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1 | INTRODUCTION

| Wan Hee Kim?

Abstract

Canine mammary gland tumour (CMTs) are one of the most commonly found tumours in
intact female dogs. A previous study on canine mammary glands demonstrated the pres-
ence of the transient receptor potential melastatin 7 (TRPM7) ion channels in healthy
canine mammary tissues. However, the significance of TRPM7 in CMT is not yet known.
TRPM7 is a Ca®* and Mg?* permeable cation channel that contains a protein kinase
domain. The aim of this study was to determine TRPM7 expression in 57 benign and
malignant CMT tissues of dogs using immunohistochemistry (IHC) and evaluate its corre-
lation with clinicopathological features and explore the potential prognostic value of
TRPMY in a prospective survival study. IHC analysis shows that TRPM7 was expressed
in the cytoplasm of neoplastic epithelial cells. Moreover, TRPM7 expression was signifi-
cantly associated with tumour malignancy (P = .027), Ki-67 index (P < .0001) and metas-
tasis (P < .0001). Survival curve analysis indicates that high TRPM7 expression was
significantly associated with poor disease-free (P = .035) and overall survival (P = .011) in
malignant CMTs. Our results demonstrate that TRPM7 is expressed in CMTs and that its
expression is positively correlated with clinicopathological parameters. Thus, TRPM7 was
assumed to be a potential prognostic factor for CMTs.
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evaluating and determining a prognosis as well as predicting the

molecular cancer behaviour. In humans and animals, ion channels have

Canine mammary gland tumour (CMTs) account for 70% of all
tumours in intact female dogs'? and can be benign or malignant in
nature. CMTs are hormone-dependent and might recur after surgical
removal or metastasize to other organs, in particular, the lymph node
and lungs.® The prognostic factors of cancer include histological type,
tumour grade, mode of tumour growth, lymph node status and
tumour size.* These clinicopathological factors are important for
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been newly identified as prognostic factors that could potentially lead
to the identification of new therapeutic targets. Deregulation of Ca?*
homeostasis has been implicated in mammary gland disease.>® More-
over, Ca?* and Mg?* ion channels play an important role in cell prolif-
eration, differentiation, apoptosis and oncogenesis.”"*°

Transient receptor potential (TRP) is a plasma membrane ion
channel that regulates the permeability of Ca®" and Mg2+ across the
plasma membrane of animal cells.” TRP channel activity is important

for essential hallmarks of tumorigenesis. Therefore, TRP channels
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have not only been suggested as clinical markers but also as promising
anticancer targets in recent years. TRP channels were first discovered
in a TRP-mutant strain of the fruit fly Drosophila, and are categorized
into six subfamilies based on their amino acid sequences: the TRPC
(canonical), TRPV (vanilloid), TRPM (melastatin), TRPA (ankyrin),
TRPML (mucolipin) and TRPP (polycystin) channels.!? Dhennin-
Duthille et al*® reported that increased expression of TRP channels is
a useful biomarker for the diagnosis, prognosis and/or treatment of
human breast ductal adenocarcinoma. Accumulating evidence has
indicated that increased expression of TRP channels can be used as a
biomarker for several human malignancies.*>** TRPC, TRPM and
TRPV expression levels were shown to be correlated with malignant
growth and cancer progression.'®

Transient receptor potential melastatin 7 (TRPM7) channel is
widely expressed in various organs, including the heart, lung, liver,
brain and spleen.'® It is overexpressed in various types of cancers,
such as ovarian carcinoma, retinoblastoma, neck and head carcinoma,
prostate cancer, lung cancer and pancreatic adenocarcinoma.'”"?° Fur-
thermore, an increased expression of TRPM7 channel is correlated
with breast cancer progression and metastasis.2? Another study
showed that siRNA-mediated knockdown of TRPM7 expression in
MCF-7 cells impairs biological functions, highlighting the importance
of TRPM7 expression in human breast cancer epithelial cells.”

Aberrant TRPM7 expression in human breast and pancreatic can-
cers is closely correlated with clinicopathological parameters, such as
tumour grade, Ki-67 proliferation index and patient survival time.?? A
previous study had proven that TRPM7 is necessary for pancreatic can-
cer cell invasion.?® Despite abundant knowledge on TRPM7-related car-
cinogenic pathways in human breast cancer, its role in CMT
pathogenesis remains poorly understood. In addition, a previous study
described the presence and distribution of TRPM7 channels in canine
normal mammary gland tissue using RT-PCR, immunohistochemistry
(IHC) and western blotting.2* Since TRPM7 has not been studied in the
context of clinical value, its prognostic value in CMTs is still unknown.

