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Abstract

We tested the hypotheses that hypoxic stimulation enhances growth potentials of canine lym-

phoma cells by activating hypoxia-inducible factor 1α (HIF-1α), and that the hypoxia-acti-

vated prodrug (TH-302) inhibits growth potentials in the cells. We investigated how hypoxic

culture affects the growth rate, chemoresistance, and invasiveness of canine lymphoma cells

and doxorubicin (DOX)-resistant lymphoma cells, and influences of TH-302 on survival rate

of the cells under hypoxic conditions. Our results demonstrated that hypoxic culture upregu-

lated the expression of HIF-1α and its target genes, including ATP-binding cassette trans-

porter B1 (ABCB1), ATP-binding cassette transporter G2 (ABCG2), platelet-derived growth

factor (PDGF), vascular endothelial growth factor (VEGF), and survivin, and enhanced the

growth rate, DOX resistance, and invasiveness of the cells. Additionally, TH-302 decreased

the survival rate of the cells under hypoxic condition. Our studies suggest that hypoxic stimu-

lation may advance the tumorigenicity of canine lymphoma cells, favoring malignant transfor-

mation. Therefore, the data presented may contribute to the development of TH-302-based

hypoxia-targeting therapies for canine lymphoma.

Introduction

Canine hematopoietic malignancies have been widely investigated and their pathological

mechanisms studied to develop therapeutic strategies for human patients, and lymphoma in

dogs may be useful as a model of human disease [1]. Lymphoma occurs in humans in two

main forms, Hodgkin and non-Hodgkin lymphoma (NHL). NHL is the most common lym-

phoma, originating from B or T cells [2]. Canine lymphomas and NHL are almost indistin-

guishable because of the striking similarities in their biology, pathology, gene expression
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patterns, and immunological features [1–3]. Both tumors also display similar therapeutic

responses and clinical courses. Although multidrug chemotherapy based on doxorubicin

(DOX) and DNA-alkylating agents is highly efficacious against these tumors, multidrug resis-

tance ultimately leads to treatment failure, resulting in poor outcomes [1–3]. Therefore, a

novel therapeutic approach is required to combat canine lymphoma and NHL.

Hypoxia-inducible factor 1α (HIF-1α) is a transcription factor that is activated in response

to oxygen deficiency, and HIF-1α expression is activated in several cancers under the intratu-

moral hypoxic stress that arises during pathogenic processes [4, 5]. HIF-1α is expressed at high

levels in canine lymphoma and NHL, whereas it is typically expressed at low or negligible levels

in normal tissues under normoxia [5–7]. HIF-1α activity leads to the upregulation of target

genes, which advance cancer progression, angiogenesis, cell survival, and cell invasion [4].

Currently, more than 70 putative HIF-1α target genes have been identified, including ATP-

binding cassette transporters B1 (ABCB1), ATP-binding cassette transporters G2 (ABCG2),

vascular endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), and survi-
vin [4, 8, 9]. Therefore, determining the relationship between HIF-1α activation and the sur-

vival potential of canine lymphoma cells under hypoxic conditions may provide insight into

tumorigenesis and provide medically valuable information for the treatment of both NHL and

canine lymphoma.

The 2-nitroimidazole moiety of the hypoxia-activated prodrug evofosfamide (TH-302) is

triggered by hypoxia to release the DNA-alkylating moiety dibromo isophosphoramide mus-

tard (Br-IPM) within the hypoxic regions of tumors [10–12]. TH-302 is thought to function as

a hypoxia-targeting drug in human cancer patients, including those with leukemia, pancreatic

cancer, or soft-tissue sarcoma [10–13]. Phase II clinical trials in which TH-302 was used to

treat patients with pancreatic cancer or soft-tissue sarcoma were deemed successful [10–12]. A

combination of TH-302 and DOX or gemcitabine has also been tested, and in a phase II trial

of this combination in patients with pancreatic cancer, progression-free survival (PFS) was sig-

nificantly longer when TH-302 was administered with gemcitabine than when gemcitabine

was administered alone [10]. However, whether TH-302 can be used to treat canine and

human lymphoma is unknown. Testing its effects in vitro may contribute to improvement of

the treatment.

