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Abstract

The epithelial-mesenchymal transition (EMT) is a dynamic process linked to metastasis in many tumor types, including mammary
tumors. In this study, we evaluated E-cadherin and vimentin immunolocalization in primary canine mammary carcinomas (20
cases) and their respective metastases, as well as their relationship with the core regulators SNAIL/SLUG. To assess the number
of cells undergoing the process of EMT, we quantitated double-positive (E-cadherin*/vimentin™) cells using immunofluorescence,
via cell counting and image analysis. In addition, SNAIL/SLUG expression was evaluated by established immunohistochemical
methods. Primary tumors had significantly more E-cadherin™ /vimentin* co-expression than their paired respective lymph node or
distant metastasis, respectively. Furthermore, the percentage of E-cadherin*/vimentin™ cells in grade Il and Il carcinomas was
significantly higher than in grade | tumors. Primary tumors had significantly higher SNAIL/SLUG expression when analyzed based
on the percentage of positive cells compared with their respective distant metastases in pairwise comparisons. An inverse
correlation was noted between SNAIL/SLUG immunoreactivity and percentage of E-cadherin"/vimentin™ immunopositive cells in
primary tumor samples when SNAIL/SLUG immunoreactivity was grouped into 2 categories (high versus low) based on
percentage-positive staining. These results show a positive correlation between E-cadherin™/vimentin™ cells and higher tumor
grade, establish differences between primary tumor and their respective metastases, and provide further support that EMT plays a
critical role in the metastasis of canine mammary carcinoma. Furthermore, these data suggest that modulation of this process
could provide greater therapeutic control and provide support for further research to determine if E-cadherin™/vimentin™
co-immunoreactivity imparts predictive value in the clinical outcome of patients with canine mammary carcinomas.
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Mammary tumors are the most common neoplasm affecting tumors is multifactorial and includes genetic, environmental,
sexually intact female dogs and thus represent a serious health  nutritional, and hormonal factors.!:33-%-51:3437:5961 pify per-
problem in dogs all over the world.* The etiology of mammary cent of these tumors are malignant, with carcinomas of various
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subtypes being the most prevalent.'®**** Highly variable clin-
ical outcomes occur in dogs with mammary carcinomas and are
influenced by such factors as tumor histological type, grade,
and clinical stage. Dogs with stage 1 (<3 cm) and grade |
primary tumors typically have a favorable long-term survival
when treated with surgery alone.®' However, metastasis
remains a frequent cause of cancer-related death in dogs diag-
nosed with advanced-stage disease or higher-grade
tumors.”?*31326! Therefore, similar to women with breast can-
cer, predicting, preventing, and treating metastasis represents
the most important obstacle to improve outcomes in dogs with
clinically aggressive neoplastic subtypes. To do so requires an
improved understanding of the complex biological and mole-
cular changes that occur in the malignant epithelial cells during
the transition to a metastatic phenotype. Despite progress, the
process of metastasis, and specifically the interactions between
tumor cells and their microenvironment that drives and/or facil-
itates metastasis, is incompletely understood.>!

The epithelial-mesenchymal transition (EMT) has been
identified as a major player in tumor metastasis and progres-
sion. EMT is a dynamic process that occurs during epithelial
tumor development and invasion, which has been associated
with aggressive clinical behavior.’® During EMT, epithelial
cells undergo multiple biochemical changes to acquire a
mesenchymal-like phenotype characterized by enhanced
migratory capacity, invasiveness, and increased production of
extracellular matrix components. In addition, during this pro-
cess, epithelial cells may develop stem cell characteristics,
such as increased resistance to apoptosis, anoikis, and
immunosuppression.'*2427:28

EMT has been associated with the metastatic process in
many different types of epithelial malignancies, including
mammary carcinomas.>'*¢*%7 Accumulating evidence also
supports a phenotypic plasticity of tumor cells that allows a
reverse process, specifically the mesenchymal-epithelial tran-
sition (MET), to occur when metastatic cells colonize a distant
secondary site.*® MET is more challenging to document in
patients with spontaneously occurring tumors, however,
because of limitations in access to both primary tumors and
respective metastatic lesions.

