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Beclin-1 is a novel predictive biomarker
for canine cutaneous and subcutaneous
mast cell tumors
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Abstract

Mast cell tumors (MCTs) are the most common skin tumor of the dog, and accurately predicting their clinical behavior is critical in
directing patient therapy, as they range from benign lesions to a fatal systemic disease. Grading is useful for prognosis, but it cannot
predict the behavior of all MCTs. We hypothesized that biomarker immunolabeling in tumor tissues would correlate with patient
morbidity and mortality. A clinically annotated tissue microarray (TMA) of primary, recurrent, and metastatic (to lymph node)
canine dermal and subcutaneous MCTs was created. Some dogs whose MCTs were included in the TMA did not receive
adjunctive treatment after surgical excision of the MCT, whereas others were treated with one or a combination of che-
motherapy, radiation, or oral toceranib. Inmunohistochemistry for beclin-1, an autophagy protein, was performed followed by
digital image analysis. Beclin-1 immunolabeling was higher in recurrent tumors (mean H-score 110.8) than primary MCTs (mean
H-score 73.5), and highest in lymph node metastases (mean H-score |138.5) with a significant difference in means (P <.001). While
beclin-1 level was not prognostic, it was strongly predictive for survival after adjunctive treatment; dogs with high beclin-1-
expressing tumors showed poorer survival compared to those with low beclin-1-expressing tumors (HR = 5.7, P = .02),
especially in Kiupel high-grade tumors (HR = 16.3, P = .0l). Beclin-1 immunolabeling was the only significant predictive factor by
multivariable analysis (P = .04). These findings may improve our ability to predict the response to adjunctive therapy. Importantly,
these data suggest that autophagy inhibitors may be useful in improving response to treatment for dogs with high-grade MCTs.
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Canine dermal and subcutaneous mast cell tumors (MCTs) are
the most common skin tumor of the dog, representing up to
21% of all skin tumors.*”>>! Skin MCTs arise in either the
dermis or the subcutaneous tissue, at a ratio of approximately
6:1.%" The behavior of MCTs can vary widely, with many of the
tumors having a favorable prognosis, and fewer MCTs devel-
oping local recurrence and/or metastases to the draining lymph
node or disseminated throughout the body, which typically
includes, but is not limited to, spleen and liver.”®

The ability to accurately predict the behavior of a dermal
and subcutaneous MCT is critical in directing patient therapy.
Biomarkers are measured variables that are associated with

Efforts to improve prognostication have been made through
characterization of the receptor tyrosine kinase (RTK), KIT.
Canine normal and neoplastic mast cells typically display 1 of 3
distinct KIT immunolabeling patterns, namely, membranous
(pattern I), focal/stippled cytoplasmic (pattern II), and diffuse
cytoplasmic (pattern III). Normal mast cells show membranous
KIT immunolabeling, whereas neoplastic cells can show any
one of the 3 patterns.*® Cytoplasmic KIT protein localization
(patterns II and III) is significantly associated with increased
tumor recurrence and reduced survival,?®****° higher

disease outcome. Prognostic biomarkers are associated with
disease outcome independent of treatment, whereas predictive
biomarkers inform about treatment effect.' Prognostic biomar-
kers may also inform about disease outcome in patients who do
not receive adjunctive treatment. In the case of MCTs, a prog-
nostic biomarker that can predict the natural progression of
disease after surgical removal of a tumor would be particularly
useful to assist clinicians and owners in deciding whether to
pursue additional adjunctive therapy.
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histological grade and increased cell proliferation'® in dermal
MCTs, and increased recurrence and metastases in subcuta-
neous MCTs.** Elevated expression of the cellular proliferation
marker Ki67 and the proapoptotic protein BAX are also nega-
tive prognostic factors.'”

Although KIT immunolabeling pattern, Ki67, and BAX are
prognostic, the most reliable prognostic indicators currently
used for dermal MCTs are 2 histologic grading schemes. The
first widely used grading scheme was the Patnaik grading
scheme,?* which was developed for dermal MCTs. This
scheme compared histomorphologic features to define 3 grades
of tumors. Grade I tumors include well-differentiated tumors
that are confined to the dermis with no observed mitotic figures
in the section examined; grade II tumors include intermediately
differentiated tumors infiltrating or replacing the lower dermal
and subcutaneous tissue, with 0 to 2 mitotic figures per 400x
high power field (HPF); and grade III tumors include highly
cellular, poorly differentiated tumors with replacement of sub-
cutaneous and deep tissues, and 3 to 6 mitotic figures per HPF.
This scheme was able to separate clinically benign from highly
aggressive tumors, as evidenced by the fact that grade I tumors
showed much higher survival rates (93% alive at 1500 days)
compared with grade IIT tumors (6% alive at 1500 days). The
second widely used grading scheme is the Kiupel grading
scheme.'? This grading scheme is a 2-tier system that separates
low-grade versus high-grade MCTs based on mitotic count,
presence of multinucleated cells, bizarre nuclei, and/or karyo-
megaly. The most useful prognostic indicator for subcutaneous
MCTs is the mitotic count.** Although much progress was
made in improving prognostication of MCTs, both current
schemes have limitations. For example, in the Patnaik grading
scheme, the majority of MCTs fall into the grade II category,
whose behavior is difficult to predict.*”*' In addition, approx-
imately 5% to 15% of dogs with Kiupel low-grade MCTs
(which represented 76% to 90% of the studied tumors) even-
tually died or were euthanized due to MCT-related disease,'**!
suggesting some inconsistency between pathological grade and
clinical behavior.

In addition to the development of accurate prognostic mar-
kers for both human and animal cancer, there has also been
tremendous effort to develop accurate markers to predict ther-
apeutic response. The only predictive marker that has been
published to date in canine MCT is ¢-KIT mutational status.
However, since MCTs with both mutated and wildtype c-KIT
respond to treatment with RTK inhibitors,'>**® mutation
analysis has low clinical utility. Given the limitations of the
current grading systems, we sought to identify a novel prog-
nostic and/or predictive biomarker for canine dermal and sub-
cutaneous MCTs.

Autophagy is a homeostatic mechanism operating at low
basal levels that enables targeted destruction of damaged pro-
teins and organelles. To survive times of adverse microenvir-
onmental conditions, such as nutrient starvation or growth
factor depletion, cells can undergo autophagy to degrade and
recycle cellular components to maintain a source of molecular
substrates.® The process of autophagy begins with nucleation,

whereby multiple proteins assemble to form a phagophore.3
The walls of the phagophore join to form the autophagosome,
which then fuses with the lysosome. Cancer cells are also able
to exploit the process of autophagy in order to survive the poor
conditions in the tumor microenvironment.>® The protein
beclin-1 is encoded by the autophagy related gene, BECNI,
and plays a key role in the nucleation step of autophagy.>’

The aim of this study was to investigate beclin-1 immuno-
labeling levels as a prognostic (informing on natural disease
progression after surgical removal) and/or predictive marker in
canine dermal and subcutaneous MCTs, and compare its utility
to the current prognostic features.

