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Original Article

Tissue Proteomics of Feline Mammary Carcinoma:
Identification of Potential Biomarkers Based on Metastatic

Status and Histopathological Characteristics

Weejarin Paphussaro! Sittiruk Roytrakul? Narumon Phaonakrop? Sawanya Charoenlappanit?

Anudep Rungsipipat! Theerawat Tharasanit! Gunnaporn Suriyaphol™

Abstract

Feline mammary carcinoma (FMC) is a prevalent and aggressive cancer with high metastatic potential. Few tissue
biomarkers have been reported to help evaluate disease progression in FMC. This study aimed to analyze the tissue
proteomic profiles of metastatic feline mammary carcinoma (mFMC) and non-metastatic FMC (NmFMC) across
various histological grades (HGs) and histological types (HTs) using liquid chromatography-tandem mass
spectrometry (LC-MS/MS). Tissue samples were collected from 13 NmFMC, 26 mFMC, and 13 healthy controls (CTRL).
Samples were trypsinized and subjected to LC-MS/MS. Proteome results were analyzed based on the metastatic status,
HGs, and HTs of the samples. The findings revealed a total of 16,897 expressed proteins were identified. Among these,
upregulations of interleukin 18 receptor 1 (IL18R1) and rRNA adenine N(6)-methyltransferase (DIMT1) were
commonly observed in all mFMC, HG Il and solid HT groups, whereas immunoglobulin heavy chain variable (IGHV),
phenylalanine-tRNA ligase (FARS2) and gasdermin C (GSDMC) were markedly increased in mFMC and solid HT
groups, compared with NmFMC and CTRL. Notably, H1.5 linker histone, cluster member (H1.5) expression showed a
significant difference between mFMC and NmFMC in Kaplan-Meier survival analysis (P < 0.01). Conversely, the tumor
suppressor, NOP14 nucleolar protein (NOP14), and sodium channel protein (SCN8A) were downregulated in mFMC,
HG 1II, and solid HT groups (P < 0.01). In summary, this study identified potential tumor markers and tumor
suppressor candidates for FMC using LC-MS/MS. Further exploration is needed to evaluate the feasibility of utilizing
these protein markers in a clinical setting with a larger cohort.

Keywords: feline mammary carcinoma, histological grades, histological types, LC-MS/MS, metastasis, proteomic
biomarkers
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Introduction

Feline mammary gland carcinoma (FMC) is a
common tumor in female cats (Giménez et al., 2010;
Sorenmo et al, 2020). High mortality rates are
frequently found in FMC due to metastasis to other
visceral organs, particularly the lungs (De Campos et
al., 2015; Soares et al., 2016a). Hence, early detection
and rapid treatment are important to prolong survival
rates. The standard diagnostic procedures for
mammary tumors include physical examination and
tissue biopsy to investigate clinical stages, histological
grades (HGs), and histological types (HTs) (Giménez et
al., 2010). Previous studies have shown that HG I was
found in non-ulcerated tubulopapillary or complex
lesions, whereas large, ulcerated, solid, and
micropapillary carcinomas were associated with high-
grade HG and solid HT (Seixas et al.,, 2011). In the
context of biomarkers, proliferation tumor markers
(HER2 and Ki-67), hormone receptors (estrogen
receptor (ER) and progesterone receptor (PR)) and
angiogenic markers (cyclooxygenase-2 (COX-2) and
vascular endothelial growth factor (VEGF)) have been
previously reported to characterize the HGs and HTs
of FMC (De Campos et al, 2015). Another study
indicated significantly increased levels of matrix
metalloproteinase-9 (MMP-9) in feline tubulopapillary
carcinomas compared with controls (CTRL) (Akkoc et
al., 2012). HER2 is a poor prognostic biomarker in
human breast cancer (Figueroa-Magalhaes et al., 2014).
However, in the case of FMC, HER2 expression is
inconsistent. High levels of HER2 expression in tissue
were shown to be associated with less aggressive
outcomes such as a low Ki-67 index, absence of tumoral
necrosis, and lower disease stages. Additionally, no
significant association between HER2 and other
clinicopathological features, including histological
grades and types, was documented in FMC (De
Campos et al., 2015; Soares et al., 2016a, b). Exploration
of suitable tumor biomarkers serving as metastatic and
histopathological candidates is required for FMC.

