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Abstract

Background Canine mammary tumours (CMTs) are the most frequent tumours in intact female dogs and show strong
similarities with human breast cancer. In contrast to the human disease there are no standardised diagnostic or prognostic
biomarkers available to guide treatment. We recently identified a prognostic 18-gene RNA signature that could stratify human
breast cancer patients into groups with significantly different risk of distant metastasis formation. Here, we assessed whether
expression patterns of these RNAs were also associated with canine tumour progression.

Method A sequential forward feature selection process was performed on a previously published microarray dataset of 27
CMTs with and without lymph node (LN) metastases to identify RNAs with significantly differential expression to identify
prognostic genes within the 18-gene signature. Using an independent set of 33 newly identified archival CMTs, we com-
pared expression of the identified prognostic subset on RNA and protein basis using RT-qPCR and immunohistochemistry
on FFPE-tissue sections.

Results While the 18-gene signature as a whole did not have any prognostic power, a subset of three RNAs: Coll3al, Spock2,
and Sfrp1, together completely separated CMTs with and without LN metastasis in the microarray set. However, in the new
independent set assessed by RT-qPCR, only the Wnt-antagonist Sfrp! showed significantly increased mRNA abundance in
CMTs without LN metastases on its own (p=0.013) in logistic regression analysis. This correlated with stronger SFRP1
protein staining intensity of the myoepithelium and/or stroma (p <0.001). SFRP1 staining, as well as p-catenin membrane
staining, was significantly associated with negative LN status (p =0.010 and 0.014 respectively). However, SFRP1 did not
correlate with f-catenin membrane staining (p =0.14).

Conclusion The study identified SFRP1 as a potential biomarker for metastasis formation in CMTs, but lack of SFRP1 was
not associated with reduced membrane-localisation of B-catenin in CMTs.
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Introduction

Mammary tumours are the most prevalent neoplasms in
intact female dogs with approximately half of these tumours
being malignant [1], typically leading to death through
metastasis formation within two years of diagnosis [2].
Although canine mammary tumours (CMTs) show many
similarities with the human disease, in contrast to breast can-
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tumour classification can vary considerably despite efforts
to standardise diagnostic procedures [8]. Treatment options
for mammary carcinomas are also most often limited to sur-
gical removal of the diseased gland(s) as the evidence that
chemotherapy has proven survival benefit is limited due to
small study size and variation in histological types and clini-
cal stage, and no targeted therapies are routinely available
[3, 9]. Therefore, there is not only a clinical need for a reli-
able prognostic biomarker to guide veterinary oncologists
and owners towards the best treatment for their pets, but also
a need for new effective treatment options [10].

It has long been established that molecular pathways
implicated in normal mammary gland morphogenesis also
play critical roles during breast cancer progression [11,
12]. To better understand the processes and mechanisms
involved in the invasion and spreading of mammary cancer
cells our lab has therefore been studying the molecular
changes that occur during normal mammary gland develop-
ment [13-15]. For instance, the histological changes that
occur during puberty- and pregnancy-induced mammary
branching morphogenesis and cancer invasion show dis-
tinct similarities, so that this normal physiological pro-
cess could be described as a type of ‘controlled invasion’.
Particularly during pregnancy milk ducts form lateral side
branches and alveoli, a process requiring remodelling of
the surrounding extracellular matrix (ECM), including
breakdown of existing basement membrane (BM)/collagen
sheath and formation of a new BM and collagen network
[16]. Our lab has recently identified a fibroblast-derived
signature of matrisome-encoding genes (‘matriscore’)
based on changes that occur during very early pregnancy-
associated branching morphogenesis in mice [17]. This
RNA signature of 18 differentially expressed genes was
able to significantly stratify human breast cancer patients
of two large microarray datasets into groups with a high
or low chance of distant metastasis-free survival (DMFS)
and recurrence-free survival (RFS) over 10 years [18] in
the presence of other clinical parameters, including grade,
size, age, as well as lymph node (LN)- and oestrogen recep-
tor (ER) status.

In this study, we have attempted to use our knowl-
edge from human breast cancer to identify a potential
biomarker for metastasis formation in CMTs. Here we
show that a subgroup of just three of the 18 genes: col-
lagen XIII, alpha 1 (Coll3al), secreted frizzled-related
protein 1 (Sfrpl), and sparc/osteonectin, cwev and kazal-
like domains proteoglycan (testican) 2 (Spock2), was able
to stratify a previously described canine mammary cancer
cohort of 27 ER ., patients [19] into groups of mammary
tumours with Met,,,; and Met,, status, and hence poor or
good survival over 24 months. Using RT-qPCR and THC
on another independent cohort of 33 randomly selected
formalin-fixed, paraffin-embedded (FFPE) CMT samples,
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we established that reduced mRNA and protein abundance
of the suppressor of Wnt-signalling Sfrp/ correlated sig-
nificantly with metastasis. Consistent with this finding,
staining for pB-catenin showed that reduced membrane
staining, indicative of canonical Wnt-pathway activa-
tion, also correlated significantly with metastasis status.
However, there was no significant correlation between
SFRP1 expression and p-catenin membrane localisa-
tion. Our study has therefore established for the first
time that reduced expression of SFRP1 is significantly
associated with metastasis formation in canine mammary
cancer. However, a reduction in SFRP1 expression does
not appear to be associated with canonical Wnt-pathway
activation in our cohort.