Materials and Methods

Paraffin-embedded tissue blocks and hematoxylin and eosin—
stained slides were collected from the Animal Health Labora-
tory (exclusively from the Ontario Veterinary College Health
Sciences Centre, University of Guelph, Guelph, Ontario,
Canada), Yager-Best Histovet Histological and Cytological
Services (Guelph, Ontario, Canada), and Antech Diagnostics
Canada (Mississauga, Ontario, Canada). The 139 MCTs (83
dermal, 43 subcutaneous, 13 lymph node metastases) from 97
dogs from the Ontario Veterinary College were from 2008 to
2017, the 56 MCTs (all subcutaneous) from 55 dogs from
Yager-Best were from 2002 to 2006, and the 34 MCTs (27
dermal and 7 subcutaneous) from 30 dogs from Antech were
from 2014. The tissue blocks and medical records for the
Yager-Best cases had been collected for a previous study.**
For the Ontario Veterinary College cases, the medical records
were reviewed to obtain the breed, sex, date of diagnosis, tumor
site, details of previous cancer including MCTs, adjunctive
treatment protocols, metastatic disease status, date of euthana-
sia/death, and cause of death. If full outcome data were not
available from the medical record, the referring clinic was
contacted directly to obtain these data. When histology or fine
needle aspirates were not done, the presence of local recurrence
and metastasis was suspected based on physical examination.
The clinical data and raw data are in Supplemental Tables S1
and S7.

The date of diagnosis was defined as the date of MCT sur-
gical excision. Disease-free interval (DFI) was defined as the
number of days from the date of diagnosis to confirmation
(histology or fine needle aspiration) or suspicion (clinical
signs) of local recurrence of the MCT or metastasis (lymph
node metastasis or disseminated MCT disease in internal
organs and/or skin). Local recurrence was defined as regrowth
at the site of surgical excision. Survival time (ST) was defined
as the number of days from the date of diagnosis to euthanasia/
death. The cause of death was recorded as being MCT-related
(euthanasia due to local recurrence affecting quality of life or
widespread metastases) or unrelated to MCT. Follow-up sur-
vival time ranged from 15 days to 7 years. Outcome data are
summarized in Supplemental Table S2. For the survival anal-
yses, cases were included if there was an attempt to surgically
remove the dermal or subcutaneous MCT (regardless of the
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size of the surgical margins as measured by radial sectioning
and histopathology) and included both primary occurrences
and recurrences. For the analysis of beclin-1 levels in tumors
that recurred after adjunctive therapy, there was one dog with 2
new growths that developed near the site of the primary MCT
that were considered recurrences, and these along with the
primary MCT were included in the tissue microarray (TMA);
all other recurrences did not have the paired primary MCT
available for inclusion in the TMA. The TMA was constructed
using a Pathology Devices TMArrayer (Pathology Devices).
For all tumors, hematoxylin and eosin—stained sections were
examined and type of MCT, Patnaik grade, Kiupel grade, and
mitotic count were determined through a consensus reached by
2 pathologists (BK and RF). The Patnaik grade was determined
for dermal MCTs only, as subcutaneous invasion is a feature in
the grading scheme and Kiupel grade was determined for both
dermal and subcutaneous MCTs, as at the time of publication
of this grading scheme, many pathologists did not distinguish
between dermal and subcutaneous MCTs. The mitotic count
(number per 10 high-power fields with FN of 22 mm [2.37
mm?]) was determined on the original section and performed
in the most mitotically active area. The pathologists were not
aware of previous grading or patient outcome at the time of
slide evaluation. In a study examining only subcutaneous
MCTs, mitotic count was the only parameter found to be a
predictor of survival.** Therefore, in order to directly compare
dermal and subcutaneous MCTs by mitotic count, both cate-
gories of tumors were divided into 2 groups based on the mito-
tic count in the area of the highest mitotic activity, and the
cutoffs established in for subcutaneous tumors. A “low mitotic
count” defined as a mitotic count of 4 or less in ten 400 x fields,
and a “high mitotic count” as a mitotic count of 5 or greater in
ten 400x fields. Three 6-mm-diameter cores were taken from
each tumor, unless the tumor area was less than approximately
25 mm?, in which case 1 or 2 cores were taken.
Immunohistochemistry was run within 7 days of the slides
being sectioned. Unstained tissue sections were baked in the
oven overnight at 37 °C, deparaffinized in xylene, and rehy-
drated. Heat-based antigen retrieval was performed using a
Biocare Medical Decloaking Chamber NxGen Model:
DC2012 (Biocare Medical) by incubating the sections in
sodium citrate pH 6 at 110 °C for 5 minutes and then allowed
to cool to 80 °C. The sections were incubated with DAKO
Peroxidase Blocking Reagent (DAKO Corporation) for 5 min-
utes at room temperature, and then incubated with at 1:300
dilution with anti-beclin-1 antibody (mouse monoclonal anti-
body, LS-C172820, LSBio) or at 1:200 dilution with anti-KIT
antibody (rabbit polyclonal, A4502, DAKO) overnight at 4 °C.
The next day, the sections were incubated with DAKO Envi-
sion secondary anti-mouse antibody (DAKO Corporation) for
30 minutes at room temperature. After washing with TBST, the
sections were incubated with 3,3’-diaminobenzidine (DAB)
chromogen for 10 minutes and counterstained with Harris mod-
ified hematoxylin. The antibody for beclin-1 has been verified
in canine tissues by western blot.** Each TMA block included
tissue spots of canine renal tubular epithelium as a positive

control tissue for beclin-1 (Suppl. Fig. $1)*'*7 and canine cer-

ebellum as a positive control tissue for KIT (Suppl. Fig. $2).*
A mouse monoclonal IgG2a isotype antibody (61656S, Cell
signaling; Suppl. Fig. S3) and a rabbit IgG, whole molecule
antibody (011-000-003, Jackson; Suppl. Fig. S4) were used in
place of the primary antibodies as isotype controls for beclin-1
and KIT, respectively. The slides were scanned using the Leica
SCN400 Slide Scanner automated digital image system (Leica
Microsystems) by the Digital Histology Shared Resource at
Vanderbilt University Medical Center, Nashville, Tennessee.
The whole slide images were scanned at 20 x magnification at a
resolution of 0.5 pm/pixel. The tissue cores were mapped using
Ariol Review software within the Digital Histology Shared
Resource (https://www.vumc.org/dhsr/welcome).

