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ABSTRACT

High survivin expression has been correlated with poor outcomes in several canine
tumors but not in soft tissue tumors (STTs). Survivin is a target gene of the Wnt/j3-
catenin pathway, which is involved in human STT oncogenesis.
Immunohistochemistry for survivin, B-catenin, and Ki-67 was performed on 41 canine
perivascular wall tumors (cPWTs), and statistical associations of protein expression
and histopathologic and clinical variables with clinical outcomes were investigated.
Immunohistochemically, there was nuclear positivity (0.9-12.2% of tumor cells) for
survivin in 41/41 (100%), cytoplasmic positivity (0 to >75% of tumor cells) for survivin
in 31/41 (76%), nuclear positivity (2.9-67.2% of tumor cells) for B-catenin in 24/41
(59%), and cytoplasmic positivity (0 to >75% of tumor cells) for B-catenin in 23/41
(56%) of cPWTs. All tumors expressed nuclear Ki-67 (2.2-23.5%). In univariate and
multivariate analysis (UA and MA), every 1% increase of nuclear survivin was
associated with an increase of the instantaneous death risk by factor 1.153
(SDHR=1.153; p= 0.007). Higher nuclear survivin was associated with grade Il/IlI
neoplasms (p=0.043). Expression of cytoplasmic survivin, nuclear and cytoplasmic -
catenin, and nuclear Ki-67 were not significantly associated with prognosis in UA nor
MA. Tumor size was a significant prognostic factor for local recurrence in UA
(SDHR=1.19; p=0.02) and for reduced overall survival time in MA. According to UA
and MA, a unitary increase of mitotic count was associated with an increase of the
instantaneous death risk by factor 1.046 (SDHR=1.046; p=0.014). Nuclear survivin,
mitotic count, and tumor size seem to be potential prognostic factors for cPWTs.
Additionally, survivin and B-catenin may represent promising therapeutic targets for

cPWTs.
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Canine soft tissue tumors (STTs) are a heterogeneous group of neoplasms that are
named according to their histogenesis, which include fibrous, adipocytic, vascular
and perivascular, skeletal and smooth muscle, mesothelial, synovial, and nerve
sheath tumors.”® However, many canine STTs share morphological features and
growth patterns.”® Because of this, and to increase the number of enrolled cases,
most prognostic studies of canine STTs have been influenced by a “one size fits all”
approach, which has led researcher to merge different STTs subtypes in the same
study population, resulting in a potential bias in the assessment of biological behavior
and prognostic factors.818.28.31.50,58,59.84 nfortunately, studies addressing the
biological behavior of each STT subtype by determining the probability of recurrence
and/or metastasis, disease-free intervals, and survival times in relation to
homogeneous tumor stages and treatment groups are rare.%*? This information is
necessary to correlate specific tumor subtypes and their biomarkers with tumor
behavior, more accurately reflect their clinical outcomes, and establish a specific
“standard of care” therapy. Thus, there is the need for studies on specific subtypes of
canine STTs. STTs characterized by whorling and nonspecific fasciculated growth
patterns are common in dogs and were once diagnosed as hemangiopericytomas
(HEPs). This misnomer was attributed to these entities because those histologic
features were described in human HEPs, even though they were not the main or the
most specific features of HEP.” Subsequently, human HEP was reclassified, and
currently, this diagnosis in dogs is limited to rare tumors with a staghorn vascular

growth pattern.”® In veterinary medicine, the cell of origin of the “old HEP” has been
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under debate for a long time: some authors have suggested a perivascular origin,
while others a perineural one.” The latter hypothesis derived from difficulties in
differentiating the “old HEP” from nerve sheath tumors (NSTs).” However, the
perivascular nature of these tumors was clarified by documenting the specific
perivascular growth patterns, including whorls around capillaries by histology and
electron microscopy, and by their myoid phenotype demonstrated by
immunohistochemistry (IHC), features not shared by NSTs.”% In order to better
reflect the origin of these tumors, the term perivascular wall tumor (PWT) was
considered most suitable and replaced the term HEP.”

Several studies have demonstrated that canine PWTs (cPWTs) represent a form of
canine STT that can recur locally and rarely metastasizes.*"-239 |n a recent
investigation performed on 102 cPWT cases (the largest study available in the
current literature), the risk of developing local recurrence (LR) was 27% at 2 years,
and metastases were reported in 10/102 dogs (9.8%), between 60 and 1060 days.?
However, most pulmonary metastases in this study were suspected based on
diagnostic imaging and not confirmed by cytology or histology. cPWTs represent the
most common subtype of canine STTs.3¢ Indeed, in a tumor survey from a total of
11,740 skin tumors collected in 5 years, there were 1278 STTs, and of these, PWTs
represented the most frequent tumor type, totaling 536 (42% of all STTs) followed by
not-otherwise-specified sarcomas (484 cases, 37.8%), and fibrosarcomas (160
cases, 12.5%), while there were only 10 cases of NST (0.8%).36 Because cPWT is a
common subtype of canine STT,® it is critical to better predict those dogs with cPWT
that are at risk for LR, as well as identify those rare cPWTs that may develop

metastatic disease.
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Several studies have investigated potential clinical and histopathological prognostic
factors for cPWTs.423:9% One study reported a high level of expression of molecules of
the vascular endothelial growth factor, platelet-derived growth factor-beta, and basic
fibroblast growth factor pathways, suggesting that inhibiting tyrosine kinase receptors
could represent a possible target for post-surgical adjunctive chemotherapy for some
cPWTs,® although no results on clinical data are currently available.

Survivin is the smallest member of the inhibitor of apoptosis protein family and acts
as an apoptosis inhibitor and cell cycle regulator.”21%3 Cytosolic survivin inhibits
extrinsic and intrinsic apoptotic pathways through various caspase dependent and
independent mechanisms.”21%3 Nuclear survivin regulates the cell cycle, including
mitosis, and enhances cell proliferation.3341.72.94.103 Additionally, survivin triggers and
supports angiogenesis;3? promotes cellular migration;3° and enhances neoplastic
cells’ metastatic potential,8 chemoresistance,3® and radioresistance.** Data also
suggest that survivin can inhibit autophagic death in neoplastic cells.??

Survivin expression is negligible in most mature normal human tissues,”21%3 while it is
highly expressed in fetal and neoplastic tissues, being one of the most upregulated
mRNAs in the human cancer transcriptome.”%190.103 Dye to its overexpression in
neoplastic cells, survivin has been proposed as a prognostic marker, and its
expression often correlates with aggressive disease and poor clinical outcomes in
several human cancers, including STTs.4%46.95 High survivin expression has been
demonstrated in several malignancies in dogs, 1216:27,65,73,75,82,87,91,92,104 [t only a few
studies have investigated its correlation with prognosis,'41574.8287 gand no studies
have been conducted on canine STTs. Survivin expression and functions depend on
numerous signaling pathways, and derangements in any of these can determine its

aberrant expression in malignant cells.'121.72.98,103 Therefore, survivin has been
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investigated in canine tumors in relation to other molecules such as p53,'%1¢ BCL-2,5°
caspase-3,'%16.91 and B-catenin.'*'6 The latter is the key transcription factor of the
canonical Wnt signaling pathway.?62° Aberrant B-catenin regulation is involved in the
development and progression of human colorectal carcinoma'® and human and
canine melanocytic tumors.?4343% However, evidence indicates that this pathway may
play a role also in STT oncogenesis.®® During Wnt/B-catenin signaling pathway
upregulation in tumorigenesis, B-catenin accumulates in the cytoplasm and
translocates to the nucleus, initiating transcription of target genes including c-MYC,
cyclin D1, and survivin.2'47%4 |n veterinary medicine, few studies have analyzed
survivin and B-catenin reciprocal expression in canine tumors.'4-16

Ki-67 has been suggested as a negative prognostic factor in canine STTs since it is
associated with decreased survival times in univariate analysis.3' However, no
studies have demonstrated a correlation between Ki-67 immunohistochemical
expression and prognosis in cPWTs, or an advantage of using this marker over the
evaluation of mitotic count.

