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Abstract

Background: Urological cancers are common malignancies in people, with
prostate, kidney and urinary bladder cancer accounting for three of the top ten
most prevalent cancers worldwide. Despite ongoing efforts to improve
therapeutic options, the prognosis for patients with advanced, metastatic
urological cancers remains poor. As such, continued investigation into the
development of novel therapeutic strategies, including the discovery of new
anti-cancer drug targets, is urgently needed. To achieve this ambitious goal, it
is essential to have relevant and suitable pre-clinical disease models readily
available. For urological cancer, rodent models are well established and remain
highly valuable. In contrast, non-rodent animal models, including pet dogs,
which spontaneously develop urological cancer with striking molecular and
morphological resemblance to the same disease in people, are currently

underexploited.

This study aims to assess the dog as a potential animal model for urinary

bladder and prostate cancers, and to investigate kidney cancer based on a

transgenic mouse model of kidney cancer (TRACK). Specifically, this dissertation

is structured as chapters presenting studies defined by the following aims:

i) Pathological and molecular characterization of the canine urothelial
carcinoma (UC) model

ii) Pathological and molecular characterization of the canine prostate
carcinoma (PCa) model

iiii) Pathological and immunohistochemical evaluation of novel potential
therapeutic targets in human PCa specimens

iv) Pathological and molecular investigation of mechanistic contributors to
kidney clear cell cancer

Methods:

To address these aims the following analyses were completed.

Canine UC (STUDIES 1 to 3): Spontaneous, untreated canine primary urinary

bladder and urethral UC (n=381) were epidemiologically and histologically
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assessed. The following information was available: age at the time of first tumor
diagnosis, sex, neutering status, and dog breed. Histological assessment
included: histomorphological tumor classification based on the current 2016
WHO system, subgross (papillary vs non-papillary) growth, muscle invasion,
tumor stroma, necrosis, and inflammation. In addition, 9 cases (n=3 paired non-
tumor and tumor specimen, and n=6 non-paired tumor samples) were analyzed
for the presence of different gene expression and alternative splicing (AS) by
RNAseq.

Canine PCa (STUDY 4): Spontaneous, untreated canine primary prostate
carcinomas (n=41) were histologically and immunohistochemically (p63,
Uroplakin Ill) assessed and compared to n=61 benign (n=17 normal adult, n=15
hyperplasia, n=16 atrophy, n=14 normal premature) canine prostates. The
available case information was the same as indicated for canine UC.

Lysine demethylase (KDM) expression in human PCa (STUDY 5): The
expression of the androgen receptor coregulators, lysine demethylase 5B
(KDM5B) and 7A (KDM7A), were assessed using immunohistochemistry (IHC)
analysis of three tissue microarrays (TMA) containing a total of n=312 cores
collected from n=62 benign and n=62 patient-matched malignant [n=15
metastatic prostate carcinoma (PCa); n=47 organ-confined PCa].

TRACK mice (STUDY 6): FFPE tissues (heart, lung, spleen, liver, pancreas,
kidney, small intestine, testis, skeletal muscle) from n=66 mice, including 44
TRACK [hypoxia-inducible factor (HIF)-1a overexpressing] and 22 control [n=5
HIF-2a  overexpressing and n=17 wild type (WT)] mice were
histomorphologically assessed. Three TRACK and two WT mice were further
evaluated for the expression of RBP4 and MYC by IHC

Results:

Canine UC: The mean age of dogs diagnosed with UC was 10.22 years (range 4-
15 years), which is equivalent to 60-70 human years. A high correlation of UC
diagnosis with female sex (odds ratio [OR] 3.51; 95% confidence interval [Cl]
2.57-4.79; p<0.001), surgical neutering (OR 4.57; 95%Cl 1.87-11.12; p<0.001),
and breed (OR 15.11 for Scottish terriers; 95%Cl 8.99-25.41; p<0.001) was
observed. Primary tumors were staged as T1 (38%), T2a (28%), T2b (13%), and
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T3 (22%). Non-papillary tumor growth was strongly associated with muscle
invasion (OR 31.00; p<0.001). Conventional, not further classifiable infiltrating
UC was the most common type of tumor (90%), followed by UC with divergent,
squamous and/or glandular differentiation (6%). When comparing human and
canine UC, the two most striking common features included high sex
predilection and histological tumor appearance.

In 103 of 381 (27%) of canine UC cases, the tumor stroma was
fibromyxoid, which was strongly associated with invasive growth of muscle
(p<0.0001). Peritumoral and intratumoral inflammation was present in 308 of
345 (89%) and 287 of 381 (75%) of cases, respectively, and was mostly mild and
lymphoplasmacytic. One hundred and fifteen of the 381 (30%) cases showed a
variable eosinophilic inflammation, and 58 of 381 (15%) presented with
formations of one or several lymphoid follicles. Twenty-four percent (91 of 381)
of cases had tumor necrosis, which was typically mild. In 83 of 91 (91%) of cases,
the necrosis was comedo-like. Moderate to severe tumor necrosis was
associated with the presence of moderate to predominant fibromyxoid tumor
stroma (p<0.02).

No significant differently expressed genes were found when canine UC
and histopathologically non-malignant bladder mucosa were compared. In
contrast, AS was common. Many of the identified altered genes (SVIL, PXN,
KAT7, ACIN1, TPCN2, SLIT2, MTNR1A, DDR1, APAF1, PKN1, F11R, TCF7L2,
ALKBH, COL6A3) and KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathways (focal adhesion, pathways in cancer, PI3K-Akt signaling among
others) have been found to be relevant in human bladder cancer (BC). Finally,
human BC, as well as acute myeloid leukemia and thyroid cancer pathways
were shown to be enriched pathways in the assessed canine UC with
differential AS.

Canine PCa: Based on histomorphology and Uroplakin Il (UPIII) IHC, canine PCa
were classified as UC (25/41; 61%), prostate glandular carcinoma (PGIC) (7/41;
17%) and anaplastic carcinoma (9/41; 22%). Most PCa contained either
scattered p63 positive cells (21/39, 54%) or were p63 negative (14/39, 36%).

The remaining 4 cases (10%), characterized by squamous (n=2) or low-grade,
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urothelial differentiation (n=2), were strongly p63 positive. In non-neoplastic
prostate tissue, nuclear staining for p63 was detected in basal and urothelial
cells. The expression of UPIIl was absent, weak, moderate or strong in 20/39
(51%), 13/39 (33%), 4/39 (10%) and 2/39 (5%) PCa, respectively and present in
<10% of neoplastic cells in most (74%) cases. In non-neoplastic tissue, UPIII

expression was limited to prostatic urethra and ducts.

KDM5B and KDM7A expression in human PCa: The lysine (K)-specific
demethylase KDM7A was expressed in the majority of benign (60-89%) and
malignant (70-100%) prostate tissues. KDM7A expression was higher in organ-
confined PCa compared to benign prostate tissue (p<0.05). PCa metastases had
a highly variable level of expression depending on the site of tumor spread,
ranging from 0% (kidney) to 100% (adrenal, liver, testis) of cases, with
intermediate values of 67-88% in bone, lymph node and lung. Cytoplasmic
expression was reduced in renal (p<0.05) and bone (p<0.001) metastases
compared to the primary tumor. Staining intensity was weak in the majority of
benign (50-100%) and malignant (61-100%) samples. Nuclear expression was
higher than cytoplasmic staining in organ-confined PCa (p<0.001) and benign
(p<0.05) prostate tissue, which was vice versa in metastatic PCa. Distinct and
strong cytoplasmic staining of prostate basal cells was observed in 28-88%
(benign) and 0-58% (malignant) of cases. The lysine (K)-specific demethylase
KDM5B was expressed in all assessed benign and malignant tissue cores.
Cytoplasmic staining was strong in 82-91% of benign, 78-91% of organ-confined
PCa, and 100% of metastatic PCa, with the exception of bone metastases, which
had strong staining in 61% of cases. Nuclear staining intensity was strong in
most benign (62-89%) as well as malignant (77-80%) tissues, with significantly
decreased nuclear expression in bone metastases compared to benign prostate

tissue (p<0.001).

TRACK mouse model of ccRCC: All TRACK mice presented with moderate to
severe vacuolar tubular changes in the kidney, with presence of tubular

dysplasia in 5/44 (11%) cases. A mild, chronic interstitial inflammation was seen
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in 41/44 (93%) of HIF-1a mice, in none of the HIF-2a mice and in 5/17 (29%) of
WT. Lesions compatible with chronic renal infarctions were seen in 6/44 (14%)
HIF-1a mice, and in none of the control animals. Features of renal tubular
regeneration was limited to 31/44 (70%) HIF-la mice. A mild, chronic
inflammatory response in the liver was present in 7/24 (29%) of HIF-1a mice,
but none of the WT. RBP4 was expressed in the renal proximal tubular and
glomerular parietal epithelial cells of 3/3 (100%) TRACK mice and remained
undetectable in WT. Moderate to strong expression of MYC was seen in the

renal tubules of TRACK and WT animals.

Conclusions: The results obtained show canine UC closely resembles the same
disease in men on a histomorphological as well as molecular level, supporting
the dog as an animal model for this malignancy. In canine UC, fibromyxoid
tumor stroma is common and represents a strong indicator for muscle-invasive
tumor growth, presumably indicative of poor prognosis. Canine PCa is
characterized by a poor histomorphological differentiation. In most cases, the
cell of origin remains uncertain, and either a glandular (acinar or
neuroendocrine), ductal or urethral origin is possible. The dog has the potential
to represent a valuable animal model for a highly aggressive form of PCa,
including castration-resistant cancer.

Two potential PCa-relevant therapeutic targets, KDM5B and KDM7A were
analyzed. Both proteins are expressed in benign and malignant human prostate
tissue. In addition, KDM7A may have relevance as a prostate basal cell marker,
whereas KDM5B may have as not yet discovered non-chromatin linked role.

The TRACK mouse model successfully develops pre-neoplastic and early
neoplastic renal changes with comparable histomorphology as seen in
spontaneous ccRCC, confirming its suitability as animal model for early stages
of kidney cancer. In addition to premalignant renal lesions, TRACK mice show
mild degenerative and inflammatory changes in the kidney and the liver and
features of renal tubular regeneration, with an uncertain significance for
oncogenesis. RBP4 is a promising potential cancer-specific marker for clear cell

renal cell carcinoma.
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Collectively these studies support the use of comparative models to

advance understanding of oncogenic mechanisms.
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1. Introduction

1. Introduction

The present work is a comparative, morphological and molecular pathological
study of urological cancers. More specifically, pet dogs with spontaneous lower
urinary tract and prostate cancer were investigated as a non-primate animal
model for UC of the urinary bladder and for prostate carcinoma, respectively.
For that purpose, representative tissues collected from over 480 dogs were
assessed by histopathology, IHC, and 9 were analyzed by RNA-sequencing.
Furthermore, a transgenic mouse model of kidney cancer (TRACK) was
evaluated histologically, including the immunohistochemical expression of two
cancer-relevant markers. This thesis includes six different works, two of which

have already been published in scientific peer-reviewed journals.

1.1 Bladder cancer (UC) in people and dogs

1.1.1 Epidemiology

BC is a common malignant disease and mostly, over 90%, consists of UC. BC is
the ninth most frequent cancer worldwide in people, the 7t most common in
men and the 17" most common in women (Antoni et al., 2017; Burger et al.,
2013). BC comprises approximately 2% of all cancers, with about 330,000 new
BC cases each year globally (Andreassen et al., 2016). In Europe, 19 and 4 out
of 100,000 men and women, respectively will be diagnosed with BC (Alfred
Witjes et al., 2017; Ferlay et al., 2013). The highest incidence rates are observed
in highly developed countries (Europe and Northern America), where BC is the
fourth and ninth most common cancer in men and women, respectively (Antoni
etal., 2017; Burger et al., 2013). Europe has among the highest incidence rates
of BC in the world, being highest in Southern Europe (Antoni et al., 2017). In
less developed regions, the majority of BC is suspected to be caused by
infection with Schistosoma haematobium (Antoni et al., 2017). Currently, there
is a trend for decline in incidence and mortality in European men, which is likely
due to less tobacco smoking and industrial solvent exposures, which are the

main risk factor of BC. Mortality is decreasing in European women, but
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incidence is increasing for reasons that are uncertain (Antoni et al., 2017). BC
predominantly affects elderly patients with the median ages of initial diagnosis
being 69 and 71 years in men and women, respectively. BC is rare in patients
under 40 years of age (Williamson et al.,, 2013). BC has a strong male
predominance, 75% of all BC cases occur in men (Antoni et al., 2017; Burger et
al., 2013). The lower BC incidence in women is likely due to historically lower
smoking prevalence and less occupational exposures to carcinogens (Burger et
al., 2013). Contrary to the incidence rate, the mortality rate is higher in women
than in men, the reasons for this phenomenon are still unknown (Burger et al.,
2013). Possible reasons are being explored, including unequal access to health
care, delays in diagnosis and treatment, environmental exposure to
carcinogens, and anatomic and hormonal factors (Burger et al., 2013). BC
incidence and survival vary among ethnic groups (Yee et al., 2011). Incidence
rates are higher in Caucasians compared to people of African ethnicity. African
Americans are however associated with higher-stage disease at initial
presentation and reduced survival (Lee et al., 2006; Yee et al., 2011). Even if
age, tumor stage and grade are adjusted, the difference in survival persists
between white and black Americans (Yee et al.,, 2011). So far, the more
aggressive form of BC in Africans could not be demonstrated to be caused by
clear genetic differences, and the differences in survival are not fully explained
by different disease presentation and quality of treatment (Yee et al., 2011).

In dogs, BC has a similar incidence rate as seen in humans, comprising 1-2% of
all canine cancers (Knapp et al., 2014; Meuten and Meuten 2016; Mutsaers et
al., 2003; Norris et al., 1992). Tens of thousands of dogs are affected by BC
every year worldwide (Fulkerson and Knapp, 2015). As in people, UC is by far
the most common type of canine BC, accounting for over 90% of all BC cases
(Knapp et al., 2014; Norris et al., 1992; Patrick et al., 2006). In dogs, as in people,
BC incidence increases with age, and mainly affects older animals, with
reported mean ages of 9 to 11 years (approximately over 60 equivalent human
years)(Knapp et al., 2000; Mutsaers et al., 2003; Norris et al., 1992). Contrary
to the situation in people, canine UC has a strong female predominance, with

reported female/male ratios of 1.7 to 1.95:1 (Knapp et al., 2014). Reasons for
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the observed sex predisposition have not been determined in the dog.
Obviously, occupational risk factors and smoking does not apply to dogs, even
though an association with second-hand smoke cannot totally be excluded. In
dogs, certain breeds are at high risk to develop BC. Scottish terriers have an up
to 20-fold increased risk to develop BC compared to mixed breed dogs
(Fulkerson and Knapp, 2015; Mutsaers et al., 2003). The cause of this breed-
associated risk is not known yet, but very likely represents a genetic
predisposition to BC. In contrast to people, canine UC is usually diagnosed late
in the course of disease when a bladder mass is already palpable or visible by

radiography or ultrasound.

1.1.2 Diagnosis

The presence of blood in the urine (hematuria) is the most common presenting
symptom of BC in people and dogs and should be followed by further
examination, including cystoscopy, urinary cytology, and imaging of the urinary
tract (Alfred Witjes et al., 2017; Urquidi et al., 2016; Zhang et al., 2016). Specific
urinary markers are not recommended for BC diagnosis at present (Alfred
Witjes et al., 2017). After cystoscopy, cytology and imaging, the next step is an
examination of the urinary tract under anesthesia and transurethral resection,
followed by histopathological examination and staging of the tumor (Alfred
Witjes et al., 2017).

Dogs with suspected BC are usually evaluated by physical examination,
hematology and serum biochemistry, urinalysis, thoracic radiography,
abdominal ultrasonography, and urinary tract imaging (Fulkerson and Knapp,
2015). In both dogs and people, definitive diagnosis of BC requires
histopathologic examination of a tumor biopsy, which can be obtained by
cystoscopy, surgery (cystotomy), or traumatic catheterization (Alfred Witjes et
al., 2017; Borjesson et al.,, 1999; Cannon and Allstadt, 2015; Fulkerson and
Knapp, 2015).
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Urinalysis

The two most common urine-based tests are urine cytology and fluorescence
in situ hybridization (FISH) assay (Caraway and Katz, 2010; Gopalakrishna et al.,
2017; Gopalakrishna et al., 2016; He et al., 2016). Urine cytology is a widely
used and well-established diagnostic test since decades (Caraway and Katz,
2010; He et al., 2016). It is a quick, non-invasive and relatively inexpensive
screening tool for BC (Zhang et al., 2016). Even though this test is useful to
diagnose high-grade tumors, it is however often not sensitive enough for low-
grade BC (He et al., 2016; Zhang et al., 2016). Another limitation of urine
cytology includes a large inter- and intra-observer variability. Cytology has a
low sensitivity (38-51%), but is very specific (94-98% specificity), especially for
high-grade disease (He et al.,, 2016). The FISH test UroVysion® (Abbott
Molecular Inc, Des Plaines, lllinois, USA) is able to detect urothelial cancer cells
in the urine and can be performed on urinary cytology preparations. This assay
is able to identify specific chromosomal abnormalities in urine epithelial cells
(Caraway and Katz, 2010). The FISH assay has a higher sensitivity than
conventional cytology, and is ideally used as an additional test. It should be
noted, however, that similar to conventional cytology, FISH has a lower
sensitivity for detecting low-grade UC compared to high-grade UC (Caraway
and Katz, 2010). Although FISH results are determined independent of
cytology, they should be correlated with cytological findings. In addition to
urine cytology and FISH assays, current research has focused on developing
non-invasive methods for early detection of tumor associated antigens (tumor
markers) shed in the urine (Beukers et al., 2017; Urquidi et al., 2016). The
development of accurate tests for the non-invasive detection of UC continues
to be a challenge, and urine markers with high specificity and sensitivity are not

yet available.

Dogs with UC typically present with abnormal urinalysis, including hematuria,
pyuria, proteinuria and/or bacteriuria (Borjesson et al., 1999; Meuten and
Meuten 2016; Norris et al., 1992). These urine abnormalities are however non-

specific and also seen in non-neoplastic conditions, such as urinary tract
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infections or kidney disease (Borjesson et al., 1999). As in people, urine
cytology has a low to moderate sensitivity, especially for lower grade tumors.
In a study with over 90 dogs, only 30% of dogs with UC had malignant cells
detected in the urine (Norris et al., 1992). On the other hand, evaluation of
cytology samples can be misleading in cases of urinary tract infections when
bladder epithelial cells may mimic a neoplastic population (Cannon and
Allstadt, 2015). Comparable to the human bladder tumor antigen (BTA) test, a
urine antigen test for canine UC, the Veterinary Bladder Tumor Antigen Test V-
BTA [Alidex Inc (subsidiary of Polymedco Inc), Redmond,

Washington, USA] has been reported to be highly sensitive (80-90% sensitivity),
but its low specificity limits its diagnostic value (Henry et al., 2003b). This canine
test has been developed based on high molecular weight glycoproteins, which

are detected in the urine of people with UC.

Imaging

The initial evaluation of a patient with clinically suspected BC is not uniform:
some institutions perform imaging prior to cystoscopy, whereas others start
with cystoscopy (Verma et al., 2012). Cystoscopy and imaging modalities are
complementary. Computed tomography urography (CTU), unenhanced or
contrast-enhanced, is routinely used to detect and stage BC. Magnetic
resonance imaging (MRI) is an alternative to CTU, particularly in patients with
contraindications to contrast media, but is generally considered inferior to CTU
for BC detection (Kassouf et al., 2016; Niederhauser et al., 2013; Qu et al., 2011;
Verma et al., 2012). The accuracy of CTU for BC detection varies, with sensitivity
and specificity of 59-93% and 89-99% respectively, while MRI has a sensitivity
of 80-88% with a comparable specificity of 95-99% (Knox et al., 2008;
Niederhauser et al., 2013; Qu et al.,, 2011). CTU or MRI cannot replace
diagnostic cystoscopy due to their limited ability to detect and differentiate flat
bladder lesions (Verma et al., 2012). Ultrasonography (US) is another imaging
modality, which is more cost-effective than CTU and MRI and lacks ionizing
radiation, but tends to have a lower sensitivity (less than 70%)(Kassouf et al.,

2016; Knox et al., 2008).
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In dogs, ultrasonography is commonly used as an initial imaging modality,
because it is a non-invasive, widely available technique that does not require
anesthesia (Lee et al., 2016) (Hanazono et al., 2014). US is rather reliable to
diagnose muscle-invasive BC, but has limited abilities to detect non-muscle-
invasive tumors (Hanazono et al., 2014). Poor prognostic indicators include
bladder wall involvement, heterogeneous tumor mass and trigone location
(Hanazono et al., 2014). For canine BC staging, radiographs of the thorax and
abdomen are common practice and recommended (Biller et al., 2016). As in
people, CTU and MRI are superior to ultrasonography and radiography for both
BC detection and staging, but are still not routinely used in dogs due to limited

availability and increased costs (Lee et al., 2016).

Cystoscopy

Subtle bladder pathologies cannot be detected by imaging techniques.
Therefore, BC detection and staging requires endoscopic examination
(cystoscopy), which is the gold standard for detecting BC. It has a sensitivity and
specificity of approximately 95% (Gopalakrishna et al., 2017; Kolodziej et al.,
2016). The sensitivity of cystoscopy can further be increased by using
fluorescence light (Isfoss, 2011; Lerner et al., 2012). Cystoscopy is however
invasive, uncomfortable and expensive and has only limited ability to detect
occult microscopic disease or the presence of tumors in atypical locations
(Beukers et al., 2017; Kolodziej et al., 2016). Only 58-68% of small or flat tumors
are detected by cystoscopy (Kolodziej et al., 2016). Cystoscopy is also not able
to grade cancer or to assess tumor infiltration. This technique is therefore
recommend to be used in combination with imaging modalities, including CTU,

MRI and US.

In dogs, cystoscopy can be an invaluable additional test to routine diagnostic
procedures of the lower urinary tract, primarily due to its feasible costs and the
availability of equipment in most veterinary practices (Messer et al., 2005).
This technique is primarily used for obtaining UC tissue for histopathological

examination in order to confirm a diagnosis of UC (Fulkerson and Knapp, 2015).
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Tumor samples obtained by cystoscopy are known to be of better diagnostic
quality in female dogs (96% success rate) compared to male dogs (65% success
rate) (Childress et al., 2011). This is mainly due to their anatomical differences,
which also require the use of different equipment (Messer et al., 2005).
Cystoscopy can be difficult or even impossible to perform in small dogs. If a
biopsy sample cannot be obtained by cystoscopy, cystotomy is often the

preferred alternative (Childress et al., 2011).

Biopsy

Biopsy refers to the histopathological examination of tumor tissue, which is
required to confirm the diagnosis of UC. Furthermore, histological examination
allows subtyping of UC, based on well-defined microscopic features, which are
described in the WHO/International Society of Urological Pathology (ISUP)
Consensus Classification of 2016 (Humphrey et al.,, 2016) (Table 1.1).
Histological UC variants are reported to be associated with different prognosis
and therapeutic response (Xylinas et al., 2013). When comparing different
studies, there is however a large variation (7-81%) in the reported frequencies
of the different histological variants. This may potentially be explained by
differences in tumor stages at the time of histopathological diagnosis and lack
of consistency regarding sampling techniques and pathological interpretation
(Xylinas et al., 2013). In general, patients with variant UC histology have a
higher risk of disease recurrence and cancer-specific mortality compared to

pure UC patients (Black et al., 2009; Chalasani et al., 2009; Xylinas et al., 2013).

Canine UC is well characterized histologically with comparable microscopic
morphology as described in people (Patrick et al., 2006). The histological
classification of canine UC is therefore recommended to be done following
closely the human classification system (WHO/ISUP Consensus Classification
2016) (Humphrey et al., 2016). The most up to date classification system for
canine UC is based on the WHO Histological Classification of Tumors of the
Urinary System of Domestic Animals, which has been updated in 2004 (Meuten

2004). At present, however, this or other tumor classification systems are not
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consistently being used when diagnosing UC in dogs (Patrick et al., 2006). Given
the different histopathological classifications used in published studies, the

reported incidence of histological UC variants varies therefore widely (Patrick

et al., 2006).

Species Canine Human
Reference WHO International Classification of WHO Classification of Tumors of the
Tumors of Domestic Animals Urothelial Tract (Humphrey et al.,
(Urinary System) (Meuten 2004) 2016)
Histological Urinary bladder tumors Urothelial tract
tumor
[AERNTELC Epithelial Tumors Urothelial tumors
- Papilloma - Non-invasive urothelial
- Adenoma neoplasms
- Carcinoma - UCinsitu
- Transitional cell carcinoma - Non-invasive papillary UC,
(uc) low-grade
=  Papillary and - Non-invasive papillary UC,
infiltrating high-grade
= Papillary and - PUNLMP
noninfiltrating - Urothelial papilloma
=  Nonpapillary and - Inverted urothelial
infiltrating papilloma
=  Nonpapillary and - Urothelial proliferation of
noninfiltrating uncertain malignant
(carcinoma in situ) potential
- Squamous cell carcinoma - Urothelial dysplasia
- Adenocarcinoma - Invasive UC
- Undifferentiated - Nested
carcinoma - Microcystic

- Micropapillary

- Lymphoepithelioma-like

- Plasmacytoid/signet ring
cell/diffuse

- Sarcomatoid

- Giantcell

- Poorly differentiated

- Lipid-rich

- Clearcell

Table 1.1. WHO international histological classification of canine and human
urothelial (urinary bladder) tumors.
Abbreviations: PUNLMP: Papillary urothelial neoplasm of low malignant

potential; UC: Urothelial carcinoma; WHO: World Health Organization
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1.1.3 Tumor classification, grading and staging

UC can be subdivided by grade, stage, and histological subtype (Cheng et al.,
2009; Hansel et al., 2013). Current staging systems are provided by the 2009
WHO Tumor/Node/Metastasis (TNM) classification and The American Joint

Committee on Cancer (AJCC) (8th edition, 2017) (https://cancerstaging.org/,

accessed 20 November 2019) (Table 1.2). The recommended staging systems
categorize UC based on the presence and invasive growth of the primary tumor
(T), involvement of lymph nodes (N) and presence of distant metastatic spread
(M) (Bostrom et al., 2010; Humphrey et al., 2016). Gross and histopathologic
staging of UC is crucial in regard to patient prognosis and treatment decision.
Pathologic staging assesses the presence or absence of invasive tumor growth
and, in the case of invasive tumors, the extent of invasion into the bladder wall
and adjacent tissues (Bostrom et al., 2010; Hansel et al., 2013). Progressive
invasion into the bladder wall increases with tumor stage, and can involve the
lamina propria (pT1), superficial (pT2a) or deep muscle layer (pT2b), perivesical
fat either microscopically (pT3a) or macroscopically (pT3b), and adjacent
tissues (pT4a) or the pelvic/abdominal wall (pT4b) (Hansel et al., 2013). In
addition to tumor invasion, vascular invasion also needs to be assessed due to
its importance as prognostic marker. The current recommendation is to report
vascular invasion, preferably with the support of IHC (Hansel et al., 2013). The
2009 TNM staging system categorizes lymph nodal status based on the number
and size of positive lymph nodes (NO: No lymph node metastasis; N1:
metastasis in a single lymph node <2cm; N2: metastasis in a single lymph node
of 2-5cm, or multiple lymph nodes <5cm; N3: metastasis in a lymph node >5cm)
(Humphrey et al., 2016). Additional factors, such as the largest dimension of
metastasis, extranodal extension, and anatomic location of positive nodes, may
also be important (Cheng et al., 2009). The presence of distant metastasis
should always be indicated as absent (MO0) or present (M1). If primary tumor,
lymph nodes or distant metastasis cannot be assessed, it is recommended to
indicate this as TX, NX or MX respectively. UC can be histologically graded as
either low- or high-grade tumors (Grignon, 2009). Grading has prognostic

importance in pT1 tumors, which can be either low- or high-grade. Most pT2
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and higher stage tumors are however high grade, which makes histologic
grading as an independent prognostic marker questionable. In addition to
grading and staging, UC can histologically be sub-typed into conventional UC or
UC variants (Amin, 2009; Humphrey et al., 2016; Xylinas et al., 2013; Zhai et al.,
2007). UC has a tendency for divergent cell differentiation with the most
common being squamous followed by glandular. Divergent differentiation
frequently parallels high grade and high stage UC and should therefore be

indicated when diagnosing UC.

Canine UC can be graded and staged based on WHO guidelines for human UC,
which were reported to be readily applicable for dog tumors (Meuten and
Meuten 2016; Patrick et al., 2006). For diagnostic purposes, the human TNM
classification scheme has been adapted and simplified for canine UC (Meuten
and Meuten, 2016; Owen 1980) (Table 1.2). Excluding carcinoma in situ,
primary tumors can be divided into three different stages: T1 (superficial
papillary tumor), T2 (tumor invading the bladder wall) and T3 (tumor invading
adjacent organs). Lymph node involvement is limited to two N stages: N1
(regional lymph node involved) and N2 (regional and juxta-regional lymph node
involved). The presence of metastasis is recommended to be indicated as in the
human TNM system: MO (no evidence of metastasis) or M1 (distant metastasis
present). UC is divided into a low and high grade variant. Low grade UC is
characterized by orderly arranged cells, with mild to moderate cellular and
nuclear abnormalities and lack of invasion, whereas high grade UC presents
with disordered cells, marked cellular and nuclear abnormalities, numerous
mitoses and invasive growth. It is important to be aware that, in contrast to
people, the vast majority of UC are high-grade in dogs (Meuten and Meuten
2016; Mutsaers et al., 2003). Histological grading is therefore unlikely to
provide additional prognostic information for most of the canine UC cases.
Comparable to the situation in people, canine UC has the tendency to show
divergent differentiation. For diagnostic purposes, histological sub-

classification of canine UC into conventional and UC variants is however not yet

35



1. Introduction

done routinely. Therefore, only little is known about the different types of

histomorphological UC variants and their frequencies in dogs.

Canine

WHO TNM Classification of
Tumors in Domestic Animals
(Owen 1980)

Species
Reference

Tumor
staging

Primary tumor (T)

Tis Carcinoma in situ

TO No evidence of primary
tumor

T1 Superficial papillary
tumor

T2 Tumor invading the
bladder wall

T3 Tumor invading
neighboring organs

Regional lymph nodes (N)
NO No regional lymph node
involved

N1 Regional lymph node
involved

N2 Regional lymph node and
juxtaregional lymph node
involved

Distant metastasis (M)
MO No evidence of
metastasis

M1 Distant metastasis
present

Human
AJCC 8" edition, 2017
(https://cancerstaging.org/)

Primary tumor (T)
TX Primary tumor cannot be assessed
TO No evidence of primary tumor
Ta Non-invasive papillary carcinoma
Tis Carcinoma in situ: ‘flat tumor’
T1 Tumor invades subepithelial connective
tissue
T2 Tumor invades muscularis propria
- pT2a Tumor invades superficial
muscularis propria (inner half)
- pT2b Tumor invades deep
muscularis propria (outer half)
T3 Tumor invades perivesical tissue
- pT3a Microscopically
- pT3b Macroscopically (extravesical
mass)
T4 Tumor invades any of the following:
prostatic stroma,seminal vesicles, uterus,
vagina, pelvic wall, abdominal wall
- T4aTumor invades prostatic
stroma, uterus, vagina
- T4b Tumor invades pelvic wall,
abdominal wall

Regional lymph nodes (N)

NX Lymph nodes cannot be assessed

NO No lymph node metastasis

N1 Single regional lymph node metastasis
in the true pelvis

N2 Multiple regional lymph node
metastasis in the true

pelvis

N3 Lymph node metastasis to the common
iliac lymph nodes

Distant metastasis (M)
MO No distant metastasis
M1 Distant metastasis

Table 1.2. Pathological staging of canine and human urinary bladder

carcinoma. The canine staging system has been adapted and simplified.

Abbreviations: AJCC: American

Joint

Committee on Cancer; TNM:

Tumor/Node/Metastasis; WHO: World Health Organization
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1.1.4 Genetics

Recent advances in technology have made it possible to capture genomic
alterations in cancer. Whole genome sequencing studies of UC have revealed
both well-characterized and novel genomic alterations (Cancer Genome Atlas
Research, 2014; lkeda et al., 2015; lyer et al., 2013; Ross et al., 2014). Genetic
alterations are common in BC, and may potentially serve as therapeutic targets.
Significant recurrent genetic mutations are observed, including multiple genes
involved in cell-cycle regulation (CCND1, MDM2, RB1, TP53), chromatin
regulation (ARID1A, KDMG6A), and kinase signaling pathways [ERBB2
(HER2/neu), ERBB3, FGFR3, PIK3CA](Cancer Genome Atlas Research, 2014;
Ross et al., 2014). Chromatin regulatory genes are more frequently mutated in
UC than in any other common cancers studied so far. In muscle-invasive UC,
TP53 has been reported to be the most commonly mutated gene (59%),
followed by MLL2 (KMT2D) (27%), ARID1A (25%) and KDM6A (24%) (lkeda et
al., 2015). The identification of mutated genes in UCis promising for developing
molecular targeted therapy. One major limitation in the development of
targeted therapy is however the fact that UC is genetically very heterogeneous
(Ikeda et al., 2015; lyer et al., 2013). In addition to potential therapeutic targets,
mutated genes may also serve as molecular prognostic markers of UC. A variety
of molecular markers have been found to be associated with tumor grade and
stage (FGFR3, hyaluronate), risk of occurrence (CCND3, CyclinE, HRAS, p21,
p27, p53, pRB), and disease progression (CEACAM®6, CYR61, FHL1, FOSB, RRM2,
SRPX)(Birkhahn et al., 2010; Cheng et al., 2011b; Lopez-Beltran et al., 2008;
Mengual et al., 2009; Passerotti et al., 2011; Shariat et al., 2008). Overall,
molecular grading and staging of UC is considered relevant in order to predict

disease course and response to therapy (Cheng et al., 2011b).

Molecular studies of canine UC has been limited. Three highly recurrent
numerical chromosomal aberrations were identified by Shapiro et al. (Shapiro
et al., 2015): gain of dog chromosome (CFA) 13 and 36 and loss of CFA 19. A
study of Dhawan et al. (Dhawan et al., 2015) has demonstrated considerable

similarities between enrichment patterns of genes in canine and human
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invasive UC. These included patterns mirroring basal (EGFR, JUN, MMP9) and
luminal (ERBB2, ERBB3, PPARG, TBX2) subtypes, and enrichment for genes
involved in p53 pathways (APC, BAX, CTNNB1, HDAC1, MDM2, NOXA1, PTEN)
and epithelial mesenchymal transition markers (CDH1, CLDN3, VIM, ZEB1,
ZEB2).

1.1.5 Prognosis

The prognosis of UC varies greatly between different tumor grades and stages.
Non-muscle-invasive UC, which accounts for 70-80% of all UC in people, has a
significantly better prognosis than muscle-invasive disease. Recurrence rates at
one year for non-muscle-invasive UC range widely from 15 to 70% (Allard et al.,
1998; Chamie et al., 2013; Kluth et al., 2013; Sylvester et al., 2006). The
probability of progression from non-muscle-invasive to muscle-invasive UC
ranges from 7 to 40% (Allard et al., 1998; Chamie et al., 2013; Sylvester et al.,
2006). Some of the most significant clinical and pathologic prognostic factors
for non-muscle-invasive UC include: Number of tumors (single or multiple),
tumor size, prior recurrence rate, tumor stage and grade, presence of
concurrent carcinoma in situ (Allard et al., 1998; Babjuk et al., 2013). Based on
these prognostic factors, patients with non-muscle-invasive UC can be divided
into three different risk groups. The groups are defined based on risk tables
provided by the European Organization for Research and Treatment of Cancer
(EORTC) (Babjuk et al., 2013). Patients with muscle-invasive UC generally have
a poor prognosis. Even with aggressive surgery (radical cystectomy), UC recurs
in about 30% of patients (Breau et al., 2014; Lehmann et al., 2009). Local
recurrence occurs in 5-25% of patients, usually within 24 months after surgery.
Distant metastasis is seen in 50-75% of patients, again depending on tumor
stage and lymph nodal involvement (Alfred Witjes et al., 2017; Lehmann et al.,
2009). Metastatic recurrence mostly occurs in lymph nodes, lungs, liver, and
bone, again typically within 24 months (Alfred Witjes et al., 2017). Survival
times of patients with UC vary depending on several factors, including
geographic location, ethnicity, and tumor stage, among others (Richters et al.,

2019). In Europe, the average five-year survival time was estimated to be
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approximately 70% for patients, which were diagnosed with BC between 2000
and 2007 (Marcos-Gragera et al., 2015).

Dogs diagnosed with UC have generally a very poor prognosis, with a
significantly reduced relative survival time compared to people with the same
cancer (Fulkerson and Knapp, 2015; Knapp et al., 2013). Less than 20% of dogs
survive for 1 year or more despite cancer treatment (Knapp et al., 2013; Norris
et al., 1992). At the time of diagnosis, metastases are detected in 20% or more
of dogs, and at the time of death, 50-60% of dogs have evidence of distant
tumor spread (Knapp et al., 2013; Mutsaers et al., 2003). In addition, canine UC
is difficult to remove surgically because of the common trigonal tumor location
and the frequent urethral involvement. Complete cystectomy, which is a
routine treatment in people, is only rarely attempted in dogs. Only very few
reports are available in the scientific veterinary literature, including only very
low numbers of dogs treated with complete cystectomy (Mutsaers et al., 2003;
Saeki et al., 2015). Partial cystectomy is more commonly done in dogs, but local
and distant tumor occurrence is very common in treated dogs. An overall
median progression-free interval of 235 days has been reported for dogs, which
underwent partial cystectomy, with a median survival time of less than one
year (Marvel et al., 2017). The vast majority (up to 80%) of canine UC are
reported to be muscle-invasive (tumor stage T2), which is associated with poor
prognosis per se (Fulkerson and Knapp, 2015). Despite recent progress in the

management of canine UC, this cancer is still not curable in most cases in dogs.

1.1.6 Therapy

Therapeutic management differs between non-muscle-invasive and muscle-
invasive UC. Therapeutic approaches include surgery (transurethral resection
(TUR), cystectomy), intravesical chemotherapy, intravesical immunotherapy

and/or radiotherapy.

39



1. Introduction

Non-muscle-invasive UC

For non-muscle-invasive cancer, TUR and intravesical chemotherapy and/or
immunotherapy are the main treatment modality (Malmstrom et al., 2009; Tan
et al., 2016). Intravesical chemotherapy serves to either prophylactically
reduce the risk of UC recurrence or as an adjuvant treatment after TUR.
Mitomycin C (MMC) is the most common form of chemotherapy used
(Malmstrom et al., 2009; Sylvester et al., 2004; Tan et al., 2016). The purpose
of intravesical chemotherapy is to destroy remaining circulating tumor cells
within the bladder after transurethral resection (TUR) of a bladder tumor and
small unidentified UC. Low risk non-muscle-invasive UC patients only require a
single instillation of intravesical chemotherapy, whereas patients with
intermediate risk of disease recurrence and progression need repeated
treatment 3-4 weeks after TUR (Tan et al., 2016). Intermediate to high risk
disease patients with non-muscle-invasive UC are recommended to be treated
with intravesical immunotherapy >1 week after TUR. The most important
immunotherapeutic agent against UC recurrences is bacillus Calmette-Guérin
(BCG), which is an attenuated bacterial strain (Bohle et al., 2003; Han and Pan,
2006; Malmstrom et al., 2009). Although BCG is very effective, this treatment
bears the risk of toxicity. Current EAU (European Association of Urology) as well
as NICE (National Institute for Health and Care Excellence) guidelines
recommend BCG therapy, but with certain caution and by following a defined

schedule (Babjuk et al., 2017) (https://www.nice.org.uk/, accessed 1

November 2019).

