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Hypoxia-activated cytotoxicity of benznidazole against clonogenic tumor cells
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ABSTRACT
Solid tumors contain numerous regions with insufficient oxygen concentrations, a condition termed
hypoxia. Tumor hypoxia is significantly associated with metastasis, refractory to conventional cancer
therapies, and poor patient survival. Therefore, eradication of hypoxic tumor cells will likely have significant
impact on the overall progression-free patient survival. This article reports a new discovery that
Benznidazole, a bioreductive drug currently used to treat Chagas disease caused by the parasitic protozoan
Trypanosoma cruzi, is activated by hypoxia and can kill clonogenic tumor cells especially those under severe
hypoxic conditions (�0.1 % O2). This type of hypoxia selectivity is important in that severely hypoxic tumor
microenvironment is where tumor cells exhibit the strongest resistance to therapy. Mechanistically,
activation of Benznidazole coincides with the stabilization of the Hypoxia-Inducible Factor 1a (HIF-1a),
suggesting that Benznidazole is activated after tumor cells have entered into a fully hypoxic state. Under
such hypoxic conditions, Benznidazole induces the formation of 53BP1 foci, a hallmark of DNA double-
stranded breaks that can cause clonogenic inhibition or cell death. These results demonstrate that
Benznidazole is a hypoxia-activated cytotoxin with the potential to specifically eliminate hypoxic tumor cells.
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Introduction

Hypoxia or insufficient cellular oxygenation is a hallmark of
tumor microenvironment and is commonly observed in solid
tumors. The development of hypoxia is largely caused by abnor-
mal angiogenesis, defective vascular structures, and compromised
hemodynamic functions.1-3 Hypoxia occurs randomly through-
out a solid tumor with oxygen (O2) concentrations reaching
0 mmHg pO2 in areas adjacent to necrosis. In addition to rela-
tively stable or sustaining hypoxia, it can also be highly dynamic
with fluctuating pO2.

1,4 Importantly, hypoxia can strongly influ-
ence tumor malignant progression and treatment outcomes.
Many critical intracellular pathways are potentially regulated by
hypoxia, including cell cycle progression,5 multiple aspects of cel-
lular metabolism,6,7 apoptosis,8 tumor invasion and metastasis,9,10

DNA damage repair and maintenance of genomic integrity,11,12

as well as maintenance of cancer stem cell characteristics.13,14

Furthermore, tumor hypoxia poses a significant challenge to con-
ventional cancer therapies.15 Clinical studies have shown that
tumor hypoxia is an independent prognostic factor that predicts
advanced disease progression and poor patient survival.16-20

Therefore, eradication of hypoxic tumor cells will have significant
positive impact on both the control of malignant progression and
the patient survival.

Although hypoxia poses a formidable challenge to conven-
tional cancer therapies, it also provides a unique opportunity for
clinical intervention because of its nearly ubiquitous nature in
solid tumors independent of tumor types. The idea of developing
drugs that specifically target hypoxic tumor cells was largely
inspired by the early studies on the bioreductive compound
Mitomycin C.21 In the ensuing years, many studies including

both experimental and clinical studies have been devoted to the
development of hypoxia-activated prodrugs.22,23 However, the
struggle continues to find an effective drug against hypoxic
tumor cells.

In this study, we report that Benznidazole (N-Benzyl-2-nitro-
1H-imidazole-1-acetamide) can function as a hypoxia-activated
cytotoxin to specifically inhibit the growth of clonogenic tumor
cells under hypoxic conditions. Benznidazole is especially effec-
tive at killing clonogenic tumor cells under severely hypoxic
conditions (�0.1 % O2) with insignificant toxicity toward cells
at �0.5% O2. One potential mechanism may involve DNA dou-
ble-stranded breaks induced by Benznidazole under hypoxic
conditions. Benznidazole is best known as a widely used drug to
treat Chagas disease caused by the parasitic protozoan Trypano-
soma cruzi.24,25 It has also been investigated as a radiosensitizer
or a chemosensitizer,26,27 but its anti-cancer activities remain
poorly understood. Our results have revealed a previously
unrecognized anti-cancer function of Benznidazole with hyp-
oxia-activated cytotoxic effects against clonogenic tumor cells.
These findings suggest that Benznidazole is a promising drug
candidate that has the potential to specifically target the hypoxic
tumor microenvironment in solid tumors.