In this study, our aim was to investigate how hypoxic culture influences growth rate, che-

moresistance, and invasiveness of canine lymphoma cells, and influences of TH-302 on sur-

vival rate of the cells under hypoxic conditions. We hypothesized that HIF-1α is activated in

the hypoxic environment formed during the proliferation of the cells, and that TH-302 induces

inhibitory activities for the cell survival.

Materials and methods

Cell lines and cultures

Canine lymphoma cells (CL-1 and GL-1) [14, 15], DOX-resistant lymphoma cells (CL-1DR

and GL-1DR) and mononuclear cells were used in this study. The CL-1DR and GL-1DR were

generated from the corresponding parental cells (CL-1 and GL-1) with a previously reported

procedure [16], the details of which are given in the S1 File and S1 Table. Mononuclear cells

were isolated from the fresh peripheral blood of a healthy 1-year-old, intact female beagle by a

specific gravity centrifugal method using LymphoPrep (Cosmo Bio, Tokyo, Japan). All cells

were cultured in RPMI 1640 (Gibco, Grand Island, NY, USA) supplemented with 10% heat-

inactivated fetal bovine serum (FBS; Cosmo Bio, Tokyo, Japan) and 1% L-glutamine (BioWhit-

taker, Walkersville, MD, USA) under various O2 concentrations (21%, 10%, 5%, or 1% O2)
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with 5% CO2 at 37˚C in a tri-gas incubator (HERAcell1 150i; Thermo Scientific, Waltham,

MA, USA).

Reagents

Cells were treated with various concentrations of DOX (Sigma, St Louis, MO, USA) or TH-

302 (Threshold Pharmaceuticals, South San Francisco, CA, USA) dissolved and diluted in

0.01% dimethyl sulfoxide.

Quantitative real-time reverse transcription polymerase chain reaction

(qRT-PCR)

After culture for 24 h under normoxic (21% O2) or hypoxic conditions (10%, 5%, and 1% O2),

the mRNA expression of HIF-1α, ABCB1, ABCG2, PDGF, VEGF, and survivin in the cells was

evaluated with qRT-PCR. After treatment with 50 μM TH-302 for 12 h during culture under

21% and 5% O2, the expression of HIF-1αwas evaluated. The details included in the S1 File, S2

Table and S1, S2, S3 and S4 Figs.

Western blotting

After the cells were cultured for 12 h under normoxia (21% O2) or hypoxia (5% or 1% O2) and

then treated for 12 h with 50 μM TH-302 under 21% or 5% O2, the total, nuclear and cyto-

plasmic proteins were extracted from them with the Nuclear/Cytosolic Fraction Kit (Cell Bio-

labs, San Diego, CA, USA). The details included in the S1 File and S5 Fig.

Cell viability assay

In a pilot study, cell viability was evaluated after culture under 21%, 10%, 5%, or 1% O2 for 0,

24, 48, 72, or 96 h, with the Cell Proliferation Kit I (Roche, Indianapolis, IN, USA), according

to the manufacturer’s instructions. The optical density (OD) of each well was measured at a

wavelength of 570 nm (OD570) using an iMark microplate spectrophotometer (Bio-Rad, Her-

cules, CA, USA). Cell viability was determined as (OD570 treated cells/OD570 untreated cells at

time 0) × 100. A long-term culture of cells under 5% O2 was then established based on the

pilot study data (S2 Fig). At 30 and 90 days after culture under 21% or 5% O2, cell viability was

evaluated as previously described.

Drug sensitivity testing

The DOX sensitivity of cells was evaluated after their long-term culture under hypoxic condi-

tions. After 30 or 90 days in culture under 21% or 5% O2, the cells were left untreated or

treated with four different concentrations of DOX (1, 10, 100, or 1000 nM). After treatment

for 0, 24, 48, or 72 h, cell viability was evaluated as previously described. TH-302 sensitivity

was evaluated after the cells were cultured under various O2 concentrations. After treatment

with various concentrations of TH-302 (0, 20, 40, 60, 80, or 100 μM) for 24 h under 21%, 10%,

5%, or 1% O2, the cell viability was evaluated as previously described.