Proteomics is a large-scale evaluation of proteins
(Aebersold and Mann, 2003). Liquid chromatography-
tandem mass spectrometry (LC-MS/MS) has been proven
to be a crucial tool for investigating potential novel
tissue proteomic biomarkers in several cancers, such
as human ductal carcinoma in situ (DCIS) and invasive
carcinoma as well as in canine oral melanoma and oral
benign tumors (Song et al., 2012; Pisamai et al., 2018). In
metastatic canine mammary tumors, proteomics
identified several potential protein biomarkers, such as
proliferating cell nuclear antigen and ferritin light
chain (Klopfleisch et al., 2010).

The objective of the present study was to identify
tissue proteomic candidates for cats with mFMC and
NmFMC across various histological types and grades
using LC-MS/MS.

Materials and Methods

Sample collection and preparation: The tumor tissue
samples were collected after surgical resection at the
Department of Obstetrics Gynaecology and
Reproduction, Small Animal Teaching Hospital,
Faculty of Veterinary Science, Chulalongkorn
University. For the evaluation of distant metastasis,
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thoracic radiographs, including ventrodorsal and
lateral views, were performed. Samples were divided
into 13 NmFMC samples with no lymph node or
distant metastases and 26 mFMC samples with lymph
node and/or distant metastases. Tissue samples were
dissected for histopathological grade,
histopathological type, and proteomic analyses. For
the histopathological study, samples were immersion-
fixed in 10% neutral buffered formalin for 24 h with
standard tissue processing and paraffin embedding.
According to Mills et al. (2014), the histological grades
of FMC, based on lymphovascular invasion (0, absent;
1, present), the percentage of nuclei with abnormal
nuclear form (0, 5% abnormal; 1, >5% abnormal) and
mitotic count (0, <62; 1, >62), were divided into 3
grades with total scores of 0, 1, 2 and 3, representing
grade 1 (low-grade carcinoma), grade 2 (intermediate-
grade carcinoma) and grade 3 (high-grade carcinoma),
respectively (Mills et al., 2014).

For proteomic analysis, samples were kept in
RNALater solution (Thermo Fisher Scientific,
Waltham, MA) overnight at 4°C and stored at —20°C
until analysis. Thirteen normal mammary tissue
samples were collected from freshly necropsied
carcasses from the Department of Pathology, Small
Animal Hospital, Faculty of Veterinary Science,
Chulalongkorn University. The samples were obtained
with the owners’ consent, and the sample collection
process was approved by the Chulalongkorn
University Animal Care and Use Committee (CU-
ACUC) (Approval number 1831091). Approximately
100 mg of tissue was ground with liquid nitrogen and
0.5 % sodium dodecyl sulfate (SDS). After incubation
for 1 hat room temperature, samples were centrifuged
at 12,000 rpm for 15 min. Supernatants were kept at -
20°C until analysis. Protein concentrations were
determined by Modified Lowry’s assay (Thermo
Fisher Scientific, Waltham, MA, US) (Waterborg, 2009).
Samples with a concentration of 0.1 pg/uL were mixed
with 10 mM dithiothreitol (DTT) in 10 mM ammonium
bicarbonate, followed by adding 100 mM
iodoacetamide in 10 mM ammonium bicarbonate. Ten
nanograms of trypsin in 50% acetonitrile in 10 mM
ammonium bicarbonate were added. Samples were
stored in 10% formic acid at -20°C until LC-MS/MS
analysis.