Results

Benznidazole specifically inhibits clonogenic growth of
tumor cells under hypoxic conditions

Benznidazole is a nitroheterocyclic compound (Fig. 1) and
becomes an active cytotoxic agent upon biological reduction
mediated by nitroreductases.28,29 Although it had been studied
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for radiosensitization and chemosensitization,26,27 it remains to
be fully evaluated whether Benznidazole can directly kill tumor
cells, especially those with clonogenic potentials. Because the
cytotoxicity of Benznidazole against the parasitic protozoan
Trypanosoma cruzi results from its emzymatic reduction,24,25

we hypothesized that hypoxia may also lead to bioreduction of
Benznidazole and formation of chemically reactive intermedi-
ates toxic to hypoxic tumor cells. Toward this end, we exam-
ined whether Benznidazole could specifically kill hypoxic
cells using the clonogenicity assay for stringent assessment of
clonogenic potentials. First, we treated SK-N-ER neuroblas-
toma cells and MDA-MB-231 breast cancer cells with
500 mM Benznidazole for 24 hours either at normoxia (20%
O2) or severe hypoxia (approximately 0% O2). For the clono-
genicity assay, the drug-treated cells were washed in PBS,
plated in 6-well plates at 3,000 and 300 cells/well, respectively,
and further incubated under the conventional (normoxic) tis-
sue culture condition. The two cell-seeding densities chosen
represent a clonal density at 300 cells/well or approximately
0.3 cells/mm230 and non-clonal or high density at 3,000 cells/
well or approximately 3 cells/mm2. The seeding at the high
density was to determine whether Benznidazole was capable
of killing clonogenic tumor cells under hypoxic conditions
even when paracrine communication among cells were
not a limiting factor. Using Trypan Blue, we found that Benz-
nidazole (�500 mM) did not induce significant cell death
under either normoxic or hypoxic conditions. Consistently,
Calvo et al. reported no significant apoptosis of acute leuke-
mia cells treated with up to 1 mM Benznidazole for up to
48 hrs.31

As shown in Fig. 2, both the SK-N-ER and MDA-MB-231
tumor cells treated by Benznidazole under the hypoxic condi-
tion completely lost their clonogenic potential even at the high
seeding density of 3 cells/mm2. In contrast, tumor cells treated
by Benznidazole at the same concentration under the normoxic
condition still maintained their clonogenic potential. Similar
results were obtained using Benznidazole at �200 mM. It is
worth noting that clonogenic inhibition is much more stringent
than the commonly used cell growth/viability assays to reliably
assess anti-cancer functions of experimental drugs. Further-
more, our data clearly demonstrate that Benznidazole can func-
tion as a hypoxia-activated cytotoxin to specifically eliminate
clonogenic tumor cells under hypoxic conditions without sig-
nificant toxicity toward non-hypoxic cells, which is important
for reducing toxic side effects in normal tissues.

To determine whether the synergistic effects of Benznida-
zole and hypoxia could apply to other types of tumor cells,
we examined 4 additional cancer cell lines: HCT116 colon
cancer cells, C33A cervical cancer cells, KNS42 glioma cells,
and LN-18 glioma cells. As shown in Fig. 3, all 4 cell lines
showed strictly hypoxia-dependent loss of clonogenic growth
upon treatment with Benznidazole. Compared to HCT116
and C33A cells, KNS42 and LN-18 cells appeared relatively
less sensitive to Benznidazole under hypoxia. This is likely
due to cell type-dependent differences in the expression of
oxidoreductases or overall intracellular oxidoreductive poten-
tials. Nevertheless, these data collectively demonstrate that
Benznidazole has the ability to preferentially eradicate clono-
genic tumor cells under hypoxic conditions but independent
of tumor types.

Figure 1. Chemical structure of Benznidazole (A) in comparison to representative bioreductive nitroheterocyclic compounds including the radiosensitizer Pimonidazole
(B) and the hypoxia-activated prodrugs Tirapazamine (C) and Evofosfamide (TH-302) (D).
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Dose- and pO2-dependent clonogenic inhibition by
benznidazole

In solid tumor microenvironment, distribution of O2 concen-
trations is highly variable, ranging from anoxia in necrosis to
physiological levels of O2 concentrations, with the mean pO2

values of around 9 mmHg or 1.2% O2.
32 At this mean tumor

pO2, the Hypoxia-Inducible Factor 1a (HIF-1a) and/or 2a
(HIF-2a) proteins become robustly stabilized,33 a canonical
mechanism of cellular response to hypoxia,34 suggesting a true
state of cellular hypoxia.

