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Hypoxia inducible factor 1α expression and effects of its inhibitors in canine 
lymphoma
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ABSTRACT. Hypoxic conditions in various cancers are believed to relate with their malignancy, and hypoxia inducible factor-1α (HIF-1α) 
has been shown to be a major regulator of the response to low oxygen. In this study, we examined HIF-1α expression in canine lymphoma 
using cell lines and clinical samples and found that these cells expressed HIF-1α. Moreover, the HIF-1α inhibitors, echinomycin, YC-1 and 
2-methoxyestradiol, suppressed the proliferation of canine lymphoma cell lines. In a xenograft model using NOD/scid mice, echinomycin 
treatment resulted in a dose-dependent regression of the tumor. Our results suggest that HIF-1α contributes to the proliferation and/or 
survival of canine lymphoma cells. Therefore, HIF-1α inhibitors may be potential agents to treat canine lymphoma.
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Hypoxia inducible factor (HIF) is a transcription factor 
that induces the expression of various genes to resist tissue 
hypoxia. HIF forms heterodimers, which consist of an alpha 
and beta subunit. There are three HIF alpha subunits (1α, 2α 
and 3α) and a single beta subunit (1β) [26]. The HIF-1 (1α 
and 1β) and HIF-2 (2α and 1β) proteins are constitutively 
expressed; however, under normoxic conditions, a specific 
proline residue in the HIF alpha subunit is hydroxylated by 
prolylhydroxylase 2 (PHD2). This allows the von Hippel-
Lindau (VHL) protein to recognize it and recruit ubiquitin 
ligase [3, 11]. As a result, the HIF-1α and −2α proteins are 
degraded under well-oxygenated conditions. This degrada-
tion does not occur under hypoxic conditions, because 
PHD2 requires oxygen to combine the hydroxyl group to the 
HIF α subunit. Undegraded, the HIF-1α and −2α proteins 
are able to migrate to the nucleus and act as transcription 
factors via heterodimerization with HIF-1β [10], resulting in 
the expression of several genes, such as vascular endothelial 
growth factor (VEGF), glucose transporter-1 (GLUT1) and 
pyruvate dehydrogenase isozyme 1 (PDK1), which relates 

with angiogenesis and metabolism [6, 7].
Cancer tissue has hypoxic regions that express the HIF-1 

protein, which causes resistance to chemotherapy, angiogen-
esis, increasing metastasis and maintenance of cancer stem 
cells [8, 12, 14]. Human hematopoietic malignancies, such 
as leukemia and lymphoma, also express high levels of HIF-
1, the expression of which is considered a poor prognostic 
factor [2, 4, 33]. Recently, Wang et al. [32] reported that 
treatment with an HIF-1α inhibitor resulted in tumor regres-
sion in murine lymphoma, which is caused by an abrogation 
of the epilepsy, progressive myoclonus type 2A (Epm2a) 
gene, and also showed that HIF-1α knockdown with small 
hairpin RNA (shRNA) resulted in the growth suppression of 
lymphoma cells isolated from the transgenic mice.

Lymphoma is the most common hematopoietic malig-
nancy in dogs. Generally, lymphoma patients are treated 
with multidrug chemotherapies. The remission rate and du-
ration have been reported as 80% and more than 9 months, 
respectively [5, 13]. However, almost all lymphoma patients 
experience a recurrence and develop drug resistance. There-
fore, a novel treatment is strongly desired.

Here, we examined whether HIF-1α contributes to tu-
morigenesis and/or the survival of canine lymphoma, and 
investigated whether HIF-1α inhibitors could suppress the 
proliferation of canine lymphoma cells in vitro and in vivo.

