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ABSTRACT

Transient receptor potential melastatin 7 (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 malignant

mammary gland tumor (MGT) tissues of dogs using immunohistochemistry (IHC)



and evaluate its correlation with Ki-67 poliferation index and clinicopathological
features. Ki-67 expression (<15%, >15% of cells) and tumor size (<3 cm, >3 cm)
were assessed. IHC analysis showed that TRPM7 is expressed in the cytosol of
cancer epithelial cells. Moreover, TRPM7 was overexpressed in 3/36 (8.34%) benign
MGTs and 14/21 (66.67%) malignant MGTs. Furthermore, TRPM7 expression was
significantly associated with a higher Ki-67 and larger tumor size in highly malignant
tumors. Survival curves analysis indicated that high TRPM7 expression is
significantly associated with poor disease-free and overall survival. Our results
demonstrate that TRPM7 channels are overexpressed in canine MGTs and TRPM7
overexpression is positively correlated with clinicopathological parameters. In
conclusion, high TRPM7 expression can be a valuable diagnostic and prognostic

biomarker for canine MGT.
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1. Introduction

Canine mammary gland tumors (CMTs) account for 70% of all tumors in
intact female dogs (Withrow et al., 2013; Johnston, 2018), 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
(Nassiri et al., 2018). The prognostic factors of cancer include histological type,
histological malignancy grade, mode of tumor growth, lymph node status, and tumor
size (Santos et al., 2013). Deregulation of Ca*" homeostasis has been implicated in
mammary gland disease (Lee et al., 2006; VanHouten, 2005; Sergeev, 2005; Lee et
al., 2002). Moreover, Ca’>" and Mg®" ion channels play an important role in cell
proliferation, differentiation, apoptosis, and oncogenesis. (Dhennin-Duthille et al.,
2011; Guilbert et al., 2009).

Transient receptor potential (TRP) is a plasma membrane ion channel that
regulates the permeability of Ca®" and Mg”" across the plasma membrane of animal
cells (Sergeev, 2005). TRP channel activity is important for essential hallmarks of
carcinogenesis. Therefore, TRP channels have not only been suggested as clinical
markers, but also as promising anticancer targets in recent years (Rodrigues, Sieglitz,
& Bernardes, 2016). 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 (Park et al., 2014).
Dhennin-Duthille et al. (Dhennin-Duthille et al., 2011) reported that increased

expression of TRP channels is a useful biomarker for the diagnosis, prognosis, and/or
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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 (Chen et al.,, 2014; Bo6dding, 2007; Gkika and
Prevarskaya, 2009). TRPC, TRPM, and TRPV expression was shown to be
correlated with malignant growth and cancer progression (Ouadid-Ahidouch et al.,
2013). Furthermore, an increased expression of transient receptor potential
melastatin 7 (TRPM7) channel is correlated with breast cancer progression and
metastasis (Middelbeek et al., 2012). Another study showed that siRNA-mediated
knockdown of TRPM7 expression in most cell types impairs biological functions,
highlighting the importance of TRPM7 expression in these cells (Guilbert et al.,
2009). A previous study demonstrated the presence and distribution of TRPM7
channels in the normal mammary gland tissue using RT-PCR,
immunohistochemistry and western blot (Lee et al., 2020).

The role of TRPM7 in human breast cancer development is well known (Yee
et al., 2014, Lee et al., 2006; VanHouten, 2005; Sergeev, 2005; Lee et al., 2002).
However, to our knowledge, no study has yet demonstrated TRPM7 expression in
CMTs. Hence, this study was conducted to determine the expression of TRPM7
channel in CMT tissues using immunohistochemical (IHC) staining. The correlation
between TRPM?7 and proliferative index (Ki-67) and clinicopathological features of
dogs was also evaluated. The results of this study provide valuable insights into the

use of TRPM7 as a prognostic and diagnostic marker of CMTs.



