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Abstract

Mechanism-inspired drug repurposing that augments standard
treatments offers a cost-effective and rapid route toward addres-
sing the burgeoning problem of plateauing of effective therapeu-
tics for drug-resistant micrometastases. We show that the antibi-
otic minocycline, by its ability to minimize DNA repair via
reduced expression of tyrosyl-DNA phosphodiesterase-1 (Tdp1),
removes a key process attenuating the efficacy of irinotecan, a
frequently used chemotherapeutic against metastatic disease.
Moreover, minocycline and irinotecan cooperatively mitigate
each other's undesired cytokine inductions of VEGF and IL8,

respectively, thereby reinforcing the benefits of each modality.
These mechanistic interactions result in synergistic enhancement
of irinotecan-induced platinum-resistant epithelial ovarian
cancer cell death, reduced micrometastases in the omenta and
mesentery by >75%, and an extended overall survival by 50% in
a late-stage peritoneal carcinomatosis mouse model. Economic
incentives and easy translatability make the repurposing of
minocycline as a reinforcer of the topoisomerase class of
chemotherapeutics extremely valuable and merits further inves-
tigations. Mol Cancer Ther; 17(2); 508–20. �2017 AACR.

Introduction
Treatment resistance is one of the major driving forces of

mortality in cancer patients despite advances in targeted therapies,
chemoradiotherapy, and their cocktails (1, 2). Moreover, the high
cost associated with developing marginally effective therapies is
becoming unsustainable. Therefore, cost-effective, mechanism-
based approaches are urgently needed to break the plateau in
therapeutic advances for treatment-refractory cancers.

Here, basedon anunderstanding ofmolecularmechanisms,we
repurpose an FDA-approved antibiotic minocycline to overcome
chemoresistance pathways and enhance the antitumor activity of
irinotecan, a frequently used chemotherapeutic against treatment-
refractory peritoneal carcinomatosis and several other cancers.
This unique retasking of minocycline as a cost-effective compo-
nent within a combination anticancer approach offers several
advantages: (i) at the DNA level, minocycline, when combined
with irinotecan, simultaneously reduced the expression of a DNA

repair enzyme, tyrosyl-DNA phosphodiesterase 1 (Tdp1), and
induces double-stranded DNA breaks to synergistically enhance
the anticancer activity against platinum-resistant EOC cells; (ii) at
the molecular level, minocycline and irinotecan cooperatively
overcome each other's resistance pathways, throughmitigation of
secretion of tumor growth–promoting cytokines, VEGF, and
proinflammatory cytokine IL8, to reinforce the benefits of each
modality; and (iii) minocycline, with a distinct molecular mech-
anism of action, enhances chemotherapeutic efficacy with no
additional off-target toxicities in vivo. We provide evidence that
minocycline realizes these complementary interactions to signif-
icantly potentiate irinotecan efficacy, reduce the metastatic bur-
den, and enhance survival outcomes in challenging peritoneal
carcinomatosis animal models.

An ongoing challenge for treating drug-resistant, disseminat-
ed tumors such as peritoneal carcinomatoses of gastrointestinal
and gynecologic malignancies is the lack of therapeutic options
that are effective, safe, tolerable, and low-cost in patients (3).
These obstacles are especially problematic in the treatment of
platinum-refractory epithelial ovarian cancer (EOC) that has
often already spread within the abdomen and formed numer-
ous nodules studding peritoneal surfaces (4, 5). A significant
fraction (70%–80%) of advanced stage EOC patients will
experience disease relapse after first-line treatment that consists
mainly of debulking surgery followed by platinum-based che-
motherapy (6, 7). In contrast to the steady increase in survival
for most cancer, advances have been slow for EOC, for which
the 5-year related survival has only inched up from 36% in
1975 to around 46% today (8). Recurrent EOC with intrinsic or
acquired resistance is considered incurable primarily due to the
poor response rate (6%–30%) of salvage therapies, such as
irinotecan, topotecan, etoposide, and bevacizumab (9–11).
Salvage chemotherapy with irinotecan provides a median over-
all survival (OS) of 10.1 months in patients with metastatic
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drug-resistant EOC (12). Recently, there has been much excite-
ment with the combination of irinotecan and bevacizumab (or
etoposide) showing activity and a modest improvement of OS
to 13.8–19 months (10, 13, 14) in heavily pretreated patients
with recurrent ovarian EOC. However, the highly cytotoxic
chemotherapy cocktails oftentimes require dose deescalation
due to intolerable toxicity in patients, and thus have limited use
(10, 15). The rapid embrace of these modalities despite their
toxicities, and modest impact on survival, is a testimony to the
dismal state of recurrent EOC treatment and a desperate need
for a conceptual shift to new combinatorial approaches beyond
traditional chemotherapy and biological cocktails. Moreover,
the ability of tumors to adapt to alternative pathways of
survival and growth also suggests that combination treatments
will need to attack several targets, perhaps simultaneously, and
ideally counterstriking treatment resistance pathways.

Irinotecan is a camptothecin derivative that inhibits topoisom-
erase I (Top1) by trapping Top1-DNA cleavage complexes
(Top1cc), which ultimately causes double-stranded DNA breaks
and promotes cell death (16). Its action is limited by one of the
repair enzymes of Top1cc, tyrosyl-DNA phosphodiesterase 1
(Tdp1), which resolves the Top1cc adduct by cleaving the 30

(50)-tyrosyl-DNA bond between Top1 and DNA in cells, allowing
DNA religation (17, 18) and cell proliferation (Fig. 1A). Therefore,
in the context of a Top1 inhibitor, it may be desirable to inhibit
Tdp1 to reduce the degree of Top1cc repair and increase the DNA
damage (19, 20). Tdp1 is an emerging anticancer target found to
beupregulated indrug-resistant variants of humanEOCandother
cancers (21, 22). Several Tdp1 inhibitors have been identified
through drug discovery projects (20, 23, 24). However, these are
largely in preclinical research with no in vivo evaluations confirm-
ing the survival benefit of Tdp1 inhibitors or clinical trials in
progress. We demonstrate that this barrier may be overcome by
the use of a well-known tetracycline antibiotic minocycline with-
out any added normal tissue toxicity yet increased therapeutic
efficacy.