In this study, we aimed to investigate the presence of TRPM7 in
CMTs by IHC and to evaluate the correlation between TRPM7 and
clinicopathological features of dogs to explore the potential prognos-
tic value of TRPM7 in survival study.

2 | MATERIALS AND METHODS

21 | Tissue samples

A total of 57 tissue samples were collected from dogs diagnosed with
CMTs at Seoul National University Veterinary Medical Teaching Hos-
pital between January 2010 and December 2017, based on the exam-
ination of H&E stained sections by the Veterinary Pathology
Laboratory of Seoul National University. Of these, 21 and 36 were
from malignant and benign tumours, respectively. Informed consent
was obtained from the owners for the collection and use of tissue
samples. The protocol was reviewed and approved by the Institutional
Animal Care and Use Committee of Seoul National University. The
data used in this study included only those for animals with mammary
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gland tumours (primary lesion) after being diagnosed with fine needle
aspiration (FNA) or biopsy prior to surgical removal. All CMT tissues
were fixed in 10% neutral buffered formalin for 48 hour at room tem-
perature and embedded in paraffin blocks. Thereafter, 4-um sections
were cut and slides were stained with haematoxylin-eosin for diag-
nostic purposes. Each slide was evaluated under a microscope and
classified according to the diagnostic criteria of Goldschmidt et al®®
for classification and of Pefia et al? for the grading system. Further,
Ki-67 proliferative index (<15%, >15% of the cells) and tumour size
(<8 cm, >3 cm) were also evaluated. Animals with a single mammary
gland tumour as well as those with multiple tumours were included in
this study. When dogs presented with more than one malignant neo-
plasm, the tumour with the more aggressive clinical and pathological
features was selected, as recommended by Sorenmo et al.l In addi-
tion, animals with mammary gland tumours and other malignancies
detected by various screening tests prior to surgical removal or those

already undergoing chemotherapy were excluded.

2.2 | Immunohistochemistry

The paraffin-embedded tissues were sectioned at 4-um intervals using a
HM355S,
deparaffinized in xylene twice for 5 minutes each, and rehydrated in graded
alcohol (100% twice, 95%, 90%, 80% and 70% once for 3 minutes each).

Antigen retrieval was carried out using a 2100-retriever pressure cooker

microtome (Leica Microtome Plymouth, Minnesota),

(PickCell Laboratories, Amsterdam, Netherlands) in a 10 mM citrate acid
(pH 6) buffer for 20 minutes. Endogenous peroxidase activity was
guenched by incubation with 3% H,O, for 30 minutes. The sections were
treated with normal horse serum (5-2012, Vector, CA, USA) for 20 minutes
to block non-specific binding and incubated overnight at 4°C with goat
anti-TRPM7 antibody (1:300; ab729, Abcam, Cambridge, Massachusetts)
and rabbit anti-Ki-67 polyclonal antibody (1:500; PA5-19462, Invitrogen
Ltd, Paisley, England). The antibody used against TRPM7 was previously
validated for canine tissues.2* The sections were subsequently incubated
with secondary antibodies HRP anti-goat IgG (ImmPACTTM, Vector, Cali-
fornia) and HRP anti-rabbit IgG (ImmPACTTM, Vector) for 1 hour. The
slides were incubated in 3,3'-diaminobenzidine tetrahydrochloride
(ImmPACTTM) diaminobenzidine (DAB) peroxidase substrate kit, Vector)
for 90 seconds and the reaction was stopped by immersion in distilled
water. In a previous study, normal C57BL/6J mouse brain tissues were
used as positive control.?*?” Negative control samples were incubated in
the absence of the primary antibodies to rule out non-specific binding by
the secondary antibodies. The tissue sections were counterstained with
Mayer's haematoxylin, dehydrated in graded alcohol and cleared in xylene.
The slides were washed with PBS between each procedure. Immuno-
stained slides were scanned using an Olympus BX51 microscope
(Olympus, Japan) with appropriate light filters (Tucsen, Fuzhou, China).