MATERIALS AND METHODS

Cells: Seven canine lymphoma cell lines; the CLBL-1 
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[24], GL-1 [20] and 17–71 [23] B cell lines; the CL-1 [19], 
CLC [29], CLGL90 [28] and Nody-1 [29] T cell lines; and 
a Raji human lymphoma cell line were used. CLBL-1, GL-
1, CL-1, CLC, Nody-1 and Raji cell lines were cultured in 
RPMI1640 medium, and CLGL90 and 17–71 cell lines were 
cultured in Dulbecco’s Modified Eagle medium, which were 
supplemented 10% fetal bovine serum, penicillin (100  U/
ml), streptomycin (100 µg/ml) and 2-mercaptoethanol 
(55 µM). Cells were incubated at 37°C in a humidified incu-
bator containing 21% O2 and 5% CO2.

Peripheral blood mononuclear cells (PBMCs), which 
served as a control, were collected from healthy beagle dogs 
using Lymphoprep (Axis-Shield PoC AS, Oslo, Norway). 
Briefly, heparinized whole blood was centrifuged, and the 
buffy coat was suspended in PBS. The diluted cells were 
gently overlaid on Lymphoprep and then centrifuged at 800 
× g for 30 min. The PBMCs layer was collected and diluted 
with PBS. The isolated PBMCs were overlaid on whipped 
fetal bovine serum in order to remove the contaminating 
platelets. After a centrifugation at 1,000 × g for 10 min, the 
purified PBMCs were obtained as the cell pellet and were 
washed with PBS.

Healthy dog tissue samples and clinical samples: Tissues 
were obtained from a healthy beagle, which was euthanized 
by anesthesia. Clinical canine lymphoma samples were col-
lected from patients at the Yamaguchi University Animal 
Medical Center with a written informed consent from dog 
owners. Lymphoma cells were collected from swelled lymph 
nodes by fine needle aspiration using a 21–23 gauge needle 
and 5 ml disposable syringe. In patient 5, which was used for 
immunoblotting, lymphoma cells also existed in the periph-
eral blood; thus, blood was collected by the routine blood 
collection method.

Reagents: Echinomycin (Calbiochem, San Diego, CA, 
U.S.A.), YC-1 (Cayman Chemicals, Ann Arbor, MI, U.S.A.) 
and 2-methoxyestradiol (Merck Millipore, Billerica, MA, 
U.S.A.) were dissolved in dimethyl sulfoxide (DMSO, 
Sigma-Aldrich, St. Louis, MO, U.S.A.) and stored at −20°C 
until use.

Quantitative real-time PCR: Total RNA was isolated from 
each cell line, PBMCs, canine normal tissues and clinical 
samples (patients 1–4) using the ISOGEN II (Nippon Gene, 
Tokyo, Japan) and resolved with nuclease free water. One 
µg of total RNA was treated with DNase I using a Turbo 
DNA-free kit (Applied Biosystems, Carlsbad, CA, U.S.A.) 
and transcribed into cDNA with Superscript III (Invitrogen 
Life Technologies, Carlsbad, CA, U.S.A.) according to the 
manufacturer’s instructions. The single-stranded cDNA was 
subjected to real-time PCR amplification with a QuantiTect 
SYBR Green PCR kit (Qiagen, Valencia, CA, U.S.A.) accord-
ing to the manufacturer’s protocol. Real-time PCR was per-
formed with StepOne PCR system (Perkin-Elmer, Waltham, 
MA, U.S.A.). The data were analyzed using StepOne 
software v.2.2.2. The following primers were used: canine 
HIF-1α forward 5′-TGACGGTTCACTTTTTCAAGC-3′ 
and reverse 5′-TTGCTCCATTCCATTCTGTTC-3′; canine 
GLUT forward 5′-ACTGCCCTGGATGTCGTATC-3′ and 
reverse 5′-GGACCCTGGCTGAAGAGTTC-3′; and RPL32 

forward 5′-TGGTTACAGGAGCAACAAGAAA-3′ and 
reverse 5′-GCACATCAGCAGCACTTCA-3′.