Based on the paucity of data regarding cPWTs prognostic marker expression, this
study assessed the immunohistochemical expression of survivin, B-catenin, and Ki-
67 in a homogenous and mono-institutional cPWT caseload, providing preliminary
data on their prognostic impact. Additionally, this study aimed to evaluate and
confirm the prognostic role of specific histopathological and clinical variables which

have already been analyzed in other cPWT studies.*23:93

MATERIAL AND METHODS

Case selection and clinical data
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Formalin-fixed, paraffin-embedded tissue samples of cPWTs submitted for diagnostic
purposes to the Pathology Service of the Veterinary Teaching Hospital of the
Department of Veterinary Medicine and Animal Sciences of the University of Milan
between 2001 and 2020 were retrospectively selected. cPWT were diagnosed by
histomorphology alone or by histomorphology and IHC in doubtful cases. To
diagnose a cPWT the following microscopical patterns were specifically identified in
at least 40% of the analyzed tumor surface including vascular pericapillary to
periadventitial whorls; staghorn (antler-like) ramified vessels; bundles originating
directly from the vascular wall, often in the sub-adventitial space; and placentoid
patterns.>78 When these patterns were less prevalent and associated with
nonspecific growth patterns, such as bundles and epithelioid areas, tumors were
diagnosed as cPWTs when a-smooth muscle actin (a-SMA) and/or desmin were
immunolabeled (see “immunohistochemistry” section).# Cases with specific NST
growth patterns, including palisades, Antoni A and B, Verocay bodies, or whorls
around axons and nerve rootlet-like structures, or specific smooth muscle tumor
growth patterns including bundles radiating at irregular 90-degree angles and
herringbone patterns, were excluded from the study.””-"® Other inclusion criteria
applied were: 1) tumors at first presentation, 2) no lymphadenomegaly, 3) complete
clinical staging (pre-operative whole-body contrast-enhanced computed tomography
or thoracic x-rays and abdominal ultrasound), 4) absence of distant metastatic
disease (lymph nodes and distant organs) at the time of surgery, and 5) curative-
intent surgery with the widest feasible excision (1-3 cm of normal tissue laterally
around the grossly visible mass, and at least one deep fascial plane that was
macroscopically not infiltrated by the tumor). Additionally, exclusion criteria included

administration of any neoadjuvant chemotherapy and/or any neoadjuvant or adjuvant



173 radiotherapy. Recorded clinical data were tumor location (classified as head/neck,
174 thorax, abdomen, proximal limb, and distant limb, with distal limb defined as below
175 the elbow or stifle joint), presence of cutaneous ulceration, and whether the dog had
176  undergone any adjuvant treatment after surgery.

177

178  Histopathology

179 All selected formalin-fixed, paraffin-embedded tissue samples were trimmed with

180  tangential and/or cross-sectioning technique for microscopic margin assessment.

181 During trimming, the maximum tumor diameter was measured in centimeters. Four-
182 micrometer-thick sections were cut and routinely stained with hematoxylin and eosin.
183  Cases were examined and graded independently following previously published

184  criteria® by one board certified pathologist (PR) and by two residents in training (FG
185 and FA) and then reviewed conjunctively to reach agreement. Histologic margins

186  were classified as tumor-free (i.e., for cross sections, all histologic tumor-free margins
187 >0 mm; and for tangential sections, all margin sections did not contain neoplastic

188 cells) or infiltrated (i.e., for cross sections, at least one histologic tumor-free margins
189 =0 mm; and for tangential sections, at least one margin section contained neoplastic
190  cells). The mitotic count was assessed in 2.37 mm?2.%%61 Mitotic count assessment
191  was performed in viable regions of the tumor, with greatest mitotic activity, avoiding
192 poorly cellular, hemorrhagic, edematous, necrotic, and inflamed areas.®' Tumor

193 necrosis was evaluated histologically and classified as absent, <50% of the tumor, or
194  >50% of the tumor (microscopically assessing all available sections). Areas of

195 necrosis were differentiated from mucinous or hyaline change, hemorrhage, and

196  surgery-associated trauma (if any). Other recorded pathological parameters were

197 type of growth (expansive, satellite nodules, and/or infiltrative),* lymphovascular
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invasion (present or absent), and infiltration of the underlying fascia and/or muscular

layer (infiltrated or not infiltrated).

Immunohistochemistry

Information regarding antibodies and positive controls are listed in Table 1. For cases
characterized by sparse cPWT specific growth patterns, a-SMA and/or desmin
immunohistochemical expression by neoplastic cells was used to confirm the
diagnosis of cPWT. a-SMA, desmin, and 3-catenin IHC was performed as previously
described in canine (a-SMA and desmin)* and equine (B-catenin)! tissues. To
support cross-reactivity of the B-catenin antibody in the dog, amino acid sequence of
human B-catenin (UniProtKB-P35222) and canine B-catenin (UniProtKB-B6V8EG)
were aligned on Uniprot demonstrating 99.87% identity. Furthermore, the anti-human
B-catenin antibody was tested on normal canine skin for cross-reactivity. The
epidermal keratinocytes displayed a brown, clean signal at the level of the
intercellular junctions with a membranous pattern. Anti-survivin'2-16:87.104 gnd anti-Ki-
677098 antibodies were previously validated in canine tissues. For these last two
antibodies, endogenous peroxidase was quenched by incubating sections in 3%
hydrogen peroxide for 10 minutes. Non-specific binding was blocked using
appropriate diluted serum for 30 minutes at room temperature. Sections were
incubated with primary antibodies for 60 minutes at room temperature. Specific
biotinylated secondary antibodies were subsequently added for 30 minutes at room
temperature. Slides were then incubated for 30 minutes at room temperature with an
avidin-biotin complex kit, and the reaction was developed using 3,3'-

diaminobenzidine (DAB) chromogen. Sections were counterstained with Mayer’'s
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hematoxylin and mounted. Appropriate positive controls were used (Table 1).

Negative controls for each sample were prepared by omitting the primary antibody.

Evaluation of immunohistochemistry

For a-SMA and desmin cytoplasmic immunolabelling, tumors were classified as
positive (from 10 to 100% of neoplastic cells with granular to homogeneous positive
immunolabeling uniformly distributed throughout the cytoplasm) or negative (<10% of
neoplastic cells with granular to homogeneous positive immunolabeling uniformly
distributed throughout the cytoplasm). Immunolabelling of survivin and B-catenin was
classified according to the subcellular localization of the positive signal as
cytoplasmic or nuclear (no membranous B-catenin expression was observed). For
cytoplasmic survivin and 3-catenin, percentage of positive neoplastic cells (cells with
granular to homogeneous positive immunolabeling uniformly distributed throughout
the cytoplasm) was semiquantitatively assessed as previously reported’ and
classified as: 0%, 0-10%, 11-50%, 51- 75%, and >75%. Nuclear survivin, p-catenin,
and Ki-67 labelling indexes (LIs) were calculated as the percentage of positive
neoplastic nuclei in 1000 tumor cells. Nuclear counts were performed on microscopic
digital images acquired by photographic microscope in hot-spot areas at 400X. Hot-
spot areas were defined as areas in which the number of positive neoplastic cells
nuclei was particularly high relative to the adjacent areas. Nuclear counts were
performed in viable regions of the tumor, avoiding poorly cellular, hemorrhagic,
edematous, necrotic, and inflamed areas. Image analysis was performed using the

manual cell-counting tool of ImagedJ 1.53 Software.

Follow-up information

10
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Information about the patient’s survival, status of regional lymph nodes, LR, distant
metastasis, and death was obtained from the clinical records. Lymph nodes were
examined clinically by inspection and palpation to exclude possible
lymphadenomegaly. Follow-up information was collected by serial clinical
examinations (approximately every 3 months) for the first two years after surgery,
and by telephone calls to the owner or referring veterinarian thereafter. Time to local
recurrence (TLR) was defined as the interval between the date of surgery and the
date of cytological/histological confirmed diagnosis of the recurrent cPWT within 2 cm
of the scar of the previous excision. Time to regional nodal recurrence was defined
as the interval between the date of surgery and the date of cytological/histological
confirmed diagnosis of regional lymph node recurrence of the cPWT. Time to distant
metastasis was defined as the interval between the date of surgery and the date of
confirmed metastatic cPWT to distant lymph nodes (non-regional) or internal organs,
obtained by cytological examination or necropsy, and/or presumptive metastasis,
based on radiographs or computed tomography, in absence of history of any other
malignant neoplasm. Overall survival time (OST) was calculated from the date of
surgery to the date of death. Dogs lost to follow-up were censored at the date of the
last follow-up. Cause of death was further classified as tumor-related, if spontaneous
death occurred or euthanasia was elected due to tumor progression, or tumor-

unrelated.