Muscle-invasive UC

Radical cystectomy and lymph node dissection are the treatments of choice for
muscle-invasive UC. Surgery alone is however considered insufficient due in
part to micrometastases. Chemotherapy before cystectomy or full-dose
radiation therapy is recommended in clinically fit patients (Lazaro et al., 2016;
Park et al., 2016a). Recommended chemotherapy is a cisplatinum-based
combination therapy. Bladder-sparing approaches are reasonable alternatives

to cystectomy for patients who are unfit for surgery and those who wish to
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avoid radical surgery. Options include TUR alone, TUR followed by radiotherapy
alone, chemotherapy alone or combination of chemotherapy and radiotherapy
(trimodality treatment) (Arcangeli et al., 2015; Lazaro et al., 2016).

In dogs, partial cystectomy and systemic chemotherapy is currently the
standard of care for management of UC. Complete surgical tumor excision is
often not feasible attributed to the trigonal location of most tumors, the
frequent finding of metastases at the time of diagnosis, and the severe side
effects (Arnold et al., 2011; Fulkerson and Knapp, 2015). Most dogs with UC are
treated with chemotherapy, cyclooxygenase (COX) inhibitors, or combinations
of these drugs (Knapp et al., 2013; Knapp et al., 2014). Cisplatin, carboplatin,
doxorubicin, mitoxantrone, mitomycin C, and vinblastine-based chemotherapy
protocols have been reported, but a standard of care chemotherapy protocol
for treatment of canine UC has not been established (Henry et al., 2003b).
Intravesical chemotherapy in dogs is rarely performed, even though limited
studies report promising results of intravesical mitomycin C treatment (Abbo
et al., 2010). Studies of radiation therapy for UC in dogs are rare and report
variable success (Choy and Fidel, 2016; Fulkerson and Knapp, 2015; Poirier et
al., 2004; Walker and Breider, 1987).

1.1.7 Non-primate animal models for BC research

1.1.7.1Rodents

There are two categories of animal models, dividing them into autochthonous
(spontaneous) and non-autochthonous (transplantable) models. Spontaneous

models include carcinogen induced or genetically engineered models.

Carcinogen models

The administration of certain carcinogenic chemicals, such as BBN [N-butyl-N-
(4-hydroxybutyl)nitrosamine], FANT [N-(4-5-nitro-2-furyl2-thiazolyl)-
formamide], and MNU (N-methyl-N-nitrosourea), can lead to the development
of UC in mice and rats (Crallan et al., 2006; Ding et al., 2014; Ringuette-Goulet
et al., 2018). The carcinogenic substance is commonly given orally, whereas

direct intravesical or subcutaneous applications are less frequently performed.
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With some differences depending on the animal species, way of application
and type and dosage of carcinogen, cancer is usually detected within several
months (Kanemoto et al., 2016). BBN, which is present in tobacco smoke, is the
most commonly used carcinogen due to its high predilection for the urinary
bladder as well as a higher stability and safety in handling compared to other
carcinogenic substances (Ding et al., 2014; He et al., 2012). When compared to
spontaneous human UC, cancer induced by BBN in mice and rats has a similar
histomorphological appearance and up to 20% of identical differentially
expressed genes (Ding et al., 2014; Fantini et al., 2018; Lu et al., 2011; Palmeira
etal., 2010; Vasconcelos-Nobrega et al., 2012). When comparing mice and rats,
BBN-induced murine UC is often more aggressive with a more invasive growth
and a higher mutagenic effect compared to rats which usually develop a
superficial type of UC (He et al., 2012; Kanemoto et al., 2016). Finally, the
rodent BBN cancer model is not only a powerful tool for studying the disease,
but allows also identifying and testing potential therapeutics (John and Said,

2017).

Transplantable models

Depending on the origin of transplanted cells or tissues, this animal model is
referred to as either syngeneic (rodent cells transplanted into
immunocompetent rodent) or xenogeneic (human cells transplanted into
immunocompromised mice), respectively (Talmadge et al., 2007). Most
frequently, cancer cells are injected outside of the bladder, usually
subcutaneously, representing a heterotopic transplantation. Orthotopic
engraftments, i.e. cell implantation into the bladder lumen or wall, are more
challenging and expensive to perform and to assess and are therefore much
less commonly performed (Chan et al., 2009; Hadaschik et al., 2007; John and
Said, 2017; Raven et al., 2018; Ringuette-Goulet et al., 2018; Zhang et al., 2015).
One major disadvantage of heterotopic engraftments, however, is the lack of a
bladder-specific microenvironment, which can have a significant effect on
morphological and molecular tumor characteristics, metastatic potential and

tumor response to drugs or other therapeutics. Being able to use and examine
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human patient-derived cancer cells is one of the major advantage of
xenogeneic models. In order to avoid immune rejection, this model however
requires immunodeficient mice, which does not allow evaluations of any

immune responses.

Transgenic models

Transgenic mice are genetically engineered animals (GEM), which either lack
(tumor-suppressing) or carry additional (tumor-promoting) genes (John and
Said, 2017). Ideally, the gene of interest can selectively be switched on and off
in a specific location (spatially), i.e. within the bladder, as well as for a limited
time (temporarily). For that purpose, promoters, which control the expression
of the gene of interest, have been developed. The Uroplakin Il promoter is one
of the most commonly used promoter in BC GEM models (John and Said, 2017;
Lin et al., 1995). Transgenic models enable the study of certain genes. In BC, H-
RAS, p53, RB, PTEN, fibroblast growth factor receptor are some of the most
frequently mutated and best studied genes (Apolo et al., 2009; John and Said,
2017; Kobayashi et al., 2015; Wang et al., 2017a). Compared to other types of
cancer, transgenic models however are not very commonly used. Bladder
tissue-specific gene expression as well as the development of a malignant
tumor phenotype has been shown to be challenging. Most GEM models of BC
display non-invasive tumors, whereas the majority of GEM models fail to

develop invasive growth or metastasis (Kobayashi et al., 2015).

1.1.7.2Dogs

Laboratory animals

Compared to rodents, dogs are infrequently used as experimental animals for
BC, mostly due to ethical constraints as well as increased time and costs of each
experiment. Dogs have been shown to develop UC upon application of
carcinogenic substances, including BBN (Okajima et al., 1981). Furthermore, in
relatively few studies, potential therapeutics for UC have been tested in dogs
(Lu et al., 2011). In a cohort of laboratory Beagle dogs, UC occurred in 3.8% of

dogs which were used for a low-dose, whole-body, ®°Co gamma radiation study
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(Nikula et al., 1989). Surprisingly, the UC was considered a spontaneous disease
in these dogs, unrelated with the radiation treatment. This conclusion may
however be interpreted with caution and an association between cancer
development and the performed radiation experiment is possible. More
common than testing in laboratory dogs, potential biomarkers and
therapeutics for UC have been evaluated in pet dogs (Allstadt et al., 2015;
Henry et al., 2003a; Szigetvari et al., 2018).

Pet dogs

Spontaneous, naturally-occurring UC is common in pet dogs, providing a
unique opportunity to use canines as animal models for human UC (Fulkerson
et al., 2017). Most canine UC are highly malignant, characterized by invasive
growth and frequent metastasis, comparable to muscle-invasive UC in men.
Human and canine UC share many features, including histomorphological and
molecular tumor characteristics, sites of metastasis, and response to therapy
(de Brot et al., 2018; Dhawan et al., 2015; Knapp et al., 2016; Sommer et al.,
2018). Studying the development of UC and testing therapeutics in dogs with
UC may provide the chance to gain knowledge in both human and veterinary
medicine with benefits for both affected people and dogs. Nevertheless, this
animal model is still underexploited and deserves to receive more attention.
The great advantages, such as the spontaneous occurrence of cancer in an
immune-competent large animal with exposure to the same environmental
factors like people, are well worth to invest in the associated increased ethical

issues and costs of this animal model.
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Figure 1.1. UC in the urinary bladder of an elderly female neutered pet dog.
Note that the bladder has been incised for a better visualization of the mucosal

neoplastic growth. The ruler indicates millimeter.

1.2 Prostate cancer (acinar adenocarcinoma and UC) in people and dogs
1.2.1 Epidemiology

Prostate cancer (PC) is the second most common cancer in men globally, with
highest incidence rates in elderly men of developed countries, with a
predisposition for African-Americans (Bray et al., 2018; Rebbeck et al., 2013).
In 2018, over 1.2 Mio. new cases were registered worldwide, accounting for
more than 350,000 deaths (Rawla, 2019). Incidence rates, which are highly
variably between different countries, are highest in the USA and continue to
increase worldwide (Quinn and Babb, 2002). Differences in disease detection
methods, therapeutic approaches and genetics have been proposed to explain
the high variability in tumor incidence between the different geographic
locations. In contrast to incidence rates, mortality rates are less variable, but
still differ significantly between different geographical areas. In the more
developed countries, age-adjusted mortality rates have a tendency to decline,
whereas mortality is increasing in less developed countries (Rawla, 2019;

Sharma, 2019). There is still very poor knowledge regarding the etiology of PC.
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Positive family history, age as well as a fat-rich diet however have been
demonstrated to be risk factors (Abdel-Rahman, 2019; Cheng et al., 2019;
Narita et al., 2019; Pienta and Esper, 1993). Certain gene mutations, including
BRCA1/2 as well as HOXB13 are associated with increased risk of PC, confirming

a genetic predisposition (Giri et al., 2018).

It has long been believed that PCis limited to men and very few animal species,
including lions and dogs. Spontaneous canine PC is uncommon, with a
prevalence of less than 1% (Bell et al., 1991; Teske et al., 2002). Elderly dogs
are at highest risk to be diagnosed with PC, with a mean age of 9 to 10 years
(corresponding to 65-75 human years) (Teske et al., 2002). Even though any
dog breed may be affected, some breeds, including the Bouvier des Flandres,
seem to be more prone to develop the disease (Teske et al., 2002). Surgically
neutered, i.e. bilateral orchiectomized, dogs are more likely to be affected
compared to sexually intact dogs (Bryan et al., 2007; Obradovich et al., 1987;
Teske et al., 2002). The role of testicular as well as non-testicular androgens in
the oncogenesis of canine PC remains however uncertain. At the time of
diagnosis, canine PCis already at an advanced stage of disease in most if not all
dogs, often with metastatic spread to lymph nodes or distant organs.
Consequently, the prognosis is poor for most affected dogs, and curative

treatment is not available up to present.

1.2.2 Diagnosis

In men, the diagnosis of PC is commonly made based on a transrectal
ultrasound (TRUS)-guided prostate biopsy, following increased levels of serum
prostate-specific antigen (PSA) and/or an abnormal digital rectal examination

(DRE) (Futterer et al., 2015).

PSA
PSA has been a routinely used, well-established marker for prostatic disease in
men since decades (Wang 1979, Stamey 1987, Altwein 1999). Regular

measuring of PSA in the serum offers a highly valuable tool to detect PC at an
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early stage and is recommended as a screening method by the European
Association of Urology as well as the American Urological Association
(Gandaglia et al.,, 2019). In order to prevent cancer overdiagnosis,
overtreatment and unnecessary biopsies, PSA screening needs to be
performed in a structured manner and in the context of clinical features,
including age of the patient, family history and findings based on prostate
palpation and imaging. The recommended interval of PSA testing is two years
for men at increased risk and up to 8 years in low-risk patients (Gandaglia et
al., 2019). In patients with a life expectancy of 10 years or less, PSA screening
is not recommended as these men are unlikely to benefit from an early

diagnosis (Mottet et al., 2017).

Biopsy

As a standard procedure, prostate biopsy is performed with the aid of TRUS.
From apex to base of the gland, between 10 and 12 random core biopsies
should be sampled (Eichler et al., 2006; Hara et al., 2008). If areas of cancer are
suspected based on digital rectal examination or TRUS, cores of these areas are
obtained as well. Each biopsy needs individual reporting, including its location
and ISUP 2005 tumor grade. For overall tumor grading, the new ISUP
2014/WHO 2016 grading system, using five groups of tumor, is recommended
to be applied, in combination with a conventional Gleason score (Epstein et al.,
2017; Offermann et al., 2019; Pierorazio et al., 2013). If the biopsy is negative,
a re-biopsy should be performed if certain histopathological or clinical findings,
such as rising PSA levels, presence of atypical glands, suspicious DRE, are

observed (Mottet et al., 2017).

Imaging

Multiparametric magnetic resonance imaging (mpMRI) is a relatively recent
new approach in the diagnostic work-up of PC and is proposed to be performed
as a follow-up test, after initial prostate biopsies have been taken (Futterer et
al., 2015; Gandaglia et al.,, 2019; Gandaglia et al., 2016). Compared to

ultrasound-guided random biopsy sampling, mpMRI is more sensitive and may
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be used for additional targeted biopsy sampling. In particular, mpMRI is
strongly recommended before repeating a biopsy (Stabile et al., 2019). As a
standalone test, in a biopsy-naive population, mpMRI is currently not
recommended. Another advantage of mpMRI are the lower chances to detect
clinically non-relevant cancer, hereby reducing the risk of over diagnosis as well
as unnecessary biopsies. Four sequences should be included in mpMR], i.e. T1-
weighted images, T2-weighted images, diffusion- weighted images and
dynamic contrast- enhanced imaging, and the MRI findings should be
interpreted and reported in a standardized way (Stabile et al., 2019). Currently,
the Prostate Imaging Reporting and Data System (PI-RADS) v2, which was
developed in 2014, is recommended to be used for the interpretation of

mpMRI images (Weinreb et al., 2016).

Biomarkers

Even though serum PSA is a useful and widely used biomarker for PC, elevated
values are not specific for PC and do not allow any differentiation between
indolent and aggressive cancer. In order to prevent over diagnosis and
overtreatment, there is an urgent need for more highly sensitive and specific
biomarkers. These may be measured in either serum or urine of PC-suspected
men and are recommended to be used as additional tests alongside total blood
PSA screening (Tan et al., 2019; Vedder et al., 2014). Prostate cancer antigen 3
(PCA3), also known as differential display code 3 (DD3) is a non-coding,
prostate-specific mRNA, which has been shown to be overexpressed in PC
tissue and which can be measured in the urine. This marker has been shown to
be useful for the reduction of unnecessary biopsies. The sensitivity and
specificity of this biomarker has been interpreted as acceptable (Cui et al.,
2016; Tan et al., 2019). Another two markers, which aid in reducing the number
of avoidable biopsies and which are measured in the serum include the
prostate health index (PHI) and a four kallikrein (4k) panel (Vickers et al., 2010).
The PHI consists of a formula which contains total, free and precursor PSA. The
4k panel includes total, free, and intact PSA and kallikrein-related peptidase 2.

Both markers aid in differentiating indolent from clinically significant PC, with
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a comparable, overall good, performance (Carlsson et al., 2013; Nordstrom et

al., 2015).

In dogs, the diagnosis of PC is usually suspected based on clinical signs, digital
rectal examination, imaging and analysis of urine and prostatic fluid, and is
confirmed by biopsy (Alonge et al., 2018b). In contrast to men, the serum
marker PSA does not appear to be a reliable diagnostic tool in dogs because it
typically fails to increase or remains undetected in the serum of dogs with PC
(Alonge et al., 2018b; Bell et al., 1995). Biopsy is required in order to establish
a final diagnosis and can be performed percutaneously or excisionally. Under
sedation or anesthesia, percutaneous sampling can be performed perineal or
transabdominal, with or without the aid of US. An excisional biopsy is collected
during surgery, which requires full anesthesia. For the visual examination of the
gland, x-ray and US are the most commonly applied imaging modalities. Even
though US is more sensitive for detecting prostate disease, x-ray allows to
check for metastasis at the same time.

In contrast to the situation in men, the potential of PSA as biomarker remains
controversial in dogs. Serum PSA could not yet be demonstrated to significantly
increase in dogs with PC or other pathologies of this gland (Bell 1995). More
recently, another serum marker, canine prostatic specific esterase (CPSE), has
been proposed in order to screen dogs with suspected prostate disease. Similar
to PSA of men, CPSE has enzymatic activity and is known to be the most
abundant and specific androgen-dependent protein of prostatic secretion in
dogs (Chapdelaine et al., 1984a; Frenette et al., 1987). Even though CPSE may
be a suitable marker for prostate pathologies, it lacks specificity for PC (Alonge
et al,, 2018b). To date, a serum marker with comparable sensitivity and

specificity as PSA in men has not yet been identified in dogs.

1.2.3 Tumor classification, grading and staging
Tumor classification
Prostate tumors are highly heterogeneous on a morphological as well as

molecular level. Based on the WHO tumor classification system, PC is
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subclassified based on its histomorphology (Humphrey et al., 2016). The
system includes six larger groups of prostate tumors, i.e. epithelial,
neuroendocrine, mesenchymal, hematolymphoid, miscellaneous and
metastatic tumors. The different prostate tumor subtypes do not only vary in
their morphological appearance, but are also characterized by distinct
molecular pathologies and clinical features (Inamura, 2018). Based on either
specific gene fusions or mutations, the Cancer Genome Atlas research network
divides primary PC into seven different molecularly distinct subtypes. The most
common known molecular pathologies in PC include fusions involving
androgen-regulated genes and E twenty-six (ETS) transcription factor family
members. Based on the presence or absence of ETS rearrangements, tumors
are defined as ETS positive or ETS negative, respectively (Inamura, 2018;
Tomlins et al., 2009). Once the clinical significance of the molecular tumor
subclasses is better understood, this tumor subdivision may be valuable for a
better prognostic prediction and personalized therapies (Barbieri and Tomlins,

2014).

Grading

Since the first description in 1966 by Donald Gleason (Gleason, 1966), the
Gleason grading system has been used ever since and still represents a valuable
prognostic tool for PC (Shah, 2009). This system includes five different grades,
which are based on the subgross histomorphological appearance of the
examined tumor tissue. The morphology becomes more complex with higher
Gleason grade. Furthermore, tumors are given a Gleason score, which is
defined by the most prevalent (primary) and the second most prevalent
pattern. On several occasions, the ISUP has amended the Gleason grading
system. The most recent changes were introduced by the ISUP in 2014,
proposing to use five Gleason grade groups instead of Gleason scores 2-10
(Epstein et al., 2016). Further amendments include the division of tumors with
Gleason score 7 into two different grades and the assignment of separate
grades for Gleason score 8 and score 9-10 tumors. ISUP recommends to report

both grade using the new Grade Groups 1-5, as well as the Gleason score.
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Staging

Tumor stage refers to the anatomical extension and distribution of neoplastic
tissue, which is relevant for both prognosis and therapy. Clinical stage describes
the extent of cancer at the time of diagnosis and is based on patient history,
physical examination, and imaging techniques. Originally, DRE has been
performed to clinically stage PC. More recently, mpMRI has been proposed as
an additional method for tumor staging because of its higher sensitivity and
reduced interobserver variability (Draulans et al., 2019). Pathological stage is
based on histopathological findings of radical prostatectomy tissues. Both
clinical and pathological stage use a so-called TNM classification, which
includes the description of the extent of the primary tumor (T category),
involvement of regional lymph nodes (N category), and spread (or metastasis)
to distant sites (M category) (Humphrey et al., 2016). In a next step, the T, N,
and M categories are then combined, corresponding to a stage group (I to IV).
Typically, stage | tumors are confined to the organ of origin, and stage IV

tumors have evidence of distant metastasis.

Based on the WHO Histological Tumor Classification of Domestic Animals,
prostate carcinoma is further classified as adenocarcinoma or poorly
differentiated carcinoma (Owen 1980). In dogs, PC is however characterized by
a heterogeneous histomorphological appearance, and two or more types of
histological differentiation within the same tumor section are common.
Glandular, urothelial and squamous morphologies are most frequently
observed (Cornell et al., 2000). So far, molecular subtypes of PC have not been
well defined in dogs. When grading canine PC, the Gleason grading system,
which was last modified in 2005, may be applied since growth patterns are
comparable between the two species (Palmieri and Grieco, 2015). Comparable
to human PC, two or more different growth patterns are frequent. In a study
assessing 45 canine PC, cribriform, solid and small acinar/ductal were the most
commonly observed primary, secondary, and tertiary patterns, respectively
(Palmieri and Grieco, 2015). In dogs, the highest Gleason score (GS10) is most

common, whereas GS 7 is most frequent in men. The higher score in canine
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tumors most likely corresponds to advanced stage of the disease, which is often
detected late in dogs. For tumor staging, thoracic and abdominal imaging (US
or x-ray) should be performed. In addition, CT or MRI scans may be performed

in order to screen for metastatic bone lesions.

1.2.4 Genetics

It is well known that PC has a strong heritable component, possibly the highest
of any type of cancer (Hjelmborg et al., 2014; Lynch et al., 2016). Men with a
positive family history are at a two to four-fold increased risk to develop this
malignancy, with the highest risk for relatives of early-onset cases and those
with more than one affected family member. Familial PC is however very
heterogeneous on a genetic level, making it difficult to identify relevant genetic
abnormalities. Despite many available genome wide association studies
(GWAS), there is still relatively little known about the genetic pathologies,
which contribute to the high heritability of PC. Almost one third of the familial
relative risk of PC can be explained by 167 known common genetic variants, i.e.
single nucleotide polymorphisms (SNPs). They include SNPs with effect on the
oncogene MYC or PSA genes, among others. Even though the individual SNP is
only associated with a small risk for PC, their effect on cancer risk is
multiplicative and therefore highly significant. Higher risk variants such as
mutations in the tumor suppressor genes HOXB13 and BRCA1/2 are much less
common, accounting for approximately 6% of familial PC risk (Devitt and
Dreicer, 2019; Giri and Beebe-Dimmer, 2016). BRCA mutations have been
demonstrated to be associated with early onset of disease as well as with worse
prognosis. Men at increased risk are therefore recommended to be tested for
the presence of BRCA1/2 and HOXB13 mutations, and the test result may have
an influence on the screening methods, prognosis and the choice of therapy
(Devitt and Dreicer, 2019; Walsh, 2017). PC also harbors genomic
abnormalities, which are highly specific to the disease, such as androgen
receptor (AR) gene alterations. Lesions in the AR gene are however restricted

to castration-resistant PC, most likely as a consequence of the therapy.
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In dogs, PC can affect any breed even though some breeds, including the
Bouvier des Flandres, appear to be at increased risk (Bryan et al., 2007; Teske
et al., 2002). This association with some specific breeds may possibly represent
a genetic predisposition for canine PC. To date, there is only limited knowledge
about the genetics of canine PC. Comparable to human PC, downregulation of
NKX3.1 and upregulation of MYC is also observed in dog PC (Fonseca-Alves et
al., 2018a). In contrast to human PC, hypermethylation of NKX3.1 could not be
detected, and the mechanism of reduced genetic expression remains unknown
in dogs. Furthermore, the genetic profile of canine and human PC share
similarities, including reduced expressions of well-known tumor suppressor
genes, such as ATM, BRCA1, CDH1, MEN1, PTEN and TP53 (Laufer-Amorim et
al., 2019; Rivera-Calderon et al., 2016). Based on reduced levels of PTEN, p53,
and AR, combined with an increased expression of MDM2, canine PC may

resemble castration-resistant PC in men (Rivera-Calderon et al., 2016).

1.2.5 Prostate tumor tissue markers
Tumor markers can provide a valuable prognostic or diagnostic tool and their

expression in tissue is most commonly assessed by IHC.

As previously mentioned in the section about biomarkers, PSA is not suitable
as serum marker for prostate disease in dogs. In canine being and malignant
prostate tissue, PSA was however reported to be expressed (Lai 2008, Bell
1995). In normal canine glands, acinar, urethral as well as ductal cells showed
immunohistochemical PSA staining. In the present study, PSA expression was
not assessed. The following more detailed description is limited to a few
selected tumor markers, which have been used in the present studies of

prostate glandular and urethral cancers.

1.2.5.1p63
P63, a member of the p53 family, is expressed in two isoforms, TAp63 and
ANp63 (also known as p40), with opposing tumor suppressor and oncogenic

functions. In prostate tissue, p63 is used as a diagnostic marker. It is primarily
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a marker for basal cells, and is routinely used for the diagnosis of prostate
adenocarcinoma (Brimo and Epstein, 2012; Dabir et al., 2012; Epstein et al.,
2014; Signoretti et al., 2000). In the normal prostate gland, acini are lined by a
continuous basal cell layer. This layer is however lost during carcinogenesis,
and carcinoma typically lacks p63 expression. In the healthy prostate, luminal
glandular cells lack p63 expression. In most prostate carcinomas, the
expression of p63 is either absent or restricted to a low number of neoplastic
cells (Kunju et al., 2006). One rare subtype of prostate adenocarcinoma with
p63 expression of luminal cells has however been described (Giannico et al.,
2013). The prognostic significance of p63 expressing prostate adenocarcinomas
remains however unknown (Giannico et al., 2013). Furthermore, p63 is also
used as urothelial marker, and has been proposed to be valuable for
differentiating poorly differentiated glandular prostatic from urothelial
carcinoma (Alshenawy and Saied, 2015; Chuang et al., 2007; Kunju et al., 2006;
Oh et al., 2016).

In contrast to the human prostate, the normal canine gland is characterized by
a discontinuous basal cell layer, with fewer basal cells than in men (Leav et al.,
2001; Romanucci et al., 2016). Therefore, the discontinuity of the basal cell
layer is not a diagnostic criteria for cancer, and basal cell markers are not
routinely used for PC diagnosis in dogs. Comparable to the normal human
prostate, luminal glandular cells lack p63 expression. As in men, most PC of
dogs are characterized by absent or rare expression of p63 (Della Salda et al.,
2019; Fonseca-Alves et al., 2018b; Romanucci et al., 2016). Similar to human
PC, a rare subtype of p63 positive luminal PC has been described (Fonseca-
Alves et al., 2018b; Romanucci et al., 2016). So far, studies investigating the

role of p63 as urothelial marker are lacking in dogs.

1.2.5.2 Uroplakin I
Uroplakins (UP) are expressed in terminally differentiated urothelial lining
(umbrella) cells and include four different types, namely UPla, UPlb, UPIl and

UPIII. In the prostate, UPs are expressed in the urothelium of the urethra and
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proximal ducts. UPIII, a highly specific but only moderately sensitive marker for
urothelial differentiation, may be used as a diagnostic marker in cases of
prostate adenocarcinoma where UC is a differential diagnosis (Hameed and
Humphrey, 2005; Kaufmann et al., 2000; Mhawech et al., 2002). Sensitivities
are reported to range between 50 and 60%, and tend to be lower in metastatic
compared to primary UC (Kaufmann et al., 2000). UPIII has been shown to have
potential as prognostic marker in UC of the bladder. Reduced UPIIl expression
was demonstrated to be associated with lymphovascular invasion, pathologic
stage, and grade (Matsumoto et al., 2008). The suitability of UPIII as prognostic

marker of prostate UC still needs to be investigated.

In dogs, UPIIl has a similar specificity and sensitivity as urothelial marker
compared to men. Canine studies reporting the expression of UPIIl are however
largely restricted to the assessment of urinary bladder tissue, and UPIII
expression in canine prostate tissue has only extremely rarely been analyzed
(Ramos-Vara et al.,, 2003). Furthermore, studies, which describe the
combination of p63 and UPIII expression in the canine prostate, appear to be

lacking.

1.2.5.3 Lysine-specific demethylases

KDM7A

Lysine-specific demethylase 7A (KDM7A), also known as JHDM1D (JmjC
domain-containing histone demethylation protein 1D), modifies the level of
methylation in histone, thereby regulating gene expression on an epigenetic
level (Osawa et al., 2011; Park et al., 2016b). KDM7A has been shown to act as
tumor suppressor by down-regulating angiogenesis in different types of cancer.
As a co-regulator of AR, the expression level of KDM7A plays a role in PC. The
level of KDM7A expression is regulated by the level of tumor-suppressing
miR137 (Nilsson et al.,, 2015). In androgen responsive PC cells, miR137 is
increased by androgen. This is in contrast to androgen-independent PC, where

miR137 expression is reduced or absent. Consequently, epigenetic silencing of
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miR137 may be important in promoting androgen signaling during prostate

carcinogenesis and progression

KDM5B

Lysine-specific demethylase 5B (KDM5B), also known as JARID1B (jumonji
ATrich interactive domain 1B) or PLU-1, is another member of the JHDMs
subfamily. KDM5B was shown to be up-regulated in PC and to act as oncogene
by promoting the activation of androgen receptor target genes, similarly to
KDM7A (Han et al., 2017; Xiang et al., 2007). The expression of KDM5B is
repressed by both miR137 (Nilsson et al., 2015) and miR-29a, potentially
offering a therapeutic target for PC (Li et al., 2015a). Indeed, the expression of

miR-29s has been shown to be reduced in different cancers (Li et al., 2015a).

In canine tissue, the expression of lysine-specific demethylases have not yet

been assessed and their role in benign or malignant dog prostate is unknown.

1.2.6 Prognosis

1.2.6.1 Overall prognosis

Clinically, PC is a very heterogeneous disease with a highly variable prognosis.
Mortality rates differ significantly between the different geographic areas,
presumably due to genetic and environmental factors (Bray et al., 2018; Ferlay
et al., 2019; Taitt, 2018). Furthermore, depending on Gleason tumor grade,
mortality rates vary, with a range between 5 (grade 2-6) and 38% (grade 9)
(Brockman et al., 2015). Globally, PC has the fifth highest cancer mortality rate,
which is 6.7%. In many developed countries, mortality rates are decreasing,
most likely due to earlier diagnosis because of screening and improved
therapeutic options (Bray et al., 2018). This is in contrast to other geographic
areas where mortality rates continue to increase. In localized PC, recurrence
rates after radical prostatectomies range between 20 and 40% and are defined
as increased levels of PSA, consistent with a biochemical recurrence. Variables,
which have an effect on the recurrence rate include preoperative PSA level,

Gleason grade, positive surgical margins, lymph node involvement and
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extraglandular cancer growth (Tourinho-Barbosa et al., 2018). Overall survival
is high (up to 100%) for organ-confined cancer cases, but can be as low as 30%
five years after diagnosis if the tumor has spread to distant organs (Taitt, 2018).
Among other factors, such as tumor grade and stage, the survival rate is
dependent on the therapeutic approach. Following radical prostatectomy,
which is a common treatment for PC with curative intent, the 10-year overall

survival is between 72 and 86% (Hackman et al., 2019).

PC in dogs is associated with a very poor prognosis due to high tumor grade
and stage at the time of diagnosis. Highly invasive tumor growth and
widespread metastasis are common (Cornell et al., 2000). No screening test is
currently routinely performed in dogs, and a reliable and specific marker for
subclinical PC is not available. Therapy for canine PC is only palliative as no
curative treatment seems to work for affected dogs (Leroy and Northrup,
2009). Survival times for dogs with clinical signs are very short, in most cases
ranging between few weeks to some months (Cornell et al., 2000; Sorenmo et

al., 2004).

1.2.6.2 Prognostic factors

Histopathology

When PC tissue is assessed, either core biopsies or prostatectomy specimens,
certain prognostic factors are recommended to be reported, including
histological type, proportion of tissue affected by cancer and tumor grade
(Humphrey et al., 2016). In addition, TNM stage, surgical margins, tumor size
and lymphovascular space invasion are further prognostic features of
prostatectomized tissues. Gleason grade, which is predictive for tumor
progression and mortality, is the most important tissue-based prognostic factor
and is highly relevant for the choice of therapy. A Gleason score of 4+3 is
associated with a 5-fold increased risk to die from PC compared to a score of
3+4 or <6 (Bill-Axelson et al., 2018). PC-related death is 10 times more likely in
men with PC of a score of 8 or 9, compared to a Gleason score of <6. With the

purpose to estimate the prognosis, several nomograms based on a range of
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clinical as well as pathological prognostic variables have been developed
(Stephenson et al., 2006). Furthermore, risk groups, based on clinical and
pathological factors, have been defined with the aim to facilitate treatment

choice. The American Joint Committee on Cancer (https://cancerstaging.org/,

accessed 20 November 2019) differentiates between cancer stage groups . The
risk is estimated to be very high for locally advanced and metastatic groups. For
localized disease, the risk ranges from very low to high, depending on tumor
stage, Gleason score and PSA level (Humphrey et al., 2016). After grade, tumor
stage is the most important prognostic factor for recurrence and mortality due
to PC. Organ-confined cancer (pT2) needs to be differentiated from PC with
extraprostatic extension (pT3), which has a higher risk of recurrence after

prostatectomy (Carver et al., 2006).

Biomarkers

In addition to tumor histomorphology, molecular biomarkers could reveal
valuable prognostic information, which is crucial when choosing the most
appropriate treatment. Identifying a suitable robust biomarker has been shown
to be a challenging task. Markers for cellular proliferation (e.g. Ki67), assessed
by IHC, are suitable for predicting tumor growth and progression (Carneiro et
al.,, 2018; Hammarsten et al., 2019; Richardsen et al., 2017). Loss of tumor
suppressor genes, such as PTEN (phosphatase and tensin homolog) is a further
valuable prognostic marker, which is associated with PC progression and death
(Alford et al., 2017; Bismar et al., 2018; Carneiro et al., 2018). The proto-
oncogene MYC has prognostic potential on a genetic level, but with conflicting
results on a protein level (Carneiro et al., 2018; Pettersson et al., 2018). On an
epigenetic level, hypermethylation of selected promoters, such as PITX2
(paired-like homeodomain 2), has been well-documented and shown to be
effective as biomarker (Jiang et al., 2019). Increased methylation is associated
with higher risk of PC recurrence. Despite the detection of several potentially
promising biomarkers, as described above, it is crucial to be aware that none
of these markers have been fully validated. Their suitability in clinical practice

remains therefore uncertain and requires further investigation. Finally, the
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expression of a collection rather than individual genes and proteins may serve
as prognostic marker. Such transcript signatures have potential as biomarkers,
but need further careful validation before their implication in practice (Klein et

al., 2014; Walker et al., 2017).

Considering that PC in dogs is usually a high grade and high stage tumor at the
time of diagnosis, histopathological examination is unlikely to provide any
additional prognostic information. When graded by the modified Gleason
system, most if not all canine PC have the highest Gleason score of 10 at the
time of diagnosis (Palmieri and Grieco, 2015). The expression of certain human
PC molecular biomarkers has been confirmed in canine PC tissue, including
decreased levels of PTEN and increased expression of MYC (Fonseca-Alves et
al., 2018a; Fonseca-Alves et al., 2013; Rivera-Calderon et al., 2016). Some of
these markers are valuable in order to differentiate benign from cancerous
prostate tissue. Their prognostic significance, however, has only rarely been

investigated.

1.2.7 PCtherapy

Active Surveillance

Considering the negative consequences of cancer overtreatment, low-risk
patients with localized PC and a life expectancy of at least 10 years may be
closely monitored instead of being immediately treated with curative intent.
These patients are regularly assessed following a predefined surveillance
program, including screening via DRE, imaging, re-biopsy and PSA levels.
Treatment is only considered once certain thresholds are reached, which is a
change of tumor grade in the re-biopsies in most of the cases (Tosoian et al.,
2015). Since only low-risk patients should be selected for this treatment
modality, cancer-specific survival (CSS) is expectably very high in patients under
active surveillance, often reaching 100%. CSS and overall survival does not
differ between men immediately treated and on active surveillance (Tosoian et
al., 2015). Overall, active surveillance is a feasible alternative to curative

treatment in low-risk patients. It is noteworthy though that upgrading of
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Gleason grade occurs relatively common, i.e. in almost 50% of patients, during
the time of surveillance and may have therapeutic and prognostic

consequences (Verep et al., 2019).

Radical prostatectomy (RP)

Removing the entire prostate (except capsule) is currently a standard
procedure for curative treatment of localized PC. This surgery can be done in
either an open way, by laparoscopy or with the help of a robot. Oncological,
urinary function and sexual function outcomes do not significantly differ
between the three different approaches. In patients with localized PC, cancer
mortality does not significantly differ between active surveillance, RP and
radiotherapy (Guo et al., 2019; Hamdy et al., 2016). In high or medium-risk
patients, it is recommended to dissect pelvic lymph nodes during RP surgery
(Mottet et al., 2017). Despite its relevance for tumor staging, a convincing
therapeutic effect of a lymph node dissection has not been demonstrated
(Fossati et al., 2017). Unfortunately, post-operative incontinence and erectile
dysfunction are common problems following RP (Parker et al., 2011). Robot-
assisted prostatectomy has been shown to have higher rates of sexual potency
compared to open RP (Nyberg et al., 2018). The rate of urinary incontinence
however does not seem to significantly differ between the different surgical

methods.

Radiotherapy

For treating PC, primarily medium or high-risk localized disease, there are two
main modalities of radiotherapy, external beam radiation therapy (EBRT) and
EBRT plus brachytherapy (EBRT + BT). In EBRT, high-energy X-ray beams are
directed to the prostate from outside, which has been shown to be effective
when treating localized PC (Dearnaley et al., 2014; Zietman et al., 2005).
Improved techniques, i.e. conformal radiotherapy, allow the use of higher
doses without significantly increasing associated morbidities. For conformal
radiotherapy, a 3-dimensional image of the tumor is being created in order to

target the cancer as precise as possible, while sparing the surrounding non-
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cancerous tissue. Brachytherapy (BT), also known as internal radiation, refers
to radiation within the prostate by placing radioisotopes into the glandular
tissue. This method allows increasing overall radiation dose, while minimizing
radiation dose to normal tissues (Chen, 2019). In medium and high-risk
localized PC, patients treated with EBRT + BT have improved survival compared

to EBRT alone (Amini et al., 2016).

Hormonal treatment

For androgen deprivation (AD), the level of testosterone can be reduced by
either limiting its production via castration or by blocking its action via blocking
androgen receptors. At present, chemical castration, using luteinizing
hormone-releasing hormone (LHRH) is the preferred option over surgical
castration via orchiectomy (Pagliarulo et al., 2012). Long acting LHRH agonists
are most commonly used. AD therapy is well accepted for metastatic PC, but
remains controversial for organ-confined disease. Indeed, hormonal therapy is
known to be associated with certain morbidities, including cardiovascular
(myocardial infarct), metabolic (diabetes), and skeletal complications
(osteoporosis) (Keating et al., 2013). AD therapy may also be applied in
combination with radiotherapy, which is linked to a lower mortality rate
compared to AD therapy alone in locally advanced PC (Warde et al., 2011;
Widmark et al., 2009). In low-risk PC however, AD in combination with
radiotherapy is not recommended due to the lack of convincing beneficial
therapeutic effect. Similarly, the combination of AD with surgical therapy, i.e.
radical prostatectomy, fails to provide convincing evidence for any therapeutic

benefits (Pagliarulo et al., 2012).

In dogs, PC therapy is primarily limited to palliative treatment. Radiotherapy,
surgery and chemotherapy have all failed to cure the disease in dogs (Cunto et
al., 2019). In dogs with localized disease, prostatectomy may be attempted, but
the therapeutic benefit is questionable (Cunto et al., 2019; Leroy and Northrup,
2009). Surgical therapy is so far not well accepted by surgeons and dog owners

due to i) the overall poor prognosis of PC in dogs, ii) the significant
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postoperative morbidity, and iii) its expected poor therapeutic effect.
Furthermore, hormonal treatment, i.e. surgical castration is also not a feasible
option for affected dogs as it does not improve the prognosis since canine PC
is usually androgen-insensitive. Finally, active surveillance is not feasible for
dogs with PC due to the commonly aggressive behavior of PC in affected

animals.

1.2.8 Non-primate animal models

1.2.8.1 Mice

Transgenic Adenocarcinoma of the mouse prostate (TRAMP)

More than two decades ago, a genetically engineered mouse model was
created, which is characterized by the directed expression of the ectopic
oncogene Simian Virus 40 T antigen (Tag) in prostatic tissue, consequently
causing prostate-specific inactivation of p53 and Rb tumor suppressor activity
(Gelman, 2016; Gingrich and Greenberg, 1996; Kido et al., 2019). By the age of
24-30 weeks, all TRAMP mice develop PC. With resemblance to human PC, this
model is able to produce progressive PC, ranging from prostatic intraepithelial
neoplasia (PIN) to invasive adenocarcinoma. TRAMP mice are also suitable for
investigating metastatic PC as well as androgen independence. These animals
develop metastasis at a high frequency, most commonly with spread to lymph
nodes and lung (Gingrich and Greenberg, 1996). In castrated animals, PC s less
well differentiated and has a higher rate of metastasis compared to non-
castrated mice. Interestingly, androgen-independent tumors have a high
tendency to show a neuroendocrine differentiation. This finding does not
match with spontaneous human PC where neuroendocrine differentiation is
rare. Overall, this animal model is considered appropriate to study the
pathobiology of tumor initiation and progression as well as the effect of certain

therapeutics (Kaplan-Lefko et al., 2003).