All tissue spots of immunolabeled slides were evaluated
manually to ensure that they accurately represented the tar-
geted sample region, and for quality of the spot and quality
of the digital image. Slides immunolabeled with KIT were
evaluated by a single pathologist (BK) to determine the KIT
immunolabeling pattern for each tumor (1 = perimembranous,
2 = focal or stippled, 3 = diffuse). If the tissue spot contained
acellular areas (eg, large areas of collagen, small folds, etc), or
contained adnexal structures or large blood vessels, these areas
were delineated with labelled annotations to be excluded from
the automated digital analysis. Approximately 25 complete
tissue spots were manually examined, and the tissue area of
each tissue spot was calculated and averaged (approximately
320 000 pm?). The minimum tissue area was defined as the
equivalent to approximately 30% of a complete tissue spot, or
100 000 um?. The area of all tissue spots from a tumor sample
were summed, and in order to be included in the analysis, the
summed area was required to be equivalent to or greater than
this minimum tissue area. The tissue cores were analyzed using
the Tissue IA Optimiser program in SlidePath (Leica Micro-
systems) and the default DAB color definition. Algorithm set-
tings were optimized for the Measured Stained Cells Algorithm
(Suppl. Table S3); the algorithm quality control process is
summarized in Supplemental Table S4, and representative
image analyses are shown in Supplemental Figures S5 to S8.
The algorithm selected for these analyses was designed to
determine an H-score for each tumor. Although the H-score
scoring system has limitations (eg, depending on the intensity
and the percentage of positive cells, 2 tumors with different
staining patterns may have identical H-scores), it is a com-
monly used scoring system in immunohistochemistry evalua-
tion’ and was the scoring system available in the chosen
software. An H-score cutoff of 80 was determined using
X-tile plot software (version 3.6.1, Yale University School of
Medicine, New Haven, CT) to stratify low- versus high-
expressing beclin-1 tumors.

A Kruskal-Wallis test ANOVA with a Dunn post hoc test
was used to compare beclin-1 H-scores. Kaplan-Meier func-
tions and plots for DFI and ST were constructed with R statis-
tical programming language (3.5.2) using the “survival” and
“survminer” packages, and the logrank test was used to com-
pare functions. Dogs lost to follow-up or those that died and
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whose cause of death was unrelated to the MCT were censored
during statistical analysis. Cox proportional hazard ratios (HR)
were calculated using the “coxphf” package (Cox regression
with Firth’s penalized likelihood [version 1.13]), and the like-
lihood ratio was used to compare HRs. Differences were con-
sidered significant if P < .05.

Results

Grading and Mitotic Count

There were 37 cases with primary dermal MCTs that were not
treated with adjunctive therapy and had outcome data, includ-
ing 12 grade I tumors, 21 grade II tumors, and 4 grade III
tumors based on Patnaik grading. The disease-specific median
survival time (MST) for these cases was not reached for grade I
tumors, was 1649 days for grade II tumors (95% confidence
interval [CI] = 1530-NA), and was 119 days for grade III
tumors (95% CI = 36-NA). There were statistically significant
differences among Patnaik grades for both the MST (P <.0001)
and disease-free intervals (P < .0001; Suppl. Figs. S9, S10).

There were 108 cases with primary dermal MCTs and pri-
mary subcutaneous MCTs that were not treated with adjunctive
therapy and had outcome data, including 89 low-grade and 19
high-grade based on Kiupel grading. The MST was not reached
in the low-grade tumors and was 211 days in the high-grade
tumors (95% CI = 144-NA). The difference in survival
between the 2 groups was significant (P < .0001; Suppl. Fig.
S11), and dogs with a high-grade tumor were significantly
more likely to die of MCT-related disease than dogs with a
low-grade tumor (HR = 7.9, P <.0001). The difference in DFI
between low- and high-grade tumors was also statistically
significant (P < .0001; Suppl. Fig. S12), and dogs with a
high-grade tumor were significantly more likely to have local
recurrence or metastases than dogs with a low-grade tumor
(HR = 6.0, P < .0001).

There were 71 primary subcutaneous tumors not treated
with adjunctive therapy for which outcome data was known:
59 had a mitotic count of 4 or less in ten 400x fields (“low
mitotic count”) and 12 had a mitotic count of 5 or greater in ten
400x fields (“high mitotic count”). The MST in this set of
tumors was not reached in tumors with a low mitotic count and
was 205 days in those with a high mitotic count (95% CI =
144-NA). The difference in survival between the 2 groups was
significant (P < .0001; Suppl. Fig. S13), and dogs with a sub-
cutaneous tumor having a high mitotic count were significantly
more likely to die of MCT-related disease than those with a low
mitotic count (HR = 8.2, P < .0001). The difference in DFI
between low and high mitotic count was statistically significant
(P <.0001; Suppl. Fig. S14), and dogs with a high mitotic count
were significantly more likely to have local recurrence or
metastases than dogs with a low mitotic count (HR = 6.2,
P =.0001).

Comparing low mitotic count to high mitotic count dermal
MCTs not treated with adjunctive therapy, the MST was not
reached in tumors with a low mitotic count and was 119 days in

those with a high mitotic count (95% CI = 36-NA). The dif-
ference in survival between the 2 groups was significant
(P < .0001; Suppl. Fig. S15), and dogs with a high mitotic
count were significantly more likely to die of MCT-related
disease than dogs with a low mitotic count (HR = 76.8,
P =.0002). The difference in DFI between low and high mito-
tic count was also statistically significant (P = .0002; Suppl.
Fig. S16), and dogs having a tumor with a high mitotic count
were significantly more likely to have local recurrence or
metastases than dogs having a tumor with a low mitotic count
(HR = 11.1, P = .004).

KIT Immunolabeling Pattern

There were 90 cases of dermal MCTs and subcutaneous MCTs
not treated with adjunctive therapy for which both outcome
data was known, and for which the KIT immunolabeling pat-
tern could be determined from the TMA. There were 38 pattern
1, 28 pattern 2, and 24 pattern 3 tumors. The disease-specific
MST was not reached in patterns 1 and 2 and was 1710 days for
pattern 3 tumors (95% CI = 673-NA). The overall difference
in survival curves was statistically significant (P = .015; Suppl.
Fig. S17). There was a significant difference between the
hazard ratio of pattern 3 compared to 1 (HR = 3.0, P = .02)
and 3 compared to 2 (HR = 3.6, P = .02), but not between
patterns 1 and 2. The difference in DFI comparing the 3 pat-
terns was also statistically significant (P = .01; Suppl. Fig.
S18), and there was a significant difference between pattern
3 compared to 1 (HR =2.9, P = .02) and pattern 3 compared to
2 (HR = 3.4, P = .01), but not between patterns 1 and 2.

