curve (AUC) and plotting this value as a percentage of the starting AUC as a 

function of time (Fig. 3). Consistent with early reports of it serving as a Michael’s acceptor, 

Stattic levels decreased rapidly within 5 min to < 10% of baseline in the presence of GSH 

while remaining constant in the absence of GSH (Fig. 3). In contrast, there was no loss of 

TTI-101 in the presence of GSH up to 50 min after exposure; similar results were observed 

for cryptotanshinone, WP1066 and STA21.

Review of the structure of TTI-101 did not reveal a potential mechanism for alkylation 

of STAT3 by a Michael addition or by thiolmediated O-tosyl substitution. However, enol­

to-ketone oxidation within the first hydroxy-naphthalene group of TTI-101 would form 

TTI-101OX (Fig. 4), which potentially could undergo a Michael addition reaction. To 

examine this possibility, we generated recombinant STAT3 post-translationally unmodified 

in bacteria using a cDNA construct in which the domain containing the N-terminal 

oligomerization domain was deleted (STAT3β tr); this domain is not necessary for native 

folding of the core domains of STAT3 (CCD, DBD, linker domain, and SH2 domain) and 

its removal markedly improves recombinant STAT3 protein solubility. STAT3β tr contains 

11 Cys residues. To determine how many of these Cys residues are available to be alkylated 

when the soluble protein is natively folded, we incubated STAT3β tr with two protein 

alkylating agents, iodoacetamide and N-ethylmaleimide (NEM) under conditions optimal for 

alkylation (Fig. 4A). Using data obtained on a quadrupole-linear ion trap MS (Sciex QTrap 

5500), we detected adducts based on the presence of predicted MRM signal for peptides 

containing cysteine residues. The identity of the peptides were confirmed by performing full 

MS/MS spectra on the detected transitions. The LC-MS/MS of the tryptic digested protein 
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revealed 6 peptides alkylated by iodoacetamide and NEM. Five of the peptides contained a 

single alkylated Cys, while one of the peptides contained two alkylated Cys residues.

We next performed targeted and untargeted LC-MS/MS analysis using a QTrap 5500 

and an Orbitrap-Ellite mass spectrometer on tryptic digests of STAT3β tr incubated with 

TTI-101 or Stattic under optimal alkylating conditions. If TTI-101 or TTI-101OX alkylated 

STAT3, we would expect a shift in the mass of peptides containing Cys residues by the 

equivalent of the exact mass of TTI-101ox as TTI-101 needs to undergo oxidation at 

the –OH located para to the sulfonamide group to form a Michael’s acceptor. We were 

unable to detect adducts of TTI-101 or TTI-101ox on Cys containing peptides by targeted 

LC-MS/MS (Fig. 4C). To ensure that the failure to detect alkylated protein incubated with 

TTI-101 was not due to insufficient generation of oxidized TTI-101 under the experimental 

conditions, we synthesized TTI-101OX itself and incubated it with STAT3 β tr. Similar to 

results obtained with TTI-101, no alkylated peptides were detected upon incubation with 

TTI-101OX indicating that STAT3 is not alkylated by TTI-101 in either its reduced or 

oxidized form. In contrast to TTI-101, tryptic digests of STAT3β tr incubated with Stattic 

under similar conditions demonstrated that Stattic efficiently alkylated STAT3 at seven sites 

(Fig. 5A–C).

We then evaluated the possibility that TTI-101—reduced or oxidized—may covalently 

modify STAT3 and result in a mass shift on LC-MS/MS that is not detectable using the 

targeted detection approach described above. We performed high resolution LC-MS/MS 

analysis of protein digests after incubation of STAT3 with TTI-101 or TTI-101OX using an 

Orbitrap-Ellite mass spectrometer and analyzed the data using an approach described by 

Antinori et. al that is tailored for the detection of unknown chemical adduct modifications 

on proteins [13]. Using this approach, we were able to detect Stattic adducts in protein 

digests of STAT3 incubated with Stattic. However, we did not identify adducts in digests 

of STAT3 incubated with either TTI-101 or TTI-101OX, confirming that neither forms of 

TTI-101 covalently modify STAT3 (Fig. 5D).

