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Canine mammary tumors (CMTs) are currently being as-
sessed for their use as a model for investigating the patho-
genesis and prognosis of human breast cancer.1 Dogs with 
spontaneously occurring neoplasms are a particularly valuable 
resource for modeling human cancers, because the breast can-
cers of both species have similar biologic behaviors, histopatho-
logic characteristics, and metastatic patterns.28 Previous studies 
have shown that biomarkers of human cancer can be detected 
in CMTs, including hypoxia-inducible factor-1 (HIF1) and hy-
poxia-inducible factor-1α (HIF1α), with similar clinical impli-
cations.17 Consequently, CMTs may be an appropriate model 
for exploring mechanisms associated with the pathogenesis of 
human breast cancer.

HIF1 is a heterodimeric transcription factor that includes 
an O2-regulated HIF1α subunit. HIF1, has been implicated in 
advanced human cancers and is a key regulator of transcrip-
tional responses to hypoxia. HIF1 is activated in many cancer 
types and has been identified as a driving force behind cancer 
progression.23 HIF1 activates transcription of genes that encode 
proteins mediating angiogenesis, invasion, metastasis and the 
shift from oxidative to glycolytic metabolism.

In tumor metabolism, most cancer cells consume more glu-
cose and produce more lactate than do their nonneoplastic 
counterparts. This phenomenon, known as the Warburg effect, 
suggests adaptations and mechanisms underlying tumor cell 
growth.9 While normal cells maximize adenosine triphosphate 
production via mitochondrial oxidative phosphorylation of glu-
cose, cancer cells are somewhat less dependent on this path-
way.3 Pyruvate kinase (PK) catalysis the final step in aerobic 
glycolysis. The human genome encodes 2 distinct PK genes, 

PKLR and PKM. Isomers PKM1 and PKM2 are encoded by the 
same gene but are generated by differential splicing. PKM2 
expression is associated with glucose uptake, lactate produc-
tion and decreased O2 consumption in cancer cells.26 Likewise, 
PKM2 expression results in elevated levels of HIF1 binding to 
hypoxia response elements in target genes and promotes the 
shift from oxidative phosphorylation to glycolytic metabolism.29

In this study we evaluated explored PKM2 expression in 
CMTs, which are among the most frequent malignancies char-
acterized in canine species. Moreover, given the similarities in 
epidemiologic and pathologic features shared by CMT and hu-
man breast cancer, we assessed the clinical significance of PKM2 
expression in CMT.

Materials and Methods
Tumor sample selection. Mammary tumor tissues were iso-

lated from 76 dogs from 5 participating veterinary clinics in 
Seoul, Korea, during the years 2014 and 2015. All tissues were 
fixed in 10% buffered formalin and embedded in paraffin. 
A single pathologist evaluated all hematoxylin and eosin-
stained slides.

Immunohistochemistry. Sections from paraffin-embedded 
tissue blocks of canine mammary gland tumor were cut to 3 
μm and mounted on glass slides. Immunohistochemistry was 
carried out using a Benchmark XT automated slide prepara-
tion system (Ventana Medical Systems, Tucson, AZ). Depar-
affinization, epitope retrieval, and immunostaining were 
performed according to the manufacturer’s instructions by us-
ing cell conditioning solutions (CC1) and the BMK ultraView 
diaminobenzidine (DAB) detection system (Ventana Medical 
Systems). Antibodies used for immunohistochemical staining 
included anti-PKM2 (1:400 dilution, cat. number 4053; Cell 
Signaling, Danvers, MA.) and anti-HIFα (1:100 dilution, cat. 
no. NB 100 to 134; Novus Biologicals, Littleton, CO.). Positive 
signals were amplified with ultraView copper, and sections 
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were counterstained with hematoxylin and bluing reagent. Au-
tomated immunohistochemistry to detect expression of HIF1α 
was performed in a Benchmark XT staining module (Ventana 
Medical Systems) on 3-μm-thick canine tumor sections with 
the rabbit antihuman polyclonal antibody (NB 100 to 134; No-
vus Biologicals). Briefly, after deparaffinization, heat-mediated 
antigen retrieval and inactivation of endogenous peroxidase, 
the primary antibody was applied in manufacturer-supplied 
antibody diluent for all samples. Detection was performed with 
the OptiView DAB IHC Detection Kit with signal amplification 
(a gift from Ventana Medical Systems) following the manufac-
turer’s instructions.

