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STAT3 Inhibitor OPB-51602 Is Cytotoxic
to Tumor Cells Through Inhibition

of Complex | and ROS Induction

Lara Brambilla,” Tanaya Lahiri," Michael Cammer,” and David E. Levy'-3*

SUMMARY

STAT3 is a transcription factor involved in several cellular activities including inflam-
mation, proliferation, and survival, but it also plays a non-transcriptional role in
modulating mitochondrial metabolism. Given its diverse functions in human can-
cers, it is an emerging therapeutic target. Here we show that OPB-51602, a small
molecule inhibitor of STAT3, is highly toxic in a STAT3-dependent manner. Specif-
ically, drug toxicity depends on mitochondrial STAT3 as tumor cells expressing
only a mitochondrially restricted form of STAT3 are sensitive to the compound,
whereas STAT3-null cells are protected. OPB-51602 inhibited complex | activity
and led to increased ROS production, which in turn induced mitophagy, actin rear-
rangements, and cell death. Cells undergoing reduced oxidative phosphorylation or
expressing NDI1 NADH dehydrogenase from Saccharomyces cerevisiae, which by-
passes mammalian complex I, were resistant to OPB-51602 toxicity. These results
show that targeting mitochondrial STAT3 function causes synthetic lethality
through complex | inhibition that could be exploited for cancer chemotherapy.

INTRODUCTION

Signal transducer and activator of transcription (STAT) proteins are latent cytoplasmic transcription factors
that can be activated by receptor-mediated tyrosine phosphorylation to regulate cell growth, survival, and
differentiation (Levy and Darnell, 2002). There are seven STAT family members, STAT1, 2, 3, 4, 5a, 5b, and 6,
and they all share extensive structural homology consisting of six basic motifs. The N-terminal domain
(NTD) and the coiled-coil domain (CCD) are required for receptor recruitment, nuclear translocation, tet-
ramerization, and protein-protein interactions, whereas the DNA-binding domain (DBD) is needed to
recognize specific elements in the promoters of target genes (Vinkemeier et al., 1996; Vogt et al., 2011;
Zhang and Darnell, 2001). The Src homology 2 (SH2) domain, the most conserved one, is involved in recep-
tor recruitment and in the formation of dimers via interaction with specific phosphotyrosine residues in the
C-terminal transactivation domain (CTD) of another STAT monomer (Becker et al., 1998; Chakraborty et al.,
1999; Hemmann et al., 1996). STAT3 is a member of this family best known for transducing extracellular sig-
nals to promote cell proliferation, survival, angiogenesis and immuno-evasion (Horvath, 2000; Yu et al.,
2009). Usually catalyzed by members of the Janus kinase (JAK) family, phosphorylation at Tyr705 stabilizes
STAT3 dimerization via its interaction with the SH2 domain of another STAT3 monomer, leading to nuclear
accumulation and transcription of specific target genes (Levy and Darnell, 2002).

Numerous studies have documented roles for activated STAT3 in human cancer, both intrinsically and in
the tumor microenvironment. Accumulating evidence also indicates that STAT3 mediates metabolic pro-
cesses in tumor cells, some of which require its accumulation in mitochondria in a pTyr705-independent
manner (Avalle and Poli, 2018; Yu et al., 2014). In particular, mitochondrially localized STAT3 (mito-
STAT3) has been shown to play a key role in the survival of RAS-transformed cancers, contributing to
aerobic glycolysis and oxidative phosphorylation (OXPHOS) (Avalle and Poli, 2018; Demaria et al., 2010;
Garama et al., 2015; Gough et al., 2009, Gough et al., 2012, 2014; Szczepanek et al., 2012a; Wegrzyn
et al., 2009; Zhang et al., 2013). Owing to its pivotal roles in oncogenic processes, STAT3 is an attractive
cancer therapeutic target (Yu et al., 2009; Yue and Turkson, 2009). Numerous direct small-molecule
STAT3 inhibitors (STAT3i) have been developed, some of which have shown encouraging activity in preclin-
ical models and have progressed to ongoing clinical trials (Gelain et al., 2019; Yoo et al., 2019). Much of the
attention has been focused on the inhibition of nuclear and transcriptional functions of STAT3. However,
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blocking pTyr705 would not reverse the metabolic consequences mediated by mito-STAT3. The emerging
understanding of mitochondria as central organelles in metabolic adaptation, drug resistance, and stem-
ness in human cancers makes this issue timely and relevant (Lee et al., 2019).

In this study, we investigated how a novel small-molecule STAT3i, OPB-51602 (also referred to as OPB),
currently in clinical trials for human cancer, interferes with STAT3 metabolic functions in cancer cells (Genini
et al., 2017; Hirpara et al., 2019; Ogura et al., 2015; Wong et al., 2015). Our data show that OPB-51602 is
toxic for human non-small cell lung carcinoma (NSCLC) and triple negative breast cancer (TNBC) cells in
a STAT3-dependent manner, despite the ability of these cells to survive in the absence of STAT3. Indeed,
OPB-51602 appears to induce a synthetic lethality dependent on its ability to impair OXPHOS through a
STAT3-dependent inhibition of respiratory complex |, leading to cell death.