Nevertheless, certain features associated with EMT have
been well documented, in both research models and
naturally-occurring mammary cancer in humans and dogs, and
support a crucial role for EMT, and possibly MET, in tumor
progression and metastasis. Specifically, the down-regulation
of epithelial cell-to-cell adhesion proteins, such as E-cadherin,
and the up-regulation of mesenchymal proteins such as vimen-
tin have been associated with aggressive breast cancer behavior
and poor outcomes.! Growth factors, such as transforming
growth factor—f and epidermal growth factor, induce EMT
through induction of WNT and NOTCH signaling pathways
and activation of downstream transcription factors such as

fReferences 6,7, 16, 17, 30, 34, 37-41, 68, 69.

SMAD, SNAIL, ZEB, and TWIST, although this remains
controversial,'?-28-3%:63

Research to further elucidate how EMT is regulated and the
mechanisms by which it promotes aggressive cancer behaviors
will improve our insight into the biology of metastasis and may
inform the development of new drugs or treatment strategies. '
Based on previous research on EMT in canine mammary car-
cinomas and its association with tumor progression and metas-
tasis, we hypothesize that a subset of tumor cells within canine
malignant mammary carcinomas co-express both E-cadherin
and vimentin (E-cadherin®/vimentin®) during their transition
from an E-cadherin—dominant expression (epithelial) to a
vimentin-expressing phenotype (mesenchymal) and that there
would be a decline in numbers of these E-cadherin™/vimentin™
cells in paired metastatic lesions of these tumors (due to the
reversing process of MET). The primary objective of this
research project was to test this hypothesis by studying the
process of EMT, specifically E-cadherin and vimentin expres-
sion, and its core regulators (SNAIL/SLUG) in primary tumors
and paired metastatic lesions of dogs with mammary
carcinomas.

Materials and Methods

Case Selection and Histopathological Analysis

Twenty canine primary mammary tumors from 20 different
dogs with grade I, II, or III carcinoma and biopsy-confirmed
metastasis (lymph node or distant metastasis) were randomly
selected from archived samples from cases in which tissues
from the primary tumors as well as metastatic lymph node
and/or distant metastasis were available. All samples were
obtained from patients enrolled in prospective clinical studies
performed at the Penn Vet Shelter Canine Mammary Tumor
Program, School of Veterinary Medicine, and the Penn Vet
Cancer Center of the University of Pennsylvania (N = 7) and
Faculty of Veterinary Medicine and Biosciences, Norwegian
University of Life Sciences (N = 13). Both studies were
approved by their respective Institutional Animal Care and Use
Committees. All primary tumors and metastases were routinely
processed through 10% formalin fixation and paraffin
embedded (FFPE), as previously described.'”*® For this study,
freshly cut histopathologic sections were stained with hema-
toxylin and eosin (HE). All previously diagnosed canine mam-
mary carcinoma biopsies were independently assessed by 2
board-certified veterinary pathologists (A.C.D., R.L.A.) and
classified and graded according the 2011 and 2012 system by
Goldschmidt and Pefia'®*” (Table 1). Four primary tumors
were grade I, 6 primary tumors were grade II, and 10 primary
tumors were grade III. Sections from regional lymph nodes (n
= 10; collected from the superficial inguinal [# = 5] or axillary
[n = 5] lymph nodes) and/or distant metastasis (n = 16; col-
lected from the lung [n = 12], liver [n = 1], or sternal [n = 2] or
bronchial [# = 1] lymph nodes) corresponding to individual
primary tumors were evaluated to ensure the histopathological
features were consistent with metastatic mammary carcinomas.
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Table 1. Histological Types of 20 Canine Primary Mammary Tumors.

