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Key Points

• The FDA-approved drug
atovaquone is a novel,
clinically available inhibitor of
STAT3 at standard human
plasma concentrations.

• Atovaquone shows
anticancer efficacy in vitro, in
vivo, and in a retrospective
study of AML patient
outcomes after atovaquone
treatment.

The oncogenic transcription factor signal transducer and activator of transcription 3

(STAT3) is frequently activated inappropriately in awide rangeof hematological and solid

cancers, but clinically available therapies targeting STAT3 are lacking. Using a com-

putational strategy to identify compounds opposing the gene expression signature of

STAT3, we discovered atovaquone (Mepron), an antimicrobial approved by the US

Food and Drug Administration, to be a potent STAT3 inhibitor. We show that, at drug

concentrations routinely achieved clinically in human plasma, atovaquone inhibits

STAT3 phosphorylation, the expression of STAT3 target genes, and the viability of

STAT3-dependent hematological cancer cells. These effects were also observed with

atovaquone treatment of primary blasts isolated from patients with acute myelogenous

leukemiaor acute lymphocytic leukemia. Atovaquone is not a kinase inhibitor but instead

rapidly and specifically downregulates cell-surface expression of glycoprotein 130,

which is required for STAT3 activation in multiple contexts. The administration of oral

atovaquone to mice inhibited tumor growth and prolonged survival in a murine model of

multiple myeloma. Finally, in patients with acute myelogenous leukemia treated with

hematopoietic stem cell transplantation, extended use of atovaquone for Pneumocystis prophylaxis was associated with improved

relapse-free survival. These findings establish atovaquone as a novel, clinically accessible STAT3 inhibitor with evidence of

anticancer efficacy in both animal models and humans. (Blood. 2016;128(14):1845-1853)

Introduction

A crucial component of cancer pathogenesis and progression is the
aberrant activation of oncogenic signal transduction pathways. The
relianceof neoplastic but not normal cells on suchpathways for survival
is the basis for targeted cancer therapy.1 Most research has focused on
kinasesor other enzymes that are tractable todirect inhibitionwith small
molecules. However, the malignant phenotype is ultimately because
of gene expression patterns exerted by the downstream action of
transcription factors.

Signal transducer and activator of transcription 3 (STAT3) is a
transcription factor that has emerged as a key cancer dependency.2,3

STAT3 activation occurs in the cytoplasm by phosphorylation of a
critical tyrosine residue, which leads to an activating dimerization. The
STAT3 dimer undergoes nuclear translocation, DNA binding, and
recruitment of cofactors to mediate the expression of target genes
involved in the hallmarks of cancer.4 Although STAT3 activation is
transient and dispensable in normal cells, it often occurs constitutively
in cells of many hematological (and solid) cancers, which depend on

STAT3 for survival.5 Thus, targeting inappropriate STAT3 activation
is a promising therapeutic strategy and active area of interest.

STAT3 activation in cancer is generally catalyzed by Janus kinases
(JAKs). Ruxolitinib, a recently introduced JAK inhibitor, is approved
by the US Food and Drug Administration (FDA) for the treatment of
primarymyelofibrosis, amyeloproliferative neoplasm that is frequently
driven by activation of STAT3 or the related transcription factor
STAT5.6 However, therapies targeting STAT3 for cancer treatment are
lacking. Several STAT3 inhibitors have been reported,7 but none have
received regulatory approval. Therefore, there is a great need for novel
STAT3 inhibitors that can be tested in clinical trials. Because STAT3-
dependent cancer pathogenesis is primarily the result of STAT3-driven
gene expression, we conjectured that novel STAT3 inhibitors could
be discovered as compounds that induce opposing gene expression
changes.

To test this hypothesis, we used a database of gene expression
profiles produced by treating a panel of cell lines with several thousand
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compounds.8 This chemical genomic strategy has succeeded previ-
ously in identifyingdrugs that achievea specific, desiredgeneexpression
endpoint.9,10Moreover, this geneexpression–basedapproachofferedan
unbiased means of identifying STAT3 inhibitors acting on any step
upstream of target gene transcription. Here, we report the discovery and
characterization of atovaquone, an FDA-approved antimicrobial drug
not previously known to have any effects inmammalian cells, as a novel,
clinically accessible STAT3 inhibitor with evidence of anticancer
efficacy in both animal models and humans.