RESULTS
Depletion of STAT3 Reduces OPB-51602 Toxicity, which Is Restored by Mitochondrial STAT3

To extend previous data that showed that OPB-51602 represses the proliferation of numerous human cancer cell
lines (Genini et al., 2017), we assessed its effect on four human NSCLC cell lines, H522, H2228, H23, and A549,
and two TNBC cell lines, MDA-MB-231 and MDA-MB-468. Similar to data obtained from other cell types, OPB-
51602 was cytotoxic at nanomolar concentrations, with an IC50 between 0.5 and 2.8 nM (Figure 1A). Cytotoxicity
by OPB-51602 was observed as decreased metabolic activity by measuring reductive capacity using the CCK8
assay, decreased cell adhesion by using crystal violet staining, and decreased cell viability by using trypan blue
exclusion (Figure S1A). Notably, although there were some quantitative differences among the three methods,
overall results were comparable. Previous work showed that OPB-51602 directly binds to the STAT3 SH2 domain,
inducing the formation of STAT3-containing protein aggregates that eventually lead to functional depletion of
STAT3 from cells (Genini et al., 2017). To directly assess the role of STAT3 in toxicity, we tested the hypothesis
that STAT3 depletion from cells prior to treatment would lead to decreased sensitivity to OPB-51602 toxicity,
compared with their wild-type (WT) counterparts. To this end, we targeted STAT3 expression by RNA interfer-
ence (Figure 1C) and observed that STAT3-depleted cells were protected from drug-induced cytotoxicity,
although to varying degrees depending on the cell line (Figure 1B). To exclude the possibility that residual
adverse effects of OPB-51602 could have been dependent on the remaining levels of STAT3, we produced
STAT3 knockout A549, MDA-MB-231, and MDA-MB-468 cells by using the CRISPR-Cas9 system (Figures 1E
and 11). We tested OPB-51602 toxicity in the resulting stable STAT3 KO cell pool (KOp) in comparison with con-
trol WT cells (Figures 1D and 1H) and observed that STAT3 KO cells were highly resistant but still retained some
residual sensitivity to the compound. We next derived multiple single clones from STAT3 KO pool (e.g., Clone 1;
Figure 1G), which were also extremely resistant even to high concentrations of the inhibitor (Figure 1F). These
data suggest that STAT3 is the primary mediator of OPB-51602 toxicity but that there is also residual STAT3-in-
dependent toxicity. We also measured the IC50 across multiple tumorigenic cell lines (Figure STE) and several
individual A549 clones selected for drug resistance (Figure S1C). Interestingly, drug sensitivity did not correlate
with basal expression levels of STAT3 (Figures S1B, S1D, S1F and S1G). Although STAT3 is a cytokine-activated
transcription factor, it also mediates functions in mitochondria in the absence of cytokine stimulation (Avalle and
Poli, 2018). To test that mitochondrial STAT3 was responsible for OPB-51602 toxicity, we complemented STAT3-
KO cells, both pool and individual clones, with either full-length STAT3 (WT) or a mitochondrially restricted form
(MTS) (Figures 1K, M, and S1H) and measured drug sensitivity. Re-expression of STAT3 restored sensitivity to the
drug to levels, which was comparable with that of WT cells (Figures 1J and L). Notably, mitochondrially restricted
STAT3 that accumulates exclusively in mitochondria and is unable to mediate nuclear function was as effective as
the wild-type protein in terms of restoring sensitivity to OPB-51602 toxicity. Since mitochondrial STAT3 has been
documented in non-transformed cells and to mediate a variety of functions (Szczepanek et al., 2012b; Mantel
et al,, 2012), we evaluated the effect of OPB-51602 also on normal lung and mammary epithelial cell lines.
HBEC3-KT and MCF 10A treated with OPB-51602 were less sensitive compared with A549 and MDA-MB-231,
respectively (Figure 1N), in spite of expressing STAT3 protein to similar levels. Lastly, owing to the homology
between STAT1 and STAT3, particularly within their SH2 domains, we tested whether absence of STAT1 would
also protect cells from OPB-51602 toxicity. However, we observed no protection by deleting STAT1, confirming
that STAT3 is the major target (Figure 10 and 1P).

OPB-51602 Induces ROS Production Resulting in Mitophagy and Cell Death in a STAT3-
Dependent Manner

Since MTS-STAT3 is unable to mediate transcriptional responses (Gough et al., 2009) but mediates OPB-
51602 toxicity, we were prompted to investigate direct mitochondrial actions of the compound. ROS
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Figure 1. Depletion of STAT3 Reduces OPB-51602 Toxicity, which Is Restored by Mitochondrial STAT3

(A) Cell viability of human NSCLC and TNBC cell lines incubated with OPB-51602 for 16 h and analyzed with CCK8.

(B) Cell viability of NSCLC cell lines, STAT3 WT versus KD, incubated with OPB-51602 for 16 h and analyzed with CCKS8.

(C) Knockdown of STAT3in NSCLC analyzed by WB. Cell viability of A549 STAT3 WT versus KO pool (D) or Clone 1 (F) and of MDA-MB-231 and MDA-MB-468
STAT3WT versus KO pool (H) incubated with OPB-51602 for 16 h analyzed with CCK8. Knockout of STAT3 in A549 (E: pool and (G) Clone 1) and MDA-MB-231
and MDA-MB-468 cells (I) analyzed by WB. Cell viability of A549 STAT3 KO pool (J) and Clone 1 (L) reconstituted with STAT3-WT and STAT3-MTS incubated
with OPB-51602 for 16 h analyzed with CCK8. Re-expression of STAT3 in A549 KO pool (K) and Clone 1 (M) analyzed by WB.

(N) Cell viability in HBEC3-KT and MCF 10A compared with A549 and MDA-MB-231 analyzed with crystal violet.

(O) Cell viability in HT1080 STAT1 WT and KO analyzed with CCK8. In (A), (B), (D), (F), (H), (J), (L), (N), and (O) data are represented as mean + SEM; n > 3.
Unpaired two-tailed Student's t test; *p < 0.05, **p < 0.002, ****p < 0.0001. See also Figure S1. Molecular weight is expressed in kDa.

production, a measure of damaged mitochondria (Fan et al., 2019), was significantly increased following 2-h
incubation with the drug (Figure 2A). Interestingly, ROS production was not stimulated by OPB-51602 treat-
ment in the absence of STAT3 (Figure 2A) and it was partially quenchable by a pre-treatment with the cell-
permeable form of glutathione (GSH-EE), an effective anti-oxidant (Figure 2B). Notably, the addition of the
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Figure 2. OPB-51602 Induces ROS Production Resulting in Mitophagy and Cell Death in a STAT3-Dependent Manner

(A) Cellular ROS measured with DCFDA in A549 WT and KO (pool and Clone 1) treated with 50 nM OPB-51602 for 2 h (n = 6).