Number of Cases

Histologic Type (% by Group)

Comedocarcinoma 6 (30)
Carcinoma and malignant myoepithelioma 3 (15)
Anaplastic carcinoma 3 (15)
Micropapillary carcinoma 2 (10)
Tubulopapillary carcinoma 2 (10)
Tubular carcinoma I (5)
Carcinoma arising in a complex adenoma I (5)
Ductal carcinoma I (5)
Complex carcinoma I (5)

E-Cadherin and Vimentin Imnmunofluorescence Analysis

The FFPE tissues were evaluated for E-cadherin and vimentin
expression by immunofluorescence. Sequential (4-pm-thick)
sections from the blocks of all primary tumors, lymph node
metastases, and distant metastases described above were pre-
pared on charged slides for immunofluorescence staining. Sec-
tions were deparaffinized by immersion in Clear-Rite 3
(Thermo Fisher Scientific, Waltham, MA) for 10 minutes at
room temperature (RT), followed by immersion in solutions of
decreasing ethanol concentration (100%, 95%, and 70%), for 3
minutes each. The slides were then washed in deionized water,
and antigen retrieval was performed by boiling in citrate buffer
(DAKO; Dako Denmark A/S, Glostrup, UK), according to the
established laboratory procedures.” Following a protein block
performed in a 5% bovine serum albumin (BSA), 5% goat
serum, and 0.05% Tween-20 (Bio-Rad, Hercules, CA) in
phosphate-buffered saline (PBS) solution for 30 minutes at
RT, samples were incubated with the primary antibodies. Sam-
ples were then rinsed 3 times for 5 minutes in PBS prior to
incubation with the secondary antibodies for 1 hour at RT.
Primary and secondary antibodies used are described in Table 2.
For negative controls, no primary antibody was added. Finally,
samples were washed 3 times in PBS for 10 minutes and then
mounted with DAPI (Thermo Fisher Scientific).

Immunofluorescence analysis. Five images were taken for each
slide per sample, at high-power (40x objective) and 20x
objective fields using an Olympus Microscope (BX51). The
fields chosen were based on areas with malignant epithelial

Table 2. Antibodies and Protocols Used for Immunohistochemistry.

cells confirmed by HE. To assess the potential transition
through the EMT process, the number of tumor cells positive
and negative for E-cadherin or vimentin (E-cadherin™/ vimen-
tin~ or E-cadherin /vimentin™, respectively), as well as the
number of double-positive (E-cadherin®/vimentin™) and
double-negative (E-cadherin /vimentin ) tumor cells, was
established by counting malignant epithelial cells in the 5
images at 40x high-power per field. E-cadherin membranous
and/or cytoplasmic red staining was considered positive, while
cytoplasmic green staining was considered positive for vimen-
tin. E-cadherin and vimentin co-localization was shown in yel-
low (result of combining green and red), when both markers
were present in the cytoplasm of the neoplastic cells or by E-
cadherin expression in the membrane and vimentin in the cyto-
plasm of the same tumor cells (Fig. 1).

Results were expressed as the median value (with ranges) of
the percentage of E-cadherin and vimentin-positive/-negative
cells. In addition, the area of E-cadherin™/vimentin™ immunor-
eactivity, viewed with a 20x objective lens, was determined per
section using Image] software (National Institutes of Health,
Bethesda, MD; http://rsb.info.nih.gov/ij/; Tables 3 and 4).

SNAIL/SLUG Immunohistochemical Analysis

SNAIL/SLUG protein expression was evaluated in FFPE tis-
sues by immunohistochemistry. Sections of each tumor were
prepared on charged slides, deparaffinized, and rehydrated.
Antigen retrieval was performed by citrate buffer boiling, fol-
lowed by blocking in 3% H,0,, PBS containing 1% BSA
(A5611 Sigma-Aldrich, St Louis, MO) and 10% goat serum
(protein blocking solution), avidin blocking solution, and biotin
blocking solution (Avidin Blocking Kit; Vector Laboratories
Inc, Burlingame, CA).* Primary antibody and IgG control (neg-
ative control; Table 2) were incubated for 1 hour at RT in
protein blocking solution. Secondary antibody (Table 2) was
applied and incubated in 1% of BSA/PBS for 1 hour at RT.
Sections were incubated in an avidin—biotin—peroxidase system
(ABC Elite; Vector Laboratories Inc) and in 3,3’-diaminoben-
zidine, DAB Substrate (Dako, Carpinteria, CA) for 1 minute 30
seconds at RT. Slides were counterstained in hematoxylin,
before dehydration and mounting. A canine fibrosarcoma sam-
ple served as a positive control.”> The same specific areas that
were evaluated for E-cadherin/vimentin co-expression were
evaluated for SNAIL/SLUG staining and limited to regions