Material and Methods
Data Analysis

To identify mRNAs in our 18 gene signature that could
contribute significantly to the stratification of the 27 CMT
cohort into LN s and LN, ., groups, multivariate logistic
regression for presence/absence of metastasis was used
in the microarray dataset of Klopfleisch et al. [19] using
Firth’s bias-reduced method [20]. The model was fitted using
the logistf function in R package version 1.24.1. (https://
CRAN.R-project.org/package=Ilogistf). Confidence intervals
and p-values were calculated using profile likelihood [21].
Univariate logistic regression was used to assess Spock2,
Coll3al, and Sfrp1 values analysed by RT-qPCR in relation
to presence of metastasis.

Similarly, logistic regression was used to assess SFRP1
staining and pB-catenin membrane staining scores (negative
(0), weak (1-6), moderate (8—12) or strong (> 12)) in rela-
tion to metastasis, while correlation between Sfrp/ mRNA
abundance (0:<1%; 1: 1-10%; 2: 11-25%; 3:>25% of
Rps19 mRNA abundance), SFRP1 and f-catenin protein
staining scores, and grade (1-3) was analysed using the cor-
relation analysis function in SPSS.

Tissues

Residual archival material of formalin-fixed paraffin-
embedded (FFPE) mammary tissue that had been sent to
the Institute of Veterinary Pathology for diagnostic purposes
between 2016 and 2021 was used. Canine mammary gland
tumours were graded by C. Puget and R. Klopfleisch based
on the grading system according to M. Goldschmidt et al. [4]
and assessed histologically for lymphatic vessel metastases
(NO-N1) and lymph node metastases (M0-M1). Surrounding
morphologically normal canine mammary tissue was used
as ‘healthy’ controls.
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RNA Isolation

Five 10 pm sections of formalin-fixed paraffin-embedded tis-
sue-blocks were cut with a microtome and collected per tis-
sue sample. Three isolates were produced from each block.
Blades were cleaned and treated with RNAse away (Ther-
moFisher Scientific, Waltham, MA, USA) between blocks.

RNA was isolated using the NucleoSpin® totalRNA
FFPE XS kit (Macherey & Nagel, Diiren, Germany) accord-
ing to the manufacturer’s protocol, including on-column
DNase treatment.

RNA was eluted in 15 pl RNase-free H,O and stored at
-20 °C for 24 h or at -70 °C for long term storage. Concentra-
tion and purity were assessed using a NanoDrop ND-1000
(peqLab Biotechnology GmbH, Erlangen, Germany).

RT-qPCR

cDNAs were synthesised using the LunaScriptRT® Super-
Mix Kit (NEB, Frankfurt/Main, Germany), containing ran-
dom hexamers as well as poly-dT primers according to the
manufacturer’s protocol in an Mastercycler Gradient ther-
mocycler (Eppendorf, Hamburg, Germany) to avoid 3’-5’
bias and enable even reverse transcription along the whole
mRNA. 250 ng total RNA from the FFPE tissue sections was
used for each reaction. A negative control without reverse
transcriptase was prepared for each sample. cDNAs were
frozen and stored at -20 °C until further use.

Primers and LNA-containing dual-labelled probes
(6-FAM, BHQ1) (Supplementary Table 1) were designed
using the Sigma OligoArchitect™ Online (Merck, Darm-
stadt, Germany) and Tm Prediction (Qiagen, Hilden, Ger-
many) webtools, and produced by Sigma-Aldrich (Merck).
The primers used were intron spanning to avoid genomic
DNA amplification and all amplicons were between 70 and
110 bp in size to enhance chances of amplification in poten-
tially degraded RNA.qPCR was performed using the Luna
Universal Probe gPCR MasterMix (NEB) in 10 pl reactions
within a StepOne™ Thermal Cycler (Applied Biosystems,
Waltham, MA, USA). Each cDNA was diluted 1:5 before
use and each reaction performed in triplicate. No-RT and
H,0O-only negative controls were used for each sample.
Primers and probes were used at 0.4 uM. Cycles used were:
activation at 95 °C for 60 s followed by 45 cycles of 95 °C
for 15 s, 60 °C for 30 s. Ct-values for each RNA were nor-
malised against Rps19 and presented as ‘% of Rpsi9’ by
dividing 100 by the 272 value for each sample. This way
of presentation maintains the relative differences between
each sample as would be seen by the classical AACt method,
where one sample acts as the ‘control’ to create a AACt,
while additionally showing the detection level relative to
the house-keeping gene (Rpsi9) and thereby emphasising

high or low detection. Mean values were calculated for each
triplicate sample.