(B) Mitochondrial ROS measured with MitoSOX after OPB-51602 (50 nM) treatment with or without 2 h pre-treatment of GSH-EE (1 mM) (n = 11).

(C and D) (C) Cell viability of A549 incubated with OPB-51602 10 nM alone or in combination with 1 mM GSH-EE for 16 h and analyzed with crystal violet (n =
15). Cell death measured by Annexin V-Pl staining in A549 treated with OPB-51602 at 50 nM for different time points (D, n = 7) and in A549 STAT3 WT and KO
(pool and Clone 1) treated with 50 nM OPB-51602 for 16 h (E, n = 5).

(F) Increase in mitophagy measured in A549 treated with 5 nM OPB-51602 and 50 uM FCCP for 16 h (n = 13).

(G) Actin rearrangement in A549, MDA-MB-231, and MDA-MB-468 STAT3 WT cells treated with OPB-51602 at 10 nM for 16h.

(H) Actin rearrangement in A549 WT and KO pool treated with OPB-51602 at 10 nM for 16 h.

(1) Cell migration of A549 treated with 10 nM OPB-51602 (n = 11).

(J) Proteotoxic aggregates in A549 WT and KO pool treated with OPB-51602 at 5 and 50 nM for 16 h. The graph shows quantification of p62 levels relative to
the control in the soluble fraction (n = 4).

In (A)-(F) and (I) and (J) data are represented as mean + SEM. Unpaired two-tailed Student’s t test; *p < 0.05, **p < 0.001, ***p < 0.0005, ****p < 0.0001. In (G)
and (H) scale bar is 10 um. See also Figure S2. Molecular weight is expressed in kDa.

antioxidant was sufficient to greatly increase WST-8 dye reduction after OPB-51602 treatment (Figure 2C),
confirming that ROS production induced by the compound contributes to cell death. The cytotoxic effect of
OPB-51602 on STAT3-expressing cells is time dependent (Figure 2D), and dead cells are visible as early as
4 h after treatment. Moreover, consistent with a reduced cell toxicity (Figures 1D, 1F and 1H), cell death
greatly diminished (3-fold less) in drug-treated A549 STAT3 KO cells, confirming that the presence of
STAT3 is important to mediate OPB-51602 effects (Figure 2E). Compound-treated cells became Annexin
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V positive and permeable to PI, consistent with apoptosis/necrosis. Notably, OPB-51602 treatment did not
affect cell cycle parameters (Figure S2A). As damaged mitochondria are physiologically removed by mi-
tophagy (Pickles et al., 2018), we next assessed the effects of OPB-51602 on this process. We hypothesized
that, if OPB-51602 functioned as a STAT3-dependent mitochondrial toxin, drug treatment would increase
mitophagy. We measured mitophagy in living cells using the fluorescent mt-mKeima system (Lazarou et al.,
2015). As shown in Figure 2F, treatment with OPB-51602 induced mitophagy to the same extent as fully de-
coupled mitochondria following FCCP treatment, a known mitophagy inducer (Berezhnov et al., 2016).
However, pre-treatment with chloroquine, an autophagy inhibitor, did not alter the effects of OPB-51602
(Figure S2B), suggesting that mitophagy is probably a cellular response to drug-induced mitochondria
damage rather than an attempt to prevent cell death. We also observed that prolonged exposure to the
inhibitor induced an actin rearrangement resulting in the formation of actin protrusions resembling
tunneling nanotubes (Rustom et al., 2004) (Figure 2G and S2C). These actin formations were reduced in
STAT3 KO cells treated with the compound, suggesting that disruption of the actin cytoskeleton could
be involved in the initiation of OPB-51602 STAT3-dependent toxicity (Figure 2H and S2C). These actin fil-
aments did not appear to be signs of loss of cell adhesion or retraction fibers, as they were packed with f-
actin (Figure S2D). Interference reflection microscopy (IRM) showed these protrusions only loosely pressed
against the attachment substrate and the cells, which acquired a balled-up appearance, displayed long
actin-filled structures resembling extended filopods that were not attachment points to the substrate.
OPB-51602 also reduced cell migration in A549 STAT3 WT (Figure 2I) and, to a lesser extent, in STAT3
KO (Figure S2E), confirming previous reports of a role for STAT3 in the migratory capacity of cells (Verma
et al., 2009; Akira, 2000). Lastly, we previously showed that OPB-51602 treatment leads to the formation of
STAT3 aggregates, which also included other proteins such as autophagy-related protein p62/Sgstm1
(Moscat et al., 2016) and HDAC6 (Genini et al., 2017). We observed aggregate formation also in NSCLC
cells treated with OPB-51602, as demonstrated by depletion of STAT3 and pé2 from soluble extracts
and their translocation to an insoluble fraction (Figure 2J). However, OPB-51602 treatment of STAT3 KO
cells also induced the translocation of pé2 to an insoluble fraction (Figure 2J, right lanes). This result sug-
gests that aggregate formation, at least as defined by insolubilization of pé2, represents a STAT3-indepen-
dent action of OPB-51602. Moreover, aggregate formation per se may not be related to, or at least not suf-
ficient for, drug-induced toxicity, since it occurred in STAT3 KO cells, which were protected from toxicity.
Lastly, we assessed whether OPB-51602 treatment affected mitochondrial morphology. We examined the
mitochondrial network by confocal microscopy using A549 cells expressing a mitochondrially restricted red
fluorescent protein, but no significant differences were observed between WT and KO cells (Figure S2F).