Methods

Connectivity Map analysis

The 12-gene STAT3 signature11 was mapped from murine U74Av2 probes to
corresponding human U133A probes. Two genes downregulated by STAT3
activationwere similarlymapped.The resulting probe lists (supplemental Table 1,
available on the Blood Web site) were used to query the Connectivity Map.
Detailed results were downloaded, and the “up” score was averaged across all
instances for each compound; compounds with fewer than 3 instances were
excluded.

Gene expression analysis

Total RNA was harvested using the RNeasy Plus Mini Kit (Qiagen), reverse
transcribed using random hexamers, and assayed by quantitative reverse
transcription polymerase chain reaction using the indicated primers (supple-
mental Table 2) as previously described.12 Gene expression was analyzed in
triplicate, normalizedby18S ribosomalRNA, and expressed asmean6 standard
error of the mean.

Cells and tissue culture

Primary leukemia cells, serum, and cells fromhealthy donorswere obtained from
thePasquarelloTissueBank at theDana-FarberCancer Institute (DFCI) under an
Institutional Review Board–approved protocol. HEL was a gift of Daniel G.
Tenen and grown in RPMI 1640 1 10% fetal bovine serum (FBS). U266 and
INA-6 cellswere obtained and cultured as previously reported.4 Peripheral blood
mononuclear cells (PBMCs)were isolated fromhealthy donors by Ficoll density
gradient centrifugationandmaintained inRPMI1640110%FBS.All cellswere
maintained in a humidified incubator at 37°C with 5% CO2.

RNA interference

Cells were infected with lentiviral vectors expressing short hairpin RNA
targeting a nonmammalian control gene (luciferase) or the indicated targets
(supplemental Table 3; Sigma, St. Louis, MO).

Luminometric assays

Luciferase reporter cell linesweredescribedpreviously.4Firefly luciferasevalues
were normalized by concurrent cell viability. Viable cell number was measured
as adenosine triphosphate–dependent luminescencebyCellTiterGlo (Promega).

Flow cytometry

Annexin V/propidium iodide (PI) staining was performed using Apoptosis
Detection Kit I (BD Biosciences). Staining for cell-surface receptors was
performed in 50mLphosphate-buffered saline12%FBSwith 2mL antibody to
interleukin-6 (IL-6) receptor (BioLegend #352803) or 5 mL antibody to
glycoprotein 130 (gp130; BDBiosciences #555757) for 20minutes on ice in the
dark. Cells were washed twice, then resuspended in 300 mL of the same buffer.
Intracellular staining of phosphorylated STAT3was performed on bonemarrow
samples from acute myeloid leukemia (AML) and acute lymphocytic leukemia
(ALL) patients containing at least 90% blasts. Cells were pretreated with
atovaquone (25 mM for 16 hours) or vehicle and then left unstimulated or
stimulated with recombinant human IL-6 (50 ng/mL) for 15 minutes at 37°C.
Cells were fixed using BD Phosflow Lyse/Fix buffer for 10 minutes and were

then permeabilized in BD Phosflow Perm Buffer III for 30 minutes on ice. Cells
were washed in phosphate-buffered saline and stained with anti-pStat3 (pY705)
antibody for 1 hour at room temperature. Samples were acquired on a BD
FACSCanto II instrument and analyzed with FlowJo software (Treestar).

Animal studies

U266humanmultiplemyelomacellswere injected inMatrigel subcutaneously in
6- to 8-week-old female NSG mice (Jackson Laboratories, Bar Harbor, ME).
Once plasmacytomas had reached a volume of 200 mm3, treatment was begun
with vehicle, atovaquone, or Mepron (200 mg/kg per day by gavage). Mepron
(GlaxoSmithKline LLC, Research Triangle Park, NC) is a formulation of
microfine particles of atovaquone that is used clinically, which also contains the
inactive ingredients benzyl alcohol, flavor, poloxamer 188, purified water,
saccharin sodium, and xanthan gum. Tumor volumewas determined 3 times per
week. All studies involving mice were performed according to DFCI Animal
Care and Use Committee–approved protocols.