The relative expression levels of HIF-1α, GLUT1 and 
PDK1 were calculated as ΔCt from the difference between 
expression of the internal control, RPL32 [21], and 2-ΔCt were 
calculated to represent the expression levels of each gene. 
Mean cycle threshold (Ct) value less than 35 was included in 
this study. After the PCR, all products were analyzed by the 
melting curves confirming no other genes were amplified.

Immunoblotting: Cultured cells, clinical samples (case 
1–5) and PBMCs were washed twice with ice cold PBS. Tis-
sue samples were homogenized in liquid nitrogen before cell 
lysis. Samples were lysed with a lysis buffer [50 mM Tris-
HCl (pH 8.0), 150 mM NaCl, 1% NP-40, 1% sodium lauryl 
sulfate, protease inhibitor cocktail (Nacalai Tesque, Kyoto, 
Japan), 1 mM Na3VO4 and 50 mM NaF] and then sonicated 
for 15 min (30 cycles of 10 sec on/20 sec off). Then, lysates 
were boiled at 100°C by heat block for 5 min. The cell sus-
pension was centrifuged at 15,000 × g at 4°C for 15 min, 
and the supernatant was transferred into a new tube as the 
whole cell lysate. The amount of protein in the cell lysate 
was measured with a Micro BCA™ Protein Assay Reagent 
Kit (Thermo Fischer Scientific, Waltham, MA, U.S.A.).

The lysate was subjected to SDS-PAGE on a poly-
acrylamide gel containing 5.5‒13.2% acrylamide. After 
SDS-PAGE, the proteins were transferred to Immobilon® 
Membranes (Merck Millipore). The membrane was blocked 
with a blocking buffer (TBS-T; Tris-buffered saline with 
0.05% Tween 20 and 5% skimmed milk or 5% bovine serum 
albumin) for 1 hr at room temperature and then incubated 
with a primary antibody overnight at 4°C. Rabbit polyclonal 
anti-HIF-1α (NB100-449) was purchased from Novus Bio-
logicals (Littleton, CO, U.S.A.) and used at a 1:500 dilution 
[22]. Mouse monoclonal antibody for β-actin (AC-15) was 
purchased from Santa Cruz Biotechnology (Dallas, TX, 
U.S.A.) and used at a 1:2,000 dilution. Rabbit polyclonal 
anti-Lamin B1 was purchased from Abcam (Cambridge, 
U.K.) and used at a 1:1,000 dilution. The membranes were 
washed twice in TBS-T and then incubated with a secondary 
antibody for 1 hr at room temperature. An antibody for horse-
radish peroxidase-conjugated mouse IgG (1:4,000 dilution) 
and rabbit IgG (1:4,000 dilution) were from Thermo Fischer 
Scientific. Then, the chemiluminescence was detected by 
using Western Lightning® Plus-ECL (Perkin-Elmer) and 
LAS-3000 mini (FUJIFILM, Tokyo, Japan).

Cytotoxicity assay: Canine lymphoma cell lines were 
treated with echinomycin, YC-1 or 2-methoxyestradiol 
at various concentrations in 96-well plates. After 48-hr 
incubation at 37°C, 10 µl 5 mg/ml 3-(4,5-di-methylthiazol-
2yl)-2,5-diphenyltetrazolium bromide (MTT) was added. 
After further 4 hr incubation, 100 µl MTT-lysis buffer [20% 
SDS and 40% N,N-dimethylformamide (Nacalai Tesque)] 
was added. After 1 hr, the absorbance was measured at 
570  nm. Each experiment was performed in triplicate and 
independently repeated 3 times. The concentration of each 
drug that inhibited the cell growth by 50% (IC50) was calcu-
lated from the drug survival curves.