2.3 | Quantitation of IHC staining

IHC results were analysed using Aperio ImageScope version
12.3.0.5056 (Aperio, Vista, California). IHC slide images were analysed
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using the Aperio program. These algorithms used colour de-convolution
to separate DAB from the haematoxylin counterstain. The algorithm to
determine the intensity of cytoplasmic and nuclear staining for each
slide was used to calculate the staining intensity and percent of target
labelled by digitally analysing the colour intensity. The output staining
intensities ranged from O (negative) to +3 (strong positive) and were
correlated with conventional manual scoring methods.?®

Aperio Cytoplasm V2 algorithm was used to analyse cytoplasmic
positivity of TRPM7 expression, based on criteria for TRPM7 in
human breast cancer.??° The positive expression of TRPM7 in
cytoplasm was quantitatively assessed, for each sample in 10 ran-
domly selected high-power fields (400x), as follows: O (negative), +1
(weakly positive), +2 (moderately positive) and + 3 (strongly posi-
tive). Staining intensities for TRPM7 expression ranged from 0 to
3 and were correlated with conventional manual scoring methods.
Scores of +2 and + 3 represented TRPM7 overexpression, and the
percentage of cases overexpressing TRPM7 was calculated. We cat-
egorized TRPM7 expression as low (0, +1) or high (+2, +3) for
analysis.

Aperio Nuclear V9 algorithm was used to analyse nuclear positiv-
ity of Ki-67. An algorithm for analysing nuclear immunoreactivity was
used to measure the percentage of immunoreactive cells.332 All posi-
tively stained cells in the whole cell area were counted and the frac-
tion of positive cells was calculated as the number of positive
cells/1000. High Ki-67 index value was defined as >15% independent
of nuclear staining intensity. A > 15% cut-off threshold was used in
accordance with Kadthur et al®*® in which a comprehensive standard-
ized statistical analysis was used to form low and high-risk groups

based on appropriate cut-off value to indicate the prognosis of CMTs.

24 | Follow-up data

All dogs with CMTs were evaluated before surgery, 3 weeks after sur-
gery, and every 3 months for at least 2 years. Owners were instructed
to contact the hospital at any time, even if it was not related with
CMT, whenever they discovered abnormalities. Assessment of metas-
tasis and recurrence of tumours was carried out by physical examina-
tion, thoracic radiograph (three views), ultrasound (abdomen), FNA,
biopsy, autopsy and/or CT scan (if required) at the Seoul National Uni-
versity hospital and/or referred to another animal hospital.

Whenever new mammary gland lesions were discovered, lymph
nodes were considered clinically abnormal or lesions were detected in
any other organ, additional examinations (eg, FNA, excisional biopsy
and CT scan) were performed to rule out other neoplasms and/or to

identify local recurrences or metastatic disease.

2.5 | Statistical analysis
Correlation between TRPM7 and clinicopathological parameters was
analysed using Fisher exact test, the chi-square and the linear-by-

linear association test. Kaplan-Meier survival curves were plotted and

compared using the log-rank test. All the statistical analyses were per-
formed using SPSS software (SPSS, Chicago, lllinais).

Disease-free survival (DFS) was defined as the interval (months)
from primary surgical treatment to the date of detection of the first
local recurrence or development of metastases. Overall survival
(OS) was calculated from the date of primary surgical treatment to the
time of death from the cancer. In the OS study, the dogs were censored
if and when they died from causes unrelated to mammary tumours,
were lost to follow-up, or were alive 2 years after surgery. In the DFS
study, the dogs were censored if and when they were lost to follow-up,
died from causes unrelated to mammary tumours before developing
signs of metastatic disease, or were free of metastases 24 months post-
surgery. Each tick mark represents the time at which a patient was cen-

sored. A P < .05 was considered to be statistically significant.

3 | RESULTS

31 | Dogs

A total of 57 dogs diagnosed with CMTs were included in this study.
The signalment data are presented in Table 1. The median age of dogs
with benign CMTs was 11.00 years (range: 6-16 years) and was similar
to that of dogs with malignant CMTs (11.94 years; range: 6-15 years).
Forty dogs were sexually intact females, whereas 17 dogs were spayed
females. The major breeds were Yorkshire Terrier (n = 17) and Maltese
(n = 10). Benign CMT samples were classified into the following three
groups: complex adenomas (n = 19), simple adenomas (n = 8) and
benign mixed tumours (n = 9). Malignant CMT samples were classified
into the following three groups: simple carcinomas (n = 11), complex
carcinomas (n = 8) and mixed carcinoma (n = 2) (Table 1). Metastases

were confirmed in 11 samples of malignant CMTs.