Loss of PTEN
Phosphatase and tensin homolog deleted on chromosome ten (PTEN) is a

tumor suppressor gene, which is frequently lost in many types of cancer,
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including PC (Cuzick et al., 2013; Wang et al., 1998). Homozygous deletion of
PTEN leads to embryonic death in mice. For the development of neoplastic
prostate changes, this model consequently requires PTEN heterozygous
animals, or alternatively, prostate-specific PTEN knockout (Jiao et al., 2007).
Depending on the mouse strain and type of targeted vector, this model varies
in its tumor phenotype, including infiltrative growth, the development of
metastasis as well as neuroendocrine differentiation after castration
(Grabowska et al., 2014). Furthermore, many PTEN loss models have been
generated, which include the deletion of additional (often tumor suppressor)
genes. Either in combination with other genes or isolated, loss of PTEN mouse
models have one major limitation, which is the lack of two highly relevant
features for aggressive human PC, which include castration-resistant PC and

the development of bone metastases.

Overexpression of MYC

MYC is a oncogenic transcription factor, which is overexpressed in a variety of
tumors, including PC (Gurel et al., 2008). In PC, the overexpression of MYC
occurs as an early event and is present in more than 75% of PIN (Gurel et al.,
2008; Kim et al., 2012). In addition, higher tumor stage tends to go along with
higher MYC expression. Based on different promoters, there are two types of
murine MYC models, namely Hi-MYC and Lo-MYC. MYC model mice develop
PIN in their first 4 weeks of life, with progression to adenocarcinoma at the age
of 6 to 12 months in all animals (Ellwood-Yen et al., 2003; Iwata et al., 2010). In
contrast to the models based on overexpression of Tag (e.g. TRAMP), PC
induced by overexpression of MYC do not show a neuroendocrine
differentiation (Koh et al., 2010). MYC-based mouse models have also shown
that the expression of the tumor suppressor NKX3.1 is negatively regulated by
MYC (Ellwood-Yen et al., 2003; Iwata et al., 2010). Finally, it is important to be
aware of the two main limitations of this model, which are the lack of
metastasis and failure to produce castration-resistant cancer (Grabowska et al.,
2014). Combined with other genetic alterations, e.g. loss of PTEN or p53, this

model is however valuable to study PC (Kim et al., 2012).
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1.2.8.2Dogs

Laboratory dogs

In 2012, an orthotopic dog PC (DPC)-1 model was established, which was based
on the successful tumor development after orthotopic DPC-1 cell implantation
in one dog in 2001 (Anidjar et al., 2012; Anidjar et al., 2001). The DPC-1 cells
originally came from a PC which occurred in a 11-year-old male entire
Doberman pinscher. This model reliably produces high-grade prostate
carcinomas with predominantly micropapillary and cribriform histological
patterns. Tumor metastasis are seen in lymph nodes, lung, and less commonly
in pelvic bone. DPC-1 cells do express AR, are however insensitive to androgens
in vitro (Anidjar et al., 2012). This model may therefore be valuable for studying
castration-resistant PC in men.

Another orthotopic canine PC model using cultured canine Ace-1 PC cells was
developed in 2013 (Keller et al., 2013). The Ace-1 cell has its origin in a PC from
a castrated 8-year-old Labrador retriever. Similar to the DPC-1 model, this
model is able to produce tumor metastasis, which occurs in half of the dogs,
with spread to lymph nodes and the lung. Another advantage of this model is
the histological resemblance to human PC. In contrast to the DPC-1 cells,
however, it is important to know that the Ace-1 cells are AR negative, which

may be interpreted as a limitation of the model.

Pet dogs

Even though not as common as in men, dogs develop spontaneous PC (Bell et
al., 1991; Cornell et al., 2000; Lai et al., 2008a; Teske et al., 2002). Canine PC is
a highly aggressive disease with a highly invasive growth as well as a high rate
of metastasis to lymph nodes, visceral organs as well as bone. Once diagnosed
with PC, the prognosis for the affected dogs is very poor and no curative
therapy is currently available. Interestingly, PC in dogs has a tendency to affect
castrated dogs, possibly resembling castration-resistant PC in men (Bell et al.,
1991; Teske et al., 2002). This disease is not limited to a specific breed and can
occur in any size and type of dog. Canine PC shares clinical as well as

pathological features with human disease, which supports the dog as animal
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model for human PC (Sun et al., 2017). Elderly dogs of 9 to 10 years of age
(corresponding to approximately 65-75 years in men) are most commonly
affected. Bone metastasis is frequent, and follows a similar distribution pattern
as seen in men. Like in affected men, spread to axial sites is two to three times
more common than to appendicular skeleton (Cornell et al.,, 2000).
Histologically, canine PC has frequently a heterogeneous appearance, often
with two or more types of differentiation in the same tissue section (Cornell et
al., 2000). Either in combination or alone, glandular, urothelial, and squamous
are the most common morphologies. Considering that canine PC also occurs in
surgically castrated dogs, this cancer is interpreted to be androgen-insensitive.
This is confirmed by the fact that most PC in dogs lack the expression of AR
(Leav et al., 2001). This finding may be interpreted as a limitation of the canine
model for the study of the more common, androgen-sensitive type of PC in
men. On the other hand, this model may be a valuable, underexploited large

animal model for the highly malignant hormone-refractory PC in men.

1.3. Kidney cancer (clear cell carcinoma) in people

1.3.1 Epidemiology

Kidney cancer ranks 12t in global cancer incidence. Renal cell carcinoma (RCC)
accounts for approximately 90% of all kidney cancers, and 75% of RCC consist
of the subtype clear cell renal cell carcinoma (ccRCC). Until recently, tumor
incidence has been increasing, with highest rates in developed countries,
including USA and Europe. Since 2012, incidence appears to remain stable.
Mortality rates vary between geographic areas, with a tendency to decrease in
Western countries (Saad et al.,, 2019). This tumor has a strong male
predominance, has a tendency to occur in Caucasians more than Africans, and
most commonly affects the elderly (Feng et al., 2019). For yet uncertain
reasons, African-American patients have an increasingly higher incidence rate
and poorer overall survival compared to Caucasians (Chow et al., 2013; Lin et
al., 2015b). Interestingly, African countries have the lowest incidence rates, but
African Americans are especially prone to develop the disease (Chow and

Devesa, 2008; Ljungberg et al., 2011). This racial disparity may be explained by
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differences in cancer screening and diagnostics, genetic background as well as
environment and lifestyle. In addition to race, certain risk factors for RCC have
been identified and include obesity, smoking, hypertension and certain genetic
mutations (Al-Bayati et al., 2019; Chow and Devesa, 2008; Chow et al., 2000;
Hidayat et al., 2017; Hunt et al., 2005; Ljungberg et al., 2011; Macleod et al.,
2013; Nam et al., 2019). The association of smoking and the development of
RCCis dose-dependent (Hunt et al., 2005). Patients who have been smoking for
at least 20 years have a 50% higher risk to suffer from RCC compared to non-
smokers. The mechanism by which obesity causes RCC remains poorly
understood. Differences in hormone levels, including sex steroids and insulin-
like growth factor 1, may play an important role. Hypertension, even if present
to only a mild extent, poses a significant risk factor for RCC, possibly via
increased levels of angiogenic and other growth factors (Chow et al., 2000). The
same is true for an increase in blood pressure over time, independent of the
baseline levels. Even though obesity and hypertension may be linked to each
other, both pathologies have been identified to be independent risk factors for
RCC. Finally, exposure to the ubiquitously present chemical substance
trichloroethylene is known to represent a significant risk for developing RCC
(Buhagen et al., 2016; Rusyn et al., 2014; Scott and Jinot, 2011). The relative
risk ranges between 1.3 and 1.6 depending on the severity of trichoethylene
exposure. On the basis of the association between kidney cancer and
trichoethylene, which is used as industrial solvent, this substance has been
classified as carcinogenic by The International Agency for Research on Cancer

(IARC) (Rusyn et al., 2014).

1.3.2 Diagnosis

The majority of RCC are characterized by a late onset of clinical symptoms, and
are most commonly detected incidentally during abdominal imaging for other
medical conditions, via ultrasound, CT or MRI (Rossi et al., 2018). In patients,
where imaging reveals either suspicion of metastatic disease or only a small
renal mass, a percutaneous kidney biopsy may be performed before any

surgical treatment is attempted (Richard et al., 2015). Core biopsy, which is the
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preferred method over fine needle aspiration, bears a low risk of morbidity.
Most ccRCC are solitary tumors in the renal cortex, without significant
predilection for the right or left kidney. The neoplasia is generally well
demarcated, surrounded by a pseudocapsule. By the time patients experience
clinical signs, such as hematuria or flank pain, RCC is often already at an
advanced stage. Nevertheless, a screening program for ccRCC is currently not
available and controversial (Rossi et al., 2018). Regular screening for the
disease would allow detecting kidney cancer at an earlier stage, which is
prognostically highly significant. When diagnosed at an early stage, RCC may be
cured by surgery alone. However, the downside of a screening program include
high costs and the potential to over diagnose and over treat slow growing RCC.
Proposed screening methods include urine dipstick, biomarkers and imaging
(Rossi et al., 2018). Screening for the presence of microscopic hematuria by
urine dipstick is not well accepted due to the very low specificity of this test.
Currently, urine or serum biomarkers have not yet been established and
validated for routine diagnostic work, but several markers have been proposed
to have potential as diagnostic tool in the future. Two promising urinary
biomarkers with moderate to high specificity and sensitivity are aquaporin 1
(AQP1) and perilipin 2 (PLIN2) (Morrissey et al., 2015; Sreedharan et al., 2014).
The use of imaging as a screening method may be feasible, and US has been
proposed as the most appropriate imaging modality (Filipas et al., 2003;
Mizuma et al., 2002; Rossi et al., 2018). Some of the main advantages of US are
the non-invasive and inexpensive nature of this well-established method. The
sensitivity of US however is clearly reduced compared to CT and MRI.
Nevertheless, CT is not recommended as a screening method due to the high
costs and the expected frequent finding of incidental renal or non-renal
changes (Rossi et al., 2018; Wernli et al., 2013). Even though not yet established
for the general population, a screening program for people with increased risk
of RCC is recommended. In addition to the above mentioned risk factors,
certain diseases, including van Hippel Lindau disease and end stage kidney

disease are strongly associated with the development of RCC. Affected people
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should be screened at regular intervals for early detection of RCC (Ljungberg et

al., 2019).

1.3.3 Tumor classification, grading and staging

RCC consists of three main subtypes, including papillary, chromophobe and
clear cell, based on histomorphological and molecular characteristics (Moch et
al., 2016). The term clear cell derives from the histological tumor appearance
of this RCC subtype and these tumors are the focus of the current study. The
neoplastic cells tend to have a clear cytoplasm due to intracellular lipids and
glycogen, which are dissolved by histological processing. Most common
histological patterns of ccRCC include solid alveolar and acinar, sometimes with

cyst formation.

Grading

Tumor grading is highly relevant for prognosis of RCC and other types of cancer
and therefore crucial in the diagnostic workup. RCC, and specifically ccRCC, is
graded based on the recently defined four-tiered WHO/ISUP grading system,
which has replaced the previously used Fuhrman grading system (Delahunt et
al., 2019; Humphrey et al., 2016; Samaratunga et al., 2014; Warren and
Harrison, 2018). This grading system defines four grades based on certain
nucleolar and other cellular histomorphological features, which are assessed in
one high-power field with the highest degree of nucleolar prominence
(Delahunt et al., 2011). Grades 1 to 3 are given depending on nucleolar
prominence and eosinophilia, whereas tumors with presence of pleomorphic
giant cells, sarcomatoid or rhabdoid morphologies correspond to grade 4. In
comparison with the previously used Fuhrman grading system, the current
WHO/ISUP system has a tendency of downgrading grade 2 to grade 1 tumors
(Delahunt et al., 2019). Recently, it has been acknowledged that the presence
and extent of tumor necrosis should be incorporated in the current grading
system because of its prognostic significance in ccRCC (Delahunt et al., 20133;

Delahunt et al., 2019).
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Staging

Similar to other cancers, tumor (TNM) staging is one of the most important
prognostic factors (Humphrey et al., 2016; Warren and Harrison, 2018).
Referring to the 2010 TNM staging system, the different stages are defined
based on tumor size, presence and extent of invasive growth as well as the
presence of metastasis. Tumor stages pT1la, pT1b and pT2a are defined by the
tumor size, which is assessed macroscopically by measuring the largest tumor
diameter (Warren and Harrison, 2018). If tumor invasion into perinephric fat or
renal sinus tissue or vascular spaces is present, either grossly or
microscopically, tumors are staged as pT3a. Once the inferior vena cava is
involved, either below or above the diaphragm, tumor stages pT3b and pT3c
are assigned, respectively. Finally, stage pT4 is given once tumor invades the
ipsilateral adrenal gland. Regarding the involvement of regional lymph nodes,
the TNM staging system includes only two categories, namely pN1 and pNO, for
node-positive and node-negative tumors, respectively. Tumors are assigned

pM1 as soon as metastatic spread beyond regional lymph nodes is observed.

1.3.4 Genetics

Even though most RCC occur spontaneously, approximately 3 to 5% of these
tumors have been estimated to have an inherited genetic background. The von
Hippel-Lindau (VHL) familial cancer syndrome is strongly associated with the
development of ccRCC, which occurs in around 70% of VHL disease patients
(Carlo et al., 2019; Nielsen et al., 2016). Compared to spontaneous tumors,
ccRCC in people with VHL syndrome occurs at a much younger age. The VHL
disease is characterized by an altered VHL tumor suppressor gene allele.
Patients develop ccRCC once the second wild-type allele has undergone
spontaneous mutation or is epigenetically downregulated. The same gene is
also altered in the majority of spontaneous ccRCC, either by deletion, mutation
or epigenetic mechanisms (Gnarra et al., 1994; Kaelin, 2007). Some studies
report genetic VHL alterations in as many as 92% of ccRCC (Sato et al., 2013).
The function of the gene product, the VHL protein, is to target hypoxia-

inducible factor alpha (HIF-a) for degradation under normoxic conditions.
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Therefore, genetic mutations leading to the inactivation or lack of the VHL
protein causes an accumulation of HIF- a, which further activates a range of
growth factors among other proteins. The association of HIF- a and related
growth factors with ccRCC tumorigenesis is not clearly understood (Kaelin,
2007). It is most likely that angiogenic and mitogenic effects of the activated
growth factors are mainly responsible for the neoplastic cellular
transformation (D'Avella et al., 2018). Up to present, a convincing association
between VHL status and clinical tumor behavior has not been identified. Apart
from VHL gene, other common mutations in ccRCC affect chromatin-modifying
and other genes, including BAP-1, PBRM1, SETD2, KMD5C and PIK3CA, which
are present in up to 40% of ccRCC (D'Avella et al., 2018; Mitchell et al., 2018).
The prognostic and therapeutic significance of these mutations are uncertain,

but of great interest due to their potential use as future therapeutics.

1.3.5 Prognosis

Similar to other cancer types, the most important prognostic factor for ccRCC
is tumor stage, followed by tumor grade, which includes features such as tumor
necrosis, tumor size, and divergent (sarcomatoid/rhabdoid) differentiation
(Humphrey et al., 2016). Furthermore, histological subtype as well as age at
diagnosis are prognostically significant. Tumor size is negatively correlated with
survival, and the risk of death increases continuously with increasing tumor size
(Delahunt et al., 2002). RCC with either sarcomatoid or rhaboid differentiation
is characterized by a more aggressive clinical behavior, with a 2-fold increased
risk of extrarenal tumor growth and distant metastasis in RCC with partial
rhabdoid features (Delahunt et al., 2013b; Gokden et al., 2000). Even though
controversially discussed, there is convincing evidence that the presence of
tumor necrosis in RCC is associated with poorer overall and cancer-specific
survival rates as well as recurrence and progression free survival (Zhang et al.,
2018a). Compared with papillary and chromophobe RCC, the clear cell subtype
tends to have the worst prognosis (Cheville et al., 2003; Delahunt et al., 2013b).
For patients with ccRCC, the 5-year CSS rate is less than 70%, whereas the two
other RCC subtypes have CSS rates of 86-88% (Cheville et al., 2003). Younger
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age at the time of diagnosis is associated with better overall survival (OS) and
CSS compared to older age (Cai et al., 2012; Feng et al., 2019). Patients with
localized RCC who are younger than 40 years have a 5-year CSS rate of 91%
compared to 78% for patients over 40 years of age (Taccoen et al., 2007). When
using 55 years as age threshold, the 5-year CSS is 89% and 76% for younger and
older patients with RCC, respectively (Jung et al., 2009). Even though of great
interest as a diagnostic and potentially therapeutic tool, prognostic biomarkers

are currently not applied in clinical practice.

1.3.6 Therapy

Surgery

For localized disease, radical nephrectomy (RN) has long been regarded as the
therapy of choice. More recently, however, nephron-sparing surgery (NSS), i.e.
partial nephrectomy (PN) or tumor enucleation (TE), has gained attention and
is the preferred treatment option for pT1 tumors (Li et al., 2014; Xu et al.,
2019). By limiting the amount of resected renal tissue, kidney function may be
preserved, which is highly relevant for overall prognosis. In TE, the tumor is
excised bluntly, avoiding a visible margin. In contrast to what would be
expected, positive margins are not more common in TE compared to RN.
Likewise, survival and tumor recurrence rates do not differ significantly
between the two methods when assessed in pT1 RCC. TE however has the great
advantage of better protecting kidney function when compared to PN or RN.
Nevertheless, for both localized as well as higher stage RCC, the therapeutic
efficacy of NSS versus RN is however still controversial. In any case, even for
RCC of stage 2 and higher, the benefits of preserving renal function when
performing PN appear to be greater than the associated morbidity when
compared to RN (Vilaseca et al.,, 2019). An alternative treatment method,
which also preserves healthy renal tissue, is cryoablation or other ablation
techniques (Hu et al., 2019; Neves et al., 2019). This non-surgical intervention
works via freezing and removing neoplastic cells via percutaneous access.
When compared with PN, the therapeutic efficacy of ablation treatments in

localized tumors remains however controversial (Hu et al., 2019). Some studies
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report comparable recurrence free survival rates for both treatment
modalities, whereas others demonstrate an increase in cancer-specific
mortality in pT1 tumors treated with cryoablation (Pecoraro et al., 2019;
Thompson et al., 2015). Nevertheless, it is generally accepted that ablation
therapy may be advantageous for patients with multifocal tumors who benefit

from reducing surgical interventions.

Systemic (adjuvant and neoadjuvant) therapy

For localized or locally advanced RCC, perioperative systemic, i.e. adjuvant or
neoadjuvant, treatment is controversial (Gul and Rini, 2019; Martinez Chanza
etal., 2019). In this context, the main aim of an adjuvant therapy is to eradicate
potentially non-detected micrometastases and therefore reducing the rate of
tumor recurrence and tumor progression, whereas neoadjuvant treatment has
the purpose to reduce tumor size before surgery in addition to eradicating
micrometastases. Tyrosine kinase inhibitors (TKI), primarily the potent vascular
endothelial growth factor (VEGF) inhibitor Sunitinib, and immune checkpoint
inhibitors (ICl) are currently the main adjuvant therapeutics of interest for
localized RCC (Martinez Chanza et al., 2019). Unfortunately, the results of trials
testing their efficacy have mostly been disappointing, and their use remains
controversial (Ghali et al., 2019). This is in contrast to rather promising
treatment outcomes of ICl and TKI in metastatic RCC (Angulo and Shapiro,

2019; Motzer et al., 2009).

1.3.7 Animal models

With great effort, different ccRCC mouse models have been generated in the
last two decades, but so far they all have certain limitations to reproduce the
disease on a molecular as well as morphological level (Hou and Ji, 2018). Based
on the knowledge that VHL gene mutations are frequent in both sporadic and
familial ccRCC, the first mouse models were created by inactivating this gene
(Gnarra et al., 1997). Isolated inactivation of VHL was however insufficient to
produce neoplastic changes in the kidneys of heterozygous mice, whereas

homozygous animals died already in utero (Gnarra et al., 1997; Haase et al.,
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2001; Kleymenova et al., 2004). For this reason, several mouse models were
generated by combining VHL with one or more other gene mutations, with
some promising results. Successful neoplastic transformation of renal tubular
cells was achieved in mouse models, which included the inactivation of one or
more of the following genes, combined with inactivated VHL: Bap-1, Cdkn2a,
Kif3a, MYC, p53, Pbrm1, and Rb1 (Hou and Ji, 2018; Schmidt and Linehan,
2017). Unfortunately, none of these models is however able to produce renal
tumors, which sufficiently, either morphologically or molecularly, resemble
spontaneous human ccRCC. Reasons for failing to establish a reliable model
remain uncertain. Considering the direct relationship between VHL and HIF, a
mouse model named TRACK (transgenic cancer of the kidney) has been
generated, which is characterized by a mutated, constitutively active HIF-a.
This model seems to successfully produce certain (pre-)neoplastic features in
the kidney, with histomorphological resemblance to human ccRCC. Similar to
other ccRCC GEM models, however, the TRACK model appears to be unable to
produce fully developed neoplastic disease with convincing resemblance to

spontaneous ccRCC (Fu et al., 2011).
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2. Aims

The aims of this work were defined separately for the different types of

urological cancer, and are as follows:

Pathological and molecular characterization of the canine UC model

i)

ii)

i)

v)

Identification of epidemiological risk factors for canine UC, in
comparison with human disease

Histological characterization and tumor classification of canine UC,
based on the 2016 human WHO classification system

Comparison of histological features of canine and human UC, with focus
on tumor subtype, stroma, inflammation and necrosis

Assessment of the global transcriptional profile of UC in Scottish and
West Highland White terriers, in comparison with human disease

Evaluation of the dog as animal model for muscle-invasive BC in people

Pathological and molecular characterization of the canine PCa model

i)

ii)

i)

iv)

Identification of epidemiological risk factors for canine PC, in
comparison with human disease

Histological characterization and tumor classification of canine UC,
based on the 2016 human WHO classification system

Analysis of the IHC expression of p63 and Uroplakin Il in canine PC, in
comparison with non-neoplastic prostate tissue

Evaluation of the dog as animal model for high grade PCa in men

Pathological and immunohistochemical evaluation of novel potential

therapeutic targets in human PCa specimens

i)

Analysis of the IHC expression of KDM7A and KDM5B in human PC
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Pathological and molecular investigation of mechanistic contributors to

kidney clear cell cancer

i) Histomorphological characterization of kidney and other tissue from
TRACK mouse model

ii)  Analysis of the immunohistochemical expression of MYC and RBP4 in
kidney and other tissue from TRACK mice

iii)  Evaluation of the TRACK mouse model for renal carcinoma in people

75



3. STUDY 1. The dog as an animal model for bladder and urethral urothelial
carcinoma: Comparative epidemiology and histology

3. STUDY 1. The dog as an animal model for bladder and
urethral urothelial carcinoma: Comparative

epidemiology and histology

This study has been published in Oncology Letters in 2018, with the
corresponding DOI: 10.3892/01.2018.8837.

Copyright Declaration: This is an open access article distributed under the
terms of the Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium including dissertations,
provided the original work is properly cited, the use is non-commercial and no

modifications or adaptations are made.

Authors’ contributions

List of authors (in order as in the published study):

Simone de Brot (SdB), Brian D. Robinson (BDR), Tim Scase (TS), Lloreng¢ Grau-
Roma (LGR), Eleanor Wilkinson (EW), Stephen A. Boorjian (SAB), David Gardner
(DG), Nigel P. Mongan (NPM)

Contributions:

- SdB contributed to the acquisition and analysis of the epidemiological data
(age at the time of tumor diagnosis, sex, neutering status, and dog breed),
with support of EW, TS and DG.

- SdB performed the histological examinations (tumor diagnosis, tumor stage
and histological subtype, tumor growth pattern, and characterization of
main histological features), with support of LGR, BDR and TS.

- SdB performed the statistical analysis (using the software SPSS v.22.0), with
support of EW and DG.

- SdB compared the canine data with data available from scientific human
literature, with support of SAB, BDR and NPM.

- SdB wrote the manuscript, with support of NPM.

76



3. STUDY 1. The dog as an animal model for bladder and urethral urothelial
carcinoma: Comparative epidemiology and histology

- All authors critically reviewed the manuscript. All authors read and

approved the final manuscript.

77



3. STUDY 1. The dog as an animal model for bladder and urethral urothelial
carcinoma: Comparative epidemiology and histology

Background to the published work

UC is one of the top ten most common cancers in people, with comparable
incidence rates of approximately 2% of all cancers in both men and dogs
(Andreassen et al., 2016; Antoni et al., 2017; Burger et al., 2013; Knapp et al.,
2014; Mohammed et al., 2003; Norris et al., 1992). In a previous canine UC
study, certain risk factors for developing UC have been identified, including
advanced age, female sex, certain dog breeds (Knapp et al., 2014; Norris et al.,
1992). These findings, however, primarily derive from one single study and
therefore require interpretation with certain caution. More specifically, the
relevant study had the following limitations: A relatively low number of studied
dogs (n=115) were investigated, only dogs from North America were included,
and the data may be outdated due to the sample collection, which was
performed more than three decades ago (between 1980 and 1985). Up to date,
similar studies, which investigate epidemiological risk factors of canine UC,
with a fairly large number of studied dogs and a European residency, are
lacking.

In addition to epidemiological features, the gross and histopathological
characterization of UC is relevant for tumor diagnosis, prognosis, and therapy
(Humphrey et al., 2016). Histologically, human UC is a well described. In
contrast, the histological appearance of UC in dogs has only been described in
a few studies, which often contain a relatively small number of assessed dogs
and a limited range of assessed histological parameters (Patrick et al., 2006).
As it is true for many different cancers, the macroscopic tumor appearance is
relevant for UC diagnosis and prognosis. In people, the majority of UC present
as a papillary growth, whereas flat or endophytic UC are less common (Sciarra
et al., 2004). For human UC, the subgross tumor growth pattern, i.e. papillary
versus non-papillary, is known to be of prognostic relevance (Guo et al., 2016;
Sciarra et al., 2004). Non-papillary UC has been shown to be associated with
worse prognosis in people. Canine UC have been described to either present as
papillary or flat tumors (Meuten and Meuten, 2016). Studies, which investigate
the macroscopic tumor appearance and its potential prognostic relevance of

UC are however lacking in dogs.
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UC is well known to have a tendency to undergo divergent differentiation
(Amin, 2009; Moch et al., 2016; Zhai et al., 2007). Based on the type and extent
of non-urothelial histomorphology, UC are further classified as different
variants. The distinction of these tumor subtypes is considered relevant due to
their demonstrated differences in tumor prognosis and response to therapy. In
dogs, divergent differentiation has been shown to occur (Patrick et al., 2006).
However, only few variants of canine UC have been described and their
prognostic relevance is uncertain.

For these reasons, the following study has been performed with the aim to
better characterize histological and epidemiological features of canine UC.
Furthermore, by comparing the canine tumor characteristics with already
reported features of human UC, the potential of using the dog as animal model
for human UC shall be evaluated. The following work represents one of the

largest yet undertaken comparative UC study.
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3.1 Abstract

Despite the recent approval of several new agents for patients with metastatic
UG, survival in this setting remains poor. As such, continued investigation into
novel therapeutic options remains warranted. Pre-clinical development of new
treatments requires an animal model that accurately simulates the disease in
people. The aim of this study is to evaluate the dog as an animal model for
human UC. Two hundred and sixty cases of spontaneous, untreated canine
primary urethral and urinary bladder UC were epidemiologically and
histologically assessed and classified based on the current 2016 WHO tumor
classification system. Canine data was compared with human data available
from scientific literature. The mean age of dogs diagnosed with UC was 10.22
years (range 4-15 years), which is equivalent to 60-70 human years. We
observed a high correlation of UC diagnosis with female sex (odds ratio [OR]
3.51; 95% confidence interval [CI] 2.57-4.79; p<0.001), surgical neutering (OR
4.57; 95%Cl 1.87-11.12; p<0.001), and breed (OR 15.11 for Scottish terriers;
95%Cl 8.99-25.41; p<0.001). Based on the 2016 WHO tumor, node and
metastasis (TNM) staging system, the primary tumors were characterized as T1
(38%), T2a (28%), T2b (13%), and T3 (22%). Non-papillary, flat subgross tumor
growth was strongly associated with muscle invasion (OR 31.00; p<0.001).
Irrespective of subgross growth pattern, all assessable tumors were invading
beyond the basement membrane compatible with infiltrating UC.
Conventional, not further classifiable infiltrating UC was the most common type
of tumor (90%), followed by UC with divergent, squamous and/or glandular
differentiation (6%). Seven out of the 260 (2.8%) cases were classified as non-
urothelial based on their histological morphology. These cases included five
(2%) squamous cell carcinomas, one (0.4%) adenocarcinoma and one (0.4%)
neuroendocrine tumor. The two most striking common features of canine and
human UC included high sex predilection and histological tumor appearance.
Our results support the suitability of the dog as animal model for UC and
confirm that dogs also spontaneously develop rare UC subtypes and bladder
tumors, including plasmacytoid UC and neuroendocrine tumor, which are

herein described for the first time in a non-experimental animal species.

80



3. STUDY 1. The dog as an animal model for bladder and urethral urothelial
carcinoma: Comparative epidemiology and histology

3.2 Introduction

BC is the ninth most common malignancy worldwide and the most common
cancer involving the urinary system. BC comprises approximately 2% of all
cancers, with about 330,000 new BC cases each year globally (Ferlay et al.,
2015; Ferlay et al., 2013). The highest incidence rates are observed in highly
developed countries, where BC is the fourth and 14th most common cancer in
men and women, respectively (Ferlay et al., 2013). Despite ongoing effort to
improve therapeutic options, there is still no curative therapy available for
metastatic disease. The pre-clinical development of new treatments requires
an animal model that accurately simulates the disease in people. Rodent animal
models with experimentally induced BC have been shown to be valuable, but
their translational relevance has been limited (Ding et al., 2014; John and Said,
2017; Kobayashi et al., 2015). Therefore, well characterized spontaneous BC in
companion animals could represent a useful tool to advance the development
of improved diagnostics and therapeutics. Indeed dogs develop spontaneous
BC, more specifically UC (transitional cell carcinoma), with striking clinical,
histopathological and molecular similarities compared to humans (Knapp et al.,
2000). Furthermore, companion animals and their owners share the
environment, including exposure to carcinogenic components. In addition,
other advantages of using spontaneous urinary BC in pet dogs as an animal
model for human UC are: (1) reduced use of research animals (2), the shorter
lifespan of dogs, relative to people, makes time-efficient clinical studies
possible and, (3) dogs show a similar response to therapy used to treat people
(Abbo et al., 2010; Arnold et al., 2011; Choy and Fidel, 2016; Henry et al., 2003a;
Knapp et al., 2016). Yet one limitation to the use of the dog in preclinical studies
of BC has been access to robust clinical and pathologic datasets. For this reason,
this study, which is one of the largest yet undertaken comparative study, aims
to evaluate the dog as animal model for human UC by comparing the
epidemiology and histology of n=260 canine urinary bladder and urethral UC to

the data available in literature regarding their human counterpart.
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3.3 Material and methods

The study was approved by the University of Nottingham Animal Welfare and
Ethical Review Body (AWERB) and the School of Veterinary Medicine and
Sciences ethics committees. Informed written consent was obtained from the
dog owners upon sample submission. All patient data has been anonymized.
The present retrospective study includes archived FFPE tissues from 260 dogs
with primary urethral (n=61) or urinary bladder (n=199) carcinomas. All
samples were taken from pet dogs living in the United Kingdom (UK) and were
originally submitted for diagnostic purposes. Two hundred fifty-nine cases were
provided by a private diagnostic pathology laboratory (Bridge Pathology Ltd
Bristol, UK) which received the tissue samples between October 2008 and April
2015. One additional case of canine urinary bladder carcinoma which was
submitted to the University Nottingham Veterinary Pathology Service in May
2016 was also included. Non-invasive urothelial lesions, including papillomas,
were excluded from the study due to the low number of cases in the present
dog population. Tissue of canine in situ UC was not available. From the
originally retrieved n=265 cases of UC, two cases were excluded due to poor
tissue section quality, another two cases due to lack of convincing neoplastic
features, and one case due to lack of information about dog breed and age. The
following case information was available: age at the time of first tumor
diagnosis, sex, neutering status, and dog breed. All canine cases (n=93,862)
submitted to the same laboratory within the same time period were used as
control population. These control dogs were diagnosed with a wide range of
neoplastic and non-neoplastic diseases in various organs and tissues, excluding
carcinoma of the lower urinary tract. Hematoxylin and eosin (HE) stained tissue
sections of all 260 cases were available which were digitalized (scanner
3DHISTECH Pannoramic 250 Flash 1ll) and assessed using the software
3DHISTECH Case Viewer by a board-certified veterinary pathologist (SdB), with
support of a certified human uropathologist (BR) and a second veterinary
pathologist (LGR). All cases were histologically assessed for tumor stage and
histological subtype, based on the WHO tumor classification system 2016

(Moch et al.,, 2016). Subgross tumor growth patterns were evaluated
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histologically at a low magnification (1 and 2x). Epidemiological and
pathological canine data was compared with data available from scientific
human literature which was available on PubMed

(https://www.ncbi.nlm.nih.gov/pubmed/) in April 2017. Cancer incidence was

calculated in percentage (%) for each dog breed (n=60 different breeds). 100%
cancer incidence was defined as the total number of dogs of the same breed in
the control population. Breeds with incidence rates above average (>0.823%)
and with a minimum of n=5 cancer cases were defined as risk breeds. Three
different breeds (Scottish terrier, Shetland sheepdog and West Highland White
terrier) fulfilled these criteria and were grouped together as ‘risk breeds’. ‘Non-
risk dog breeds’ were defined as all dog breeds, including cross breeds,
excluding Scottish terriers, Shetland Sheepdogs, and West Highland White
terriers. Odds ratios were calculated in order to quantify the risk of dog breed,
sex, neutering status with the development of cancer, and in order to quantify
the risk of non-papillary tumor growth with muscle-invasive tumor growth. An
independent t-test was performed to compare the mean age of risk breeds
versus non-risk breeds, of dogs with muscle-invasive versus non muscle-
invasive tumor growth, and of dogs with papillary versus non-papillary tumor
growth, respectively. Chi-square test was used to test for associations between
tumor incidence and dog breed, sex, and neutering status, and to analyze the
association of tumor invasive growth with tumor growth pattern, dog breed,
and sex. Binary logistic regression analysis was performed in order to identify
and weigh risk factors, including dog breed, sex, and neutering. p<0.05 was
accepted as statistically significant. Statistical analyses were performed using

SPSSv.22.0.

3.4 Results

A total of 260 dogs with spontaneous urinary bladder (199/260, 77%) and
primary urethral (61/260, 23%) UC were included in this study. Tables 3.1 and
3.2 summarize the main canine epidemiological findings and compare them

with the corresponding human data available in the literature.
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The mean age of dogs diagnosed with UC was older compared to dogs without
UC (10.21 [+/- 2.0, range 4-15] years vs 7.1 [+/- 3.6] (Mean +/- SD, p<0.001).
Dog breeds with only 1 case of UC were excluded from any further analysis
(leaving 66,317 cases; 222 (0.3%) with UC). In univariate analyses (odds ratio
[95% confidence interval], p<0.001), female sex (OR, 3.51 [2.57-4.79]),
neutering (OR, 4.57 [1.87-11.12]) and breed (OR 15.11 [8.97-25.41] for Scottish
terriers, OR 6.82 [3.01-15.49] for Shetland sheepdogs, and OR 2.79 [1.80-4.35]
for West Highland white terriers) were identified as significant predictors of UC
(Table 3.1). All remained significant (p<0.001) in multivariate analyses (Table
3.1). In addition, when the three top risk breed dogs were grouped together,
they were found to be diagnosed with UC at a significantly younger age (mean
112.14 months [9.35 years], SD 19.16) compared to the group containing ‘non-
risk dog breeds’ (mean 124.69 months [10.39 years], SD 24.74) (p<0.001). This
effect was most evident for female neutered Scottish terriers (Figure 3.1). ‘Non-
risk dog breeds’ were defined as all dog breeds, including cross breeds,
excluding Scottish terriers, Shetland Sheepdogs, and West Highland White
terriers.

All cases were histologically assessed for tumor stage and histological subtype,
based on the World Health Organization (WHO) tumor classification system
2016 (Humphrey et al., 2016; Moch et al., 2016). Tumor location, growth
pattern and main histological features of the studied dogs are summarized in
Table 3.3 together with the equivalent information extracted from the human
literature.

Gross tumor location was available for 29/199 (15%) bladder and 10/61 (16%)
urethral UC cases. The most common location within the bladder was the neck
(14/29, 48%), followed by the trigone (9/29, 28%), cranial (3/29 10%), ventral
(1/29, 4%) and dorsal (1/29, 4%) bladder. In 2/29 cases (7%), tumor growth was
present in both bladder neck and cranial areas. The location of urethral UC was
more common in the distal (8/10, 80%) than in the proximal (2/10, 20%)
urethra.

The subgross tumor growth pattern could be assessed in 66/199 (33%) bladder

UC cases, which were provided as full transmural tissue sections. Two different
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types of subgross growth appearance were recognized, papillary and non-
papillary (also referred to as flat). Papillary UC (Figure 3.2A) were equally as
common (33/66, 50%) as flat (Figure 3.2B) (33/66, 50%) tumors, with identical
female : male ratio of 1 : 1.57 in both growth patterns (21/33, 67% females,
12/33, 33% males). Irrespective of growth pattern, all UC were invading beyond
the basement membrane, compatible with infiltrating UC based on the WHO
2016 tumor classification.

When applying the tumor, node and metastasis (TNM) staging system provided
by the 2016 WHO classification system (Moch et al.,, 2016), tumor
characterization was limited to the assessment of the primary tumor.
Information about the involvement of lymph nodes and presence of distant
metastatic spread was not available, which prevented the performance of an
overall tumor staging. The extent of tumor infiltration into the bladder wall
could be assessed in 64/199 (32%) bladder UC cases which were available as
transmural tissue sections. Thirty-eight % (24/64) of cases were limited to the
lamina propria mucosae (T1), 28% (18/64) invaded the superficial muscularis
propria (T2a), and 13% (8/64) the deep muscularis propria (T2b). A substantial
number (14/64, 22%) of UC cases invaded perivesicular tissue (T3). Muscle-
invasive growth could be assessed in 76/199 (38%) bladder UC cases. More than
two thirds (52/76, 68%) were muscle-invasive tumors, which is compatible with
high tumor stage. The tumor growth pattern of muscle-invasive UC could be
assessed in 41/52 (79%) cases, and it was more commonly flat (30/41, 73%)
than papillary (11/41, 27%). This was in contrasts to the non-muscle-invasive
UC, the vast majority of which (22/24, 92%) presented with a papillary growth,
with only rare flat tumor growth (2/24, 8%). Non-papillary, flat tumor growth
was statistically significantly strongly associated with tumor muscle invasion
(OR 31.00, 95% Cl 66.24-153.95).

Conventional, not further classifiable infiltrating UC was the most common type
of tumor (234/260, 90%), followed by UC with divergent differentiation
(15/260, 6%) (squamous [8/260, 3%], glandular [5/260, 2%] or both [2/260,
1%]), and squamous cell carcinoma (5/260, 2%). One case was identified to be

a bladder adenocarcinoma (not otherwise specified). Two rare urinary tract
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tumors, including primary urethral plasmacytoid UC and neuroendocrine
bladder tumor, have been identified in one dog each (Figure 3.3). Eight of the
234 not further classifiable infiltrating UC cases presented with certain
characteristic histological features within a low percentage (1 to 20%) of the
studied tissue section, including micropapillary and microcystic growth (Figure
3.4), neuroendocrine differentiation as well as the presence of neoplastic cells
with plasmacytoid, rhabdoid, signet-ring cell, lipid-rich or glycogen-rich
appearance (Figure 3.5). Since the divergent differentiation was however only
observed in a minor portion of the examined tumor tissue, these tumors were
diagnosed as not further classifiable infiltrating UC and not as UC with divergent
differentiation. The urethral plasmacytoid UC was found in a 9-year-old male
neutered crossbreed dog with a history of dyschezia and prostate enlargement.
The submitted and histologically examined tissue was limited to urethra.
Prostate tissue was not available and no further information about the follow-
up of this dog was given. The neuroendocrine bladder tumor was diagnosed in
a 13-year-old female neutered 7kg crossbreed dog with reported weight loss
since a few months and a history of polyuria and polydipsia, pollakisuria,
hematuria, and increasing lethargy over a period of less than 2 months. The
tumor was diagnosed based on cystoscopy and biopsy. Due to late tumor
diagnosis with very advanced disease and poor prognosis, the dog’s owner
decided against surgery and chemotherapy and elected euthanasia 3 weeks
after the tumor diagnosis was made. Consent for a full post-mortem
examination was given and confirmed the primary bladder tumor with
metastases in lung, medial iliac and sacral lymph nodes.