VEGF and IL8 are implicated in the peritoneal metastasis of
EOC and development of malignant ascites (25, 26). VEGF is a
key regulator of angiogenesis and was identified to induce
peritoneal vascular hyperpermeability, promote the pathogen-
esis of malignant ascites, and contribute to the carcinogenesis
of EOC (25). IL8 is known to maintain the mesenchymal
phenotype of cancer cells and to facilitate metastatic carcinoma
progression through mitogenic and angiogenic effects (27).
Secretions of VEGF and IL8 have been correlated with increased
tumorigenicity, ascites formation, and poor prognosis in EOC
patients (28–30) and in vivo models (31). Huang and collea-
gues showed that inhibiting the expression of VEGF and IL8 via
blockade of NFkB signaling inhibited angiogenesis, reduced
malignant ascites, and prolonged survival in mice (32). While a
number of potent therapeutic agents targeting angiogenesis,
cancer-related inflammation, and DNA repair defects have been
explored in combination with chemotherapy for EOC, only few
have yield survival benefits in the clinic (33). Efforts to under-
stand VEGF and IL8 secretion in response to conventional
chemotherapy and to develop gentler and cost-effective strat-
egies remain a high priority.

At a timewhere the average cost to bring a drug tomarket is over
$2.5 billion, drug repurposing allows a more efficient develop-
ment at lower costs and potentially with fewer safety concerns as
preclinical and clinical safety data already exist. Thus far, several

advancements in cancer treatment have been made by repurpos-
ing long-standing drugs as monotherapies or as part of combina-
tions, such as chloroquine (34), metformin (35), vitamin D (36),
and itraconazole (37). Repurposing of minocycline, a broad-
spectrum tetracycline antibiotic, has proven to be effective for
gynecologic tumors in preclinical studies (38, 39). Studies have
reported the cytostatic and cytotoxic effects ofminocycline against
EOC, via G0–G1 cell-cycle arrest, and modulation of VEGF,
proinflammatory cytokine IL6, and its receptor (38, 39), which
play pivotal roles in the development of peritoneal carcinoma-
tosis, the potent proliferative andmetastatic capacity of EOC, and
also correlate with poor prognosis in patients (40, 41). Moreover,
through a quantitative high-throughput screening assay for inhi-
bitors of human Tdp1, Yves Pommier identified that minocycline
hydrochloride (SID: 144206734), at micromolar concentrations,
could be involved in the inhibition of Tdp1-mediated repair
pathway in chicken Tdp1-transfected DT40 cells (BioAssay AID:
686978 and 686979).

In view of the poor prognosis for patients with treatment-
resistant cancers and the rising costs required for developing
brand new therapeutics, this is the first in vivo study to show that
the combination of minocycline and irinotecan, at a clinically
relevant dose and schedule, can effectively reduce metastatic
burden in the omenta and mesenteries by more than 75%,
significantly extending survival outcomes in a challenging mouse
model for peritoneal metastatic EOC. Our findings also offer a
platform for designing new tetracycline-based approaches that
provide the dual advantage of overcoming DNA repair mechan-
isms while mitigating cytokine secretion for the enhanced anti-
tumor efficacy of topoisomerase inhibitors, without additional
side effects.

Materials and Methods
Cell lines and culture

Human epithelial ovarian carcinoma cell lines OVCAR-5
(derived from the ascitic fluid of an EOC patient without prior
treatment; tumor characterized to be platinum-resistant) and
OVCAR-4 (derived from the ascitic fluid of a platinum-refractory
EOC patient) were used to assess the combinatorial effects of
minocycline and irinotecan. Authenticated OVCAR-5 and
OVCAR-4 cells were obtained from ATCC in 2011 and Fox Chase
Cancer Center in 2015, respectively, tested free of mycoplasma
contamination using commercially available kits (MycoAlert,
Lonza; latest date: April 2017), and cultured according to the
manufacturer's instruction. AuthenticatedOVCAR-5 andOVCAR-
4 were propagated for less than 30 and 4 passages after resusci-
tation, respectively. No further authentication of the cell line was
done by the authors. OVCAR-5 cells were grown in RPMI1640
medium (with L-glutamine, Cellgro) supplemented with 10%
heat-inactivated FCS (Gibco), 100 U/mL penicillin, and 100 mg/
mL streptomycin. OVCAR-4 cells were cultured in equivalent
conditions, with the exception of supplementing 0.2 U/mL
bovine insulin in the medium, as recommended by the manu-
facturer. Both cells lines were maintained in an incubator at 37�C
in an atmosphere of 5%CO2, passaged and plated at required cell
concentrations under sterile conditions.

In vitro treatment response
OVCAR-5 and OVCAR-4 cells were plated in sterile 35-mm

cell culture dishes (BD Biosciences) at a density of 105,000 cells
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in 2-mL media and allowed to grow for 24 hours. To establish
dose response in monolayer, cultures were treated with irino-
tecan (Selleckchem), minocycline hydrochloride (Sigma-
Aldrich), or the combination of the two agents at concentra-
tions ranging from 0 to 200 mmol/L. Cytotoxicity was assessed
via MTT assay following a 48-hour drug incubation and all
readouts were normalized to untreated controls. Nonlinear
regression trends were generated with GraphPad (Prism) soft-
ware to calculate the IC50, which represents the concentration
of the tested drug that is required for 50% inhibition of the cell
viability. All IC50 values were validated using the CompuSyn
software (ComboSyn, Inc). In vitro combination effects were
evaluated at a constant drug ratio. Each drug and their com-
bination were used at a concentration approximately equal to
its IC50, and concentrations within 2.5-fold increments below
and above the IC50 value. Combination index (CI) values,
based on the Loewe additivity model, were calculated using
the CompuSyn software to determine whether the drug–drug
interactions are synergistic (CI < 1), additive (CI ¼ 1), or
antagonistic (CI > 1). Isobolograms at effect levels of 50% and
75% fraction affected (Fa; inhibition of cancer cell viability)
were created to determine the dose-dependent interaction of
minocycline and irinotecan.