Flow cytometry: The CLBL-1 cells were treated with 
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echinomycin or DMSO as the negative control, for 12 hr. 
Apoptosis was detected using the MEBCYTO® Apoptosis 
Kit (MBL, Nagoya, Japan) according to manufacturer’s 
protocol. The fluorescence intensity of 10,000 cells was 
measured with BD AccuriTM C6 Flowcytometer (BD Bio-
science, San Jose, CA, U.S.A.). Data were analyzed using 
the FlowJoX v10 software (FLOWJO, LLC, Ashland, OR, 
U.S.A.).

Xenograft models: NOD/scid mice (CLEA Japan, Tokyo, 
Japan) were maintained under pathogen-free conditions, and 
studies were conducted in accordance with the Yamaguchi 
University Animal Care and Use Committee (approval num-
ber 220). CLBL-1 cells (5 × 106 cells in 50 µl PBS) were 
implanted subcutaneously into the right hind limb of 7- to 
8-week-old female mice under general anesthesia. When the 
tumor volume reached 100 mm3, as calculated from tumor 
width and length, echinomycin or DMSO was injected 
intraperitoneally every other day 5 times. Tumor size was 
measured every other day. When the tumor size exceeded 
4,500 mm3, the mouse was euthanized with diethyl ether 
anesthesia. Statistical analysis was performed using the 
Student’s t-test. A P value <0.05 was considered statistically 
significant.

RESULTS

Canine HIF-1α gene and protein expressed in canine lym-
phoma cell lines under normoxic conditions: At first, we ex-
amined gene expression levels of canine HIF-1α (cHIF-1α) 
using normal tissue samples obtained from a healthy beagle 
dog and seven canine lymphoma cell lines incubated under 
normoxic conditions (21% O2), by real-time PCR. Although 
the expression levels varied in the tissues, the cHIF-1α gene 
was expressed in all canine tissues (Fig. 1A, black bars). 
On the other hand, one of the representative target genes of 
HIF-1α, GLUT1, was expressed without correlation to the 
expression pattern to HIF-1α (Fig. 1A, white bars). In con-
trast, all canine lymphoma cell lines expressed the cHIF-1α 
gene, and the expression levels of cHIF-1α were similar to 
those of the GLUT1 gene (Fig. 1B).

Next, we performed the immunoblotting for cHIF-1α to 
compare protein expression levels. While it has been re-
ported that the adrenal, kidney, pancreas, spleen and tonsil 
tissues weakly express HIF-1α protein in human normal 
tissue samples [37], only brain tissue expressed cHIF-1α in 
dogs (Fig. 1C). On the other hand, all canine lymphoma cell 
lines demonstrated cHIF-1α expression (Fig. 1D).

Canine lymphoma cells obtained from clinical cases also 
express cHIF-1α: To examine whether the protein expression 

Fig. 1.	 cHIF-1α mRNA and protein expression in canine normal tissues and lymphoma cell lines. (A 
and B) The cHIF-1α mRNA expression levels in healthy dog tissues (A) and canine lymphoma cell 
lines (B) were examined by real-time PCR. Expression levels of cHIF-1α and GLUT1 were calculated 
as ΔCt in comparison to the reference gene, RPL32. The 2-ΔCt values represent relative expression 
levels. (C and D) The cHIF-1α protein expression levels in healthy dog tissues (C) and the canine 
lymphoma cell lines (D) were examined by western blotting.
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of cHIF-1α is limited to the cell lines, we next investigated 
whether clinical samples obtained from canine lymphoma 
cases express the cHIF-1α gene and protein using real-time 
PCR and immunoblotting, respectively. The gene expres-
sion level was at a similar level in PBMCs isolated from 
the healthy dog (Fig. 2A). However, all tested lymphoma 
samples expressed the cHIF-1α protein (Fig. 2B). Therefore, 
the mRNA and cHIF-1α protein were expressed not only in 
the cell lines, but also in the primary cells obtained from the 
clinical cases.