OPB-51602 Toxicity Depends on Mitochondrial Respiration

We previously showed that OPB-51602 interferes with mitochondrial functions, resulting in reduced basal respi-
ration, ATP production, and mitochondrial membrane potential (Genini et al., 2017). We measured cellular respi-
ration parameters through Seahorse experiments in A549 (Figure 3A) as well as MDA-MB-231 and MDA-MB-468
(Figure S3A), which confirmed abrogation of respiration by OPB-51602. Therefore, we examined the require-
ment for respiration in OPB-51602-induced toxicity by impairing OXPHOS efficiency by chemically inhibiting
different components of the mitochondrial electron transport chain. In brief, we pre-treated A549 cells with
either rotenone, metformin (complex | inhibitors), or antimycin A (complex Il inhibitor) and challenged them
with OPB-51602. As shown in Figure 3B, all three mitochondrial inhibitors effectively reduced cell staining
with crystal violet, even at higher concentrations of OPB-51602. Next, we diminished cellular respiration by
growing cells under reduced oxygen tension (3% O,) and compared them with cells grown under normoxic con-
ditions (20% O,). Notably, cells exposed to mild hypoxia were fully protected from OPB-51602 toxicity (Figure 3C)
and showed only a slight impairment of cell proliferation (Figure S3B). To further examine the hypothesis that
mitochondrial respiration is fundamental to OPB-51602 action, we produced A549 RhoO cells by depleting func-
tional mitochondria through inhibition of mitochondrial DNA replication (Figure S3C). We found that A549 RhoO
cells were fully protected from OPB-51602 toxicity (Figure 3D). Notably, since we grew RhoO cells in the presence
of uridine and pyruvate to meet their energy and biosynthetic demands (Kukat et al., 2008), we tested whether
these added nutrients were involved in OPB-51602 resistance but found no effect on WT cells (Figure S3D).
Therefore, it is likely that the absence of functional mitochondria and thus the absence of active OXPHOS ren-
ders RhoO cells resistant to the drug.

OPB-51602 Targets Complex | in a STAT3-Dependent Manner

Induction of ROS in response to OPB-51602 treatment and the protection conferred by the complex | in-
hibitors rotenone and metformin prompted us to directly examine the role of complex |, a major generator
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Figure 3. OPB-51602 Toxicity Depends on Mitochondrial Respiration

(A) Oxygen Consumption Rate (OCR) in A549 cells treated with 50 nM OPB-51602 for 2 h (n = 12).

(B) Cell viability of A549 cells grown in the presence or absence of 1 nM rotenone, 100 nM antimycin A, 2 mM metformin
and incubated with OPB-51602 for 16 h, analyzed with crystal violet.

(C) Cell viability of A549 cells grown in high (20%) and low (3%) O, and treated with OPB-51602 for 16 h, analyzed with
CCKs.

(D) Cell viability of A549 parental and A549 RhoO cells incubated with OPB-51602 for 16 h, analyzed with CCK8. In (A)-(D)
data are represented as mean + SEM; n > 3. Unpaired two-tailed Student’s t test; *p < 0.05, **p < 0.001, ***p < 0.0005,
**++p < 0.0001. See also Figure S3.

of mitochondrial ROS (Kussmaul and Hirst, 2006) and the rate-limiting step in respiration (Kerscher et al.,
2008). As shown in Figure 4A, we observed a dramatic loss of complex | activity after 4 h of OPB-51602
treatment in all STAT3-expressing cell lines. This reduction in activity was STAT3 dependent, since it was
attenuated in STAT3-KO cells at 10 nM OPB-51602 (Figure 4B). We also tested complex Il activity after
OPB-51602 treatment, but no significant effects were observed, suggesting that the compound specifically
targets complex | (Figure S4A). Mammalian complex | is a multi-subunit NADH:ubiquinone oxidoreductase
that simultaneously pumps protons across the inner mitochondrial membrane and maintains NADH/NAD+
homeostasis (Ohnishi et al., 2018). In contrast, the yeast type Il enzyme NDI1 is a single component NADH
dehydrogenase that is capable of complementing mammalian cellular defects caused by complex | defi-
ciencies (Seo et al., 1998). We expressed yeast NDI1 in both A549 STAT3 WT and KO cells and measured
OPB-51602 toxicity. NDI1-expressing clones were insensitive to OPB-51602 (Figure 4C), and even the par-
tial sensitivity of STAT3-KO cells was eliminated. Distinct from the mammalian complex I, NDI1 is insensi-
tive to inhibition by rotenone (Martinez-Reyes et al., 2016) so we directly assessed NADH dehydrogenase
activity in the presence and absence of OPB-51602. The compound failed to inhibit the exogenous dehy-
drogenase activity in NDI1-expressing cells (Figure 4D), suggesting that this enzyme is also resistant to
OPB-51602. To confirm that OPB-51602 toxicity is a consequence of an uncontrolled ROS production
due to complex | inhibition, we measured OPB-induced ROS generation in A549 cells after a short pre-
treatment with rotenone. As shown in Figure 4E, the compound was not able to induce ROS if complex |
was already inhibited by rotenone treatment. Moreover, stimulation of NDI1-expressing cells with OPB-
51602 did not translate in ROS production (Figure 4F) since, as demonstrated before (Figure 4D), NDI1
is insensitive to OPB-51602 activity. Since we had established that actin rearrangement and induction of
STAT3-containing aggregates were phenotypes associated with OPB-51602 treatment, we tested their for-
mation in NDI1-expressing cells. No proteotoxic aggregates or actin filament rearrangements were
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Figure 4. OPB-51602 Targets Complex | in a STAT3-Dependent Manner

(A) Activity of Complex | in A549, MDA-MB-231, and MDA-MB-468 STAT3 WT cells treated with OPB-51602 at 50 nM for 4 h (n = 4).

(B) Activity of Complex | in A549 STAT3 WT and KO pool cells treated with 5, 10, and 50 nM OPB-51602 for 4 h (n > 5).

(C) Cell viability of A549 STAT3 WT or KO pool cells overexpressing NDI1 and incubated with OPB-51602 for 16 h, analyzed with CCK8.

(D) Activity of Complex | in A549 cells overexpressing NDI1 and treated with 5 and 50 nM OPB-51602 for 4 h (n = 5).

(E) Mitochondrial ROS measured with MitoSOX in A549 cells treated with 50 nM OPB-51602 for 2 h, 50 nM rotenone for 2 h, or both (n = 8).
(F) Mitochondrial ROS measured with MitoSOX in NDI1-expressing cells treated with 50 nM OPB-51602 for 2 h (n = 9).