Specificity Host Species Catalogue No./Clone Manufacturer Dilution Incubation
E-cadherin Mouse 610181/36 BD Biosciences 1:50 4°C overnight
Vimentin Rabbit Ab45939 AbCam 1:400 4°C overnight
Rabbit IgG Goat A11034/Alexa Fluor 594 Life Technologies 1:1000 | hatRT
Mouse IgG Goat Al11032/Alexa Fluor 488 Life Technologies 1:1000 | hatRT
Snail + Slug Rabbit ab85936 AbCam 1:300 | hatRT
Isotype rabbit IgG Rabbit 011-000-003 Jackson Immuno Research 0.7:1000 | hat RT
Biotin—anti-rabbit IgG Goat BA 1000 Vector Laboratories 1:1500 | hatRT

Abbreviation: RT, room temperature.


http://rsb.info.nih.gov/ij/
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Figure I. Mammary carcinoma, female dog. (a) Grade Ill canine mammary carcinoma. Hematoxylin and eosin. (b-d) Immunofluorescence.
Nuclear staining with DAPI (blue). (b) Neoplastic epithelial cells exhibit positive membranous and cytoplasmic immunoreactivity for E-cadherin
(red). (c) Epithelial cells with positive cytoplasmic immunolabeling for vimentin (green). (d) Co-localization of E-cadherin and vimentin in the

cytoplasm of neoplastic epithelial cells (yellow).

with malignant epithelial cells. This was confirmed by compar-
ing the slides with parallel sections stained with HE.
SNAIL/SLUG immunopositivity was counted as percentage
positive cells and scored according to the criteria described by
Gamba et al.,'” where 0 represents <5%, +1 equals 5% to 50%,
and 42 equals >50% of immunopositive neoplastic cells of the total
neoplastic cell population. The tumors were further grouped as

SNAIL/SLUG™ (scores 0 and +1) and SNAIL/SLUG"" (score
+2; Figs. 2-5). Raw data are provided as Supplemental Table S1.

Data Analysis

Statistical analyses were performed using GraphPad Prism
v.7.0 (GraphPad Software Inc, La Jolla, CA). P < .05 was
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Table 3. Percentage of Cells With Immunolabeling for E-Cadherin, Vimentin, and SNAIL/SLUG™ in Primary Tumors (PT), Lymph Node
Metastasis (LM), and Distant Metastasis (DM) of Canine Mammary Carcinoma.?

Percentage of Cells (Median, Range)

Pairwise Comparisons

Immunolabeling Pattern PT (n = 20) LM (n = 10) DM (n = 16) PT vs LM PT vs DM
E-Cad*Vim™ membranous 13.0 (0.0-72.4) 7.4 (0.0-93.5) 10.1 (0.0-63.8) P=.74 P=.23
E-Cad"Vim™ cytoplasmic 63.4 (2.8-94.6) 70.4 (0.0-89.2) 72.7 (20.2-100) P=.77 P =.03*
E-Cad*Vim™ total 84.6 (9.5-98.2) 83.3 (59.2-98.1) 86.8 (65.7-100) P =.08 P = .04*
E-Cad Vim™ 2.8 (0.0-62.6) 0.9 (0.0-11.4) 0.7 (0.0-8.9) P =.01** P =.03*
E-Cad*Vim™ (Cell count) 6.5 (0.0-28.4) 2.2 (0.3-11.6) 1.2 (0.0-11.5) P = .02*% = .02%
E-Cad"Vim™ (Area) 1.4 (0.003—4.1) 0.5 (0.1-2.5) 0.3 (0.0-1.5) P=.06 P = .003%*
SNAIL/SLUG™ 30.0 (0.0-95.0) 25.5 (10.0-55.0) 10.0 (4.0-75.0) P=.95 P = .05*%

?Cells with membranous and/or cytoplasmic E-cadherin labeling and concurrent vimentin labeling were counted as double positive, and were enumerated by 2
methods: cell counts and image analysis of an area. Pairwise comparisons were performed within the same animal between PT and LM and between PT and

respective DM. Wilcoxon matched-paired tests.
*P < .05; ¥P < .01.