Evaluation and quantification of the immunohistochemical reac-
tion. Microscopic examination was used to determine the tumor 
grade of each of the carcinomas based on the Elston and Ellis modi-
fication of the Bloom-Richardson method.10 The tumor received a 
score of 0, 1, 2, or 3 based on 3 parameters: formation of tubules 
(normal, weak, slight, and moderate), polymorphism of cell nuclei 
(normal, weak, slight, and moderate), and number of mitotic fig-
ures per 10 microscope fields at a magnification of ×400 (0 to 7, 8 to 
16, and greater than or equal to 17). The sum of the points allowed 
us to distinguish between 3 tumor grades (G): G1 (0 to 5 points), 
G2 (6 to 7 points), and G3 (8 to 9 points). For PKM2 and HIF1α, the 
intensity, percentage, and localization of the immunohistochemical 
detection in the cells of each tumor were recorded. Healthy canine 
mammary tissues from dogs without mammary or lobular hyper-
plasia were used as positive controls and staining with the omis-
sion of the primary antibody performed as a negative control. The 
intensity and percentage of positively stained cells were counted 
in 10 high-powered fields (×400), and the intensity of staining was 
recorded as 0 to 3 points for negative, weak, moderate and strong 
staining, respectively. The degree of the cytoplasmic PKM2 and 
nuclear HIF1α expression was scored from 0 to 300 using the Q 
score, which is obtained by multiplying the intensity by the per-
centage of positive cells (maximum = 300).5

Tissue ribonucleic acid (RNA) extraction and cDNA synthesis. 
Total RNA was extracted from approximately 100 mg of canine 
breast tissue using Hybrid-RTM according to the manufac-
turer’s instructions (GeneAll Biotechnology, Korea). Samples 
were homogenized with a TissueLyser II (Qiagen, Germany) in 
a 2.0-mL microfuge tube using 1 mL of TRIzol (Invitrogen) per 
100 mg of tissue. RNA yields and purity were determined by 
measuring the absorbance at 260 and 280 nm using a NanoDrop 
ND-1000 UV-Vis Spectrophotometer (Thermo Fisher Scientific, 
Czech Republic). All samples had an A260/A280 absorbance 
ratio greater than 1.8. The quality of the RNA was confirmed by 
agarose gel electrophoresis and its integrity was checked with a 
3′:5′ assay according to published instructions.18 To avoid con-
tamination with genomic DNA, 10 µg of RNA was treated with 
DNase I (NEB) for 20 min at 37 °C, followed by heat inactivation 
for 10 min at 75 °C and dilution to a concentration of 0.2 µg/µL. 
RNA was stored at –80 °C until further analysis. First-strand 
synthesis of mRNA was carried out using ProtoScript II reverse 
transcriptase and random hexamers (or oligo-dT for the 3′:5′ 
assay) using the manufacturer’s protocol (Enzynomics). After 
initial heat denaturation of 1 µg of total RNA (65 °C for 5 min), 
the reactions (20 µL) were incubated for 10 min at 25 °C, for 50 
min at 42 °C, and for 15 min at 75 °C.

For the synthesis of cDNA from miRNAs and small RNAs, 
the reaction mixture included stem-loop oligonucleotides spe-
cific for each miRNA and sno202 or specific reverse primers for 
sno234 and U6.6 First-strand synthesis was carried out using 
ProtoScript II reverse transcriptase. After initial heat denatur-
ation (65 °C for 5 min), total RNA was used in reactions (10 µL) 

were incubated for 30 min at 16 °C, for 30 min at 42 °C, and for 
15 min at 75 °C. The cDNA obtained was diluted (5×, 50× for 
target RNAs and 104× or 105× for analysis of glyceraldehyde-
3-phosphate dehydrogenase [GAPDH]) prior to performing 
quantitative real-time polymerase chain reaction (qPCR). All 
cDNA samples were stored at –20 °C prior to their use in the 
qPCR assay.

Primer design and qPCR. The primers for mRNA normaliza-
tion were obtained from PrimerBank (http://pga.mgh.harvard.
edu/primerbank) and were designed using Primer3 software,24 
or had been described in previous reports. For mRNA normal-
ization, the reverse primer used was universal6,18 and the for-
ward primers were designed using OligoCalc (http://biotools.
nubic.northwestern.edu/OligoCalc.html).14 All primers were 
synthesized by Bioneer, Daejeon, Korea. The specificity of the 
primers was checked using the National Center for Biotechnol-
ogy Information Blast tool, and the reaction conditions were 
optimized by adjusting the primer concentrations. The primer 
sequences (with their corresponding bibliographic references) 
are listed in Table 1.