Statistical analysis
Variables measured on categorical scales were presented as absolute frequencies
and percentages. Variables measured on continuous scales were summarized as

median, mean, and range. Median follow-up was calculated by reverse Kaplan-Meier

11
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method.® The median survival time was calculated by the Kaplan-Meier method.
Analysis for LR was performed using a method for competing risks because the
occurrence of death without a prior record of LR precludes the observation of the
TLR. LR incidence curves were estimated as previously reported,’” and the Fine and
Gray regression model on the sub-distribution hazard of LR was used to assess the
prognostic role of the variables on the incidence of LR. Survival probabilities were
estimated with the Kaplan-Meier method, and the Cox regression model for time until
death was used to evaluate the prognostic role of the variables on the instantaneous
death risk.. Categorical variables with k categories have been included in regression
models creating a set of k-1 indicator variables (dummy coding).4® For the dummy
coding, one of the categories had to be defined as a reference. Thus, each of the k-1
indicator variables allows a comparison between the hazard of the event (for the Cox
model) or the sub-distribution hazard of the event (for the Fine and Gray model) in a
category and the hazard of the event (or the sub-distribution hazard of the event) in
the reference category. The hazard is the “instantaneous” rate of event occurrence of
the event at a given time and it is different from the cumulative incidence of the event
at a given time (i.e. Risk: the probability of the occurrence of the even within the time
‘). The latter is a common clinical measure to evaluate the impact of putative
prognostic factors in longitudinal cohort studies. In particular in the presence of
competing risks sub-distribution hazard is generally considered a measure difficult to
be interpreted from a clinical viewpoint.2 Given the relationship between hazard and
cumulative incidence, when hazard ratio (sub-distribution hazard ratio) are significant
different form 1 this also implies the ratio between the cumulative incidences
(Relative Risk: RR) is different from 1.0, nevertheless the magnitude of the RR is

different from that of hazard ratio. The former is “time dependent” also when the ratio

12
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between hazard is considered constant in time. Model results are reported as sub-
distribution hazard ratio (SDHR) for the Fine and Gray model and as hazard ratio
(HR) for the Cox model, with 95% confidence intervals. To facilitate clinical
interpretation of the variables' prognostic effect on LR and death, the ratio of the
model-estimated cumulative incidence of LR at 12 and 24 months and the ratio of the
model-estimated death risk at 12, 24, and 60 months of follow-up (RR: relative risks)
have been added. Continuous variables were included in their original measurement
scale. Restricted cubic splines were used to investigate the putative non-linear effect
on log(SDHR) and log(HR).% If the contribution of the non-linear effect was not
statistically significant, the results of the model with only the linear term are reported
as hazard ratio (or sub-distribution hazard ratio) for a unit increase of the variable.
Moreover, model estimated hazard (sub-distribution hazard) ratios were also
reported for selected increases of the variables: 3 vs. 0, 5vs. 3, 7 vs. 5, and 10 vs. 7
for mitotic count; 5 vs. 2 cm, 7 vs. 5 cm, and 10 vs. 7 cm for tumor size; 3 vs. 0%, 5
vs. 3%, and 10 vs. 5% for nuclear survivin and Ki-67; and 3 vs. 0%, 5 vs. 3%, 10 vs.
5%, and 20 vs. 10% for nuclear -catenin. All the considered values were chosen in
the observed range of the variables. 95% confidence intervals were reported for all
the estimated SDHRs. The corresponding model-based estimates of the relative risks
at the previously mentioned follow-up times were added. If the contribution of the
non-linear effect was statistically significant, the estimated cumulative incidence of
the event (LR or death) as a function of the variable was also plotted, as the
regression coefficients could not be interpreted easily in terms of HR or SDHR, and
the RR was not constant for a unit increase in the variable. For each estimated
SDHR and HR, the null hypothesis of the regression coefficient equal to zero (lack of

evidence for prognostic effect of the variable) was evaluated by Wald test. The Wald
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test was used also to evaluate the contribution of nonlinear effects for continuous
variables. As the Fine and Gray model provides reliable results on the prognostic
effect of categorical variables when at least one event is observed in each of the
variable's categories, the incidence curves of the variable's categories were
compared with Gray's test in the absence of this condition. In accordance with
suggestions for reliable results in time-to-event regression models,?'7:5° only
univariate analysis for LR and multivariate analysis with three variables for OST were
performed. The variables considered for the multivariate models were nuclear
survivin, nuclear B-catenin, Ki-67 LI, mitotic count, necrosis, histological grade,
histologic margins, type of growth, and tumor size, which were analyzed by separate
models in which different combinations of three of them were included. For each
model, a backward selection procedure was adopted to evaluate which variables
were retained as significant prognostic factors (p-value for retaining variables in the
final model was 0.10). The relationship between nuclear survivin and nuclear §3-
catenin, Ki-67 LI, histological grade, and mitotic count was evaluated by quantile
regression.'®? The model allowed to estimate the median of the distribution of nuclear
survivin, conditional to the above-mentioned variables. Histological grade was
included in the model by dummy coding. For the variables measured on continuous
scale, their association with nuclear survivin was first examined by scatterplots. This
was done to evaluate whether a linear term was appropriate to be included in the
model. When a complex pattern of association was observed, the range of the
variable was divided into three classes and included by dummy coding to facilitate
the interpretation of model results. The statistical test on the regression coefficients

was performed by bootstrap methods (5000 bootstrap samples). Statistical analysis
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was performed using R-software’! with appropriate R packages.3”489” The

significance level was set at 5%.

RESULTS

A complete summary of the results is reported in Supplemental Table S1.

Case selection, clinical data, and histopathology

From a total of 126 cases of cPWTs retrieved, 41 cases fulfilled the inclusion criteria
and were included in the study. Several cases were included in previous cPWT
prognostic studies: 26 cases in Chiti et al.,?® 25 cases in Avallone et al.,* and 25
cases in Stefanello et al.?® Six out of 41 of the cases included in this study were not
previously included in any other investigation on cPWTs. According to the
histomorphologic features listed in the material and methods, 29 cases were
diagnosed as cPWT.578 Although growth patterns typical of NST were not observed
in any case included in the study, 12 cases had smaller areas with growth patterns
specific for cPWT, and IHC was performed to confirm their diagnosis (see below
“Evaluation of immunohistochemistry”).

The main clinical and histopathological parameters are summarized in Table 2 and
Table 3, respectively. At surgery, regional lymph nodes were clinically normal or non-
palpable in all dogs and were not sampled. For statistical purposes, grade Il tumors
were grouped together with grade Il tumor, cases with infiltrative growth were
grouped together with cases with infiltrative growth and satellite nodules, and cases
located on the abdomen, thorax, head and/or neck and proximal limb were grouped
together and analyzed against cases located on the distal limb. The last grouping

was performed based on previous research demonstrating that PWTs located at the

15
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extremities (and infiltrating the muscular layer) have the highest hazard of

recurrence.*23

Evaluation of immunohistochemistry

The 12 cases with smaller areas of perivascular growth patterns expressed at least
one muscular marker and lacked the typical smooth muscle cell morphology and
growth patterns (bundles radiating at irregular to 90-degree angles and herringbone
patterns),”® confirming the diagnosis of cPWT. Specifically, 2 cases expressed a-
SMA only, 7 cases expressed desmin only, and the remaining 3 cases expressed
both a-SMA and desmin. Survivin, B-catenin, and Ki-67 LI immunohistochemical
results are summarized in Table 4. Survivin was variably expressed in the nucleus
and/or in the cytoplasm of neoplastic cells (Figs. 1a-c). All cases had nuclear
expression of survivin ranging from 0.9% to 12.2%. In neoplastic cells undergoing
mitosis, the mitotic apparatus labeled positively (Fig. 1b, inset). Cytoplasmic
expression of survivin was detected in 31 cases. Nuclear 3-catenin expression was
observed in 24/41 cases, ranging from 2.9% to 67.2% of neoplastic cells (Fig. 1d).
Cytoplasmic B-catenin was expressed in 23 cases (Fig. 1e). No membranous (3-
catenin expression was observed in any case. Cases with 11-50%, 51-75%, and
>75% of neoplastic cells positive for cytoplasmic 3-catenin were grouped together
(cytoplasmic B-catenin >11%) for statistical purposes. All tumors (41/41, 100%)

expressed nuclear Ki-67, which ranged from 2.2 to 23.5% (Fig. 1f).

Follow-up information
Median follow-up time could not be estimated. The last follow-up for surviving dogs

was 30 months (thereafter times were related to deceased dogs) and the probability
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for a dog to have follow-up at 30 months was 53%. The median survival time was 24
months (95% C.I.: 18-48 months). At the end of the study, 30 dogs had died, 7 were
alive, and 4 were alive when lost to follow-up at 15, 330, 365, and 393 days. Survival
probability at 12 months was 70% (95% C.l. 57%-86%), at 24 months was 48% (95%
C.l. 34%-68%), and at 80 months was 5% (95% C.l. 0.7%-30.7%). Twenty-one dogs
died without developing LR and for these patients the cumulative incidence of death
at 84 months was 70%. For these 21 dogs, death prevented the observation of TLR;
thus, death was considered as a competing risk for the estimated cumulative
incidence of LR.