Medical record review

Start and end dates of atovaquone treatment, date of relapse (if applicable), and
living status for 232 AML patients who underwent a single allogeneic
hematopoietic stem cell transplant (HSCT) at DFCI from 2005 to 2012 were
obtained by retrospective chart review with DFCI Institutional Review Board
approval. Atovaquone was prescribed as an oral suspension, 750mg twice daily
or 1500 mg once daily.

Western blotting, immunoprecipitation, and antibodies

Western blotting was performed as previously described.13 Antibody to
phospho-Y705 STAT3 (9131)was fromCell Signaling Technology.Antibodies
to total STAT3 (sc-482) and gp130 (sc-656, used at 1:1000) were from Santa
Cruz Biotechnology. Phospho-S727 STAT3 antibody was described pre-
viously.14 Antibodies to tubulin (T5168) andb actin (A5316) were from Sigma.
All antibodies were used at 1:10 000 dilution for western blot unless otherwise
noted.

For immunoprecipitations, cells were lysed in 500 mL lysis buffer (0.5%
NP-40, 150 mM NaCl, 50 mM Tris pH 7.5, with protease and phosphatase
inhibitors freshly added at 1:100; Pierce, PI78443) on ice for 15 minutes, then
centrifuged for 10 minutes at 14 000 rpm and 4°C. The supernatant was
transferred to a new tube and incubated with 10mL JAK2 antibody (Santa Cruz
sc-278) or a mix of 2 TYK2 antibodies, 10mL of each (Santa Cruz sc-5271 and
Cell Signaling Technology 9312). Immunoprecipitation was performed over-
night at 4°Cwith rotation. The next day, 75mLof proteinA/Gbeads (SantaCruz
sc-2003) were washed twice in lysis buffer, then incubated with immunoprecip-
itates overnight as before. The next day, the beads were spun down (1 minute at
7500 rpmand4°C) andwashed 3 timeswith 650mL lysis buffer for 10minutes at
4°Cwith rotation, thenboiled in 50mLsample buffer110%b-mercaptoethanol.
Forwesternblot,20mLwas loadedper lane.Fordetectionofpan-phospho-tyrosine,
a mixture of 2 pan-phospho-tyrosine antibodies (Cell Signaling Technology
9411 and 9416, 1:1000 of each) was used. Antibody to phospho-Y570 JAK2
was from Millipore (09-241, used at 1:1000).

Drug treatments

For drug treatments, cells were spun down and suspended in freshmedia the day
prior. Atovaquone (Sigma-Aldrich A7986) was dissolved in dimethyl sulfoxide
at a stock concentration of 12.5mMand used to treat cells at up to 1:500 dilution
(up to 0.2% volume-to-volume ratio dimethyl sulfoxide). JAK inhibitor 1
(Millipore 420097) was used at 1 mM, unless indicated otherwise. Brefeldin A
(Millipore 203729) was used at 3 mg/mL. SC-144 (Tocris, Bristol, United
Kingdom) was used at 5 mM.

Statistical analysis

Survival in a murine cancer model was estimated by comparison of Kaplan-
Meier curves using the log-rank test. ForAMLpatients, cumulative incidences of
nonrelapse mortality and relapse, with or without death, were analyzed as
competing risks. Relapse and nonrelapsemortality were measured from the date
of stemcell infusion to disease relapse or death,whichever occurredfirst. Patients
alive without relapse were censored at the time last seen alive. The cumulative
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incidence curves were compared using the Gray test.15 Competing risks re-
gression analysis was performed using the Fine and Gray model16 including
atovaquone treatment (high vs low exposure), age ($50 vs,50), male patient
with femaledonor, donor type, remission status at conditioning, graft-versus-host
disease (GVHD) prophylaxis, patient or donor cytomegalovirus seropositivity,
and the occurrence of grade 2 to 4 acute GVHD. Landmark analysis was
performedat day150 afterHSCT for all competing risks data analysis. The cutoff
of 55 days of atovaquone treatment to separate the patients into “high
atovaquone” and “low atovaquone” groups was determined using the restricted
cubic spline estimation method for the relationship between the number of days
and the change of the log relative hazard of progression-free survival.17 All
testing was 2-sided at the significance level of .05. All calculations were carried
out using SAS 9.3 (SAS Institute Inc., Cary, NC) and R version 2.13.2 (the
CRAN project).