LC-MS/MS analysis and data processing: Peptide
separation was performed using Acclaim PepMap
nanocolumns with 75 pm diameter x 5 cm length
(Thermo Fisher Scientific, Waltham, MA, USA). The
nanoLC system was linked to electrospray ionization
MS in positive ion mode and quadrupole ion-trap MS
(Bruker Daltonics, Billerica, MA, USA). For the mobile
phase, 0.1% formic acid in distilled water was defined
as eluent A, and 0.1% formic acid in 80% acetonitrile in
distilled water was defined as eluent B. A linear
gradient of eluent B 4-70% was achieved at a flow rate
of 0.3 uL/min for 20 min. Ninety percent and 4% eluent
B were used for regeneration and equilibration,
respectively, for 40 min per run. For peptide fragment
mass spectra analysis, a scan range of 400-1500 m/z, 3
averages, and up to 5 precursor ions selected from the
MS scan at 200-2800 m/z were used. CompassXport
software (Bruker Daltonics) was used to convert the
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LC-MS/MS results into an mzXML file. Protein
quantification was performed using DeCyder MS
Differential Analysis software (GE Healthcare, Chicago,
IL, USA). PepDetect in MS mode was used for
automated  peptide  detection, charge state
assignments, and peptide ion signal intensities.
MASCOT software (Matrix Science, Boston, MA, USA)
was used to identify the proteins from MS/MS peptide
mass values by searching against the NCBI mammal
Felis catus database with a MASCOT score
corresponding to P < 0.05. To annotate protein
sequences, molecular functions, and biological
processes, UniProtKB/Swiss-Prot entries
(http:/ /www.uniprot.org/)  were used. The
relationship among sample groups was exhibited
using a jVenn diagram (Bardou et al., 2014). A protein-
protein interaction network was analyzed using the

3

Stitch program, version 5.0 (http://stitch.embl.de/)
(Szklarczyk et al., 2016). Kaplan-Meier survival curves
for NmFMC and mFMC cats were analyzed.
Statistical analysis: The differential protein
expression in CTRL and samples with various
metastatic statuses, HGs, and HTs were analyzed using
the MetaboAnalyst 6.0 software (Pang et al., 2021).
Additionally, a partial least square discrimination
analysis (PLS-DA) was performed using the same
software (Pang et al., 2024). Fold change analysis
between groups was presented on a log, scale. The
Shapiro-Wilk test in R was employed for normality
testing. The Mann-Whitney U test in R was utilized to
determine statistical significance, with a significance
level set at P < 0.05. GraphPad Prism version 10.2.2
software was used to analyze survival time using the
Kaplan-Meier method (log-rank test).

Tablel  Sample description data including age, breed, neuter status, metastatic status, histological grade, and histological type.

Sample ID  Age (years) Breed Neuter status Metastasis Histological grade  Histological type
1 9 DSH - mFMC II SC
2 17 DSH - NmFMC II SC
3 10 DSH - NmFMC 111 SC
4 5 Khao Manee + mFMC I TA
5 11 DSH + NmFMC II TA
6 12 DSH + mFMC 111 SC
8 8 DSH - NmFMC I sC
9 10 DSH + mFMC I TA
10 9 DSH + mFMC II TA
11 13 DSH + mFMC II TA
12 10 DSH N/D NmFMC I TA
14 7 DSH + NmFMC I TA
15 12 DSH + mFMC I TA
16 11 DSH - mFMC II TA
17 13 DSH + mFMC 111 SC
18 15 DSH + mFMC 111 SC
19 8 DSH + NmFMC II CcC

20 15 DSH - mFMC I TA
21 8 DSH + mFMC II TA
23 9 Persia - mFMC 111 SC
24 16 DSH - mFMC I TA
26 10 Persia + mFMC II SC
28 10 DSH + mFMC II TA
29 14 DSH + mFMC 111 CcC
30 7 DSH + NmFMC I TA
31 10 DSH + mFMC I TA
32 10 DSH + mFMC II TA
33 15 DSH + mFMC II sC
34 15 DSH + mFMC I TA
35 13 DSH + mFMC I TA
36 15 DSH + NmFMC II TA
37 N/D DSH + mFMC I TPA
39 5 DSH N/D NmFMC I TA
40 8 DSH N/D NmFMC I TA
41 2 DSH - mFMC II DA
43 16 Persia - mFMC I TA
45 17 DSH + mFMC II SC
47 7 SH + NmFMC II CcC
49 3 Persia + NmFMC I TA

Abbreviations: CC, cribriform carcinoma; DA, ductal adenocarcinoma; DSH, domestic shorthair; mFMC, metastatic feline mammary
carcinoma; N/D, Not determined; NmFMC, Non-metastatic feline mammary carcinoma; SC, solid carcinoma; TA, tubular

adenocarcinoma; TPA, tubulopapillary adenocarcinoma



Result

Sample description data: From 39 FMC samples, 67 %
were mFMC (26/39), and 33% were NmFMC (13/39).
For HG classification, 69% were HG II (27/39),
followed by HG III at 18% (7/39) and HG I at 13%
(5/39). According to HTs, 61% were tubular
adenocarcinoma (24/39), followed by 28% solid
carcinoma (11/39), 8% cribriform carcinoma (3/39),
and 3% ductal adenocarcinoma (1/39) (Table 1,
Supplementary Fig. 2).