Beclin-1 Immunolabeling

The immunolabeling of beclin-1 in MCTs was exclusively
cytoplasmic, and varied from weak to strong in intensity, and
from granular (usually perinuclear) to diffuse cytoplasmic in
pattern (Figs. 1, 2 and Suppl. Figs. S19-S23). Beclin-1 immu-
nolabeling was analyzed between primary, recurrent, and meta-
static (lymph node only) canine dermal and subcutaneous
MCTs. The beclin-1 immunolabeling was lowest in primary
tumors (mean H-score = 73.5, n = 166), higher in recurrences
(mean H-score = 110.8, » = 12), and highest in metastases
(mean H-score = 138.5, n = 12; Fig. 3). There was a significant
difference in means as calculated with a Kruskal-Wallis test
(P = .0009), with a Dunn post hoc test showing a significant
difference in means between primary and lymph node metas-
tasis (P = .001), but not between primary and recurrence
(P = .16) or recurrence and lymph node metastasis (P = .17).

Beclin-1 as a Prognostic Biomarker in Untreated Tumors

To investigate the role of beclin-1 immunolabeling as a prog-
nostic biomarker that informs on natural progression of MCT
disease after surgical removal, beclin-1 levels in primary
tumors not treated with adjunctive therapy were examined.
Survival times for MCT-specific deaths and DFI for low versus
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Figures 1-2. Mast cell tumor (MCT), skin, dog. Immunohistochemistry for beclin-1. Figure 1. An MCT with mostly weak to moderate
granular cytoplasmic immunopositivity (low beclin-1 group). Figure 2. An MCT with mostly strong diffuse cytoplasmic immunopositivity

(high beclin-1 group).
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Figure 3. Violin plot of average beclin-1 H-scores in primary, recur-
rent, and metastatic canine dermal and subcutaneous mast cell
tumors. The width of each plot shows the kernel probability density
of the data (an approximation of the frequency of data points). The
overlying box and whiskers plot displays the median, quartiles, and
largest and smallest values that are at most 1.5 times the interquartile
range. Outlier points are plotted individually as dots.

high beclin-1 immunolabeling were examined in all primary
dermal and subcutaneous MCTs not treated with adjunctive
therapy. There was no significant difference in MCT-specific
survival or DFI (Suppl. Figs. S24, S25). This result was the
same when the MCTs were separated into dermal (Suppl. Figs.
S26, S27) and subcutaneous (Suppl. Figs. S28, S29) MCTs.
To explore whether beclin-1 immunolabeling levels could
be prognostic within certain subsets of MCTs that show differ-
ent clinical behavior, outcome data were stratified by beclin-1
immunolabeling in different subsets: from dogs with low- and
high-grade dermal and subcutaneous MCTs as defined by the
Kiupel grading scheme; from dogs with KIT immunolabeling
pattern I/II and pattern III dermal MCTs; from dogs with grade
II and III dermal MCTs as defined by the Patnaik grading

scheme (there were no events in those dogs with grade I
MCTs); and from dogs with low and high mitotic count sub-
cutaneous MCTs. No significant differences in the survival or
disease-free curves were present (logrank P values are sum-
marized in Suppl. Table S5).

Beclin-1 as a Predictive Marker in Adjunctive Treated
Tumors

Some of the dogs received adjunctive treatment after surgical
removal of the MCT (ie, treated with one or a combination of
chemotherapy, radiation, or oral toceranib). The MCT-disease-
related survival was significantly shorter for high compared to
low beclin-1 immunolabeling, both in adjunctive therapy-
treated dogs with primary MCTs (Figs. 4, 5) and for the com-
bined data of dogs with primary or recurrent tumors (Figs. 6, 7).
The disease-related survival was shorter for dogs with high
compared to low beclin-1 expressing primary MCTs (HR =
5.7, P = .02, Cox proportional hazard analysis), and for the
combined data of dogs with primary or recurrent tumors (HR =
7.4, P = .004). The difference in the DFI curves was not sig-
nificant in either the primary MCTs (P = .15), or for the com-
bined data of dogs with primary or recurrent tumors (P = .07).
Next, the predictive value of beclin-1 immunolabeling for sur-
vival was analyzed separately in dogs with dermal and subcu-
taneous MCTs. The number of primary and recurrent dermal
tumors that were treated with adjunctive therapy was relatively
low, and there were no significant differences in survival
between low and high beclin-1 immunolabeling groups (Suppl.
Figs. S30, S31). However, all MCT-related deaths occurred in
those dogs with high beclin-1 immunolabeling. Similarly,
almost all MCT-related deaths occurred in those dogs with high
beclin-1 immunolabeling subcutaneous MCTs (Suppl. Figs.
S32, S33).

For dogs treated with adjunctive therapy for dermal or sub-
cutaneous MCTs, those with Kiupel low-grade were then ana-
lyzed separately from those that were high-grade. There were
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Figures 4-7. Kaplan-Meier survival curves for dermal and subcutaneous mast cell tumors that were treated with adjunctive therapy, stratified
by beclin-I. Figures 4 and 6 show survival time, and Figures 5 and 7 show disease-free interval. Figures 4 and 5 include primary tumors only, and
Figures 6 and 7 include primary and recurrent tumors. “All” refers to both primary tumors and recurrent tumors. The vertical tick-marks
correspond to censored data. Survival functions were compared using the logrank test. *P < .05.

no significant differences in survival in the low-grade subset of
MCTs (Figs. 8, 9). In high-grade MCTs, there was a clear
difference in survival outcome in dogs with primary MCTs
(P = .011) and for the combined data of dogs with primary
or recurrent tumors (P = .006; Figs. 10, 11). Within the high-
grade MCTs, the survival was shorter for dogs with high com-
pared to low beclin-1 expressing primary MCTs (HR = 16.3,
P = .01, Cox proportional hazard analysis), and for the com-
bined data of dogs with primary or recurrent tumors (HR =
18.9, P = .003).

There were 7 different possible combinations of adjunctive
treatments, and the cases fell into 6 of these groups (Suppl.
Table S6). Survival curves were analyzed from dogs with pri-
mary and recurrent skin MCTs that were treated with each of
the 3 treatments, either including (Figs. 12—14) or excluding
(Suppl. Figs. S34-S36) other treatment modalities. The
disease-related survival was significantly shorter in dogs with
high compared to low beclin-1 expression in chemotherapy-
treated dogs that also had other treatment modalities (Fig. 12;
P =.016), but not in dogs treated exclusively with chemother-
apy (Suppl. Fig. S34; P = .15). Although not significantly
different, the only MCT-related deaths occurred in the high

beclin-1 immunolabeling group in the toceranib-treated dogs
including other treatment modalities (Fig. 13; P = .075) and
exclusively toceranib-treated dogs (Suppl. Fig. S35; P = .11).
There were no significant differences in those dogs treated with
radiation, with (Fig. 14) or without (Suppl. Fig. S36) other
treatment modalities.