IHC

All histological sections were prepared and stained within
the Institute of Veterinary Pathology. 2—4 pm sections were
collected on a cold-water bath (20 °C), stretched on a hot
water bath (45 °C) and carefully applied onto an adhesion
(silanised) microscope slide. The mounted sections were
then dried overnight at 37 °C. Sections were dewaxed by
incubation in xylene twice for 10 min, then twice in 100%
ethanol for 3 min, twice for 3 min in 96% ethanol and once
for 3 min in 70% ethanol. For antigen retrieval, sections
were pre-treated with citrate buffer (B-catenin) and Tris/
EDTA, pH9 (SFRP1) respectively for 12 min at 600Watt in a
microwave, cooled and washed three times in PBS. Blocking
was performed using normal goat serum (Biowest, Nuaillé,
France) diluted 1:5 for 30 min at RT. Primary antibodies rab-
bit anti-SFRP1 mAb (ab126613; Abcam; Berlin, Germany)
and mouse anti-fB-catenin (clone 14; 610,154; BD Bio-
sciences, Heidelberg, Germany) were applied at a dilution
of 1:200 in PBS/BSA 2% and incubated overnight at 4 °C.
Normal rabbit Ig diluted in PBS was used as a negative con-
trol except for anti-B-catenin staining, where normal mouse
Ig diluted in PBS was used. Following three washes, second-
ary antibody (biotinylated goat anti-rabbit IgG (1:200) or
goat anti-mouse (1:200) in PBS/goat-normal serum; VEC-
BA-1000 / VEC-BA-9200; Vector Laboratories, Inc.) was
applied for 30 min at RT. After another three washes, the
avidin—biotin-peroxidase complex (ABC) solution of the
Vectastain® ABC-Elite-Kit PK 6100 (Vector Laboratories,
Inc.) was added for 30 min at RT. DAB solution was added
for 5 min at RT for staining. Afterwards, the sections were
washed three times with dH,O and nuclei counterstained
with haematoxylin. The sections were again dehydrated
using an increasing alcohol series and xylene. The slides
were mounted in mounting media (Vector Laboratories, Inc)
and scanned with an Aperio CS2 ScanScope Slide Scanner
(Leica Biosystems, Wetzlar, Germany) at 40X magnifica-
tion. The blocks were categorised according to their IHC
staining into no, weak, moderate and strong staining and
scored according to the “Quickscore” method [22].

Western Blot

Canine mammary epithelial MTHS53A cells were trans-
fected with 1 pg of pCMV-Sfrpl (SFRP1_OFb05324C_
pcDNA3.1(+) SC1200 Clone; Genscript Biotech, Rijswijk,
Netherlands) encoding feline SFRP1 using TransIT®-LT1
Transfection Reagent (Mirus, Madison; WI, USA) or with-
out plasmid. Total protein was extracted after 24 h using
RIPA buffer, quantified by Pierce™ BCA Protein Assay
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(Thermo Fisher Scientific) and 25 ug separated on a 10%
Bis—Tris SDS—polyacrylamide gel (Merck, Darmstadt, Ger-
many) using MOPS running buffer. Proteins were transferred
onto nitrocellulose by semi-dry blot and transfer confirmed
by Ponceau-S staining. Membranes were blocked in TBST
containing 3% fat-free milk powder and incubated with
rabbit anti-SFRP1 (1:1000, ab126613, Abcam) in block-
ing buffer overnight at 4 °C. Bound antibody was detected
using a HRP-linked donkey anti-rabbit antibody (1:10,000,
NA934-1ML, Cytiva, Freiburg, Germany). Chemilumi-
nescence was detected using a Cytiva Amersham™ ECL
Prime Western Blotting Detection Reagent (Thermo Fisher
Scientific) and a Fusion SL imager (Vilbert Lourmat, Eber-
hardzell, Germany). Membranes were stripped using a
0.1% SDS/200 mM glycine buffer, pH2.2, and subsequently
incubated with a mouse anti-f-actin antibody (1:10,000,
66009-1-Ig, Proteintech, Manchester, UK), followed by
HRP-linked sheep anti-mouse antibody (1:10,000, NA931-
1ML, Cytiva) and Amersham™ ECL Select™ Western Blot-
ting Detection Reagent as described above.

Results

Expression of Col13a1, Spock2, and Sfrp1 Negatively
Correlates with LN-status

In humans, the 18 gene signature was able to stratify breast
cancer cohorts into groups with high or low risk of DMFS.
To test whether these results were translatable to the dog,
we used the same method as previously described [17]
on a RNA microarray dataset from a cohort of 27 canine
mammary cancers (CMCs) [19]. Contrary to humans, the
combined signature was unable to significantly distinguish
between high and low risk (data not shown). To test whether
a subset of these genes was associated with metastases we
performed a sequential forward feature selection process
using the ‘sequentialfs’ function in Matlab (Mathworks,
Cambridge, UK).

This is an algorithm, in which each single feature (i.e.
each of the 18 genes) is first tested to determine the best-
fitting single-variable logistic regression model to separate
cancers with positive and negative LN-status, which has
been determined histologically previously [19]. In subse-
quent steps, remaining features are again tested one at a time
in combination with variables already selected and these
are retained one at a time if they significantly improved
the goodness-of-fit of the logistic regression model. i.e.
improved the separation. Goodness-of-fit measures quantify
difference between observed and model-predicted outcomes.
Sequential (or step-wise) feature selection strategies and
goodness-of-fit measures for logistic regression are further
discussed in Stoltzfus (2011) [23]. Individual variables were
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retained if they significantly improved model fit relative to a
model lacking that variable assessed by chi-square test with
one degree of freedom.