Proteomics results: There were 16,897 proteins
expressed in this study. We found 220 proteins
differentially expressed between mFMC and/or
NmFMC groups compared with the CTRL group (P <
0.01), whereas 206 proteins were found to be
differentially expressed between HG I, HGII, or HGIII
groups and the CTRL group (P < 0.01). Furthermore, a
total of 275 proteins were differentially expressed
between tubular adenocarcinoma, tubulopapillary
carcinoma, ductal adenocarcinoma, cribriform
carcinoma, or solid carcinoma groups and the CTRL
group (P < 0.01). Among all differentially expressed
proteins compared with the CTRL group, 96 proteins
were commonly expressed across various metastatic
statuses, HG, and HT groups (Fig. 1, Supplementary
Table 1). Within this subset, interleukin 18 receptor 1
(IL18R1), rRNA adenine N(6)-methyltransferase
(DIMT1), and odontogenesis-associated
phosphoprotein  (ODAPH) exhibited significant
upregulation in mFMC, HG 1II, and solid HT cases
compared with NmFMC and CTRL groups (P < 0.01)
as shown in Table 2 and PLS-DA plots (Fig. 2). Apart
from this, immunoglobulin heavy chain variable

MS VS CTRL

HT VS CTRL
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(IGHV), phenylalanine-tRNA  ligase  (FARS2),
gasdermin C (GSDMC) and actinin alpha 4 (ACTN4)
were markedly found in mFMC and solid HT groups
compared with NmFMC and CTRL (P < 0.01), with the
involvement of DIMT1, FARS2 and ACTN4 in the
network of protein-protein interaction (Table 2, Fig. 2,
Supplementary Fig. 3). Additionally, several proteins
were overexpressed in both mFMC and NmFMC, as
well as in solid HT and HG III compared with CTRL
and HGI (P <0.01), such as H1.5 (P < 0.01) (Table 2). In
the context of HGs and HTs, 19 proteins within this
subset were commonly expressed between HG and HT
groups. Increased levels of transmembrane serine
protease 9 (TMPRSS9) and phosphatidylinositol
transfer protein cytoplasmic 1 (PITPNC1) were shown
in HG III and solid carcinoma compared with CTRL
and HG I (P < 0.01) (Fig. 1, Supplementary Table 2).
Concerning downregulated proteins, diminished
levels of NOP14 nucleolar protein (NOP14) and
sodium channel protein (SCN8A) were observed in
mFMC, HG III, and solid HT when compared with
CTRL (P < 0.01) (Table 2). Furthermore, several
proteins were downregulated in HG III and solid HT
groups compared with CTRL, including RNA helicase
aquarius (AQR) and FCH and double SH3 domains 1
(FCHSD1) (P < 0.01) (Supplementary Table 2).

Survival time: Kaplan-Meier survival curves for
NmFMC and mFMC cats, with various protein
expressions including H1.5, IL18R1, DIMT1, ODAPH,
FARS2 and GSDMC were analyzed. Only the H1.5
expression showed a significant difference between
mFMC and NmFMC (P < 0.05) (Fig. 3, Supplementary
Fig. 1).

HG VS CTRL

72

Figure1l jVenn diagram of expressed proteins in different metastatic statuses (MS), histological grades (HG), and histological types

(HT) compared with controls (CTRL).
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Discussion