3.4. TTI-101 suppresses chemotherapy-induced mechanical allodynia

Peripheral neuropathy has been observed with several small-molecule STAT3 inhibitors in 

clinical-stage development [4–6]. To assess whether TTI-101 causes peripheral neuropathy, 

male C57BL/6 mice were treated with 7 doses of TTI-101 (50 mg/kg i.p. every other day) 

and sensitivity to mechanical stimulation was followed over time using von Frey hairs. 

Administration of TTI-101 alone had no effect on mechanical sensitivity (Fig. 6A). To 

investigate whether TTI-101 aggravates existing neuropathic pain, we used the cisplatin 

model of chemotherapy-induced peripheral neuropathy (CIPN). This model was selected 

because we showed previously that it is mediated by mitochondrial damage in the peripheral 

nervous system [17,29]. Mice were treated with two cycles of cisplatin (5 daily doses of 

2.3 mg/kg followed by 5 days rest), which induces mechanical allodynia (Fig. 6B) that lasts 

for at least 75 days [17]. TTI-101 administration (50 mg/kg i.p. every other day for a total 

of 7 doses) was started 17 days after the last dose of cisplatin, when mechanical allodynia 

had developed fully. TTI-101 administration markedly reduced cisplatin-induced mechanical 

allodynia (Fig. 6B). The beneficial effect of TTI-101 developed slowly over time—maximal 
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inhibition was obtained after the 4th dose of TTI-101 and was maintained while dosing 

continued. Mechanical allodynia returned to levels similar to those in mice treated with 

cisplatin alone 4 days after the last dose of TTI-101.

3.5. TTI-101 suppresses SNI-induced mechanical allodynia

To determine whether the beneficial effect of TTI-101 is limited to CIPN or is more 

broadly applicable to other causes of neuropathic pain, we examined its effect on mechanical 

allodynia induced by SNI. SNI induces profound mechanical allodynia in male and female 

mice. Administration of TTI-101 in the SNI model reduced mechanical allodynia within 6 

h of the first dose (Fig. 7A) and repeated dosing of TTI-101 over 14 days led to complete 

reversal of SNI-induced mechanical allodynia in male and female mice (Fig. 7B) that was 

sustained through day 52 of the experiment or 40 days after the last dose of TTI-101.

3.6. RNA-seq analysis of effect of TTI-101 on the DRG transcriptome in cisplatin-treated 
mice

To determine whether the beneficial effect of TTI-101 on CIPN is associated with changes 

in the transcriptome and, in particular, in expression of STAT3 target genes, we performed 

RNA-seq analysis on dorsal root ganglia (DRG). Mice were treated with cisplatin followed 

by TTI-101 as in Fig. 6 and lumbar DRG were collected at 4 Hrs after the fourth dose 

of TTI-101 or vehicle. Comparison of the transcriptome in DRG from mice treated with 

cisplatin vs. PBS showed that cisplatin changed the expression of 1,973 genes (675 down, 

1,298 up; Fig. 8A). TTI-101 administration to cisplatin-treated mice changed expression of 

1,713 genes (1,416 down, 297 up) vs. mice treated with cisplatin alone. Notably, the 443 

genes that were altered in both groups (PBS vs. Cis and Cis vs. Cis + TTI-101) showed an 

overall opposite expression pattern between groups, indicating that TTI-101 administration 

normalized the expression of genes whose expression was altered in cisplatin-treated mice 

(Fig. 8B and Table 1).

Ingenuity pathway analysis (IPA) focused on canonical pathways (Fig. 8C) and showed 

that the 443 genes were mainly associated with neuronal health and survival pathways 

(namely synaptogenesis signaling pathways, TNFR signaling, axonal guidance signaling, 

Semaphorin Signaling in Neurons, Ephrin signaling). Upstream regulator analysis of the 

1,713 differentially expressed genes (DEG) that changed with TTI-101 administration 

revealed huntingtin (HTT), amyloid beta precursor protein (APP), TP53, TGFβ1, and 

estrogen receptor as the top five upstream regulators driving downstream changes (Table 2). 