LR was recorded in 11 cases. The first LR was observed at 25 days, and the last at
870 days. The cumulative incidence of LR at 12 months was 15% (95% C.l. 3.8%-
26.2%), at 24 months was 26% (95% C.I. 12%-41%), and at 80 months was 30%
(95% C.I. 14%- 45%) (Fig. 2). None of the dogs had regional lymph node
involvement. Suspected distant metastases were observed in 4 dogs between 170
and 512 days postoperatively and were all located in the lungs (all detected by
thoracic radiographs as a multiple nodular pattern). Out of a total of 30 deceased
dogs, cause of death was considered tumor-related in 7 dogs. Of these, 3 had LR, 3
developed suspected distant metastasis (assessed by radiographs), and one dog
had concomitant LR and suspected distant metastasis. Twenty-three dogs died of
non-tumor-related causes, of which the most common were nephropathy and heart
disease. Three dogs developed other neoplasms (lymphoma, oral melanoma, and
appendicular osteosarcoma) and, according to the owners, were euthanized because
of the low quality of life due to end-stage oncological disease. All cases that
developed suspected metastases were euthanized in accordance with the owner. Of

the cases that developed LR (11/41), one dog was alive at the end of the study, one
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dog was lost to follow-up at 393 days, 3 dogs died due to LR, one dog died due to
suspected multiple lung metastases, and 4 dogs died from tumor-unrelated causes

(one nephropathy, 3 heart diseases, and one undetermined cause).

Association between nuclear survivin and other variables

The association between nuclear survivin and histologic grade was statistically
significant. The estimated median survivin for grade | tumors was 2.4 and increased
to 7.6 for grade II/lll neoplasms (p=0.043). The association between nuclear survivin,
nuclear B-catenin, Ki-67 LI, and mitotic count was not statistically significant. The
relationship between nuclear survivin and nuclear -catenin was complex, and a
specific trend was not evident; thus, nuclear B-catenin was partitioned in three
classes. The estimated median of nuclear survivin was 2.8 for B-catenin = 0
(reference class); it decreased to 2.2 (p=0.418) for the class of 0 < B-catenin < 15
and to 2.0 (p=0.315) for the class of B-catenin > 15. The estimated increase of
median nuclear survivin was 0.105 for each unit increase of Ki-67 LI (p=0.418). For
each unit increase of mitotic count the estimated increase of median nuclear survivin

was 0.083 (p=0.369).

Prognostic impact of variables on TLR

Since the small number of LRs precluded a multivariate analysis, only a univariate
one was conducted. Results of univariate analysis are reported in Tables 5 and 6.
Tumor size was a significant prognostic factor for LR. The cumulative incidence of LR
increased with increasing tumor size: for each cm increase, SDHR was 1.19
(p=0.02). Considering a 3 cm increase in tumor size, at 12 months post diagnosis,

the RR between tumors that measured 2 and 5 cm in greatest dimension was 1.65,
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and between tumors that measured 7 and 10 cm in greatest dimension was 1.60.
The RR was slightly lower at 24 months.

The relationship between LR sub-distribution hazard and mitotic count was complex,
and the contribution of the nonlinear term was statistically significant (p=0.046). The
incidence of LR increased up to 5 mitoses and then began to decrease as mitoses
increased over 5 (Supplemental Figure S1). Considering an increase of 3 mitoses,
the estimated cumulative incidence of LR for a tumor with a mitotic count of 3 was
2.27 and 2.15 times higher than a tumor with a mitotic count of 0 at 12 and 24
months, respectively, and the estimated cumulative incidence of LR for a tumor with
a mitotic count of 10 was 0.42 and 0.45 times lower than a tumor with a mitotic count
of 7 at 12 and 24 months, respectively. None of the cases with histologic tumor-free
margins experienced LR, and all the cases that had LR had infiltrated margins. For
this reason, the univariate regression model could not be used. Out of 25 cases with
infiltrated histologic margins, 11 cases developed LR while 14 cases did not. The
comparison between LR incidence of infiltrated and tumor-free margins was
performed by non-parametric Gray'’s test (X?=9, p=0.003).

The number of ulcerated tumors, tumors invading the underlying musculature, and
tumors with lymphovascular invasion were just 3, 1, and 2, respectively; thus, the
statistical model was not applied. The increases of nuclear survivin and nuclear Ki-67
LI were associated with a non-statistically significant lower incidence of LR. The
association of cytoplasmic survivin and cytoplasmic B-catenin with the incidence of
LR was not statistically significant. Regarding nuclear 3-catenin, even considering
increments of 10 units, the relative risk was always about 1; thus, the estimated

prognostic contribution of the variable was negligible.
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Prognostic impact of variables on OST

Results of univariate analysis are reported in Tables 7 and 8. Results of multivariate
analysis are reported in Supplemental Tables S2 and S3. Mitotic count was a
significant prognostic factor. The model contribution of nonlinear term was not
statistically significant (p=0.29), thus a model with linear term only was reported. A
unitary increase of mitotic count was associated with an increase of the
instantaneous death risk by factor 1.046 (HR=1.046; p=0.014). Considering an
increase of 3 mitoses, the relative risk of death was 1.12 at 12 months, both for the
comparison between 3 and 0 mitoses and between 10 and 7 mitoses. For the above-
mentioned comparison, RRs were slightly lower at 24 and 60 months. Mitotic count
maintained its prognostic role when adjusted for nuclear survivin, nuclear p-catenin,
Ki-67 LI, tumor size, status of histologic margins, type of growth, histological grade,
and necrosis score in multivariate analysis. In all considered multivariable models
with three variables, mitotic count was always selected in the final model by
backward selection procedure. In univariate analysis, although not statistically
significant, the incidence of death increased with the increase of tumor size.
Considering an increase of 3 cm, the estimated RRs at 12 months were higher than
those at 24 and 60 months. At 12 months, the estimated cumulative incidence of
death for a 5 cm tumor was 1.33 times higher than for a 2 cm tumor, and the
estimated cumulative incidence of death for a 10 cm tumor was 1.30 times higher
than for a 7 cm tumor. In multivariate analysis, a statistically significant increase in
the incidence of death was observed with increased tumor size when adjusted for
nuclear survivin, nuclear 3-catenin, Ki-67 LI, mitotic count, status of histologic
margins, type of growth, histologic grade, and necrosis score. In all considered

multivariable models with three variables, tumor size was always selected in the final
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model by backward selection procedure. Grade II/lll tumors, tumors with infiltrated
margins, tumors characterized by infiltrative and/or satellite neoplastic nodular
growth, and the presence of tumor necrosis had a non-statistically significant
prognostic effect both in univariate and multivariate analysis. Tumor location, tumor
differentiation and administration of adjuvant chemotherapy (metronomic) were
evaluated in univariate analysis only and their association with prognosis was not
statistically significant. According to the univariate analysis, the increase of nuclear
survivin was associated with an increase of the instantaneous death risk (HR=1.15,
p= 0.007). In particular, the estimated cumulative incidence of death for a dog with a
tumor that had 3% positive nuclei was 1.45, 1.39, and 1.2 times higher than for a dog
with a tumor that had 0% positive nuclei at 12, 24, and 60 months, respectively. The
estimated cumulative incidence of death for a dog with a tumor that had 10% positive
nuclei was 1.67, 1.45, and 1.09 times higher than of a dog with a tumor that had 5%
positive nuclei at 12, 24, and 60 months, respectively. Nuclear survivin maintained its
prognostic role when adjusted for nuclear $-catenin, Ki-67 LI, mitotic count, tumor
size, status of histologic margins, type of growth, histologic grade, and necrosis score
in multivariate analysis. Nuclear survivin was selected by backward procedure in all
models with three variables in which it was included. Nuclear B-catenin and Ki-67 LI
did not have a significant prognostic role in both univariate and multivariate analysis.
Cytoplasmic survivin and B-catenin were evaluated in univariate analysis only, and

no significant prognostic role was found.

DISCUSSION
This study investigated the potential prognostic impact of the immunohistochemical

expression of survivin, B-catenin, and Ki-67 and other histopathological and clinical
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variables in a series of 41 cPWTs. The main limitations of the study were the
relatively small sample size (41 cases) and the relatively low number of events
recorded for LR (11/41), suspected metastasis (4/41), and tumor-related death
(7/30), despite a long term post-surgical follow-up. This point hampered the power of
univariate and multivariate analyses, with the latter being impossible for LR analysis.
Because of these limitations, the results presented here should be regarded as
preliminary and need to be validated by further studies on a larger caseload with a
larger number of recorded events. The low number of events seems to be an intrinsic
limit of studies on cPWTs, which are characterized by rarely reported pulmonary
metastases and relatively low rates of LR.#72393 One study estimated the
probabilities of being free from LR of 98% at 6 months, 92% at 1 year, 80% at 2
years, and 76% at 3 years post-surgery, indicating that LRs in cPWTs are more likely
to develop many years after surgery.®3 As a consequence, it is very likely that some
of the patients in our study died of unrelated conditions before developing LR.
Additionally, since cPWTs are characterized by infrequent tumor-related deaths, the
analysis of OST should be cautiously interpreted. Other factors that may have
contributed to the low number of cases included in this investigation and the
subsequent low number of events are certainly the stringent inclusion and exclusion
criteria applied, and the mono-institutional nature of the study. Nevertheless, despite
all the aforementioned limitations, this study has the merit of being based on a very
homogeneous caseload with accurate, complete, and very long follow-ups, which are
rare in veterinary literature.