TABLE 1 Comparison of signalment data (age, sex, breed and
histologic diagnosis) of benign and malignant mammary gland tumours
in 57 dogs

Benign tumours (n = 36) Malignant tumours (n = 21)

Median age  11.00 (6-16) 11.94 (6-15)
(range)
Sex (n) Intact female (26) Intact female (14)
Spayed female (10) Spayed female (7)
Breed (n) Yorkshire Terrier (14) Maltese (7)
Maltese (7) Yorkshire Terrier (3)
Poodle (3) Poodle (3)
Cocker Spaniel (4) Shih-tzu (4)
Mixed (2) Jindo (1)
Schnauzers (2) Malinois (1)
Chihuahua (1) Cocker Spaniel (1)
Miniature Pinscher (1) Dachshund (1)
Boston Terrier (1)
Shih-tzu (1)
Histologic Complex adenoma (19) Simple carcinomas (11)
type (n) Simple adenoma (8) Complex carcinomas (8)

Benign mixed tumour (9)  Mixed carcinomas (2)
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3.2 | Immunolocalization immunoreactivity was observed in myoepithelial cells of complex adeno-

mas and mesenchymal areas of benign mixed tumours. A cell population
IHC staining showed TRPM7 expression in the cytoplasm of neoplastic was observed in the mesenchymal area, and TRPM7 expression in these
epithelial cells. Cytoplasmic immunoreactivity in benign tumours was cells was higher than that in the adjacent non-cancerous cells
weak compared to that in malignant tumours. In addition, no (Figure 1A-D).

FIGURE 1 Immunohistochemical staining of TRPM7 in canine mammary gland tumour (CMT) tissues. A and C, Benign CMT (simple adenoma)
with low-TRPM7 expression (weak positive). B and D, Malignant CMT (Grade Il carcinoma) with high-TRPM7 expression (strong positive). E, No
specific staining was observed in the negative control samples of benign CMTs. F, No specific staining was observed in the negative control of
malignant CMTs. Sections were counterstained with haematoxylin. (A, B, E, F original magnification x400; C and D original magnification x1000).
CMT, canine mammary gland tumour; TRPM7, transient receptor potential melastatin 7
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3.3 | Relationship between TRPM7 expression and
tumour grade or pathological factor

Of the malignant MGTs, 66.67% showed high-TRPM7 expression.
Furthermore, 57% of grade Il MGTs and 87.5% of grade Il MGTs

TABLE 2 Association between TRPM7 expression and
clinicopathological parameters

TRPM7 expression

Variable Number of tumours Low High P
Tumour size

<3cm 35 32 3

>3 cm 22 8 14 .504
Benign CMT

Simple adenoma 8 7 1

Complex adenoma 19 18 1

Mixed tumour 9 8 1 .942
Malignant CMT

Simple carcinoma 11 5 6

Complex carcinoma 8

Mixed carcinoma 2 0 2 296
Histological grade

| 6 3 3

Il

11l 8 1 .0272
Metastases

Absent 10 10 O

Present 11 0 11 <.0001*
Ki-67 labelling index

<15% 37 35 2

>15% 20 5 15 <.0001*

Abbreviations: CMT, canine mammary gland tumour; TRPM7, transient
receptor potential melastatin 7.

2A P-value < .05 indicates that at high expression of TRPM7, the
clinicopathological variables considered to be a statistically significant.

A
10 ] P=0.035

08 Low TRPM7 (n=7)

06

04

Cumulative Survival (%)

High TRPM7 (n=14)

00
0 20 40 60

Time (months)

Cumulative Survival (%)

showed high-receptor expression. In malignant tumours, 100% of
mixed carcinomas, 62.5% of complex carcinomas and 54% of simple
carcinomas showed high-receptor expression. In addition, 12.5% of
simple adenomas, 5% of complex adenomas and 11.1% of benign
mixed tumours showed high-receptor expression. Moreover, there
was significant correlation between TRPM7 receptor expression and
tumour grade (P = .027), metastasis (P <.0001) and Ki-67 index
(P <.0001), but not with other clinicopathologic parameters such as

tumour size and histological diagnosis (Table 2).

3.4 | Correlation between TRPM7 overexpression
and clinical outcome

The prognostic value of TRPM7 overexpression in malignant CMTs was
determined by Kaplan-Meier analysis. In malignant CMTs, 15 dogs died
(13 as a result of CMTs) and six dogs were censored. All of the 21 malig-
nant CMT samples were classified into two TRPM7 groups: high
(n = 14) and low (n = 7). Survival curves showed a significant difference
between the high and low-TRPM7 expression groups; the high-TRPM7
expression group was associated with poor DFS and shorter OS. The
median DFS and OS were 18 and 22 months, respectively (Figure 2A,
B). Dogs with high TRPM7 expression levels had worse prognosis than
those with low expression levels of TRPM7 in CMTs.