Molecular characterization of DNA damage and repair
Human epithelial ovarian carcinoma cells on glass bottom 24-

well plates were incubated for 6 or 24 hours with media contain-
ing irinotecan, minocycline, or their combination at concentra-
tions ranging from 0 to 100 mmol/L. For immunofluorescence,
cells were washed with room temperature PBS and immediately
fixed and permeabilized in 1:1 acetone:methanol (�20�C) for 1
minute, followed by blocking (protein block serum-free, Dako)
for 30minutes at room temperature. Cells were then incubated at
37�C (4�C) with 100 mL of primary antibodies, anti-Tdp1
(Abcam), and anti-phospho-histone H2A.X SER 139 (EMDMilli-
pore) at 5 mg/mL (dilute in DAKO diluent at 4�C). After 2 hours
(or overnight), cells were washed three times with room temper-
ature PBS (critical) and incubated for 1 hour with fluorescently
labeled secondary antibodies (donkey anti-rabbit IgG Alexa Fluor
647, goat anti-mouse IgG Alexa Fluor 488, Abcam) at 37�C
followed by three more washes with PBS. Forty microliters of
SlowFade Gold Antifade Mountant with DAPI was added to cells
prior to the placement of a glass coverslip. Fluorescence images
were obtained immediately on an Olympus FV-1000 confocal
microscope.

Quantification of IL8 and VEGF secretions
Monolayer OVCAR-5 cultures were treated with irinotecan,

minocycline hydrochloride, or the combination of the two agents
at concentrations ranging from 0 to 100 mmol/L. Supernatant
from OVCAR-5 cells was collected at various incubation time
points (24 and 48 hours) after treatment. IL8 and VEGF secretion
into the supernatant were measured using respective ELISAs
(VEGF, R&D Systems; IL8, BioLegend). Assays were performed
according to themanufacturer's guidelines with appropriate stan-
dard curves. All results are plotted as fold change with respect to
untreated controls collected at the same time points.

Nanoliposomal irinotecan preparation and characterization
Nanoliposomes are well-established pharmaceutical carriers

that have been shown to decrease systemic toxicity and improve
the pharmacokinetics and intratumoral accumulation of irinote-
can and its activemetabolite, SN-38 (42). Motivated by the recent
clinical success of nanoliposomal irinotecan (ONIVYDE) for
patients with metastatic cancer (42, 43), a similar laboratory
formulation of nanoliposomal irinotecan (nal-IRI) was prepared
following our established protocol (44) and used for in vivo
studies. Briefly, dipalmitoylphosphatidylcholine (DPPC), choles-
terol, distearoylphosphatidylethanolamine-methoxy polyethyl-
ene glycol (DSPE-PEG), and dioleoyltrimethylammoniumpro-
pane (DOTAP; Avanti Polar Lipids) were mixed in chloroform at
20:10:1:2.5 molar ratio. Chloroform was removed by rotary
evaporation overnight to afford a thin lipid film. The resulting
lipid film was rehydrated with 1-mL 7 mmol/L of irinotecan
hydrochloride trihydrate in PBS at irinotecan-to-total lipid ratio
of 17mol%, and subjected to freeze–thaw cycles (4�C –45�C) for
2 hours. The dispersion was then extruded 10 times through two
stacked polycarbonatemembranes (0.1-mmpore size; Nuclepore,
Whatman) at 42�C using a mini-extruder system (Avanti Polar
Lipids) to form unilamellar vesicles. Unencapsulated drugs were
removed by dialysis (Spectra/Por, MWCO 300 kD, Spectrum
Laboratories) against PBS. Irinotecan concentration was deter-
mined by UV-Vis spectroscopy with appropriate standard curves.
Characterizations of the nal-IRI, including size, stability, shelf life,
drug release, in vivo pharmacokinetics, and biodistribution were
reported previously (44).

Mouse model of peritoneal carcinomatosis and in vivo
treatment response

All animal experiments were conducted in accordance
with the Massachusetts General Hospital (MGH) Institutional

Figure 1.
The combination of minocycline and irinotecan simultaneously reduced Tdp1 expression and induced DNA damage in cancer cells. A, Schematic representation of
minocycline (Mn) inhibiting tyrosyl-DNA phosphodiesterase 1 (Tdp1), removing a barrier attenuating irinotecan action against topoisomerase I (Top1). I and II, Top1 is
a protein with enzymatic activity that relaxes supercoiled double-strand DNA (green), thereby permitting DNA replication and RNA transcription. III, Irinotecan
(purple) blocks DNA religation by trapping Top1–DNA cleavage complexes (Top1cc) and causes double-strandedDNA breaks, which ultimately promotes cell death.
IV, Mn inhibits Tdp1, which resolves the Top1cc adduct by cleaving the 30(50)-tyrosyl-DNA bond between Top1 and DNA in cells, preventing DNA repair. B,Monolayer
cultures of human OVCAR-5 cells were incubated with Mn, Irinotecan, or their combination for 6, 24, and 48 hours. Representative immunofluorescence imaging of
Tdp1 (red fluorescence) and gH2AX (green fluorescence) in OVCAR-5 cells subjected to (i) no treatment (NT); (ii) Mn; (iii) irinotecan; and (iv) combination of
Mn and irinotecan for 24 hours. C and D, To quantify immunofluorescence intensities, at least 6 images, evenly distributed across the entire monolayer culture dish,
were collected from at least three samples for each condition. At 6 and 24 hours posttreatment, Tdp1 and gH2AX fluorescence intensities were normalized to DAPI
area per image. Relative Tdp1 levels were found to be significantly lower in the Mn treatment group compared with the NT and irinotecan alone groups. The gH2AX
signal was significantly higher in both the combination and the irinotecan alone groups, compared with the NT and irinotecan alone groups. (� , P < 0.05; �� , P < 0.01;
��� , P <0.001, Kruskal–Wallis one-wayANOVAwith Dunn post hoc test) Asterisks denote significance comparedwith the NT group or among the indicated groups at
each time point. Results are mean� SEM. E, Representative immunoblotting showing a time-dependent reduction of Tdp1 expression in OVCAR-5 cells at 6, 24, and
48 hours after Mn incubation. F, Immunoblot analysis of gH2AX in OVCAR-5 cells at 24 hours posttreatment. Representative immunoblotting (G and H) and
quantification (I) of in vivo tumors at 72 hours after treatment termination (i.e., two weeks after treatment initiation; see Materials and Methods for in vivo treatment
schedule) showing the combination of Mn and irinotecan significantly reduced Tdp1 expression and induced gH2AX levels.
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Animal Care and Use Committee (IACUC) guidelines. An
orthotopic xenograft mouse model of human ovarian carci-
nomatosis was established with gynecologic oncologists and
characterized in our laboratory. Female athymic (nu/nu) Swiss
mice (20–25 g and 4–6 weeks old; Cox Breeding Laboratories)
were injected intraperitoneally with 31.5 � 106 OVCAR-5 cells
suspended in 2 mL of PBS. Treatments were initiated at 7 (or
14 days) postimplantation. Tumor-bearing mice were random-
ized into the following groups: (i) no treatment; (ii) minocy-
cline; (iii) nanoliposomal irinotecan (nal-IRI); and (iv) com-
bination of minocycline and nal-IRI treatment. For nal-IRI
treatment, animals received three cycles of 20 mg/kg body
weight intravenous injection of nal-IRI on days 11, 15, 18 (or
days 18, 22, 25) postimplantation. The selected nal-IRI mouse
dose of 20 mg/kg is equivalent to human dose of approxi-
mately 60 mg/m2 and similar to the clinical (irinotecan lipo-
some injection) of approximately 70 mg/m2. Minocycline
antibiotics were administered by intraperitoneal injection
in 1 mL of sterile PBS. A single bolus intraperitoneal injection
of Mn at 50 mg/kg body weight was administered on day 7
(or day 14), which is followed by eight more cycles of Mn at
25 mg/kg body weight on the following days post-implanta-
tion: 8, 9, 10, 11, 14, 15, 17, 18 (or days 15, 16, 17, 18, 21, 24,
25). The route of intraperitoneal administration for mino-
cycline was chosen to allow direct access for the drug to the
peritoneal cavity, where the ovarian cancer has spread. Further-
more, previous studies have suggested that the intraperi-
toneal injections of minocycline in mice in our study leads
to a serum minocycline level (Cmax, 5–10 mg/mL) comparable
with that obtained after oral dosing of 200 mg in humans