HIF-1α inhibitors showed a cytotoxic effect to canine 
lymphoma cell lines: To examine the effects of HIF-1α in-
hibition on canine lymphoma cells, the lymphoma cell lines 
were incubated with a HIF-1α inhibitor, echinomycin, and 
we performed the MTT assay to evaluate the proliferating 
capacity. Echinomycin treatment resulted in the inhibition 
of cell proliferation on all the lymphoma cell lines in a dose 
dependent manner (Fig. 3A). Notably, CL-1, CLBL-1, GL-1 
and 17–71 cells, in which the IC50 were 0.80 nM, 0.54 nM, 
0.88 nM and 0.52 nM, respectively, showed high sensitivity 
to echinomycin (Fig. 3B). When the Annexin V staining us-
ing a FACS analysis was performed, the Annexin V positive 
cells were 25.6% in the DMSO control and 45.4% in the 
echinomycin treated cells, respectively (Fig. 3C). Therefore, 
it is considered that this effect results from apoptosis. To 
confirm the inhibitory effect of echinomycin against HIF-1α, 
the expression of the downstream target genes, GLUT1 and 
PKD1, was examined by quantitative real-time PCR using 
the CLBL-1 and 17–71 cells, which showed lower IC50 to 
echinomycin than those of the others. As depicted in Fig. 3D, 
CLBL-1 and 17–71 cells incubated with 2 nM echinomycin 
for 12 to 24 hr exhibited suppressed GLUT1 and PDK1 gene 
expression.

Other HIF-1α inhibitors, YC-1 and 2-methoxyestradiol, 
also inhibited lymphoma-cell proliferation; however, the 
sensitivity of this inhibition evaluated from the IC50 varied 

from the results of echinomycin treatment cells (Fig. 4). For 
example, 17–71 cells showed the lowest IC50 against echi-
nomycin, but cell lines showing the lowest IC50 to YC-1 and 
2-methoxyestradiol were CLBL-1 and CLC, respectively.

Engrafted lymphoma was regressed by echinomycin: 
Finally, we tested the effect of echinomycin in the mouse 
xenograft model using NOD/ShiJic-scidJcl mice, which lack 
not only functional B and T lymphocytes, but also have a 
lower activity of NK cells, complements and macrophages. 
The tumor volume reached 100 mm3 by days 8‒10 after the 
CLBL-1 cell line was inoculated. Compared to the DMSO 
control treatment, the echinomycin treatment did not affect 
the tumor at a dosage of 10 µg/kg for a total of 5 times. When 
the dosage was increased to 20 µg/kg 5 times every other 
day, the tumor volume of the xenografted canine lymphoma 
significantly decreased. Especially, five treatments of 40 µg/
kg echinomycin resulted in complete tumor regression, after 
which the tumor was macroscopically undetectable (Fig. 5).

DISCUSSION

In human medicine, reports that mention the importance 
of angiogenesis and metabolic changes in cancer metastasis 
or proliferation have increased [1, 15, 37]. Hypoxia is one 
of the most significant factors that promote angiogenesis 
or metabolic changes, and HIF-1 is a major regulator in the 
presence of low O2 levels [25]. However, there are few re-
ports exploring the relationship between cancers and HIF in 
the veterinary field [17, 18, 22].

Canine lymphoma has a high recurrence rate, and thus, 
new treatments against this disease are desired. In this study, 
we showed that HIF-1α is expressed in the canine lymphoma 
cells, both in cell lines and clinical samples, and that its inhi-
bition leads to suppression of cell proliferation both in vitro 
and in vivo.