Comparison Between Known Prognostic Markers and
Beclin-1 Immunolabeling

To investigate the possible predictive value of known prognos-
tic markers, survival functions in adjunctive-treated dermal and
subcutaneous MCTs stratified by Kiupel grade, by mitotic
count, and by KIT immunolabeling pattern were examined.
There were significant differences in survival curves stratified
by Kiupel grade (Suppl. Figs. S37, S38; primary, P = .005;
primary and recurrent, P = .0006), mitotic count (Suppl. Fig.
S39, S40; primary, P < .0001; primary and recurrent, P =
.0001), and KIT pattern for primary and recurrent (Suppl. Fig.
S42; P = .039), but not primary alone (Suppl. Fig. S41; P =
.076). All the variables that showed apparent predictive ability
in a univariable analysis were included in a multivariable
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Figures 8-11. Kaplan-Meier survival curves for Kiupel low- and high-grade dermal and subcutaneous mast cell tumors that were treated with
adjunctive therapy, stratified by beclin-1. Figures 8 and 10 show survival time, and Figures 9 and || show disease-free interval. Figures 8 and 9
include primary tumors only, and Figures 10 and | | include primary and recurrent tumors. “All” refers to both primary tumors and recurrent
tumors. The vertical tick-marks correspond to censored data. Survival functions were compared using the logrank test. *P < .05.

analysis to determine which variable was most predictive of
response to treatment (Table 1). In both primary-only
adjunctive-treated dermal and subcutaneous MCTs (P =
.041), and in primary combined with recurrent (P = .016), only
beclin-1 immunolabeling levels had significant predictive
value.

Discussion

In this study, beclin-1, a protein involved in autophagy, was
identified as a promising novel predictive biomarker in Kiu-
pel high-grade tumors. Although mitotic count, KIT immu-
nolabeling pattern, and Kiupel grade appeared to predict
response to therapy in MCTs treated with adjunctive therapy,
this apparent predictive ability was likely confounded by the
fact that these are well-recognized prognostic factors, and
MCT behavior can vary from benign to aggressive. In other
words, some of the adjunctive-treated low-grade MCTs that
appeared to have a good response to adjunctive treatment
may in fact never have progressed regardless of whether
treatment was given or not (hence falsely attributing predic-
tive ability to the analyzed biomarker). In a multivariable

analysis of these 4 factors, only beclin-1 immunolabeling
maintained statistical significance. High beclin-1 versus low
beclin-1 immunolabeling had a hazard ratio for MCT-
specific deaths of 6.3 (P = .041) and 6.8 (P = .016), in
primary-only adjunctive-treated dermal and subcutaneous
tumors and in primary combined with recurrent, respectively.
Therefore, beclin-1 immunolabeling level is the best inde-
pendent predictive biomarker from this study, with high
beclin-1 immunolabeling associated with higher MCT-
specific deaths in dogs treated with adjunctive therapy.

This study relied on TMA technology to evaluate large
numbers of MCTs in a high-throughput manner. There have
been numerous validation studies to help address concerns
about TMA technology. The most frequent concern about
TMAs is whether a small tissue core accurately represents the
entire tissue section.'* One validation study using human breast
carcinoma found that two 0.6-mm cores were representative of
tumor antigen expression in more than 95% of cases.” In a
study of Hodgkin lymphoma, two 0.6-mm cores had a concor-
dance of 93.8% with whole-section analysis.'> Another study
of human breast cancer found that a single 0.6-mm core was
sufficient to identify statistically significant associations
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Figures 12-14. Kaplan-Meier survival curves for dermal and subcu-
taneous mast cell tumors treated with different adjunctive therapies,
stratified by beclin-1. Primary and recurrent tumors are included. The
vertical tick-marks correspond to censored data. Survival functions
were compared using the logrank test. *P < .05.

between receptor expression and clinical outcome.** Another
concern with immunohistochemistry studies in general is the
effect of preanalytical variables, especially for retrospective
studies. One example is the potential for loss of immunolabel-
ing after prolonged storage of blocks, but one report found that
many proteins showed successful immunoreactivity from sam-
ples stored for up to 60 years.” Other examples of preanalytical

variables include fixation delay, time in fixation, and condi-
tions of histological processing. Future prospective studies are
needed to confirm the results of this high-throughput, retro-
spective analysis.

To date, the only biomarkers examined as being potentially
predictive for canine MCTs are ones that are known prognostic
biomarkers for MCTs. One study examined c-K/7 mutational
status and its predictive effect in response to RTK inhibitor
therapy.®* In this study, there was a response rate of 69% to
toceranib in dogs with recurrent, Patnaik grade II or III MCTs
with ¢-KIT mutations, whereas in those without mutations,
there was a 37% response rate.>* Another study showed little
difference in tumor response to masitinib between those MCTs
with and without c-K77 mutations,'® while a recent study found
similar results with toceranib treatment.’® It was hypothesized
that these RTK inhibitors may not only be influencing unregu-
lated KIT activity, but also activity of other RTKs such as
VEGFR2 and/or PDFGRa/f in neoplastic and/or associated
stromal cells that may be playing a role in tumor progression.
As such, the mutational status of c-KIT has not been widely
adopted as a clinically useful predictive marker, and if known,
does not typically influence the decision to pursue RTK inhi-
bitor therapy. Another recent study found that mitotic count,
c-KIT mutation status, KIT localization, Patnaik histologic
grade, and pKIT immunoreactivity were significantly associ-
ated with progression free interval in toceranib-treated dogs in
a univariate analysis, while KIT localization and mitotic count
retained significance in a multivariate analysis.*?

Beclin-1 plays a key role in autophagy, a process that is
increasingly recognized to be dysregulated in neoplasia. The
role of autophagy in cancer is not straightforward, and is likely
dependent on the microenvironment, stage of development,
and neoplastic cell type. In some cases, beclin-1 appears to act
as a tumor suppressor. For example, monoallelic deletion of the
BECNI gene was found in several human cancers, and its loss
is actually thought to contribute to tumorigenesis.''*** In cell
lines of gastrointestinal stromal tumors, a mutant KIT-driven
cancer, knockdown of BECN] leads to accumulation of mutant
KIT.'® In other cases, the upregulation of autophagy is thought
to protect cancer cells and promote cancer growth in times of
metabolic, hypoxic, and/or cytotoxic stress. Autophagy also
plays a role in promoting cellular motility and invasiveness,
which are necessary for tumor metastasis.’’ The data of this
study might suggest a protective role for beclin-1, perhaps
allowing neoplastic cells to survive in the face of adjunctive
therapy treatment.

Beclin-1 immunolabeling level was investigated as a prog-
nostic and predictive marker in multiple human neo-
plasms,®!"#3-3333 and its role as a prognostic marker appears
to be dependent on the type of cancer. One meta-analysis found
that a high beclin-1 immunolabeling level indicated a more
favorable prognosis in gastric cancer and lymphoma, whereas
it had no prognostic value in colorectal, breast, and lung can-
cers.!” Two studies investigating beclin-1 immunolabeling as a
predictive marker found similar results to the current study.
One found that high (vs low) beclin-1 immunolabeling in
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Table I. Univariable and multivariable analyses of predictive factors for adjunctive treatment of combined primary and recurrent dermal and

subcutaneous mast cell tumors?.