Table 4. Percentage of Cells With Immunolabeling for E-Cadherin (E-cad), Vimentin (Vim), and SNAIL/SLUG™ in Canine Mammary Carcinomas

of Grades |, Il, and IIl.2

Percentage of Cells (Median, Range)

Group Comparisons

Immunolabeling Pattern Grade | (n = 4) Grade Il (n = 6) Grade Ill (n = 10) lvsll Ivs 1l Ivs I
E-Cad"Vim™ membranous 17.2 (0.0-72.4) 9.5 (0.3-16.4) 16.9 (0.0-57.4) P>.99 P>.99 P>.99
E-Cad*Vim~ cytoplasmic 63.6 (20.4-94.6) 59.9 (2.8-78.2) 54.7 (9.1-87.6) P>.99 P>.99 P>.99
E-Cad"Vim™ total 93.7 (66.5-95.0) 70.7 (9.5-89.6) 84.7 (20.6-98.2) P=.19 P>.99 P=.63
E-CadVim™ 0.5 (0.0-1.8) 3.7 (0.4-62.6) 3.2 (0.6-37.2) P =.07 P =.08 P>.99
E-Cad*Vim™ (cell count) 0.0 (0.0-2.8) 7.9 (2.2-28.4) 6.8 (0.6-12.5) P = .03* P = .04* P>.99
E-Cad"Vim™ (area) 0.04 (0.003-2.3) 1.3 (0.64.1) 1.6 (0.8-2.7) P=.45 P=.17 P>.99
SNAIL/SLUG™ 45.0 (10.0-71.0) 8.5 (0.0-90.0) 42.5 (5.0-95.0) P =.57 P>.99 P=.10

E-Cad"Vim™ cells were enumerated as in Table 3. Group comparisons via Kruskal-Wallis tests followed by Dunn’s multiple comparisons tests.

considered significant. A Kruskal-Wallis test was applied to
compare the expression of E-cadherin and/or vimentin between
grades (I, I, or III), followed by a Dunn’s multiple comparison
test. Wilcoxon matched-paired tests were used for pairwise
comparisons between the expression of E-cadherin and/or
vimentin in the individual primary tumor and its respective
metastasis (lymph node or distant metastasis). Mann-Whitney
U-tests were used to compare E-cadherin®/ vimentin™ cells in
SNAIL/SLUGME" versus SNAIL/SLUG'"" primary tumors.
The chi-square exact test was used to determine the association
between SNAIL/SLUG score and tumor location. Linear
regression (Spearman correlation) was used to assess the asso-
ciation between the percentage of SNAIL/SLUG—positive cells
and E-cadherin™*/vimentin™.

Results

E-Cadherin and Vimentin Expression by
Immunofluorescence

The analysis of E-cadherin or vimentin is shown in Table 3. E-
cadherin staining was recorded as membranous cytoplasmic
and total (membranous + cytoplasmic). Overall, there were
low percentages of cells with membranous E-cadherin™

labeling in primary tumors, lymph node metastases, and distant
metastases regardless of primary tumor grade (median values
of 13%, 7.4%, and 10.1%; Tables 3 and 4). Considering the
pairwise comparison of E-cadherin and/or vimentin between
the respective primary tumor, lymph node metastasis, and dis-
tant metastasis, there was a significant increase in percentage of
cytoplasmic or total E-cadherin®/vimentin~ cells in distant
metastasis compared with primary tumors (P = .03 and .04,
respectively; Table 3). In contrast, the percentage of E-cad-
herin /vimentin™ cells in the primary tumor was significantly
higher than in their respective lymph node (P = .01) or distant
metastasis (P = .03). Although a trend for more E-cadherin/
vimentin' cells was noted in primary tumors between grade II
and III and grade I tumors, respectively, no significant associa-
tions were found (Table 4).