Results

Atovaquone is a novel, clinically available STAT3 inhibitor

Using a 12-gene signature of STAT3 activation,11 we queried the
Connectivity Map8 to discover compounds that elicit gene expression
changes contrary to the STAT3 signature (Figure 1A). The compound
most opposed to the STAT3 signature was atovaquone (Figure 1B), an
antimicrobial used to treat or prevent pneumonia caused by the fungal
organism Pneumocystis jirovecii. It acts by inhibiting Pneumocystis
respiration and is not known to have any effects onmammalian cells.18

We focused further studies on atovaquone for several reasons. First,

atovaquone has minimal side effects, and high plasma concentrations
(15-30mg/mL; 40-80mM) are routinely achieved in patients.18 In fact,
atovaquone is a colored compound, and the plasma of patients taking
standard doses is visibly imbued with a darker hue (Figure 1C).
Furthermore, its FDA-approved status ensures clinical accessibility and
greatly reduces the cost and latency of bench-to-bedside translation.

To determine if atovaquone does, in fact, inhibit STAT3 transcrip-
tional function, we first tested it in a cell-based reporter system.4 Cells
lacking basal STAT3 activity can be treated with the cytokine IL-6 or
oncostatin M (OSM) to cause JAK-dependent STAT3 activation and
expression of a STAT3-dependent luciferase reporter gene. Using
clinically achievable drug concentrations, pretreatment of these cells
with atovaquone caused a dose-dependent inhibition of luciferase
induction by IL-6 or OSM, indicating suppression of STAT3 transcrip-
tional activity (Figure 1D; supplemental Figure 1A). To determine if
atovaquone inhibits STAT3 activity specifically over other transcription
factors, we tested it in cell-based reporter systems for STAT1 and
STAT5, 2 other STAT family members, and NF-kB, an unrelated
transcription factor. Atovaquone showed specificity for inhibition of
STAT3 (Figure 1E). These results demonstrate atovaquone to be a
novel, clinically accessible STAT3 inhibitor.

Atovaquone reduces STAT3 phosphorylation, target gene

expression, and viability of STAT3-dependent cancer cells

Next, we wished to determine how atovaquone inhibits STAT3
function.BecauseSTAT3 transcriptional activity is critically dependent
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Figure 1. A gene expression–based approach identifies atovaquone as a novel STAT3 inhibitor. (A) Overview of strategy using the Connectivity Map to identify drugs

that are potential STAT3 inhibitors based on gene expression. (B) Results from the Connectivity Map analysis. More negative scores indicate more dissimilarity with respect to

the STAT3 signature, with atovaquone being the most negatively scoring compound. (C) Chemical structure of atovaquone and appearance of plasma samples isolated from

patients taking trimethoprim-sulfamethoxazole (control) or atovaquone. (D) STAT3 reporter cells were pretreated with drug for 1 hour, then stimulated with IL-6 (10 ng/mL) for

5 hours. Activity of firefly luciferase was measured and normalized by viable cell number (Cell Titer Glo). Data are means6 standard deviation of 2 independent experiments.

(E) Effect of atovaquone on STAT3 reporter cells compared with reporter cells for STAT1 (stimulated by interferon-g), STAT5 (stimulated by prolactin), and NF-kB (stimulated

by tumor necrosis factor a). Data are means from 2 independent experiments.
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on tyrosine phosphorylation, we assayed its status by western blot. We
found that, in multiple hematological cancer cell lines, atovaquone
inhibited constitutiveSTAT3 tyrosine phosphorylation,whereasSTAT3
serine phosphorylation, which is not critical to transcriptional activity,
was unaffected (Figure 2A). Furthermore, atovaquone substantially
downregulated the expression of multiple endogenous STAT3 target
genes in these cellular systems, many of which are crucial to the
proliferation and survival of cancer cells, such as MCL1 and BCL2
(Figure 2B; supplemental Figure 1B).