The quantitative real-time PCR showed that the HIF-1α 

Fig. 2.	 Analysis of the cHIF-1α expression levels in clinical samples from canine lymphoma patients. 
(A) mRNA expression levels in canine lymphoma. The samples were obtained by fine needle aspira-
tion from the affected lymph nodes. Expression levels of cHIF-1α and GLUT1 were calculated as ΔCt 
in comparison to the reference gene, RPL32. The 2-ΔCt values represent relative expression levels.  
(B) The cHIF-1α protein levels in canine lymphoma. In patient 5, the cancer cells were in multiple 
lymph nodes (LN) and the peripheral blood (PB). Normal PBMC, PBMCs obtained from a healthy 
beagle.
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gene was expressed at a various levels in normal canine tis-
sues, whereas the expression of HIF-1α in canine lymphoma 
cell lines was at similar levels (Fig. 1). However, HIF-1α 
is regulated by protein degradation, but not gene expression 
[26]; therefore, the analysis of protein levels is more im-
portant. Interestingly, all seven canine lymphoma cell lines 
included in this study expressed the HIF-1α protein at the 
21% normoxic condition. These results suggest that canine 
lymphoma cells can use the HIF-1α protein, which induces 
tumor proliferation, survival and an anti-apoptotic effect like 
human cancer cells [31], even under normal oxygen concen-
trations through oxygen independent pathways. Previous 
studies using murine lymphoma models also supported our 
idea. In murine lymphoma, treatment with an HIF-1α inhibi-
tor and HIF-1α knockdown resulted in the suppression of 
lymphoma cell proliferation in vitro and in vivo [32]. Fur-
thermore, lymphocytes from HIF-1α transgenic mice exhib-
ited prolonged survival duration and formed lymphoma [27].

As demonstrated in Fig. 2, all canine lymphoma clinical 
samples expressed HIF-1α, similar to the cell lines. The 
cHIF-1α expression data support the idea that HIF-1α has 

a role in cancer cell proliferation and/or survival in canine 
lymphoma. However, it is still unclear how canine HIF-1α is 
stabilized in canine lymphoma cells. In human cells, phos-
phorylation of the mammalian target of rapamycin (mTOR) 
and/or the p70 S6 kinase (S6K1) contributes to the oxygen 
independent stabilization of HIF-1 [9, 34]. Although we 
analyzed the phosphorylation of these 2 pathways and Akt 
by immunoblotting, the HIF-1α expression levels seem to be 
unrelated (data not shown).

The known drugs that have an inhibitory potential of 
HIF-1α are highly diverse, and there is no specific HIF-1α 
inhibitor [35]. Therefore, we used three HIF-1α inhibitors, 
echinomycin, YC-1 and 2-methoxyestradiol. These inhibi-
tors have different mechanisms by which they inhibit HIF-
1α transcriptional activity. It is reported that echinomycin 
binds to the hypoxia responsible element (HRE) on DNA 
[30] instead of HIF-1; moreover, YC-1 inhibits HIF-1 pro-
tein accumulation and promotes its degradation [36], and 
2-methoxyestradiol inhibits HIF-1α translation and translo-
cation into nucleus [16]. Here, we showed that these agents 
inhibited the proliferation of canine lymphoma cell lines in a 

Fig. 3.	 The effect of echinomycin on canine lymphoma cell lines. (A) The proliferation rate of canine lymphoma cell lines in 
the absence or presence of echinomycin. Cell lines were incubated with each concentration of echinomycin for 48 hr at 37°C 
and subjected to MTT assay. The experiment was performed in triplicate, and data are the mean ± standard deviation (SD) of 
three independent experiments. (B) The echinomycin IC50 were calculated from (A). (C) The apoptosis rate in the presence of 
DMSO control or 2 nM echinomycin in CLBL-1 cell line. Cells were incubated with agents for 12 hr at 37°C and then stained 
with Annexin V-FITC. The fluorescence intensity was analyzed using flow cytometry. (D) The CLBL-1 and 17–71 cells were 
incubated with 2 nM echinomycin for 12 or 24 hr and subjected to real-time PCR to examine the expression levels of GLUT1 
and PDK1, the downstream genes of HIF-1α. The relative expression levels were calculated as ΔCt from the difference between 
expression of the internal control, RPL32. Data are reported as expression rates compared to the initial point.
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dose-dependent manner (Figs. 3 and 4). These data suggest 
that the expression of HIF-1α in canine lymphoma cells is 
important for their proliferation and survival, and there-
fore, HIF-1α inhibitors may be potential agents for canine 
lymphoma treatment. In the Epm2a gene-targeted mouse 
lymphoma model, either echinomycin or HIF-1α shRNA 
suppressed the expression of the downstream genes of HIF-
1α, such as GLUT1 and Hes1, and resulted in prolonged 
mouse survival [32]. Although we also found the HIF-1α 
inhibitors suppressed the proliferation of canine lymphoma 
cells, it is necessary to confirm the specificity of their HIF-1α 
inhibition in this experiment. However, because of a tech-
nical issue that genes are not easily introduced into canine 
lymphoma cells by retrovirus or lipofection, we could not 
successfully silence HIF-1α expression. When a new method 
that can induce expression of exogenous genes in canine 
lymphoma cells is developed, we will try the gene silencing 
of HIF-1α in the future.