To identify cells expressing both epithelial and mesench-
ymal markers transitioning through the process of EMT/
MET, E-cadherin and vimentin co-localization was assessed
in the neoplastic epithelial cells. Pairwise comparison
between primary tumor and matched lymph node metastasis
or distant metastasis from individual dogs showed signifi-
cantly more E-cadherin™/vimentin™ cells/area when compar-
ing the primary tumor with its respective distant metastasis
when analyzing by percentage of cells or area of
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Figures 2-5. Mammary carcinoma; primary tumor, regional and distant metastases; dog. Immunohistochemistry for SNAIL/SLUG protein
expression. Figure 2. Isotype-matched immunoglobulin, negative control. Figure 3. Primary tumor with positive SNAIL/SLUG nuclear expres-
sion. Figure 4. Inguinal lymph node metastasis with positive nuclear SNAIL/SLUG expression. Figure 5. Lung metastasis with absence of

nuclear SNAIL/SLUG expression.

co-localization, while a pairwise comparison between pri-
mary tumor and lymph node was significantly different only
when the analysis was performed by cell counting (Table 3;
Figs. 6-9). Thus, based on cell counting and computer-
assisted analysis (Imagel), E-cadherin and vimentin co-
localization was higher in primary tumors compared with
respective distant metastases.

We extended our analysis of E-cadherin and vimentin
expression with respect to both number (cell counting) and
area (Imagel) between grades I, II, and III primary tumor
samples (Table 4).

An overall low number of cells with membranous E-
cadherin™/vimentin~ labeling was observed in tumors of all
grades compared with a relatively higher percentages of cells
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Figures 6-9. Percentage of cells with both E-cadherin and vimentin immunolabeling in canine mammary carcinoma, compared between primary
tumors (PT) and lymph node metastasis (LM) from the same case (Figs. 6 and 8) between primary tumors and distant metastasis (DM) from the
same case (Figs. 7 and 9). The data are based on counting the percentage of positive cells (Figs. 6 and 7) and on determining the percentage of
double-positive staining area through signal area quantification (Figs. 8 and 9). The boxes include the 25th to 75th percentiles, with the whiskers
delineating + 1.5% the interquartile range. *P < .05; **P = .0026; Wilcoxon matched-pairs test.

with cytoplasmic E-cadherin™*/vimentin~ labeling (median val-
ues for grade I, II, and III tumors were 17.2%, 9.5%, and 16.9%
for membranous and 63.6%, 59.9%, and 54.7% for cytoplasmic
labeling, respectively; Table 4). There were no significant dif-
ferences in staining between the grades regardless of the anal-
ysis performed or which grades were compared (Table 4).
However, E-cadherin and vimentin co-localization in neoplas-
tic cells was significantly higher in both grade II and III pri-
mary tumors compared with grade I primary tumors (Table 4),
when expression was recorded by counting (grade I vs grade II:
P = .03; grade I vs grade I1I: P = .04). There was no significant
difference between grades when signal area was quantitated
(ImageJ] method; Table 4).

Analysis of SNAIL/SLUG Expression by
Immunohistochemistry

To further characterize the process of EMT in canine mam-
mary carcinoma primary tumors and metastatic lesions, we
assessed the relationship of E-cadherin®/vimentin®™ cells
with the core regulators SNAIL/SLUG. Nineteen of 20 pri-
mary tumors expressed SNAIL/SLUG with a median per-
centage immunopositivity of 30.0%, whereas all of the
lymph node metastases (median 25.5%) and all of the dis-
tant metastases expressed SNAIL (median 10.0%). Pairwise
comparison between matched samples showed a signifi-
cantly lower percentage with SNAIL/SLUG expression in
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the distant metastasis compared with the primary tumor
(P = .05; Table 3). When assigning positivity as SNAIL/
SLUG™" (0 and +1) versus SNAIL/SLUG"2" (12) cate-
gories according to Gamba et al.,'” there was no difference
between tumor locations, with 7 of 20 (35%) in primary
tumors, 2 of 10 (20%) in lymph node metastases, and 1 of
16 (6.2%) in distant metastases in the SNAIL/SLUG™e"
category (chi-square test; P = 0.11).