The mechanistic network of four regulators identified STAT3 as an intermediate regulator. 

Consistent with the activity of TTI-101 as a STAT3 inhibitor, STAT3 activity was reduced in 

all networks (Fig. 8D). For example, for the TP53 network, 14 regulators were part of the 

mechanistic network which together influence expression of 481 genes and out of these 481 

genes, 64 target genes are regulated by STAT3.

To gain further insight into potential mechanisms underlying TTI-101′s reversal of CIPN, 

we used IPA to perform a comparison analysis (Fig. 9A). IPA identified VEGF as the top 

upstream regulator different between the groups—PBS vs. Cis and Cis vs. Cis + TTI-101. 

Specifically, IPA predicted activation of VEGF signaling in mice treated with cisplatin 
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as compared to PBS. This pathway was inhibited when cisplatin-treated mice received 

TTI-101. The heat map in Fig. 9B shows the effect of TTI-101 administration on the target 

genes in VEGF signaling network.

4. Discussion

Small-molecule inhibitors that target the SH2 domain of STAT3 have been proposed 

recently as an example of synthetic lethality; upon STAT3 binding, they induce formation 

of proteotoxic aggregates that inhibit mitochondrial function leading to cell death, especially 

in cancer cells experiencing metabolic stress [6]. Perhaps, not surprisingly, cancer patients 

enrolled in Phase I/II clinical studies of some drugs within this class have experienced 

SAE, such as lactic acidosis and peripheral neuropathy, which are clinical manifestations 

of mitochondrial toxicity; these SAE have halted further patient enrollment. Our group 

developed TTI-101, a competitive inhibitor of STAT3 designed to target the pY-peptide 

binding site within STAT3′s SH2 domain and to directly block two key steps in its activation

—recruitment to activated cytokine receptor complexes and homodimerization. The studies 

reported here were undertaken to determine if TTI-101 targets STAT3′s mitochondrial 

function, causes STAT3 aggregation, or induces peripheral neuropathy. We report that 

TTI-101 does not affect mitochondrial function, does not cause STAT3 aggregation through 

chemical modification or other means, and does not induce pain measured as mechanical 

allodynia. In fact, TTI-101 administration unexpectedly suppressed mechanical allodynia 

induced by the chemotherapeutic agent cisplatin, indicating it may be of special benefit 

when administered to cancer patients at risk of developing chemotherapy-induced peripheral 

neuropathy (CIPN).

While the Otsuka compounds were unavailable to us for study, we examined two compounds 

(WP1066 and cryptotanshinone) previously demonstrated to markedly affect mitochondrial 

function for evidence of covalent modification of STAT3, in particular, alkylation. LC­

MS/MS of STAT3 protein incubated with WP1066 and cryptotanshinone revealed no 

alkylation at cysteine sites. In contrast, Stattic, which did not affect mitochondrial function, 

alkylated STAT3 at all detectable cysteines. STA21, which emerged from a virtual ligand 

screen for compounds that bind the STAT3 SH2 domain [30], behaved in manner identical 

to TTI-101; it neither alkylated STAT3 nor induced mitochondrial toxicity. Thus, the ability 

of STAT3 inhibitors to cause STAT3 aggregation and mitochondrial toxicity is not related to 

their ability to covalently modify STAT3 and their precise mechanism for inducing STAT3 

aggregation remains uncertain.

We previously demonstrated that administration of TTI-101 to rats for 28 days (up to 

a dose of 200 mg/kg/day) and to dogs (up to a dose of 100 mg/kg/day) did not cause 

any metabolic abnormalities including lactic acidosis. Increasing evidence indicates that, in 

addition to lactic acidosis, mitochondrial dysfunction plays a key role in the development 

of chemotherapy-induced neuropathic pain [31–33]. Peripheral neuropathy is one of the 