(G) Actin rearrangement in A549 STAT3 WT and NDI1-overexpressing cells treated with 10 nM OPB-51602 for 16 h.

(H) Proteotoxic aggregates in A549 STAT3 WT and NDI1-overexpressing cells treated with 5 and 50 nM OPB-51602 for 16 h.

(I) Actin rearrangement in A549 cells treated with 10 nM OPB-51602 or 50 nM rotenone for 16 h

(J) Proteotoxic aggregates in A549 cells treated with 10 nM OPB-51602 and 50 nM rotenone for 16 h.

(K) Subcellular localization of STAT3 in A549 cells treated with 10 nM OPB-51602 for 16 h.

In (A)-(F) data are represented as mean + SEM; n > 3. Unpaired two-tailed Student’s t test; *p < 0.05, **p < 0.001, ***p < 0.0005, ****p < 0.0001. In (G) and (1)
scale bar is 10 um. See also Figure S4. Molecular weight is expressed in kDa.

observed in NDI1-expressing cells after OPB-51602 treatment (Figures 4G and 4H), suggesting that these
responses are related to inhibition of complex | activity. Interestingly, however, complex | inhibition by
rotenone treatment of wild-type A549 cells did not induce actin rearrangements (Figure 4l) or proteotoxic
aggregates (Figure 4J) and was not cytotoxic under the conditions employed, suggesting that OPB-51602
toxicity is more complex than simply inhibiting mitochondrial respiration. Lastly, we analyzed STAT3 mito-
chondrial localization after OPB-51602 treatment in A549 cells and found that mitochondrial STAT3 also
translocates to the insoluble fraction (Figure 4K). However, no subunits of complex | were found in these
aggregates suggesting that inhibition of complex | activity after OPB-51602 treatment is not simply due
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to the sequestration of complex | components. These data suggest that, although OPB-51602 is a potent
complex | inhibitor, its cytotoxic effects are multifactorial and rely on the inhibition of additional mitochon-
drial STAT3 functions to achieve cellular toxicity.

DISCUSSION

Here we report that the STAT3i OPB-51602 disrupts cellular respiration in cancer cells in a STAT3-depen-
dent manner by decreasing the enzymatic activity of complex |, resulting in cell toxicity. Loss of STAT3
largely protected cells from OPB-51602 treatment, and toxicity could be restored to STAT3-null cells
through re-expression of a mitochondrially restricted, transcriptionally inert form of STAT3. Moreover,
high respiratory flux appeared to be necessary for cytotoxicity, since mild hypoxia, inhibition of respiration,
or depletion of functional mitochondria eliminated drug effects. Finally, we found that ectopic expression
of ayeast NADH dehydrogenase, which does not depend on STAT3, was capable of bypassing the need for
endogenous complex | and conferred complete protection against OPB-51602 toxicity. Of note, all the ef-
fects of OPB-51602 treatment occurred in the low nanomolar range, consistent with its high affinity for
STAT3 (Genini et al., 2017).

However, the exact mechanisms of STAT3 inhibition and/or cellular toxicity have remained unclear. Short-
term effects of OPB-51602 treatment include inhibition of both tyrosine and serine phosphorylation,
whereas one of the long-term consequences is the complete depletion of STAT3 protein through recruit-
ment into aggregates (Genini et al., 2017). Inhibition of respiration also occurs very rapidly (4 h), whereas
cell death requires a more extended treatment time (16 h). Interestingly, although OPB-51602 toxicity
was dependent on STAT3 (Figure 1), this effect was not directly or solely due to inhibition of STAT3 function
or depletion of STAT3 protein, since STAT3 KO cells do not show impaired viability in the absence of OPB-
51602. Rather, it is likely that an acquired attribute of STAT3 or the drug is involved in drug action, either
due to an alteration of the protein or possibly to a STAT3:0PB-51602 protein-drug complex, which could
acquire a neomorphic function not possessed by either molecule alone, or through the production of a
drug metabolite dependent on the activity of complex 1. For instance, induction of STAT3-containing pro-
tein aggregates might be proteotoxic and this hypothesis is supported by the observation that depletion of
STATS3 largely protected from OPB-51602-induced toxicity. However, at least pé2-containing aggregates
still formed in STAT3-null cells, in the absence of toxicity, which would suggest a requirement for STAT3
in the aggregates to be proteotoxic. It is possible that induction of STAT1-containing aggregates in
STAT3 KO cells (Figure 2G) was responsible for residual toxicity in these cells. Notably, all STAT family
members share high structural similarity, particularly in the SH2 domain, which contains the binding site
for OPB-51602 and similar molecules (Brambilla et al., 2015; Genini et al., 2017). Moreover, the idea that
a STAT3 inhibitor might bind to STAT1 has been explored and led to the development of isoform-selective
STAT inhibitors (Lai et al., 2015; Szelag et al., 2015).

As mentioned before, these insoluble aggregates contain additional proteins, such as pé2, a well-charac-
terized player in autophagy, particularly in macroautophagy or aggrephagy (Sun et al., 2020), which could
be related to the induction of mitophagy observed in OPB-51602-treated cells. Moreover, studies conduct-
ed in Drosophila associated the macroautophagy process with cytoplasmic remodeling, including induc-
tion of the formation of actin filaments involved in hemocytes spreading (Kadandale et al., 2010). In our
study, cell death was preceded by significant rearrangements of the actin cytoskeleton (Figure 2F). It is
likely that the same metabolic processes that resulted in cellular toxicity by OPB-51602 in a STAT3- and
respiration-dependent manner also caused the cytoskeletal rearrangements. This phenotype could be
mechanistically related to a process that has been observed in macrophages, where an active actin cyto-
skeleton remodeling process is required for the cells to survey the surrounding microenvironment in
response to bacterial signals, such as lipopolysaccharide, and depends on metabolic alterations (Venter
et al., 2014). Although the specifics of the underlying molecular mechanisms of actin rearrangements
observed after treatment of cancer cells with OPB-51602 are likely distinct from macrophage responses,
a similar involvement of metabolic changes, due to alterations of mitochondrial functions, remains an
attractive assumption for both processes.