Finally, non-conventional UC was associated with muscle-invasive tumor

growth (p<0.001), being compatible with higher tumor stage.

3.5 Discussion

The present study confirms the previously observed striking epidemiological
and pathological similarities between canine and human UC (Knapp et al., 2000;
Knapp et al., 2014). The number of comparative human and canine BC studies

available in the literature is still very low, with the most relevant studies being
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done in North America (Decker et al., 2015; Dhawan et al., 2015; Norris et al.,
1992; Patrick et al., 2006; Shapiro et al., 2015; Valli et al., 1995). The present
study is the largest study with comparative epidemiology and histology, which
includes 260 cases. It demonstrates that similar to the situation in people,
canine UC mainly affects elderly patients. The mean age of dogs diagnosed with
UC was over 10 years, which is equivalent to approximately 60 to 70 human
years (Patronek et al., 1997), compatible with the mean age of people
diagnosed with UC. Both canine and human UC have a strong sex predilection.
While men are at a three-fold higher risk to develop UC compared to women,
the situation is exactly the opposite in dogs. Similar to the situation in people,
the reason for the sex predisposition is unknown in dogs. Behavioral, anatomic,
physiological and hormonal gender differences have been discussed, but
remain speculative (Dietrich et al., 2011; Prizment et al., 2007). It is important
to take into account that most of the dogs in the present study were surgically
castrated which could potentially have contributed to the observed female
predisposition for developing UC. Indeed, neutering appeared as a risk factor
for UC for both female and male dogs in the present and previous studies
(Knapp et al., 2000). Interestingly, a similar phenomenon can be seen in women
with a history of bilateral oophorectomy, who have a higher risk to develop UC
(Dietrich et al., 2011; Prizment et al., 2007). Given that castration causes a
change in the level of sex hormones and their receptors, these proteins likely
play a major role in the carcinogenesis of UC. Previous studies have shown that
reduced androgen receptor and increased estrogen receptor-beta expression
are associated with higher tumor stage and grade, respectively (Boorjian et al.,
2004; Kauffman et al., 2013; Miyamoto et al., 2012; Shen et al., 2006; Tuygun
etal., 2011).

Another remarkable feature of canine UC is its high predisposition for certain
dog breeds (Knapp et al., 2014; Norris et al., 1992), which we could confirm in
our study. Dogs of the same breed are genetically closely related and can be
compared to related human families. The Scottish terrier has been previously
shown to be the breed with the highest risk (up to over 20-fold) to develop UC

(Knapp et al.,, 2014; Norris et al.,, 1992). Present results confirm this
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observation, which raises high suspicion of a strong genetic component of UC
in certain dog breeds. Interestingly, the three dog breeds with highest risk to
develop UC were significantly younger at the time of tumor diagnosis,
compared to other dog breeds. The age difference was just over one year,
which would be equivalent to approximately 7 human years (Patronek et al.,
1997).

Pathologically, canine and human UC are very similar, both grossly and
histologically. UC affects most commonly the urinary bladder in both people
and dogs and represents the most common (over 90%) type of BC in both
species. The lateral and posterior wall are the most common sites of UC in
people (Sciarra et al., 2004; Stephenson et al., 1990; Xiao and Rashid, 2015),
whereas dogs in our and previous studies tend to have UC within the neck and
trigone area (Fulkerson and Knapp, 2015; Knapp et al., 2000). Reasons for the
difference in preferred bladder subsites of UC between men and dogs are not
known, but they may be due to the different orientation of the bladder within
the body, leading to different intravesical urine flow. The prognostic
significance of the different tumor bladder subsites is reported with some
conflicting results, but involvement of neck or trigone appears to be associated
with higher tumor stage and worse prognosis in people (Stephenson et al.,
1990; Xiao and Rashid, 2015). This could potentially explain the higher UC
tumor stages in dogs compared to men.

The vast majority, between 80 and 90%, of human UC grow papillary (Sciarra et
al., 2004). Non-papillary (flat or endophytic) growth is much less common in
people. This is in contrast to the findings of the here studied canine tumors
which presented with an equal number of papillary and flat tumors.
Interestingly, non-papillary growth has been demonstrated to be associated
with higher tumor grade, muscle invasion and poor prognosis in people (Guo et
al., 2016; Sciarra et al.,, 2004). The studied canine data confirms this
observation.

Histologically, the present study demonstrates that UC of people and dogs are
strikingly similar and directly comparable. Non-conventional UC are less

common in both species and most frequently comprise UC with divergent,
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glandular and/or squamous, differentiation. Other UC subtypes are rare in both
species, but important to recognize given their association with poor prognosis
(Amin, 2009). In the studied canine population, one case of primary urethral
plasmacytoid UC in a male neutered dog, and one case of neuroendocrine
tumor in the bladder of a female neutered dog were identified. Both tumors
were high grade with evidence of intravascular neoplastic growth in the
plasmacytoid UC and widespread lymph node and distant metastases in the
neuroendocrine tumor, respectively. Neither of these two tumor types have
been described in any non-experimental animal species and are herein
reported for the first time as spontaneous tumors in an animal species. Other
histological features, including micropapillary and microcystic growth, and
rhabdoid, signet-ring cell, lipid-rich and glycogen-rich appearance of neoplastic
cells were observed in a small proportion of the herein studied canine cases.
These histological tumor features are poorly described in animals, but are well
known features of UC in people (Amin, 2009; Humpbhrey et al., 2016; Zhai et al.,
2007). These results therefore further support the value and suitability of the
dog as animal model for UC in people.

In conclusion, canine and human UC are epidemiologically and pathologically
directly comparable, which promotes the dog as a valuable animal model.
Canine UC has an extraordinarily high predisposition for certain genetically
closely related dog breeds which suggests a strong genetic component which
needs further investigation. Female surgically neutered dogs are at highest risk
to develop UC which leads to the speculation that sex hormones are crucial in
the carcinogenesis of UC. Given the typically high tumor grades in dogs, canine
UC appears to mimic the malignant muscle-invasive form of UC in people which
is known to lack a well-established animal model that is so urgently needed to
discover new therapeutic options. Finally, rare urinary tract tumors, including
plasmacytoid UC and neuroendocrine tumor, occur spontaneously in dogs and

are herein described for the first time in a non-experimental animal species.
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Figure 3.1. The effect of sex, neutering, age, and dog breed on cancer incidence.
The risk of UC in Scottish terriers increases with age. This effect is strongest in
female neutered dogs. Non-risk breeds are defined as all dog breeds, including
cross breeds, excluding Scottish terriers, Shetland sheepdogs, and West

Highland White terriers. Error bars indicate the standard errors of the mean

(SEM).
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Figure 3.2. Microphotograph of UC in the urinary bladder of two dogs. Tumor
growth is papillary in a 6-year-old female entire giant schnauzer (A) and flat in
an 11-year-old male neutered Cavalier King Charles spaniel (B), respectively.

Hematoxylin and eosin stain. Magnification x3 (A), x4 (B).

Figure 3.3. Microphotograph of two rare tumor variants in two dogs. A) Primary

urethral plasmacytoid UC in a 9-year-old male neutered crossbreed dog. Round
anaplastic cells grow in a sheet-like discohesive pattern. B) Neuroendocrine
carcinoma in the urinary bladder of a 13-year-old female neutered crossbreed
dog. Highly anaplastic cells form small cell nests and trabecules. Hematoxylin

and eosin stain. x300 (A), x100 (B).
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Figure 3.4. Microphotograph of UC with different histological growth patterns
in the urinary bladder of two dogs. A) Micropapillary growth in a 10-year-old
female neutered lurcher. B) Microcystic growth in a 12-year-old male neutered

miniature pinscher. Hematoxylin and eosin stain. x100 (A), x50 (B).
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Figure 3.5. Microphotograph of UC with different cellular features in the
urinary bladder of four dogs. A) Rhabdoid features in a 9-year-old female
Labrador retriever; B) Presence of signet ring cells in a 12-year-old female

neutered Labrador retriever; C) Glycogen rich areas in a 10-year-old male Jack
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Russell terrier; D) Lipid rich areas in a 9-year-old female neutered West

Highland White terrier. Hematoxylin and eosin stain. x300 (A), x200 (B-D).
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Absolute Prevalence Univariate Multivariate

numbers (%) OR 95% CI P value OR 95% CI P value
Female sex 3.51 2.57-4.79 <0.001 2.92 2.17-3.91 <0.001
With UC 170 77
Without UC 31,243 48
Neutering 4.57 1.87-11.12 <0.001 3.75 1.85-7.60 <0.001
With UC 166 75
Without UC 37,054 88*
Breed
Scottish terrier 15.11 8.99-25.41 <0.001 19.51 11.48-33.16 <0.001
_ 16 7
With UC 338 0.5
Without UC 6.82 3.01-15.49 <0.001 12.33 5.35-28.40 <0.001
Shetland sheepdog 6
268 0.4
With UC 2.79 1.80-4.35 <0.001 3.30 2.03-5.36 <0.001
Without UC
West Highland white terrier 22 10
2,504 4
With UC
Without UC

Table 3.1. Risk factors for UC in the studied dog population. Female sex, neutering and certain dog breeds were identified as risk factors by
univariate and multivariate regression analysis.*Note that neutering status was unknown in 23,997 (36%) of cases

Abbreviations: Cl: Confidence interval; OR: odds ratio; UC: urothelial carcinoma
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Canine UC
(Present study)

Human UC
(Literature)

Significance

Age

Dog breed/ethnicity

Sex

Mean: 10.22 years
(equivalent to 60-70 human years)

Three breeds are highly predisposed to develop
uc:

1) Scottish terrier (OR 15.11)
2) Shetland sheepdog (OR 6.82)
3) West Highland White terrier (OR 2.79)

Incidence

Strong female predominance (OR 3.51)
195/260 (75%) females

65/260 (25%) males

Prognosis
Generally very poor (68% muscle-invasive at first
tumor diagnosis)

Mean: 69-71 years
(Madeb and Messing, 2004)

White people are predisposed for UC (two
fold risk)

Black people are associated with higher-
stage UC and reduced survival

(Hankey and Myers, 1987; Lee et al., 2006;
Yee et al., 2011)

Incidence

Strong male predominance  (75%)

Ratio male : female = 3-4:1

Prognosis

Women have poorer survival rate (56% 5-
year survival) compared to men (68% 5-
year survival)

(Ferlay et al., 2015; Ferlay et al., 2013;
Tracey et al., 2014)

Mean age at UC diagnosis is comparable

between people and dogs

Certain human ethnic groups and dog breeds
have a high predisposition to develop UC

Risk dog breeds with UC are significantly younger
at the time of diagnosis compared to non-risk
breed dogs with UC

In contrast to people, female dogs have an over
three times higher risk to develop UC compared
to males

Female sex is associated with poor prognosis in
both human and canine patients
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Surgical castration Females: Sex hormones and their receptors play a
(neutering) 149/195 (77%) neutered crucial role in UC development and
3/195 (2%) entire progression
43/195 (22%) unknown
Males: Surgical castration in women increases the
41/65 (63%) neutered risk of developing UC
4/65 (6%) entire (Dietrich et al., 2011; McGrath et al., 2006;
20/65 (31%) unknown Prizment et al., 2007)

Control population:
51,190/93,863 (55%) neutered

7,632/93,863 (8%) entire
35,041/93,863 (37%) unknown

Surgically neutered dogs have a four times higher
risk to develop UC compared to entire dogs

Surgical castration in women and female dogs is
a risk factor for UC development

Note: Surgical castration is a routine procedure
in dogs (55% of our control dogs are neutered)

Table 3.2. Comparison of epidemiological factors of canine and human UC.

Abbreviations: OR: odds ratio; UC: urothelial carcinoma
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Canine UC
(Present study)

Human UC
(Literature)

Significance

Localization/subsite

Growth pattern

191/260 (74%) bladder

61/260 (23%) urethra

8/260 (3%) bladder with extension into
proximal urethra

14/29 (48.28%) bladder neck, 9/29
(27.59%) trigone, 3/29 (10.34%) cranial
bladder/dome, 2/29 (6.90%) bifocal
(bladder neck and cranial), 1/29 (3.45%)
ventral bladder, 1/29 (3.45%) dorsal

8/10 (80%) distal urethra
2/10 (20%) proximal urethra

Papillary

33/66 (50%)

T1 (n=22), T2a (n=9)

Non-papillary (flat

33/66 (50%)

T1 (n=2), T2a (n=9), T2b (n=6), T3 (n=13)

Non-papillary UC are over 30 times more
likely to be muscle-invasive compared to
papillary UC (OR 31.00)

Bladder UC is more common than urethral UC (2%
versus <1% of all malignancies)

Bladder
Bladder neck and trigone involvement is associated

with higher tumor grade and worse prognosis

Urethra

Mostly proximal location in men and distal in
women

(Annan et al., 2017; Dayyani et al., 2014; Gakis et al.,
2013; Kobayashi et al.,, 2014; Reis et al., 2011;
Sciarra et al., 2004; Stephenson et al., 1990; Sui et
al.,, 2017; Svatek et al., 2014; Swartz et al., 2006;
Xiao and Rashid, 2015; Zhou et al., 2012)

Non-papillary UC are more likely to grow more
invasive (74% muscle-invasive) compared to
papillary UC

(Guo et al., 2016; Kern, 1984; Sciarra et al., 2004;
Terada, 2013)

UC is more common in urinary bladder than
urethra in both people and dogs

Bladder neck involvement is associated
with poor prognosis

Urethral UC is more common in distal
portion in women and female dogs

Non-papillary growth is associated with
higher tumor grade, muscle invasion and
poor prognosis in both people and dogs




Muscle invasion Muscle-invasive Women suffer from advanced tumor stages Tumor grade is typically higher in canine

52/76 (68%) compared to men compared to human UC

- 30/52 (58%) non-papillary (flat) (Babjuk et al., 2013; Mungan et al., 2000; Tracey et

- 11/52 (21%) papillary al., 2014) High grade, muscle-invasive UC is more
- 11/52 (21%) unknown common in female than in male in both

human and canine patients
Non-muscle-invasive
24/76 (32%)
- 22/24(92%) papillary
- 2/24 (8%) non-papillary (flat)

Tumor stage at first 24/64 (38%) T1 At the time of first tumor diagnosis, the majority At first tumor diagnosis, tumor stage is

diagnosis 18/64 (28%) T2a (70-80%) of UC are non-invasive or early invasive typically higher in canine compared to
8/64 (13%) T2b (Amin and Tickoo, 2016; Babjuk et al., 2013; Ferlay human UC
14/64 (22%) T3 etal., 2015)

Tumor classification 234/260 (90%) UC 90% UC UC is the most common type of bladder
15/260 (6%) UC with divergent 5% SCC and adenocarcinoma cancer in both people and dogs with
differentiation 5% other comparable frequencies
5/260 (2%) SCC (Amin and Tickoo, 2016)

1/260 (0.4%) adenocarcinoma Tumors with squamous or glandular
1/260 (0.4%) plasmacytoid UC differentiation are the second most
1/260 (0.4%) neuroendocrine tumor common type of urothelial tumors in both

people and dogs. Other variants of UC are
rare in both species

Table 3.3. Comparison of gross and histopathological features of canine and human UC.

Abbreviations: OR: odds ratio; SCC: squamous cell carcinoma; UC: urothelial carcinoma
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Background to the published work

Canine UC comprises approximately 2% of all cancers in dogs and is a well-
known malignancy among veterinary practitioners and pathologists. The
cytological and/or histological diagnosis is generally straightforward (Meuten
and Meuten, 2016). This is essentially true for advanced tumors where
histological features of malignancy are usually evident and for cancers with
clinically confirmed location in the urinary bladder. The histopathological
diagnosis is however more challenging in cases of low-grade UC, or when the
neoplastic tissue samples have been collected from other organs than the

bladder, including the prostate.

Reported histological description, including characteristic UC-specific features,
primarily focus on cytomorphological parameters of the neoplastic cells. In
contrast, histomorphology of tumor stroma, as well as other potentially
relevant features for cancer diagnosis and prognosis, such as tumor necrosis
and inflammation, are poorly described in dogs. Studies, which specifically
describe tumor stroma of canine UC are rare. Most knowledge about UC stroma
derives from published work dating back to 1995, which included 107 dogs with
UC (Valli et al., 1995). In this study, the stroma was described to be of variable
density, ranging from fine fibrovascular to desmoplastic. Furthermore, the
same work pointed out that the stroma may potentially be important for
prognosis even though this was only speculated. To date, a prognostic role for

the tumor stroma was not demonstrated in canine UC.

Tumor inflammation, which is known to have prognostic relevance in cancer,
including human UC (Hodgson et al., 2018; Mihatsch et al., 1979), has been
poorly described in dogs. Knowledge about the quality and frequency of tumor
inflammation in UC remains poor. The same work (Valli et al., 1995), also
assessed the inflammatory component of canine UC. In Valli and colleagues’
study, a lymphocytic, tumor-associated inflammatory response was reported
to be common. In addition, there was speculation that a possible association

between the quality and quantity of the tumor stroma and the inflammation
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exists, potentially with prognostic relevance. So far, tumor inflammation could

not be confirmed to have a prognostic value in canine UC.

The lack of knowledge about certain highly relevant tumor features, including
stroma and inflammation, in canine UC motivated the following study. The
following aims were defined: i) to histologically assess and characterize a large
cohort of canine UCs, with emphasis on tumor stroma, inflammation and
necrosis, and ii) to assess possible associations between these features and the
available epidemiological data as well tumor invasive growth. The following

work represents the largest reported canine comparative histological UC study.
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4.1 Abstract

Canine UC is the most common type of cancer of the lower urinary tract and
tends to affect elderly neutered female dogs, with a high predisposition for
Scottish terriers. Tumor stroma, inflammation and necrosis are poorly
characterized in canine UC and their role as prognostic factors is unknown. The
aims of this study were to (1) assess histologically 381 canine UCs, with
emphasis on myxoid tumor stroma, inflammation and necrosis, and (2) assess
possible associations between these features and the available epidemiological
data as well as bladder wall muscle invasion. In 103 of 381 (27%) of cases, the
stroma was mixed collagenous and myxoid (fibromyxoid), which was strongly
associated with invasive growth of muscle (p <0.0001). Peritumoral and
intratumoral inflammation was present in 308 of 345 (89%) and 287 of 381
(75%) of cases, respectively, and was mostly mild and lymphoplasmacytic. One
hundred and fifteen of the 381 (30%) cases showed a variable eosinophilic
inflammation, and 58 of 381 (15%) presented with formations of one or several
lymphoid follicles. Twenty-four percent (91 of 381) of cases had tumor necrosis,
which was typically mild. In 83 of 91 (91%) of cases, the necrosis was comedo-
like. Moderate to severe tumor necrosis was associated with the presence of
moderate to predominant fibromyxoid tumor stroma (p <0.02). The results of
this study indicate that fibromyxoid stroma is common in canine UC and is a
strong indicator for invasive growth of muscle, which is consistent with a poor
prognosis. Based on histomorphology, tumor necrosis in canine UC is best

described as comedonecrosis.

4.2 Introduction

Urothelial (transitional cell) carcinoma is the most common cancer of the lower
urinary tract in man and dogs (Dy et al., 2017; Knapp et al., 2014; Mutsaers et
al., 2003; Norris et al., 1992). Canine UC most commonly affects elderly
neutered female dogs, with a strong predisposition for Scottish terriers (de Brot
et al., 2018; Knapp et al., 2014; Norris et al., 1992). At the time of diagnosis,
affected dogs typically present with advanced disease and options for curative

therapy are often limited (Abbo et al., 2010; Boria et al., 2005; Henry et al.,
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2018). In order to improve therapy, and therefore the prognosis of UC affected
dogs, a genetic and morphological tumor characterization, ideally on an
individual basis, is crucial. When assessing the morphology of urothelial, or any
other type of, tumors, features such as tumor stroma, inflammation and
necrosis need to be included, due to their potential importance in tumor
prognosis and response to therapy (Hodgson et al., 2018; Inoue et al., 2017,
Samaratunga et al., 2005; Wang et al., 2015). In veterinary medicine, the
stroma present in UC is characterized poorly, and is typically described as
variably dense, fine fibrovascular to desmoplastic (Valli et al., 1995). In man,
conventional UC is characterized by a desmoplastic tumor stroma
(Samaratunga et al., 2005). Other, much less common stromal responses,
reported only in people, include a myxoid and pseudosarcomatous reaction
(Cox et al., 2009; Harik et al., 2006; Ro et al., 1993; Tavora and Epstein, 2009).
Significant myxoid stroma can be seen in sarcomatoid UC, in UC with a
pseudosarcomatous stromal response, and in rare cases of UC with abundant
myxoid stroma (Mahadevia et al., 1989) (Cox et al., 2009; lkegami et al., 2000;
Sanfrancesco et al., 2016; Tavora and Epstein, 2009). A pseudosarcomatous
stromal reaction is uncommon in the lower urinary tract and is characterized
by the presence of plump, activated fibroblasts, associated with myxoid
changes and increased cellularity (Mahadevia et al., 1989; Young et al., 1988).
This type of stromal response has been reported in benign and malignant
human urinary tract lesions, and occurs spontaneously, in response to trauma
or tumor treatment, or in association with neoplasia (Ambrosini-Spaltro and
Melissari, 2011; Harik et al., 2006; Hughes et al., 1991; Pearson et al., 1989;
Vasilakaki et al., 2014).

Tumor inflammation is a well-known phenomenon, which has been studied
extensively in various human tumors (Mantovani et al., 2008). In human UC,
inflammation can play a prognostic role (Hodgson et al., 2018; Inoue et al.,
2017; Offersen et al., 2002; Samaratunga et al., 2005). A mild, predominantly
lymphoplasmacytic, intratumoral or peritumoral inflammation is a common
finding in human and canine UC (Inoue et al., 2017; Mihatsch et al., 1979;

Offersen et al., 2002; Samaratunga et al., 2005). The prognostic significance of
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tumor inflammation in UC is controversial, but studies suggest that prominent
inflammation is associated with better prognosis in people (Hodgson et al.,
2018; Offersen et al., 2002). In this context, cancer-associated inflammation
may be interpreted as evidence for antitumor immunity.

Tumor necrosis is widely accepted as a poor prognostic factor in various
cancers. In general, tumor necrosis is understood to represent increased
intratumoral hypoxia due to rapid cell turnover (Caruso et al., 2012; Hodgson
etal., 2018). In human UC, the presence and extent of tumor necrosis has been
shown to be associated with worse prognosis (Langner et al., 2006; Lee et al.,
2007; Ord et al., 2007; Soave et al., 2015; Zigeuner et al., 2010). Where
available, histological description of the necrosis in UC was consistent with
coagulative necrosis (Langner et al., 2006; Ord et al., 2007; Zigeuner et al.,
2010). One of these studies included a morphological variant of coagulative
necrosis (i.e. comedo necrosis), in their histological assessment (Ord et al.,
2007). By definition, comedo-type necrosis is characterized by the presence of
well-circumscribed epithelial nests containing central necrotic material (Caruso
et al., 2014).

In a previous study, we assessed epidemiologically and histologically 260 canine
UCs (de Brot et al., 2018). In that population, elderly neutered female Scottish
terriers were at highest risk for developing UC. The histological assessment
included subgross tumor growth (papillary versus non-papillary), muscle-
invasive growth and histological tumor classification. Tumor stroma,

inflammation and necrosis were not specifically assessed.

Given the human literature and the lack of studies which characterize canine
UC histologically, the aims of the present study were: (1) to histologically assess
and characterize 381 canine UCs, with emphasis on myxoid tumor stroma,
inflammation and necrosis, and (2) to assess possible associations between
these features and the available epidemiological data as well as muscle

invasion.
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4.3 Material and methods

Samples

The present retrospective study includes archived formalin-fixed and paraffin
wax-embedded tissues from 381 dogs with primary urinary bladder (n = 302),
urethral (n = 77) or renal pelvic (n = 2) carcinomas, which were submitted
between 1989 and 2016, to four different institutions located in the UK (n =
260; Bridge Pathology Ltd., Bristol, UK) and Switzerland (n = 121; University of
Zurich; University of Bern; Zyto-Histo Diagnostics, Freienstein). The following
case information was available: age at the time of tumor diagnosis, sex,

neutering status and dog breed. No follow-up data were available.

Histology

HE-stained tissue sections from all 381 cases were available as both glass and
digital (scanner 3DHISTECH Panoramic 250 Flash Ill; UK) or only glass
(Switzerland) slides. The samples were assessed histologically by a board-
certified veterinary pathologist (SdB), with support of a certified human
uropathologist (BR) and five certified veterinary pathologists (LGR, MD, FG, DM
and TS). All cases were classified for tumor subtype according to the WHO
human tumor classification system (Humphrey et al., 2016). On all cases,
semiquantitative assessment of peritumoral and intratumoral inflammation
and tumor necrosis was performed as follows: 0, absent; 1, focal mild; 2,
multifocal mild; 3, multifocal moderate; 4, multifocal severe or diffuse. The
degree of severity was defined as follows (percentage of affected tissue per
tissue section): for inflammation as mild, <10%; moderate, 10—30%; or severe,
>30%; and for necrosis as mild, <5%; moderate, 5-20%; or severe, >20%.
Cases with peri- and/or intratumoral inflammation were assessed for the
presence of lymphoid follicles (0, none; 1, 1 follicle; 2, 2-3 follicles; 3, >3
follicles), and number of eosinophils per 1 and 10 high power fields (HPF). For
this purpose, HPFs with the highest number of eosinophils were selected. A HPF
was defined as 0.237mm2 (x40 objective and x10 ocular with field number 22)
following the recommendations by Meuten et al. (Meuten et al., 2016). Cases

with tumor necrosis were estimated for the presence of comedo-like necrosis,
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and calculated as % of total necrosis (area percentage) (0, absent; 1, <10%; 2,
10-50%; 3, >50%). For all cases, a semiquantitative assessment of fibromyxoid
tumor stroma was performed as follows: 0, absent; 1, focal mild; 2, multifocal
mild; 3, multifocal moderate; 4, predominant. The degree of severity was
defined as follows (percentage of fiboromyxoid stroma within the total tumor
stroma per tissue section): mild, <10%; moderate, 10-50%; predominant,
>50%. Fibromyxoid stroma was defined as a variably dense mixed collagenous
and myxoid stroma, irrespective of the extent and distribution of the two
components. The fibromyxoid stroma was assessed on HE-stained tissue
sections. In order to confirm both the myxoid and collagenous stromal
component, serial sections from seven representative cases were stained with
Alcian blue and Masson’s trichrome stains. Cases with partial or full-thickness
tunica muscularis (137 of 381) were assessed for muscle-invasive tumor
growth. Muscle invasion was defined as tumor invasion into any level of the

muscularis propria.

Statistics

Breed predisposition and the risk of the other available epidemiological factors
were assessed statistically following previously reported criteria (de Brot et al.,
2018). The Chi-square test was used to test for associations between tumor
muscle invasion, tumor necrosis, fibromyxoid tumor stroma, peri- and
intratumoral inflammation, and squamous and/or glandular differentiation of
the tumor. P <0.05 was accepted as significant. Statistical analyses were

performed using SPSS v.24.0 (IBM Corp., Armonk, New York, USA).

4.4 Results

In a previous study (de Brot et al., 2018), we reported the epidemiological data
from 260 out of the current 381 cases. The additional cases (n = 121) included
in the present study confirmed the previously reported predisposition for
elderly neutered female Scottish terriers. Assessing all 381 cases, Scottish
terriers were significantly younger (mean 9.04 + 1.7 years) at the time of tumor

diagnosis, when compared with all other dog breeds grouped together (mean
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10.27 + 2.2 years) (p <0.01). The same effect was seen in male dogs (mean 9.78
+ 2.4 years) when compared with female dogs (mean 10.32 + 2.1 years). A more
detailed summary of the epidemiological data from the dogs included in the
study is presented in Table 4.1.

Table 4.2 details the primary tumor location, tumor type and subtype, and
muscle invasion of the studied cases. Urinary bladder was the primary tumor
location in the majority (79%) of cases and UC was (88%) the most common
type of tumor. Squamous differentiation, either partially in cases with UC (n =
22), or diffusely in cases with squamous cell carcinoma (SCC; n = 7), was present
in 29 of 381 (8%) cases. Glandular differentiation was seen in 13 of 381 (3%)
UCs and was diffuse in one case, the latter being consistent with primary
bladder adenocarcinoma. Muscle invasion, defined as tumor invasion of any
level of the tunica muscularis of the bladder or urethra, was common, and was

present in two thirds of all assessable tumors.

Table 4.3 gives results for the presence of fiboromyxoid stroma, inflammation
and necrosis of all studied tumors. The tumor stroma was fibromyxoid in 27%
of cases, being moderate to severe (i.e. affecting 210% of the total tumor
stroma per tissue section) in two thirds of the cases. The fibromyxoid stroma
was characterized typically by a dense fibrous stroma with variable multifocal
to coalescing accumulations of intercellular, myxomatous substance (Figures
4.1 and 4.2). The presence of fibromyxoid stroma was strongly associated with
tumor muscle invasive growth (p <0.0001). Tumors with evident (5-100% of the
tumor tissue section) squamous or glandular differentiation were associated
with the presence of moderate to predominant fiboromyxoid stroma. This
association was stronger in tumors with glandular (p <0.0001) compared with
squamous differentiation (p = 0.005). Inflammation, peritumoral (including
tumor front) as well as intratumoral, was common and seen in 89% and 75% of
cases, respectively. The inflammation was predominantly lymphoplasmacytic,
multifocal to coalescing, and typically mild. Almost one third of all cases (115 of
381; 30%) showed a variable, ranging from mild to severe, peri- and/or

intratumoral infiltration with eosinophils (Fig. 4.3). Fewer cases (58 of 381;
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15%) presented with formations of one or several lymphoid follicles, typically
located in peritumoral tissue (Fig. 4.4). Moderate to severe intratumoral and
peritumoral inflammation was associated with squamous (p <0.04) and
glandular (p = 0.001) differentiation, respectively. Moderate to severe
peritumoral inflammation was associated with moderate to severe
intratumoral inflammation (p <0.0001). Twenty-four percent of all cases had
variable tumor necrosis, which was typically mild and multifocal to coalescing
(Table 4.3). In the majority (91%) of cases, the necrosis was comedo-like (Fig.
4.5). Moderate to severe tumor necrosis was associated with the presence of
moderate to predominant fibromyxoid tumor stroma (p <0.02). No other
significant associations were observed between the different studied

parameters.

4.5 Discussion

UC is known to have a variably dense fibrous tumor stroma (Amin, 2009;
Humphrey et al., 2016). UC with myxoid stroma is rare in people (Tavora and
Epstein, 2009) and has not been described in dogs or other animals. In people,
myxoid stroma is reported in both invasive and non-invasive UC (Amin, 2009;
Humphrey et al., 2016). The proposed terminology for UC with prominent
myxoid stroma includes ‘myxoid UC with abundant myxoid stroma’ (Behzatoglu
et al., 2012). In cases with chordoid morphology, characterized by prominent
cellular cording and associated myxoid stromal matrix, the UCs are proposed to
be referred to as ‘UC with abundant myxoid stroma showing chordoid-like
features’ (Cox et al., 2009). In man, the myxoid stroma is typically loose with no
significant collagenous stromal component. This contrasts with the canine
cases reported here, which were characterized by a dense, mixed collagenous
and myxoid (hence the term ‘fibromyxoid’) tumor stroma. The primarily dense
fibromyxoid stroma in the canine cases studied here appears to closely
resemble the fibromyxoid stroma described in human vulvar squamous cell
carcinoma (Jeffus et al., 2015). In accordance with previous studies (Ambros et
al.,, 1996; Pinto et al., 1999), Jeffus et al. (Jeffus et al., 2015) defined a

fibromyxoid stromal response as extracellular matrix composed of immature
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collagen and fibroblasts with a myxoid component, which had a blue hue on
HE-stained tissue sections compared with the fibrous stroma. This
histomorphological description defines well the appearance of the fibromyxoid
stroma observed in the canine cases in the present study. The blue hue of the
myxoid stromal component was observed in HE-stained tissue sections and was
even more evident when the tissue was stained with Alcian blue. In people, UC
may be associated with an exuberant stroma with variable myxoid matrix and
extensive mesenchymal changes, which may stimulate a sarcoma or
sarcomatoid differentiation, referred to as ‘pseudosarcomatous stromal
reaction’ (Ambrosini-Spaltro and Melissari, 2011; Ro et al., 1993). In the present
canine cases, such a highly proliferative stromal spindle cell population,
characterized by a high cellularity of plump fibroblasts, was absent. Canine
cases in the present study lacked any chordoid-like features (i.e. cellular cording

in a loose myxoid stroma).

The fact that the presence of fibromyxoid stroma was strongly associated with
muscle invasive tumor growth in these dogs with UC is significant. Muscle
invasion per se is an indicator for higher tumor stage and poor prognosis in
patients with UC (Humphrey et al., 2016). In a study of human UC, all cases with
abundant myxoid stroma were invasive, with 69% and 31% of cases invading
the lamina propria and tunica muscularis, respectively (Tavora and Epstein,
2009). The presence of fibromyxoid stroma is also known to be a poor
prognostic factor in vulvar squamous cell carcinoma (Ambros et al., 1996; Jeffus
et al., 2015) and uterine endometrioid endometrial carcinoma (Murray et al.,
2003). In vulvar squamous cell carcinoma, the presence of a fibromyxoid
stroma was associated with older age group, poorer survival rate and more
extensive lymph node metastases (Ambros et al., 1996) as well as infiltrative
tumor morphology, perineural invasion and lymph node metastasis (Jeffus et
al., 2015). In endometrial carcinoma, a fiboromyxoid stromal reaction is known
to be associated with a higher frequency of death or recurrence and is
frequently accompanied by lymphatic or blood vessel invasion (Murray et al.,

2003). The role of fibromyxoid tumor stroma in the pathomechanism of
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aggressive tumor growth remains unknown. Infiltrative tumors with a
fiboromyxoid stromal response have been proposed to behave more
aggressively through epithelial-to-mesenchymal transition (Holthoff et al.,

2017).

Tumor necrosis was a common finding in the present study, and was observed
in ~25% of cases. This is in agreement with human upper and lower urinary tract
UC where tumor necrosis is a frequent and a well-described feature (Hodgson
et al.,, 2018; Lee et al., 2007; Soave et al., 2015; Zigeuner et al., 2010). Tumor
necrosis is a poor prognostic factor in human UC, and is associated with
increased tumor size, decreased recurrence-free survival and decreased
disease-specific survival, older age, advanced tumor stage, higher tumor grade,
lymph node metastasis, positive surgical margin status and lymphovascular
invasion (Hodgson et al., 2018; Lee et al., 2007; Soave et al., 2015; Zigeuner et
al., 2010). In these canine cases, no association of tumor necrosis with older
age or tumor muscle invasion was observed. It was not possible to determine
additional clinicopathological associations, as information with respect to
tumor size, survival time, lymph node metastasis and surgical margins was not
available, which is a limitation of this study. Interestingly however, moderate
(affecting 5-20% of the tissue section) to severe (affecting >50% of the tissue
section) tumor necrosis was significantly associated (p <0.02) with the presence
of moderate (10-50% of the total tumor stroma) to predominant (>50% of the
total tumor stroma) fibromyxoid tumor stroma, which in turn is strongly
associated with muscle invasion. Nevertheless, no direct association was

observed between tumor necrosis and muscle invasion.

In the canine UCs reported here, tumor necrosis presented primarily as
comedo-type necrosis, closely resembling comedonecrosis in human and
canine breast and prostate cancer (Akter et al., 2015; Al-Mansour et al., 2018;
Epstein et al., 2017; Fine et al., 2018; Palmieri and Grieco, 2015; Yagata et al.,
2003). The histomorphological description of comedonecrosis (i.e. intraluminal

necrotic cells and/or karyorrhexis displaying cribriform or solid
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architecture)(Fine et al., 2018), describes well the comedo-type necrosis in the
examined canine UCs. However, the term comedonecrosis is not commonly
used when referring to tumor necrosis in human or canine UCs, except in cases
with prostatic UC (Humphrey et al., 2016). Reasons for this may be: (1) necrosis
in human (non-prostatic) UC is not of comedo-type, and/or (2) necrosis in
canine UC has not previously been further characterized. Given that
comedonecrosis in human UC appears to be rare, in contrast to canine UC, its
presence may indicate a different pathogenesis of tumor necrosis in people and
dogs. Given the frequent presence of comedonecrosis in canine UC in the
present study, which includes over 380 dogs of different breeds, ages and
gender, with origin in two different countries, it seems reasonable to assume
that comedonecrosis is a common feature of canine UC.

Regarding the prognostic significance of comedonecrosis in the present study,
only an indirect association between the presence of moderate to severe tumor
necrosis and tumor muscle invasion was found. No significant association
between the presence of comedonecrosis and age, sex, neutering status or dog
breed was identified. In human breast carcinoma, disease-free survival was
significantly shorter in patients with the comedo-type compared with the non-
comedo-type tumor (Yagata et al., 2003). Due to the lack of information about
survival times of the dogs studied here, no conclusions could be drawn for
canine UC. In PC, a finding of comedonecrosis has been near universally
associated with high-grade disease, and comedonecrosis is a defined feature of
Gleason grade 5 tumors (Epstein et al., 2017). Considering that canine UC is
typically a high-grade disease per se, the frequently occurring comedonecrosis

may potentially reflect, and be associated with, high tumor grades.

Tumor inflammation, both peritumoural and intratumoral, was common in the
studied canine UCs. Lymphocytes and plasma cells were the predominate
inflammatory cell type and most cases had only a mild inflammatory response.
This is in agreement with previous studies of human and canine UC (Inoue et
al., 2017; Mihatsch et al., 1979; Offersen et al., 2002; Samaratunga et al., 2005).

The prognostic significance of peri- and intratumoral inflammation in UC is
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controversial in the human literature (Samaratunga et al., 2005). Inflammation
has been reported to be associated with longer survival times, particularly in
cases with an intense, tumor-front inflammatory response (Hodgson et al.,
2018; Offersen et al., 2002). This association could unfortunately not be tested
in the present canine cohort due to a lack of information about survival times.
Apart from mononuclear inflammatory cells, polymorphonuclear cells, in
particular neutrophils and eosinophils, are also described in human UC
(Offersen et al., 2002; Samaratunga et al., 2005). Almost one third of all cases
in the present series showed a variable, peri- and/or intratumoral infiltration
with eosinophils. The occurrence of eosinophils within neoplastic tissue is
referred to as tumor-associated tissue eosinophilia (TATE) (Popov et al., 2018).
Similar to TATE in human UC, the extent of the eosinophilic inflammatory
response in canine cases varied greatly, ranging from absent to a high-density
inflammation. The prognostic significance of TATE in UC remains controversial
(Hodgson et al., 2018; Lowe et al., 1984; Mihatsch et al., 1979; Popov et al.,
2018). In addition to lymphoplasmacytic and eosinophilic inflammation, about
15% of all canine UCs presented with formations of one or several lymphoid
follicles, typically located in peritumoral tissue. The presence of tertiary
lymphoid structures (TLSs) has been reported to occur in bladder and other
types of cancer (Koti et al., 2017). Studies of the prognostic significance of TLSs
in BC are rare. Koti et al. (Koti et al., 2017) reported a poor prognostic
significance of TLSs, which was seen more commonly in high-grade muscle
invasive, compared with non-muscle invasive, BC. In the current series, no
association between the presence and extent of TATE or TLS, and muscle
invasive growth, age, sex, neutering status or dog breed was identified. In
conclusion, TATE and TLS are regularly occurring features in canine UC, but are

of unknown prognostic significance.