We then examined the effect of atovaquone on the viability of
STAT3-dependent cancer cells. Survival of the multiple myeloma cell
line INA-6 requires constitutive STAT3 activation via supplementation
of the culturemediumwith IL-6.19Atovaquone suppressed theviability
of INA-6 cells with a 50% inhibitory concentration of 11.9 mM, with
complete loss of viable cells occurring at higher doses (Figure 2C).
Other cancer cells with constitutively active STAT3, including U266
(a multiple myeloma cell line with STAT3 activation mediated by
autocrine IL-6 production) and HEL (an AML cell line with STAT3

activation mediated by a JAK2-V617F mutation), were also killed by
atovaquone at concentrations routinely attained in patients. By contrast,
the viability of healthy donor-derivedPBMCs,which are nonmalignant
and lack STAT3 activation, was preserved. This mirrors the minimal
hematological toxicity of atovaquone in vivo.

To ascertain how atovaquone treatment reduced the viability of
cancer cells, we performed annexin V and PI staining followed by flow
cytometry,which revealed induction of apoptotic cell death (Figure 2D;
supplemental Figure 1C).

Atovaquone rapidly and selectively inhibits cell-surface

gp130 expression

To investigate how atovaquone inhibits STAT3 phosphorylation, we
considered the possibility that atovaquone acts as a JAK inhibitor,
because JAKs are responsible for STAT3 activation in these cellular
systems. Autophosphorylation of JAK family members was decreased
in cells treated with atovaquone, indicating diminished JAK activity
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(supplemental Figure 2A-B). However, in vitro kinase assays showed
that atovaquone was not a direct JAK inhibitor (supplemental
Figure 2C).Therefore,wehypothesized that atovaquone inhibits JAKs
indirectly by acting on an upstream signaling component required for
JAK activity.

JAK signaling (both wild-type and mutant JAK2-V617F) requires
scaffolding interactions with plasma membrane–localized proteins.20

In particular, JAKs are frequently physically associated with the
cytoplasmic tail of gp130 (CD130), a transmembrane protein that is
necessary for the signaling of IL-6 and OSM, both of which were
inhibited by atovaquone (Figure 1D; supplemental Figure 1A). In
contrast, gp130 is not involved in the signaling of the cytokines used
to activate STAT1, STAT5, and NF-kB, which were unaffected by
atovaquone treatment (Figure 1E). Therefore, we hypothesized that
atovaquone inhibits the function or expression of gp130.

We found that atovaquone substantially downregulates the cell-
surface expression of gp130 (Figure 3A; supplemental Figure 2D). In
contrast, atovaquone had no effect on the cell-surface expression of
another protein involved in STAT3 activation, the IL-6 receptor
(CD126), suggesting that this is not a general effect on cell-surface
proteins. A pharmacological JAK inhibitor did not affect gp130
expression, indicating this effect was not secondary to decreased JAK
or STAT3 activity. Lastly, brefeldin A, a compound that inhibits
transport of all proteins from endoplasmic reticulum to Golgi, reduced
the cell-surface expression of both gp130 and IL-6 receptor, suggesting
atovaquone was not inhibiting protein transport in a nonspecific
fashion.

Because atovaquone reduced the abundance of gp130 at the cell
surface, we asked whether atovaquone concomitantly reduced total
gp130 in the cell. To address this question, we performed a time course
of atovaquone treatment and measured total cellular gp130 by western
blotting. Cell-surface gp130 and STAT3 phosphorylation were both
inhibited rapidly, after only 15 minutes (Figure 3B). By contrast, total
gp130 was unaffected by atovaquone until at least 60 minutes of treat-
ment, and this late decrease may reflect the degradation of internalized
gp130. Thus, atovaquone rapidly and selectively depletes gp130 at the
cell surface.