Univariable Multivariable

Hazard 95% Confidence

Hazard 95% Confidence P

Risk factor ratio interval Pvalue ratio interval value
Primary AT- treated dermal and SC High beclin-1 (vs low) 5.7 1.2-53.8 .024%* 6.3 1.1-82.0 .04 1%
MCTs MC >4 (vs MC <4) 7.2 1.9-27.2 .004%* 8.1 0.1-191.5 .307
High Kiupel grade (vs low) 48 1.5-19.3 .007* 1.6 0.1-251.3 .788
KIT pattern lll
(vs pattern I) 4.6 1.1-20.7 .036* 0.6 0.1-7.8 .623
(vs pattern II) 2.6 0.6—15.1 216 1.6 0.3-10.8 NAP
Primary and recurrent AT-treated High beclin-1 (vs low) 74 1.7-68.0 .004%* 6.8 1.4-70.9 0l6*
dermal and SC MCTs MC >4 (vs MC <4) 6.5 2.3-22.1 <.001* 10.1 0.1-211.3 264
High Kiupel grade (vs low) 5.9 2.0-22.7 <.000* 1.3 0.1-189.8 .855
KIT pattern Il
(vs pattern ) 39 1.2-13.8 021%* 0.4 0.1-3.1 .395
(vs pattern ) 2.6 0.7-14.3 .158 1.2 0.3-6.4 .853

Abbreviations: AT, adjunctive therapy; MC, mitotic count; SC, subcutaneous.

*Univariable analyses included all MCTs with datapoints that were available for each individual factor, whereas the multivariable analysis included only those MCTs

with datapoints that were available for all factors.

®NA denotes convergence in estimating profile likelihood P value could not be attained.

*P value < .05.

neoplastic rectal carcinoma cells was significantly associated
with a reduced rate of tumor downstaging following neoad-
junctive chemoradiation treatment.>> Another showed that
patients with esophageal squamous cell cancer negative for
immunolabeling of beclin-1 and microtubule-associated protein
light chain 3 (LC3, another autophagy marker) had better overall
survival. Furthermore, LC3 immunolabeling level was an inde-
pendent predictive factor in patients receiving definitive
chemoradiation.®

The role of autophagy in canine cancer is not well under-
st0od.?® In a panel of canine osteosarcoma cells, autophagy
contributed to chemoresistance, and the autophagy inhibitor
spautin-1, which enhances degradation of beclin-1, increased
cell killing and decreased colony formation when combined
with doxorubicin.** In malignant canine mammary tumors,
cytoplasmic beclin-1 immunolabeling was reported to be lower
in neoplastic cells than in surrounding non-neoplastic mam-
mary epithelial cells, and decreased cytoplasmic beclin-1
immunolabeling was significantly associated with poorer over-
all survival.?> Another study examining the protein P62/
sequestosome-1 has suggested that autophagy may be impor-
tant in MCT biology.** The P62 protein is a “hub” protein that
acts as an adaptor molecule to influence the uptake by autop-
hagosomes of cargo targeted for autophagic degradation. Spe-
cifically, P62 nuclear and cytoplasmic immunoreactivity were
associated with Kiupel low- and high-grade tumors, respec-
tively.** Although no outcome data were available for that
study, these results raised the possibility that cytosolic P62 may
be an indicator of increased autophagy in high-grade MCTs. In
the present study, in contrast to the results in canine mammary
carcinoma,*” beclin-1 immunolabeling level was a purely pre-
dictive factor and had no apparent prognostic value.

Although beclin-1 proved to be a significant predictive
maker for response to adjunctive treatment in our dataset, there
were limited numbers of treated dogs in each of the 7 different
categories (each type of treatment alone, and in different com-
binations). This hindered our ability to identify exactly which
treatment responses were being predicted. It is plausible that
beclin-1 could be cytoprotective for all 3 modalities employed
in the adjunctive treatment of canine MCTs. Conventional
cytotoxic drugs are now well known to induce autophagy,>
but autophagy is also shown to help protect cancer cells against
radiation therapy,*' as well as treatment with RTK inhibitors."®
Clinical trials are currently underway to investigate the effect
of autophagy inhibitors, such as chloroquine and hydroxychlor-
oquine, alone or in combination with chemotherapies in vari-
ous human cancers.’>>? Phase I clinical trials for combined
hydroxychloroquine and doxorubicin in dogs with lymphoma
have also been completed.? Thus, there is a potential that MCTs
with high beclin-1 expression might yet respond to current
therapies if delivered in combination with autophagy
inhibitors.

The small number of adjunctive-treated dogs with tissue
spots that met the inclusion criteria to derive an H-score for
beclin-1 is a limitation in this study. Given that the results
remained statistically significant in a multivariable analysis,
and the results are reasonable in a biological sense, these data
are promising. Another limitation of this study is the retrospec-
tive design, and inclusion of the MCTs in the TMA was based
on tissue availability. A combination of non-adjunctive-treated
and adjunctive-treated samples from primary and tertiary
clinics resulted in lower overall numbers for each studied sub-
group; yet, this combination allowed us to investigate the role
of beclin-1 as both a predictive and prognostic marker.
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Although only skin MCTs removed with excisional biopsies
were included in the analysis, incompletely excised MCTs
were not excluded, as this would have eliminated the
radiation-treated MCTs from our analysis. Additionally, many
MCTs do not recur even when apparently incompletely
excised, especially those MCTs that are expected to have better
prognoses.*#4:46

Although many of the tumors included in the TMA were
removed at a tertiary clinic, much of the follow-up data was
obtained from the primary care veterinary clinics. A postmor-
tem examination was not always performed, and the presence
of local recurrence and metastasis was, in a small number of
cases, based on physical rather than histological examination.
Future investigation of the role of autophagy as a prognostic
marker in canine MCTs should include a prospective analysis
with higher numbers of adjunctive-treated dogs with long-term
follow-up and postmortem examinations.

This study identified beclin-1 as a predictive marker that
may prove useful in deciding whether to pursue adjunctive
treatment after surgical removal of a skin MCT, especially for
high-grade tumors. Predictive markers play a key role in per-
sonalized medicine, which is becoming increasingly important
as the number of different treatment modalities grows. Clini-
cians and owners may have a relatively easy time deciding
whether to pursue additional treatment for those MCTs with
excellent prognosis (eg, 5S-mm-diameter, excised with wide
margins, grade I MCT) or very poor prognosis (eg, 6-cm-
diameter, marginally excised, grade III MCT). However, the
vast majority of dermal MCTs are grade Il MCTs whose beha-
vior is difficult to predict. In addition, there are many subcu-
taneous MCTs whose mitotic count is very close to the cutoff of
4, therefore complicating the decision on whether to pursue
adjunctive therapy. Along with other factors that will always
play a role in the decision, such as surgical margins, MCT
location, owner finances, comorbidities, and anticipated side-
effects, knowing the beclin-1 status to help determine whether
the MCT has a good or poor chance of responding to treatment
may help guide many clinicians and owners in making their
choice. This study could prove useful in not only directing
individualized treatment plans in dogs with MCTs but also in
helping develop effective treatments for those dogs with non-
responsive tumors by combining current therapies with autop-
hagy inhibitors.