Cell invasion assay

The cell invasive capacity was assessed with the CytoSelect 24-Well Cell Invasion Assay kit

(Cell Biolabs, San Diego, CA, USA), according to the manufacturer’s instructions. Briefly, after

90 days in culture under 21% or 5% O2, the cells were harvested, washed with phosphate-buff-

ered saline, and suspended in serum-free medium at 5 × 106 cells/mL. Medium (500 μL) con-

taining 10% FBS was added to the lower well of the invasion plate, and 300 μL of the cell

Hypoxia-activated prodrug induces apoptosis in canine lymphoma cells by downregulating HIF-1α

PLOS ONE | https://doi.org/10.1371/journal.pone.0177305 May 10, 2017 3 / 14

https://doi.org/10.1371/journal.pone.0177305


suspension was added to the inside of each insert. The plates were incubated at 37˚C in 5%

CO2 and 21% or 5% O2 for 48 h. The interiors of the inserts were gently swabbed to remove

noninvasive cells. The invasive cells on the lower surfaces of the filters were stained and

observed with light microscopy. The invasive cells were collected, and the percentage of cell

invasion was quantified with the Cell Proliferation Kit I, as described above.

Assessment of apoptosis

Apoptosis was evaluated with the Annexin V–Biotin Apoptosis Detection Kit (with streptavi-

din-FITC; Blue Heron Biotechnology, Bothell, WA, USA), according to the manufacturer’s

instructions. After treatment with 50 μM TH-302 for 24 h under 21% or 5% O2, the cells were

processed for annexin V staining. The percentage of apoptotic cells was quantified under a

fluorescence microscope (BioRevo BZ-9000; Keyence Corp., Osaka, Japan) and observed with

light microscopy after Wright–Giemsa staining.

Statistical analysis

Statistical analyses were performed with standard software (SPSS Inc., Chicago, IL USA). The

data were analyzed with Dunnett’s test or one-way analysis of variance followed by the Tukey

post hoc test. Quantitative values are expressed as the means ± standard deviations (SD) of

three separate experiments, and P values of less than 0.05 are considered significant.

Results

Hypoxia enhanced expression of nuclear HIF-1α and its target gene in

lymphoma cells

After the cells were cultured for 12 h under 5% or 1% O2, the expression of the nuclear protein

HIF-1α was upregulated in the CL-1, CL-1DR, GL-1, and GL-1DR. The relative intensities of

the immunoreactive bands were significantly greater than those of the controls (21% O2; Fig 1).

Fig 1. Total, nuclear and cytosolic localization of HIF-1α protein in lymphoma cells after hypoxic culture. After 12 h in culture under 21%, 5%, or

1% O2, total, nuclear and cytosolic HIF-1α protein was detected with a western blotting analysis. Immunoreactive bands were quantified and are

presented as relative intensities (%) normalized to those of β-actin. Each bar represents the mean ± SD of three separate experiments. **P < 0.01 vs

control (Dunnett’s test).

https://doi.org/10.1371/journal.pone.0177305.g001
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The expression of the HIF-1α, ABCB1, ABCG2, VEGF, PDGF, and survivin genes was signifi-

cantly higher in CL-1, GL-1, CL-1DR, and GL-1DR after culture for 24 h under 5% or 1% O2

than in the cells cultured under 10% O2 (S3 Fig). However, the expression of most genes did not

differ significantly between the cells cultured under 1% O2 and those cultured under 5% O2.

These data suggest that hypoxic culture increases HIF-1α protein expression in the nucleus, and

enhance expression of the target genes.

Hypoxia enhanced the growth rate, chemoresistance, and invasiveness

of lymphoma cells

After culture for 90 days under 5% O2, the viability of CL-1 and CL-1DR was significantly

higher than that of the controls (21% O2; Fig 2). After 30 or 90 days in culture under 5% O2,

the viability of GL-1 and GL-1DR was significantly higher than that of the controls (Fig 2).

After 30 or 90 days in culture under 5% O2, the sensitivity of CL-1 and CL-1DR to DOX was

significantly lower than that of the controls (21% O2; Fig 3). After 90 days in culture under 5%

O2, the sensitivity of GL-1 and GL-1DR to DOX was also significantly lower than that of the

controls (Fig 3). After 90 days in culture under 5% O2, the percentages of invasive CL-1, CL-

1DR, GL-1, and GL-1DR were significantly higher than those of the controls (21% O2; Fig 4).