SAE that have been observed with some small-molecule STAT3 inhibitors in clinical-stage 

development [5]. Our current findings show that treatment of naïve mice with TTI-101 does 

not induce neuropathic pain in the von Frey test of mechanical allodynia (Fig. 6A), which is 

commonly used to assess for peripheral neuropathic pain in rodent models.
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It is conceivable that potential additional damage to mitochondria as a result of STAT3 

inhibition would aggravate CIPN. However, our data demonstrated that TTI-101 treatment 

had the opposite effect; administration of TTI-101 suppressed established mechanical 

allodynia in mice treated with cisplatin. Preliminary data also indicated that TTI-101 

suppressed existing mechanical allodynia in mice treated with paclitaxel or docetaxel, two 

chemotherapeutics of a different class. In addition, TTI-101 markedly reduced mechanical 

allodynia in the SNI model. SNI increases levels of pY-STAT3 in spinal cord astrocytes 

[34]. In addition, there is evidence for increased pY-STAT3 in microglia in the spinal 

cord in the spinal nerve injury model of neuropathic pain in rats [35]. While intrathecal 

administration of the Janus kinase 2 inhibitor, AG490, attenuated mechanical allodynia in 

both models [36], there are no published reports describing the effects of a STAT3 inhibitor 

on mechanical allodynia in response to SNI. Transgenic expression of constitutively active 

and dominant-negative forms of STAT3 in astrocytes located within the spinal dorsal horn 

(SDH) of mice and rats showed that activation of astrocytic STAT3 plays an important role 

in maintaining neuropathic pain [37]. Two previous studies reported the beneficial effect 

of STAT3 inhibitor treatment on chemotherapy-induced neuropathy; administration of the 

STAT3 inhibitor S3I-201 to rats during treatment with oxaliplatin, paclitaxel, or vincristine 

reduced mechanical allodynia [38,39]. However, the reduction in mechanical allodynia was 

only partial, and S3I-201 was administered intrathecally. Our data indicate that mechanical 

allodynia is reduced to baseline levels in response to oral administration of TTI-101, making 

this a more attractive compound for clinical application. It remains to be determined whether 

co-administration of TTI-101 with cisplatin will fully or partially prevent development of 

CIPN.

The beneficial effect of the STAT3 inhibitor S3I-201 in CIPN cited above was associated 

with normalization of the expression of CXCL12 a chemokine that was shown to be 

upregulated in the DRG of rats or mice treated with oxaliplatin, vincristine or paclitaxel. 

In our RNA-seq data set, we did not detect significant changes in CXCL12, although 

there was a trend towards increased levels (log2FC 0.176) in response to cisplatin and a 

trend towards reduced levels (log2FC − 0.474) in response to administration of TTI-101 

in cisplatin-treated mice. In addition, our RNA-seq analysis of the DRG transcriptome 

indicated that TTI-101 administration to cisplatin-treated mice normalizes expression of 

443 out of the 1,973 genes (22 %) that were changed in response to cisplatin treatment. 

These genes are mainly associated with neuronal health and survival pathways, indicating 

that TTI-101 also may help to restore the loss in intra-epidermal nerve fiber density that 

is associated with CIPN. We also saw enrichment in genes related to the TNFR1 pathway 

after TTI-101 administration. This may indicate inhibition of TNF signaling, which has been 

shown to reduce STAT3 activation. In oxaliplatin-mediated neuropathy, administration of a 

neutralizing antibody against TNF-α prevented STAT3 activation in DRG [38].

To get additional insight into the potential mechanism underlying the suppression of 

cisplatin-induced mechanical allodynia, we used the IPA comparison analysis tool to 

identify upstream regulators of the pathways that were altered in response to cisplatin and 

reversed by administration of TTI-101. The STAT3 target VEGF [40,41] was identified as 

the top upstream regulator. It has been shown that activation of retinal neuronal STAT3 

increases neuronal VEGF production [42]. In addition, DRG expression of Flt1, the gene 
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encoding the VEGF receptor 1 (VEGF-R1), was upregulated in response to cisplatin 

(log2FC 0.295) and this was reversed by administration of TTI-101 (log2FC − 0.503). We 

also found the VEGF-associated downstream kinase, PI3K, was downregulated by TTI-101 

(log2FC − 0.408). Interestingly, it has been shown that VEGF signaling to VEGFR1 on 

sensory neurons promotes pain in models of cancer pain [43]. Moreover, administration 

of an anti-VEGF antibody attenuated oxaliplatin-induced mechanical allodynia [44]. 