One of the main endpoints of the analysis in this study was TLR, which is an interval-
censored variable, meaning that the exact date of LR cannot be detected with

adequate precision as it is known to lie within the interval between the last medical
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examination without LR and its diagnosis. The presence of variable intervals between
follow-up visits for different patients is a common situation in longitudinal studies,
especially in observational ones. If all patients had the same follow-up visits, using
the intervals’ midpoints or the date of event detection would not matter, and the
conclusions obtained with methods for right-censored data would be (nearly) the
same as those obtained with methods for interval-censored data. However, even in
clinical trials where follow-up visits are planned to be at fixed intervals, not all patients
stick to the plan. Interval censored analysis should always be applied, as it would
give more accurate results, but this method is not commonly used. In this
investigation, the standard method was applied, which is a limitation common to
other observational studies.

In this study, cPWTs variably expressed survivin in the nucleus and/or cytoplasm,
suggesting a potential role of the molecule in cPWT neoplastic transformation and/or
progression. Increased expression of nuclear survivin was significantly associated
with decreased OST by univariate and multivariate analysis, suggesting that survivin
is an independent predictor of survival. This result parallels reports in humans, in
which nuclear and/or cytoplasmic survivin expression has been frequently correlated
with reduced OST or disease-free survival, LR, and metastasis for many tumors,”2103
including STTs.4546:959 |ncreased survivin measured by ELISA and western blot and
increased survivin mMRNA expression have been associated with decreased OST and
tumor-related death in human STTs.#%46 In dogs, survivin expression has been
previously demonstrated in epithelial,'>13.16.73.75 melanocytic,'* mesenchymal, 156587
and round cell tumors8221.92.104 byt has not been thoroughly investigated in STTs in
general or in cPWTs in particular. In dogs, an increase in nuclear survivin

immunohistochemical labelling has been statistically correlated with histological
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features of malignancy, presence of metastasis, and tumor-related death in
cutaneous melanocytic tumors,'# while an association between nuclear and/or
cytoplasmic survivin evaluated by IHC and survival has not been proven in canine
mast cell tumors.®? Contradictory results have been reported for canine
osteosarcoma, as one study identified a correlation between high survivin score
(calculated combining IHC labeling intensity and percentage of positive cells with
nuclear and/or cytoplasmic labeling) and a decreased disease-free interval,” while
another publication reported that cases with moderate/high nuclear survivin
immunohistochemical expression had a tendency toward a longer OST, suggesting
survivin as a potential positive prognostic indicator.'®

Increased nuclear and/or cytoplasmic survivin immunolabeling has been frequently
associated with LR in humans.8%1%8 Thus, the finding that increased nuclear survivin
in cPWTs had a trend toward a decreased risk of developing LR was unexpected.
The same trend was also observed for increased mitotic count and Ki-67 LI.
However, these results should be carefully interpreted, considering the competing
effect of death without previous observation of LR, for which a reversed prognostic
trend was observed. In this study, the high number of dogs that died without LR may
be explained by death from non-tumor-related causes impeding time for LR
development. Additionally, LR in cPWTs is influenced by many variables including
tumor size, histological grade, necrosis, mitotic count, histologic tumor-free margins,
tumor location, and ulceration.*23%° Since multivariate analysis was not possible in
our study, it is not possible to draw definitive conclusions on the role of survivin, Ki-
67, and mitotic count on the risk of LR in cPWTs.

Survivin can enhance cancer cell metastatic potential, and its overexpression has

been associated with development of metastasis in human and canine cancers.425.62
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Unfortunately, even though the 4 cases in our caseload that developed suspected
metastasis after surgery expressed nuclear (>7.5%) and cytoplasmic (>50%)
survivin, the overall number of suspected metastatic cases was too low to perform a
statistical analysis.

The expression of both nuclear and cytoplasmic survivin by neoplastic cells suggests
that survivin may have a dual role in cPWT tumorigenesis, both as an inhibitor of
apoptosis and as a cell cycle regulator. Cytoplasmic survivin showed no association
with LR and OST. The finding of a significant role of nuclear survivin in predicting a
shorter OST and the lack of correlation between cytoplasmic survivin and any
considered endpoint parallels the contrasting results previously reported in human
and veterinary medicine.415938287 Specifically, differing correlations between
survivin subcellular localization (cytoplasmic or nuclear) predominantly detected by
IHC and favorable or poor prognosis have been reported.'#.1%.53.8287 Sych differences
could be related to different methods in assessing survivin expression and possibly to
the presence of splice variants with different functions.8%8' Each of these variants has
different intracellular localizations, expression patterns, and can even form
heterodimers with ‘wild-type’ survivin exerting a pro-apoptotic function.80.81
Furthermore, the most utilized antibody against canine survivin does not discriminate
the splice variants of the protein,’?-16.87.104 glthough this may not bear much
relevance, as the function of the corresponding proteins has not been fully
investigated.

Last but not least, survivin has been extensively studied as a potential therapeutic
target in humans.%257 Several studies have also been conducted on canine tumors, in
vitro,83.64.67.86,105,106 on xenograft models,7-86.197 and in dogs with spontaneous

lymphoma® with promising results. Given that high survivin expression in cPWTs
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was associated with a shorter OST, canine patients with aggressive cPWTs may be
candidates for survivin-targeted therapies in the future.

Survivin is a target gene of the Wnt/B-catenin signaling pathway,*” whose aberrant
regulation has been recently implicated in oncogenesis of several human soft tissue
sarcomas, including fibrosarcoma, leiomyosarcoma, liposarcoma, and synovial
sarcoma.®%%6.101 |n this study, nuclear and cytoplasmic B-catenin were variably
expressed in cPWTs, suggesting aberrant activation of this pathway, possibly leading
to transcription of target genes involved in cellular proliferation, including survivin.2®47
In human medicine, despite the fact that several studies have demonstrated a strong
expression of B-catenin in different STTs,49:51:55.56,101 jts prognostic role has not yet
been clearly recognized.*® Although there have been few clinical trials with Wnt/B-
catenin signaling pathway inhibitors in human STT patients, it has been hypothesized
that patients with an over-activated pathway may benefit from Wnt/B-catenin inhibitor
therapy.%¢ B-catenin has been reported as being consistently expressed in canine
fibrosarcomas.®® However, the subcellular localization and the association with
prognosis were not reported.®® In our cPWT caseload, nuclear and cytoplasmic B-
catenin expression did not have a statistically significant prognostic impact on LR or
OST. Additional studies on a larger number of cases and events are needed to
further investigate the prognostic role of this molecule in cPWTs. Analysis of survivin
and B-catenin reciprocal immunohistochemical expression in canine malignancies
has failed to identify an association between these two molecules.'-16 In this study,
the exploratory statistics found a complex, noninterpretable relationship between the
two molecules’ nuclear expression, possibly suggesting that survivin gene
transcription is not regulated by B-catenin in cPWTs. Additionally, survivin

expression has been reported to be associated with tumor grade,*346 mitotic count,33
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and Ki-67 LI.%? Our exploratory analysis identified a statistically significant
relationship only between nuclear survivin and tumor grade. The lack of statistical
significance and the weak associations found between nuclear survivin and mitotic
count or Ki-67 LI may be partially explained by the small sample size and the high
variability of mitotic counts and Ki-67 LI due to tumor heterogeneity.

One study has evaluated Ki-67 immunohistochemical expression in cPWTs but has
not investigated the correlation between its expression and prognosis.® High Ki-67 LI
has been considered as a negative prognostic factor in canine STTs, as it is
associated with decreased OST in univariate analysis.3! Similarly, in this study,
increased nuclear Ki-67 LI has a non-statistically significant trend towards a shorter
OST in univariate analysis but was not prognostic in any multivariate model.

Our results confirmed the association between increasing mitotic count and shorter
OST, as previously reported,?3 on both univariate and multivariate analyses.

Tumor size was confirmed to be prognostic by predicting potential LR in univariate
analysis and showed a tendency towards a shorter OST.#23.9 The latter finding was
supported by multivariate analysis, where tumor size was prognostic for reduced
OST when adjusted for nuclear survivin, nuclear B-catenin, Ki-67 LI, mitotic count,
status of histologic margins, type of growth, histologic grade, and necrosis score.
Noteworthy and to the author’s knowledge, this is the first study providing evidence
that tumor size is prognostic for a shorter OST in cPWTs.