Interestingly, an inverse relationship between E-
cadherin*/vimentin® and SNAIL/SLUGME" was found in
primary tumors. Specifically, SNAIL/SLUGM2" primary
tumors had significantly fewer E-cadherin®/vimentin™ cells
than SNAIL/SLUG'"" primary tumors (P = .0453; Fig. 10).
However, when the area of E-cadherin®/vimentint co-
immunoreactivity was evaluated (expressed as a percentage
of the total area), no statistical significance was noted (Fig.
11). When analyzing the association between percentage of
SNAIL/SLUG™" cells and E-cadherint/vimentint cells, no
significant correlation was noted (cell counting, P = .00,
nor percentage area, P = .59; Figs. 12 and 13). Similarly,
there was no association between grade and SNAIL/SLUG
immunostaining.

Discussion

In human breast cancer, loss of E-cadherin is associated with
high-risk clinicopathological characteristics, including
increased tumor size, higher grade,?*>* lymph node and distant
metastasis,” and decreased survival.>?#>-3 Similarly, down-
regulation of E-cadherin in canine mammary tumors has also
been associated with a poor prognosis in several stud-
jes.!0-16:17:23:41.68 W found a surprisingly low number of cells
that were positive for membranous E-cadherin in primary
tumors, irrespective of grade, compared with previous litera-
ture. Notably, all the cases selected for this study had docu-
mented metastatic disease. This may explain the aberrant
staining pattern (cytoplasmic) of E-cadherin in our study, if the
low membranous but high cytoplasmic E-cadherin expression
indicates a loss of membranous E-cadherin or a transitioning of
E-cadherin from the cell membrane into the cytoplasm, which
occurs as an early event in EMT. In support of this hypothesis,
aberrant E-cadherin immunostaining has been reported as sig-
nificantly more common in patients with metastatic gastric
carcinomas than in patients without metastasis.>” Cytoplasmic
E-cadherin staining has also been demonstrated in invasive
lobular carcinomas in women®'~** and in less-differentiated
mammary canine carcinomas.’”

Vimentin expression is typically expected in mesenchymal
cells.”” Its expression in neoplastic epithelial cells is consistent
with the EMT process.**>%%® In breast cancer, vimentin
expression has been associated with the triple-negative (estro-
gen receptor, progesterone receptor, and HER2-negative)
molecular subtype, aggressive behavior, and a poor prog-
nosis.?*32%2 previous studies have evaluated epithelial and
mesenchymal markers in separate analyses and found an
increase in vimentin and a decrease/loss of E-cadherin

associated with higher grade and worse outcomes.* Our study
found a relatively low overall incidence of E-cadherin™/
vimentin™ cells regardless of location (primary tumor, lymph
node, or distant metastases) or grade (Tables 3 and 4). This may
be because the lower-grade tumors included in this study all
had metastasis and therefore were not representative of the
typical non-metastatic grade 1 tumors.

Importantly, a significant increase in co-expression of E-
cadherin and vimentin in the primary tumor compared with
their paired distant metastases was noted, when evaluated
through both cell counting and analysis of area of co-
localization. This observation is consistent with the diversity
in histologic types, grade, and biological behavior between
primary mammary carcinomas and illustrates the unique
advantage of using dogs with available matched metastatic
lesions for breast cancer research. These findings support the
theory that EMT is a dynamic process characterized by a
changing phenotype from the primary tumor to the metastatic
site. In fact, the lower incidence of E-cadherin™/vimentin™
cells in distant lesions relative to their primary tumors may
support a reversal of the process, MET. When comparing grade
and immunostaining pattern, we found, not surprisingly, a pos-
itive correlation between grade and E-cadherin®/vimentin*
phenotype; specifically, higher-grade tumors (grade II and III)
had significantly more E-cadherin®/vimentin™ cells than grade
I tumors. Histologic grade is an important prognostic factor in
canine mammary tumors.®?:20:2931:48:61 £our of the cases
included here, however, developed regional and/or distant
metastasis despite having grade I tumors. Further studies are
needed to evaluate E-cadherin®/vimentin® phenotype as a
prognostic marker in low-grade tumors to identify dogs at risk
for metastasis that may benefit from adjuvant therapies. The
results from this current study, which confirm the presence of
E-cadherin™/vimentin* double-positive cells in all gross meta-
static mammary carcinomas examined, provide the scientific
rationale for performing such a study.