Divergent, including squamous and glandular, differentiation is frequent in
human UC and has diagnostic, prognostic and therapeutic implications (Amin,
2009; Minato et al., 2017; Shanks and Iczkowski, 2009). In the present study,

squamous differentiation (8%) was found more commonly than glandular
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differentiation (3%). This has already been reported and discussed in a previous
study, which included histological assessment of a subset of 260 out of the
currently reported 383 cases (de Brot et al., 2018). As an additional finding, the
present study shows an association between divergent (i.e. glandular, and to a
lesser extent, squamous differentiation) and the presence of fibromyxoid
tumor stroma. Partly based on evidence from the literature, and partly
speculative, it could be proposed that this association may be explained as
follows: (1) tumor cells with squamous or glandular differentiation promote the
development of a tumor stroma with a myxoid component, (2) tumor stroma
with a myxoid component promotes the divergent differentiation of neoplastic
urothelial cells, or (3) divergent differentiation (Amin, 2009; Minato et al., 2017;
Shanks and lczkowski, 2009) and myxoid stroma (Tavora and Epstein, 2009)
both represent poor prognostic features and are therefore likely to be seen
together in highly malignant subtypes of UC. These explanations are, however,
speculative and require further studies for clarification. Another feature which
was associated with divergent (i.e. glandular, and to a lesser extent, squamous
differentiation) was the presence of moderate to severe inflammation. As for
the association with myxoid stroma, it remains unknown whether in these
cases inflammation promoted divergent differentiation of neoplastic urothelial

cells or vice versa.

In conclusion, the presence of fibromyxoid tumor stroma is common in canine
UC and is strongly associated with muscle-invasive growth, which is an indicator
of poor prognosis. Tumor inflammation and necrosis are common in UC, but
their prognostic significance remains unknown. Based on histomorphology,
tumor necrosis in canine UC is predominantly comedo-like and therefore best

referred to as comedonecrosis.
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Figure 4.1. Muscle-invasive UC in the urinary bladder of a 7-year-old neutered
male crossbreed dog. Note the mixed collagenous and myxoid (fibromyxoid)

tumor stroma. HE. Bar, 100 pm.
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Figure 4.2. Muscle-invasive UC in the urinary bladder of a 7-year-old neutered
male crossbreed dog (same case and approximately same location within the
tumor as shown in Figure 4.1). Note the mixed collagenous and myxoid
(fibromyxoid) tumor stroma with positive Alcian blue and green Masson’s
trichrome (inset) staining. Alcian blue stain with nuclear fast red counterstain.

Bar, 100 um. Inset: Masson’s trichrome stain. Bar, 100 um.
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Figure 4.3. UC in the urethra of a 12-year-old male curly-coated retriever. Note
the marked infiltration of the lamina propria with eosinophils (*). HE. Bar, 100

um.

Figure 4.4. Non-muscle invasive UC in the urinary bladder of a 6-year-old giant
schnauzer. Note the formations of lymphoid follicles (*) in the peritumoral

lamina propria. HE. Bar, 1000 pum.
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Figure 4.5. Muscle-invasive UC in the urinary bladder of a 5-year-old female

Labrador retriever. Note the severe comedonecrosis, characterized by well-
demarcated, large central areas of necrotic material (*) surrounded by

neoplastic epithelial cells. The tumor stroma is fibromyxoid. HE. Bar, 200 um
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urothelial carcinoma by RNA-sequencing
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5.1  Abstract

Background: Canine bladder UC is a cancer, which is strongly linked to few
specific dog breeds, proposing a strong genetic contribution. To date, very little
is known about relevant genetic factors of UC in dogs, and the transcriptome of
this disease has poorly been described. Differential gene expression, including
genes of the p53 pathway, and certain chromosomal abnormalities have been
reported to occur in dogs with UC. In contrast, differential splicing, a feature of
UC in people, has not previously been reported for canine UC.

Aims: To i) characterize and assess differential gene expression and AS of
canine UC by RNAseq, and to ii) compare the genetic alterations in canine UC
with the transcriptional features of human BC.

Material and methods: Canine FFPE bladder UC tissue of 9 different dogs (n=3
paired non-tumor and tumor specimen, and n=6 non-paired tumor samples)
with high grade UC were analyzed for the presence of different gene expression
and AS by RNAseq. Assessed types of AS included skipped exons (SE), retained

introns (RI), mutually exclusive exons (MXE), alternative 3’ (A3SS) and 5’ (A5SS)
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start sites. Identified differentially expressed genes and significant altered AS
were examined for any associated KEGG pathways and for any relevance in
human BC.

Results: No significant differently expressed genes were found when canine UC
and histopathologically non-malignant bladder mucosa were compared. In
contrast, AS was common, with presence of numerous significant differently
spliced genes in all five assessed types of AS. Many of the identified altered
genes (SVIL, PXN, KAT7, ACIN1, TPCN2, SLIT2, MTNR1A, DDR1, APAF1, PKN1,
F11R, TCF7L2, ALKBH, COL6A3) and KEGG pathways (focal adhesion, pathways
in cancer, PI3K-Akt signalling among others) have been found to be relevant in
human BC. Finally, human BC, as well as acute myeloid leukemia and thyroid
cancer pathways were shown to be enriched pathways in the assessed canine
UC with differential AS.

Conclusions: Canine UC is characterized by frequent differential splicing of
cancer-relevant genes. Many of the identified altered cancer-relevant genes
and pathways are known to be associated with human BC, confirming the
resemblance of canine and human BC on a molecular level. This study is the

first to describe AS in canine UC.

5.2 Introduction

Canine UC is a cancer with one of the strongest breed predisposition in dogs,
proposing a strong genetic background (de Brot et al., 2018; Fulkerson and
Knapp, 2015; Mutsaers et al., 2003). Scottish and the closely related West
Highland White terriers are at highest risk, up to 20-fold, to develop the disease,
presumably due to certain genetic factors in this breed. Despite awareness of
this strong breed association (Norris et al., 1992), studies which address the
genetic variations in these high-risk breeds are rare. So far, chromosomal
number abnormalities as well as aberrant expression of genes involved in p53
pathways (APC, BAX, CTNNB1, HDAC1, MDM2, NOXA1, PTEN) and epithelial
mesenchymal transition (CDH1, CLDN3, VIM, ZEB1, ZEB2) have been reported
in canine UC (Dhawan et al., 2015; Shapiro et al., 2015). Gene expression

analysis based on RNAseq has rarely been performed on canine UC tissue or
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cells. Recently, RNAseq revealed a 7-fold upregulation of immune checkpoint
B7x when comparing 29 cystoscopic UC biopsy samples with 4 normal canine
bladder tissue samples (Chand et al., 2019). The B7x expression however did
not correlate with clinical features. Previously, the results of a gene expression
analysis of the same canine RNA have already been published, based on a
microarray expression profile analysis (Dhawan et al., 2015) and RNAseq,
respectively (Dhawan et al., 2018). In the earlier study, 18 canine UC were
compared with 4 normal dog bladder tissues, using the GeneChip™ Canine
Genome Array 2.0 (Affymetrix canine 2.0), which contains over 20,000
predicted genes. The gene expression profile indicated two different molecular
subtypes of UC, consisting of a basal and luminal types. Furthermore, p53
pathway genes were upregulated in tumor compared to normal bladder tissue
samples. In the more recent study, RNAseq of 29 UC and 4 normal bladder
samples confirmed the presence of two different, i.e. a basal and luminal,
subtypes of UC. Basal tumors were characterized by upregulation of MMPS,
SERPINE2, CAV1, KRT14, and RASA3, whereas luminal tumors showed increased
expressions of PPARG, LY6E, CTSE, CDK3, and TBX2, among other genes. A
major limitation to these studies was that the breeds of dogs, from which the
tissue samples were collected, were not reported. AS is an important post-
transcriptional modification, which allows the generation of different mRNA
species from a single gene. From the different mRNA isoforms, a variety of
proteins can be translated, some of which may differ in their function or
location within the cell or tissue. Given its important role in the generation of
different proteins, it is not surprising that altered AS has been shown to be
associated with disease, including cancer (Scotti 2015, Singh 2012). In human
bladder UC, AS has been demonstrated to have an important role in cancer
progression as well as prognosis (Duenas 2019, He 2018, Gosalbez 2014,
Malentacchi 2012, Atlasi 2009). More specifically, UC development has been
considered to depend on AS, which has an effect on certain key oncogenic
pathways (Duenas 2019). The same group of researchers have proposed that
AS of MDM?2 is responsible for UC recurrence. Furthermore, a prognostic role

has been suggested for AS via the construction of splicing event signatures (He
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2018). One specific gene, SDF-1, has been reported to be present as different
isoforms in human UC, with a poor prognostic role for the isoform 3. SDF-1 B
has also been demonstrated to have a diagnostic implication due to its high
sensitivity in the detection of UC (Gosalbez 2014). Another gene, which has
been proposed to be valuable for UC detection is carbonic anhydrase 9 (CAIX).
For that purpose, it has been recommended to only measure the full-length
isoform, rather than the concentration of all the splice variants of this gene
(Malentacchi 2012). Finally, when assessing the expression of surviving (a
protein with anti-apoptotic properties) for diagnostic or therapeutic purposes,
it has been proposed to differentiate between different splice variants due to

their variable expression in UC (Atlasi 2009).

In dogs, the role of AS in cancer has poorly been investigated up to present.
Only few studies are available, which report the occurrence of AS in a small
number of cancer types. In canine mast cell tumors, AS has been demonstrated
to result in a truncated GNAI2 protein even though it has not been determined
what role this altered protein plays in this type of canine cancer (Arendt 2015).
When investigating canine breast cancer, AS has been shown to be responsible
for a reduced expression of a functional tumor suppressor gene p16/INK4A
(Kabir 2013) and kallikrein-related peptidases 8 and 14 (Angelopoulou 2010,
Angelopoulou 2009). In canine BC, AS has however not been reported up to

present. In the present study, AS in canine UC is described for the first time.

The aim of the present study is to i) analyze the global transcriptional profile,
i.e. differential gene expression and AS, of canine UC from Scottish terriers and
the closely related West Highland White terriers by RNAseq and to ii) compare

the results with the transcriptional features of human BC.

5.3 Material and methods
Ethics and study design
The study was approved by the University of Nottingham AWERB and the

School of Veterinary Medicine and Sciences ethics committees. Informed
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consent of all cases was obtained upon submission of the tumor samples. Prior
to the use of patient data, all canine cases was anonymized. The study is
retrospective and includes archived FFPE tissue, which was provided by Bridge

Pathology Ltd. Bristol UK, in a collaborative agreement.

Cases

Based on dog breed, tumor origin, tissue quality and tumor histomorphology,
9 different dogs with UC were selected. Only Scottish (n=1) and West Highland
White terriers (n=2), primary urinary bladder UC, high grade tumors and
samples with neglectable tissue artefacts were included. More detailed case
information is provided in Table 5.1. Information about the presence of tumor

metastasis and follow-up data were not available.
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Sample ID Paired Breed Gender Age Clinical information Tumor Muscle Location of non-neoplastic
TN (years) growth invasion  (normal) tissue in relation to

tumor

15 (normal) Yes WHWT FN 12 Hematuria; bladder tumor detected on Papillary No Adjacent, on the same tissue

14 (tumor) US; tumor removal via laparotomy block and tissue fragment like
tumor.

47 No WHWT MN 9 Hematuria; bladder tumor detected on NA No NA

us

17 No WHWT MN 9 Tumor removal via laparotomy Flat Yes NA

18 (normal) Yes WHWT MN 12 Hematuria; bladder tumor detected on Papillary No Adjacent, on the same tissue

19 (tumor) us block and tissue fragment like
tumor.

21 No WHWT NR 12 Dysuria; bladder tumor detected on US Flat No NA

24 No ST FN 9 Hematuria Papillary NA NA

26 No ST FN 10 NR Papillary No NA

25 No ST MN 9 NR NA Yes NA

33 (normal) Yes ST MN 9 Tumor removal via partial cystectomy Papillary No On a different tissue block and

34 (tumor) fragment.

Table 5.1. Case information of the 9 dogs which were selected for RNAseq.

Abbreviations: FM: Female neutered; MN: Male neutered; N: Normal; NA: Not applicable/assessable; NR: Not reported; ST: Scottish terrier; T:

Tumor; TN: Tumor/normal; WHWT: West Highland White terrier
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RNA sequencing: Sample preparation and sequencing

From each case/FFPE tissue block, four 10 um thick tissue sections were
trimmed and transferred to sterile Eppendorf tubes for further processing for
RNA extraction. Where necessary, tumor and benign tissue were separated and
removed from non-neoplastic, inflamed, necrotic, or calcified tissue by manual
microdissection of the 10 um sections by using sterile microtome and scalpel
blades. For that purpose, the corresponding digital histology slide was
previously marked up as guidance, as illustrated (Figures 5.1 and 5.2). Samples
were first treated with deparaffinization solution (Qiagen, Manchester, UK) as
directed by the manufacturer. Total RNA was then isolated to the retrieved
tissue isolated using an RNeasy FFPE kit (Qiagen, Manchester, UK), with on-
column DNase (Sigma-Aldrich, Gillingham, UK) digestion. Samples were
quantified using a Nanodrop spectrophotometer and Abs260/280 determined
and values ~2.0 selected for further analysis. RNA quality [RNA integrity number
(RIN) >7] was confirmed using an Agilent bioanalyser. Samples were submitted
to the Barts and London Genomics Centre for library preparation and analyzed

using an lllumina NextSeq500 platform using standard protocols.

i) Differential gene expression analysis

Paired end raw reads (fastq format) were quality- and adapter-trimmed using
the Trimgalore wrapper for FastQC and Cutadapt. The resultant fastq files were
then aligned to the canine reference genome (CanFam3.1) using the STAR
aligner and gene expression quantified using HTSeq. The RobiNA (version
1.2.4_build656) implementation of EdgeR (Robinson et al., 2010) was used to
calculate differential gene expression between non-malignant and UC
specimens, which was determined based on a q<0.05 and fold changes >1.5 and
using the Benjamini-Hochberg (Benjamini and Hochberg, 1995) method for
multiple testing correction. Unsupervised hierarchical clustering analysis of
either paired non-tumor and tumor samples, or non-tumor compared to all
tumor samples, was created using Cluster3.0. Count data was filtered to

remove genes which were not expressed in any samples, log transformed,
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mean centred and average linkage determined. The resulting outputs were

displayed using Java Treeview.

Figure 5.1. Case 33. Screenshot of a digital histology slide containing fragments
of non-neoplastic canine urinary bladder tissue. Prior to manual
microdissection, the areas of tissue to be sampled have been marked up by
drawing blue lines (indicated lengths of lines are irrelevant). In this case,
mucosa (here on the side marked with *) was selected and tunica muscularis

(on the side marked with X) was excluded.
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Figure 5.2. Case 26. Screenshot of a digital histology slide containing fragments
of a urinary bladder UC. Prior to manual microdissection, the areas of tumor
tissue to be sampled have been marked up by drawing a blue line, which
separates tumor growth (*) from adjacent non-neoplastic tunica muscularis (X)

(indicated length of line is irrelevant).

ii) Alternative splicing analysis

Reads were first trimmed to a uniform length (74 bp) using the rMATS trimming
tool. AS events were detected and quantified with the rMATSs (version 3.2.5)
using the STAR aligner and the CanFam3.1 Ensembl annotated gene transfer
format (GTF) file. Assessed events included the following: SE, MXE, A5SS, A3SS
and Rl (Figure 5.3). For this purpose, RNAseq data (as described above) from
normal bladder tissue (n=3 cases; sample ID 15, 18 and 33) was compared to
RNAseq data from BC tissue (n=3 cases; sample ID 14, 17 and 34). Splicing
events with false discovery rate (FDR) <0.05 were considered significant. For
each event, and separately for normal and cancer samples, the exon inclusion
level (defined as exon-inclusion ratio, also known as PSI) as well as the
difference of PSI (dPSl) between normal and cancer samples were calculated. A
threshold of dPSI >20% was arbitrarily defined as a biologically relevant

difference. The KEGG database (https://www.genome.jp/kegg/, accessed 13

November 2019) and WEB-based Gene SeT Analysis Toolkit (WebGestalt;

http://www.webgestalt.org/, accessed 13 November 2019) was searched to

identify relevant pathways and genes affected by the AS. Literature research on

Pubmed (https://www.ncbi.nlm.nih.gov/pubmed, last access on 13 November

2019) was performed in order to identify any bladder or other cancer-specific

relevance of genes with significant AS events.
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Figure 5.3. Illustration of the different types of AS events, which were assessed
in the present study. Grey boxes indicate exonic regions. Pale and dark grey {Deleted:

boxes indicate intronic sequences that are included in _mature mRNA by

alternative splicing. The black dashed lines indicate constitutive splicing,

whereas the red dashed lines indicate alternative splicing. Five main types of

AS events are shown. (A) Constitutive splicing; (B) mutually exclusive exons; (C)
cassette alternative exon; (D) alternative 3’ splice site; (E) alternative 5’ splice

site; and (F) intron retention.

5.4 Results

5.4.1 Differential gene expression

No significant differentially expressed genes were identified when setting the
expression fold change to >1.5. Interestingly, when performing a hierarchical

cluster analysis, paired samples failed to cluster together (Figures 5.4 and 5.5).
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Figure 5.4. Heat map constructed by hierarchical clustering analysis of paired
(N: normal; T: tumor) samples of n=3 dogs with canine urothelial carcinoma.
Green and red indicate up- and downregulation of individual genes in the event
of cancer, respectively. The numbers 1 to 3 correspond to the following cases
(as indicated in Table 5.1): 1: 15(N) and 14(T); 2: 18(N) and 19(T); 3: 33(N) and
34(T).
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Figure 5.5. Heat map constructed by unsupervised hierarchical clustering
analysis of paired (n=3) (N: normal; T: tumor) and non-paired (n=6) tumor
samples of n=9 dogs with canine UC. Green and red indicate up- and
downregulation of individual genes in the event of cancer, respectively. The
numbers 1 to 9 correspond to the following cases (as indicated in Table 5.1):
N_1:18; N_2:33; N_3:15;T_1:19; T_2:21; T_3: 24, T_4: 25; T_5:26; T_6: 17;
T 7:34;T_8:47,T_9: 14.
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5.4.2 Alternative splicing analysis

In addition to the differential gene expression analysis, the RNAseq data of the
three paired canine UC cases (sample IDs 14, 15, 17, 18, 33, 34) was assessed
for the presence and frequency of AS. The following five different types of AS
were analyzed: SE, MXE, Rl, A5SS, and A3SS. The results of the AS analysis are
indicated individually for each subtype of AS, and have been summarized in the

Table 5.2.

Skipped exon

A total of 12,286 events were detected using junction counts and reads on
target, with 496 (4%) significant (FDR <0.05) events between normal and
neoplastic samples. Of those, higher exon inclusion levels were slightly more
common in normal (n=255) (51%) compared to cancer samples (n=241) (9%),
and 78 (16%) events were considered significant based on dPSI (= 20%). These
78 events occurred in 71 different genes, which are associated with the
following top 10 different KEGG pathways (all of them human-specific, unless
indicated otherwise): Mitophagy (p<0.015), Th17 cell differentiation (p<0.038),
autophagy — animal (p<0.052), spliceosome (p<0.056), apoptosis (p<0.058),
Hepatitis B (p<0.064), Cushing syndrome (p<0.072), protein processing in
endoplasmic reticulum (p<0.082), RNA transport (p<0.082), autophagy — other
(p<0.089). The events were located on 29 (out of 39) different canine

chromosomes, with a range of 2 (3%) to 8 (10%) events per chromosome.

Mutually exclusive exon

A total of 948 events were detected using junction counts and reads on target,
with 90 (9%) significant (FDR<0.05) events. Of those, higher inclusion levels
were slightly more common in cancer (n=47) (52%) compared to normal (n=43)
(48%) cases, with 44 (49%) events with a significant dPSI (> 20%). These 44
events occurred in 41 different genes, which are associated with the following
top 10 different KEGG pathways (all of them human-specific, unless indicated
otherwise): Protein digestion and absorption (p<0.017), melanogenesis

(p<0.021), ubiquitin mediated proteolysis (p<0.036), Wnt signalling pathway
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(p<0.040), oxytocin signaling pathway (p<0.044), Hippo signalling pathway
(p<0.045), Cushing syndrome (p<0.045), glycosylphosphatidylinositol (GPI)-
anchor biosynthesis (p<0.054), axon guidance (p<0.056), Hippo signalling
pathway — multiple species (p<0.063). The events were located on 24 (out of
39) different canine chromosomes, with a range of 1 (2%) to 4 (9%) events per

chromosome.

Retained intron

A total of 334 events were detected using junction counts and reads on target,
with 23 (7%) significant (FDR<0.05) events. Of those, higher exon inclusion
levels were seen more frequently in normal (n=14) (61%) compared to cancer
(n=9) (39%) cases, with 6 (26%) events with a significant dPSI (> 20%). These 6
events occurred in 6 different genes, which are associated with the following
top 10 different KEGG pathways (all of them human-specific, unless indicated
otherwise): Epithelial cell signaling in Helicobacter pylori infection (p<0.037),
Salmonella infection (p<0.047), insulin resistance (p<0.058), leukocyte
transendothelial migration (p<0.061), signaling pathways regulating
pluripotency of stem cells (p<0.075), cell adhesion molecules (CAMs) (p<0.077),
non-alcoholic fatty liver disease (NAFLD) (p<0.080), tight junction (p<0.091),
PI3K-Akt signaling pathway (p<0.182). The events were located on 5 (out of 39)
different canine chromosomes, with a range of 1 (17%) to 2 (33%) events per

chromosome.

Alternative 5’ splice site

A total of 3982 events were detected using junction counts and reads on target,
with 157 (4%) significant (FDR<0.05) events. Of those, higher inclusion levels
were more frequent in normal (n=98) (62%) compared to neoplastic (n=59)
(38%) samples, with n=31 (20%) events with a significant dPSI (> 20%). These
31 events occurred in 30 different genes, which are associated with the
following top 10 different KEGG pathways (all of them human-specific, unless
indicated otherwise): Endocrine resistance (p<0.010), thyroid hormone

signalling pathway (p<0.013), neurotrophin signaling pathway (p<0.014),
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transcriptional misregulation in cancer (p<0.031), nicotinate and nicotinamide
metabolism (p<0.045), thyroid cancer (p<0.055), ferroptosis (p<0.059),
homologous recombination (p<0.061), BC (p<0.061), amyotrophic lateral
sclerosis (ALS) (p<0.075). The events were located on 16 (out of 39) different
canine chromosomes, with a range of 1 (3%) to 4 (13%) events per

chromosome.

Alternative 3’ splice site

Atotal of 7597 events were detected using junction counts and reads on target,
with n=255 (3%) significant (FDR<0.05) events. Of those, higher inclusion levels
were more common in normal (n=153) (60%) compared to cancer (n=102)
(40%) cases, with n=72 (28%) events with significant dPSI (= 20%). These 72
events occurred in 69 different genes, which are associated with the following
top 10 different KEGG pathways (all of them human-specific, unless indicated
otherwise): Shigellosis (p<0.003), adipocytokine signalling pathway (p<0.004),
microRNAs in cancer (p<0.004), antifolate resistance (p<0.008), Th17 cell
differentiation (p<0.011), neurotrophin signalling pathway (p<0.014), Ras
signalling pathway (p<0.017), ubiquitin mediated proteolysis (p<0.020),
cytosolic DNA-sensing pathway (p<0.030), acute myeloid leukemia (p<0.032).
The events were located on 23 (out of 39) different canine chromosomes, with

a range of 1 (1%) to 7 (10%) events per chromosome.
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Assessed SE MXE RI A5SS A3SS
parameter

Number of 496 (255:241) 90 (43:47) 23 (14:9) 157 (98:59) 255 (153:102)
significant events?

(normal:tumor)

Number of events 78 (20.1-81.6) 44 (20.0-52.7) 6 (20.5-48.6) 31(20.4-57.7) 72 (20.2-63.7)

with dPSI 220%
(range)

Associated top ten
KEGG pathways*
(in decreasing
order of p-values;
cancer-specific
pathways in bold)

Mitophagy

Th17 cell differentiation
Autophagy - Animal
Spliceosome
Apoptosis

Hepatitis B

Cushing syndrome
Protein processing in
endoplasmic reticulum
RNA transport
Autophagy - other

Protein digestion and
absorption

Melanogenesis

Ubiquitin mediated
proteolysis

Whnt signaling pathway
Oxytocin signaling pathway
Hippo signaling pathway
Cushing syndrome
Glycosylphosphatidylinositol
(GPI1)-anchor biosynthesis
Axon guidance

Hippo signaling pathway —
multiple species

Epithelial cell signaling in
Helicobacter pylori infection
Salmonella infection
Insulin resistance
Leukocyte transendothelial
migration

Signaling pathways
regulating pluripotency of
stem cells

Cell adhesion molecules
(CAM:s)

Non-alcoholic fatty liver
disease (NAFLD)

Tight junction

PI3K-Akt signaling pathway

Endocrine resistance
Thyroid hormone signaling
pathway

Neurotrophin signaling
pathway

Transcriptional
misregulation in cancer
Nicotinate and nicotinamide
metabolism

Thyroid cancer

Ferroptosis

Homologous recombination
Bladder cancer
Amyotrophic lateral
sclerosis (ALS)

Shigellosis
Adipocytokine signaling
pathway

MicroRNAs in cancer
Antifolate resistance
Th17 cell differentiation
Neurotrophin signaling
pathway

Ras signaling pathway
Ubiquitin mediated
proteolysis

Cytosolic DNA-sensing
pathway

Acute myeloid leukemia
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Number of affected
known genes

Number of
different
chromosomes with
AS

Frequency of AS
event per
chromosome

Frequency of AS
event per mRNA
strand

71

29/39

8/78(10%) Chr 6,9
6/78(8%) Chr 2

4/78(5%) Chr 3,7,24,27,30
3/78(4%) Chr 8,14,25
2/78(3%) Chr
4,5,10,11,12,18,26,31

36/78(46%) neg
42/78(54%) pos

41

24/39

4/44(9%) Chr 20
3/44(7%) Chr 1,13,25,26
2/44(5%)

Chr 2,6,9,11,16,18,28,32
1/44(2%)

Chr

X,3,4,7,8,10,17,19,23,30,31,

33

24/44(55%) neg
20/44(46%) pos

5/39

2/6(33%) Chr 38
1/6(17%) Chr 10,17,20,26

3/6(50%) neg
3/6(50%) pos

30

16/39

4/31(13%) Chr 5,20
3/31(10%) Chr 9,17
2/31(7%) Chr 1,2,10,16,30
1/31(3%) Chr
7,8,14,26,33,36,38

16/31(52%) neg
15/31(48%) pos

69

23/39

7/72(10%) Chr 1,20
6/72(8%) Chr 6,28
5/72(7%) Chr 9,18
4/72(6%) Chr 8,13,
3/72(4%) Chr 10,22
2/72(3%)

Chr
3,5,16,19,25,26,29,30,34
1/72(1%) Chr 12,23,24,27

40/72(56%) neg
32/72(44%) pos

Table 5.2. Summary of the AS analysis of 3 paired cases of canine UC, indicating the results for each subtype of AS in a separate column.

Abbreviations: AS: Alternative splicing; A3SS: Alternative 3' site splicing; A5SS: Alternative 5' splicing; Chr: Chromosome; dPSI: difference of

percent spliced in; KEGG: Kyoto Encyclopedia of Genes and Genomes; MXE: Mutually exclusive exon; neg: negative (mRNA strand); pos: positive

(mRNA strand); RI: Retained intron; SE: Skipped exon

Ubased on junction counts and target reads; *all human-specific unless indicated otherwise
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All genes affected by AS events with expected altered amino acid sequence (i.e.
SE, MXE or Rl) and with dPSI of >20% were assessed for any reported
association with human or animal BC by performing a literature research on

PubMed (https://www.ncbi.nlm.nih.gov/pubmed, last access on 13 November

2019). The results are shown in Table 5.3, and are summarized in Table 5.4. A
total of 14 different genes were identified, all of which were found to also be
relevant for different types of non-BC. These genes have been reported to
either have an altered gene and/or protein expression in cancer, with
prognostic significance for some of the genes. Corresponding references are
indicated in Table 5.3. More specifically, 9 (64%) and 5 (36%) out of 14 genes
were up- and downregulated in BC, respectively. In different non-BC, 5 (36%)
and 4 (29%) out of the 14 genes were up- and downregulated, respectively. The
remaining 5 (36%) genes were either up- or downregulated within different or
the same type of cancer. When comparing the individual gene expression
between BC and non-BC, 3 (21%) and another 3 (21%) of 14 genes were up- or
downregulated in both cancer groups. The remaining 8 (57%) genes were
expressed in different directions in BC compared to other cancer types, in at
least some of the reported studies. When comparing the dPSI (i.e. the ratio
between reads including or excluding exons) for each of the 14 genes, SVIL had
the highest (81.6%) and APAF-1 the lowest (24.1%) value. The type of AS of both
genes was SE. When dPSI was compared between the different splicing events,
mean dPSI values were highest in genes with SE (41.7%), followed by RI (40.6)
and MXE (37.4%). All but one gene (KAT7) had only undergone one subtype of
AS event. SE was most common (8/14; 57%), followed by MXE (4/14; 29%) and
RI (14%). Eight out of 14 (57%) genes were associated with between one and
13 different cancer-relevant KEGG pathways. Three of the total 29 pathways,
i.e. focal adhesion, pathways in cancer, and PI3K-Akt signaling, were observed
to be relevant for two different genes each. The remaining 26 pathways were

associated with only one of the genes.
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LET

Gene Altered expression Altered expression in Combined dPSI present AS KEGG pathways with
in BC non-BC change of study event relevance in cancer*
expression in
BC and other
cancer
SVIL Altered (suspected - Increased protein expression (different Up & down 81.6 SE NA
decreased) gene expression human carcinoma cell lines) (Chen et al.,
(Lamy et al., 2016) 2017)
PXN Decreased protein - Increased protein expression, prognostic Up & down 58.1 SE N=4
expression, prognostic (colorectal) (Du et al., 2016; Mantonakis Focal adhesion
(Athanasopoulou et al., et al., 2017); (larynx) (Li et al., 2015b) Proteoglycans in cancer
2013) - Decreased protein expression (liver Regulation of actin cytoskeleton
metastasis compared to primary tumor) VEGF signaling
(Mantonakis et al., 2017)
KAT7 Increased protein - Increased protein expression (breast) (Hu  Up 48.5 (SE) SE, NA
expression, prognostic et al., 2009; lizuka et al., 2013) 20.4 (MXE) MXE
(Chen et al., 2018; lizuka et
al., 2009)
ACIN1 Decreased gene expression -  Hypermethylation of the gene (lung) (Shu  Down 42.9 SE N=3
(inactivating genetic et al., 2006) mRNA surveillance pathway
mutation)(Majewski et al., RNA transport
2019) Spliceosome
TPCN2 Increased gene expression - Increased gene expression (6-gene Up 34.7 SE N=1

(Shivakumar et al., 2017)

signature), prognostic (prostate) (Li et al.,
2019a)

Calcium signaling




8€1

SLIT2

MTNRI1A

DDR1

Increased gene expression,
prognostic (Krafft et al.,
2018); decreased gene
expression
(hypermethylation of the
gene)(Roperch et al., 2016)

Decreased gene expression
(genetic mutation) (Lin et
al., 2017)

Increased protein
expression, prognostic (Xie
etal., 2017)

Decreased protein expression, prognostic
(brain) (Liu et al., 2016) (breast)
(Bhattacharya et al., 2016; Qin et al.,
2015); (leukemia) (Golos et al., 2019);
(lymphoma) (Mohamed et al., 2019);
(stomach) (Kim et al., 2016); (thyroid)
(Jeon et al., 2019; Shi et al., 2016)
Decreased gene expression
(hypermethylation of the gene)
(colorectal) (Patai et al., 2015);
(nasopharynx) (Li et al., 2018)

Decreased protein expression (oral
(Nakamura et al., 2008))

Genetic mutation (breast) (Pham et al.,
2019); (liver) (Su et al., 2017); (oral) (Lin
et al., 2015a)

Decreased protein expression, prognostic
(kidney) (Krazinski et al., 2019)

Increased protein expression, prognostic
(stomach) (Hur et al., 2017)

Variable protein expression (breast) (Jing
etal., 2018)

Up & down

Down

Up & down

31.9

28

25.7

SE

SE

SE

NA

NA

NA




6€1

APAF1 Decreased gene expression -  Decreased protein expression (breast) Down 24.1 SE N=4

(hypermethylation of the (Loginov et al., 2017); (ovary) Apoptosis

gene) (Christoph et al., (Abdelrahman et al., 2018) P53 signaling

2007a; Christoph et al., - Decreased gene expression (genetic Pathways in cancer
2006) mutation) (colorectal) (Sho et al., 2017); Small cell lung cancer

(hypermethylation of the gene) (rectal)
(Benard et al., 2014)

PKN1 Increased protein - Increased protein expression (prostate) Up and down 47.8 RI N=2
expression (Lachmann et (Venkadakrishnan et al., 2019); (breast) NOD-like receptor signaling
al., 2011) (Turner et al., 2010) PI3K-Akt signaling

- Variable protein expression (breast)
(Awadelkarim et al., 2012)

F11R Increased gene expression, -  Decreased protein expression (breast) Up & down 334 RI N=2
(JAM-A) prognostic (Riester et al., (Naik et al., 2008); (kidney) (Gutwein et Cell adhesion molecules (CAMs)
2014) al., 2009) Tight junction

- Increased protein expression (breast)
(McSherry et al., 2009) (brain) (Pong et
al., 2013)

- Decreased gene expression (adrenal)
(Alshabi et al., 2019); (breast) (Yen et al.,
2017)




or1

TCF7L2

ALKBH3

COL6A3

Increased protein
expression (Wang et al.,
2017b)

Increased protein
expression (Shimada et al.,
2009)

Increased protein
expression (Huang et al.,
2018; Thorsen et al., 2008);
increased gene expression,
prognostic (Di et al., 2019;
Zhu et al., 2019)

Increased protein expression, prognostic Up 52.7 MXE
(pancreas) (Xiang et al., 2018)

Increased gene expression (breast) (Zheng

etal., 2017)

Genetic mutations, prognostic (colorectal)

(De Nicola et al., 2018; Song et al., 2018);

(oral) (Damani Shah et al., 2019)

Increased protein expression, prognostic Up & down 51.1 MXE
(kidney) (Hotta et al., 2015); (lung) (Tasaki
etal, 2011)

Decreased gene expression, prognostic
(various cancers) (Knijnenburg et al.,
2018); (hypermethylation of the gene)
(breast) (Stefansson et al., 2017)

Increased protein expression, prognostic Up & down 25.4 MXE
(colorectal) (Qiao et al., 2015) (pancreas)

(Arafat et al., 2011)

Increased gene expression (colorectal)

(Liu et al., 2018b) (Snezhkina et al., 2016)

Genetic mutation (esophageal) (Li et al.,

2019b); (lung) (Duan et al., 2019)

N=13

Acute myeloid leukemia; Adherens
junction; Basal cell carcinoma; Breast
cancer; Colorectal cancer;
Endometrial cancer; Gastric cancer;
Hepatocellular carcinoma; Hippo
signaling; Pathways in cancer;
Prostate cancer; Thyroid cancer; Wnt
signaling

NA

N=3

ECM-receptor interaction
Focal adhesion

PI3K-Akt signaling




vl

Table 5.3. Fourteen different genes with significant AS events (SE, MXE or RI) with reported relevance in human bladder and non-BC are listed.
The genes are sorted in decreasing order of their calculated dPSI values from the present AS analysis, and are grouped for the different type of
AS events.

Abbreviations: AS: Alternative splicing; BC: Bladder cancer; down: downregulated (expression); dPSl: Difference of percent spliced in; KEGG:
Kyoto Encyclopedia of Genes and Genomes; MXE: Mutually exclusive exon; RI: retained intron; SE: skipped exon; up: upregulated (expression)

*All referring to human pathways unless indicated otherwise
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Total Altered expression Altered expression Combined dPSI Subtype of KEGG pathways with relevance in cancer
number in BC in other cancer altered (mean) AS event
of genes expression
N=14 Increased expression Increased expression Up only SE41.7 N=13 genes with 1 AS Total n=29 different pathways with relevance in n=8
(potential oncogenes) (potential oncogenes) N=3 RI 40.6 event subtype each; n=1  different genes
N=9 N=5 MXE 37.4 gene with 2 different AS
Down only event subtypes N=3 pathways with relevance in 2 different genes
Decreased expression Decreased expression N=3 each:
(potential tumor (potential tumor SE Focal adhesion, Pathways in cancer, PI3K-Akt signaling
suppressor genes) suppressor genes) Up & down N=8
N=4 N=3 (plus 1 suspected) N=8 N=26 pathways with relevance in 1 gene each:
(plus n=1 suspected) RI Acute myeloid leukemia, Adherens junction,
Genes with variable N=2 Apoptosis, Basal cell carcinoma, Breast cancer,
expression Calcium signaling, Cell adhesion molecules (CAMs),
N=5 MXE Colorectal cancer, ECM-receptor interaction,
N=4 Endometrial cancer, Gastric cancer, Hepatocellular

carcinoma, Hippo signaling, mRNA surveillance
pathway, NOD-like receptor signaling, P53 signaling,
Prostate cancer, Proteoglycans in cancer, Regulation
of actin cytoskeleton, RNA transport, Small cell lung
cancer, Spliceosome, Thyroid cancer, Tight junction,
VEGF signaling, Wnt signaling

Table 5.4. Relevance in BC and other cancer, and associated KEGG pathways are summarized for n=14 different genes with significant AS
events in the present study (Summary of Table 5.3).
Abbreviations: BC: Bladder cancer; dPSI: Difference of percent spliced in; KEGG: Kyoto Encyclopedia of Genes and Genomes; MXE: Mutually

exclusive exon; Rl: retained intron; SE: skipped exon; up: upregulated (expression)
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From the identified top ten KEGG pathways, which were found to be associated
with the different types of AS events, three cancer-specific pathways were
detected (Table 5.5), including acute myeloid leukemia (p<0.032), thyroid
cancer (p<0.055) and BC (p<0.061). The thyroid and bladder cancer pathways
were identified in the group of genes with differential A5SS, whereas the acute
myeloid leukemia pathway was found to be relevant within the group of genes
with altered A3SS. Three different relevant genes with significant AS were
associated with these cancer-specific pathways. TP53 was associated with
thyroid as well as bladder cancer, whereas IKBKB and TCF7L2 was linked to the

acute myeloid leukemia pathway.

AS Number of Relevant genes within
KEGG pathway* P value .u vant g wrent
event different genes  the pathway
Acute myeloid leukemia 0.032 A3SS 2 IKBKB, TCF7L2
Thyroid cancer 0.055 A5SS 1 TP53
Bladder cancer 0.060 A5SS 1 TP53

Table 5.5. Identified cancer-specific KEGG pathways and relevant genes in the
AS analysis of 3 paired canine UC cases.