These data suggest that long-term exposure to hypoxia induces cell transformation, and

enhances the growth rate, chemoresistance, and invasive capacity or migration of cells.

TH-302 decreased survival rate of lymphoma cells under hypoxia

After treatment with 50 μM TH-302 for 24 h under 5% or 1% O2, the viability of CL-1, CL-

1DR, GL-1, GL-1DR, CL-1HT (the hypoxia tolerance cells cultured under 5% O2 for 90 days),

and GL-1HT was significantly lower than that of the controls (21% O2; Fig 5). However, after

treatment with 50 μM TH-302 for 24 h under 10% O2, there were no significant differences in

the viability of any cells (Fig 5). After treatment with 50 μM TH-302 for 24 h under 5% O2, the

percentages of apoptotic cells, including CL-1, CL-1DR, GL-1, GL-1DR, CL-1HT, and GL-

1HT, were significantly higher than those of the vehicle-treated cells, and nuclear fragmenta-

tion and sequential decay were observed in these cells after Wright–Giemsa staining (Fig 6).

After treatment with 50 μM TH-302 for 24 h under 21% O2, the percentages of apoptotic cells

in all the cell types were not significantly different from those of the vehicle-treated cells, and

there were negligible morphological abnormalities among the cells (Fig 6). These data demon-

strate that the growth inhibitory effects of TH-302 are triggered by hypoxic conditions (�5%

O2). After treatment with TH-302 for 24 h under 21% O2, there were negligible morphological

abnormalities in the mononuclear cells, and the percentage of apoptotic cells did not differ sig-

nificantly from that in the vehicle-treated control cells (Fig 6). These data suggest that TH-302

decreases the survival rate of canine lymphoma cells under hypoxia, however exerts few

adverse effects on lymphocytes and monocytes in normally oxygenated blood.

After the cells were treated with 50 μM TH-302 for 12 h under 5% O2, HIF-1α gene expres-

sion in the CL-1, CL-1DR, GL-1, GL-1DR. CL-1HT, and GL-1HT under 5% O2 were signifi-

cantly lower than those from the vehicle-treated cells (S4 Fig). Additionally, the nuclear and

cytosolic levels of HIF-1α protein in the TH-302-treated cells were downregulated, and the rel-

ative intensities of the immunoreactive bands on western blots were significantly lower than

those from the vehicle-treated cells (S5 Fig).

Discussion

Our results demonstrated that hypoxic culture upregulated expression of HIF-1α and its target

genes, including ABCB1, ABCG2, PDGF, VEGF, and survivin, in canine lymphoma cells, and
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enhanced growth rate, chemoresistance and invasive capacity. Angiogenesis and resistance to

apoptosis are required to confer a survival advantage on cancer cells, and the overexpression

of PDGF, VEGF and survivin promotes cell proliferation, cell migration and apoptotic resis-

tance [17–19]. Several research groups have reported that elevated HIF-1α levels have been

linked to poor prognoses in human diffuse large-B-cell lymphoma [20, 21]. Other groups

suggested that the expression patterns of PDGF, VEGF and survivin in canine lymphoma

Fig 2. Viability of lymphoma cells after hypoxic culture. Cell viability was evaluated after 30 or 90 days in hypoxic culture (5% O2). Relative cell

viability is presented as a percentage (%) of the control value. Each bar represents a mean ± SD. *P < 0.05; NS, not significant vs control (post hoc

test).

https://doi.org/10.1371/journal.pone.0177305.g002
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correlate with clinical stage and histological grade [19, 22, 23]. Hypoxic stimulation effectively

may improve growth potential and invasiveness of canine lymphoma cells in response to upre-

gulation of PDGF, VEGF and survivin expression. High-grade lymphomas in dogs and humans

are commonly accompanied by high levels of serum lactate dehydrogenase and thymidine

kinase, implying that cell proliferation is accelerated by oxygen deficiency [24, 25]. Our data