To determine if this depletion of gp130was sufficient tomediate the
signaling and survival effects seen with atovaquone treatment, we took
2 complementary approaches. First, we used short hairpin RNA to
deplete gp130 (or STAT3, as a positive control) from INA-6 or U266
cells. Both treatments were sufficient to abrogate phosphorylated
STAT3 from these cells, andboth led to adecrease in viable cell number
associatedwith increasedapoptosis (supplementalFigure2E-G).Second,
we used a small-molecule inhibitor of gp130 function, SC-144.21

This compound also led to a prominent decrease in STAT3 phos-
phorylation and viable cell number (supplemental Figure 2H-I). Thus,
the effects of atovaquone on gp130 are sufficient to explain the
associated loss of cellular viability.

Atovaquone demonstrates antitumor activity in a murine model

of multiple myeloma

Given the efficacy of atovaquone in killing hematological cancer cells
at plasma concentrations routinely achieved clinically (Figure 2C), as
well as its excellent safety profile in humans, we next wished to assess
its activity in an animal model. We used U266 human multiple
myeloma cells, which harbor constitutive STAT3 activation from
autocrine production of IL-6. Immunodeficientmicewere injectedwith
U266 cells to form plasmacytomas, then treated orally with vehicle or
atovaquone.We used 2 separate atovaquone treatment groups. Thefirst
group was treated with chemically pure atovaquone as in the in vitro

experiments.To ensure the clinical applicabilityof the study, the second
group was treated with brand-name Mepron, the same product ad-
ministered topatients.Thedoseof200mg/kgperdaywas selectedbased
on prior reports formurinePneumocystis research22 and corresponds
to a dose of 800 to 1500 mg/d in humans,23 which compares closely
to the standard dose of 1500 mg/d for patients.

As expected from the minimal human toxicity, there was no
significant difference in the weights between the vehicle- and
atovaquone-treated animals. Importantly, treatment with either pure
atovaquone or Mepron significantly reduced tumor growth and
extended survival comparedwith vehicle (Figure 4). Thus, atovaquone
shows evidence of anticancer activity in vivo.

Atovaquone is active against primary leukemic cells and in

serum of treated patients

To extend these findings beyond hematological cancer cell lines, we
obtained primary leukemic blasts from patients with AML or ALL,
both of which demonstrate STAT3 activation with high frequency.24

Atovaquone inhibited STAT3 tyrosine phosphorylation in these
primary cancer cells both at baseline and following exposure to IL-6,
as may occur in the bone marrow microenvironment (Figure 5A;
supplemental Figure 3A). Additionally, atovaquone decreased the
expression of multiple key STAT3 target genes in the leukemic cells
and markedly reduced their viable cell number (Figure 5B; supple-
mental Figure 3B-C).

Clinically, atovaquone is frequently used to prevent P. jirovecii
pneumonia in hematological cancer patients after allogeneic HSCT. At
theDana-Farber/BrighamandWomen’sCancerCenter,HSCTpatients
are prescribed atovaquone in the first 20 to 30 days after transplant, and
then switched to long-term treatment with another anti-Pneumocystis
antibiotic, trimethoprim-sulfamethoxazole (Bactrim), once stable
engraftment has occurred. However, a substantial minority of patients
are instead maintained on atovaquone for months to years because of
allergy to or intolerance of trimethoprim-sulfamethoxazole.

To analyze whether atovaquone administered to patients could
exhibit anticancer activity, we incubated U266multiple myeloma cells
with serum collected from patients ;100 days following HSCT who
were receiving either trimethoprim-sulfamethoxazole or atovaquone
for Pneumocystis prophylaxis. The samples from patients taking
atovaquone were distinguished by a darker, redder hue (Figure 1C),
reflecting the visible presence of drug in the patients’ circulation.
Exposure to serum from atovaquone-treated patients led to reduced
viable cell number of U266 cells compared with exposure to serum
of patients receiving trimethoprim-sulfamethoxazole (supplemental
Figure 3D), suggesting that the presence of atovaquone in patient sera
exerts anticancer activity.