(Cmax, 3–4 mg/mL; refs. 45, 46). At 20 days postimplantation,
animals were euthanized and necropsied to assess acute
tumor burden following treatment. The following tissues
were resected and weighed at the time of necropsy: subgastric
omentum, pelvic omentum, bowel mesentery, uterus, and
diaphragm. Corresponding tissue from healthy, nontumored
mice were also collected, averaged, and subtracted from the
tissue weight in tumored animals. The weights of the collect-
ed tissue were also summed for the total burden per animal.
For survival studies, mice were observed daily and removed
from the study once the humane endpoints were reached.
Moribundity and animal mobility (i.e., unable to move) were
used as the endpoint with proper justification and special
approval by MGH IACUC. Mouse body weight was monitored
before and longitudinally after treatment as a metric of toxicity
in a subcutaneous mouse model of human ovarian cancer.

Western blot analysis
Cells were harvested by scraping in cold PBS followed by

centrifugation (1,000 rpm, 5 minutes). The cell pellet was
resuspended in 2 � packed cell volume (PCV) of RIPA lysis
buffer (Thermo Fisher Scientific) supplemented with 1% phos-
phatase and protease inhibitor cocktail (Sigma, Millipore).
The mixture was incubated on a shaker (1 hour, 4�C) and
sonicated (2 minutes). Subsequent to centrifugation (14,000
rcf, 10 minutes, 4�C), supernatants (control, drug-treated
samples) were collected and protein concentrations were deter-
mined using the BCA assay (Bio-Rad). Protein expression was
analyzed using a standard Western blot protocol (Bio-Rad).
Briefly, protein lysates were separated on 4%–20% precast

Figure 2.

Amechanistic cooperation between minocycline and irinotecan that reduces the secretion of IL8 and VEGF cytokines. Monolayer cultures of human OVCAR-5 cells
were incubated with minocycline (Mn), irinotecan, or their combination at various concentrations (10, 50, and 100 mmol/L). Secretion of IL8 and VEGF
into the supernatant was measured using respective ELISA kits. A, Minocycline at 100 mmol/L reduced the IL8 secretion by approximately 26% at 24 hours
posttreatment. On the contrary, a dose-dependent increase in IL8 secretion up to 50% was observed in irinotecan-treated cells, compared with the no treatment
group. A combination ofMnand irinotecanmaintained the IL8 secretion at a baseline level, similar to that of the no treatment (NT) group.B,Asurgeof VEGF secretion
by over 200% was observed after 48 hours of Mn treatment, while both the combination and irinotecan treatments maintained VEGF secretion around the (NT)
baseline level. Together, these results suggest that Mn could effectively mitigate the surge of IL8 secretion induced by irinotecan treatment. On the other
hand, irinotecan abrogates the increase of VEGF secretion triggered byMn treatment. (n¼4–7; � ,P<0.05; �� ,P <0.01; ��� ,P <0.001, Kruskal–Wallis one-wayANOVA
with Dunn post hoc test) Asterisks denote significance compared to the NT group or among the indicated groups at each time point. Results are mean � SEM.
C, A mutually reinforcing interaction between Mn and irinotecan.
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polyacrylamide gel (Mini-PROTEAN TGX, Bio-Rad) and trans-
ferred onto a polyvinylidene difluoride (PVDF) membrane
(Thermo Fisher Scientific). Subsequent to blocking with 5%
BSA/TBST solution, proteins were detected using antibodies
against g-H2AX (Millipore) and Tdp1 (Santa Cruz Biotechnol-
ogy). Anti b-actin antibodies (Cell Signaling Technology) were
used for loading control. Ramos whole-cell lysate (Santa
Cruz Biotechnology) was used as positive control of Tdp1
primary antibody. Visualization of protein bands was devel-
oped by chemiluminescence (ECL, Bio-Rad) with exposure
to X-ray film (Thermo Fisher Scientific). The quantitative
analysis of protein expression was done using ImageJ software.
Western blot analyses of the target proteins were repeated at
least three times.

Statistical analyses
Results are mean � SEM. Statistical tests were carried out

using GraphPad Prism (GraphPad Software). Specific tests are
indicated in the figure captions. The synergy between irinotecan

and minocycline was determined on the basis of drug combi-
nation analyses (CompuSyn). No exclusion criteria were used,
and no data points or animals were excluded from analysis.
Survival curves were created using the method of Kaplan and
Meier. The log-rank test was used to test whether the difference
between survival times between two groups is statistically
significant or not. Investigators were blinded to experimental
groups during tumor volume monitoring and survival studies
unless noted otherwise.