Multiple drivers are involved with the EMT process. In this
study, we chose to evaluate SNAIL/SLUG. The transcriptional
factors SNAIL and SLUG belong to the SNAIL superfamily of
zinc finger transcriptional repressors that are known to nega-
tively regulate E-cadherin transcription.>***’ No difference in
SNAIL/SLUG expression between primary tumor and its
respective regional and distant metastases was observed when
analyzed according to group (primary tumor, lymph node, dis-
tant metastases). However, when performing pairwise analysis
based on percentage-positive SNAIL immunostaining, a signif-
icant difference between primary tumor and distant metastases
was noted, again underscoring the value of using paired sam-
ples (Table 3). Interestingly, an inverse correlation between
SNAIL/SLUG"®" expression and E-cadherin™/vimentin™ was
noted; specifically, primary tumors with higher levels (>50% of
cells) of SNAIL/SLUG staining had significantly fewer
E-cadherin™/vimentin™ cells, and SNAIL/ SLUG™" tumors had

References 8-10, 13, 16, 17, 30, 34, 39-41, 64, 67-69.
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Figures 10-13. Association of SNAIL/SLUG nuclear staining with double-labeling for E-cadherin and vimentin in canine mammary carcinoma.

Mann-Whitney U-test. Figures 10—I1. SNAIL/SLUG expression level is negatively correlated with percentage of E-cadherin/vimentin™ cells
when based on cell counts (Fig. 10, P = .05, Mann-Whitney test) but was not significant when based on the percentage double-positive staining
area (Fig. |1, P > .05). Figures 12—13. There is no significant correlation between immunolabeling for SNAIL/SLUG and double-labeling for

E-cadherin™/vimentin ™, when based on cell counts (Fig. 12, P = .06, Spearman correlation) or based on E-cadherin™/vimentin™ staining area

(Fig. 13, P = 59).

a higher number of E-cadherin™/vimentin™ cells. These results
were somewhat unexpected. As a driver of EMT, one might
theorize that SNAIL/SLUG up-regulation would result in an
increased number of E-cadherin™/vimentin™ cells. Our results
suggest that these events do not happen synchronously but
rather in succession and that SNAIL expression precedes the
transitioning from an epithelial to a mesenchymal phenotype;
this in fact could be expected given its role as a transcriptional
repressor of E-cadherin. Further mechanistic studies are needed
to understand the role and interaction of the many transcrip-
tional factors in EMT.

Previous literature also shows mixed results regarding the
association between E-cadherin and SNAIL/SLUG. Gamba et
al.'” documented a direct correlation between E-cadherin
down-regulation with SNAIL up-regulation in spontaneous
canine invasive micropapillary mammary carcinoma, while
Im et al.> did not confirm these findings in canine mammary
tumors. Similar to Im et al.,>> we found no correlation between
E-cadherin and SNAIL/SLUG. Lastly, in contrast to other stud-
ies both in human and veterinary breast/mammary tumors,
where increased expression is associated with negative prog-
nostic factors and poor outcomes, we did not find any
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correlation between SNAIL/SLUG expression and histologic
grade. 252644

The positive correlation between E-cadherin™/vimentin™®
cells and higher-grade tumors, as well as differences
between primary tumors and their respective metastases,
provides further support that EMT plays a critical role in
metastasis of canine mammary carcinoma. The difference
between primary tumors and metastatic lesions suggests that
this is a dynamic reversible process. However, given that
excisional biopsies taken during surgery or those obtained at
necropsy show only a snapshot illustration of a dynamic
process, it is difficult to completely elucidate the direct
interactions between the key mediators and the complex
mechanisms involved with this approach. Nevertheless, the
results support the presence of EMT in mammary carcinoma
primary tumors and their metastatic lesions in spontaneously
occurring mammary tumors and provide additional support
for the development of prognostic biomarkers of EMT to
identify patients at high risk for metastatic disease and poor
outcomes. Further research to determine the predictive value
of E-cadherin™/vimentin™ staining needs to be performed to
confirm whether this method can be incorporated into rou-
tine diagnostics in canine mammary carcinomas and will
suggest whether EMT may provide a potential target to
improve outcomes in these patients.
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