In conclusion, this is the first study exploring the prognostic value of survivin, 3-
catenin, and Ki-67 immunohistochemical expression in cPWTs.
Immunohistochemical results suggest that survivin and 3-catenin are involved in
cPWTs tumorigenesis and that nuclear survivin evaluated by IHC may be a useful

prognostic marker in predicting a shorter OST in cPWTs. Further studies on the
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expression of survivin and B-catenin, at both the mRNA and protein levels, on a
larger number of cases with a higher number of events (LR, metastasis, and tumor-
related deaths) are required in order to validate these results. Specifically, after the
establishment of validated cut-offs, inclusion of survivin and/or B-catenin expression
assessment in cPWTs may allow for better definitions of patient prognosis and
eventually help in planning adjuvant treatments in selected dogs. Additionally, given
their role in cPWTs pathogenesis, survivin and 3-catenin may be potential

therapeutic targets for more aggressive phenotypes of these tumors.

ACKNOWLEDGEMENTS

None.

DATA AVAILABILITY
All paper-related data is available upon reasonable request to the corresponding

author.

AUTHOR CONTRIBUTIONS

FG and FA planned the study.

DS, RF and LC collected the clinical data and follow-ups.

FG, FA, and AC (Andrea Cappelleri) performed the experiments.
PR and AC (Attilio Corradi) supervised the experiments.

PB performed the statistical analysis.

FG, FA, PB, GA and PR analyzed and interpreted the data.

FG and FA prepared the article with contribution from the other authors.

28



695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

PB, GA, DS, RF, LC, AC (Andrea Cappelleri), CZ, SD, AC (Attilio Corradi), and PR

revised the article.

DECLARATION OF CONFLICTING INTERESTS
The authors declared no potential conflicts of interest with respect to the research,

authorship, and/or publication of this article.

FUNDING
The authors received no financial support for the research, authorship, and/or

publication of this article.

REFERENCES

1. Armando F, Godizzi F, Razzuoli E, et al. Epithelial to mesenchymal transition
(EMT) in a laryngeal squamous cell carcinoma of a horse: Future perspectives.
Animals (Basel). 2020;10:2318.

2. Austin PC, Allignol A, Fine JP. The number of primary events per variable
affects estimation of the subdistribution hazard competing risks model. J Clin
Epidemiol. 2017;83:75-84.

3.  Austin PC, Fine JP. Practical recommendations for reporting Fine-Gray model
analyses for competing risk data. Stat Med. 2017;36:4391-4400.

4. Avallone G, Boracchi P, Stefanello D, Ferrari R, Rebughini A, Roccabianca P.
Canine perivascular wall tumors: high prognostic impact of site, depth, and
completeness of margins. Vet Pathol. 2014;51:713-721.

5. Avallone G, Helmbold P, Caniatti M, Stefanello D, Nayak RC, Roccabianca P.

The spectrum of canine cutaneous perivascular wall tumors: morphologic,

29



720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

10.

11.

12.

13.

14.

15.

phenotypic and clinical characterization. Vet Pathol. 2007;44:607—620.
Avallone G, Stefanello D, Boracchi P, et al. Growth factors and cox2
expression in canine perivascular wall tumors. Vet Pathol. 2015;52:1034—1040.
Avallone G, Stefanello D, Ferrari R, Roccabianca P. The controversial
histologic classification of canine subcutaneous whorling tumours: The path to
perivascular wall tumours. Vet Comp Oncol. 2020;18:3-8.

Bacon NJ, Dernell WS, Ehrhart N, Powers BE, Withrow SJ. Evaluation of
primary re-excision after recent inadequate resection of soft tissue sarcomas in
dogs: 41 cases (1999-2004). J Am Vet Med Assoc. 2007;230:548-554.

Baez JL, Hendrick MJ, Shofer FS, Goldkamp C, Sorenmo KU. Liposarcomas in
dogs: 56 cases (1989-2000). J Am Vet Med Assoc. 2004;224:887-891.

Bian J, Dannappel M, Wan C, Firestein R. Transcriptional regulation of Wnt/[3-
catenin pathway in colorectal cancer. Cells. 2020;9:2125.

Boidot R, Végran F, Lizard-Nacol S. Transcriptional regulation of the survivin
gene. Mol Biol Rep. 2014;41:233-240.

Bongiovanni L, Caposano F, Romanucci M, et al. Survivin and Sox9: potential
Stem cell markers in canine Normal, hyperplastic, and neoplastic canine
prostate. Vet Pathol. 2019;56:200-207.

Bongiovanni L, Colombi |, Fortunato C, Della Salda L. Survivin expression in
canine epidermis and in canine and human cutaneous squamous cell
carcinomas. Vet Dermatol. 2009;20:369-376.

Bongiovanni L, D’Andrea A, Porcellato |, et al. Canine cutaneous melanocytic
tumours: significance of 3-catenin and survivin immunohistochemical
expression. Vet Dermatol. 2015;26:270-e59.

Bongiovanni L, Mazzocchetti F, Malatesta D, et al. Imnmunohistochemical

30



745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

16.

17.

18.

19.

20.

21.

22.

23.

investigation of cell cycle and apoptosis regulators (survivin, B-catenin, p53,
caspase 3) in canine appendicular osteosarcoma. BMC Vet Res. 2012;8:78.
Bongiovanni L, Romanucci M, Malatesta D, D’Andrea A, Ciccarelli A, Della
Salda L. Survivin and related proteins in canine mammary tumors:
immunohistochemical expression. Vet Pathol. 2015;52:269-275.

Boracchi P, Roccabianca P, Avallone G, Marano G. Kaplan-Meier curves, Cox
model, and P-values are not enough for the prognostic evaluation of tumor
markers: Statistical suggestions for a more comprehensive approach. Vet
Pathol. 2021;58:795-808.

Bray JP. Soft tissue sarcoma in the dog—part 1: a current review. J Small Anim
Pract. 2016;57:510-519.

Briski LM, Thomas DG, Patel RM, et al. Canonical Wnt/B-catenin signaling
activation in soft-tissue sarcomas: A comparative study of synovial sarcoma
and leiomyosarcoma. Rare Tumors. 2018;10:2036361318813431.

Campos M, Pegorin De Campos SG, Ribeiro GG, et al. Ki-67 and CD100
immunohistochemical expression is associated with local recurrence and poor
prognosis in soft tissue sarcomas, respectively. Oncol Lett. 2013;5:1527—1535.
Chen X, Duan N, Zhang C, Zhang W. Survivin and tumorigenesis: molecular
mechanisms and therapeutic strategies. J Cancer. 2016;7:314.

Cheung CHA, Chang Y-C, Lin T-Y, Cheng SM, Leung E. Anti-apoptotic
proteins in the autophagic world: an update on functions of XIAP, Survivin, and
BRUCE. J Biomed Sci. 2020;27:1-10.

Chiti LE, Ferrari R, Boracchi P, et al. Prognostic impact of clinical,
haematological, and histopathological variables in 102 canine cutaneous

perivascular wall tumours. Vet Comp Oncol. 2021;19:275-283.

31



770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

24.

25.

26.

27.

28.

29.

30.

31.

32.

Chon E, Thompson V, Schmid S, Stein TJ. Activation of the canonical Wnt/(3-
catenin signalling pathway is rare in canine malignant melanoma tissue and
cell lines. J Comp Pathol. 2013;148:178—-187.

Chu X, Chen L, Wang J, et al. Overexpression of survivin is correlated with
increased invasion and metastasis of colorectal cancer. J Surg Oncol.
2012;105:520-528.

Clevers H. Wnt/B-catenin signaling in development and disease. Cell.
2006;127:469-480.

Davies J, Heeb H, Garimella R, Templeton K, Pinson D, Tawfik O. Vitamin D
receptor, retinoid X receptor, Ki-67, survivin, and ezrin expression in canine
osteosarcoma. Vet Med Int. 2012;2012.

Dennis MM, McSporran KD, Bacon NJ, Schulman FY, Foster RA, Powers BE.
Prognostic factors for cutaneous and subcutaneous soft tissue sarcomas in
dogs. Vet Pathol. 2011;48:73-84.

Duchartre Y, Kim Y-M, Kahn M. The Wnt signaling pathway in cancer. Crit Rev
Oncol Hematol. 2016;99:141-149.

Dunajova L, Cash E, Markus R, Rochette S, Townley AR, Wheatley SP. The N-
terminus of survivin is a mitochondrial-targeting sequence and Src regulator. J
Cell Sci. 2016;129:2707-2712.

Ettinger SN, Scase TJ, Oberthaler KT, et al. Association of argyrophilic
nucleolar organizing regions, Ki-67, and proliferating cell nuclear antigen
scores with histologic grade and survival in dogs with soft tissue sarcomas: 60
cases (1996—2002). J Am Vet Med Assoc. 2006;228:1053-1062.

Fernandez JG, Rodriguez DA, Valenzuela M, et al. Survivin expression

promotes VEGF-induced tumor angiogenesis via PI3K/Akt enhanced -

32



795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

catenin/Tcf-Lef dependent transcription. Mol Cancer. 2014;13:1-15.

Fields AC, Cotsonis G, Sexton D, Santoianni R, Cohen C. Survivin expression
in hepatocellular carcinoma: correlation with proliferation, prognostic
parameters, and outcome. Mod Pathol. 2004;17:1378-1385.
Gajos-Michniewicz A, Czyz M. WNT signaling in melanoma. Int J Mol Sci.
2020;21:4852.