An alternative hypothesis for the mechanism of drug toxicity is that a neomorphic STAT3:OPB-51602 com-
plex is the active cytotoxic agent, given that STAT3 inhibition by OPB-51602 produces a distinct response
compared with STAT3 loss. Such a STAT3:drug complex likely initiates apoptosis prior to protein aggre-
gate formation. In support of this notion, we observed significant cell death induced after only 4 h of
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incubation with the compound (Figure 2B), whereas STAT3 relocalization into pé2-containing aggregates
was not observed until 16 h. Given the rapid decrease of complex | activity after OPB-51602 treatment, one
explanation could be that STAT3 facilitates targeting of the drug to complex|, since the presence of STAT3
in mitochondria has been shown to affect complex | activity (Wegrzyn et al., 2009) and STAT3 may directly
associate with complex | components (Tammineni et al., 2013). Again, however, simple inhibition of com-
plex | is insufficient to explain OPB-51602 toxicity, since other complex | inhibitors (e.g., rotenone) are not
cytotoxic to the same extent as OPB-51602, nor do they induce actin filament formation.

A third possibility is that OPB-51602 becomes metabolized to a toxic compound, presumably in a STAT3-
dependent and complex I-dependent manner, through a process that results in complex | inhibition. This
possibility might explain why reduced respiration protects against OPB-51602 toxicity. If true, it would
appear that an intrinsic activity of complex | is involved in OPB-51602-mediated cell death, rather than sim-
ply high enzymatic activity, since complementing cells with the OPB-51602-resistent NDI1 dehydrogenase
did not enhance toxicity but rather fully protected them against all drug-induced phenotypes (Figure 4).
Further experiments are needed to distinguish among these various hypotheses.

In summary, we have shown that OPB-51602, a STAT3-interacting small molecule, impairs cancer cell
viability in a STAT3-dependent manner, but not simply through inhibition of canonical STAT3 functions.
Instead, cell death depends on active respiration, correlates with profound inhibition of respiratory com-
plex I, and can be prevented through the action of complex | enzymatic activity that is not dependent
on STAT3. Although it remains unclear why cancer cells are selectively sensitive to OPB-51602-induced
toxicity relative to non-transformed cells, these results identify a unique cancer cell vulnerability that might
be exploited therapeutically, particularly for cancers that are highly dependent on oxidative phosphoryla-
tion for growth. Moreover, OPB-51602 could be used as a new tool to study STAT3-dependent complex |
functions and to expand our knowledge of non-transcriptional roles of mitochondrial STAT3.

Limitation of the Study

This study characterized the mechanism of action of a cytotoxic direct STAT3 inhibitor. All the experiments
have been done entirely in human cancer cell lines grown in culture, which may not reflect exactly what hap-
pens in tumors. Moreover, actin rearrangement has been described as a consequence of the compound
treatment, but further investigation is required to address the underlying mechanism.

Resources Availability
Lead Contact

Further information and requests should be directed to the Lead Contact, Dr. David E. Levy (David.levy@
med.nyu.edu).

Materials Availability
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Supplementary Figure 1: Comparison of cell viability assays, STAT3 protein levels in several
cell lines and STAT3 constructs localization. Related to Figure 1. A: Comparison of OPB-
51602 effects on cell viability with different assays. B: Correlation of IC50 and STAT3 expression
in total cell lysate (left, normalized to tubulin) and mitochondrial fraction (right, normalized to
SDHA) in different cell lines. Cell viability of A549 parental versus drug-resistant isolated clones
(WTR20, C) and different tumor cell lines (E) incubated with OPB-51602 for 16 h and analyzed
with CCKS8. Basal STATS3 protein expression in WTR20 (D and G) and different tumor cell lines
(F and G) analyzed by WB. H: Subcellular localization of different constructs of STAT3 analyzed
by WB. In A, B and C data are represented as mean + SEM; n > 3. Unpaired two-tailed Student’s
t-test; *P<0.05. Molecular weight is expressed in KDa.
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Supplementary Figure 2: OPB-51602 effects on cell cycle, migration and actin
rearrangement. Related to Figure 2. A: Cell cycle analysis of A549 cells treated with 10 nM
OPB-51602 for 16 h measured by PI incorporation (n=10). B: Cell viability of A549 cells
incubated with OPB-51602 for 16 h in the presence or absence of 50 uM Chloroquine, analyzed
with CCKS8. C: Additional figures of actin filaments in different cell lines, related to Fig 2. D:
Interference reflection microscopy of actin protrusions. E: Cell migration of A549 STAT3 KO
treated with 10 nM OPB-51602 (n=6). F: Mitochondrial morphology in A549 after OPB-51602
treatment analyzed with DsRed2-Mito-7. In A, B and E data are represented as mean = SEM; n >
3. Unpaired two-tailed Student’s t-test; *P<0.05. In C, D and F scale bar is 10 pm.
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Supplementary Figure 3: Mitochondrial respiration in MDA-MB-231 and MDA-MB-468
and characterization of Rho0 cells. Related to Figure 3. A: Oxygen Consumption Rate (OCR)
in MDA-MB-231 and MDA-MB-468 cells treated with 50 nM OPB-51602 for 2 h (n=12). B: Cell
growth of A549 in high (20%) and low (3%) oxygen tension analyzed with Crystal Violet (n=12).
C: mitochondrial DNA content of A549 parental and RhoO cells analyzed by Real Time PCR. D:
Cell viability of A549 parental cells incubated with OPB-51602 for 16 h in the presence or absence
of uridine, analyzed with CCKS. In A-D data are represented as mean = SEM; n > 3. Unpaired
two-tailed Student’s t-test; *P<0.05, ****P<0.0001.
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Supplementary Figure 4: Effect of OPB-51602 on complex II activity and on actin
rearrangement. Related to Figure 4. A: Activity of Complex II in A549, MDA-MB-231 and
MDA-MB-468 STAT3 WT cells treated with OPB-51602 at 50 nM for 4 h (n=4). B: Additional
microscope images of larger fields, related to Fig. 4. In A data are represented as mean + SEM; n
> 3. Unpaired two-tailed Student’s t-test; *P<0.05. In B scale bar is 10 um.