The qPCR analyses were performed in a Step One Plus (Ap-
plied Biosystems, Foster City, CA.) real-time PCR system using 
SYBR Green I detection in a final volume of 20 µL. The reaction 
mixture consisted of components from the qPCR Core kit for 
SYBR Green I (Applied Biosystems) as specified by the manu-
facturer, both forward and reverse primers and 5 µL of diluted 
cDNA. The same batch of diluted cDNA (5 µL, corresponding 
to 50 ng of reverse-transcribed RNA) was subjected to qPCR to 
amplify all candidate genes for mRNA normalization, as well as 
the target gene. Five microliters of the respective cDNAs were 
used for the qPCR analysis of each mRNA. The PCR reactions 
were initiated by a denaturation step of 10 min at 95 °C, fol-
lowed by 40 cycles of amplification, which were performed ac-
cording to the following thermocycling profiles: denaturation 
for 10 s at 95 °C and annealing and extension for 40 s at 60 °C. 
Fluorescence data were acquired during the final step. A disso-
ciation protocol with a gradient (0.5 °C every 30 s) from 65 °C to 
95 °C was used to confirm the specificity of the qPCR reaction 
for the single target and to assess the presence of primer dimers. 
Gene-specific amplification was confirmed by a single peak in 
the melting curve analysis.

Data analysis. To select a suitable reference gene for data 
normalization, the stability of the mRNA expression of each 
gene was statistically analyzed with 3 freely available Micro-
soft Excel-based software packages: geNorm [http://medgen.
ugent.be/~jvdesomp/genorm/] (Vandesompele), NormFinder 
[http://moma.dk/norminder-software], and BestKeeper 
[http://gene-quantification.com/bestkeeper.html]. For ge-
Norm and NormFinder, the raw Cq values were transformed 
into relative quantities (the required data input format). The 
maximum expression level (the lowest Cq value) of each gene 
was used as a control and was set to a value of 1. Relative ex-
pression levels were then calculated from Cq values using the 

Table 1. Primer sequences used for real-time qPCR

Animal Name Sequence (5′ to 3′)

Canine PKM2 F: GAGTTCGGAGGTTTGATGAG
R: CATCTTCTGAGCAAGGAAGAC

Canine HIF1α F: GACCCGGCACTCAATCAAGA
R: ATCCATTGATTGCCCCAGCA

GAPDH F: ACTACATGGTGGTGTACATGTTCCA
R: CTCCTGGAAGATGGAGATGG
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formula: 2λ(–ΔCq), in which ΔCq represents each corresponding 
Cq value – minimum Cq value.21 The data obtained were further 
analyzed with geNorm and NormFinder. BestKeeper analyses 
were based on untransformed Cq values. For consensus rank-
ing of all candidate reference genes, the geometric mean of the 
ranks from these 3 analyses was determined.

Statistical analyses. Data are presented as the mean ± SEM. 
Statistically significant differences were assessed using the Stu-
dent t test or χ2 test, and P < 0.05 was considered significant. Sta-
tistical analyses were performed using GraphPad Prism version 
6 (GraphPad, San Diego, CA).

Results
Tumor characteristics. Our collection of CMTs included 25 

complex carcinomas, 20 mixed carcinomas, 22 other types of 
carcinomas, 5 adenomas and 5 normal or nonneoplastic hyper-
plasia samples. The ages of the 77 dogs ranged from 8 to 13 y. 
The mean of the long axis of the tumors was 4.1 ± 2.5 cm (rang-
ing from 0.5 to 11 cm).

Comparison of PKM2 and HIF1α expression in normal mam-
mary gland and cancer cells. The neoplastic cells displayed vari-
able expression of PKM2 that ranged from weak to strong. The 
normal mammary cells in tissue located near the tumor and the 
nonneoplastic hyperplastic cells showed weak to no reactivity 
with the anti-PKM2 antibody. Thus, the Q scores of PKM2 of the 
neoplastic cells were significantly higher (P < 0.0001) than those 
of their normal counterparts (Figure 1 A). PKM2 protein was 
detected in both mammary adenomas and carcinomas. None of 
the adenomas that we evaluated had a level of PKM2 expression 
that exceeded an intensity score of 100. However, more than 
20% (14 of 67) of the carcinomas demonstrated PKM2 expres-
sion intensity of 0.5 to 1.0, over 30% (23 of 67) had an intensity of 
1.5 to 2.0, and over 40% (27 of 67) had levels as high as 2.5 to 3.0.