1. Materials and Methods

1.1. Tissue samples

A total of 57 tissue samples from dogs diagnosed with CMTs at Seoul National
University Veterinary Medical Teaching Hospital between 2010 and 2019 were used
in this study. Of these, 21 and 36 were from malignant and benign tumors,
respectively. Informed consent was obtained from the owners for the collection and
use of tissue samples. All experiments were approved by the Institutional Animal
Care and Used Committee of Seoul National University (SNU-190314-6). The data
used in this study included only those for animals with mammary gland tumors
(primary lesion) after being diagnosed with fine needle aspiration or biopsy prior to
surgical removal. All CMT tissues were fixed in 10% neutral buffered formalin for
48 h at room temperature and embedded in paraffin blocks. Thereafter, 4-pum sections
were cut and slides were stained with hematoxylin-eosin for diagnostic purposes.
Each slide was evaluated under a microscope and classified according to the
diagnostic criteria recommended by the World Health Organization classification
and grading for CMTs (Goldschmidt et al., 2016). Mammary gland carcinoma grades
were classified, based on tubule formation, nuclear polymorphism and mitotic count:
Grade I (low), Grade II (intermediate) and Grade I1I (high). Ki-67 proliferative index
(£15%, >15% of the cells) and tumor size (<3 cm, >3 cm) were also evaluated. In
this study, one tumor was selected per animal. Animals with a single mammary gland
tumor as well as those with multiple tumors were included in this study. In addition,
animals with mammary gland tumors and other malignancies detected by various
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screening tests prior to surgical removal or those already undergoing chemotherapy

were excluded.

1.2. Immunohistochemistry

The paraffin-embedded tissues were sectioned at 4-um intervals using a
microtome (Leica Microtome HM355S, Plymouth, MN), deparaffinized in xylene
twice for 5 min each and rehydrated in graded alcohol (100% twice, 95%, 90%, 80%,
and 70% once for 3 min each). Antigen retrieval was carried out using a 2100-
retriever pressure cooker (PickCell Laboratories, Amsterdam, Netherlands) in a
10mM citrate acid (pH 6) buffer for 20 min. Endogenous peroxidase activity was
quenched by incubation with 3% H,0, for 30 min. The sections were treated with
normal horse serum (S-2012, Vector, CA, USA) for 20 min to block non-specific

binding and incubated overnight at 4 ‘C with goat anti-TRPM7 antibody (1:300;

ab729, Abcam, Cambridge, USA) and rabbit anti-Ki-67 polyclonal antibody (1:500;
PA5-19462, Invitrogen Ltd, Paisley, England). The sections were subsequently
incubated with secondary antibodies HRP anti-goat [gG (ImmPACTTM, Vector, CA,
USA) and HRP anti-rabbit [gG (ImmPACTTM, Vector, CA, USA) for 1 h. The slides
were incubated in 3,3’-diaminobenzidine tetrahydrochloride (ImmPACTTM
diaminobenzidine (DAB) peroxidase substrate kit, Vector, CA, USA) for 90 s and
the reaction was stopped by immersion in distilled water. 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 hematoxylin, dehydrated in graded alcohol, and cleared in xylene. The
slides were washed with PBS between each procedure. Immunostained slides were
scanned using an Olympus BX51 microscope (Olympus, Japan) with appropriate

light filters (Tucsen, Fuzhou, China).

1.3. Qunatitiation of IHC staining

IHC results were analyzed using Aperio ImageScope version 12.3.0.5056
(Aperio, Vista, CA, USA). IHC slide images were analyzed using the Aperio
program. These algorithms used color de-convolution to perform stain separation in
order to separate DAB from the hematoxylin 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 labeled by digitally analyzing
the color intensity. The output staining intensities ranged from 0 (negative) — 3
(strong positive) and were correlated with conventional manual scoring methods
(Singh et al.,, 2014). Aperio Cytoplasm V2 algorithm was used to analyze
cytoplasmic positivity of TRPM7 expression, based on TRPM7 in human breast
cancer criteria (Putluri et al., 2014). Staining intensities for TRPM7 expression
ranged from 0-3 and were correlated with conventional manual scoring methods: 0
(negative), +1 (weak positive), 2+ (moderate positive) and 3+ (strong positive).
Scores of 2+ and 3+ represented TRPM7 overexpression and the percentage of cases
overexpressing TRPM7 was calculated.

Aperio Nucelar V9 algorithm was used to analyze nuclear positivity of Ki-67.

An algorithm for analyzing nuclear immunoreactivity was used to measure the
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percentage of immunoreactive cells (Dowsett et al., 2011; Gasperetti et al., 2011).All
positively stained cells in the whole cell area were counted and the fraction 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. (Kadthur et al., 2011), in
which a comprehensive standardized statistical analysis was used to form low and
high-risk groups based on appropriate cut-off value to indicate the prognosis of

CMTs.