This variable selection applied to the array dataset first
retained Spock2 and Coll3al. Subsequent addition of Sfipl
completely separated tumours on the basis of LN-status
(Fig. 1). Figure 1A shows separation of LN, /LN, cases
by the selected model. Each point represents a case with LN
status on the y-axis. X-axis values are the sum of expression
values of the selected genes in each case, with values scaled
by the respective coefficients for that gene in the model.
However, perfect separation in a logistic regression model
leads to a phenomenon in which maximum likelihood esti-
mates of the coefficients cannot be obtained and the model
fails to converge-an infinite number of curves parameter-
ised by different regression coefficients would separate the
outcomes equally well. In this case, lack of convergence is
handled in a software-specific way and output coefficient
estimates would depend on, for example, a maximum stop-
ping iteration [24]. Nevertheless, likelihood ratio tests
dropping each gene from the full model indicated that each
term was independently highly significant (not shown). We
therefore performed Firth’s bias-reduced method [20] of
penalised logistic regression to obtain finite coefficient esti-
mates (Fig. 1B). This approach adds a penalty term in the
log likelihood function, which shrinks the coefficient esti-
mates ensuring finite estimates. Classification performance
of ‘canine matriscores’ based on both these analyses are
shown in Fig. 1. As shown in Table 1, each gene remained
highly significant (Table 1).

To test whether these results could be verified in an inde-
pendent dataset, we analysed their expression in a published
dataset from Kim et al. [25] containing RNA sequencing
data from 158 CMTs. As LN-status had not been assessed
in this study, lymph vessel (LV) invasion was used as a
marker for cancer progression instead. Using this set, the
three genes were unable to separate the LV, from the LV, .,
groups (data not shown). However, Kaplan—Meier analysis
confirmed that the quartile of patients with the lowest sum
of Sfrp1 mRNA expression had a significantly lower overall
survival (p <0.005; Fig. 1C).

Sfrp1 RNA Abundance is Associated With Negative
Metastasis (Met,,.;) Status in CMTs

Because of the differing results in the two CMT datasets, we
next asked how each of the three RNAs contributed to the
stratification. We assessed each mRNA in an independent
dataset of archival FFPE-tissues with known local metas-
tasis status using RT-qPCR. A total of 24 metastatic and
23 non-metastatic canine mammary gland tumours were
identified in the tissue archive. In addition, morphologically
normal canine mammary tissues the canine mammary gland
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Fig.1 Complete separation of the 27 cases of canine mammary
cancer based on the sum of expressions of Coll3al, Spock2, and
Sfrpl mRNAs. A Lymph node positive cases (y-axis=1) and nega-
tive cases (y-axis=0) as defined by [19] were completely separated
by the weighted sum of Coll3al, Spock2, and Sfrpl expression:
-2.04x Coll3al — 0.968 x Sfrpl — 1.27 X Spock2. These coefficients
are scaled from those observed in standard logistic regression at the
maximum iteration. As discussed in the main text and Table 1, Firth’s
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method of penalised logistic regression was subsequently employed
to generate finite coefficient estimates. Group separation of tumours
with (LNPOS) and without metastases (LNneg), as defined in [19] with
an alternative score using these coefficients is also shown (right
panel) (B). C Kaplan—Meier survival analysis using RNA sequenc-
ing data from the Kim et al. [25] dataset of 158 CMTs showed that
patients within the lowest expression quartile (Q1) for the three
mRNAs had a significantly lower overall survival (p <0.005)

Table 1 Logistic regression analysis results for Spock2, Coll3al, and Sfrpl mRNA expression and metastasis status in the 27 CMTs from Klop-
fleisch et al. (2010) [19] as measured by microarray analysis using Firth’s penalised method

Variable B SE p-value exp{B} 95% profile CI for B

Lower Upper
Spock2 -3.194 1.278 <0.001 0.041 -13.527 -1.106
Coll3al -5.048 2.017 <0.001 0.006 -18.311 -1.588
Sfrpl -2.370 0.976 <0.001 0.093 -10.427 -0.749

B logistic regression coefficient, SE standard error, CI confidence interval

tumours were examined. All CMTs were again assessed for
their metastatic appearance; i.e. invasion into lymphatic
vessels and/or lymph nodes. Cases were dismissed if no

lymphatic vessels were visible and no lymph nodes had been
available from the corresponding dog. Further, all blocks
that did not provide sufficient RNA were discarded, so that
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Table 2 Univariate logistic