4 | DISCUSSION

TRPM7 is a ubiquitously expressed protein and plays a prominent role in
early embryogenesis and organogenesis.>**> It is involved in cell cycle
progression, adhesion, survival and migration of cancer cells.3¢ Although
several studies have demonstrated the expression of TPRM7 in MCF-7
cells or tumour tissues through various experiments, to our knowledge,
this is the first study to evaluate TRPM7 expression in CMTs. In contrast
to immunoreactivity at the apical membrane of ductal epithelial cells of
canine normal mammary gland, TRPM7 was diffusely expressed in the

P=0.011

08 Low TRPM7 (n=7)

s

06

04

High TRPM7 (n=14)

00
0 20 40 60

Time (months)

FIGURE 2 Kaplan-Meier survival curves of 21 dogs with malignant CMTs based on TRPM7 expression status for A, disease-free survival
(median: 18 months) and B, overall survival (median 22 months). TRPM7, transient receptor potential melastatin 7
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cytoplasm at elevated levels in higher grade CMTs. This pattern was also
observed in the pancreas wherein TRPM7 was expressed in apical plasma
membrane of pancreatic ductal epithelia and in the cytoplasm of pancre-
atic adenocarcinoma cells.3” We investigated whether other TRP chan-
nels show differential immunoreactivity (plasma membrane or cytoplasm)
in normal cell and tumour state. TRPM8 protein was localized to the
plasma membrane of cells in the normal prostate tissue, whereas its chan-
nel showed severely internalized pattern of TRPM8 in tumour tissues.>8?
Taken together, these data suggest that IHC staining results of pancreatic
and prostate in human normal and cancer cells differ from that of human
mammary gland results; however, unlike in human mammary gland tis-
sues, TRPM7 channels are internalized in CMTs and are expressed in the
apical membrane of ductal epithelial cells of normal mammary gland tis-
sue. Previous studies have demonstrated that TRPM7 mRNA and protein
are expressed in canine normal mammary glands.2* Despite the vast num-
ber of studies on TRPM7 over the past decade, its function and mecha-
nism of action are not fully understood. TRPM7 expression can vary
according to the tissue type and its localization and gating in plasma or
intracellular membranes.*°

The correlation between TRPM7 expression and clinicopathological
parameters (tumour size, histological diagnosis, tumour grade, metastasis
and Ki-67) was assessed. These parameters are widely known as prognos-
tic factors in CMTs.*! Our results showed a statistically significant associa-
tion between TRPM7 overexpression and higher tumour grade, metastasis
and higher Ki-67. The positive correlation between tumour progression
and TRPM7 expression may result from the role of TRPM7 in cancer
development. As mentioned previously, TRPM7 plays different roles during
cancer progression. TRPM7 is required for cell proliferation and migration
as well as epithelial-mesenchymal transition in the early stages and for the
regulation of Ca?* and Mg?* homeostasis during cell proliferation, migration
and invasion in the advanced-stage. In addition, aggressive tumours require
TRPM?7 channel activity and interaction with cytoskeletal proteins.*?

Our findings demonstrated that TRPM7 overexpression is corre-
lated with poor DFS and OS. These results not only suggest a promi-
nent role of TRPM7 in cell cycle regulation and proliferation in CMTs
but also imply an application of TRPM7 as a valuable prognostic
marker. Additionally, human studies have shown that TRPM7 over-
expression in patients with breast, ovarian and pancreatic cancer is
significantly associated with OS and DFS.214344

It should be noted that this study has several limitations. First, the
analysed sample size of benign and malignant CMT is relatively small. A
larger sample size would help to obtain reliable results while allowing
multi-perspective analysis. Especially, in benign tumours, the correlation
between histopathological diagnosis and pathological features was lim-
ited as it was difficult to obtain statistical data owing to the small num-
ber of benign tumours showing overexpression of TRPM7. Second, this
study did not evaluate the relative mRNA and protein levels by real-
time PCR and western blotting. Further investigations are required to
address these issues to advance our understanding of TRPM7 function
and regulation in health and disease.

Previous results and the current study have provided basic data
for future studies to evaluate TRPM7 expression and OS in canine

mammary gland tumour. These findings suggest that TRPM7 might
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have prognostic value and, ultimately, we need to discuss the poten-
tial function of TRPM7 channel-kinase as a biomarker and therapeutic

target for veterinary oncology.*®

5 | CONCLUSION

In this study, we showed that TRPM7 is expressed in the cytoplasm
of benign and malignant CMTs. We observed higher TRPM7 expres-
sion in malignant CMTs than in benign CMTs, indicating that TRPM7
is involved in cancer progression. Furthermore, we demonstrated that
TRPM7 overexpression is positively associated with prognostic fac-
tors such as tumour grade, Ki-67 index and metastasis. In addition,
our findings demonstrate that high-TRPM7 expression is significantly
associated with DFS and OS. However, further studies are required to
understand the mechanism by which TRPM7 overexpression pro-

motes the development of CMTs.
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