1.4. Follow-up data

Dogs with CMTs were followed up for at least for 1 years. All the dogs were
followed up post-surgically via telephonic conversation with the clients and referral
hospital (minimum 23 days, maximum 3206 days). 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 distant metastases. Overall
survival (OS) was calculated from the date of primary surgical treatment to time of
death from the cancer. Assessment of metastasis and recurrence of tumors were
carried out by physical examination, fine needle aspiration, and thoracic radiograph
by referral to animal hospital and/or Seoul National University Hospital for Animal.
After surgical removal and hospital discharge, regular check-up was performed. This
included thoracic X-ray and ultrasound of the abdomen and proceeds to CT if
necessary. Regular check-up was performed every month after discharge, and if there

was no change in the exam results after that, the test was then conducted every 6
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months or 1 year. Dogs with malignant CMTs that died of non-tumor related causes
or those in which a follow-up was not obtained were excluded from the evaluation

of DFS and OS.

1.5. Statistics

The y2 test was used to determine the correlation between the TRPM7
expression and the pathological parameters (tumor grade, Ki-67 and tumor size),
histological parameters and IHC results. Kaplan-Meier survival curves were plotted
and compared using the log—rank test. All the statistical analyses were performed
using SPSS software (SPSS, Chicago, IL, USA). A p<0.05 was considered to be

statistically significant.



2. Results

2.1. 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) and was similar to that of dogs with malignant CMTs
(11.94 years; range: 6 — 15). Forty dogs were sexually intact females, while 17 dogs
were spayed females. The major breeds were Yorkshire Terrier (n = 17) and Maltese
(n = 10). CMT samples were classified into the following four groups: complex
adenoma (n=19), simple adenomas (n=8), benign mixed tumors (n = 9), and
carcinoma (Grade I, n = 6; Grade II, n = 7 and Grade III, n = 8) (Table 1). Table 2
shows the relationship between the TRPM7 expression and clinical parameters (age,
neuter status and breed). The TRPM?7 expression was significantly different among

breed (p = 0.003).

2.2. Immunohistochemistry result of TRPM?7 expression in CMTs

The expression of TRPM7 channel in CMT tissues was determined using IHC.
[HC staining showed that TRPM?7 is diffusely expressed in the areas except the
nucleus of neoplastic epithelial cells. In addition, no immunoreactivity was observed
in myoepithelial cell of complex adenomas and mesenchymal areas of benign mixed
tumors. The cell population was observed in mesenchymal area. TRPM7 expression
in these cells was higher than that in the adjacent non-cancerous cells (Figure 1A —

8 + 1
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D).

2.3. Correlation between TRPM?7 overexpression and diagnosis based on

histopathological features, tumor size and Ki- 67

To investigate the role of TRPM7 in CMTs, the relationship between TRPM7
expression and histopathological features was analyzed. Out of 57 CMTs, 36 were
benign and 21 were malignant. TRPM7 was overexpressed in 3/36 (8.34%) benign
CMTs and 14/21 (66.67%) malignant CMTs. Table 3 shows IHC analysis result and
association between TRPM7 expression in benign and malignant CMT tissues.
TRPM?7 overexpression was observed in simple adenoma (12.5%, n = 8), complex
adenoma (5.26%, n = 19) and benign mixed tumor (11.12%, n = 9). In addition, its
overexpression was observed in grade [ (50%, n = 6), grade II (57%, n="7) and grade
I (85%, n = 8) in malignant tumor. According to histopathological diagnosis,
TRPM7 overexpression was not statistically different in benign CMTs (p = 0.942)
and malignancy grade (p = 0.137). Table 4 shows TRPM7 expression was
significantly associated with higher Ki-67 (p = 0.025) and larger tumor size (p =
0.016) in highly malignant tumors. In benign tumors, the correlation between
histopathological diagnosis and pathological features was limited as it was difficult
to obtain statistical data due to the small number of benign tumors showing

overexpression of TRPM?7.