. . Variable B SE p-value exp{B} 95% CI for exp{B}
regression analysis results
for Spock2, Coll3al, and Lower Upper
Sfrpl mRNA expression and
metastasis status in the new SpOCkZ 0.176 0.501 0.726 1.192 0.447 3.183
independent cohort of 33 CMTs  Coll3al 0.719 1.533 0.639 2.052 0.102 41.417
as measured by RT-gPCR Sfrpl -0.122 0.049 0.013 0.885 0.804 0.974

analysis

B logistic regression coefficient, SE standard error, CI confidence interval

38 blocks (17 metastatic, 16 non-metastatic, five morpholog-
ically normal canine mammary gland tissues) were further
assessed (Supplementary Table 2). The 33 tumour samples
were grouped into Met,,,, and Met,., based on the LV and
LN invasion. The Met,,,, group of 17 samples all showed LV
invasion and 14 of these 17 also had a LN, status, while no
lymph node information was available for the residual three
(samples M10, M14, M17). Of the Met,,, group of 16 cases,
15 samples showed no LV invasion and 13 of these were
also LN .., while no lymph node information was avail-
able for the residual two samples. Lymphatic vessels were
not visible in one sample (N3) but the corresponding local
lymph node showed no metastases. The metastatic tumour
blocks M2 and M16 blocks, as well as M15 and M5, were
different tumours collected from the same two patients. All
other canine mammary gland tumours came from individual
patients.

Expression was assessed relative to Rps/9 mRNA. The
box-plots in Fig. 2 show the abundance of each RNA as %
of Rps19. Coll3al showed a slightly higher abundance in
CMTs compared to morphologically normal mammary tis-
sue. Spock2 showed a slightly reduced abundance in CMTs
compared to morphologically normal control tissues, with
CMTs with metastasis again having a slightly lower abun-
dance compared to Met,,., tissues. However, neither reached

Col13a1
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% of Rps19 expression
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Spock2

statistical significance in a univariate logistic regression
model. In contrast, Sfrpl abundance was higher in CMTs
with Met,., status compared to both CMTs with Met
status and morphologically normal tissue, with the former
reaching statistical significance (p = 0.013) (Table 2). This
indicated that in canine CMTs higher levels of Sfrp/ mRNA
as assessed by RT-qPCR was associated with a lower rate

of progression.

SFRP1 Protein Detection is Associated With Met,.,
Status in CMTs

To test whether this was also reflected on protein level,
immunohistochemistry was performed on sections cut from
the same blocks to assess SFRP1 expression in the same
CMTs. As only SfrplmRNA was significantly associated
with metastasis in the new independent dataset, we focussed
only on SFRP1. Morphologically normal mammary tissue
showed variable stromal and/or myoepithelial cell staining
of SFRP1 protein within the TDLU, with individual stromal
cells showing very strong signal intensities, while the lumi-
nal epithelium and major lactiferous ducts were mostly nega-
tive (Supplementary Fig. 1A). Staining intensities in tumour
tissue correlated well with the relative mRNA expression
levels (p <0.001) (Fig. 3A + B, Supplementary Fig. 2).

Sfrp1
70
60 °

50 1 =
20 p =0.001

30 1 s
20 .
10| i ==

% of Rps19 expression

o
o
!

B metastases M no metastases B metastases

E morph. normal

Fig.2 Comparison of RT-qPCR results for Coll3al, Spock2, and
Sfrpl using total RNA isolated from FFPE-material from meta-
static and non-metastatic CMTs, and morphologically normal canine
mammary tissue. Box and whisker plots showing the mRNA abun-
dance for Coll3al, Spock2, and Sfrpl as % of Rpsl9 expression in
CMTs with (metastasis, n=17) and without (no metastasis; n=16)
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& morph. normal

M no metastases B metastases B no metastases

& morph. normal

tumour spread, as well as in morphologically normal mammary tis-
sue (morph. normal; n=>5). Boxes define the interquartile range, with
the median (horizontal line) and average expression (X) shown. Dots
show individual outliers. Only Sfrp/ showed a significant difference
in abundance levels between CMTs with and without metastases in a
Mann—Whitney U Test analysis (p=0.001)
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Fig.3 SFRP1 protein expression (IHC) in CMTs with and without expression (bars show standard deviation of replicates) of the same
metastasis. A Immunohistochemistry for SFRP1 in six randomly cho- FFPE-blocks showing good correlation between protein and mRNA
sen examples of CMTs with (M1-6) and without (N1-6) metastasis abundances. Bars represent 200 um

compared to the mRNA expression levels (B) shown as % of Rpsl9
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SFRPI1 staining further correlated negatively with grade
(p=0.040) and Met status in a logistic regression analysis
(p=0.010), with Met,,, CMTs showing a stronger signal in
stromal / myoepithelial cells surrounding the luminal epi-
thelium, with only weak positivity within some malignant
cells (see Fig. 3; N6). In contrast, CMTs with Metpos sta-
tus were mostly negative for SFRP1 with occasional weak
or focal positivity (see Fig. 3; M3 +4), and with strongest
positivity found associated with histologically normal tis-
sue around the tumour margins. These results are consist-
ent with SFRP1’s known role in human breast cancer as a
tumour suppressor and indicates that it may play a similar
role in dogs.