Results
Combination minocycline and irinotecan simultaneously
reduce Tdp1 expression and induce DNA double-strand breaks
in ovarian carcinoma cells

The impacts of minocycline, irinotecan, or their combination
on DNA repair enzyme Tdp1 and DNA damage were assessed by
confocal microscope imaging of Tdp1 and double-strand DNA
breakmarker gH2AX inmonolayer OVCAR5 cells (Fig. 1A and B).

Figure 3.

Minocycline synergizes with irinotecan in Tdp1-expressing human EOC cells. Monolayer cultures of human OVCAR-5 and OVCAR-4 cells (105,000 cells per 35-mm
dish)were incubatedwithminocycline (Mn), irinotecan, or their combination (ranging from0 to 200mmol/L) for 48 hours. MTT assaywas used to assess cytotoxicity,
and all readouts were normalized to untreated controls. A and B, Graphs of percentage cell viability versus log concentration showing the combination of Mn and
irinotecan (black circles) resulted in lower cell viability, compared with Mn alone and irinotecan alone. Results are mean � SEM (n ¼ 6–8). C and D, Using the
CompuSyn software and robust regression fits of the dose–response curve trend lines (R2 ¼ 0.978–0.993), the combination index (CI) values were calculated to
determine the Mn–irinotecan interactions: synergistic (CI < 1), additive (CI¼ 1), or antagonistic (CI > 1). A modest synergy was observed in OVCAR-5 cells, whereas a
strong synergywas observed in theOVCAR-4 cells.E and F, To determine dose-dependent interaction of Mn and irinotecan, isobolograms at effect levels of 50% and
75% fraction affected (Fa: inhibition of cancer cell viability) were created. The combination data points at both 50% and 75% effect levels lie well below their additive
isoboles, suggesting a synergy between Mn and irinotecan.
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Representative immunofluorescence images (Fig. 1B) showed
that minocycline treatment for 24 hours decreased the expression
of Tdp1, but did not significantlymodulate the gH2AX expression
in OVCAR-5 cells. In contrast, irinotecan treatment for 24 hours
upregulated the expression of gH2AX, but did not significantly
alter Tdp1 expression in OVCAR-5 cells. Only in the presence of
both minocycline and irinotecan was both a significant loss in
Tdp1 signal and gain in gH2AX expression observed in cancer
cells. Quantitative analysis of Tdp1 and gH2AX immunofluores-
cence intensity revealed that at 6 and 24 hours postincubation,
minocycline significantly reduced the Tdp1 immunofluorescence
intensity by 60%–70% (P < 0.001), whereas irinotecan did not
significantly modulate Tdp1 levels (Fig. 1B). However, irinotecan
induced up to 2- and 4-fold increase in gH2AX immunofluores-
cence signal at 6 and 24 hours posttreatment, respectively, (P <
0.001; Fig. 1C) suggesting the presence of DNA double-strand
breaks in OVCAR-5 cells. Minocycline alone did not increase
gH2AX expressions. Importantly, cells treated with the combina-
tion of minocycline and irinotecan showed both a decrease in the
Tdp1 signal by approximately 32% and an increase in the gH2AX
intensity up to 3.2-fold, compared with the untreated cells (Fig.
1C and D). Immunoblotting confirmed that minocycline incu-
bation for up to 48 hours resulted in a time-dependent reduction
in Tdp1 protein levels in OVCAR-5 cells (Fig. 1E). The gH2AX
protein expression levels inOVCAR-5 cells treatedwith irinotecan
alone and the combination of minocycline and irinotecan were
significantly higher than in cells that received no treatment or
minocycline alone (Fig. 1F). We also evaluated the Tdp1 and
gH2AX expressions in OVCAR-4 tumors ex vivo at 72 hours after
treatment termination (see in vivomethods).We observed that the
combination ofminocycline and irinotecan reduce tumoral Tdp1
expression by 25% and induce gH2AX levels by over 3-fold,
compared with the no treatment tumors (Fig. 1G–I). While
minocycline significantly reduced Tdp1 levels in OVCAR-5
cells in vitro (Fig. 1C–F), minocycline did not attenuate the Tdp1
level in OVCAR-4 tumors (Fig. 1G–I). The discrepancy of results
between the two cell lines is presumably due todifferent etiologies
of the two lines, contrasting cellular Tdp1 baseline levels (Sup-
plementary Fig. S1), different model systems (in vitro vs. in vivo),
and dissimilar drug exposure conditions.

Mutually reinforcing cooperation between minocycline and
irinotecan reduces secretion of cytokines

Preclinical and clinical studies have identified IL8 and VEGF as
key contributors to EOC progression and predictors of poor
prognosis in patients (26, 30, 47, 48). We, therefore, measured
the secretion of these cytokines in the surrounding media of EOC
cells treated with minocycline, irinotecan, and their combination
using ELISA kits.Minocycline at 100mmol/L reduced IL8 secretion
by approximately 26% in OVCAR-5 cells at 24 hours, compared
with the baseline IL8 level of 849� 75 pg/mL in the no treatment

cells (P < 0.05; Fig. 2A). In contrast, a significant dose-dependent
increase in the IL8 secretion by 20%–50%was observed 24 hours
after irinotecan chemotherapy (50–100mmol/L;P<0.01; Fig. 2A).
A combination of minocycline and irinotecan at the micromolar
range (10, 50, and 100 mmol/L) effectively suppressed IL8 secre-
tion at a baseline level (890 � 56 pg/mL). Furthermore, it was
found that minocycline (50 and 100 mmol/L) significantly
increased the levels of VEGF secretion by approximately 2.7-fold
to 1,356� 130 pg/mL, compared with the VEGF levels in the no
treatment control (500 � 52 pg/mL; P < 0.01; Fig. 2B). How-
ever, the combination was able to suppress this increase and
effectively maintain the VEGF secretion at the baseline level
(442 � 48 pg/mL), similar to that of the no treatment and
irinotecan control groups. Together, these results suggest a
mutually reinforcing cooperation between minocycline and
irinotecan in which minocycline mitigates the irinotecan-stim-
ulated secretion of IL 8, while irinotecan reduces the minocy-
cline-induced secretion of VEGF (Fig. 2C).