Transparent Methods

Cell lines and plasmids

HEK293T, A549, H522, H2228, H23, HT1080 STAT1 KO, MDA-MB-231 and MDA-MB-468
were purchased from American Type Culture Collection (ATCC) and maintained in DMEM
(Fisher Scientific, cat# SH30243.01) supplemented with 10% Bovine Calf Serum (BCS) (Sigma-
Aldrich, cat# C8056) and Gentamicin (Cellgro, cat# 30-005-CR). HT1080, Kyse-30, SNU-387,
SNU-423 and HCC1954 were kindly obtained from Dr. R. Possemato and maintained in DMEM
supplemented with 10% Bovine Calf Serum and Gentamicin. MCF 10A cells were purchased from
ATCC and maintained in DMEM F-12 (Gibco, cat# 11320033) supplemented with 5% horse
serum (Gibco, cat# 16050114), 20 ng/ml hEGF (PeproTech, cat# AF-100-15), 0.5 mg/ml
hydrocortisone (Sigma-Aldrich, cat# HO0888), 100 ng/ml cholera toxin (Sigma-Aldrich, cat#
C8052) and 10 pg/ml insulin (Sigma-Aldrich, cat# 10516). HBEC3-KT cells were purchased from
ATCC and maintained in Defined Keratinocyte SFM supplemented with Defined Keratinocyte-
SFM Growth Supplement (Gibco, cat#). Cell lines stably expressing short-hairpin RNA against
either STAT3 (shSTAT3, Open Biosystem) or a nonspecific sequence (shEV) were maintained in
the above media containing 5 ug/mL of puromycin. A549 stably expressing Cas9 and guide RNA
against either STAT3 (gRNA sequence: AGATTGCCCGGATTGTGGCC) or a nonspecific
sequence (siEV) were maintained in the above media containing 5 ug/mL of puromycin. A549
stably expressing STAT3 WT or MTS were maintained in the above media containing 200 ug/ml
of hygromycin. A549 stably expressing pMXS-IRES-NDI1 (Dr R. Possemato) were maintained
in the above media containing 10 ug/ml of Blasticidin. A549 stably expressing pCHAC-mt-
mKeima (Dr M. Philips) or DsRed2-Mito-7 (Dr D. Bar-Sagi) were maintained in the above media
without selection. Recombinant retroviruses were generated in HEK293T cells. A549 RhoO cells
were generated by growing the cells for 10 days in the presence of ddC (5 uM) and Uridine (10
mg/ml). A549 OPB-51602 resistant clones (WTR20 Cl1 and WTR20 CI2) were made by
growing the cells in complete media supplemented with increasing concentrations of OPB-51602
and then maintaining them in 20 nM OPB-51602.

Antibodies and chemicals

The antibodies against the following proteins were obtained from commercial sources: STAT3
(Cell Signalling, cat# 8768S, dilution 1:2000), SQSTM1/p62 (ABClonal, cat# A11483, dilution
1:2000), SDHA (ABClonal, cat# A2594, dilution 1:2000), NDUFV2 (ABClonal, cat# A7442,
dilution 1:2000), NDUFS2 (ABClonal, cat# A12858, dilution 1:2000), Actin (Millipore, cat#
MAB1501, dilution 1:2000), Tubulin (Sigma-Aldrich, cat# T9026, dilution 1:2000) and STATI
antibody was a gift from Chien-Kuo Lee, National Taiwan University (dilution 1:2000). The
following chemicals were used: OPB-51602 (Otsuka Pharmaceuticals, Japan), APC-Annexin V
(BioLegend, cat# 640920), PI (Biolegend, cat# 421301), FITC-Phalloidin (AAAT Bioquest, cat#
23115), rotenone, (Sigma-Aldrich, cat# 83-79-4), DCFDA (Sigma-Aldrich, cat# 287810),
MitoSOX (Thermo Fisher Scientific, cat# M36008), Antimycin A (Sigma-Aldrich, cat# A8674),



Metformin, (Thermo Fisher Scientific, cat# ICN15169101), FCCP (Cayman Chemical Company,
cat# 15218), Chloroquine (Sigma-Aldrich, cat# C-6628), GSH-EE (Sigma-Aldrich, cat# G1404),
DCIP (Sigma-Aldrich, cat# D1878), DCU (Sigma-Aldrich, cat# D7911), B-NADH (Sigma-
Aldrich, cat# N8129), rATP (Sigma-Aldrich, cat# FLASS), ddC (Sigma-Aldrich, cat# D5782),
Uridine (Sigma-Aldrich, cat# U3750), Hygromycin (Corning, cat# MT30240CR), Puromycin
(Thermo Fisher Scientific, cat# A1113803), Blasticidin (Sigma-Aldrich, cat# 15205).

Immunoblotting (WB)

Cells were lysed in 25 mM Tris-HCI (pH 7.4), 150 mM KCI, 5 mM EDTA, 1% NP-40, 0.5% Na
Deoxycholate, 0.1% SDS, protease inhibitor cocktail (Bimake, cat# B14002), 2 mM Na3;VO4, and
PMSF (Sigma-Aldricht, cat# 41947), resolved by SDS-PAGE, transferred onto polyvinylidene
difluoride (PVDF) membranes (GE Healthcare, cat# 10600023), and probed with antibodies
diluted in Tris-buffered saline (TBS)—0.1% Tween 20 overnight at 4°C. Blots were developed with
a 1:10,000 dilution of fluor-conjugated secondary antibody (LI-COR).