In the present study, several novel tissue proteins
with various metastatic statuses, HGs, and HTs were
identified in FMC using LC-MS/MS. The first target
group included proteins expressed under the most
aggressive conditions (mFMC, solid HT, and HG III)
compared with NmFMC and CTRL, including IL18R1,
DIMT1, and ODAPH. The second target group
comprised proteins observed in mFMC and solid HT
compared with NmFMC and CTRL, such as IGHYV,
FARS2, GSDMC, and ACTN4. Within these groups,
proteins could be classified into those related to
immune response (IL18R1 and IGHV), proteins
involved in cell proliferation (DIMT1, FARS2 and
GSDMC) and proteins with other functions (ODAPH)
(Babbage et al., 2006; Tang et al., 2020; Sattari et al., 2021;
Shen et al., 2021; Ho et al., 2022; Yang and Tang, 2023).
IL18R1, a cytokine receptor, plays an important role in
the IL-18 signaling pathway. IL18R1 was found to be
overexpressed in human breast cancer tissues
compared with nearby non-cancerous tissues, possibly
because IL18R1 was potentially involved in immune
escape, resulting in the tumorigenesis of breast cancer
cells. Additionally, IL18R1 levels were increased in T
cells obtained from invasive ductal carcinoma samples
compared with in situ tumors (Tang et al., 2020; Sattari
et al., 2021). IGHV has been reported in breast cancer
cells. Immunoglobulin heavy constant alpha 2
(IGHA2) was identified in breast tumor cells that
metastasized to regional lymph nodes using matrix-
assisted laser desorption/ionization-mass
spectrometry imaging (MALDI-MSI), immunoblotting
and immunohistochemical analysis. Moreover, human
breast cancer cells secreted immunoglobulin G (IgG)
and supported the growth of cancer cells (Qiu et al.,
2003; Babbage et al., 2006; Kang et al., 2012).

In the context of proteins involved in cell
proliferation, DIMT1 functions to promote cell
proliferation in various human cancers (Shen et al.,
2021). High expression of DIMT1 was associated with
cell proliferation and progression in multiple
myeloma, thyroid cancer, and colon cancer (Shen et al.,
2021; Hou et al, 2023). In addition, DIMT1 was
overexpressed in gastric carcinoma compared with

normal tissue and correlated with metastasis; however,
the mechanism has not been reported (Liu et al., 2017).
Phenylalanyl-tRNA  synthetase  alpha  chain
(FARSA) gene expression was shown to be
upregulated in several tumors, and its protein
functions to regulate tumor cell proliferation and/or
differentiation (Ho et al., 2022). FARS2 was found to be
increased in various human cancers (Sung et al., 2022).
GSDMC plays an important role in inducing the
pyroptosis pathway causing tumor necrosis, and thus,
high expression of GSDMC correlates with poor
survival times (Hou et al., 2020; Yang and Tang, 2023).
Additionally, ACTN4 plays an essential role in breast
cancer stem cell-related metastasis (Wang et al., 2017).
The expression of ODAPH was associated with thin
and hypoplastic enamel in mice (Mu et al., 2022).
Notably, advanced-stage human breast cancer and
patients undergoing chemotherapy can lead to dry
mouth (xerostomia), contributing to decay and enamel
erosion (Pinto et al.,, 2020; Talha and Swarnkar, 2023;
Walsh et al, 2023). However, the association of
ODAPH expression and enamel erosion in FMC needs
to be further investigated.

Regarding the survival time analysis, only H1.5
expression was correlated with longer survival in
NmFMC compared with mFMC. Histone H1.5 plays
important roles in gene expression, DNA repair, and
cell proliferation. This protein was targeted to
differentiate prostate cancer from benign prostatic
glands by immunohistochemistry (Khachaturov et al.,
2014). The association of other proteins (IL18R1,
DIMT1, ODAPH, and FARS2) with survival rates was
not observed, possibly due to the analysis of the
Kaplan-Meier survival graph based on the survival
time of patients after surgery only, regardless of the
protein expression values.

Focusing on HG and HT groups, TMPRSS9 and
PITPNC1 were found to be commonly upregulated in
high-grade HG and solid HT. TMPRSS9 is a member of
the type II transmembrane serine protease (TTSP)
family, influencing pro-tumor activities in pancreatic
cancer cells. Hence, TMPRSS9 or polymerase-1 may
affect tumor progression and prevent the progression
of this malignant tumor by inhibiting protein activity
(Fontanil et al., 2014). In breast cancer, TMPRSS2 was


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/t-cell
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/t-cell
https://www.sciencedirect.com/topics/medicine-and-dentistry/breast-carcinoma
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found to be a potential biomarker for poor patient
survival34 and as a prognostic marker correlated with
immune infiltrates in breast invasive cancer (Xiao et al.,
2022). In the context of phosphatidylinositol transfer
proteins (PITPs), they are multifunctional proteins that
play an important role in signal transduction and
membrane trafficking processes (Grabon et al., 2015).
The PITPNC1 gene was found to be overexpressed in
metastatic breast, melanoma, and colon cancer
(Halberg et al., 2016; Cavieres et al., 2020). Knockdown
of PITPNC1 decreased the metastatic potential of
human breast cancer cells(Png et al., 2011; Halberg et
al., 2016).