We examined the ability of Benznidazole to inhibit clo-
nogenic growth of SK-N-ER and MDA-MB-231 cells at
normoxia (20% O2 at the conventional tissue culture condi-
tion) and different levels of hypoxia (1, 0.5, 0.1 and 0% O2,
respectively). As shown in Fig. 4, the clonal inhibitory
effects of Benznidazole did not significantly change over the
dose range of 0–500 mM at 20% O2. However, the clono-
genic inhibition by Benznidazole increased dramatically
with at <0.1% O2 (Fig. 4). SK-N-ER cells appeared to be
more sensitive to Benznidazole than MDA-MB-231 cells
under the same conditions. Nevertheless, these results

Figure 2. Benznidazole specifically inhibits clonogenic growth of hypoxic tumor cells. MDA-MB-231 breast cancer cells (A & B) and SK-N-ER neuroblastoma cells (C & D)
were incubated with 500 mM Benznidazole (BZDZ) or DMSO under aerobic (20% O2) and anoxic (0% O2) conditions, respectively. Treated cells were seeded in triplicates
at 300 and 3000 cells per well, respectively, in 6-well plates for clonogenic growth. (A & C) Representative images of colonies. (B & D) Plating efficiencies (mean § SD,
nD 3). These experiments were independently confirmed 3 times.

Figure 3. Hypoxia-dependent clonogenic inhibition by Benznidazole is independent of tumor cell types. Human tumor cell lines were incubated with Benznidazole (BZDZ,
100 mM) or DMSO at normoxia (20% O2) or anoxia (0% O2). (A) Images of colony growth for tumor cells plated at 3,000 cells/well in 6-well plates to demonstrate the syn-
ergistic effects of BZDZ and hypoxia. (B) Relative surviving fraction (mean § SD, n D 3) was calculated using data from the plates seeded at the clonal density of
300 cells/well. The data from DMSO-treated cells at 20% O2 were used as control. These results were validated by at least 2 independent experiments.
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clearly demonstrate that Benznidazole is capable of prefer-
entially killing clonogenic tumor cells under severe hypoxic
conditions. It is worth noting that tumor cells residing in
the severely hypoxic tumor microenvironment are likely to
be highly resistant to conventional therapies.15,23 Thus,
Benznidazole could become a viable drug candidate for
elimination of these hypoxic and therapy-resistant tumor
cells. Furthermore, because normal tissue O2 concentrations
are often >2% O2,

32 the cytotoxic side-effects of Benznida-
zole in normal tissues are likely to be very limited.

To further appreciate the hypoxia-dependent activation of
Benznidazole, we determined when Benznidazole became cyto-
toxically active upon exposure to hypoxia. We found that
clonogenic inhibition by Benznidazole became robustly strong
after 6–8 hr incubation under anoxia (Fig. 5A & C). Inciden-
tally, the stabilization of the hypoxia-inducible factor 1a
(HIF-1a) protein, a canonical event of hypoxia response,34

occurred after 2 hr of exposure to anoxia (Fig. 5B & D). These
data suggest that Benznidazole becomes activated after cells are
in a completely hypoxic state, which is also consistent with the

Figure 4. Clonogenic inhibition by Benznidazole is inversely correlated with pO2. MDA-MB-231 breast cancer cells (A) and SK-N-ER neuroblastoma cells (B) were incubated
for 24 hrs with Benznidazole (BZDZ) at different concentrations under normoxia (20% O2) or hypoxia (1%, 0.5%, 0.1%, or 0% O2). Relative survival fractions (mean § SD,
n D 3) were calculated with DMSO treatment at each pO2 as control. These experiments were independently confirmed more than 3 times.