RT-PCR

RNA isolated with TriZol (Invitrogen) was used to generate cDNA with Moloney murine leukemia
virus (M-MLYV) reverse transcriptase (Invitrogen), according to the manufacturer's instructions.
Transcripts were then quantified by qRT-PCR with SYBR green (Molecular Probes) using the
following primers: human B2M: F 5 TGCTGTCTCCATGTTTGATGTATCT 3’, R
5" TCTCTGCTCCCCACCTCTAAGT 3° and human mitochondrial tRNA-Leu gene: F
5" GATGGCAGAGCCCGGTAATCGC 3’,R5 TAAGCATTAGGAATGCCATTGCG_3’
Relative expression was determined by comparison to a standard curve generated from serial
dilutions of cDNA containing abundant target sequences and normalized to the expression of B2M.
Data were represented as the mtDNA/B2M ratio and the mean + standard deviation between
triplicate samples of a representative experiment were shown.

Cell viability

Cells were plated in 96-well plates in 25 mM or 5 mM glucose DMEM supplemented with 10%
serum and treated with indicated compounds after 24 h. Cell viability was assessed after 16 h using
the Cell Counting Kit-8 (CCKS8) assay (Bimake, cat# B34304) or Crystal Violet (Fisher Scientific,
cat# C581) or Trypan Blue (Kodak, cat# C123850).

Cell cycle analysis

Cells were plated in 10-cm dishes in 25 mM glucose DMEM supplemented with 10% serum and
treated with 10 nM OPB-51602 for 16 h. Next, cells were trypsinized and fixed in cold 70% ethanol
for at least 16 h at -20C. Cells were spun at 2 400 g for 5 minutes, washed in cold PBS and the
pellet was resuspended in PI and Ribonuclease at 4 C for at least 30 minutes. Samples were
analyzed by flow cytometry.



Apoptosis assay

Cells were seeded in 12-well plates for 24 h in 5 mM glucose DMEM and then treated with OPB-
51602 for the indicated periods of time. Next, cells were trypsinized and incubated with APC-
Annexin V and PI accordingly to the manufactures’ instructions. Apoptosis was measured by flow
cytometry.

Wound healing assay

Cells were seeded in 12-well plates in 25 mM glucose DMEM and after 72 h the cell layer was
scratched by a 10 pL pipette tip and treated with 10 nM OPB-51602. Live cell images were
acquired at 0-3-6-24 h, using a ZOE Fluorescent Cell Imager and the average extent of wound
closure was quantified by ImageJ software.

Immunofluorescence

AS549 cells were seeded onto 8-well NuncTM Lab-TekTM II Chanbered Coverglas (Nunc) in 5
mM glucose DMEM and treated with OPB-51602 10 nM or rotenone 1 nM for 16 h. Cells were
fixed with 4% paraformaldehyde (PFA) for 10 minutes at room temperature (RT), followed by
permeabilization with 0.5% Triton X-100 in PBS for 20 minutes at RT. This was followed by
incubation with AF-488 Phalloidin for 15 minutes at RT. Cells were visualized using the Zeiss
AxioObserver Microscope.

Oxygen consumption rate

The oxygen consumption rate (OCR) was measured using the Seahorse XFp Analyzer (Seahorse
Bioscience) under standard conditions and after addition of 1 uM oligomycin, 2 uM FCCP, and 1
UM rotenone/antimycin A with or without pre-treatment with OPB-51602 (50 nM for 2 h)
according to manufacturer’s instructions. Cells were seeded in the XFp miniplates and grown
overnight. Test compounds were diluted in XF Base Medium containing 1 mM pyruvate, 2 mM
glutamine, and 10 mM glucose at pH 7.4 and were sequentially injected. OCR (picomoles per
minute) was measured in basal condition and after injection of each test compound.

ROS measurement

Cells were seeded in 12-well plates for 24 h in 5 mM glucose DMEM and then treated with 50 nM
OPB-51602 for 2 h and 500 nM rotenone for 4 h. ROS were measured by flow cytometry following
treatment of cells with 5 uM DCFDA (15 minutes) or 5 uM Mito-SOX (30 minutes).

Mitochondrial preparation

Cells were harvested and the pellet was resuspened in 2X of Mitochondria Purification Buffer
(MPB: 10 mM Tris-MOPS, 1 mM EGTA-Tris, 200 mM Sucrose, pH= 7.4 plus freshly added:
protease inhibitors, 2 mM Na3VO4, 1 mM DTT and 1 mM Na-b-glycerophosphate) and incubated
on ice for 10 minutes. Then, cell suspension was transferred to a homogenizer chilled on ice and
cells were disrupted by the application of 40 strokes. Cells were spun at 800 g for 5 minutes to



pellet nuclei and unbroken cells and the supernatant was collected in a fresh tube and spun at 8
800 g for 10 minutes to pellet mitochondria. Mitochondria were resuspended in MPB with 5%
digitonin and incubated on ice for 5 minutes, then spun at 10 000 g for 10 minutes. Mitochondria
were washed 2X with MPB and protein content was quantified.

Complex I assay

2 ul of isolated mitochondria were incubated with 100 ul of Complex I assay Buffer (CIB: 25 mM
Potassium Phosphate, 2 mM KCN, 3.5 g/L. BSA, 60 uM DCIP, 70 uM DCU, 1 uM Antimycin A)
with or without 1 pM rotenone for 10 minutes at 37 C. 5 mM NADH was added and absorbance
was measured at 600 nm at 30 seconds intervals for 10 minutes. Complex I activity: 1U=1 uM
DCIP reduced per minute per pg of protein.

Complex II assay

2 ul of isolated mitochondria were incubated with 100 ul of Complex II assay Buffer (CIIB: 80
mM Potassium Phosphate, 1 g/l. BSA, 2 mM EDTA, 0.2 mM rATP, 80 uM DCIP, 50 uM DCU,
1 uM Antimycin A, 3 uM rotenone) for 10 minutes at 37 C. 10 mM Succinate and 0.3 mM KCN
were added and absorbance was measured at 600 nm at 30 seconds intervals for 10 minutes.
Complex II activity: 1U=1 uM DCIP reduced per minute per pg of protein.

Statistical analysis

Differences between experimental groups were analyzed for statistical significance using unpaired
two-tailed Student’s t-test. The Pearson correlation was used to evaluate the linear relationship
between two continuous variables. Data shown are representative of at least three independent
experiments. A P <0.05 was considered to be statistically significant.
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