Combination of minocycline and irinotecan synergizes in
ovarian carcinoma cells

We assessed the effects of minocycline, irinotecan, and their
combination on the viability of platinum-resistant human EOC
cells lines of OVCAR-5 and OVCAR-4 (both expressing Tdp1,
Supplementary Fig. S1). Cells were treated with minocycline,
Irinotecan, or their combination in a serial dilution from 0 to
100 mmol/L (Fig. 3A and B). Cell viability was analyzed 48
hours later by MTT assay. Our results show that minocycline
treatment for 48 hours reduced the viability of OVCAR-5 and
OVCAR-4 in a dose-dependent manner with the half maximal
inhibitory concentration (IC50) of 62.8 and 57.8 mmol/L,
respectively (Fig. 3A and B). Similarly, a 48-hour incubation
of irinotecan reduced viability of both OVCAR-5 and OVCAR-4
cells in a dose-dependent manner with an IC50 of 76.2 and
100.6 mmol/L, respectively (Fig. 3A and B). The IC50 values of
minocycline and irinotecan for OVCAR-5 and OVCAR-4 cells
are within the micromolar range, similar to data published by
others with EOC and other cancer lines (38, 49, 50). A fixed
drug ratio method based on Loewe concept of additivity was
employed to test whether minocycline and irinotecan can
enhance each other's anticancer activity (51, 52). Using Com-
puSyn software and robust regression fits of the dose–response
curve trend lines (R2 ¼ 0.978–0.993), combination index (CI)
values were calculated to determine if the drug–drug interac-
tion is synergistic (CI < 1), additive (CI¼ 1), or antagonistic (CI
> 1; refs. 51, 52). In both EOC lines, synergy was observed at
higher dose levels and at higher inhibitory activities of the
cancer cell viability (>50% fraction affected; Fig. 3C and D).

Isobolograms were generated to visualize the synergy read-outs
at the doses required for each drug to provide 50% and 75%
of cancer cell viability inhibition (Fig. 3E and F). We reported

Figure 4.
Combined minocycline antibiotic and nal-IRI enhanced the antitumor effects in a peritoneal carcinomatosis mouse model. A, To assess the efficacy of minocycline
(Mn) and nal-IRI in controlling peritoneal carcinomatosis, treatments were initiated 7 days after OVCAR-5 tumor implantation in mice randomized to the following
groups: (i) no treatment (NT); (ii) Mn; (iii) nal-IRI (three doses at 20 mg/kg each, on days 11, 15, and 18); and (iv) combination of Mn and nal-IRI. On day 21
postimplantation, pelvic omentum, bowel mesentery, subgastric omentum, diaphragm, and uterus were resected and weighed at the time of necropsy.
Corresponding tissue from healthy (nontumored) mice were also collected, averaged, and subtracted from the tissue weight in tumored animals. The weights of the
collected tissue were also summed for the total burden per animal. B, Combination treatment of Mn and irinotecan significantly reduced the overall peritoneal
carcinomatosis burden by >75%, comparedwith theNT control.C–E, Tumor burdens at pelvic omentum (C), bowelmesentery (D), and subgastric omentum (E) were
significantly lower after the combination treatment, compared with the NT control. Disease burden at diaphragm (F) and uterus (G) were not significantly altered
after the treatments. (n ¼ 5–7 animals per group; � , P < 0.05; �� , P < 0.01; ���, P < 0.001, Kruskal–Wallis one-way ANOVA with Dunn post hoc test).
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the 50% and 75% effect levels as IC50, which is frequently used
to assess the potency of anticancer drugs. In addition, it is
critical to show synergy at a high inhibitory activity for oncol-
ogy applications, as traditional anticancer drugs are used at or
near the MTD. In the OVCAR-5 cell line, the combination data
point at the 50% effect level is only slightly below the additive
isobole indicating minimal synergy (Fig. 3E). On the other
hand, the combination at the 75% effect level is further below
the additive isobole suggesting a stronger synergetic effect.
When minocycline is added to irinotecan, the dose requirement
for irinotecan to achieve 50% OVCAR-5 viability inhibition
reduced by almost 2-fold. For OVCAR-4, the combination data
points at both 50% and 75% effect levels lie well below their
additive isoboles, showing strong synergy between minocycline
and irinotecan (Fig. 3F). The dose requirement to achieve 50%
inhibition for irinotecan reduced by 7-fold to approximately 14
mmol/L in the combination setting relative to irinotecan alone.
This reduction in irinotecan dose level was even more pro-
nounced at 75% inhibition at which the dose requirements
were reduced by approximately 20-fold (irinotecan) and 6-fold
(minocycline) as compared with each monotherapy.

Combination of minocycline and nanoliposomal irinotecan
reduces metastatic burden in peritoneal carcinomatosis mouse
model of EOC

The vast majority (>75%) of EOC patients have intra-
abdominal metastatic disease with nodules studding the peri-
toneal surface at the time of diagnosis. Therefore, we evaluat-
ed the impact of combining minocycline with a nanoliposo-
mal formulation of irinotecan [nal-IRI; Supplementary Fig. S2;
Supplementary Table S1] on metastasis control in a mouse
model for intraperitoneally disseminated EOC (Fig. 4A, see
Materials and Methods). Treatments were initiated seven days
following orthotopic implantation of human OVCAR-5 cells
in mice. For minocycline treatment, a single bolus intraper-
itoneal injection of minocycline (50 mg/kg) was administered
on day 7, which was then followed by eight more minocycline
injections (25 mg/kg) to allow direct access for the drug to the
peritoneal cavity, where EOC has spread (Fig. 4A; see Materials
and Methods). For nal-IRI chemotherapy, three intravenous
injections of nal-IRI (20 mg/kg irinotecan hydrochloride salt)
were administered over two weeks. Tumor weights from the
pelvic omentum, bowel mesentery, subgastric omentum, uter-
us and diaphragm were measured individually and were sum-
med to reflect the site-specific and overall disease burdens. At
20 days postimplantation (i.e., 2 days after treatment termi-
nation), the combination of minocycline and nal-IRI dramat-
ically reduced the tumor burden by 76% � 3% to an overall
tumor weight of 311 � 33 mg, compared with 1,278 � 159
mg in no treatment mice (P < 0.01; Fig. 4B). Both minocycline
monotherapy and nal-IRI alone only modestly reduced the
overall tumor burden by 40% � 15% to a tumor weight of
743 � 52 mg, but this was not statistically different from the
no treatment animals. None of the monotherapies (minocy-
cline nor nal-IRI) significantly reduced any site-specific disease
burdens. In contrast, combined minocycline and nal-IRI effec-
tively reduced the tumor burden at the pelvic omentum,
bowel mesentery, and subgastric omentum sites by 88%,
72%, and 58%, respectively, compared with the no treatment
group (P < 0.05; Fig. 4C–E). Tumor burden in the uterus and

diaphragm were not significantly reduced by the combination
treatment (Fig. 4F and G).