Figure 5. Hypoxia-induced activation of Benznidazole correlates with HIF-1a stabilization. MDA-MB-231 breast cancer cells (A) and SK-N-ER neuroblastoma cells (C) were
incubated with Benznidazole (BZDZ, 500 mM) for 1, 2, 4, 6, or 8 hrs at 0% O2. As reference, MDA-MB-231 cells, for 8 hours at 20% O2 (A) and SK-N-ER cells were incubated
with BZDZ for 6 hours at 20% O2 (D), respectively. (A & C) Relative survival fractions (mean § SD, n D 3) were normalized to dimethyl sulfoxide (DMSO) treatment at 20%
O2. (B & D) Stabilization of HIF-1a protein was examined by Western blots with b-actin as the internal loading control. These experiments were independently confirmed
more than 3 times.
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general mechanisms of activation of hypoxia-activated cytotox-
ins and prodrugs.23

Hypoxia-activated benznidazole induces DNA double-
stranded breaks

To understand the mechanisms of Benznidazole-mediated
clonogenic inhibition under hypoxic conditions, we investi-
gated whether Benznidazole could induce apoptosis. Using
proteolytic cleavage of PARP1, a characteristic result of acti-
vation of cell death proteases including caspases,35 as a read-
out of apoptosis, we found that Benznidazole did not induce
proteolytic cleavage of PARP1 under either normoxia or
anoxia. However, PARP1 cleavage did occur in both MDA-
MB-231 and SK-N-ER cells in response to etoposide, a DNA-
damaging anticancer agent, suggesting that the PARP1 cleav-
age pathway is functional in these cells (lane 1, Fig. 6A & B).
Furthermore, Benznidazole-treated SK-N-ER cells, but not
MDA-MB-231 cells or DMSO-treated cells, exhibited PARP1
cleavage during reoxygenation (lanes 6–7, Fig. 6A & B), sug-
gesting that the PARP1 cleavage pathway is regulated by
both cell- and stress-dependent mechanisms. Nevertheless,
these observations suggest that the Benznidazole-induced clo-
nogenic inhibition of hypoxic tumor cells does not directly
involve acute apoptotic cell death. These results are also con-
sistent with a previous report showing that Benznidazole,
when used at up to 1 mM, does not induce significant apo-
ptosis of acute leukemia cells.31

The chemically active metabolic products of hypoxia-acti-
vated cytotoxic agents can potentially react with a wide range
of cellular macromolecules. As a hallmark of their cytotoxic-
ity, hypoxia-activated cytotoxins induce DNA damages and
double-stranded breaks.22,23 DNA double-stranded breaks
lead to the formation of punctate aggregates of the nuclear
protein 53BP1.36,37 Using the nuclear 53BP1 foci assay, we
found that, specifically under severe hypoxia, Benznidazole
significantly induced 53BP1 foci formation in both SK-N-ER
and MDA-MB-231 cells compared to DMSO-treated cells
(Fig. 7). In contrast, Benznidazole did not significantly
induce 53BP1 foci formation under normoxia. As a positive
control, etoposide induced 53BP1 foci formation in the
presence (normoxia) or absence of O2. These results suggest
that, consistent with other hypoxia-activated cytotoxins,

Benznidazole can produce cytotoxic intermediates upon bio-
reductive activation under hypoxia to induce DNA double-
stranded breaks or other genotoxic events.

Discussion

Benznidazole is perhaps best known now as a drug to treat
American Trypanosomiasis or the Chagas disease caused by
the protozoan parasite Trypanosoma cruzi.24,25 In 1980s, it was
also studied as an adjuvant to increase tumor cell sensitivity to
ionizing radiation or chemotherapeutic drugs including nitro-
ureas.26,27 However, clinical studies of Benznidazole as a che-
mosensitizer of CCNU, a nitrourea compound, failed to clearly
demonstrate beneficial effects.38,39 Perhaps, it is, at least in part,
due to a lack of clear understanding of its anti-cancer activities.
In light of our current findings, the anti-cancer potential of
Benznidazole could potentially be fully realized in patients with
hypoxic tumors.

In this study, we have used the clonogenic assay, a gold stan-
dard assay used in the field of radiation biology and stem cell
biology, to determine the ability of Benznidazole to eradicate
the clonogenic tumor cells. The clonogenic assay offers a more
robust assessment of the clonogenic survival and expansion of
tumor cells under very stringent conditions by seeding cells at
clonal density of 1–2 cells/mm2 or less.30 We have found that
the cytotoxic effects of Benznidazole are strongly potentiated
under severely hypoxic conditions. Benznidazole has the ability
to preferential kill clonogenic tumor cells under these hypoxic
conditions, while showing no significant inhibition of clono-
genic growth at or above 0.5% O2 at least at �500 mM. It is
worth noting that preclinical studies have shown the effective
concentrations of Benznidazole found in this study can be eas-
ily reached in vivo.40,41 Because clonogenicity in vitro often
strongly correlates with tumorigenicity in vivo and cancer stem
cell characteristics, our results suggest that Benznidazole can
significantly contribute to the overall tumor control by specifi-
cally targeting tumor-initiating or stem-like tumor cell located
in the hypoxic tumor microenvironment.