Acknowledgements

We would like to thank Courtney Schott for her help with TMA
construction, Tami Sauder and Susan Lapos at the University of
Guelph for their technical help, and Karolina Skowronski at the Insti-
tute for Comparative Cancer Investigation at the Ontario Veterinary
College, University of Guelph, for her help in acquiring outcome data.
We would also like to thank Joseph Roland and the Digital Histology
Shared Resource at the Vanderbilt University Medical Center in Nash-
ville, Tennessee, for their help with the digital analysis of the TMA.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support for
the research, authorship, and/or publication of this article: This study
was funded by the OVC Pet Trust.

ORCID iD

Britta J. Knight
Brenda L. Coomber

https://orcid.org/0000-0001-6970-2578
https://orcid.org/0000-0002-0776-5562

References

1. Ballman KV. Biomarker: predictive or prognostic? J Clin Oncol. 2015;33(33):
3968-3971.

2. Barnard RA, Wittenburg LA, Amaravadi RK, et al. Phase I clinical trial and
pharmacodynamic evaluation of combination hydroxychloroquine and doxor-
ubicin treatment in pet dogs treated for spontaneously occurring lymphoma.
Autophagy. 2014;10(8):1415-1425.

3. Bialik S, Dasari SK, Kimchi A. Autophagy-dependent cell death—where, how
and why a cell eats itself to death. J Cell Sci. 2018;131(18):jcs215152

4. Bostock DE. Neoplasms of the skin and subcutaneous tissues in dogs and cats.
Br Vet J. 1986;142(1):1-19.

5. Camp RL, Charette LA, Rimm DL. Validation of tissue microarray technology
in breast carcinoma. Lab Invest. 2000;80(12):1943-1949.

6. ChenY, Li X, Wu X, et al. Autophagy-related proteins LC3 and Beclin-1 impact
the efficacy of chemoradiation on esophageal squamous cell carcinoma. Pathol
Res Pract. 2013;209(9):562-567.

7. Cohen D, Reif JS, Brodey RS, et al. Epidemiological analysis of the most
prevalent sites and types of canine neoplasia observed in a veterinary hospital.
Cancer Res. 1974;34(11):2859-2868.

8. Dong LW, Hou YJ, Tan YX, et al. Prognostic significance of Beclin 1 in
intrahepatic cholangiocellular carcinoma. Autophagy. 2011;7(10):1222—1229.

9. Fedchenko N, Reifenrath J. Different approaches for interpretation and report-
ing of immunohistochemistry analysis results in the bone tissue—a review.
Diagn Pathol. 2014;9:221.

10. Freytag JO, Queiroz MR, Govoni VM, et al. Prognostic value of immunohis-
tochemical markers in canine cutaneous mast cell tumours: a systematic review
and meta-analysis. Vet Comp Oncol. Published online March 16, 2021. doi:10.
1111/vco.12692

11. Gao X, Zacharek A, Salkowski A, et al. Loss of heterozygosity of the BRCA1
and other loci on chromosome 17q in human prostate cancer. Cancer Res. 1995;
55(5):1002-1005.

12. Garcia JL, Hernandez JM, Gutierrez NC, et al. Abnormalities on 1q and 7q are
associated with poor outcome in sporadic Burkitt’s lymphoma. A cytogenetic
and comparative genomic hybridization study. Leukemia. 2003;17(10):
2016-2024.

13. Gil da Costa RM, Matos E, Rema A, et al. CD117 immunoexpression in canine
mast cell tumours: correlations with pathological variables and proliferation
markers. BMC Vet Res. 2007;3:19.

14. Giltnane JM, Rimm DL. Technology insight: Identification of biomarkers with
tissue microarray technology. Nat Clin Pract Oncol. 2004;1(2):104-111.

15. Hahn KA, Legendre AM, Shaw NG, et al. Evaluation of 12- and 24-month
survival rates after treatment with masitinib in dogs with nonresectable mast
cell tumors. Am J Vet Res. 2010;71(11):1354-1361.

16. Han W, Pan H, Chen Y, et al. EGFR tyrosine kinase inhibitors activate autop-
hagy as a cytoprotective response in human lung cancer cells. PLoS One. 2011;
6(6):¢18691.


https://orcid.org/0000-0001-6970-2578
https://orcid.org/0000-0001-6970-2578
https://orcid.org/0000-0001-6970-2578
https://orcid.org/0000-0002-0776-5562
https://orcid.org/0000-0002-0776-5562
https://orcid.org/0000-0002-0776-5562

56

Veterinary Pathology 59(1)

17.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

He Y, Zhao X, Subahan NR, et al. The prognostic value of autophagy-related
markers beclin-1 and microtubule-associated protein light chain 3B in cancers: a
systematic review and meta-analysis. Tumour Biol. 2014;35(8):7317-7326.

. Hsueh YS, Yen CC, Shih NY, et al. Autophagy is involved in endogenous and

NVP-AUY922-induced KIT degradation in gastrointestinal stromal tumors.
Autophagy. 2013;9(2):220-233.

. Kiupel M, Webster JD, Bailey KL, et al. Proposal of a 2-tier histologic grading

system for canine cutaneous mast cell tumors to more accurately predict biolo-
gical behavior. Vet Pathol. 2011;48(1):147-155.

Kiupel M, Webster JD, Kaneene JB, et al. The use of KIT and tryptase expres-
sion patterns as prognostic tools for canine cutaneous mast cell tumors. Vet
Pathol. 2004;41(4):371-377.

Li L, Zepeda-Orozco D, Black R, et al. Autophagy is a component of epithelial
cell fate in obstructive uropathy. 4m J Pathol. 2010;176(4):1767-1778.

Liu JL, Chang KC, Lo CC, et al. Expression of autophagy-related protein
Beclin-1 in malignant canine mammary tumors. BMC Vet Res. 2013;9:75.
Liu JL, Chen FF, Chang SF, et al. Expression of beclin family proteins is
associated with tumor progression in oral cancer. PLoS One. 2015;10(10):
e0141308.

London CA, Malpas PB, Wood-Follis SL, et al. Multi-center, placebo-
controlled, double-blind, randomized study of oral toceranib phosphate
(SU11654), a receptor tyrosine kinase inhibitor, for the treatment of dogs with
recurrent (either local or distant) mast cell tumor following surgical excision.
Clin Cancer Res. 2009;15(11):3856-3865.