Combining minocycline and nanoliposomal irinotecan
prolongs animal survival in peritoneal carcinomatosis mouse
model of EOC

Most patients diagnosed with stage IV EOC have a 5-year
survival rate of approximately 17% and often rapidly succumb
to their disease. It was, therefore, critical to determine whether the
significant improvement in micrometastases control provided by
combination minocycline and nal-IRI translated to a durable
survival enhancement (Fig. 5A). Using moribundity (defined as
inability to ambulate) as the endpoint, the no treatment group in
the samemousemodel for intraperitonealmetastatic EOCused in
the previous section demonstrated amedian overall survival (OS)
time of only 21 days. As in the tumor burden studies, treatments
for the survival studies were initiated 7 days after intraperitoneal
tumor implantation. Minocycline combined with nal-IRI signif-
icantly prolonged themedian OS by 50% to 32.5 days, compared
with 21 and 22 days with nal-IRI alone and minocycline alone,
respectively (P < 0.01; Fig. 5B). All animals in the no treatment,
Mn alone, and nal-IRI alone groups were dead at days 27, 32, and
34, respectively.Our second treatment timeline served to imitate a
late intervention for late-stage ovarian carcinomatosis. In this
group, treatments were initiated 14 days after OVCAR-5 implan-
tation (when animal death first occurs). Despite only 60% of
animals completing the entire treatment course, the combination
ofminocycline and nal-IRI continued to extend themedianOS to
30.5 days (P < 0.01), compared with the no treatment animals
(median OS, 22 days; P < 0.01; Fig. 5C). Both minocycline alone
and nal-IRI monotherapy showed no survival benefits compared
with the no treatment. These results, in two treatment schedules,
suggest that minocycline repurposing offers a significant advan-
tage to achieving significant and durable survival benefits with
nal-IRI.

The forest plot (Fig. 5D) summarizes the HR data across all
conditions. Here, the HR is defined as the ratio of the probability
of death in the treatment arm to the probability in the no
treatment (control) arm, and represents the instantaneous risk
over the study time period. A HR of less than 0.25 (P < 0.05)
observed in the combination groups, suggests that animals treated
with both minocycline and nal-IRI at any given time point were
four timesmore likely to survive by the next time point compared
with the no treatment group (Fig. 5D). In contrast, all other
treatment groups cross the 1.0 value, indicating the HR is not
significant and there is no clear advantage for minocycline alone
or nal-IRI alone compared with the no treatment arm. Further-
more, mouse body weight was longitudinally monitored before
and after treatment as a metric of side effects. In the combination
group, the change in mouse weight was consistent with the
monotherapies, indicating that coadministration of minocycline
and nal-IRI does not appreciably add to the in vivo systemic
toxicity (Supplementary Fig. S3).

Discussion
Platinum-refractory and other resistant tumors represent a

major problem in cancer management. Second-line therapies are
critically needed to delay the time to symptomatic disease pro-
gression and prolong overall survival, but their effects are often
mitigated by intrinsic and acquired resistance pathways.

Huang et al.

Mol Cancer Ther; 17(2) February 2018 Molecular Cancer Therapeutics516

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/17/2/508/1857165/508.pdf by guest on 19 M
ay 2023



Therefore, it would be extremely useful to identify agents that can
mechanistically counteract the natural defenses of cancer cells
against therapeutic agents. These effects would be maximally
enhanced if the counteracting entity synergistically interacted
with the therapeutic agent in multiple ways. In this report, we
present exactly such an example to treatmetastatic EOC in two cell
lines and in two orthotopic models in vivo.

Camptothecin derivatives, irinotecan and topotecan, are
the only FDA-approved topoisomerase I inhibitors routinely
prescribed for several cancers including ovarian cancer and gas-
trointestinal malignancies. Considering the consistently poor
prognosis for platinum-refractory patients with peritoneal carci-
nomatosis, as well as the skyrocketing costs and extended devel-
opment phase required to create new breakthrough medications,

Figure 5.

A combination of minocycline and nal-IRI achieve significant survival enhancement in a peritoneal carcinomatosis mouse model. A, Swiss nude mice were
intraperitoneally inoculatedwith OVCAR-5 cells, divided into four groups, and subjected to (i) no treatment (NT); (ii) minocycline (Mn); (iii) nal-IRI (three doses at 20
mg/kg each); and (iv) combination of Mn and nal-IRI. Treatments were initiated at 7 days (schedule 1) or 14 postimplantation (schedule 2). Moribundity and animal
mobility (i.e., unable to move) were used as the endpoint with proper justification and special approval by MGH IACUC. B and C, Kaplan–Meier plot of animal overall
survival in the OVCAR-5 model. (n ¼ 3–19 animals per group; P < 0.01, log-rank test between the NT and combination group). D, A global test demonstrated a
difference exists among the groups. Median survival time, HR forest plot, and differences in survival were evaluated by the log-rank test. Specifically, pairwise
comparisons were performed to evaluate the advantage of treatment over no treatment. Animals treated with the combination of Mn and nal-IRI were found to be
significantly less likely to die by the next time point (HR < 1). No advantages to monotherapies (compared with NT) were observed.
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our findings offer mechanism-inspired prospects to repurposing
the antibiotic minocycline for enhancing the class of camptothe-
cin derivatives with multiple advantages: (i) from a biological
perspective, the ability of minocycline to affect the Tdp1 pathway
of DNA repair removes a barrier mitigating the effect of topo-
isomerase inhibitors. In addition, minocycline effectively sup-
presses both constitutive and stimulated IL cytokines that are
major contributing factors in cancer growth and progression; (ii)
from the clinical and translational angle, antibiotics are already
commonly used, on an as-needed basis, to reduce the risk of
infection-related death after chemotherapy (53). Moreover, the
adverse events of minocycline are milder or nonoverlapping with
themajor side effects of irinotecan; and (iii) given the high cost of
new drug development, repurposing ofminocycline to potentiate
irinotecan makes economic sense if the combination becomes
available for cancer patients.