Atovaquone administration is associated with improved

outcomes in cancer patients

Because of the requirement for Pneumocystis prophylaxis post-HSCT,
a large proportion of these patients receive long-term atovaquone
treatment. This provided a unique opportunity to investigate the
anticancer effects of atovaquone in patients through a retrospective
analysis of the relationship between duration of atovaquone treatment
and clinical outcomes after HSCT. To analyze a uniform population,
we focused on AML patients who underwent allogeneic HSCT with
myeloablative conditioning between 2005 and 2012 at the Dana-
Farber/Brigham andWomen’s Cancer Center. This groupwas chosen
for its large sample size, the efficacy of atovaquone against AML cell
lines in vitro (eg, HEL) and primary AMLblasts, and frequent STAT3
activation in AML patient samples.24 The analysis comprised patients
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who survived relapse-free at least 150 days after HSCT because of the
increased rate of nonrelapse mortality in the immediate posttransplant
period, to allow for accrual of time on atovaquone treatment, and to
avoid a guarantee-time bias.

Among this patient population, initial Pneumocystis prophy-
laxis consists of atovaquone beginning at discharge from hospi-
talization. Patients who do not have an allergy to Bactrim are
switched to this drug once their blood counts have stabilized. This
treatment approach is independent of conditioning regimen or
prophylactic regimen for GVHD. Because nearly all patients receive
atovaquone for at least 20 days after HSCT, patients receiving
atovaquone for 55 days or more within the first 150 days were
categorized as “high atovaquone” exposure (N 5 96), whereas the
remainder were classified as “low atovaquone” exposure (N5 136).

The cutoff of 55 days was selected based on a statistical analysis
(delineated in Methods), and it also corresponds to the tail of the
primary peak of atovaquone treatment duration. The clinical
characteristics of both groups are summarized in supplemental
Table 4. Notably, patients in the “high atovaquone” group had a
lower rate of relapse of AML compared with those in the “low
atovaquone” group (3-year cumulative incidence of relapse: 13% vs
23%, P 5 .037; Figure 5C), with no difference in nonrelapse
mortality (P 5 .77). This result was consistent in multivariable
analysis. Inmultivariable analysis on cumulative incidence of relapse
adjusting for the variables listed in supplemental Table 4 and
the occurrence of grade 2 to 4 acute GVHD, the subdistribution
hazard ratio for “high atovaquone” exposurewas 0.49 (95%CI, 0.25-
0.96; P5 .039).
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Discussion

We discovered atovaquone, an FDA-approved antimicrobial drug not
previously known to have any effects in mammalian cells, as a novel
STAT3 inhibitor using an unbiased gene expression–based approach.
Atovaquone uniquely acts by diminishing gp130 expression at the cell
surface, thus decreasing the availability of a key protein involved in
STAT3 activation.As a result, atovaquone causes substantial inhibition
of STAT3 tyrosine phosphorylation and transcriptional activity.
Consequently, the expression of critical STAT3 target genesmediating
survival and proliferation is reduced, including survivin, Bcl-2 family
members, andcyclinD1.Atovaquonedecreases theviabilityofSTAT3-
dependent cancer cells byapoptosis at concentrations routinelyachieved
with standard clinical doses.

Atovaquone inhibition of STAT3 signaling from IL-6, which
requires gp130,mayhave broad therapeutic implications because this is
a key oncogenic pathway across diverse tumor types.25-27 For example,
IL-6 is a critical survival factor in AML and multiple myeloma,27,28

which is reflected in the activity of atovaquone on the cell lines used
here and our findings in the animal model and in AML patients. The
importance of IL-6 has been established inmultiple solid malignancies
as well, including breast, lung, and melanoma.29,30 In addition to
inhibiting IL-6, we showed that atovaquone also inhibits signaling
from OSM, which is another cytokine that utilizes gp130. This is
advantageous because OSM also activates STAT3, resulting in
oncogenic effects.31-33 Moreover, by downregulating cell-surface
gp130, atovaquone inhibits the overactive mutant JAK2-V617F,
whose critical role in hematologicalmalignancies iswell recognized.34

On the other hand, 1 mechanism of resistance to kinase inhibitors is
the subversion of a parallel pathway to lead to comparable activation
of STATs (or other transcription factors). Although we have not
yet been able to derive cells resistant to the cytotoxic effects of
atovaquone, it is conceivable that activation of STAT3 through a
non-gp130-dependent pathway would be 1 mechanism by which the
effect of atovaquone could be evaded.