In addition, treatment with a PI3K inhibitor attenuated mechanical allodynia induced 

by VEGFA in mice. In contrast, however, there also is evidence for aggravation of 

chemotherapy-induced neuropathies by co-administration of anti-VEGF antibodies in 

patients and mice [45,46]. Further studies are needed to address the potential role of changes 

in local VEGF signaling in the DRG in the beneficial effect of TTI-101 on cisplatin-induced 

peripheral neuropathy.

We previously demonstrated that mitochondrial damage contributes to neuropathic pain 

[17,29]. STAT3 signaling is essential for mitochondrial function; consequently, reports 

of peripheral neuropathy as an SAE in clinical trials of STAT3 inhibitors that impair 

mitochondrial function were not totally unexpected. Here, we show that TTI-101, a 

competitive inhibitor STAT3, did not affect mitochondrial function and not only did not 

cause peripheral neuropathy, rather, it markedly reduced cisplatin-induced mechanical 

allodynia through modulating several signaling networks linked to CIPN. Thus, TTI-101 

may be an attractive agent for cancer treatment, especially in combination with 

chemotherapy agents that cause CIPN.
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Fig. 1. 
Effects of STAT3 inhibitors on mitochondrial function. DU-145 cells were treated with 

the indicated STAT3 inhibitors at 30 uM for 2 Hrs. Seahorse experiments showing oxygen 

consumption rate (OCR) by DU-145 cells treated with DMSO alone or DMSO containing 

the indicated STAT3 inhibitor at 30uM prior to and following addition of oligomycin, FCCP, 

and antimycin A/rotenone, as indicated (n = 6). Data in (Fig. 1 A) combined into one graph, 

showing all the OCR curves relative to each other. Below, figure representing estimation 

of OCR parameters in(C) Mean ± SEM of basal respiration, maximal respiration, spare 

respiratory capacity, ATP production, coupling efficiency and proton leak (n = 6).
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Fig. 2. 
Immunoblotting of fractions of DU-145 cells incubated with indicated drugs (10uM 

concentration for 16 Hrs). Fractions were separated using 4–20 % SDS-PAGE and 

immunoblotted using antibodies against STAT3, Histone H2B, GAPDH and Vimentin. Data 

are representative of three independently performed experiments.
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Fig. 3. 
Stability of compounds incubated with GSH. The AUC of each compound measured at the 

times indicated by UV-HPLC and expressed as percent of the starting AUC of the peaks. 

Data are representative of four independently performed experiments.
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Fig. 4. 
Results of alkylation studies of STAT3 by iodoacetamide, NEM and TTI-101. Schematic 

depicting chemistry of possible alkylation of STAT3 by iodoacetamide the results of LC-MS 

chromatograms of STAT3 peptides demonstrating alkylated peptides, as predicted from the 

chemistry. Schematic depicting chemistry of possible alkylation of STAT3 by NEM the 

results of LC-MS chromatograms of STAT3 peptides demonstrating alkylated peptides, as 

predicted from the chemistry. Schematic depicting the chemistry of possible alkylation of 

STAT3 by TTI-101. The LC-MS chromatograms of STAT3 peptides, that, shows no MRM 

signal for predicted peptide adducts, indicating that no peptides were alkylated.
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Fig. 5. 
Alkylation of STAT3 by Stattic. Schematic depicting chemistry of possible alkylation of 

STAT3 by Stattic and results of LC-MS chromatograms of STAT3 peptides of alkylated 

peptides, as predicted from reaction chemistry. Results of LC-MS/MS demonstrating 

covalent modification of STAT3 by Stattic. Chromatograms show fragment ion analysis 

revealing alkylation of each cysteine-containing peptide, as indicated. Mass Spectra were 

annotated using IPSA [47]. Representative data of four independent experiments. Amino 

acid sequence of STAT3βtr indicating cysteine residues modified. Red residues indicates 

cysteine-containing tryptic fragments identified by LC-MS/MS, with some peptides 

containing more than one modified cysteine. Bolded residues are within tryptic fragments 