This report shows that minocycline reduces Tdp1 expression
level in platinum-resistant cancer cells in a treatment time-depen-
dentmanner. These findings confirmed the earlier hypothesis and
reports by Pommier and colleagues (16, 19, 23) and furthermore
implements the potential application.We also demonstrated that
the combination of minocycline and irinotecan is highly syner-
gistic (CI < 0.3) in OVCAR-4 cells expressing high levels of Tdp1,
while only an additive-to-mild synergy was observed inOVCAR-5
cells that express lower levels of Tdp1 (Supplementary Fig. S1).
These observations suggest a crucial role of Tdp1 levels in the
combination of minocycline and irinotecan, which warrants
further study. So far, there are no reported structural–activity
relationships providing insights into minocycline's inhibitory
effect against Tdp1. On the basis of data in the literature, we
suggest that the reported minocycline inhibition of PARP-1 (54)
may interfere PARP1–Tdp1 coupling, which is essential for the
repair of trapped Top1cc by Tdp1 (55), thereby removing a
barrier mitigating the effect of topoisomerase inhibitors. In addi-
tion tominocycline reduction of Tdp1 levels, this study presents a
mutually reinforcing mechanistic cooperation between minocy-
cline and irinotecan to simultaneously suppress VEGF and IL8
secretion in vitro. Further in vivo validation to determine IL8 and
VEGF levels in serum is necessary to explore the impacts of
minocycline and irinotecan combination therapy on the activity
of innate immune cells and ascites formation.

The above mechanistic findings motivated us to evaluate the
efficacy of combinedminocycline and irinotecan in vivo. Previous
studies by Pourgholami and colleagues have shown that daily
minocycline alone treatment at 10–30mg/kg via drinkingwater is
well-tolerated by mice and effectively controlled the tumor
growth in a subcutaneous model of OVCAR-3 (38). Here, using
amore challengingmousemodel of disseminated ovarianmicro-
metastases, we demonstrate that routine intraperitoneal injection
of minocycline (25 mg/kg, see Materials and Methods) alone has
negligible antitumor effects and no survival benefits (Figs. 4
and 5). Only minocycline combined with a clinically relevant
low-dose irinotecan in a nanoliposomal formulation (20 mg/kg
irinotecan hydrochloride salt; Supplementary Table S1) achieved
a meaningful survival improvement, without appreciable addi-
tion to the in vivo systemic toxicity. Clinically, the common
adverse events that may occur within minocycline (e.g., allergic
reaction, nausea, rash, and mild diarrhea; ref. 56) are milder or
nonoverlapping with the major side effects of irinotecan (e.g.,
neutropenia, diarrhea; ref. 15), thus affording another compelling
rationale to repurpose minocycline for patients receiving irino-

tecan. In addition, antibiotic prophylaxis in afebrile neutropenic
patients is already clinically feasible and beneficial in reducing the
risk of infection-related death (53). Specifically, minocycline has
shown promises in preventing neurotoxicity (57), one of the side
effects that limit the use of platinum-based drugs, and several
clinical trials are already ongoing to investigate the value of
minocycline in reducing the side effects for cancer patients who
received chemoradiation therapy and surgery (Clinicaltrials.gov:
NCT01636934, NCT02055963, NCT01173692, NCT01693523).

Clinically, oral or intravenous administration ofminocycline at
200 mg is safe and results in a peak plasma concentration (Cmax)
of 3–4 mg/mL (45, 46, 56). In our animal study, minocycline was
intraperitoneally administered using an established in vivo dosing
schedule (Supplementary Table S2) to achieve a similar minocy-
cline Cmax of 5–10 mg/mL in mice (45, 46, 56). In light of the
recent FDA-approved liposomal irinotecan injection (ONIVYDE)
with favorable pharmacokinetic and safety profiles (43), a similar
laboratory formulation of nal-IRI, established and well charac-
terized by us, was used intravenously in this animal study (ref. 44;
Supplementary Fig. S2; Supplementary Table S2). Further inves-
tigations of intraperitoneal coinjection of minocycline and irino-
tecan (or its more potent metabolite SN-38) could potentially
result in superior outcomes in vivo, because simultaneously
increasing the rate of DNA nicking (by irinotecan arresting
Top1cc) and reducing the rate of DNA religation (by minocycline
reduction of Tdp1 level) is crucial to ensure the steady-state
concentration of Top1cc complexes remains high in cancer cells.
Looking forward, advances of multiagent nanoliposomal formu-
lations coupled with targeted delivery capability hold high poten-
tial to simultaneously codelivery both agents to further improve
therapeutic outcomes in the future (58).

The average financial burden of health care for advanced
ovarian cancer patients is above $65,000 during the initial treat-
ment period (59). A preliminary cost analysis of including min-
ocycline to irinotecan chemotherapy regimen indicates significant
drug cost savings compared with other irinotecan-based combi-
nation therapies (Supplementary Tables S3 and S4). While the
combination of etoposide and irinotecan in a phase II study has
low costs comparable with the proposed combination of mino-
cycline and irinotecan (14), serious side effects, particularly
myelosuppression, were common despite a significant reduction
in irinotecan dose. Conversely, the combination of bevacizumab
and irinotecan regimen resulted in significantly lower toxicity
due to a dose reduction of both agents (13), but leads to a much
higher overall cost due to the bevacizumab.

Given the high cost and modest impact of new oncology
medicine, this study makes a strong case for mechanism-based
mutually reinforcing combinations such as minocycline (Tdp1
inhibitor) and irinotecan (Top1 intercalator) to provide cost-
effective translatable repurposing of drugs and warrants further
clinical investigation as an effective treatment for treatment-
refractory cancers.
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