*Cancer-specific pathways identified within the top 10 KEGG pathways of each
type of AS
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5.5 Discussion

Canine UC is expected to have a strong genetic background, primarily based on
the well-known high predisposition for certain dog breeds to develop the
disease (Norris et al., 1992). Studies, which investigate the genetic contribution
of UCin dogs are however rare, and very little is known about potential cancer-
relevant genes. The assessment of differential gene expression and
chromosomal number abnormalities of a relatively small number of UC-
affected dogs revealed aberrant expression of genes involved in p53 pathways
and epithelial mesenchymal transition (Sommer et al., 2018). Next-generation-
sequencing has been performed only on a limited number of samples and
studies about AS in canine UC are lacking. In the present RNAseq study, bladder
UC tissue of nine different dogs was assessed for the level of differential gene
expression and AS. Cancer samples were collected from either Scottish terriers
(i.e. the breed with highest predisposition to develop UC) or their close
relatives, the West Highland White terriers. Close to 900 significant events of
five different types of AS were detected, in absence of any significant
differentially expressed genes (DEG). The lack of DEG prompts the question if
this observation corresponds to inappropriate sampling or if it represents a true
finding. There is no doubt that the small number of normal tissue specimens
included in the study represents a limitation, which could potentially explain
the failure to find altered gene expression. Furthermore, normal and adjacent
cancer tissue from the same patient may be similar on a molecular basis, due
to a field effect, which alters the entire urothelium in cases of UC (Jones et al.,

2005). Moreover, a caveat includes the used canine reference database

(CanFam3.1), which represents the genome of a female boxer (Lindbad-Toh et

al. 2005). Even though the level of annotation of the dog genome has improved

recently, it is still far from perfect (Jagannathan et al. 2019). A more detailed

characterization of the canine transcriptome has recently been performed by

Hoeppner et al. (2014) who assessed the following ten types of tissues: blood,

brain, heart, kidney, liver, lung, ovary, skeletal muscle, skin, and testis. Urinary

bladder tissue was however not included. In addition, the canine transcriptome

has been described to differ between a variety of different dog breeds
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(Megquier 2019). In the present study, the dog breed differed between the

reference genome and the assessed urinary bladder tissue, possibly interfering

with the interpretation of the generated RNAseq data. Finally, the assessed

transcriptome of benign and malignant bladder tissues in the present study

included two different dog breeds. Even though the two types of terriers are

considered being relatively closely related, they may still be too genetically

heterogenous to be compared directly. Therefore, the observed lack of DEG

may be explained by a high genetic heterogeneity of the assessed tissue

samples. Despite_all these Jimitations_and, the lack of DEG, AS was found to be

frequent, possibly providing evidence that AS is more relevant than alternative

expression levels in the carcinogenesis of canine UC in these high-risk breeds.
This phenomenon has been reported before in human diseases, including
cancer. In invasive ductal carcinomas of the breast, AS was primarily seen in
genes with low or no differential expression (Bjorklund et al., 2017). In
idiopathic pulmonary fibrosis, significant AS occurred in approximately equal
numbers of genes with and without significant altered expression levels (Deng
et al., 2013).

For the first time, AS splicing has been described to occur in canine UC.
Interestingly, numerous relevant genes and disease pathways are altered in
both human and canine UC. More specifically, 14 different genes with
significant AS with relevance in human BC have been identified in the assessed
canine cancer tissue. The gene with the highest dPSI value was SVIL, which has
been demonstrated to have an altered expression level in human BC (Lamy et
al., 2016). In addition, this gene has been shown to have a prognostic value in
human UC (Ponten et al., 2008, Uhlen et al, 2015)

(https://www.proteinatlas.org/, accessed 13 November 2019), and increased

expression has been observed in different human carcinoma cell lines (Chen et
al., 2017). SVIL is an actin and myosin-binding protein, with an important role
in cell contraction and migration, including tissue invasion (Crowley et al.,
2009). Considering the highly invasive nature of canine UC, it seems reasonable
to propose that SVIL could potentially, contribute to the tissue invasion of

cancer cells, at least to a certain extent. It could be speculated that the
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observed significant increase in skipped exons may lead to the generation
different isoforms of the SVIL gene, which may be translated into proteins with
a higher functional activity. In order to correlate changes in AS with the level of
protein expression and function, for SVIL or any other genes, further protein
expression studies are required. The gene with the second highest dPSI value
in the present study was PXN, which is known to have prognostic significance
in human bladder and other cancer. Primary BC as well as colorectal cancer
metastases in the liver were shown to have reduced PXN expression
(Athanasopoulou et al., 2013; Mantonakis et al., 2017). This is in contrast to an
increased expression of the same gene in laryngeal and primary colorectal
cancer when compared to benign tissue (Du et al., 2016; Li et al., 2015b;
Mantonakis et al., 2017). Similar to SVIL, PXN is a cytoskeletal, actin-binding
protein, which is located at sites of cell adhesion to the extracellular matrix
(Deakin and Turner, 2008). The reported reduced PXN expression in BC could
potentially explain the increased motility of cancer cells. Indeed, PXN has been
shown to have a promoting effect on cell motility (West et al., 2001). Depending
on the type of tissue and environmental factors, the same protein has been
demonstrated to have an inhibitory effect on cell motility (Yano et al., 2004).
This dual effect may possibly explain the presumably contradictory level of PXN
expression in different types of cancer. The observed significant increased level
of exon skipping in neoplastic compared to benign canine urothelium could
result in the generation of a less or even non-functional PXN protein. Decreased
levels of PXN, associated with increased cell motility, may further contribute to
the invasive nature and frequent metastatic spread of UC in dogs. For canine
PXN, the functional implication of the altered AS remains however speculation
so far.

Three genes with significant AS in the present canine study, which are known
to have increased expression in human bladder and other cancers include
COL6A3, KAT7, TPCN2 and TCF7L2.

COL6A3 has been demonstrated to be overexpressed in BC and a variety of
other malignancies, with a prognostic value for bladder, pancreas and

colorectal cancer (Arafat et al., 2011; Di et al., 2019; Duan et al., 2019; Huang
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et al., 2018; Li et al., 2019b; Liu et al., 2018b; Qiao et al., 2015; Snezhkina et al.,
2016; Thorsen et al., 2008; Zhu et al., 2019). COL6A3 is a component of collagen
type VI, which is present in most types of connective tissue (Nissen et al., 2019).
In addition to its physiological role in tissue structure, collagen VI has also been
shown to have a tumor-promoting effect by increasing cell proliferation and
decreasing apoptosis (Cheng et al., 2011a; Park and Scherer, 2012). The
observed significant differential MXE in the studied canine UC tissue may lead
to the generation of more functional COL6A3 proteins, thereby contributing to
BC development in dogs. KAT7 (also known as HBO1) has been reported to have
a prognostic role in human BC (Chen et al., 2018; lizuka et al., 2009) and is
overexpressed in breast cancer (Hu et al., 2009; lizuka et al., 2013).
Interestingly, KAT7 presented with significant AS events in two different types
of AS (i.e. SE and MXE) in the present study, potentially emphasizing an
important role of differential splicing for regulating the expression of this gene.
The function of KAT7 is to acetylate H4 histones, thereby unfolding the
chromatin in order DNA transcription can take place (Miotto and Struhl, 2010).
Despite a well-recognized oncogenic effect of KATZ, it remains poorly
understood how exactly overexpression of this gene causes malignant disease.
It may be speculated that increased AS generates KAT7 isoforms, which are
translated into functionally active proteins, eventually leading to an overall
increase of unfolded chromatin. Consequently, potential oncogenes may be
expressed to a higher extent, finally contributing to the development of cancer.
TPCN2 is a highly selective Ca2+ channel, which is located in the lysosomal
membrane (Pitt et al., 2010). Increased expression of this gene has been
observed in bladder (Shivakumar et al., 2017) and prostate cancer (Li et al.,
2019a) even though little is known about the mechanisms by which this gene
causes malignant disease. In a recent study, which investigates mouse breast
and human cervical cancer cell lines, TPCN2 has been demonstrated to inhibit
the fusion between autophagosome and lysosome, resulting in the
accumulation of autophagosomes (Sun and Yue, 2018; Wang et al., 2017b). In
the context of cancer, TPCN2 has been poorly investigated. In a more recent

study, this gene has been shown to be relevant for cancer cell migration, and
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has therefore been proposed to be important for metastasis (Nguyen et al.,
2017). Accordingly, the observed significant differential splicing in the present
canine UC tissues, which presumably alters the level of functional TPCN2
protein, could play an important role in the metastatic behavior of UC in dogs.
Up to present, the expression and function of TPCN2 has not been investigated
in any canine benign or neoplastic condition in dogs. The present study is the
first to report the level of expression and AS of this gene in canines.
Transcription factor 7 like 2 (TCF7L2) has been shown to be overexpressed in
BC (Wang et al., 2017b), as well as other cancer, including breast and pancreas
malignancies, with a prognostic significance in the latter (Xiang et al., 2018;
Zheng et al., 2017). TCF7L2 is a transcription factor with relevance for a variety
of different genes, with a key role in the Wnt signaling pathway (Graham et al.,
2000). More specifically, the effector of this cancer-relevant pathway, B-
catenin, accumulates in malignant cells and forms a complex with TCF7L2,
leading to the transcription of several genes with a role in cell proliferation. In
the currently studied canine UC, TCF7L2 presented with significant differential
MXE splicing. Even though MXE is not expected to change protein size or
structure, this type of AS is able to produce proteins with altered functions
(Mathur et al., 2019). Significant differences in the level of MXE may therefore
generate TCF7L2 proteins with increased functional activity, potentially

promoting cell proliferation, which may lead to the development of canine UC.

Three genes with significant AS in the present canine study, which are either
suspected or confirmed to have decreased expression levels in human bladder
and other cancers include ACIN1, APAF1 and MTNR1A. ACIN1 has been
reported to be mutated or hypermethylated in human bladder (Majewski et al.,
2019) and lung cancer (Shu et al., 2006). These genetic and epigenetic changes
are expected to lead to decreased expression of this gene. ACIN1 is relevant for
apoptosis, specifically for the condensation of chromatin, which is known to
play a key role in the inhibition of cancer development (Brown and Attardi,
2005). It is therefore unsurprising that decreased ACIN1 expression has been

linked to cancer. Likewise, the observed significant AS of this gene in the
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studied canine UC tissue is expected to be associated with an altered, most
likely reduced, level of functional ACIN1 protein. Furthermore, in addition to its
role in apoptosis, ACIN1 has also been demonstrated to be important for the
regulation of splicing (Rodor et al., 2016). It has been suggested that it has a
direct role in the definition of exon and intron. AS of this gene may
consequently also have an effect on the splicing of a range of different genes,
with or without cancer relevance. The gene APAF1 has been demonstrated to
be hypermethylated in human BC, presumably corresponding to a reduced
gene expression (Christoph et al., 2007b; Christoph et al., 2006). Decreased
expression has also been observed in non-bladder malignancies, including
breast, ovary, and colorectal cancer (Abdelrahman et al., 2018; Loginov et al.,
2017; Sho et al., 2017). APAF1 is a key protein for apoptosis, with the capacity
to initiate this pathway. Similar to ACIN1, reduced expression of APAF1 is an
expected finding in cancer. The observed significant differential SE of this gene
in the studied canine UC tissue is therefore likely to be relevant for BC
carcinogenesis in dogs. As for any of the genes with AS, the level of functional
protein expression would needed to be known in order to better understand
better relevance of differential splicing for UC in dogs. MTNR1A has been
reported to be mutated in BC (Lin et al., 2017) and other malignancies, including
breast, liver, and oral cancer, with either confirmed or at least suspected
decreased expression (Lin et al., 2015a; Nakamura et al., 2008; Pham et al.,
2019; Su et al., 2017). In the healthy organism, this receptor is responsible for
melatonin effects on sleep and circadian rhythm regulation (Jockers et al.,
2016). In the context of cancer, melatonin has also been demonstrated to have
an oncostatic role, with inhibitory effects on tumor proliferation, invasion, and
metastasis among other mechanisms (Reiter, 2004). Decreased expression of
MTNRI1A, potentially caused by AS, is expected to lead to decreased action of
melatonin and therefore to increased risk of cancer. The same can be proposed
to be true for canine UC, which has been shown to be characterized by

significant AS of MTNR1A in the present study.
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Four genes (DDR1, F11R, PKN1 and SLIT2) with significant differential splicing in
the studied canine tissues have been reported to be overexpressed in human
BC, with either down or upregulation in other types of cancer. Discoidin domain
receptor tyrosine kinase 1 (DDR1) protein has been demonstrated to be
overexpressed in bladder and gastric cancer, with prognostic value for both
types of malignancies (Hur et al., 2017; Xie et al., 2017). In contrast, kidney
cancer has been shown to have decreased levels of DDR1 protein, with
prognostic significance (Krazinski et al., 2019), whereas DDR1 expression levels
varied in breast cancer (Jing et al., 2018). DDR1 is a receptor tyrosine kinase,
which is activated by collagen, with various effects, including cellular
proliferation and adhesion, among others (Henriet et al., 2018). It could be
speculated that the wide range of functions may explain the variable levels of
expression in the different cancers. Similarly, the observed significant AS in the
studied canine UC may either correspond to an increased or decreased DDR1
functional protein expression. F11R (also known as JAM-A) has been described
to be upregulated in human BC, with a prognostic role (Riester et al., 2014). In
other cancer, F11R has been shown to be either increased (breast and brain) or
decreased (adrenal, breast and kidney) (Gutwein et al., 2009; McSherry et al.,
2009; Naik et al., 2008; Pong et al., 2013; Yen et al., 2017). F11R is a component
of the epithelial and endothelial tight junctions, and therefore relevant for the
regulation of transmigration and cell-to-cell contact (Martin-Padura et al.,
1998). As expected, reduced expression of this protein has been confirmed to
promote invasive growth and metastasis in certain cancers. (Fong et al., 2012;
Gotte et al., 2010; Gutwein et al., 2009; McSherry et al., 2009). The association
of cancer development and promotion with increased levels of F11R are less
well understood. It has been proposed that increased expression of F11R may
facilitate cancer cell migration through downstream effects on B1-integrin
(McSherry et al., 2009). Regarding the observed significant differential splicing
of F11R in the studied canine population, it remains unknown if AS results in
either increased or decreased levels of functional protein. As required for other
genes with significant AS in the present study, the level of F11R protein

expression needs to be measured in order to better estimate the potential

150



5. STUDY 3. Transcriptome profile analysis of
canine urothelial carcinoma

relevance of differential splicing of selected genes. PKN1 has been
demonstrated to be upregulated in BC (Lachmann et al., 2011) and other
malignancies, including cancer of the prostate and breast (Turner et al., 2010;
Venkadakrishnan et al., 2019). In contrast, PKN1 expression remained either
unaltered or was both down- and upregulated in breast cancer (Awadelkarim
et al., 2012). PKN1 belongs to the protein kinase C superfamily, which may be
activated by Rho-proteins and apoptosis-relevant proteases (Mukai, 2003). The
relevance of PKN1 in Rho, apoptosis and other cancer-relevant pathways
explain its importance in cancer development and progression. The variable
level of PKN1 expression in some cancers suggest to evaluate the expression of
PKN1 together with other protein kinases C, rather than measuring PKN1
individually (Awadelkarim et al., 2012). The detected significant AS of PKN1 in
the studied canine UC tissues is expected to be associated with altered levels
of functional protein. Considering the observed increased PKN1 protein
expression in human BC, it is tempting to speculate that the same protein may
also be upregulated in canine UC. This needs confirmation by further
investigating the level of functional PKN1 protein in BC of dogs.

SLIT2 has been detected to be differentially expressed in human BC, with either
increased or decreased levels of the gene (Krafft et al., 2018; Roperch et al.,
2016). Other malignancies, including brain, breast, colorectal, leukemia,
lymphoma, nasopharyngeal, stomach and thyroid cancer, have been reported
to consistently show a decreased level of expression, on a gene as well as
protein level (Bhattacharya et al., 2016; Golos et al., 2019; Jeon et al., 2019; Kim
et al., 2016; Li et al., 2018; Liu et al., 2016; Mohamed et al., 2019; Patai et al.,
2015; Qin et al., 2015; Shi et al., 2016). One of the key roles of SLIT2 includes
the regulation of cellular migration, primarily of nervous cells and leukocytes
(Chaturvedi and Robinson, 2015; Yuan et al.,, 1999). It is therefore little
surprising that the reduced level of SLIT2 in numerous different cancers have
been shown to be associated with increased cancer cell migration and invasion.
The association of human BC with increased SLIT2 levels in one of two studies
may however seem contradictory. This conflicting result may be explained by

the fact that increased levels of SLIT2 could only be demonstrated on a genetic,
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but not protein, level (Krafft et al., 2018). Based on the known downregulation
of SLIT2 in most studied cancers, the observed AS of SLIT in the currently
studied canine UC is more likely to result in decreased rather than increased
protein expression. Protein expression analysis (e.g. IHC or Western blot) would

be required to confirm this speculation.

In addition to the observed significant differential splicing of individual cancer-
relevant genes, AS analysis of canine UC tissue also revealed an association with
certain human cancer-specific pathways. More specifically, differential A3SS
was associated with acute myeloid leukemia pathway, whereas differential
A5SS was linked to the pathways of thyroid and bladder cancer. Moreover, the
identified genes with significant differential AS in the studied canine UC and
with known relevance in human BC could be linked to up to two different
cancer-relevant pathways per gene. Pathways, which were associated with two
genes each included focal adhesion, pathways in cancer, and PI3K-Akt signaling,
all of which are known to have a key role in cancer. Interestingly, in human BC,
the top five enriched pathways obtained in the KEGG pathway analysis were
demonstrated to include focal adhesion and PI3K-Akt signaling pathway (Gao
et al., 2018). BC cell invasion and migration has been reported to be regulated
by focal adhesion kinases (Kong et al., 2017a). Furthermore, differential gene
expression analysis of BC revealed decreased expression of genes, which have
been associated to the focal adhesion pathway (Zhang et al., 2018b). One gene,
which has been shown to be overrepresented in the focal adhesion pathway,
includes COL3A1, which is associated with BC progression (Yuan et al., 2017).
Similar observations were made based on differential protein expression
analysis of BC, which confirmed a key role of the focal adhesion pathway in
tumor development and progression (Wu et al., 2017). In addition to altered
expression of genes and proteins with relevance in focal adhesion, PI3K-Akt
signaling pathway alterations are common in human BC (Korkolopoulou et al.,
2012; Platt et al., 2009). This pathway has been found to be altered in many
cancer types, and is a well-known target for cancer therapeutics due to its role

in cell growth, survival and metastasis (Fresno Vara et al., 2004; Hou et al.,
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2017). For BC initiation, as well as progression, PI3K-Akt pathway activation is
known to be highly relevant, and occurs through different mechanisms
(Kachrilas et al., 2019; Platt et al., 2009). Independent of tumor stage and
certain molecular alterations, PI3K-Akt pathway is activated in any type of
bladder UC (Calderaro et al., 2014). As for any of the cancer-relevant pathways,
the role of focal adhesion and PI3K-Akt pathways has poorly been investigated
in canine BC (Maeda et al., 2018; Ramsey et al., 2017). The few available reports
describe altered ERBB2 and TP53 pathways in canine BC and confirm that
molecular alterations are comparable between human and canine BC (Maeda
etal., 2018). In the currently studied canine UC tissues, one of the three altered
cancer-specific pathways was specific for human BC. This pathway was
associated with altered AS5SS, and TP53 was the relevant gene with significant
differential splicing in the studied BC of dogs. In agreement with previous
studies, this observation confirms the resemblance of canine and human BC on

a molecular level.

In conclusion, differential gene expression analysis failed to identify any
significantly altered genes in the currently assessed canine UC when compared
to histomorphologically non-malignant bladder tissue. In contrast, AS was
common in the same examined bladder UC tissue samples, with presence of
numerous significant differently spliced genes in all assessed types of AS (SE, R,
MXE, A3SS, A5SS). Many of the identified altered genes (SVIL, PXN, KAT7,
ACIN1, TPCN2, SLIT2, MTNR1A, DDR1, APAF1, PKN1, F11R, TCF7L2, ALKBH,
COL6A3) and KEGG pathways (focal adhesion, pathways in cancer, PI3K-Akt
signaling among others) are known to be relevant in human BC. Finally, human
BC pathway was one of the top ten enriched pathways in the assessed canine
UC with differential A5SS. This study is the first to describe AS in canine UC.
Results provide evidence that AS is common in UC of dogs, and confirm that
canine and human BC share significantly altered cancer-relevant genes and

pathways.
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6. STUDY 4. Histopathological and immunohistochemical
study of canine prostate tissue

6. STUDY 4. Histopathological and
immunohistochemical (p63 and Uroplakin IllI) study of

canine benign and malignant prostate tissue
The following study was presented as a short oral communication and poster
at the Joint European Congress of Clinical and Anatomical Veterinary Pathology

(ECVP-ESVP-ECVCP-ESVCP) in September 2019 in Arnhem, The Netherlands.
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6.1 Abstract

Canine PCa (CaPCa) is a highly aggressive type of cancer, arising from glandular,
ductal or urethral cells. The histomorphological distinction between PGIC and
UC can be challenging. IHC may be useful, however routinely available and
established canine markers are limited. The aim of this study was to assess the

expression of p63 and UPIIl in canine PCa (n=41), in comparison with non-
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neoplastic prostate tissue (n=17 normal adult, n=15 hyperplasia, n=16 atrophy,
n=14 normal premature).

Based on histomorphology, 18/41 (44%), 16/41 (39%) and 7/41 (17%) were
classified as poorly differentiated carcinoma, UC and PGIC, respectively. With
the aid of UPIII IHC, 9/18 (50%) of the poorly differentiated carcinomas were
further classified as UC, resulting in a total of 25/41 (61%) UC and 7/41 (17%)
PGIC. The remaining 9/41 (22%) carcinomas were not further classifiable,
compatible with anaplastic carcinoma.

Most PCa contained only scattered p63 positive cells (21/39, 54%) or were p63
negative (14/39, 36%). The remaining 4 cases (10%), characterized by
squamous (n=2) or low-grade, urothelial differentiation (n=2), were strongly
and almost diffusely p63 positive. In non-neoplastic prostate tissue, nuclear
staining for p63 was detected in basal and urothelial cells. The expression of
UPIII was absent, weak, moderate or strong in 20/39 (51%), 13/39 (33%), 4/39
(10%) and 2/39 (5%) PCa, respectively and present in <10% of neoplastic cells
in most (74%) cases. In non-neoplastic tissue, UPIIl expression was limited to
prostatic urethra and ducts.

In conclusion, canine PCa is typically characterized by a poor differentiation,
which makes the histomorphological distinction between urothelial and
glandular carcinomas difficult. P63 expression in canine PCa is typically absent
or limited to scattered neoplastic cells. The expression of UPIIl in PCa of dogs
varies, but tends to be weak if present, most likely corresponding to poorly
differentiated UC. For the differentiation of canine UC and PGIC, IHC for UPIII
can be helpful for the differentiation of UC and anaplastic, not further
classifiable, carcinomas. P63 is of limited value in poorly differentiated canine
PCa, but may potentially be a valuable marker for detecting squamous or

urothelial differentiation.

6.2 Introduction
In men, PC is the most common type of urological tumor, accounting for 1-2%
of all cancers (Humphrey et al., 2016). This is in contrast to animals, which rarely

develop this malignancy spontaneously. In fact, only one animal species, the
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dog, is known to develop PC on a regular basis (Cornell et al., 2000; Leroy and
Northrup, 2009; Obradovich et al., 1987; Teske et al., 2002). The dog has
therefore been proposed as an animal model for human prostatic disease
(Ittmann et al., 2013; Leroy and Northrup, 2009; Sun et al., 2017; Waters et al.,
1998). PC in species other than men and canines is extremely rare or has not
been described at all (Caney et al., 1998; LeRoy and Lech, 2004; Leroy and
Northrup, 2009). Canine PCis characterized by high tumor grade and aggressive
biological behavior with presence of metastasis in up to 40% of dogs at the time
of diagnosis (Cornell et al., 2000; Ravicini et al., 2018). PCa is the most common
type of prostatic tumor (Meuten and Meuten, 2016), arising from glandular,
ductal or urethral epithelial cells. Unfortunately, most cases are diagnosed at
late stage of the disease, and the cell of origin often remains unknown (Cornell
et al., 2000; Lai et al., 2008a; Leroy and Northrup, 2009; Sorenmo et al., 2004).
The histopathological tumor classification tends to be challenging due to poor
and heterogeneous differentiation of PCa in dogs (Bryan et al., 2007; Lai et al.,
2008a; Leroy and Northrup, 2009; Palmieri and Grieco, 2015; Sorenmo et al.,
2004). IHC may be useful for a better tumor characterization, but only few
markers are routinely available and have been established in dogs (Gallardo et
al., 2007; Lai et al., 2008a; Rivera-Calderon et al., 2016; Romanucci et al., 2016;
Wagner et al., 2015).

Prostate-specific antigen (PSA), which is a routinely used, well-established
diagnostic as well as prognostic marker for prostatic disease in men (Altwein
and Luboldt, 1999; Stamey et al.,, 1987, Wang et al.,, 1979), remains
controversial in dogs. In contrast to the situation in men, serum PSA fails to
significantly increase in dogs with prostate pathologies (Bell et al., 1995). More
specifically, this marker could not be detected in the serum or seminal plasma
of dogs with or without prostatic disease. In the same study, canine tissue of
PCa was however reported to show a slight to moderate PSA expression by IHC.
Tissue expression of PSA was also reported to occur in normal canine prostates
(Lai et al., 2008b). More specifically, benign acinar, urethral as well as ductal
cells showed immunohistochemical staining for this marker. A further prostate-

specific marker with relevance in PC of men, the prostate-specific membrane
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antigen (PSMA), also failed to directly be applied to dogs so far. In normal
prostate tissue of dogs, PSMA could not be identified using different protein
detecting methods (Aggarwal et al., 2006). In some cases, PSMA could however
be detected in benign prostatic urethral cells (Lai 2008). Since the failure of PSA
as a serum marker for canine prostate disorder, the search for alternative
potentially high-impact markers has started and is ongoing. To date, a canine
marker with comparable sensitivity and specificity as PSA in men has not been
identified. So far, the markers with reported highest relevance in the canine
genital tract include alkaline phosphatase (AP), carnitine, and CPSE (Alonge et
al., 2018a; Chapdelaine et al., 1984b; Gobello et al., 2002; Wolf et al., 2012). Of
those, CPSE seems to perform best in detecting prostate disease in dogs. This
enzyme was reported to be increased in dogs with benign prostatic hyperplasia
(BPH) compared to normal dogs. The level of this marker in the serum did
however not significantly differ between BPH, prostatitis and PC (Bell et al.,
1995). Furthermore, CPSE expression in PC tissue could not be demonstrated

by IHC.

P63, a marker for prostate basal cells, is routinely used for the diagnosis of
human PCa (Brimo and Epstein, 2012; Dabir et al., 2012; Epstein et al., 2014;
Signoretti et al., 2000). In the normal human gland, acini are lined by a
continuous basal cell layer. This layer is however lost during carcinogenesis, and
human PCa typically lacks p63 expression. In contrast to the human prostate,
the normal canine gland is characterized by a discontinuous basal cell layer,
with fewer basal cells than in men (Leav et al., 2001; Romanucci et al., 2016).
Therefore, the discontinuity of the basal cell layer is not a diagnostic criteria for
canine PC, and basal cell markers are not routinely used for PCa diagnosis in
dogs. In the canine and human normal prostate, luminal glandular cells lack p63
expression. In most PCa of men and dogs, the expression of p63 is either absent
or restricted to a low number of neoplastic cells (Della Salda et al., 2019;
Fonseca-Alves et al., 2018b; Romanucci et al., 2016). One rare subtype of PCa
with p63 expression of luminal cells has however been described in both men

and dogs (Fonseca-Alves et al., 2018b; Romanucci et al., 2016). P63 is also used
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as urothelial marker, and has been proposed to be valuable for differentiating
poorly differentiated human glandular prostatic from urothelial carcinoma
(Alshenawy and Saied, 2015; Chuang et al., 2007; Kunju et al., 2006; Oh et al.,
2016). As far as the authors are aware, comparative studies of p63 in canine

urologic malignancies have not been reported.

UPIII, a highly specific but less sensitive marker for urothelial differentiation,
may be used in cases of human or canine PCa where UC is a differential
diagnosis (Hameed and Humphrey, 2005; Kaufmann et al., 2000; Mhawech et
al., 2002; Ramos-Vara et al., 2003). In human PCa, urothelial and prostatic
glandular markers are often used in combination and are needed if UC and PC
cannot be reliably differentiated based on histomorphology alone. In dogs,
prostate markers, either urothelial or glandular, are less well established and
usually not used in the routine diagnostic work. UPIIl expression was
demonstrated in canine PCa, leading to a suggested conclusion that canine PC
may have its origin in prostatic ducts (Lai et al., 2008a). Studies reporting the
expression of UPIIl in canine prostate tissue are however extremely rare.
Furthermore, to the authors' best knowledge, studies which describe the
combination of p63 and UPIII expression in the canine prostate are currently
not available.

The aim of the present study was to assess the expression of p63 and UPIIl in

canine PCa, in comparison with non-neoplastic prostate tissue.

6.3 Material and methods

Samples

The study was reviewed and approved by the University of Nottingham AWERB
and School of Veterinary Medicine and Sciences ethics committees. Informed
written consent was obtained from the dog owners upon sample submission.
All patient data has been anonymized. Formalin-fixed and paraffin wax-
embedded prostate tissue (between one to three complete cross sections of
the gland) from 104 male dogs (n=41 carcinoma, n=17 normal gland, n=15 BPH,

n=16 glandular atrophy, n=14 neonatal or premature gland) was included. The
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41 cases with neoplasia were submitted to Bridge Pathology Ltd. Bristol UK or
the Veterinary Pathology Service, University of Nottingham UK, as either
biopsies or necropsies. Non-neoplastic prostate tissue was collected from 63
necropsy cases, which were submitted to the University of Nottingham UK. The
following case information was available: age at the time of prostate tissue
sampling/disease diagnosis, neutering status and dog breed. No follow-up data
was available. Within the PC cases, the following breeds were represented:
n=12 Labrador retriever, n=5 cross breeds, n=2 Border collies, n=2 Jack Russell
terriers, n=2 Rottweiler, n=2 Yorkshire terriers, one of each: Belgian shepherd,
boxer, cairn terrier, cocker spaniel, Welsh corgi, field spaniel, flat coated
retriever, fox terrier, giant schnauzer, miniature schnauzer, Samoyed, Spanish
water spaniel, springer spaniel, Staffordshire bullterrier, viszla, weimaraner. All
dogs with normal gland, BPH and neonatal/premature gland were entire. Dogs
with diffuse glandular atrophy were either neutered (n=14, surgical castration)
or entire (n=2, starvation due to neglect). Cases with cancer were either
neutered (n=24), entire (n=7) or of unknown neutering status (n=10). The age
of dogs belonging to the different groups were as follows: Neoplasia: Mean 9.63
years (standard deviation (SD) 1.63, standard error of the mean (SEM) 0.27,
range 5-13); normal: Mean 3.41 years (SD 2.82, SEM 0.68, range 0.5-11);
hyperplasia: Mean 8.07 years (SD 2.56, SEM 0.68, range 3-11); atrophy: Mean
8.53 years (SD 4.17, SEM 1.01, range 2-15); neonatal/premature: 71 days (SD
67.13, SEM 17.94, range 1-212).

Histology

HE-stained tissue sections from all 104 cases were available. The samples were
assessed histologically by a board-certified veterinary pathologist (SdB), with
support of three certified veterinary pathologists (LGR, FG and TS), and a
certified human uropathologist (BDR). IHC with p63 (Agilent Technologies,
mouse, 1:100) (n=39 PCa, n=60 non-neoplastic prostates) and UPIII
(CellMarque, mouse, 1:100) (n=39 PCa, n=2 normal urinary bladder, n=4 non-
neoplastic prostate tissue adjacent to carcinoma) was performed. The following

semi quantitative scoring system was used for p63: O=negative; 1=rare (<5%)
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stained cells; 2=moderate number (5-70%) of stained cells; 3=strong staining
(>70% of stained cells); for UPIII, staining intensity and distribution were semi-
quantified separately, as follows. Positive UPIII staining was defined as a focal,
multifocal or diffuse membranous neoplastic cellular staining, of weak to strong
intensity. UPIII staining intensity: O=negative; 1=weak; 2=moderate; 3=strong.
UPIII staining distribution (including percentage of stained neoplastic cells):
1=multifocal, <10%; 2=multifocal, 10-80%; 3=multifocal to diffuse, >80%. In a
first step, all tumors were classified based on the histomorphology (Humphrey
et al., 2016) as i) adenocarcinoma (PGIC), ii) UC or iii) poorly differentiated
carcinoma. In a second step, the poorly differentiated carcinomas were re-
classified as UC in case they showed positive immunohistochemical UPIII
staining. The presence of inflammation was assessed in all cancer cases and
semi quantified as follows (including percentage of affected tissue): O=absent;

1=mild (<5%), 2=moderate (5-50%), 3=severe (>50%).

Statistical analysis

Statistics were performed using SPSS v.24.0 (IBM Corp., Armonk, New York,
USA). The Chi-square test was used to test for associations between the dogs'
age and any of the assessed histological parameters; between the presence and
extent of tumor inflammation and neutering as well as tumor type (urothelial
versus non-urothelial), and between neutering and type of tumor. p <0.05 was

accepted as significant.

6.4 Results

The examined cancerous prostate tissue was collected from dogs which were
surgically neutered [24/41 (59%)] or entire [7/41 (17%)], respectively. The
neutering status remained unknown in 10/41 (24%) cases. The mean age of
dogs with PCa was 9.63 years (SEM 0.265, SD 1.634, range 5-13). Twenty-two
different breeds were affected (see material and methods), with most cases

seen in Labradors (12/41, 29%) and cross breeds (5/41, 12%), presumably
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representing two of the most common breeds in the UK

(https://www.thekennelclub.org.uk/, accessed 13 November 2019). Based on

histomorphology, 18/41 (44%), 16/41 (39%) and 7/41 (17%) were classified as
poorly differentiated carcinoma, UC and PGIC, respectively. Two cases of UC
consisted of a rather well-differentiated neoplastic epithelial growth, with
morphology suggestive of urothelium. One case of UC and one case of poorly
differentiated carcinoma presented with a diffuse, and multifocal squamous
differentiation. With the aid of UPIIl IHC (see material and methods), 9/18
(50%) of the poorly differentiated carcinomas were classified as UC, resulting
in a total of 25/41 (61%) UC, 7/41 (17%) PGIC, and 9/41 (22%) poorly
differentiated carcinomas_(Figures 6.1 to 6.7). All but two (39/41, 95%) of PCa

were accompanied by a certain degree of inflammatory reaction, which was
severe in 20/39 (51%), moderate in 8/39 (21%), and mild in 11/39 (28%) of
cases. The inflammation consisted typically of a multifocal to coalescing,
lymphoplasmacytic infiltrate. The presence of moderate to severe
inflammation (28/41, 68%) was more common in neutered compared to entire
dogs (p<0.02). The same was true for dogs with UC compared to non-UC
(p<0.05). When comparing the dogs with urothelial versus non-UC, neutering
was significantly (p<0.001) more common in the UC group. No significant age
differences were observed between UC and PGIC or between entire and
neutered dogs, respectively. Immunohistochemical staining for p63 was
performed in 39/41 PCa cases and was present in 25/39 (61%). It was
characterized by a consistently strong, nuclear signal in a varying number of
neoplastic cells. Twenty-one out of 39 (54%) PCa had rare (<5%), individual
positive cells (Figure 6.8), 14/39 (36%) lacked p63 expression, and 4/39 (10%)
showed p63 staining in a large percent (>70%) of neoplastic cells. None of the
cases had only moderate p63 staining, with 5-70% of positive cells. The four
cases with strong p63 expression consisted of two well-differentiated,
histomorphologically interpreted as urothelial, carcinomas and two carcinomas
with squamous differentiation. In the two cases with urothelial morphology,
p63 staining was restricted to basal and intermediate epithelial cells. In cases

with rare stained neoplastic cells, most cases (16/21, 76%) presented with
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neoplastic lobules which were multifocally lined by a single layer of strongly
stained cells (Figure 69). The p63 staining in non-neoplastic glands is
summarized in Table 6.1. In benign prostate glandular tissue, p63 staining was
limited to basal cells. In normal and hyperplastic glands, the basal cell layer was
discontinuous (Figure 6,10), whereas neonatal/premature glands presented
with a continuous layer of basal cells (Figure 6,11). In atrophic glands, a mixture
of continuous, and to a lesser extent, discontinuous basal cell layers was
observed. The urothelium lining prostate duct and urethra showed consistent
p63 staining of basal and intermediate cells. Distal, non-urothelial, portions of
the duct, however, presented with a multifocally discontinuous layer of stained
basal cells. Ejaculatory ducts, which were seen in some tissue sections of
normal, hyperplastic and atrophic glands were characterized by a
discontinuous basal cell staining. In neonatal/premature dogs, p63 expression
was not only seen in basal but also intermediate, and to a lesser extent apical

ejaculatory duct cells.

In 39/41 PCa, IHC for UPIIl was performed, which was characterized by a
variably intense membranous staining, which was most pronounced along
luminal surfaces. UPIIl expression was negative in 20/39 (51%) of cases or
consisted of a weak 13/39 (33%), moderate 4/39 (10%), or strong staining
intensity in 2/41 (5%) cases, respectively (Figure 6.12). The distribution and
percentage of stained cells was multifocal, <10% in 14/19 (74%), multifocal to
diffuse, >80% in 3/19 (16%) or multifocal, 10-80% in 2/19 (11%) of cases. In non-
neoplastic prostate tissue, duct as well as urethra presented with apical
membranous staining. The co-expression of p63 and UPIII could be assessed in
38/41 cases. Results are provided in Table 6.2. Double negative PCa were most
common (11/38, 29%), closely followed by PCa with weak UPIIl and rare p63
staining (10/38, 26%). The four PCa cases with strong p63 expression did not

express UPIII.
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6.5 Discussion

The prostate gland of dogs has a comparable morphology and function as in
men (Ittmann et al., 2013; Leroy and Northrup, 2009; Sun et al., 2017). Even
though less common than in men, PC in dogs occurs spontaneously and on a
regular basis (Cornell et al., 2000; Leroy and Northrup, 2009; Obradovich et al.,
1987; Teske et al., 2002). This is in contrast to other animals with a prostate,
which develop PC extremely rarely or not at all (Caney et al., 1998; LeRoy and
Lech, 2004; Leroy and Northrup, 2009). Curative therapeutics, including
androgen deprivation therapy, are currently not successful in affected dogs,
and mean survival times may be less than three months (Ravicini et al., 2018).
Interestingly, neutered, i.e. surgically castrated, dogs are at higher risk to
develop PC compared to entire animals, proposing that canines may suffer from
a hormone-resistant form of cancer (Bryan et al., 2007; Cornell et al., 2000;
Sorenmo et al., 2004; Teske et al., 2002). The present study confirms this
observation and shows a trend for neutered dogs to be at higher risk to be
diagnosed with PCa. Unfortunately, the cell of origin remains unknown in many
cases of canine PCa, primarily due to the similar histomorphology of already
advanced disease at the time of diagnosis. Potentially, these neoplasms could
originate from prostatic acinar epithelium (containing basal, luminal/secretory
and few neuroendocrine cells), urethral urothelium or ductal epithelium. The
distinction between acinar, urothelial and ductal carcinoma is important as the
different subtypes may differ in their prognosis as well as therapeutic approach.
The prognostic significance of the different histologic canine tumor subtypes
remains controversial, there is however a tendency for a higher metastatic rate

in cancers with a mixed morphology (Cornell et al., 2000).

In addition, knowing the histogenesis of canine PC is crucial when considering
using the dog as animal model for PC in men. When comparing UC versus PGIC,
the present study shows a higher ratio of neutered dogs in UC compared to
PGIC. Similar findings have been described in a study with 76 dogs, which

reports a higher risk for entire dogs to suffer from prostate adenocarcinoma
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compared to carcinomas with a mixed (including urothelial) morphology

(Cornell et al., 2000).

Canine PCa, which develops from either ductal or acinar epithelial cells, is
currently further classified as adenocarcinoma or poorly differentiated
carcinoma, based on the histomorphological appearance (Owen 1980). In
contrast to the human WHO tumor classification system (Humphrey et al.,
2016), the WHO classification for tumors in domestic animals (Kennedy 1998)
does not include carcinoma of the prostatic urethra in the section of prostatic
epithelial tumors. Instead, urethral tumors are included in the WHO
classification of Tumors of the Urinary System (Meuten 2004). The
histomorphological classification of (prostatic or non-prostatic) urethral tumors
are reported to be similar to those in the urinary bladder (Meuten and Meuten,
2016). UC are most common, followed by SSC. Other types of primary urethral
carcinomas (e.g. adenocarcinoma or undifferentiated carcinoma) are less
common and poorly described in dogs (Norris et al., 1992). Unfortunately,
poorly differentiated PCa are not uncommon in dogs, making the
histomorphological distinction between PGIC and UC difficult. In the present
study, 18 out of 41 (44%) PCa were classified as poorly differentiated
carcinomas based on histomorphology alone. IHC can be useful for a better
characterization of canine PCa, PC specific markers are however rarely used in
the routine veterinary diagnostic work, often due to limited availability, but also
due to difficulty in their interpretation (Bassily et al., 2000; LeRoy and Lech,
2004). It has been demonstrated that some canine PCa may express both
urothelial and glandular prostate markers, making it even more difficult to
distinguish between PGIC and UC in dogs (Cornell et al., 2000; LeRoy and Lech,
2004; Leroy and Northrup, 2009).