Gauthier J, Wu QV, Gooley TA. Cubic splines to model relationships between
continuous variables and outcomes: a guide for clinicians. Bone Marrow
Transplant. 2020;55(4):675-680.

Graf R, Pospischil A, Guscetti F, Meier D, Welle M, Dettwiler M. Cutaneous
Tumors in Swiss Dogs: Retrospective Data From the Swiss Canine Cancer
Registry, 2008-2013. Vet Pathol. 2018;55:809-820.

Gray B. cmprsk: Subdistribution Analysis of Competing Risks. R package
version 2.2-11. 2022. https://CRAN.R-project.org/package=cmprsk.
Hagenbuchner J, Kuznetsov A V, Obexer P, Ausserlechner MJ.
BIRC5/Survivin enhances aerobic glycolysis and drug resistance by altered
regulation of the mitochondrial fusion/fission machinery. Oncogene.
2013;32:4748-4757.

Han J-1, Kim D-Y, Na K-J. Dysregulation of the wnt/B-catenin signaling pathway
in canine cutaneous melanotic tumor. Vet Pathol. 2010;47:285-291.

Hardy MA. Regression with Dummy Variables. SAGE Publications, Inc.; 1993.
Ito T, Shiraki K, Sugimoto K, et al. Survivin promotes cell proliferation in human
hepatocellular carcinoma. Hepatology. 2000;31:1080—1085.

Iwaki Y, Lindley S, Smith A, Curran KM, Looper J. Canine myxosarcomas, a

retrospective analysis of 32 dogs (2003-2018). BMC Vet Res. 2019;15:217.

33



820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

43.

44,

45.

46.

47.

48.

49.

50.

51.

Jane C, Nerurkar AV, Shirsat N V, Deshpande RB, Amrapurkar AD, Karjodkar
FR. Increased survivin expression in high-grade oral squamous cell carcinoma:
a study in Indian tobacco chewers. J oral Pathol Med. 2006;35:595-601.
Kappler M, Rot S, Taubert H, et al. The effects of knockdown of wild-type
survivin, survivin-2B or survivin-83 on the radiosensitization in a soft tissue
sarcoma cells in vitro under different oxygen conditions. Cancer Gene Ther.
2007;14:994-1001.

Kappler M, Kéhler T, Kampf C, et al. Increased survivin transcript levels: an
independent negative predictor of survival in soft tissue sarcoma patients. Int J
cancer. 2001;95:360-363.

Kappler M, Kotzsch M, Bartel F, et al. Elevated expression level of survivin
protein in soft-tissue sarcomas is a strong independent predictor of survival.
Clin cancer Res. 2003;9:1098-1104.

Kim PJ, Plescia J, Clevers H, Fearon ER, Altieri DC. Survivin and molecular
pathogenesis of colorectal cancer. Lancet. 2003;362:205-2009.

Koenker R. quantreg: Quantile Regression. R package version 5.94. 2022.
https://CRAN.R-project.org/package=quantreg.

Kuhnen C, Herter P, Mdller O, et al. B-catenin in soft tissue sarcomas:
expression is related to proliferative activity in high-grade sarcomas. Mod
Pathol. 2000;13:1005-1013.

Kuntz CA, Dernell WS, Powers BE, Devitt C, Straw RC, Withrow SJ.
Prognostic factors for surgical treatment of soft-tissue sarcomas in dogs: 75
cases (1986-1996). J Am Vet Med Assoc. 1997;211:1147-1151.

Lasota J, Felisiak-Golabek A, Aly FZ, Wang Z-F, Thompson LDR, Miettinen M.

Nuclear expression and gain-of-function p-catenin mutation in

34



845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

52.

53.

54.

55.

56.

57.

58.

59.

glomangiopericytoma (sinonasal-type hemangiopericytoma): insight into
pathogenesis and a diagnostic marker. Mod Pathol. 2015;28:715-720.

Li F, Aljahdali I, Ling X. Cancer therapeutics using survivin BIRC5 as a target:
what can we do after over two decades of study? J Exp Clin Cancer Res.
2019;38:1-22.

Li F, Yang J, Ramnath N, Javle MM, Tan D. Nuclear or cytoplasmic expression
of survivin: what is the significance? Int J cancer. 2005;114:509-512.

Liu J, Xiao Q, Xiao J, et al. Wnt/B-catenin signalling: function, biological
mechanisms, and therapeutic opportunities. Signal Transduct Target Ther.
2022;7:1-23.

Martinez-Font E, Felipe-Abrio |, Calabuig-Farinas S, et al. Disruption of TCF/B-
Catenin Binding Impairs Wnt Signaling and Induces Apoptosis in Soft Tissue
Sarcoma CellsWnt Signaling Inhibition Promotes Apoptosis in Sarcomas. Mol
Cancer Ther. 2017;16:1166—-1176.

Martinez-Font E, Pérez-Capé M, Vogler O, Martin-Broto J, Alemany R,
Obrador-Hevia A. WNT/B-Catenin Pathway in Soft Tissue Sarcomas: New
Therapeutic Opportunities? Cancers (Basel). 2021;13:5521.

Martinez-Garcia D, Manero-Rupérez N, Quesada R, Korrodi-Gregério L, Soto-
Cerrato V. Therapeutic strategies involving survivin inhibition in cancer. Med
Res Rev. 2019;39:887-909.

McKnight JA, Mauldin GN, McEntee MC, Meleo KA, Patnaik AK. Radiation
treatment for incompletely resected soft-tissue sarcomas in dogs. J Am Vet
Med Assoc. 2000;217:205-210.

McSporran KD. Histologic grade predicts recurrence for marginally excised

canine subcutaneous soft tissue sarcomas. Vet Pathol. 2009;46:928-933.

35



870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

60.

61.

62.

63.

64.

65.

66.

67.

68.

Meuten DJ, Moore FM, George JW. Mitotic count and the field of view area:
time to standardize. Vet Pathol. 2016;53(1):7-9.

Meuten DJ et al. Mitotic Count Guideline, version 1.0. Veterinary Cancer
Guidelines and Protocols. http://vetcancerprotocols.org

Miyachi K, Sasaki K, Onodera S, et al. Correlation between survivin mRNA
expression and lymph node metastasis in gastric cancer. Gastric cancer.
2003;6:217-224.

Miyamoto R, Kurita S, Tani H, et al. Canine squamous cell carcinoma cell lines
with high expression of survivin are sensitive to survivin inhibitor YM155. Vet J.
2018;240:31-36.

Miyamoto R, Tani H, Ikeda T, Saima H, Tamura K, Bonkobara M. Commitment
toward cell death by activation of autophagy with survivin inhibitor YM155 in
two canine squamous cell carcinoma cell lines with high expression of survivin.
Res Vet Sci. 2021;135:412—-415.

Murakami M, Sakai H, Kodama A, et al. Expression of the anti-apoptotic factors
Bcl-2 and survivin in canine vascular tumours. J Comp Pathol. 2008;139:1-7.
Nowak M, Madej JA, Dziegiel P. Expression of E-cadherin, B-catenin and Ki-67
antigen and their reciprocal correlations in fibrosarcomas of soft tissues in
dogs. In Vivo (Brooklyn). 2007;21:751-756.

Ong SM, Saeki K, Kok MK, Nakagawa T, Nishimura R. YM155 enhances the
cytotoxic activity of etoposide against canine osteosarcoma cells. J Vet Med
Sci. 2019;19-29.

Palmieri C, Avallone G, Cimini M, Roccabianca P, Stefanello D, Della Salda L.
Use of electron microscopy to classify canine perivascular wall tumors. Vet

Pathol. 2013;50:226—-233.

36



895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

69.

70.

71.

72.

73.

74.

75.

76.

Peduzzi P, Concato J, Feinstein AR, Holford TR. Importance of events per
independent variable in proportional hazards regression analysis Il. Accuracy
and precision of regression estimates. J Clin Epidemiol. 1995;48:1503-1510.
Pereira RS, Schweigert A, Melo GD de, Fernandes FV, Sueiro FAR, Machado
GF. Ki-67 labeling in canine perianal glands neoplasms: a novel approach for
immunohistological diagnostic and prognostic. BMC Vet Res. 2013;9:1-7.

R Core Team. R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. 2022. https://www.R-
project.org/.

Rafatmanesh A, Behjati M, Mobasseri N, Sarvizadeh M, Mazoochi T, Karimian
M. The survivin molecule as a double-edged sword in cellular physiologic and
pathologic conditions and its role as a potential biomarker and therapeutic
target in cancer. J Cell Physiol. 2020;235:725-744.

Rankin WV, Henry CJ, Turnquist SE, et al. Identification of survivin, an inhibitor
of apoptosis, in canine urinary bladder transitional cell carcinoma. Vet Comp
Oncol. 2008;6:141-150.