London CA, Seguin B. Mast cell tumors in the dog. Vet Clin North Am Small
Anim Pract. 2003;33(3):473-489.

Massimini M, Palmieri C, De Maria R, et al. 17-AAG and apoptosis, autophagy,
and mitophagy in canine osteosarcoma cell lines. Vet Pathol. 2017;54(3):
405-412.

Mizushima N. Autophagy: process and function. Genes Dev. 2007;21(22):
2861-2873.

Moirano SJ, Lima SF, Hume KR, et al. Association of prognostic features and
treatment on survival time of dogs with systemic mastocytosis: a retrospective
analysis of 40 dogs. Vet Comp Oncol. 2018;16(1):E194-E201.

Mowers EE, Sharifi MN, Macleod KF. Functions of autophagy in the tumor
microenvironment and cancer metastasis. FEBS J. 2018;285(10):1751-1766.
Ozpolat B, Benbrook DM. Targeting autophagy in cancer management—stra-
tegies and developments. Cancer Manag Res. 2015;7:291-299.

Paglin S, Hollister T, Delohery T, et al. A novel response of cancer cells to
radiation involves autophagy and formation of acidic vesicles. Cancer Res.
2001;61(2):439-444.

Patnaik AK, Ehler WJ, MacEwen EG. Canine cutaneous mast cell tumor: mor-
phologic grading and survival time in 83 dogs. Vet Pathol. 1984;21(5):469-474.
Pirtoli L, Cevenini G, Tini P, et al. The prognostic role of Beclin 1 protein
expression in high-grade gliomas. Autophagy. 2009;5(7):930-936.

Rich T, Dean RT, Lamm CG, et al. p62/Sequestosome-1: mapping sites of
protein-handling stress in canine cutaneous mast cell tumors. Vet Pathol.
2015;52(4):621-630.

Riva F, Brizzola S, Stefanello D, et al. A study of mutations in the c-kit gene of
32 dogs with mastocytoma. J Vet Diagn Invest. 2005;17(4):385-388.

Russell SE, Hickey GI, Lowry WS, et al. Allele loss from chromosome 17 in
ovarian cancer. Oncogene. 1990;5(1):1581-1583.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51,

52.

53.

Sabattini S, Scarpa F, Berlato D, et al. Histologic grading of canine mast cell
tumor: is 2 better than 3? Vet Pathol. 2015;52(1):70-73.

Saito H, Inazawa J, Saito S, et al. Detailed deletion mapping of chromosome 17q
in ovarian and breast cancers: 2-cM region on 17q21.3 often and commonly
deleted in tumors. Cancer Res. 1993;53(14):3382-3385.

Schott CR, Ludwig L, Mutsaers AJ, et al. The autophagy inhibitor spautin-1,
either alone or combined with doxorubicin, decreases cell survival and colony
formation in canine appendicular osteosarcoma cells. PLoS One. 2018;13(10):
€0206427.

Smith J, Kiupel M, Farrelly J, et al. Recurrence rates and clinical outcome for
dogs with grade II mast cell tumours with a low AgNOR count and Ki67 index
treated with surgery alone. Vet Comp Oncol. 2017;15(1):36-45.

Stefanello D, Buracco P, Sabattini S, et al. Comparison of 2- and 3-category
histologic grading systems for predicting the presence of metastasis at the time
of initial evaluation in dogs with cutaneous mast cell tumors: 386 cases (2009—
2014). J Am Vet Med Assoc. 2015;246(7):765-769.

Thamm DH, Weishaar KM, Charles JB, et al. Phosphorylated KIT as a predictor
of outcome in canine mast cell tumours treated with toceranib phosphate or
vinblastine. Vet Comp Oncol. 2020;18(2):169-175.

Thompson JJ, Morrison JA, Pearl DL, et al. Receptor tyrosine kinase expression
profiles in canine cutaneous and subcutaneous mast cell tumors. Vet Pathol.
2016;53(3):545-558.

Thompson JJ, Pearl DL, Yager JA, et al. Canine subcutaneous mast cell tumor:
characterization and prognostic indices. Vet Pathol. 2011;48(1):156—168.
Torhorst J, Bucher C, Kononen J, et al. Tissue microarrays for rapid linking of
molecular changes to clinical endpoints. Am J Pathol. 2001;159(6):2249-2256.
Vincenti S, Findji F. Influence of treatment on the outcome of dogs with
incompletely excised grade-2 mast cell tumors. Schweiz Arch Tierheilkd.
2017;159(3):171-177.

Wang R, Shen Z, Yang L, et al. Protective effects of heme oxygenase-1-
transduced bone marrow-derived mesenchymal stem cells on reducedsize liver
transplantation: role of autophagy regulated by the ERK/mTOR signaling path-
way. Int J Mol Med. 2017;40(5):1537-1548.

Webster JD, Yuzbasiyan-Gurkan V, Kaneene JB, et al. The role of ¢-KIT in
tumorigenesis: evaluation in canine cutaneous mast cell tumors. Neoplasia.
2006;8(2):104-111.

Webster JD, Yuzbasiyan-Gurkan V, Miller RA, et al. Cellular proliferation in
canine cutaneous mast cell tumors: associations with ¢-KIT and its role in
prognostication. Vet Pathol. 2007;44(3):298-308.

Weishaar KM, Ehrhart EJ, Avery AC, et al. c-Kit mutation and localization
status as response predictors in mast cell tumors in dogs treated with prednisone
and toceranib or vinblastine. J Vet Intern Med. 2018;32(1):394-405.

Welle MM, Bley CR, Howard J, et al. Canine mast cell tumours: a review of the
pathogenesis, clinical features, pathology and treatment. Ver Dermatol. 2008;
19(6):321-339.

Yang ZJ, Chee CE, Huang S, et al. The role of autophagy in cancer: therapeutic
implications. Mol Cancer Ther. 2011;10(9):1533-1541.

Zaanan A, Park JM, Tougeron D, et al. Association of beclin 1 expression with
response to neoadjuvant chemoradiation therapy in patients with locally
advanced rectal carcinoma. Int J Cancer. 2015;137(6):1498-1502.



	Beclin-1 is a novel predictive biomarker for canine cutaneous and subcutaneous mast cell tumors
	Materials and Methods
	Results
	Grading and Mitotic Count
	KIT Immunolabeling Pattern
	Beclin-1 Immunolabeling
	Beclin-1 as a Prognostic Biomarker in Untreated Tumors
	Beclin-1 as a Predictive Marker in Adjunctive Treated Tumors
	Comparison Between Known Prognostic Markers and Beclin-1 Immunolabeling

	Discussion
	Acknowledgements
	Declaration of Conflicting Interests
	Funding
	ORCID iD
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