Changes in B-Catenin Localisation Do Not Correlate
With Reduced SFRP1 Expression in CMTs

Since SFRP1 is a negative regulator of Wnt-signalling, we
wanted to learn whether a reduction in SFRP1 abundance
in CMTs correlated with canonical Wnt-pathway activa-
tion in our canine tumours. Based on a previous study in
human breast cancer [26] we assessed changes in f-catenin
membrane and nuclear localisation compared to surrounding
morphologically normal mammary epithelium as a poten-
tial indicator of Wnt-pathway activation [27]. All morpho-
logically normal mammary tissues from healthy individuals
showed strong SFRP1 expression as well as membrane-
associated staining for B-catenin with no nuclear positivity
(Fig. 4, Supplementary Fig. 3). Similarly, CMTs with Met,,
status showed mostly strong membrane-associated p-catenin
staining, while loss of membrane staining correlated nega-
tively with grade (p=0.005) and Met,, status (p=0.014;
Table 3). In contrast, moderate to strong nuclear staining was
only observed in three cases, with no correlation with metas-
tasis status or SFRP1 staining. Similarly, loss of membrane-
associated p-catenin did not correlate with reduced SFRP1
staining (p =0.143); hence, there was no evidence that loss
of SFRP1 has led to canonical Wnt-pathway activation in
our dataset.

Discussion

For many years, scientists have aimed to create tools for
the accurate prognosis of canine mammary cancers. While
the histological classifications including the WHO [28] and
Goldschmidt et al. [4] classifications have both shown to be
relatively good markers of cancer outcome, there have also
been some conflicting results [2]. Therefore, additional prog-
nostic markers that can assist veterinarians in their treatment
decision-making process are needed.

The aim of our study was to assess whether our 18-gene
signature of fibroblast-associated mRNAs, which has shown
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strong prognostic power for risk of developing distant metas-
tases in human breast cancers [17], was also able to identify
CMTs with metastasis formation. While the complete sig-
nature did not have any prognostic power in a cohort of 27
canine mammary cancers, a subset of just three mRNAs was
able to distinguish CMTs with and without metastases. How-
ever, in contrast to the results from the microarray study,
RT-qPCR on total RNA isolated from archival FFPE-CMT
tissue only showed a significant correlation of Sfrp/ mRNA
with metastasis status. Although Coll3al and Spock2
mRNA abundance showed trends towards up- and down-
regulation respectively in mammary tumours with metasta-
ses, this was not significant and will need to be reassessed
in a larger independent cohort. The difference between the
microarray study and the RT-qPCR results could be due to
the very low level of mRNA abundance measured by our
RT-qPCR system for both Coll3al and Spock2 compared to
Sfrpl mRNA. It is possible that the differences in amplicon
sizes of 70 bp (Sfrp1), 95 bp (Spock2) and 110 bp (Coll3al)
had a significant impact on the relative detection levels of
Spock2 and Coll3al; however, the predicted amplicon of the
control Rps19 (95 bp) was of a similar size. Amplicon loca-
tion with regard to the 5’ or 3’ end should not have affected
the results as we used a random primer/oligo-dT mix for the
cDNA synthesis that avoids 3’-5” bias. Further optimisation
of the primer/probe sets to increase sensitivity of the assays
is therefore required.

Nevertheless, the RT-qPCR and the THC data both
showed for the first time that SFRP1 expression correlated
negatively with Met,,, status and tumour grade in CMTs,
supporting its potential role as a suppressor of breast can-
cer progression. Our findings are, however, in contrast to
the study by Yu et al. where Sfrp/ mRNA was significantly
upregulated in highly malignant CMTs compared to normal
mammary gland tissue [29]. Although our RT-qPCR data
did indicate that median Sfrp/ mRNA abundance was in fact
higher in CMTs without metastasis (20.1% of RpsI9) com-
pared to morphologically normal mammary tissue (8.7%),
which would at least partly confirm the data by Yu et al.
[29], this did not reach statistical significance and average
expression levels were indeed very similar (normal 17.2%
vs Met,, 20.1%). However, both morphologically normal
and Met,,,, CMTs had a higher median and average abun-
dance of Sfrpl mRNA compared to Met,,,, CMTs (5.0% and
6.8% respectively). This is consistent with the overwhelm-
ing evidence for SFRP1’s role as a tumour suppressor in
human breast cancer formation and progression [30-34]. In a
study of nearly 2000 breast cancers Sfrp! mRNA was down-
regulated in nearly 3/4 of invasive breast cancers with unfa-
vourable prognosis in early breast cancer [31]. Similarly, in
a comparison of FFPE-sections from human invasive ductal
carcinoma (IDC) with ductal carcinoma in situ (DCIS)
or morphologically normal control tissue, Sfrp/ mRNA
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Fig.4 p-catenin protein expression (IHC) in CMTs with and with-
out metastasis. A Immunohistochemistry for pB-catenin in the same
six examples of CMTs with (M1-6) and without (N1-6) metastasis as

expression was significantly reduced in IDC [35]. Similarly,
gene expression profiling of micro-dissected breast cancer
samples from patients with matched IDC, DCIS and asso-
ciated stroma found that Sfrp/ mRNA was reduced in the
neoplastic epithelium during the progression from DCIS to
IDC [36]. Our studies, however, did not detect major SFRP1
protein expression in the neoplastic epithelium. Instead,
strong staining of the stromal cells and ECM surrounding
the epithelium was observed. Though SFRP1 expression has
been found to be reduced in both human primary tumours
as well as breast cancer cell lines relative to normal primary
human mammary epithelial cells [37], we have not been able
to detect Sfrpl mRNA in cancerous or normal canine mam-
mary epithelial cell lines by RT-qPCR, but it was strongly

shown in Fig. 2. Membrane staining did correlate with metastasis sta-
tus, but not with SFRP1 expression. Bars represent 200 um

expressed in a canine fibroblast cell line (data not shown).
Similarly, no SFRP1 was detected by mass spectrometry in
total protein of five canine mammary epithelial cell lines
(manuscript in preparation). Whether this may represent a
species-specific difference is unknown.