Fig 3. Sensitivity of lymphoma cells to doxorubicin (DOX) after hypoxic culture. DOX sensitivity was evaluated in lymphoma cells after 30 and 90

days in hypoxic culture (5% O2). Relative cell viability is shown as a percentage (%) of the control value, and each bar represents a mean ± SD. *P < 0.05;

NS, not significant vs control (Dunnett’s test).

https://doi.org/10.1371/journal.pone.0177305.g003
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showed that long-term culture under 5% O2 promoted the growth of canine lymphoma cells,

whereas exposure to 1% O2 inhibited their growth. Severe hypoxia (�1% O2) may induce cyto-

toxicity or apoptosis on lymphomas [26]. Conversely, if a mildly hypoxic or microaerobic envi-

ronment is required for tumor development, therapies that target mild hypoxia may be useful

for treating lymphomas.

It has generally been thought that lymphomas in humans and dogs acquire multidrug resis-

tance from the continuous activation of drug transporters, such as ABCB1 and ABCG2, after

long-term exposure to anticancer drugs, inducing chemical tolerance in the patient [3, 27].

Interestingly, we have shown here that mild hypoxic stimulation also reduced the sensitivity to

DOX of DOX-resistant lymphoma cells generated with conventional methods. This evidence

reinforces the novel hypothesis that HIF-1α plays a major role in the chemoresistance mecha-

nism or promotes the activation of drug transporters in lymphoma cells [28]. Therefore, the

inhibition of HIF-1α may abolish chemoresistance and restore the effects of anticancer drugs.

Our results demonstrated that TH-302 significantly decreased survival rate of canine lym-

phoma cells under hypoxic conditions (�5% O2), and downregulated HIF-1α gene and pro-

tein. However, it has not been recognized until now how TH-302 downregulates HIF-1α
expression [29]. The total amount of Br-IPM released as a DNA-alkylating moiety is deter-

mined by the oxygen concentration [12]. One research group reported that TH-302 showed

cytotoxic effects in multiple myeloma cells at oxygen concentrations of<1.5% O2 or at<10

mmHg partial O2 pressure [29]. Canine lymphoma and NHL are generally highly sensitive to

Fig 4. Invasive capacity of lymphoma cells after hypoxic culture. After 90 days in hypoxic culture (5% O2), the percentages of invasive cells were

evaluated. Data are presented as percentages (%) of the control values, and each bar represents the mean ± SD of three separate experiments. **P < 0.01

vs control (Dunnett’s test).

https://doi.org/10.1371/journal.pone.0177305.g004
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DNA-alkylating agents [30, 31]. Therefore, even small amounts of Br-IPM released under

mildly hypoxic conditions may damage the cells by DNA alkylation. Some lymphoma cells can

utilize the aerobic glycolytic system to obtain a growth advantage [32]. At or near the growth-

plateau phase of these cells, intracellular oxygen levels are thought to be reduced by the imbal-

ance in oxygen consumption and supply [33]. This suggests that the effects of TH-302 may be

accelerated during rapid cell growth.

Our results demonstrate that TH-302 exerts few adverse effects on canine lymphocytes and

monocytes under normoxia. In a phase I study of the use of TH-302, the most common

adverse events were nausea, skin rash, and fatigue, whereas hematological toxicity was mild

and limited [13, 34, 35]. A combination of TH-302 and conventional drugs is expected to

enhance the antitumor effects without marked adverse events [35, 36]. When TH-302 was

used in combination with DOX, it displayed a median overall survival time of 6 months and a

median PFS of 21.5 months in patients with advanced soft-tissue sarcoma, with no evidence of

severe toxicity and a clinical benefit rate of 84% (complete response 2%, partial response 34%,

stable disease 48%, and disease progression 16%) [10, 36]. Multidrug therapy is commonly use-

ful for lymphoma in humans and dogs, and a treatment protocol including TH-302 may

improve their clinical outcomes.