Potential tumor suppressor markers in FMC, such
as NOP14 and SCN8A, were markedly decreased in the
FMC group with various metastatic statuses, HGs, and
HTs compared with CTRL. Overexpression of NOP14
suppresses breast cancer metastasis via inhibition of
the NRIP1/Wnt/{-catenin pathway. Moreover, low
expression of NOP14 was associated with poor
prognosis in breast cancer (Lei ef al., 2015). Decreased
expression of SCN8A was observed in the tumor
tissues of patients with colorectal carcinoma compared
with normal tissue (Igci et al., 2015). In addition, lower
levels of AQR and FCHSD1 were noted in HG III and
solid HT groups compared with CTRL. AQR is a pre-
mRNA splicing factor and might prevent cancer by
maintaining genome integrity due to repairing DNA
damage during the S phase (related to the R loop)

IL18R1
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(Sakasai et al., 2017). FCHSD1 and FCHSD2 could
regulate F-actin assembly in hair cell stereocilia and the
cuticular plate, and stabilized F-actin structure led to
the limitation of migration and metastasis of cancer
cells (Cao et al., 2013; I1zdebska et al., 2020).

In summary, potential protein candidates in feline
mammary carcinomas using LC-MS/MS across
different metastatic statuses, HGs, and HTs of FMC
were identified in this study. These included proteins
markedly expressed in mFMC and high HG (HG III)
related to immune response (IL18R1 and IGHV), cell
proliferation (DIMT1, FARS2, and GSDMC), and other
functions (ODAPH). Additionally, TMPRSS9 and
PITPNC1 were upregulated in high-grade HG and
solid HT. In contrast, potential tumor suppressors of
FMC, such as NOP14, SCN8A, AQR, and FCHSD1,
were identified. The limitations of this study include
limited sample size, especially in the metastatic stage
of FMC, due to some cats not undergoing surgery.
Future research in a larger population with validation
should be done to investigate the precise roles of these
candidates.

Data availability: Additional data is available in the
supplementary material. The raw MS/MS spectra data
are available in ProteomeXchange (PXD053213)
(https:/ / proteomecentral. proteomexchange.org/cgi/
GetDataset?ID=PXD053213).
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Supplementary Figure1 Kaplan-Meier survival curve for NmFMC and mFMC cats, with interleukin 18 receptor 1 (IL18R1) (P <
0.115) (A), rRNA adenine N(6)-methyltransferase (DIMT1) (P < 0.129) (B), odontogenesis associated
phosphoprotein (ODAPH) (P < 0.056) (C) and phenylalanine-tRNA ligase (FARS2) (P < 0.119) (D). The
tick mark indicated censored cats.
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Supplementary Figure 2  Histopathological grades and types of feline mammary carcinoma. Tubular adenocarcinoma with
histological grade I (A), tubular adenocarcinoma with histological grade II (B), and solid carcinoma with

histological grade III (C). Scale bar =100 pm.



10
—_PNO1
£

BYSL

/
adenosine mono:

Paphussaro W. et al. / Thai | Vet Med. 2024. 54(3) 1-12.

S-adenosylmeth.

pyrophosphate

V

=
=
3 “CTNNAI

el VoNe
! ‘e 2™

phenylalanine

\ FARSB

P
A

Supplementary Figure 3 A protein-protein interaction network of rRNA adenine N(6)-methyltransferase (DIMT1), phenylalanine-
tRNA ligase (FARS2) and actinin alpha 4 (ACTN4). Yellow circles: DIMT1, FARS2, and ACTN4.
Abbreviations: bystin (BYSL), catenin alpha 1 (CTNNA1), phenylalanyl-TRNA synthetase subunit beta
(FARSB), RNA-binding protein PNO1 (PNO1), vinculin (VCL).
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