Similar to other hypoxia-activated cytotoxins, Benznida-
zole becomes activated upon biological reduction.22,23 Its
chemically active metabolites can react with many cellular
macromolecules and potentially affect multiple intracellular
pathways. We have found that Benznidazole does not appear

Figure 6. Benznidazole treatment does not induce PARP1 cleavage. MDA-MB-231 breast cancer cells (A) and SK-N-ER neuroblastoma cells (B) were incubated for 24 hours
with Benznidazole (abbreviated as B, 100 mM) or dimethyl sulfoxide (abbreviated as D) under aerobic (20% O2) and anoxic (0% O2) conditions, respectively. For the reoxy-
genation treatment, the hypoxia-treated cells were placed in the aerobic incubator for 24 hours. Etoposide (ETOP, 10 mM) was used as positive control. PARP1 cleavage
was examined by Western blot analysis with b-actin as the internal loading control. These results were confirmed by more than 3 independent experiments.
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to activate apoptosis based on PARP1 cleavage, which is also
consistent with the literature.31 Nevertheless, we could not
rule out the possibilities that Benznidazole could trigger
other forms or pathways of cell death, including mitotic
catastrophe and/or necrosis, either directly by itself or via its
reduced metabolites. As a hallmark of their cell-killing
effects, hypoxia-activated cytotoxins cause DNA double-
stranded breaks likely via free radicals generated by the one-
electron reduction, which can lead to cell death.22,23 Here,
we have found that Benznidazole can also induce DNA dou-
ble-stranded breaks specifically upon hypoxia-dependent
activation, as shown by the formation of 53BP1-positive
nuclear foci. Consistent with our findings, it has recently
been reported that Benznidazole can cause potentially lethal
double-stranded breaks in Trypanosoma cruzi DNA.42

Therefore, it is highly likely that Benznidazole-induced dou-
ble-stranded DNA breaks could be a leading cause of clono-
genic inhibition.

Tumor hypoxia poses a significant challenge to cancer
treatment because hypoxic tumor cells are highly aggressive
and resistant to all conventional therapies.15 Relapse-free
survival of cancer patients will inevitably hinge upon suc-
cessful elimination of tumorigenic or stem cell-like tumor
cells, especially those localized in the severely hypoxic
microenvironment. Discovery and development of a drug
that specifically target hypoxic tumor cells will undoubtedly
make a significant impact on cancer therapy. As our data
have demonstrated, Benznidazole is an excellent candidate
as a hypoxia-selective anticancer drug. Its clinical potential
could be fully realized in a combination therapy with either
standard chemotherapy or radiation therapy.

Materials and methods

Cell culture and hypoxia

MDA-MB-231 breast carcinoma cells, HCT116 colorectal car-
cinoma cells, C33A cervical carcinoma cells, and LN-18 glioma
cells were from American Type Culture Collection (ATCC).
KNS42 glioma cells were from RIKEN, Japan. SK-N-ER neuro-
blastoma cells were obtained from Dr. Nai-Kong V. Cheung of
Memorial Sloan-Kettering Cancer Center. For routine culture,
SK-N-ER cells were maintained in MEM and F12 (1:1). MDA-
MB-231 cells were grown in RPMI. HCT116, LN-18, and
KNS42 cells were cultured in DMEM. C33A cells were main-
tained in MEM. All cell culture media were supplemented with
10% fetal bovine serum and 20 mM HEPES. The hypoxia
experiments at 1%, 0.5%, or 0.1 % O2 were performed in
InVivo2 400 Hypoxia Workstation (Ruskinn Technology) and
those at 0% O2 were performed in Bactron Anaerobic Chamber
(Sheldon Manufactures, Inc.). Aerobic (20% O2) experiments
were carried out in a conventional CO2 incubator with ambient
air.