One limitation in our study is that we had to use the
feline cDNA orthologue to confirm species cross-reactiv-
ity and specificity of the monoclonal antibody, which was
raised against an unspecified human SFRP1 peptide, as
the canine cDNA clone was unavailable (Supplementary
Fig. 1B). However, the feline and canine proteins have
nearly identical amino acid sequences with only one con-
servative exchange in position 63, where the canine pro-
tein is identical to the human orthologue, and two further
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Table 3 Immunohistochemistry

results for SFRP1 as well as SFRP1
membrane (m) or nuclear (n) Negative, n (%) Weak, n (%) Moderate, n (%) Strong,n (%) Total,n (%) P
associated B-catenin in the new Sfrpl1 mRNA?
gf’hojﬂ 011;;1 CMTs C(?mpageg to 0(<1%)  1(16.7) 2(28.6) 0 (0.0) 0 (0.0) 3(21.4) <0.001
g{ e ?}_3), aizp;fjf;;’;:i; ), 1(1-10%) 5 (83.3) 4(57.1) 4 (80.0) 1(7.1) 14 (43.8)
status (neg, pos) 2 (11=25%) 0(0.0) 1(14.3) 1 (20.0%) 7 (50.0) 9(28.1)
3(>25%) 0(0.0) 0 (0.0) 0 (0.0) 6 (42.9) 6 (18.6)
Grade
1 1(16.7) 1(14.3) 1(20.0) 5(35.8) 8 (25.0) 0.040
2 1(16.7) 1(14.3) 2 (40.0) 6 (42.9) 10 (31.3)
3 4(66.7) 5(71.4) 2 (40.0) 3(21.4) 14 (43.8)
Metastasis
Negative  1(16.7) 1(14.3) 3 (60.0) 10 (71.4) 15(46.9)  0.010°
Positive 5(83.3) 6 (85.7) 2 (40.0%) 4 (28.6) 17 (43.1)
p-Catenin (m)
Neg 1(16.7) 1(14.3) 0(0.0) 2(14.3) 4(12.9) 0.143
Weak 4 (66.7) 3(42.9) 2 (50.0) 4 (28.6) 16 (51.6)
Moderate 1(16.7) 2 (28.6) 0(0.0) 4 (28.6) 4(12.9)
Strong 0(0.0) 1(14.3) 2 (50.0) 4 (28.6) 7 (22.6)
p-Catenin (n)
Neg 6 (16.7) 5(83.3) 3(75.0) 12 (85.7) 26 (83.9) 0.773
Weak 0(0.0) 1(16.7) 1(25.0) 0(0.0) 2 (6.5)
Moderate 0 (0.0) 0(0.0) 0 (0.0) 2 (14.3) 2 (6.5)
Strong 0(0.0) 1(16.7) 0(0.0) 0(0.0) 1(3.2)
p-Catenin (m)
Negative, n (%) Weak, n (%) Moderate,n (%) Strong,n (%) Total,n (%) P
Grade
1 0(0.0) 1(7.7) 3(42.9) 4(57.1) 8 (57.1) 0.005
2 2 (50.0) 4 (30.8) 0(0.0) 3(42.9) 9 (64.3)
3 2 (50.0) 8 (61.5) 4 (57.1) 0 (0.0) 14 (45.2)
Metastasis
Negative 1(25.0) 3(23.1) 4 (57.1) 6 (85.7) 14 (45.2) 0.014°
Positive 3(75.0) 10 (76.9) 3(42.9) 1(14.3) 17 (54.8)
SFRP1
Neg 1 (25.0) 4(30.8) 1 (14.3) 0 (0.0) 6(19.4) 0.143
Weak 1(25.0) 3(23.1) 2 (28.6) 1(14.3) 9(64.3)
Moderate 0(0.0) 2(15.4) 0(0.0) 2 (28.6) 2 (6.5)
Strong 2 (50.0) 4 (30.8) 4 (57.1) 4(57.1) 14 (45.2)

4% of Rps19 mRNA abundance
PBinary logistic regression

variations in positions 15 and 29 of the signal peptide.
While position 15 is different in all three species, position
29 is the same in human and cat, but human and feline
SFRP1 have a further variance in position 28 so that it’s
unlikely that this region was the epitope recognised by
the antibody. In addition, the immunohistochemistry pat-
tern for SFRP1 in canine heart muscle resulted in a highly
similar staining pattern to the one provided by the manu-
facturer for the human heart (data not shown). Therefore,
a residual risk that this antibody may have recognised the

@ Springer

feline but not the canine protein was deemed negligible.
As it’s not possible to create a knock-out dog it is of course
impossible to fully rule out a potential cross-reactivity
with another canine protein in the tissue.