Rebhun RB, Lana SE, Ehrhart EJ, Charles JB, Thamm DH. Comparative
analysis of survivin expression in untreated and relapsed canine lymphoma. J
Vet Intern Med. 2008;22:989-995.

Reineking W, Schauerte IE, Junginger J, Hewicker-Trautwein M. Sox9, Hopx,
and survivin and tuft cell marker DCLK1 expression in normal canine intestine
and in intestinal adenoma and adenocarcinoma. Vet Pathol. 2022;59:415-426.
Roccabianca P, Schulman FY, Avallone G, et al. Surgical Pathology of Tumors
of Domestic Animals. Volume 3: Tumors of Soft Tissue. Davis-Thompson

Foundation; 2020.

37



920

921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

77.

78.

79.

80.

81.

82.

83.

84.

85.

Roccabianca P, Schulman FY, Avallone G, et al. Nerve sheath tumors. In:
Kiupel M, ed. Surgical Pathology of Tumors of Domestic Animals. Volume 3:
Tumors of Soft Tissue. Davis-Thompson Foundation; 2020:232-253.
Roccabianca P, Schulman FY, Avallone G, et al. Perivascular wall tumors. In:
Kiupel M, ed. Surgical Pathology of Tumors of Domestic Animals. Volume 3:
Tumors of Soft Tissue. Davis-Thompson Foundation; 2020:206-214.
Roccabianca P, Schulman FY, Avallone G, et al. Smooth muscle tumors. In:
Kiupel M, ed. Surgical Pathology of Tumors of Domestic Animals. Volume 3:
Tumors of Soft Tissue. Davis-Thompson Foundation; 2020:214-220.

Sah NK, Seniya C. Survivin splice variants and their diagnostic significance.
Tumor Biol. 2015;36:6623—6631.

Sampath J, Pelus LM. Alternative splice variants of survivin as potential targets
in cancer. Curr Drug Discov Technol. 2007;4:174—191.

Scase TJ, Edwards D, Miller J, et al. Canine mast cell tumors: correlation of
apoptosis and proliferation markers with prognosis. J Vet Intern Med.
2006;20:151-158.

Schemper M, Smith TL. A Note on Quantifying Follow-up in Studies of failure
time. Control Clin Trials. 1996;17:343-346.

Selting KA, Powers BE, Thompson LJ, et al. Outcome of dogs with high-grade
soft tissue sarcomas treated with and without adjuvant doxorubicin
chemotherapy: 39 cases (1996-2004). J Am Vet Med Assoc. 2005;227:1442—
1448.

Shinohara ET, Gonzalez A, Massion PP, et al. Nuclear survivin predicts
recurrence and poor survival in patients with resected nonsmall cell lung

carcinoma. Cancer. 2005;103:1685-1692.

38



945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

86.

87.

88.

89.

90.

91.

92.

93.

94.

Shoeneman JK, Ehrhart Il EJ, Charles JB, Thamm DH. Survivin inhibition via
EZN-3042 in canine lymphoma and osteosarcoma. Vet Comp Oncol.
2016;14:e45—-e57.

Shoeneman JK, Ehrhart EJ, Eickhoff JC, Charles JB, Powers BE, Thamm DH.
Expression and function of survivin in canine osteosarcoma. Cancer Res.
2012;72:249-259.

Siddharth S, Das S, Nayak A, Kundu CN. SURVIVIN as a marker for
quiescent-breast cancer stem cells—An intermediate, adherent, pre-requisite
phase of breast cancer metastasis. Clin Exp Metastasis. 2016;33:661-675.
Sierra Matiz OR, Santilli J, Anai LA, et al. Prognostic significance of Ki67 and
its correlation with mitotic index in dogs with diffuse large B-cell lymphoma
treated with 19-week CHOP-based protocol. J Vet Diagn Invest. 2018;30:263—
267.

Sis6 S, Marco-Salazar P, Roccabianca P, Avallone G, Higgins RJ, Affolter VK.
Nerve Fiber Immunohistochemical Panel Discriminates between Nerve Sheath
and Perivascular Wall Tumors. Vet Sci. 2022;10:1.

Sokolowska J, Urbanska K. Survivin expression in correlation with apoptotic
activity in canine lymphomas. Pol J Vet Sci. 2017;20.

Sokolowska J, Urbanska K, Gizinski S, Wysocka A, Cywinska A, Lechowski R.
Survivin expression in canine lymphomas in relation with proliferative markers.
Pol J Vet Sci. 2015;18.

Stefanello D, Avallone G, Ferrari R, Roccabianca P, Boracchi P. Canine
cutaneous perivascular wall tumors at first presentation: clinical behavior and
prognostic factors in 55 cases. J Vet Intern Med. 2011;25:1398—-1405.

Suzuki A, Hayashida M, lto T, et al. Survivin initiates cell cycle entry by the

39



970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

988

989

990

991

992

993

994

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

competitive interaction with Cdk4/p16INK4a and Cdk2/Cyclin E complex
activation. Oncogene. 2000;19:3225-3234.

Taubert H, Heidenreich C, Holzhausen H-J, et al. Expression of survivin
detected by immunohistochemistry in the cytoplasm and in the nucleus is
associated with prognosis of leiomyosarcoma and synovial sarcoma patients.
BMC Cancer. 2010;10:1-7.

Thamm DH, Joseph JK, Rose BJ, Meuten TK, Weishaar KM. Phase-| trial of
survivin inhibition with EZN-3042 in dogs with spontaneous lymphoma. BMC
Vet Res. 2020;16:1-9.

Therneau T. A Package for Survival Analysis in R. R package version 3.4-0.
2022. https://CRAN.R-project.org/package=survival.

Vachtenheim J, Vickova K. Insights into the regulation of Survivin expression in
tumors. Single Cell Biol. 2016;5:139.

Vay C, Schliinder PM, Dizdar L, et al. Targeting abundant survivin expression
in liposarcoma: subtype dependent therapy responses to YM155 treatment. J
Cancer Res Clin Oncol. 2022;148:633—-645.

Velculescu VE, Madden SL, Zhang L, et al. Analysis of human transcriptomes.
Nat Genet. 1999;23:387-388.

Vijayakumar S, Liu G, Rus IA, et al. High-frequency canonical Wnt activation in
multiple sarcoma subtypes drives proliferation through a TCF/B-catenin target
gene, CDC25A. Cancer Cell. 2011;19:601-612.

Waldmann E. Quantile regression: A short story on how and why. Stat
Modelling. 2018;18:203—218.

Wheatley SP, Altieri DC. Survivin at a glance. J Cell Sci. 2019;132.

Wimmershoff J, Polkinghorne A, Grest P, et al. Imnmunohistochemical detection

40



995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

of survivin in canine lymphoma. J Comp Pathol. 2010;142:311-322.

105. Yamazaki H, Takagi S, Hoshino Y, Hosoya K, Okumura M. Inhibition of survivin
influences the biological activities of canine histiocytic sarcoma cell lines. PLoS
One. 2013;8:€79810.

106. Yamazaki H, Takagi S, Hosoya K, Okumura M. Influence of a survivin
suppressor YM155 on the chemoresistance of canine histiocytic sarcoma cells.
Vet J. 2015;205:375-380.

107. Yamazaki H, Takagi S, Hosoya K, Okumura M. Survivin suppressor (YM155)
enhances chemotherapeutic efficacy against canine histiocytic sarcoma in
murine transplantation models. Res Vet Sci. 2015;99:137-144.

108. Ye C-P, Qiu C-Z, Huang Z-X, et al. Relationship between survivin expression
and recurrence, and prognosis in hepatocellular carcinoma. World J

Gastroenterol WJG. 2007;13:6264.

FIGURE LEGENDS

Figure 1. Canine perivascular wall tumors (cPWTs). Immunohistochemistry (IHC). a)
IHC for survivin in a grade 2 cPWT. There are high numbers of neoplastic cells with
nuclear immunolabeling. b) IHC for survivin in a grade 1 cPWT. There are scattered
neoplastic cells with nuclear immunolabeling including an immunolabeled mitotic
figure (inset). ¢) IHC for survivin in a grade 1 cPWT. There are high numbers of
neoplastic cells with cytoplasmic immunolabeling. d) IHC for B-catenin in a grade 2
cPWT. There are high numbers of neoplastic cells with nuclear immunolabeling. e)
IHC for B-catenin in a grade 1 cPWT. There are high numbers of neoplastic cells with
mainly cytoplasmic immunolabeling. f) IHC for Ki-67 in a grade 1 cPWT. There are

scattered neoplastic cells with nuclear immunolabeling.
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Figure 2. Cumulative incidence of local recurrence estimated by the method for
competing risks. Continuous line represents the cumulative incidence of local

recurrence. Tick marks indicate censored patients.
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