2.4. Correlation of TRPM7 overexpression with clinical outcome



The prognostic value of TRPM7 overexpression in malignant CMTs was
determined by Kaplan-Meier analysis. We categorized TRPM7 expression as low (0,
+1) or high (+2, +3) for survival analysis. All of 21 malignant 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 (median 13 months
vs. 36 months, p = 0.035) and shorter OS (median 16 months vs. 42 months, p =
0.011) (Figure 2A and 2B). Dogs with high TRPM7 expression had worse prognosis

than those with low expression of TRPM7 in CMTs.
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3. Discussion

Dysregulation of Ca®" may act more as a “driver” than a “passenger” in
carcinogenesis (Cui et al., 2017). Moreover, an increase in Ca’"/ Mg”" ratio is
associated with increased risk for postmenopausal breast cancer in human.
Increasing number of investigations show that TRPM?7 is a valuable diagnostic and
prognostic marker of cancer progression related with clinicopathological parameters
in human breast cancer (Dhennin-Duthille et al., 2011, Middelbeek et al., 2012,
Dhennin-Duthille et al., 2014). Several studies have demonstrated that TRP channels
play an important role in diverse cellular functions and are a key factor for
tumorigenesis and cancer development (Guilbert et al., 2009, Clark et al., 2006).
TRPM?7 is a ubiquitously expressed protein and plays a prominent role in early
embryogenesis and organogenesis (Jie et al., 2012; Duan et al., 2018). In mammalian
cells, TRPM7 channel performs both channel and kinase functions (Krapivinsky et
al., 2014). This unique ion channel in combination with an a-kinase is termed as
“chanzyme” (Gautier et al., 2016). This “chanzyme” channel is known to transport
divalent cations, such as Ca*" and Mg”". TRPM7 can modulate cell proliferation,
migration, adhesion, apoptosis, and necroptosis by facilitating Ca®* influx, whereas
Mg”" influx regulates cell proliferation and apoptosis (Dhennin-Duthille et al., 2011).
TRPM?7 is involved in cell cycle progression, adhesion, survival and migration of
cancer cells (Yee et al., 2012). The TRPM?7 channel is widely expressed in various
organs, including heart, lung, liver, brain and spleen (Nadler et al., 2001). TRPM7 is
overexpressed in various types of cancers such as ovarian carcinoma, retinoblastoma,

neck and head carcinoma, prostate cancer, lung cancer and pancreatic
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adenocarcinoma (Wang et al., 2014a; Jiang et al., 2007; Sun et al., 2013; Gao et al.,
2011; Yee et al., 2012a). In particular, TRPM7 is expressed in human breast cancer
and normal breast tissues. Furthermore, it has been identified as a breast cancer
diagnostic and prognostic marker (Guilbert et al., 2009). Aberrant TRPM?7
expression in human breast and pancreatic cancer is closely correlated with
clinicopathological parameters, such as tumor malignancy, Ki-67 proliferation index
and patient survival time (Zhou et al., 2014). Another study proves that TRPM7 is
necessary for pancreatic cancer cell invasion (Yee et al., 2015). Despite abundant
knowledge on TRPM7-related carcinogenic pathways in human breast cancer, its
role in CMT pathogenesis is still poorly understood. In this study, we show that
TRPM?7 is overexpressed in highly malignant CMTs. Hence, TRPM7 may represent
as an independent prognostic factor for DFS and OS in dogs with CMTs.

In this study, TRPM7 expression was determined in 57 CMTs from dogs. IHC
analysis showed that TRPM?7 is overexpressed in the cytoplasm of CMTs. This
immunostaining reactivity is consistent with previous observations in human breast
cancer (Dhennin-Duthille et al., 2011; Guilbert et al., 2009). In contrast to
immunoreactivity at the apical membrane of ductal epithelial cells of canine normal
mammary gland, TRPM7 was diffusely expressed in the cytoplasm at elevated levels
in 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 pancreatic adenocarcinoma cells (Yee et al., 2011). We further
discussed whether other TRP channels show differential immunoreactivity (plasma
membrane or cytoplasm) in normal cell and tumor state. TRPMS protein was