Fig 5. Sensitivity of lymphoma cells to TH-302 after hypoxic culture. Cell viability was determined after treatment with various concentrations of

TH-302 for 24 h during culture under 21%, 10%, 5%, or 1% O2. Relative cell viability is presented as a percentage (%) of the control value. Each bar

represents a mean ± SD. *P < 0.05; NS, not significant vs control (Dunnett’s test).

https://doi.org/10.1371/journal.pone.0177305.g005
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Our findings showed that hypoxic culture upregulated the expression of HIF-1α and its tar-

get genes in canine lymphoma cells, and enhanced their growth rate, DOX resistance, and

invasiveness. However, TH-302 decreased survival rate of the cells under hypoxic conditions.

Our study suggests that hypoxic stimulation enhances the tumorigenicity of canine lymphoma,

favoring malignant transformation. These data presented here may contribute to the basic

assessment of TH-302-based hypoxia-targeting therapies for lymphomas. Further translational

research is required to evaluate the safety of TH-302 and to determine whether its combination

with conventional anticancer drugs enhances its effects.

Supporting information

S1 Fig. Relative expression of the candidate internal reference genes. The mRNA expres-

sion, including β-actin (ACTB), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), hypo-

xanthine phosphoribosyltransferase 1 (HPRT), ribosomal protein L13a (RPL13A), and TATA

box-binding protein (TBP) were analyzed with qRT-PCR for selection of adequate internal ref-

erence gene. After 24 h in hypoxic culture (10%, 5% and 1% O2), the expression levels of these

Fig 6. Apoptosis in lymphoma cells after treatment with TH-302. After treatment with 50 μM TH-302 for 24 h during culture under 5% O2, apoptotic cells

were evaluated with fluorescent annexin V staining (400×magnification). Light microscope images were obtained after Wright–Giemsa staining (1000×
magnification). The percentage of apoptotic cells was quantified with a fluorescent image analyzer, and the data are presented as percentages (%) of the

control values. Each bar represents the mean ± SD of three separate experiments. **P < 0.01 (Dunnett’s test).

https://doi.org/10.1371/journal.pone.0177305.g006
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five genes in the CL-1 and GL-1 was quantified with the geNorm software (version 3.5). All

expression was normalized to that of the control samples (21% O2), and each bar represents a

mean ± SD. �P< 0.05 and ��P< 0.01 (Dunnett’s test).

(TIF)

S2 Fig. The viability of CL-1 and GL-1 cells after 0, 24, 48, 72, or 96 h in culture under 21%,

10%, 5%, and 1% O2. Relative cell viability is presented as a percentage (%) of the control

value, and each bar represents a mean ± SD. ��P< 0.01 vs the control cultured under 21% O2

(post hoc test). When cultured for 96 h under 1% O2, cell viability was significantly lower than

that of the control cells (21% O2), whereas cell viability did not differ significantly under mildly

hypoxic conditions (10% or 5% O2).

(TIF)

S3 Fig. Relative mRNA expression in lymphoma cells after hypoxic culture. After 24 h in

hypoxic culture (10%, 5%, or 1% O2), the mRNA expression of hypoxia-inducible factor 1α
(HIF-1α), ATP-binding cassette transporter B1 (ABCB1), ATP-binding cassette transporter G2

(ABCG2), endothelial growth factor (VEGF), platelet-derived growth factor (PDGF), and survi-
vin was analyzed with qRT-PCR. All expression was normalized to that of the control samples

(21% O2), and each bar represents a mean ± SD. �P< 0.05 and ��P< 0.01 (Dunnett’s test).

(TIF)

S4 Fig. Relative mRNA expression of HIF-1α in lymphoma cells after treatment with vehi-

cle and TH-302. After treatment with 50 μM TH-302 for 12 h during culture under 5% O2, the

mRNA expression was analyzed with qRT-PCR. All expression was normalized to that of the

control samples (21% O2), and each bar represents a mean ± SD. �P< 0.05 and ��P< 0.01

(Dunnett’s test).

(TIF)

S5 Fig. Nuclear and cytosolic localization of HIF-1α protein in lymphoma cells after treat-

ment with TH-302. After treatment with 50 μM TH-302 for 12 h during culture under 5% O2,

the nuclear and cytosolic localization of HIF-1α was detected with western blotting. Immuno-

reactive band intensities are presented as percentages (%) of the control values. Each bar repre-

sents the mean ± SD of three separate experiments. ��P< 0.01 vs control (Dunnett’s test).

(TIF)
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