We show that echinomycin has the same robust effect on 
canine lymphoma cells as in the mouse xenograft model 
(Fig. 5). Past studies using the Epm2a gene-targeted mice 

Fig. 4.	 The effect of YC-1 and 2-methoxyestradiol on canine lymphoma cell lines. (A) The proliferation rate of canine lymphoma 
cell lines in the absence or presence of the agent. Cell lines were incubated with each concentration of YC-1 for 48 hr at 37°C 
and subjected to MTT assay, and data are the mean ± standard deviation (SD) of three independent experiments. (B) The YC-1 
IC50 were calculated from (A). (C) The proliferation rate of canine lymphoma cell lines in the absence or presence of the agent. 
Cell lines were incubated with each concentration of 2-methoxyestradiol for 48 hr at 37°C and subjected to MTT assay, and data 
are the mean ± standard deviation (SD) of three independent experiments. (D) The 2-methoxyestradiol IC50 were calculated 
from (C).

Fig. 5.	 The engrafted CLBL-1 tumor size, which inoculated to 
NOD/scid mice. When the tumor size exceeded 100 mm3, it was 
considered as day 0. Any concentration of echinomycin or DMSO 
was injected intraperitoneally at days 0, 2, 4, 6 and 8 (arrow). The 
tumor size was measured every other day. Data represent the me-
dian and SD of each group (n=4). The * corresponds to a P<0.05 
between the 20 or 40 µg/kg echinomycin treated groups and the 
untreated group.
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lymphoma and human leukemia cells reported that 5 injec-
tions of 10 µg/kg echinomycin could treat those tumors 
[32]. On the other hand, this dose had no effect on canine 
lymphoma in our models. Although the mice strain used in 
this study is different from the previous report, our result 
suggests that canine lymphoma cells have a higher resistance 
potential. Since the dose increment leads to tumor regres-
sion, we should administer echinomycin at a high dosage or 
in combination with other chemotherapy if using this drug 
in clinics.

In this study, we revealed that the HIF-1α protein is ubiq-
uitously expressed in canine lymphoma cell lines and clini-
cal samples. Because these cell lines were incubated at nor-
moxic conditions, it was suggested that HIF-1α is stabilized 
on oxygen independent pathways. Moreover, three different 
types of HIF-1α inhibitors suppressed the cell proliferation 
of canine lymphoma cell lines. Whether this effect was spe-
cific to the HIF-1α inhibition is still unknown; it is necessary 
to perform gene silencing of the HIF-1α gene. However, we 
guess echinomycin, which showed an anti-lymphoma ef-
fect in vivo, can be used as an anti-cancer agent clinically, 
although its side effects to dogs should be explored before 
the use. This study is the first report to demonstrate a rela-
tionship between HIF-1α and canine lymphoma. Although 
additional research is needed, the HIF-1α inhibitors may be 
potential agents to treat the canine lymphoma.
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