localized to the plasma membrane of cells in the normal prostate tissue, whereas its
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channel showed severely internalized pattern of TRPMS in tumor tissues (Bidaux et
al., 2007) (Asuthkar et al., 2017). 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 tissues, TRPM?7 channels are internalized in CMTs, while it is expressed in the
apical membrane of ductal epithelial cell of normal mammary gland tissue. Previous
studies have demonstrated that TRPM7 mRNA and protein are expressed in canine
normal mammary glands. Furthermore, IHC staining of TRPM7 confirmed its
localization at the apical membrane of ductal epithelial cells. These results have been
reported as the first evidence of the presence and distribution of TRPM?7 in canine
mammary glands (Lee Sungin, 2020). Despite the vast number of studies on TRPM7
over the past decade, its function and mechanism 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 (Krapivinsky et al., 2014).
Approximately 30% of CMT samples from both benign and malignant tissues
showed moderate (+1) and strong positive (+2) immunoreactivity for TRPM7
expression. TRPM7 expression was higher in malignant CMTs. (14/21, 66.67%)
than in benign CMTs (3/36, 8.34%). Moreover, the correlation between TRPM7
overexpression and pathological parameters (proliferative index Ki-67 or tumor size)
according to tumor grade was assessed. These parameters are widely known as
prognostic factors in canine mammary tumors (Misdorp and Hart, 1976). Our results
showed a statistically significant association between TRPM7 overexpression and
high Ki-67 and large tumor size, which is consistent with the results of human studies

(Guilbert et al., 2009). The positive correlation between tumor progression and
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TRPM7 expression may be due to the role of TRPM?7 in cancer development. As
mentioned previously, TRPM7 plays different roles during cancer progression.
TRPM?7 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 tumors require TRPM7 channel activity and interaction with
cytoskeletal proteins (Isabelle Dhennin-Duthille, 2014).

Our findings demonstrated that TRPM7 overexpression is correlated with poor
DFS and OS. These results not only suggest a prominent role of TRPM7 in cell cycle
regulation and proliferation in CMTs, but also imply a promising application of
TRPM?7 as a valuable prognostic marker. Additionally, human studies have shown
that TRPM?7 overexpression in patients with breast, ovarian, and pancreatic cancer
is significantly associated with OS and DFS (Middelbeek et al., 2012; Wang et al.,
2014b; Rybarczyk et al., 2012).

It should be noted that this study has several limitations. Firstly, the analyzed
sample size of benign and malignant CMT is relatively small. Obtaining a larger
sample sizes would help to obtain reliable results and also allows multi-perspective
analysis. Secondly, this study did not evaluate the relative mRNA and protein level
by real-time PCR and western blot. Further investigations are required to address
these issues to advance our understanding of TRPM?7 function and regulation in
health and disease.

The importance of ion channels in various cancers is well known. This
knowledge has immensely contributed to the identification of chemotherapeutic

agents for several cancers (Cui et al., 2017). Because our previous study showed that
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TRPM7 may play a role in the normal physiology and cell functions in the canine
mammary gland, further studies on the development of anticancer drugs in dog
targeting ion channel signaling proteins in dogs are required. Importantly, a large
number of malignant and metastatic CMTs are required to validate the TRPM7
expression as a prognostic factor. Future studies should understand the mechanism
of TRPM?7 regulation of carcinogenesis. The results of previous and the current study
on TRPM7 can help develop novel and effective treatment strategies against CMTs
and other malignant tumors. In human studies, TRPM7 finds potential not only as a
biomarker in various tumors, but also as a therapeutic target. Ultimately, we need to
discuss the potential function of TRPM7 channel-kinase as a biomarker and

therapeutic target for achieving the goal of veterinary oncology (Yee, 2017).
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4. Conclusion

In this study, we showed that TRPM?7 is expressed in the cytoplasm of benign
and malignant CMT cells. Furthermore, we demonstrated that TRPM7 expression is
positively correlated with prognostic factors such as histological grade, Ki-67
proliferative index and tumor size of in higher grade of malignant CMTs. Our
findings demonstrate that high TRPM7 expression is significantly associated with
DFS and OS. Thus, TRPM7 expression may serve as a valuable diagnostic and
prognostic marker of cancer development with clinicopathological factors in CMTs.
However, further studies are required to understand by which TRPM7

overexpression promotes development of CMTs.
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Figure 1. Immunohistochemical staining of TRPM7 in canine mammary
gland tissue (CMTs). (A) and (C) Benign CMT (ductal adenoma) with low
TRPM7 expression (weak positive). (B) and (D) Malignant CMT (Grade
III; solid type) 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 in
malignant CMTs. Sections were counterstained with hematoxylin. (A, B,
E, F original magnification x400; C, D original magnification x1000).

CMT, canine mammary tumor.
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