Uroplakin, a transmembrane protein expressed by apical urothelial (umbrella)
cells, is known to be a specific marker for terminal urothelial differentiation in
both men and dogs (Kaufmann et al., 2000; Ramos-Vara et al., 2003), its

sensitivity is however often only in the range of 40-60% (Amin et al., 2014;
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Chang et al., 2012; Hoang et al., 2015; Kaufmann et al., 2000; Parker et al.,
2003) In men, most studies have been performed using UPIIl. More recently,
UPII has however been shown to be slightly more sensitive (Hoang et al., 2015;
Tian et al., 2015). Canine studies which examine the expression of UP in
urothelial tumors are limited to UPIIl and only rarely include prostate tissue
(Fonseca-Alves et al., 2018b; Lai et al., 2008a; Ramos-Vara et al., 2003; Sledge
et al., 2015). To the authors' best knowledge, there are currently only two
studies which describe the expression of UPIIl in canine PCa (Fonseca-Alves et
al., 2018b; Lai et al., 2008a). In the more recent work, 47 of 90 PCa expressed
UPIIl, whereas in non-neoplastic prostate glands, UPIIl expression was only
observed in urothelial cells of the urethra. Non-neoplastic acini and ducts (not
further specified) were reported to lack UPIIl expression (Fonseca-Alves et al.,
2018b). In the study of Lai et al. (Lai et al., 2008a), a similar percentage (60%)
of PCa expressed UPIII, including carcinomas with a micropapillary, cribriform
and solid growth pattern. Tumors or tumor areas with a sarcomatoid,
acinar/ductal or tubular papillary growth remained UPIII negative (Lai et al.,
2008a). Based on the staining with UPIIl and other markers, including different
cytokeratins, PSA and PSMA, Lai et al. (Lai et al., 2008a) proposed that canine
PCa may derive from prostate ducts rather than from acini. Similar to the
findings of Fonseca-Alves et al. (Fonseca-Alves et al., 2018b), almost half of all
PCa expressed UPIIl in the present study. The half of these cases were poorly
differentiated carcinomas based on HE staining. Considering that UPIIl is known
to be highly specific for urothelial differentiation and due to the fact that in the
present examined benign canine prostates, convincing membranous UPIII
staining was restricted to urethra and proximal ducts, we concluded that UPIII
positive cases most likely correspond to prostatic UC. When referring to
prostate UC in men (Humphrey et al., 2016), this tumor is presumed to have its
origin in the urothelium of the urethra and the proximal ducts. If the same
definition is applied to canine UC, UPIII positive canine PCa may either have a

ductal, as suggested by Lai et al. (Lai et al., 2008a), or a urethral origin.
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P63, which belongs to the p53 family (Arrowsmith, 1999), is one of the more
commonly used basal cell as well as urothelial cell marker when diagnosing PCa
in men. In this setting, its two main purposes are i) as a basal cell marker, to
help distinguishing neoplastic from non-neoplastic prostate tissue by assessing
the continuity of the glands' basal cell layer (Dabir et al., 2012; Epstein et al.,
2014; Signoretti et al., 2000) and ii) as a marker for urothelial differentiation, to
aid in the differentiation between poorly differentiated adenocarcinoma (PGIC)
and high-grade UC (Alshenawy and Saied, 2015; Hodges et al., 2010; Kunju et
al., 2006; Oh et al., 2016; Srinivasan and Parwani, 2011). In dogs, the first aim
of p63 is not directly applicable since the basal cell layer in the healthy canine
prostate gland is discontinuous (Leav et al., 2001; Romanucci et al., 2016),
which has been confirmed in the present study. Furthermore, the diagnosis of
canine PCa is usually straightforward due to advanced disease once the dog is
presented with suspicion of PC. IHC is rarely needed in order to distinguish
neoplastic from non-neoplastic prostate tissue. In contrast, the differentiation
between glandular and urothelial PCa is frequently challenging in cases of
canine PC, primarily due to their resembling clinical presentation and poor as
well as heterogeneous differentiation at the time of diagnosis (Cornell et al.,
2000; Lai et al., 2008a; Palmieri and Grieco, 2015). This has been confirmed in
the present study, where 18 out of 41 PCa were poorly differentiated based on
histomorphology. In men, p63 is known to be highly specific and moderately
sensitive for UC, when compared to PGIC (Alshenawy and Saied, 2015; Kunju et
al., 2006). To date, the specificity and sensitivity of p63 for urothelial
differentiation remains unknown in dogs with PC, due to a lack of canine
studies, which evaluate and compare the expression of p63 between urothelial
and glandular prostatic tumors. When referring to the few available canine
studies which evaluate p63 in PCa, the tumors are characterized by rare or
absent expression of p63 (Della Salda et al., 2019; Fonseca-Alves et al., 2018b;
Romanucci et al., 2016), with the exception of a very rare subtype of PGIC,
which aberrantly expresses p63 (Fonseca-Alves et al., 2018b). In the present
canine cases, p63 expression was either limited to rare (<5%) cells or observed

in at least 70% of tumor cells. In agreement with previous studies (Della Salda
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et al., 2019), p63 positive neoplastic cells were rare or not detected in most
(90%) PCa in the present studied canine tumors. In the cases with only rare,
multifocal p63 positive cells, it remains however uncertain if they truly
represent individual neoplastic cells or if they correspond to remaining non-
neoplastic basal cells, intermingled with the neoplastic growth. Interestingly,
more than three quarters of PCa with rare p63 staining showed a discontinuous
layer of stained cells, multifocally lining the periphery of the tumors. Most
likely, these peripheral rim of stained cells correspond to suspected non-
neoplastic basal cells of pre-existing acini or ducts. This finding may be
interpreted as follows: i) PCa originates from these acini or ducts and extends
into the surrounding parenchyma or ii) PCa spreads within acini or ducts. Both
possibilities have been proposed in previous studies (Bostwick et al., 2004; Leav
et al., 2001).

The remaining four cases, consisting of two carcinomas with squamous
differentiation and two well-differentiated, suspected UC, were characterized
by a strong expression of p63. The two cases with squamous morphology most
likely represent UC with squamous differentiation, which is common in canine
and human UC (Arva and Das, 2011; de Brot et al., 2018; Humphrey et al., 2016).
The differential diagnosis, primary prostate squamous cell carcinoma, cannot
be ruled out, but was considered less likely due its rare occurrence (Arva and
Das, 2011). While squamous cell carcinomas are well known to express p63 in
both men and dogs (Mestrinho et al., 2015; Thaiwong et al., 2018), little is
known about the level of p63 expression in canine urothelial tumors. In a study
including 25 dogs with bladder UC, p63 has been shown to be rarely detected
in neoplastic cells, in contrast to a strong expression in urothelial cells of normal
and inflamed bladder tissue (Hanazono et al., 2016). As far as the authors are
aware, canine studies comparing the p63 expression between urothelial and

glandular PCa are lacking.

When combining the two markers, p63 and UPIII, most PCa were either double
negative or had a low expression of both UPIIl and p63 in the present study.

Even if PCa fail to stain with p63 and UPIII, UC cannot be excluded since both

168



6. STUDY 4. Histopathological and immunohistochemical
study of canine prostate tissue

markers have limited sensitivities and because poorly differentiated human and
canine, urothelial or non-urothelial, PCa are known to have only rare or absent
expression of one or both of these markers (Della Salda et al., 2019; Koga et al.,
2003; Romanucci et al., 2016). Considering the high specificity of UPIII, it can
however be assumed that a UPIII positive PCa, with or without p63 expression,
has a urothelial origin, even if the UPIII staining is only weak and focal. In half
of the poorly differentiated PCa, UPIIl therefore aided in establishing a final
diagnosis of UC in the present canine cases. Interestingly, the two cases
consisting of rather well differentiated neoplastic epithelium with strong p63
expression were UPIIl negative. Based on histomorphology, these two cases
were suggestive of UC even though a ductal, or less likely, glandular origin could
not be ruled out with certainty. Further IHC with different urothelial markers
would be needed in order to establish a definite diagnosis of UC in these cases.
If the suspicion of UC can be confirmed in these cases, p63 would consequently
be more sensitive than UPIIl for canine prostate UC, which would be
comparable to the situation in men (Oh et al., 2016). Alternatively, if these two
p63 positive cases were non-urothelial, they may represent rare cases of a
prostate basal cell carcinoma or an aberrant p63-expressing PGIC. The five UPIII
negative cases with rare p63 expression are difficult to interpret and do not
allow to be further classified as either UC or PGIC. Even though the rare p63
positive cells could potentially correspond to neoplastic urothelial cells, it
cannot be excluded that these cells represent individual, remaining non-
neoplastic prostate basal cells, which would render the tumor p63 negative.
Finally, all cases with moderate or strong UPIIl expression, which convincingly
represent UC, were also p63 positive even though p63 was only detected in a
low number of cells. In the examined canine prostate UC, higher expression of
UPIIl therefore does not appear to correspond to higher p63 expression. In fact,
previous studies report that only p63 negative tumor cells expressed UPIII
(Koga et al., 2003). It was proposed that loss of p63 is required for terminal
urothelial differentiation, in both normal as well as neoplastic urothelium. To
the authors' best knowledge, studies evaluating the combination of UPIII and

p63 in canine PCa are lacking.
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In conclusion, canine PCa is typically characterized by a poor differentiation,
which makes the histomorphological distinction between urothelial and
glandular carcinomas difficult. P63 expression in canine PCa is typically absent
or limited to scattered neoplastic cells. In contrast, in PCa with either squamous
differentiation or in few cases of well-differentiated UC, p63 staining tends to
be strong. The expression of UPIIl in PCa varies, but tends to be weak if present,
most likely corresponding to poorly differentiated UC. For the differentiation of
canine UC and PGIC, IHC for UPIIl can be helpful. In the present study, 50% of
anaplastic carcinomas were reclassified as UC with the aid of UPIII. P63 is of
limited value in poorly differentiated canine PCa, but may potentially be a
valuable diagnostic marker for lower grade carcinomas with squamous or

urothelial differentiation.
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Figure 6.1. Poorly differentiated, UPIII negative prostate carcinoma of a 9-year-

old male surgically neutered Labrador retriever. HE. Bar indicates 500 um.

Figure 6.2. Higher magnification of Figure 6.1. Bar indicates 50 um.
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Figure 6.3. Same case as shown in Figure 6.1 and 6.2, depicting an area witha - ’[Formatted: Font: Bold

different, predominantly sarcomatous growth pattern. HE. Bar indicates 50 um.

Figure 6.4. Poorly differentiated (suspected glandular), UPIIl negative prostate - ’[Formatted: Font: Bold

carcinoma of an adult giant schnauzer. Neoplastic cells appear anaplastic and a

highly infiltrative growth is evident. HE. Bar indicates 100 um.
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Figure 6.5. Higher magnification of Figure 6.4. Bar indicates 50 um. |- [ Formatted: Font: Bold

Figure 6.6. Poorly differentiated (suspected urothelial) carcinoma of a 10-year-

old male surgically neutered Labrador retriever. Extensive tumor necrosis is

present. HE. Bar indicates 100 um.
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Figure 6.7. Higher magnification of figure 6.6, indicating the highly invasive

tumor growth. HE. Bar indicates 50 um.

Figure 6.8, P63 IHC of a UC in the prostate of a 9-year-old male neutered { Deleted: 1

Labrador retriever. A low number of neoplastic cells show strong nuclear

staining.
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Figure 6,9. P63 IHC of a UC in the prostate of a 11-year-old male neutered /{Deletedzz

Welsh corgi. Multifocally, neoplastic lobules are lined by a single layer of

strongly stained cells.

Figure 6.10. P63 IHC of a normal prostate gland from a 9-year-old intact /{Deletedzs

German shepherd x Rottweiler crossbreed dog. Acini are lined by a

discontinuous layer of stained basal cells.
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Figure 6,11. P63 |HC of a premature prostate gland from a 8-week-old intact - ’[Deleted: a4

Cavalier King Charles spaniel. Acini are lined by a continuous layer of stained

basal cells.

Figure 6.12. UPIII IHC of three different prostate UC with variably intense, - ’[Deleted:s

multifocal, apical membranous staining of neoplastic cells. A) Moderate,
staining in a 10-year-old male neutered Cairn terrier. B) Weak staining in a 11-
year-old male neutered Welsh corgi (same case as shown in Figure 6.2). C)

Strong staining in a 7-year-old male neutered Yorkshire terrier.
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Type of cell or Normal Hyperplasia Atrophy Neonatal/premature
anatomic structure N=17 N=15 N=16 N=14
Acinar basal cells Discontinuous layer of Discontinuous layer of Mixed continuous > Continuous layer of
stained cells stained cells discontinuous layer of stained cells*
stained cells
Acinar secretory cells Negative Negative Negative Negative

Duct

Urethra and proximal
duct (urothelium)

Ejaculatory duct

Continuous (distal:
discontinuous) layer of
stained basal cells

Basal and intermediate
cells are positive

Discontinuous layer of
stained basal cells

Continuous (distal:
discontinuous) layer of
stained basal cells

Basal and intermediate
cells are positive

Discontinuous layer of
stained basal cells

Continuous (distal:
discontinuous) layer of
stained basal cells

Basal and intermediate
cells are positive

Discontinuous layer of
stained basal cells

Continuous layer of
stained basal cells

Basal and intermediate
cells are positive

Discontinuous layer of
stained basal,
intermediate, and fewer
apical cells

Table 6.1. P63 IHC staining of non-neoplastic canine prostate tissue.

*Multifocal discontinuous in areas where glands presented with well-differentiated acinar secretory cells (minimum 3 months of age)



8.1

Uroplakinlll

Negative Weak Moderate Strong Total
P63
Negative 11 2 0 0 13
Rare (<5%) positive cells 10 4 21
Strong (>70%) staining 4 0 0 0 4
Total 20 12 4 2 38

Table 6.2. Combined p63 and Uroplakinlll immunohistochemical staining of 38 canine prostate carcinomas.
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The following study investigates the expression of two potential PCa markers,

KDM7A and KDM5B, in human benign and malignant prostate tissue. These two

markers were selected since they were considered relevant for PCa based on

their recently discovered role as AR co-regulators (personal communication

Prof N. Mongan). In addition, these two proteins are known to have a high

degree of conservation across species, which renders them valuable to study in

animal models. The predicted protein sequences of human and canine KDM5B

and KDM7A are 89.88% and 95.79% conserved respectively. Nevertheless,

canine tissue has_not been included_in the present study due to_the observed

limited specific expression profile in human tissue,
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7.1  Abstract

Background: Lysine (K)-specific demethylases (KDMs) are highly conserved
chromatin-modifying enzymes, which may be altered in cancer. KDM7A
(JHDM1D) and KDM5B (JARID1B, PLU-1) are two types of putative epigenetic
regulator, which influence gene transcription. Their role in cancer
development, progression and therapy is of interest, but has poorly been
investigated until present.

Aims: To assess the level of KDM7A and KDM5B expression in benign and
patient-matched malignant human prostate tissue by IHC.

Material and methods: Three TMAs containing a total of n=312 cores collected
from n=62 benign and n=62 patient-matched malignant [n=15 metastatic PCa;
n=47 organ-confined PCa] human prostatic tissues were assessed and
compared for KDM7A and KDM5B expression by IHC.

Results:

KDM7A: Protein expression, either in the cytoplasm or nucleus, was present in
the majority of benign (60-89%) and malignant (70-100%) prostate tissues.
Within the same TMA, KDM7A expression was higher in organ-confined PCa
compared to benign prostate tissue (p<0.05). PCa metastases had a highly
variable level of expression depending on the site of tumor spread, ranging
from 0% (kidney) to 100% (adrenal, liver, testis) of cases, with intermediate
values of 67-88% in bone, lymph node and lung. Cytoplasmic expression was
reduced in renal (p<0.05) and bone (p<0.001) metastases compared to the
primary tumor. Staining intensity was weak in the majority of benign (50-100%)
and malignant (61-100%) samples. Nuclear expression was higher than
cytoplasmic staining in organ-confined PCa (p<0.001) and benign (p<0.05)
prostate tissue, which was vice versa in metastatic PCa. Distinct and strong
cytoplasmic staining of prostate basal cells was observed in 28-88% (benign)
and 0-58% (malignant) of cases.

KDMS5B: Protein expression was observed in all assessed benign and malignant
tissue cores. Cytoplasmic staining was strong in 82-91% (benign), 78-91%
(organ-confined PCa), and 100% (metastatic PCa), with the exception of bone

metastases, which had strong staining in 61% of cases. Nuclear staining
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intensity was strong in most benign (62-89%) as well as malignant (77-80%)
tissues, with significantly decreased nuclear expression in bone metastases
compared to benign prostate tissue (p<0.001).

Conclusions: KDM7A is weakly expressed in benign and malignant prostate
tissue. Cytoplasmic KDM7A expression is higher in benign prostate compared
to organ-confined PCa. Nuclear expression is higher in metastatic PCa in
comparison to benign prostate tissue. Prostate basal cells frequently present
with a distinct and strong cytoplasmic KDM7A expression, suggesting that
KDM7A may have potential as basal cell marker. KDM5B is strongly expressed
in benign and malignant prostate tissue. In comparison with benign prostate
and primary tumors, bone PCa metastases show decreased nuclear KDM5B
expression. The high KDM5B expression in the cytoplasm may provide evidence

for a non-chromatin linked role for KDM5B.

7.2 Introduction

In cancer epigenetics, histone lysine demethylases (KDMs) play a crucial role
(Janardhan et al., 2018). The lysine or arginine residues of histones can be
methylated by distinct enzymes, with distinct functional consequences. Lysine
side chains may be mono, di, or tri-methylated. The functional consequences
of histone H3 lysine methylation at positions 4 (H3K4), 9 (H3K9) and 27 (H3K27)
are best understood, with methylation of H3K9 and H3K27 associated with
transcriptional repression and H3K4 methylation associated with
transcriptional activation. The level of histone methylation does not change the
structure of chromatin, but is believed to indirectly influence the level of gene
transcription by rendering the DNA more accessible to the transcriptional
machinery. Histone lysine methylation can be reverse by KDMs, the expression
of which is believed to be regulated in temporal and tissue specific contexts.
Different KDMs have different substrate specificities. Consequently, the level
of gene activation varies with changing expression of KDMs. The best
understood KDM is LSD1/KDM1A (Nilsson 2015, Willmann 2012, Kashyap 2013,
Metzger 2005), More recently, the focus of research has turned to

understanding the roles of other KDMs, most notably in the context of the
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current project, KDM5B and KDM7A. Furthermore, KDMs are characterized by

a high level of cross species conservation, which renders them suitable to study

in animal models (Fellous 2019).

KDM7A, also known as JHDM1D, specifically demethylates lysine 9 (H3K9) and
27 (H3K27) of histone 3, thereby contributing to increased gene expression
(Yang et al., 2010). KDM7A is known to have an important role in the
development and differentiation of the nervous system (Tsukada et al., 2010).
Its role in cancer development and progression has however only been studied
to a limited extent. In 2011, KDM7A has been demonstrated to have a tumor-
suppressive effect by downregulating angiogenesis (Osawa et al., 2011). In
various cancer cell lines, this enzyme was shown to be highly expressed under
nutrient-deprivation conditions. In the context of PC, KDM7A modulates AR
expression and AR-positive tumor growth (Lee et al., 2018). Furthermore, it is
overexpressed in a castration-resistant PC cell line, and upregulated in PC
tissue, in correlation with the Gleason score. Based on this observation, KDM7A
could be relevant as therapeutic target. Similar to the situation in PC, KDM7A
overexpression and nuclear location has been observed in breast cancer (Meng
et al., 2019). This effect was more pronounced in triple negative breast cancer
compared to the luminal subtype. Suggested cancer-promoting mechanisms
include increased levels of stem cell factors, such as KLF4 and c-MYC, as well as

inhibition of apoptosis via upregulation of B-cell lymphoma-2 (Bcl-2).

KDMS5B, also known under the names JARID1B or PLU-1, demethylates lysine 4
of histone H3 (H3K4), with a strong repressive effect on gene transcription. The
main target genes are important for development, in particular of the nervous
system. In normal adult tissue, the expression of KDM5B is mainly restricted to
testis (Lu et al., 1999). Benign prostate tissue expresses very low levels of this
enzyme (Xiang et al., 2007). Contrary to this, the level of KDM5B is increased in
different types of cancer with a promoting effect on tumor initiation, invasion
and metastasis (Han et al.,, 2017). For this reason, this enzyme may be

important for therapeutic approaches. In PC, KDM5B is overexpressed, and has
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an oncogenic effect through activation of AR target genes (Crea et al., 2012; Ke
et al., 2009; Xiang et al., 2007). Tumor metastases had even higher levels of
KDMS5B compared to primary prostate tumors (Xiang et al., 2007). Its specific

role in tumor development and progression remains however uncertain.

Recently, the tumor suppressor microRNA, hsa-miR-137 (miR137) was found to
repress expression of an extended network of AR coregulators (Nilsson 2015),
including KDM1A, and two additional KDMs (KDM5B and KDM7A) which at the
time were not known to be involved in androgen signaling or PC. This led to the
hypothesis that KDM5B and KDM7A were involved in androgen signaling in PCa.
To test this hypothesis IHC was used to assess the level of expression of KDM7A

and KDMS5B in benign and malignant human prostate tissue.

73 Material and methods

Ethics, study design and patient information

The present case control study was approved by the University of Lund and
Umea (Sweden) and the University of Nottingham AWERB and School of
Veterinary Medicine and Sciences ethics committees, and the Helsinki
Declaration of Human Rights was strictly observed. All patient data was

anonymized prior to any performed analysis.

Histology/TMA

TMAs were kindly provided by Prof Jenny Persson (Lund and Umea Universities,
Sweden). Before TMAs were created, all cases were examined and a diagnosis
was established by a certified human pathologist (Dr. Thanasis Simoulis) by
histological analysis of biopsies and staged pre-clinically with organ confined
PC. All tissue processing was performed at Lund University using identical
procedures. The TMAs were stained with HE stain and were digitally reviewed
by a veterinary pathologist (SdB), using the software Aperio ImageScope
v12.3.2.5030 (Leica Biosystems Inc., Buffalo Grove, lllinois, USA). TMAs

included 1.0 mm in diameter cores from benign and malignant prostate tissue
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(PCa), including tumor metastases in distant organs. Three different TMAs were
available, with the following tissue characteristics:

Lubb43-10-1B (‘block 1'):

N=14 cases with n=2 to 18 tissue cores per case, with a total of n=120 cores.
The tissue cores consist of n=14 benign prostate, n=20 primary PCa, n=64 PCa
metastases (n=24 bone, n=18 lymph node, n=8 lung, n=6 liver, n=2 adrenal
gland, n=2 kidney, n=2 spleen, n=2 testis), and n=22 normal non-prostatic
tissues (n=10 bone, n=6 spleen, n=4 liver, n=2 lymph node). All cases had
metastatic events.

Lubb43-10:2 ('block 2'):

N=24 cases with n=4 cores per case (n=2 PCa and n=2 benign), with a total of
n=96 cores. N=1 case (ID 335) had a metastatic event.

Lubb43-10:3 ('block 3'):

N=24 cases, with n=4 punches per case (n=2 PCa and n=2 benign), with a total

of n=96 cores. None of the cases had any metastatic event.

Immunohistochemistry

The IHC staining of the TMAs was kindly performed by Prof Jenny Persson (Lund
and Umea Universitites, Sweden). The following antibodies were used: KDM7A
(Sigma-Aldrich USA, SAB2101190-50UG, rabbit polyclonal, 1:100) and KDM5B
(Novus Biologicals USA, NB100-97821, rabbit polyclonal, 1:200). All three TMAs
were stained at the same time, under identical conditions, using an autostainer.
Immunohistochemical scoring and analysis was performed digitally with the
software Aperio ImageScope v12.3.2.5030. Staining intensity was scored as 0
(negative), 1 (weak), 2 (moderate), and 3 (strong). The following semi-

quantification scheme was applied:

0 < 1% of stained cells

1 1-5% of stained cells

2 6-25% of stained cells

3 26-75% of stained cells
4 76-100% of stained cells
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All tissue cores were examined for any IHC staining. The semi-quantification
was however restricted to benign or malignant prostate epithelial cells. Control
tissue consisted of normal myocardium in all three TMAs.

All IHC tissue cores were reviewed, and excluded if necessary due to poor tissue
quality (e.g. lack or minimal amount of tissue, lack of prostate epithelial cells,
large tissue folds etc.). In the case of missing evidence for malignancy in HE-
stained tissue cores indicated as cancer or vice versa in benign tissues, the cores

were re-labelled accordingly.

Statistics

Statistical analysis was performed using SPSS v.26.0 (IBM Corp., Armonk, New
York, USA). The Mann-Whitney-U test has been used for the comparison of
semi-quantitative values of staining intensity and percentage of stained cells

within and between the different disease and tissue groups.

7.4 Results
7.4.1 KDM7A
Block 1

The nuclear and cytoplasmic KDM7A staining of normal prostate and PCa
(primary tumor and metastases) was assessed and semi-quantified, with the
following results. The staining of normal non-prostatic tissue was assessed, but

not further quantified.

Primary and metastatic PCa and normal prostate

The results of the semi-quantitative assessment of KDM7A staining of normal
prostate and PCa (primary tumor and metastases) are provided in Table 7.1 and
are summarized in Table 7.2. Mean staining values per tissue and tissue group
are indicated in Table 7.3 and 7.4, respectively. Cytoplasmic staining of primary
PCa was weak in 11/18(61%), moderate in 5/18(28%), and strong in 2/18(11%)
of assessable cases. Cytoplasmic staining intensity was weak in all metastatic
tumor samples (Figure 7.1) with the exception of one out of 11 assessable

lymph node samples (one punch of case 115-5) which showed moderate
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staining intensity. Normal prostate tissue presented with equal numbers (4/8;
50%) of samples with weak and moderate cytoplasmic staining intensity (SI)
(Figure 7.2). The percentage of stained cells varied between primary and
metastatic PCa, between the different tissues with tumor metastases, as well
as between individual samples of the same sample group. Both malignant as
well as normal prostate tissue samples showed a marked variation in the
number of cells with cytoplasmic staining, with less than 1% (semi-quantitative
value of 0) until up to 76-100% (semi-quantitative value of 4) of stained cells.
On average, both benign as well as malignant prostate tissue had roughly the
same percentage of cytoplasmic stained cells, corresponding to the staining
category 2, i.e. 6-25% of stained cells. Most cytoplasmic positive cells were seen
in metastatic cancer samples of adrenal glands and testis, consisting of up to
100% of stained tumor cells (Figure 7.3). Kidney and bone metastases
presented with the lowest percentage of cells with cytoplasmic staining, with
significant differences (p<0.005) compared to the primary tumor. A complete
lack of cytoplasmic positive tumor cells was observed in both tissue cores of the
one available case with renal metastases and 12/15(80%) of bone metastases
punches. The three remaining punches containing bone metastases had rare to
a moderate percentage (26-75%) of cytoplasmic stained cells. Other organs
with tumor metastases were characterized by a highly variable range of <1 to
100% (lymph node, lung) and 6-75% (liver) of cytoplasmic stained cells,
respectively. Nuclear staining intensity was weak in all primary and metastatic
tumor samples (Figure 7.4) as well as in the single positive case of benign
prostate tissue. Similar to the situation in cytoplasmic staining, the percentage
of nuclear stained cells varied between primary and metastatic PCa, between
the different tissues with tumor metastases, as well as between individual
samples of the same tissue group. In addition, and in contrast to cytoplasmic
staining, benign and malignant prostate tissue differed significantly in the mean
percentage of nuclear stained cells, with higher expression in malignant
samples (p<0.05). PCa samples were characterized by a wide range (between
<1 and 100%) of cells with nuclear staining, whereas benign prostate tissue

lacked a nuclear signal in all but one case (181-1) which contained 6-25% of
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positive nuclei. The mean percentage of cells with nuclear staining was
significantly increased compared to the number of cells with cytoplasmic
staining in bone metastases (p<0.05). Tissues with a comparable mean
percentage of cells with cytoplasmic and nuclear staining included primary PCa,
as well as tumor metastases in adrenal, liver, lymph node, lung, kidney, and
testis. Finally, normal prostate tissue was characterized by a lower mean
percentage of cells with nuclear compared to cytoplasmic staining (p<0.05).
Overall, when comparing primary PCa with tumor metastases (with a separate
group for bone metastases) and benign prostate tissue, the mean percentage
of cells with cytoplasmic staining was significantly (p<0.05) lower in bone
metastases. When comparing the mean percentage of cells with nuclear
staining, benign prostate tissue had significantly (p<0.05) lower values than
primary tumor tissue samples. Finally, the mean percentage of cells with
nuclear versus cytoplasmic staining differed significantly in bone metastases
and normal prostate (p<0.05). In benign tissue, cytoplasmic KDM7A expression
was more frequent than nuclear positivity (p<0.05), whereas the opposite was

true for bone metastases.

Prostate basal cells

In benign as well as malignant prostate tissue samples, a variable number of
basal cells frequently showed a strong and distinct, cytoplasmic staining for
KDM7A (Figure 7.5). The results of the basal cell staining assessment are
provided in Table 7.1 and summarized in Table 7.4. When present, basal cell
staining was most commonly multifocal, affecting a variable number of glands
and typically consisted of a predominantly discontinuous layer of stained cells.
Of all n=14 (benign or malignant) cases with basal cell staining, there was only
one PCa tissue core (case 147-1), which presented with a predominantly
continuous stained basal cell layer. In neoplastic prostate tissue, basal cell
staining was observed in 8/21(38%) of cases, with a focal (2/8; 25%) to
multifocal (6/8; 75%) distribution, affecting more than 50% of glands in
3/8(38%) of cases (Figure 7.6). In benign prostates, basal cell staining tended to

be more frequent compared to neoplastic prostate tissue. Two thirds (6/9;
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67%) of all benign prostate tissues presented with a discontinuous layer of
stained basal cells, which was seen in one (1/6; 17%), or multiple (5/6; 83%)

glands.

Prostate stroma

Only cellular KDM7A staining was assessed, and positive IHC signals in
extracellular spaces were excluded from the analysis. The results of the stromal
cellular staining are indicated in Table 7.1 and summarized in Table 7.4. Even
though a relatively rare finding, few cases of PCa (2/21; 10%) and benign
prostate tissue (1/9; 11%) showed individual, strongly (cytoplasmic) stained
cells, which were embedded in the prostate stroma. It remains uncertain if
these cells correspond to one or several types of stromal, i.e. fibroblastic,

vascular, smooth muscular, nervous, or inflammatory cells.

Normal non-prostate tissue

Normal myocardium (Figure 7.7) and liver (Figure 7.8) showed a weak and
moderate cytoplasmic KDM7A staining, respectively. Erythrocytes within
normal tissue, most evident in bone (Figure 7.9) and spleen (Figure 7.10), were
characterized by a consistently, moderate to strong cytoplasmic staining.
Intracellular pigments (hemosiderin and lipofuscin) in myocardium and liver

stained positive.
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Basal Basal cell individual
Case ID Tissue Group C(%) C(SI) N(%) N(SI) cell . cells in
L continuity
staining stroma
125-11  Adrenal T M 4 1 4 1 NA NA NA
125-11  Adrenal T M 4 1 4 1 NA NA NA
147-3 Bone T B 0 NA 0 NA NA NA NA
147-3 Bone T B 0 NA 0 NA NA NA NA
98-3 Bone T B 0 NA 4 1 NA NA NA
98-3 Bone T B 0 NA 4 1 NA NA NA
105-4 Bone T B 0 NA 1 1 NA NA NA
105-4 Bone T B 0 NA 1 1 NA NA NA
115-4 Bone T B 0 NA 0 NA NA NA NA
115-4 Bone T B 1 1 1 1 NA NA NA
125-4 Bone T B 0 NA 1 1 NA NA NA
165-4 Bone T B 0 NA 0 NA NA NA NA
165-4 Bone T B 0 NA 0 NA NA NA NA
193-4 Bone T B 3 1 3 1 NA NA NA
193-4 Bone T B 3 1 3 1 NA NA NA
98-4 Bone T B 0 NA 3 1 NA NA NA
98-4 Bone T B 0 NA 3 1 NA NA NA
98-9 Kidney T M 0 NA 0 NA NA NA NA
98-9 Kidney T M 0 NA 0 NA NA NA NA
107-8 Liver T M 3 1 2 1 NA NA NA
107-8 Liver T M 2 1 1 1 NA NA NA
251-8 Liver T M 2 1 1 1 NA NA NA
115-5 LNT M 2 1 1 1 NA NA NA
115-5 LNT M 1 2 1 1 NA NA NA
105-6 LNT M 0 NA 0 NA NA NA NA
105-6 LNT M 0 NA 0 NA NA NA NA
107-6 LNT M 2 1 4 1 NA NA NA
107-6 LNT M 0 NA 3 1 NA NA NA
115-6 LNT M 3 1 2 1 NA NA NA
115-6 LNT M 4 1 4 1 NA NA NA
119-6 LNT M 0 NA 1 1 NA NA NA
119-6 LNT M 0 NA 2 1 NA NA NA
251-6 LNT M 2 1 2 1 NA NA NA
98-6 LNT M 0 NA 2 1 NA NA NA
98-6 LNT M 1 1 2 1 NA NA NA
98-6 LNT M 2 1 3 1 NA NA NA
98-6 LNT M 2 1 3 1 NA NA NA
98-6 LNT M 1 1 3 1 NA NA NA
98-6 LNT M 2 1 3 1 NA NA NA
105-7 Lung T M 0 NA 2 1 NA NA NA
105-7 Lung T M 0 NA 0 NA NA NA NA
125-7 Lung T M 4 1 4 1 NA NA NA
125-7 Lung T M 4 1 4 1 NA NA NA
98-7 Lung T M 2 1 3 1 NA NA NA
98-7 Lung T M 2 1 3 1 NA NA NA
105-1 Prostate P 0 NA 0 NA 0 NA 0
105-1 Prostate P 1 2 0 NA 1 D 0
165-1 Prostate P 4 2 0 NA 3 D 0
165-1 Prostate P 3 2 0 NA 3 D 0
181-1 Prostate P 3 1 2 1 3 D 1
193-1 Prostate X 3 2 0 NA 2 D 0
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193-1 Prostate X 2 1 0 NA 2 D 0
105-2 Prostate P 1 1 0 NA 0 NA 0
105-2 Prostate P 1 1 0 NA 0 NA 0
167-2 Prostate T T 4 2 0 NA 3 D 0
167-2 Prostate T T 4 2 0 NA 3 D 0
193-2 Prostate T X 2 2 0 NA 1 D 0
193-2 Prostate T X 1 3 1 1 1 D 0
147-1 Prostate T T 0 NA 2 1 2 D 1
147-1 Prostate T T 2 3 1 1 3 Con 1
147-1 Prostate T T 0 NA 1 1 0 NA 0
147-1 Prostate T T 0 NA 1 1 0 NA 0
167-1 Prostate T T 3 2 0 NA 2 D 0
107-2 Prostate T T 2 1 3 1 0 NA 0
107-2 Prostate T T 2 1 3 1 0 NA 0
115-2 Prostate T T 1 1 1 1 0 NA 0
115-2 Prostate T T 1 2 2 1 0 NA 0
125-2 Prostate T T 4 1 4 1 2 D 0
125-2 Prostate T T 4 1 4 1 0 NA 0
165-2 Prostate T T 2 1 1 1 0 NA 0
165-2 Prostate T T 2 1 2 1 0 NA 0
181-2 Prostate T T 3 1 3 1 0 NA 0
181-2 Prostate T T 3 1 2 1 0 NA 0
98-2 Prostate T T 3 1 3 1 0 NA 0
98-2 Prostate T T 2 1 4 1 0 NA 0
125-10 Testis T M 4 1 4 1 NA NA NA

Table 7.1. Block 1. Semi-quantitative assessment of cytoplasmic and nuclear
KDM7A staining of PCa (T) (primary tumor and metastases) and benign prostate
tissue (Prostate), as indicated per individual tissue core (with up to 4 cores per
case). Also indicated is the staining of prostate basal cells and individual, not
further characterized prostate stromal cells. Semi-quantification of C(%) and
N(%) was performed as follows: 0: <1%; 1: 1-5%; 2: 6-25%; 3: 26-75%; 4: 76-
100% stained cells. Staining intensity was graded as: 1: weak; 2: moderate; 3:
strong. The presence of prostate basal cell staining was indicated as follows: 0:
Absent; 1: Focal; 2: Multifocal, <50% of glands; 3: Multifocal to diffuse, >50% of
glands.

Abbreviations: B: Bone; C: Cytoplasmic staining; Con: Continuous (stained basal
cell layer); D: Discontinuous (stained basal cell layer); LN: Lymph node; M:
Metastasis; N: Nuclear staining; NA: Not applicable; P: Prostate (benign); SI:

Staining intensity; T: Tumor (PCa).
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Tissue C(%) C(SI) N(%) N(SI)
Prostate T 3/21(14 %) 0 11/18(61%) 1 4/21(19%) 0 17/17(100%) 1
3/21(14%) 1 5/18(28%) 2 6/21(29%) 1
7/21(33%) 2 2/18(11%) 3 4/21(19%) 2
4/21(19%) 3 4/21(19%) 3
4/21(19%) 4 3/21(14%) 4
Prostate 1/9(11%) 0 4/8(50%) 1 8/9(89%) 0 1/1(100%) 1
(benign) 3/9(33%) 1 4/8(50%) 2 1/9(11%) 2

1/9(11%) 2
3/9(33%) 3

1/9(11%) 4
Adrenal 2/2(100%) 4 2/2(100%) 1 2/2(100%) 4 2/2(100%) 1
Met
Bone Met  12/15(80%) O 3/3(100%) 1 5/15(33%) 0 10/10(100%) 1
1/15(7%) 1 4/15(27%) 1
2/15(13%) 3 4/15(27%) 3
2/15(13%) 4
Kidney Met 2/2(100%) O NA 2/2(100%) O NA
Liver Met 2/3(67%) 2 3/3(100%) 1 2/3(67%) 1 3/3(100%) 1
1/3(33%) 3 1/3(33%) 2
LN Met 6/17(35%) 0 10/11(91%) 1 2/17(12%) 0 15/15(100%) 1
3/17(18%) 1 1/11(9%) 2 3/17(18%) 1
6/17(35%) 2 5/17(29%) 2
1/17(6%) 3 5/17(29%) 3
1/17(6%) 4 2/17(12%) 4
Lung Met 2/6(33%) 0 4/4(100%) 1 1/6(17%) 0 5/5(100%) 1
2/6(33%) 2 1/6(17%) 2
2/6(33%) 4 2/6(33%) 3
2/6(33%) 4
Testis Met  1/1(100%) 4 1/1(100%) 1 1/1(100%) 4 1/1(100%) 1

Table 7.2. TMA block 1. Overview of the semi-quantitative assessment of
cytoplasmic and nuclear KDM7A staining of benign prostate and malignant
primary and metastatic PCa (excluding basal cell staining), as indicated per
tissue. C(%) and N(%) indicate the percentage of cells with cytoplasmic and
nuclear staining, respectively. Semi-quantification of C(%) and N(%) was
performed as follows: 0: <1%; 1: 1-5%; 2: 6-25%; 3: 26-75%; 4: 76-100% stained
cells. Staining intensity was graded as: 1: weak; 2: moderate; 3: strong.
Abbreviations: C: Cytoplasm; LN: Lymph node; Met: Metastasis; N: Nuclear; NA:
Not applicable; SI: Staining intensity; T: Tumor (PCa).
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Tissue Number of cores C(%) C(s1) N(%) N(SI) N(%) vs C(%)
Prostate tumor 21 2(+1.31) 1.5(+0.71) 2.18(+1.36) * 1(x0) T
Adrenal met 2 4(+0) 1(x0) 4(10)* 1(+0) &
Kidney met 2 0(x0)* NA 0(+0) NA 2
Liver met 3 2.33(+0.58) 1(+0) 1.33(+0.58) 1(+0) J
LN met 17 1.29(+1.21) 1.2(+0.3) 2.12(+1.22) 1(+0) 0
Lung met 6 2(+1.79) 1(+0) 2.67(x1.51) 1(+0) ™
Testis met 1 4(+0) 1(x0) 4(+0) 1(+0) 2
Bone met 15 0.47(+1.06)** 1(+0) 1.6(+1.55) 1(+0) M*
Prostate (benign) 9 2(+1.32) 1.5(+0.53) 0.22(+0.67) 1(+0) N

Table 7.3. Block 1. Mean values (standard deviations in brackets) of the semi-quantitative assessment of KDM7A staining of PCa (primary tumor

and metastases) and normal prostate, as indicated per tissue. Semi-quantification of C(%) and N(%) was performed as follows: 0: <1%,; 1: 1-5%;

2:6-25%; 3: 26-75%; 4: 76-100% stained cells. Staining intensity was graded as: 1: weak; 2: moderate; 3: strong.