SFRPs are a family of five secreted frizzled-related
proteins, all containing a conserved cysteine-rich domain
(CRD) with 30-50% sequence homology to the CRD of
Frizzled (Fz) receptors. SFRPs are able to bind to Wnt
signalling proteins, competing with Fz receptors for
their ligands and blocking the canonical Wnt (f-catenin)
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signalling pathway [38]. SFRPs can further suppress Wnt
signalling by forming an inhibitory complex with the Fz
receptors themselves [39]. Due to their regulatory ability,
SFRP proteins can therefore directly affect Wnt-controlled
cell proliferation and differentiation [40].

Although activated canonical Wnt signalling is also
linked to poorer overall survival in over 50% of human breast
cancers, very few breast cancers harbour somatic mutations.
Instead, Wnt ligands, as well as their receptors, are often
overexpressed while their antagonists are suppressed [41]. In
particular, changes in SFRP expression in cancer tissue has
been widely observed, with SFRP1, -3, -4, and -5 commonly
downregulated in human breast cancer tissues compared
to healthy controls [42]. In humans, loss of Sfrpl mRNA
expression is often achieved through promoter methylation
[43]. This is common in primary breast cancers and occurs
early during mammary transformation, with SFRP1 expres-
sion being consistently lower in atypical hyperplasia com-
pared to histologically normal breast tissue [30]. Here, the
reduction in SFRP1 correlates with activated Wnt-signalling
[33, 44] while ectopic overexpression of SFRP1 in breast
cancer cells blocks Wnt-signalling, decreasing the migratory
potential [45] and inhibiting anchorage-independent growth
[37]. SFRP1~~ mice also show early tumour initiation as
well as an increased tumorigenic potential of SFRP1~/~ can-
cer stem cells (CSC) [46]. This is accompanied by a rise in
nuclear B-catenin and Wnt-pathway stimulation.

Recent studies have confirmed that the Wnt-pathway is
not just deregulated in human breast cancer but equally in
feline and canine mammary cancer compared to healthy
mammary tissue [47-49], and that ligand-dependent and
independent mechanisms might be involved [47, 48]. Our
IHC data also showed strong f-catenin membrane staining
in healthy and morphologically normal mammary epithe-
lium and a reduction correlated significantly with tumour
progression, which could be indicative of activated canoni-
cal Wnt-pathway; however, nuclear B-catenin staining was
rare and did not correlate with either progression or SFRP1
expression (Table 3). Further, in vitro studies have shown
that p-catenin membrane staining could increase after treat-
ment with recombinant Wnt protein [50], so that a decrease
in membranous p-catenin in our tissue may not be a reliable
marker for canonical Wnt-pathway activation [27]. There-
fore, additional markers, including Axin 2 abundance and/or
TCF4 nuclear localisation, will need to be tested to be able
to make a clear statement on whether the loss of SFRP1 is
associated with canonical Wnt-signalling in CMT or not.

SFRP1 can also affect non-canonical Wnt signalling,
including the Wnt-PCP- (planar cell polarity) and Wnt-
Ca’*-pathway. Recent studies in explant-cultures of mouse
and human breast tissue have shown that SFRP1 can fur-
ther antagonise oestrogen-induced responses, including

progesterone receptor (PR) activation [30, 51]. The authors
hypothesised that the diminished SFRP1 expression seen
in atypical hyperplasia leads to enhanced ER activity and
contributes to the development of this premalignant lesion.
Though the new 33 CMT cohort had mixed grades and
unknown ER/PR status, all cases within our previous cohort
of 27 CMTs were higher grade ER,, cancer so that SFRP1
suppression is likely to have an additional role to possibly
enhancing ER-signalling in our new cohort. For example,
SFRP1 can bind to RANK ligand (RANKL) and thereby
inhibit RANK signalling [52], a pathway critical for pro-
gesterone-induced mammary epithelial cell proliferation,
carcinogenesis and lung metastasis formation [53, 54]. It
can therefore not be ruled out that the RANK-pathway may
be activated in our SFRP1,,,, CMTs.

Although SFRP1 is downregulated in most breast can-
cers, this is not the case in the medullary type often associ-
ated with triple-negative breast cancers (TNBC), character-
ised by their lack of hormone receptors ER/PR and HER2.
Hence, SFRP1 expression is counter-intuitively often found
in younger patients, with higher tumour stage, -size and
-grade [55]. However, it is noteworthy that while TNBC are
generally more aggressive, the medullary subtype has a bet-
ter prognosis [56].

In conclusion, our data is consistent with SFRP1 being
a potential suppressor of canine mammary tumour progres-
sion, and has shown that reduced p-catenin membrane locali-
sation is associated with higher tumour grade and metastasis
formation in dogs, but that SFRP1 expression is not sig-
nificantly associated with B-catenin membrane localisation.
Further work is necessary to confirm SFRP1 as a suppres-
sor of mammary tumour progression in the dog similarly
to its tumour suppressive role in human breast cancer; to
test whether a reduction in SFRP1 leads to an activation
of canonical and/or non-canonical Wnt-signalling pathways
in canine cancer; and to find out whether CMTs with low
SFRP1 may respond to Wnt-inhibiting drug treatment with
e.g. SFRP1-mimicking peptides [57].
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