Similar to PKM2, minimal expression of HIF1α was detected 
in normal and hyperplastic nonmalignant cells and in adenoma 
tissues, but elevated levels were detected in the carcinomas. 
Furthermore, the expression of HIF1α was generally higher in 

carcinomas than in adenomas (Figure 1 B). All (100%) of the 
normal/hyperplastic and adenoma tissues examined displayed 
a HIF1α expression intensity of 0 or 1. By contrast, among the 
carcinomas, over 35% (24 of 67) displayed a HIF1α intensity of 
0 to 1, 31% (21 of 67) displayed an intensity of 1.5 to 2, and over 
29% (20 of 67) reached levels as high as 2.5 to 3. The expression 
intensity increased in direct association with the tumor grade 
(see Figure 2).

Association between PKM2 expression and pathologic char-
acteristics. The PKM2 expression intensity was related to the 
tumor grade (Table 2). The area of positive staining and the in-
tensity of PKM2 expression (mean Q scores) increased in direct 
proportion to the tumor grade (Figure 3). Among the carcino-
mas identified as grade 1, 29% (12 of 41), 36% (15 of 41), and 
27% (11 of 41) exhibited PKM2 expression scores of 0.5 to 1.0, 1.5 
to 2.0, and 2.5 to 3.0, respectively. All tumors with an intensity 
score of 2.5 to 3.0 were mixed carcinomas. Among the grade 2 
carcinomas, nearly 12% (2 of 17) had an expression intensity 
score of 0.5 to 1.0, over 35% (6 of 17) had a score of 1.5 to 2.0, 
while nearly 53% (9 of 17) reached a score of 2.5 to 3.0. Like-
wise, among the grade 3 carcinomas, over 20% (2 of 9) reached 
an expression intensity score of 1.5 to 2.0 and over 77% (7 of 9) 
displayed an intensity score of 2.5 to 3.0. PKM2 expression in-
tensity scores also varied among the specific types of carcinoma-
tous lesions. The mixed carcinomas typically displayed strong 
reactivity regardless of tumor grade. No specific relationships 
were observed between PKM2 expression intensity and any of 
the other malignancies evaluated.

The expression of HIF1α also increased in proportion to the 
tumor grade among the carcinomas, although we found no re-
lationship between HIF1α expression and the specific type of 
carcinoma evaluated.

Comparison of PKM2 and HIF1α expression using qPCR. qPCR 
was performed to investigate the correlation between the ma-
lignancy grade and the expression levels of PKM2 and to de-
termine the relationship between immunohistochemical and 
molecular findings. Although elevated levels of transcript en-
coding PKM2 and HIF1α were detected in neoplastic cells when 

Figure 1. Bar graph displaying the Q scores of PKM2 and HIF1α expression in canine mammary tumor tissue. (A). PKM2 expression in canine 
mammary carcinoma. (B). HIF1α expression in canine mammary carcinoma. *, P < 0.03, **, P < 0.002, ****, P < 0.0001.
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compared with normal mammary tissue overall, no significant 
increases were detected in low-grade tumors. By contrast, cells 
from grade 2 and 3 tumors expressed much higher levels of 
PKM2 and HIF1α than those from grade 1 tumors (Figure 2 A 
and B). However, the proportionality remains unclear, as ex-
pression of transcripts encoding PKM2 in grade 2 tumors was 
unexpectedly higher than that detected in grade 3 tumors.

Discussion
PKM2, which is transcriptionally induced by HIF1 and in-

teracts with HIF1α, is considered a new and important target 
for inhibition of neoplastic growth.4 Previous studies have re-
ported high levels of PKM2 expression in association with nu-
merous cancers, including breast, pancreas, colon, renal, liver, 
testis and lung.2,7,8,19,20,22 PKM2 is a known transcriptional target 
of HIF1α;16 HIF1α and PKM2 physically interact with one an-
other in the nucleus, which ultimately results in modulation 
of the transcriptional activity of the HIF1α gene.15 This is the 
first study to present an association between clinicopathological 
characteristics and the expression of PKM2 and HIF1α in CMT. 
Our findings from immunohistochemistry staining and qPCR 
reveal a positive association between the expression of PKM2 
and tumor grade in a study that includes both neoplastic and 
nonneoplastic mammary tissues.