Drug treatment

N-Benzyl-2-nitro-1H-imidazole-1-acetamide (Benznidazole,
catalog #419656, Sigma-Aldrich) and etoposide (E1383, Sigma-
Aldrich) were dissolved in dimethyl sulfoxide (DMSO) and
diluted in culture media to final concentrations. Cells were
incubated at different drug concentrations under different pO2

conditions for up to 24 hrs. After the drug treatment, the
monolayer cultures were washed with phosphate-buffer saline
(PBS) and trypsinized to single cell suspension for the

Figure 7. Benznidazole induces DNA double-stranded breaks under hypoxia. MDA-MB-231 breast cancer cells (A) and cells SK-N-ER neuroblastoma (B) were incubated for
24 hours with Benznidazole (BZDZ, 100 mM), etoposide (ETOP, 1 mM) or dimethyl sulfoxide (DMSO) under aerobic (20% O2) and anoxic (0% O2) conditions, respectively.
The nuclear foci containing the tumor suppressor p53 binding protein 1 (53BP1) were examined by immunofluorescence using antibodies specifically against 53BP1. Cells
with more than 5 53BP1C foci were counted in 5 random fields (200x magnification) under microscope. Total number of cells counted per experimental group:>500 cells
for SK-N-ER and>200 cells for MDA-MB-231, except that total numbers of ETOP-treated cells counted were approximately 200 for each cell type.

CANCER BIOLOGY & THERAPY 1271



subsequent experiments. Cell viability was routinely examined
using Trypan Blue.

Clonogenicity assay

Tumor cells were plated in 6-well plates at a seeding density of
300 or 3,000 cells per well in complete culture media. Cells
were incubated in a conventional incubator with ambient air
for up to 14 days. The resultant tumor cell colonies were fixed
and stained with crystal violet. The colonies (�50 cells per col-
ony) were counted manually under a magnifying glass. Plates
with large number of colonies were examined using a digital
colony counter equipped with a VRmagic camera mounted on
Kaiser Copylizer eVision exe.cutive stand and ProtoCOL SR
software. Plating Efficiency (PE) D #colonies formed divided
by #seeded cells per well £ 100%. Surviving Fraction (SF) D PE
of drug-treated cells divided by PE of control cells.

Western blot

The monolayer cell culture was washed in ice-cold PBS and
lysed on ice in a lysis buffer containing 25 mM HEPES buffer
at pH 7.4, 1% Nonidet P-40, 150 mM NaCl, 2 mM EDTA, and
protease inhibitors (CompleteTM, Roche Diagnostics). After
centrifugation, the supernatants were collected as whole cell
lysates. Equal amounts of proteins were loaded per lane and
separated in a SDS-polyacrylamide gel under reducing condi-
tions. For Western blots, proteins were electrotransferred onto
nitrocellulose membranes and were probed with rabbit anti-
PARP-1 monoclonal antibody (46D11, 1:1000, Cell Signaling
Technology, Product Number 9532), rabbit anti-HIF-1a poly-
clonal antibody (1:1000, Cell Signaling Technology) or mouse
monoclonal anti-b-actin (1:20,000, Sigma-Aldrich), followed
by incubation with horseradish peroxidase (HRP)-conjugated
secondary IgG. Protein bands were visualized using ECL sub-
strates (ThermoFisher Scientific, #34080) and imaged on
Kodak X-OMAT 2000A.

Immunofluorescence

Cells were seeded in 48-well plates and incubated for 24 hours
before they were treated with Benznidazole or Etoposide for
another 24 hours. After treatment, cells were washed twice with
ice-cold PBS, fixed in a solution containing 2% paraformalde-
hyde and 1% sucrose for 15 minutes at room temperature, and
permeabilized with ice-cold methanol and acetic acid (1:1) for
20 minutes at ¡20�C. After being washed in PBS, the cells were
incubated in a blocking buffer (4% BSA with 0.2% Triton X100
in PBS) for 30 minutes. Incubation with rabbit polyclonal anti-
53BP1 antibody (1:200, Santa Cruz, sc22760) was carried out at
room temperature for 1 hour or at 4�C for overnight, followed
by incubation with Alexa 555–conjugated anti-rabbit IgG
(1:500; Invitrogen) for 1 hour at room temperature in the dark.
Nuclei were counterstained with DAPI (0.2 mg/mL, Sigma-
Aldrich). Immunofluorescence were examined and pictures
taken using the EVOS-FL fluorescence microscope (Thermo-
Fisher Scientific). Nuclei with >5 foci were counted. Fraction
of fociC cells D number of fociC cells divided by total number
of cells counted.

Statistics

Two group comparison were analyzed by 2-tailed, unpaired
Student t test. Significant difference was declared if p < 0.05.
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