It is not known currently how atovaquone induces downregulation
of gp130, independent of other physically associated proteins. It has
been suggested that compounds that can induce the phosphorylation of
gp130 on serine-782 can lead to a downregulation of glycosylation of
gp130 and destabilization of the protein.21 Although atovaquone does
not appear to be acting through this exact mechanism, it does raise
the possibility that membrane trafficking of gp130 can be modulated
specifically.

Atovaquone is more selective than direct pharmacological JAK
inhibition because the effects of atovaquone are restricted to gp130-
dependent processes. For example, atovaquone did not affect the
signaling of interferon-g, which activates STAT1, or prolactin, which
activates STAT5 (Figure 1E). Interferon and prolactin cause JAK-
dependent STAT activation, but they do not use gp130; therefore, their
activities are blocked by JAK inhibitors but remain intact with
atovaquone treatment. Additionally, numerous other factors require
JAKs but not gp130, including leptin, growth hormone, and erythro-
poietin. Atovaquone is known to be extremelywell tolerated in humans,
and this may reflect its selectivity for gp130-dependent signaling
compared with therapies that target JAK signaling more broadly. The
direct molecular target or targets of atovaquone in mammalian cells
are not known at this time. Atovaquone is known to bind to mito-
chondrial cytochrome bc1 complex in parasites.

35 Although the affinity
of atovaquone for this complex is much lower in mammalian cells, it is
possible that at the high concentrations achieved in humans, this
cytochrome is bound by the drug in these hematopoietic cells.
Nonetheless, this study has laid the groundwork for future research
that may lead to the elucidation of its mechanism in inhibiting gp130,
thus potentially uncovering important new cellular targets for cancer
drug discovery efforts.

Importantly, multiple lines of evidence from our work support the
translational potential of atovaquone as an anticancer therapy in
humans. First, atovaquone is a well-tolerated, FDA-approved medica-
tion, and all of our studies used drug concentrations routinely achieved
in patients. Second, oral administration of atovaquone to mice
decreased tumor growth and prolonged survival. Third, atovaquone
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treatment of primary, patient-derived AML and ALL cells inhibited
STAT3 and decreased their viability. Fourth, serum of patients taking
atovaquone inhibited growth of cancer cells. Fifth, retrospective
analysis ofAMLpatients afterHSCT revealed improved relapse-free
survival with greater atovaquone exposure.

One limitation of the clinical study is its retrospective nature.
However, a priori, it may be predicted that AML patients in the “high
atovaquone” group would actually have worse outcomes. First,
atovaquone is less effective than trimethoprim-sulfamethoxazole in
treating Pneumocystis pneumonia, a potentially life-threatening
infection.36 Second, patients are often switched from trimethoprim-
sulfamethoxazole back to atovaquone ormaintained continuously on
atovaquone because of persistently low blood counts, which often
reflects poor graft function andmay portend relapse of the underlying
AML. Thus, it is notable that atovaquone was associated with an
improved cancer outcome in this cohort. Because atovaquone can
inhibit IL-6–mediated activation of STAT3 in nonneoplastic cells, it is
possible that a beneficial effect of atovaquone in this population was
mediated by an effect distinct from the direct antileukemic effects seen
in vitro, such as decreased inflammation or an enhanced immune
response. Further studies will be important to clarify this point.

AML is a disease with a 5-year survival rate of only 20% to 40%,
and the mainstay of treatment, cytotoxic chemotherapy, has remained
unchanged for decades.37 Our data, taken together, demonstrate

atovaquone to be an effective STAT3 inhibitor with evidence of
anticancer activity in both animalmodels and in patients, forAMLand
for other hematologicalmalignancies.Additionally, its FDA-approved
status ensures it is clinically available and ideally poised to be re-
purposed as a treatment of cancer. With the pressing need to develop
therapeutic approaches targeting novelmolecular pathways, as well as
the absence of STAT3 inhibitors in the clinic, it would be useful to
evaluate the anticancer efficacy of atovaquone in a prospective clinical
trial.
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