that can be identified by LC-MS/MS. Residues that are not bolded are within tryptic 

fragments that are either too large or too small to be detected. Z-score histograms comparing 

mass shifts of STAT3 peptides incubated with Stattic, TTI-101, or TTI-101ox vs. STAT3 

incubated with DMSO. The dotted line indicates the cutoff for a significant Z-score. The 

peptide mass peak shifted by 211 Da represents the predicted addition of Stattic as a 

chemical adduct; no significant mass shifts were observed with TTI-101 or with TTI-101ox 

indicating that neither forms chemical adducts with STAT3.
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Fig. 6. 
TTI-101 does not cause mechanical allodynia; rather, it reverses mechanical allodynia 

caused by cisplatin. A. Male C57/Bl6 mice (n = 8 per group) received TTI-101 (50 mg/kg 

i.p. every other day) and mechanical allodynia was assessed using von Frey hairs and the 

up-and-down method. B. Male C57/Bl6 mice (n = 4 per group) were treated with cisplatin 

(two rounds of 5 daily doses of 2.3 mg/kg i.p. followed by 5 days of rest). Dosing with 

TTI-101 (50 mg/kg i.p. every other day) started 17 days after the last dose of cisplatin. Data 

were analyzed by two-way ANOVA repeated measures. Time: P < 0.001; Group: P < 0.001; 

Interaction P < 0.001. **P < 0.01 Tukey multiple comparison test.
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Fig. 7. 
STAT3 inhibitor reverses SNI-induced allodynia. Male and female mice underwent SNI 

surgery and were treated with TTI-101 (Males: n = 5; females: n = 6) or vehicle (Males: 

n = 4; Females: n = 6) by oral gavage for 6 doses every other day from day 10 after SNI. 

Mechanical allodynia in male and female mice. Data are shown as mean ± SEM and were 

analyzed using two-way ANOVA followed by Sidak’s post-hoc test. * P < 0.05. No signs 

of mechanical allodynia at 31 and 52 days after start of TTI-101 treatment (19 and 40 days 

after the last dose). Data are from 4 vehicle-treated and 5 TTI-101-treated male mice per 

group). Two-way ANOVA followed by Sidak’s post-hoc test: P < 0.05.
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Fig. 8. 
Effect of TTI-101 on the DRG transcriptome of cisplatin-treated mice. Genes differentially 

expressed among groups is shown in a Venn diagram. Expression of 1,973 genes was 

changed in response to cisplatin when compared to the PBS mice (PBS vs. Cis; n = 3 

male mice per group). Expression of 1,713 genes was changed in response to TTI-101 

administration vs. mice treated with cisplatin alone (Cis vs. Cis + TTI-101). A cutoff of 

(−0.2 < log2 Fold Change < 0.2) and p = 0.1 was used for the analysis. Expression of 

2,154 genes was changes in response to TTI-101 administration compared to PBS mice 

(PBS vs TTI-101). Subcellular clustering of 443 overlapping genes showing directionality 

of expression. Up-regulated and down-regulated genes are highlighted in red and green, 

respectively. Gray indicates effect cannot be predicted. Top IPA canonical pathways along 

with –log (p-value) assigned to 443 common genes between PBS vs. Cis and Cis vs. Cis 

+ TTI-101 mice. Mechanistic networks of four upstream regulators involving STAT3 as an 

intermediate regulator. Note that STAT3 (black outline) is an intermediate regulator in all 

networks and it is predicted to be inhibited. Color orange and blue indicate activation or 

inhibition respectively. Yellow arrow represents inconsistent relationship when the expected 

direction is different from direction observed.
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Fig. 9. 
Results of IPA comparison analyses. A. Top upstream regulators driving TTI-101-dependent 

changes in DRG identified using the IPA comparison analysis tool. IPA core analysis was 

performed between PBS vs. Cisplatin and Cisplatin vs. Cisplatin + TTI-101, followed by 

comparison of the two core analyses. B. Heat map showing details of target genes in VEGF 

network. Fold change data for target genes upregulated (blue) or downregulated (red) is 

shown.
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