In the immunohistochemical analysis, HIF1α was detected 
at higher levels in tumors than in normal or hyperplastic tis-
sue. Expression of HIF1α was also associated with tumor grade, 
specifically among the carcinomas. Hypoxic conditions have 
been associated with neoplastic metabolism in CMTs as well as 
in human cancers. Expression of PKM2 in canine tumors was 

evaluated to determine if PKM2 is coexpressed at similar levels 
as those of HIF1α, and to provide evidence for its potential con-
tributions to the survival of CMT cells via the Warburg effect. 
PKM2 was detected in a clearly cytoplasmic pattern at various 
levels of expression. PKM2 levels were higher in tumor cells 
than in normal or hyperplastic mammary gland tissue. In tu-
mor tissues, the number of positive cells and the intensity of 
PKM2 expression both increased in association with the tumor 
grade. Furthermore, PKM2 was detected at high levels in cells 
from mixed and complex carcinoma tissues, regardless of tumor 
grade. Both complex and mixed carcinomas include malignant 
epithelial and benign myoepithelial components, including 
spindle cells.11 Our analysis revealed PKM2 expression in cells 
derived from both epithelial and myoepithelial sources.

Others12 have reported that PKM2 dysregulation led to epi-
thelial–mesenchymal transition (EMT) in human cancer cells. 
The tumor invasion process includes the migration of cancer 
cells into the surrounding stroma, which promotes malignant 
transformation of both epithelial and mesenchymal cells.13,25 The 
EMT characterized for human tumors is similar to that seen in 
canine mixed and complex carcinomas, and includes neoplastic 
epithelial and myoepithelial cells. As observed in the EMT as-
sociated with human disease, we found high levels of PKM2 in 
both mixed and complex carcinomas. In our study; the PKM2 
levels in both tumors exceeded the level of all other canine carci-
nomas evaluated. However, we detected PKM2 in the cytoplas-
mic compartment only as Figure 3 C; in human EMT, PKM2 can 
also be detected in the cell nucleus.27

Our immunohistochemical analysis found no relationship 
between the intensity of HIF1α expression and the specific type 
of carcinoma, whereas PKM2 was highly expressed in complex 
and mixed carcinomas, regardless of the tumor grade. This re-
sult suggests that PKM2 expression, unlike that of HIF1α, is 
activated in tumor cells that originated from both myoepithe-
lial and epithelial cells. Accordingly, PKM2 may be a potential 
biomarker for EMT, or for tumors originating in myoepithelial 
cells. The qPCR results revealed expression of transcripts en-
coding both PKM2 and HIF1α in tumor tissues at levels that 
increased in direct association with the tumor grade, although 
we detected no differences in PKM2 expression between normal 
tissue and grade 1 tumors. We suspect that PKM2 may display 

Figure 2. PKM2 and HIF1α expression by qPCR and tumor grade of canine carcinomas. (A). qPCR detection of PKM2 in canine tumor tissues. 
(B). qPCR detection of HIF1α expression in canine tumor tissues. *, P = 0.0286.

Table 2. Expression score of PKM2 in canine mammary carcinoma

Score
Grade 1 
(n = 41)

Grade 2 
(n = 17)

Grade 3 
(n = 9)

0 7.3 (3)
0.5-1 29.2 (12) 11.7 (2)
1.5-2 36.5 (15) 35.2 (6) 22.2 (2)
2.5-3 26.8 (11) 52.9 (9) 77.7 (7)

Values are either % (n)
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variable expression among the neoplasms evaluated. Our study 
evaluated only a few of the available tumor samples by qPCR; 
future work with larger numbers of tumor tissues may be re-
quired to demonstrate a relationship between the tumor grade 
and PKM2 expression.

In conclusion, PKM2 presents a new and important target 
for controlling tumor metabolism. Our present investigation 
revealed that PKM2 was expressed in canine mammary car-
cinoma cells in a pattern similar to that reported in human 
cancers. Furthermore, our results also suggest that the tumor 
metabolism in canine tumors may be similar to that identified in 
human cancers. As such, canine tumors may be an ideal model 

for identifying biomarkers and novel therapeutic approaches. 
We detected expression of PKM2 but not HIF1α in tumors origi-
nating from myoepithelial cells. This result suggests that PKM2 
may regulate the metabolism of tumor cells in this unique lo-
cale. Further study will be required to uncover the mechanism of 
PKM2 activation and actions in tumors of myoepithelial origin.
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