Abbreviations: C: Cytoplasm; LN: Lymph node; met: Metastasis; N: Nuclear; SI: Staining intensity.

*significantly different (p<0.05); **highly significant different (p<0.001). For the parameters C(%) and N(%), the significant differences refer to
the variations between the values of malignant compared to benign prostate tissue. For the column 'N(%) vs C(%)', significant differences refer

to variations between N(%) and C(%) values.

M N(%) is higher than C(%); \ : N(%) is lower than C(%); £: N(%) and C(%) are comparable.



€61

N(%)

Presence of

Group Number C(%) c(s1) N(%) N(SI) vs. Prostate basal cell staining Stained ba?al .ceII stained prostate
of cores layer continuity
C(%) stromal cells
Absent 13/21(62%) Discontinuous
T 2 2 1.5 2.18 1 2 Focal 2/21(10%) 7/8(87.5%) 2/21(10%)
(+1.31) (+0.71) (£1.36) (£0) Multifocal moderate? 3/21(14%) Continuous
Multifocal to diffuse® 3/21(14%) 1/8(12.5%)
1.71 1.05 2.19 1
NA NA NA
Met (M) 31 (#1.49)  (#0.71)  (+1.36) (£0) T
Bone met 0.47* 1 1.6 1
15 * NA NA NA
(B) (£1.06) (+0) (£1.55) (+0) T
Absent 3/9 (33%) Discontinuous
Benign 2 1.5 0.22* 1 n Focal 1/9(11%) 6/6(100%) 1/9(11%)
prostate (P) (£1.32) (+0.53) (+0.67) (£0) Multifocal, moderate® 2/9(22%) ’

Multifocal to diffuse® 3/9(33%)

Table 7.4. Block 1. Mean values (standard deviations in brackets) of the semi-quantitative assessment of cytoplasmic and nuclear KDM7A staining

of PCa (primary tumor and metastases) and normal prostate, as indicated per tissue group. Also indicated is the staining of prostate basal cells

and individual, not further characterized prostate stromal cells. Semi-quantification of C(%) and N(%) was performed as follows: 0: <1%; 1: 1-5%;

2:6-25%; 3: 26-75%; 4: 76-100% stained cells. Staining intensity was graded as: 1: weak; 2: moderate; 3: strong

Abbreviations: C: Cytoplasmic staining; Met: Metastasis (any organ except bone); N: Nuclear staining; NA: Not applicable; P: Prostate (benign);

Sl: Staining intensity; T: Primary tumor (PCa);

a<50% of glands with basal cell staining; ®>50% of glands with basal cell staining
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*significantly different (p<0.05). For the parameters C(%) and N(%), the significant differences refer to the variations between the values of
malignant compared to benign prostate tissue. For the column 'N(%) vs C(%)', significant differences refer to variations between N(%) and C(%)
values.

N N(%) is higher than C(%); { : N(%) is lower than C(%).
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Figure 7.1. Case 107-8.
PCa metastasis in the
liver with weak, diffuse
. cytoplasmic and
multifocal weak nuclear
staining. KDM7A IHC.

~ Figure 7.2. Case 165-1.
. Benign prostate tissue
- with weak to moderate
cytoplasmic staining.

~ Note the multifocally

" strongly cytoplasmic

| stained basal cells.
KDM7A IHC.

Figure 7.3. Case 125-10.
PCa metastasis in the
testis. Diffuse weak to
moderate, cytoplasmic
and multifocal nuclear
staining of neoplastic
cells. KDM7A IHC.
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Figure 7.4. Case
125-7. PCa
metastasis in the
lung with diffuse
weak cytoplasmic
and multifocal
nuclear staining.
KDM7A IHC.

Figure 7.5. Case
165-1. Benign
prostate tissue
with strong and
distinct
cytoplasmic
staining of basal
cells and weak
cytoplasmic
staining of acinar
cells. KDM7A IHC.

Figure 7.6. Case
125-2. PCa with
diffuse weak
cytoplasmic and
multifocal nuclear
staining of tumor
cells and
multifocal strong
cytoplasmic
staining of basal
cells. KDM7A [HC.

Figure 7.7. Normal
myocardium
(control) with
weak diffuse
cytoplasmic and
multifocal nuclear
staining. KDM7A
IHC.
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Figure 7.8. Case
125-15. Normal
liver with
moderate, diffuse
cytoplasmic
staining of
hepatocytes.
KDM7A IHC.

Figure 7.9. Case
224-4. Normal
bone marrow with
multifocal
moderate to
strong cytoplasmic
staining of
hematopoietic
cells and
erythrocytes.
KDM7A IHC.

Figure 7.10. Case
251-12. Normal
spleen with strong
cytoplasmic
staining of
erythrocytes
within the red
pulp. KDM7A IHC.
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Block 2

The nuclear and cytoplasmic KDM7A staining of benign and malignant (PCa)
prostate tissue was assessed and semi-quantified, with the following results.
Tissue cores, which were histologically not clearly identifiable as either benign
or neoplastic were classified as 'X' (uncertain malignancy). These samples were
assessed for KDM7A staining, but not further used for statistical analysis and

interpretation.

Malignant and benign prostate

The results of the semi-quantitative assessment of KDM7A staining of benign
and malignant prostate tissue are provided in Table 7.5 and are summarized in
Table 7.6. Mean staining values per tissue group are indicated in Table 7.7.
Cytoplasmic staining was weak in the majority of malignant (27/36; 75%) and
benign (14/25; 56%) tissue samples (Figure 7.11). A substantial number of
malignant (7/36; 19%) and benign (10/25; 40%) samples presented with
moderately intense cytoplasmic staining (Figure 7.12), whereas strong staining
was relatively rare and limited to one and two cases of benign tissue and PCa,
respectively. All tumor cases had a positive KDM7A cytoplasmic staining, the
percentage of stained cells varied however significantly between the different
samples. The majority of malignant tissues (21/36; 58%) had 26-100% of
positive cells, whereas KDM7A staining was seen in 25% or less of tumor cells
in 15/36(42%) of cases. Benign tissue samples presented with cytoplasmic
KDM7A staining in 25/34(74%) of cases, which was slightly less common
compared to 88% of cases with cytoplasmic staining in malignant tissue
samples. Accordingly, the mean values of the semi-quantitative assessment of
cytoplasmic staining was significantly (p<0.05) higher in malignant (2.67)
compared to benign (1.91) prostate tissue. Comparable to malignant prostate
tissue, the percentage of stained benign cells varied significantly. In
approximately equal numbers of cases, the percentage of stained cells was
either less (13/34; 38%) or more (12/34; 35%) than 26%. Nuclear staining
intensity was weak in all assessable benign and malignant prostate tissue

samples (Figure 7.13). In contrast to the cytoplasmic staining, the relative
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number of cases with nuclear staining was comparable between benign (15/34;
44%) and malignant (16/36; 44%) tissues. When present, the percentage of
nuclear stained cells was less than 26% in the majority of both benign (12/16;
75%) and PCa (13/15; 87%) samples. The mean values of the semi-quantitative
assessment of the nuclear staining was not significantly different between
malignant and benign tissue. In PCa (p<0.001) and benign tissue (p<0.05), the
mean percentage of cells with nuclear staining was significantly decreased

compared to cells with cytoplasmic staining.

Prostate basal cells

In benign as well as malignant prostate tissue samples, a variable number of
basal cells frequently showed a strong and distinct, cytoplasmic staining for
KDM7A. The results of the basal cell staining assessment are provided in Table
7.5 and summarized in Table 7.7. When present, basal cell staining was most
commonly multifocal, affecting a variable number of glands and typically
consisted of a predominantly discontinuous layer of stained cells. Of all n=51
cases with basal cell staining, only a minority of tumor (1/21; 5%) and benign
(4/30;13%) cases presented with a predominantly continuous layer of stained
basal cells (Figure 7.14). Basal cell staining was significantly (p<0.01) more
common in benign (30/34; 88%) compared to malignant (21/36; 58%) tissue.
Similarly, the number of cases with widespread, multifocal basal cell staining,
affecting >50% of glands, tended to be higher in benign (17/30; 57%) compared

to malignant (7/21; 33%) prostate samples.

Prostate stroma

Only cellular KDM7A staining was assessed, and positive IHC signals in
extracellular spaces were excluded from the analysis. Even though not a
consistent finding, a substantial number of prostate tumors (8/36; 22%) and
benign tissue (5/34; 15%) showed individual, strongly (cytoplasmic) stained
cells, which were embedded in the prostate stroma (Figure 7.15). It remains
uncertain if these cells correspond to one or several types of stromal, i.e.

fibroblastic, vascular, smooth muscular, nervous, or inflammatory cells.
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623 T 1 2 1 1 0 NA 1
623 T 2 1 0 NA 2 D 0
644 T 2 1 2 1 0 NA 0
644 T 3 1 2 1 0 NA 0
744 T 3 2 0 NA 3 D 0
850 T 4 1 4 1 2 D 1
981 T 4 1 4 1 0 NA 0
981 T 4 1 4 1 0 NA 0
985 T 4 1 0 NA 3 D 1
986 T 4 1 0 NA 3 D 0
988 T 1 2 0 NA (2) D 0
991 T 3 2 0 NA 3 D 0
991 T 1 1 0 NA 0 NA 0
994 T 3 2 1 1 0 NA 1
994 T 3 1 1 1 () D 0
996 T 4 1 1 1 2 D 0
996 T 3 1 1 1 (2) D 0
1000 T 4 2 3 1 2 D 0
1000 T 3 1 2 1 0 NA 0
1013 T 2 1 2 1 0 NA 0
335* T 4 2 0 NA 0 Con 0
313 X 4 1 3 1 0 NA 0
390 X 3 2 0 NA 3 D 1
390 X 2 1 1 1 2 D 1
431 X 1 1 0 NA 2 D 0
431 X 1 2 0 NA 2 D 0
441 X 2 3 0 NA 3 D 0
555 X 4 2 0 NA 2 D 0
644 X 0 NA 2 1 2 D 0
850 X 3 2 1 1 3 D 1
850 X 4 2 0 NA 3 D 0
985 X 4 1 1 1 0 NA 0
986 X 4 1 3 1 (2) D 0
988 X 1 1 0 NA 1 D 0

Table 7.5. Block 2. Semi-quantitative assessment of cytoplasmic and nuclear
KDM7A staining of PCa (T) and benign prostate tissue (P), as indicated per
individual tissue core (with up to 4 cores per case). Also indicated is the staining
of prostate basal cells and individual, not further characterized prostate
stromal cells. Semi-quantification of C(%) and N(%) was performed as follows:
0:<1%; 1: 1-5%; 2: 6-25%; 3: 26-75%; 4: 76-100% stained cells. Staining intensity
was graded as: 1: weak; 2: moderate; 3: strong. The presence of prostate basal
cell staining was indicated as follows: 0: Absent; 1: Focal; 2: Multifocal, <50% of
glands; 3: Multifocal to diffuse, >50% of glands. Values in brackets indicate the

presence of only rare stained basal cells.
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Abbreviations: C: Cytoplasmic staining; Con: Continuous (stained basal cell
layer); D: Discontinuous (stained basal cell layer); N: Nuclear staining; NA: Not
applicable; P: Prostate (benign); Sl: Staining intensity; T: Primary tumor (PCa);
X: Prostate tissue of uncertain malignancy.

*only case with known metastatic event

Group C(%) C(SI) N(%) N(SI)
T 7/36(19%) 1 27/36(75%) 1 20/36(56%) 0 16/16(100%) 1
8/36(22%) 2 7/36(19%) 2 6/36(17%) 1
11/36(31%) 3 2/36(6%) 3 6/36(17%) 2
10/36(28%) 4 1/36(3%) 3
3/36(8%) 4
P 9/34 (26%) 0 14/25(56%) 1 19/34(56%) 0 15/15(100%) 1
6/34(18%) 1 10/25(40%) 2 7/34(21%) 1
7/34(21%) 2 1/25(4%) 3 6/34(18%) 2
3/34(9%) 3 2/34(6%) 4
9/34(26%) 4
X 1/13(8%) 0 6/12(50%) 1 7/13(54%) 0 6/6(100%) 1
3/13(23%) 1 5/12(42%) 2 3/13(23%) 1
2/13(15%) 2 1/12(8%) 3 1/13(8%) 2
2/13(15%) 3 2/13(15%) 3
5/13(38%) 4

Table 7.6. Block 2. Overview of the semi-quantitative assessment of
cytoplasmic and nuclear KDM7A staining of malignant (T) and benign (P)
prostate tissue (excluding basal cell staining), as indicated per tissue group. The
group 'X' includes prostate tissue of uncertain malignancy. C(%) and N(%)
indicate the percentage of cells with cytoplasmic and nuclear staining,
respectively. Semi-quantification of C(%) and N(%) was performed as follows:
0:<1%; 1: 1-5%; 2: 6-25%; 3: 26-75%; 4: 76-100% stained cells. Staining intensity
was graded as: 1: weak; 2: moderate; 3: strong.

Abbreviations: C: Cytoplasm; N: Nuclear; P: Prostate (benign); SI: Staining

intensity; T: Tumor (PCa).
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N(%) .
Group Number C(%) C(SI) N(%) N(SI) vs. Basal cell staining Basa.ul c?" Presence of stained
of cores (%) continuity prostate stromal cells
Absent 15/36(42%)* Discontinuous
2.67* 131 0.92 Focal 1/36(3%) 20/21(95%)
T 1(£0 *x 9
36 (x1.10) (£0.58) (£1.27) (x0) v Multifocal moderate? 13/36(36%) Continuous 8/36(22%)
Multifocal to diffuse ® 7/36(19%) 1/21(5%)
Absent 4/34(12%) Discontinuous
1.91 1.48 0.79 Focal 3/34(9%) 26/30(87%)
P 3 1(x0 * 9
(+1.56) (£0.59) (£1.12) (x0) v Multifocal moderate 10/34(29%) Continuous 5/34(15%)
Multifocal to diffuse 17/34(50%) 4/30(13%)
Absent 2/13(15%)
2.54 1.58 0.85 Focal 1/13(8%) Discontinuous
X 1 1(x0 9
(+1.45) (£0.67) (+1.14) (0) v Multifocal moderate 6/13(46%) 3/13(23%)

Multifocal to diffuse 4/13(31%)

11/11(100%)

Table 7.7. Block 2. Mean values (standard deviation in brackets) of the semi-quantitative assessment of cytoplasmic and nuclear KDM7A staining

of PCa (T) and benign prostate tissue (P), as indicated per tissue group. Also indicated is the staining of prostate basal cells and individual, not

further characterized prostate stromal cells. Semi-quantification of C(%) and N(%) was performed as follows: 0: <1%; 1: 1-5%; 2: 6-25%; 3: 26-

75%; 4: 76-100% stained cells. Staining intensity was graded as: 1: weak; 2: moderate; 3: strong



0¢

Abbreviations: C: Cytoplasmic staining; N: Nuclear staining; NA: Not applicable; P: Prostate (benign); Sl: Staining intensity; T: Primary tumor (PCa);

X: Prostate tissue of uncertain malignancy.

a<50% of glands; ®'250% of glands

*significantly different (p<0.05); **highly significant different (p<0.001). For the parameters C(%) and 'basal cell staining', the significant
differences refer to the variations between the values of malignant compared to benign prostate tissue. For the column 'N(%) vs C(%)', significant
differences refer to variations between N(%) and C(%) values.

4 N(%) is lower than C(%).
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Figure 7.11. Case
850. PCa with
diffuse weak
cytoplasmic and
multifocal weak to
moderate nuclear
staining. Note the
strong cytoplasmic
staining of
remaining basal
cells. KDM7A IHC.

Figure 7.12. Case
335. PCa with
diffuse, moderate
cytoplasmic and
multifocal weak to
moderate nuclear
staining. KDM7A
IHC.

Figure 7.13. Case
1013. PCa with
diffuse weak
cytoplasmic and
multifocal
moderate to
strong nuclear
staining. KDM7A
IHC.
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Figure 7.14. Case
623. Benign
prostate tissue
with a multifocally
continuous layer
of strongly
(cytoplasmic)
stained basal cells.
KDM7A IHC.

Figure 7.15. Case
850. Benign
prostate with
individual strongly
(cytoplasmic)
stained stromal
cells. KDM7A [HC.
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Block 3

The nuclear and cytoplasmic KDM7A staining of benign (P) and malignant (PCa)
prostate tissue was assessed and semi-quantified, with the following results.
Tissue cores, which were histologically not clearly identifiable as either benign
or neoplastic were classified as 'X' (uncertain malignancy). These samples were
assessed for KDM7A staining, but not further used for statistical analysis and

interpretation.

Malignant and benign prostate

The results of the semi-quantitative assessment of KDM7A staining of benign
and malignant prostate tissue are provided in Table 7.8 and are summarized in
Table 7.9. Mean staining values per tissue group are indicated in Table 7.10.
The presence of cytoplasmic staining tended to be more common in PCa
(16/23; 70%) compared to benign tissue (12/25; 48%). Cytoplasmic staining
was weak in the majority of malignant (14/16; 88%) and benign (8/12; 67%)
tissue samples. The remaining cases showed moderately intense cytoplasmic
staining. When present, half of the malignant and benign tissue samples had
more than 75% (Figure 7.16) and less than 6% (Figure 7.17) of stained cells,
respectively. Accordingly, the mean percentage of cytoplasmic stained cells
were significantly (p<0.05) higher in PCa compared to benign tissue. Nuclear
staining was weak in all assessable benign (15/15; 100%) and most (14/16; 88%)
malignant tissues (Figure 7.18). The two remaining PCa samples had
moderately intense staining of the nuclei. The percentage of cells with nuclear
staining was comparable between PCa (16/23; 70%) and benign tissue (15/25;
60%). In benign tissue, nuclear staining was seen in a maximum of 25% of cells,
whereas malignant tissue had a highly variable number of stained cells, ranging
from 1 to 100%. The mean percentage of nuclear stained cells was comparable
between PCa and benign tissue. In both malignant and benign tissues, the mean
percentage of cells with nuclear staining was similar compared to the amount

of cells with cytoplasmic expression.
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Prostate basal cells

Limited to a few cases (7/25; 28%) of benign prostate tissue samples, a variable
number of basal cells frequently showed a strong and distinct, cytoplasmic
staining for KDM7A. The results of the basal cell staining assessment are
provided in Table 7.8 and summarized in Table 7.10. Basal cell staining was
significantly more common in benign compared to malignant prostate tissue
(p<0.01), with complete absence of stained basal cells in any of the cancer
tissue cores. When present, basal cell staining was multifocal, affecting a
variable number of glands and consisted of a predominantly discontinuous
layer of stained cells (Figure 7.19). In approximately equal number of benign
cases, the basal cell staining was present in less (4/7; 57%) or more (3/7; 43%)

than half of the glands.

Prostate stroma

Only cellular KDM7A staining was assessed, and positive IHC signals in
extracellular spaces were excluded from the analysis. Even though not a
consistent finding, a substantial number of prostate tumors (2/23; 9%) and
benign tissues (5/25; 20%) showed individual, strongly stained cells, which were
embedded in the prostate stroma (Figure 7.20). It remains uncertain if these
cells correspond to one or several types of stromal, i.e. fibroblastic, vascular,

smooth muscular, nervous, or inflammatory cells.
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Case Basal cell Basal cell individual cells
ID Group  C(%)  C(SI)  N(%)  N(SI) staining  continuity in stroma
1015 T 3 1 0 NA 0 NA 0
1017 T 4 1 0 NA 0 NA 0
1017 T 4 1 0 NA 0 NA 0
1056 T 4 1 1 1 0 NA 0
1056 T 4 1 0 NA 0 NA 0
1069 T 0 NA 1 1 0 NA 1
1069 T 0 NA 1 1 0 NA 0
1070 T 3 1 2 1 0 NA 0
1070 T 3 1 2 1 0 NA 0
1140 T 2 1 2 2 0 NA 0
1140 T 3 1 3 2 0 NA 0
1104 T 2 1 1 1 0 NA 0
1104 T 3 1 1 1 0 NA 0
1105 T 0 NA 2 1 0 NA 0
1107 T 0 NA 0 NA 0 NA 1
1111 T 0 NA 1 1 0 NA 0
1111 T 0 NA 0 NA 0 NA 0
1024 T 4 1 3 1 0 NA 0
1024 T 4 2 3 1 0 NA 0
1032 T 4 1 3 1 0 NA 0
1032 T 4 2 4 1 0 NA 0
1140 T 1 1 1 1 0 NA 0
1140 T 0 NA 0 NA 0 NA 0
1021 P 0 NA (1) (1) 0 NA 0
1021 p 0 NA (1) (1) 0 NA 0
1045 P 1 1 1 1 0 NA 0
1051 P 0 NA 0 NA 0 NA 0
1051 P 0 NA 1 1 0 NA 0
1056 P 3 1 2 1 0 NA 0
1056 P 3 1 2 1 0 NA 0
1068 P 0 NA 1 1 0 NA 0
1068 P 0 NA 2 1 0 NA 0
1070 P 0 NA 2 1 0 NA 0
1070 P 0 NA 1 1 0 NA 0
1083 P 1 1 1 1 0 NA 0
1083 P 3 1 2 1 0 NA 0
1085 P 1 1 0 NA 2 D 0
1085 P 2 1 2 1 2 D 0
1086 P 2 2 0 NA 2 D 0
1086 P 1 2 0 NA 2 D 0
1093 P 2 2 0 NA 3 D 1
1093 P 1 2 0 NA 3 D 1
1107 P 0 NA 0 NA 0 NA 1
1107 P 0 NA 0 NA 0 NA 1
1111 P 0 NA 0 NA 3 D 0
1111 P 0 NA 0 NA 0 NA 0
1114 P 0 NA 1 1 0 NA 1
1114 P 1 1 1 1 0 NA 0
1014 X 1 1 0 NA 2 D 0
1014 X 3 1 1 1 0 NA 0

209



7.STUDY 5. Expression of KDM7A and KDM5B in
human prostate carcinoma

1014 X 0 NA 1 1 0 NA 0
1014 X 1 1 1 1 0 NA 0
1015 X 2 2 1 1 0 NA 0
1015 X 0 NA 1 1 0 NA 1
1021 X 0 NA (1) (1) 0 NA 0
1021 X 0 NA (1) (1) 0 NA 0
1032 X 4 1 3 1 0 NA 0
1032 X 4 2 3 2 0 NA 0
1051 X 0 NA 2 1 0 NA 0
1068 X 1 1 2 1 1 D 0
1068 X 1 1 2 1 0 NA 0
1069 X 1 1 1 1 0 NA 1
1069 X 1 1 1 1 0 NA 1
1083 X 3 1 2 1 0 NA 0
1083 X 2 1 2 1 0 NA 0
1086 X 1 1 0 NA 2 D 1
1086 X 0 NA 1 1 0 NA 1
1088 X 1 1 1 1 0 NA 0
1088 X 0 NA 1 1 0 NA 0
1093 X 0 NA 0 NA 0 NA 0
1093 X 1 1 0 NA 1 D 1
1105 X 0 NA 1 1 0 NA 0
1105 X 1 1 2 1 0 NA 0
1105 X 0 NA 0 NA 0 NA 0
1114 X 0 NA 1 1 0 NA 0
1114 X 2 1 1 1 0 NA 1

Table 7.8. Block 3. Semi-quantitative assessment of cytoplasmic and nuclear
KDM7A staining of PCa (T) and benign prostate tissue (P), as indicated per
individual tissue core (with up to 4 cores per case). Also indicated is the staining
of prostate basal cells and individual, not further characterized prostate
stromal cells. Semi-quantification of C(%) and N(%) was performed as follows:
0:<1%; 1: 1-5%; 2: 6-25%; 3: 26-75%; 4: 76-100% stained cells. Staining intensity
was graded as: 1: weak; 2: moderate; 3: strong. The presence of prostate basal
cell staining was indicated as follows: 0: Absent; 1: Focal; 2: Multifocal, <50% of
glands; 3: Multifocal to diffuse, >50% of glands. Values in brackets indicate the
presence of only rare stained nuclei with only very weak staining intensity.

Abbreviations: C: Cytoplasmic staining; D: Discontinuous (stained basal cell
layer); N: Nuclear staining; NA: Not applicable; P: Prostate (benign); SI: Staining

intensity; T: Primary tumor (PCa); X: Prostate tissue of uncertain malignancy.
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Group C(%) c(s1) N(%) N(SI)

T 7/23(30%) 0 14/16(88%) 1 7/23(30%) 0 14/16(88%) 1
1/23(4%) 1 2/16(13%) 2 7/23(30%) 1 2/16(13%) 2
2/23(9%) 2 4/23(17%) 2
5/23(22%) 3 4/23(17%) 3
8/23(35%) 4 1/23(4%) 4

P 13/25(52%) 0 8/12(67%) 1 10/25(40%) 0 15/15(100%) 1
6/25(24%) 1 4/12(33%) 2 9/25(36%) 1
3/25(12%) 2 6/25(24%) 2
3/25(12%) 3

X 11/28(39%) O 15/17(88%) 1 5/28(18%) 0 22/23(96%) 1
10/28(36%) 1 2/17(12%) 2 15/28(54%) 1 1/23(4%) 2
3/28(11%) 2 6/28(21%) 2
2/28(7%) 3 2/28(7%) 3

2/28(7%) 4

Table 7.9. Block 3. Overview of the semi-quantitative assessment of
cytoplasmic and nuclear KDM7A staining of malignant (T) and benign (P)
prostate tissue (excluding basal cell staining), as indicated per tissue group. The

group 'X' includes prostate tissue of uncertain malignancy. C(%) and N(%)
indicate the percentage of cells with cytoplasmic and nuclear staining,
respectively. Semi-quantification of C(%) and N(%) was performed as follows:
0:<1%; 1: 1-5%; 2: 6-25%; 3: 26-75%; 4: 76-100% stained cells. Staining intensity
was graded as: 1: weak; 2: moderate; 3: strong.

Abbreviations: C: Cytoplasm; N: Nuclear; P: Prostate (benign); Sl: Staining

intensity; T: Tumor (PCa).
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N(%)

Presence of

Group Number of C(%) c(sl!) N(%) N(SI) vs. Basal cell staining Basa.l cc?ll stained cells in
cores continuity
C(%) stroma
2.26* 1.13 1.35 1.13
T %) * NA 2/23(9%
23 (#1.71) (20.34) (¢1.23) (x034) Y Absent 23/23(100%) /23(5%)
Absent 18/25(72%) . .
0.67 1 1.06 1 . Discontinuous
P 25 ™ Multifocal moderate® 4/25(16%) 5/25(20%)
+1.07 0.6 +0.8 +0.46 7/7(100%
( ) (x06)  (x08) ) Multifocal to diffuse® 3/25(12%) /7(100%)
Absent 24/28(86%) . .
1.08 1.15 1.29 1.05 Discontinuous
X Focal 2/28(7% 7/28(25%
28 (£1.21) (£033) (:0.82) (t021) ocal 2/28(7%) 4/4(100%) /28(25%)

Multifocal moderate 2/28(7%)

Table 7.10. Block 3. Mean values (standard deviation in brackets) of the semi-quantitative assessment of cytoplasmic and nuclear KDM7A staining

of PCa (T) and benign prostate tissue (P), as indicated per tissue group. Also indicated is the staining of prostate basal cells and individual, not

further characterized prostate stromal cells. Semi-quantification of C(%) and N(%) was performed as follows: 0: <1%; 1: 1-5%; 2: 6-25%; 3: 26-

75%; 4: 76-100% stained cells. Staining intensity was graded as: 1: weak; 2: moderate; 3: strong

Abbreviations: C: Cytoplasmic staining; N: Nuclear staining; NA: Not applicable; P: Prostate (benign); Sl: Staining intensity; T: Primary tumor (PCa);

X: Prostate tissue of uncertain malignancy.

3<50% of glands; ®>50% of glands; *significantly different (p<0.05). For the parameters C(%) and 'basal cell staining', the significant differences

refer to the variations between the values of malignant compared to benign prostate tissue.

T: N(%) is higher than C(%); | : N(%) is lower than C(%).
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Figure 7.16. Case
1056. PCa with
diffuse weak
cytoplasmic
staining of

* neoplastic cells.
KDM7A IHC.

Figure 7.17. Case
1085. Benign

.. prostate with less
" than 1-5% of cells
with weak
cytoplasmic and
occasional weak
nuclear staining.
KDM7A IHC.

Figure 7.18. Case
1070. PCa with
diffuse weak
cytoplasmic and
multifocal weak to
moderate nuclear
staining. KDM7A
IHC.
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Figure 7.19. Case
1105. Benign
prostate with a
discontinuous layer
of strongly
(cytoplasmic)
stained basal cells.
KDM7A IHC.

Figure 7.20. Case
1093. Benign
prostate with
individual strongly
(cytoplasmic)
stained stromal
cells. KDM7A HC.
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Comparative KDM7A staining of all three blocks

The nuclear and cytoplasmic KDM7A staining of benign prostate (blocks 1, 2
and 3) and organ-confined (blocks 1 and 2) and metastatic (block 1) PCa tissue
was compared, with the following results. Tissue cores, which were
histologically not clearly identifiable as either benign or neoplastic (tissue group

'X') (see Tables 7.5-7.10) were excluded.

Primary and metastatic PCa and normal prostate

The results of the semi-quantitative assessment of KDM7A staining of benign
and malignant prostate tissues are summarized in Table 7.11. Mean
cytoplasmic and nuclear staining was weak, or between weak and moderate in
all groups, with comparable semi-quantitative values, ranging from 1 to 1.5. In
contrast, the mean percentage of cells with cytoplasmic or nuclear staining
varied between the different disease groups as well as between the different
tissue groups within the same group of disease. The mean percentage of cells
with cytoplasmic staining was highest in organ-confined PCa, ranging between
the semi-quantitative values of more than 2 (i.e. 6-25% of cells) and less than 3
(i.e. 26-75% of cells). Within the different tissue groups and blocks of metastatic
PCa and benign prostate, the mean percentage of cytoplasmic stained cells was
variable, but in general relatively low with maximal semi-quantitative values of
2, corresponding to 6-25% of stained cells. Bone metastases had the lowest
semi-quantitative value (0.47, corresponding to less than 5% of stained cells)
for the mean percentage of cells, which was significantly (p<0.05) decreased
when compared to the primary tumor. The mean percentage of cells with
nuclear staining was highest in metastatic PCa, with almost identical semi-
quantitative values of 2.18 and 2.19 (corresponding to slightly more than 25%
of cells) in primary and metastatic tumor, respectively. Bone metastases had
lower mean percentages of nuclear stained cells, ranging between the semi-
quantitative values of 1 (i.e. 1-5% of cells) and 2 (i.e. 6-25% of cells), which were
significantly (p<0.05) lower compared to benign tissue on the same TMA.

Benign prostate tissue had the lowest mean percentage of cells with nuclear
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staining, with semi-quantitative values of 0.22 to 1.06 (corresponding to
approximately 5% or less stained cells), with similar results for organ-confined
PCa, which had mean semi-quantitative values of 0.92 to 1.35. Organ-confined
PCa (p<0.001 in one of two TMAs) and benign prostate tissue (p<0.05 in two of
three TMAs) had significantly lower mean percentages of nuclear compared to
cytoplasmic stained cells. The opposite was true for metastatic PCa, with
significant values for bone metastases (p<0.05). The ratio of the percentage of
cells with nuclear versus cytoplasmic staining was contrary between the two

blocks with BPH.

Prostate basal cells

Ranging from none (organ-confined PCa) to 88% (benign prostate) of cases, a
variable number of basal cells frequently showed a strong and distinct,
cytoplasmic staining for KDM7A (Table 7.11). When present, basal cell staining
was most commonly multifocal, affecting a variable number of glands and
consisted of a predominantly discontinuous, and rarely continuous, layer of
stained cells. The number of cases with basal cell staining was variable between
the different disease groups as well as tissue groups and blocks. In two of the
three TMAs, basal cell staining was significantly (p<0.01) more common in

benign compared to malignant prostate tissue.

Prostate stroma

Only cellular KDM7A staining was assessed, and positive IHC signals in
extracellular spaces were excluded from the analysis. Even though with variable
frequencies between the different disease and tissue groups and blocks, all
benign and malignant tissue groups contained a significant number (9-22%) of
cases, which showed low numbers of individual, strongly stained cells, which
were embedded in the prostate stroma. It remains uncertain if these cells
correspond to one or several types of stromal, i.e. fibroblastic, vascular, smooth

muscular, nervous, or inflammatory cells.
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Table 7.11. Summary of KDM7A staining of benign and malignant prostate tissue. Indicated are mean values (standard deviation in brackets) of
the semi-quantitative assessment of cytoplasmic and nuclear staining as well as the staining of prostate basal cells and individual prostate stromal
cells. Semi-quantification of C(%) and N(%) was performed as follows: 0: <1%; 1: 1-5%; 2: 6-25%; 3: 26-75%; 4: 76-100% stained cells. Staining
intensity was graded as: 1: weak; 2: moderate; 3: strong

Abbreviations: C: Cytoplasmic staining; Con: Continuous; Met: Metastasis; N: Nuclear staining; NA: Not applicable; P: Prostate (benign); SI:
Staining intensity; T: Primary tumor (PCa)

Y0organ-confined disease in all except one case (335), which had a metastatic event; #<50% of glands; ®>50% of glands.

*significantly different (p<0.05); **highly significant different (p<0.001). For the parameter 'Basal cell staining', the significant differences refer
to variations between the values of malignant compared to benign prostate tissue. For the column 'N(%) vs C(%)', significant differences refer to

variations between N(%) and C(%) values.?’Organ-confined disease in all except one case (335), which had a metastatic event.
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7.4.2 KDM5B

Antibody optimization: comparison of antibody dilutions of 1:100 vs 1:200
At first attempt, an antibody dilution of 1:100 was used, which resulted in a
diffusely strong nuclear and cytoplasmic KDM5B staining of benign and
malignant prostate tissue (Figures 7.21 and 7.22).

More specifically, all tissue cores presented with a diffuse cytoplasmic and
nuclear staining, with a strong cytoplasmic staining intensity in all except two
cases of organ-confined PCa, which had moderate staining. Similarly, all tissue
cores had strong nuclear staining, except n=7 (n=3 organ-confined PCa, n=2
lymph node and n=2 bone PCa metastases) tissue cores, which presented with
moderate nuclear staining intensity. Due to a consistent strong staining,
without recognizable differences between the different types of tissue, the
staining was repeated, using an antibody dilution of 1:200, as described below.
KDMB5B staining was assessed in benign and malignant prostate parenchyma.
Results are described separately for each of the three blocks. The staining of
the stroma of benign and malignant tissues was diffuse and moderate, without
visible differences between the different tissues (Figure 7.23). Therefore, the

stromal staining has not been assessed further.

Block 1

The nuclear and cytoplasmic KDM5B staining of benign prostate and PCa
(primary tumor and metastases) was assessed and semi-quantified, with the
following results. The staining of normal non-prostatic tissue was assessed, but

not further quantified.

Primary and metastatic PCa and normal prostate

The results of the semi-quantitative assessment of KDM5B staining of benign
prostate and PCa (primary tumor and metastases) are provided in Table 7.12
and are summarized in Table 7.13. Mean staining values per tissue and tissue
group are indicated in Tables 7.14 and 7.15, respectively. Cytoplasmic staining

of primary and non-osseous metastatic PCa was strong in all cases (Figures 7.24
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and 7.25). In bone metastases, a significant number (9/23; 39%) had
moderately intense cytoplasmic staining (Figure 7.26), which was strong in the
remaining cases. Benign prostate gland had strong cytoplasmic staining (Figure
7.27) in all but one case, which had a moderate staining intensity. Accordingly,
the mean values of cytoplasmic staining intensities were comparable between
primary as well as metastatic PCa and benign prostate, with the exception of
bone metastases, which had a significantly (p<0.001) less intense staining. The
percentage of KDM5B cytoplasmic stained cells was high, i.e. 75-100% of cells
were positive, in all benign and malignant tissue cores. The same was true for
nuclear KDM5B staining. In contrast, the staining intensity of the nuclei varied
between and within the different disease and tissue groups. The majority of
normal (8/10; 80%) and primary PCa (17/22; 77%) had intense nuclear staining,
with moderate staining intensity in the remaining cases. PCa metastases varied
in their nuclear staining, depending on the tissue (Figure 7.28). PCa metastases
in the lung and testis had strong nuclear staining in all cases, whereas the
staining was moderate in the kidney. Other organs had variable nuclear staining
intensity, ranging from weak to moderate. When comparing the mean values
of the nuclear KDM5B staining intensity, PCa metastases in the bone had
significantly (p<0.001) less intense nuclear staining compared to primary PCa
(Tables 7.14 and 7.15) (Figure 7.29). Tumor metastases in other tissues as well
as normal prostate tissue did not differ significantly in their nuclear staining
intensity compared to primary PCa. With the exception of PCa metastases in
the lung and testis, which had strong nuclear and cytoplasmic staining in all
samples, the mean nuclear SI was reduced compared to cytoplasmic Sl in all
disease and tissue groups. This difference in SI was statistically significant in
primary PCa (p<0.05) as well as metastatic PCa in the lymph node (p<0.05) and
bone (p<0.05). In contrast to the KDM7A staining, the KDM5B staining of
prostate basal and acinar cells was similar in staining intensity and distribution.
There was only one case of PCa, which had more intense staining of basal

compared to acinar cells.
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Normal non-prostate tissue

Normal myocardium (control tissue) (Figure 7.30), bone (Figure 7.31), liver
(Figure 7.32) and spleen (Figure 7.33) were characterized by a strong and
diffuse KDM5B staining of parenchyma and stroma, including hematopoietic
cells and leukocytes. In contrast to KDM7A, erythrocytes remained unstained

(Figure 7.34).
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Case ID Tissue Group C(%) C(SI) N(%) N(SI)

125-11 Adrenal T M 4 3 4 2

125-11 Adrenal T M 4 3 4 3
105-4 Bone T B 4 3 4 2
105-4 Bone T B 4 3 4 2
107-4 Bone T B 4 3 4 2
115-4 Bone T B 4 3 4 2
115-4 Bone T B 4 3 4 2
125-4 Bone T B 4 2 4 1
125-4 Bone T B 4 3 4 3
147-3 Bone T B 4 3 4 1
147-3 Bone T B 4 3 4 1
147-4 Bone T B 4 2 4 1
147-4 Bone T B 4 2 4 2
165-4 Bone T B 4 2 4 1
165-4 Bone T B 4 2 4 1
167-4 Bone T B 4 2 4 1
167-4 Bone T B 4 2 4 2
181-4 Bone T B 4 2 4 1
193-4 Bone T B 4 3 4 3
193-4 Bone T B 4 3 4 3
203-4 Bone T B 4 2 4 1
98-3 Bone T B 4 3 4 3
98-3 Bone T B 4 3 4 3
98-4 Bone T B 4 3 4 2
98-4 Bone T B 4 3 4 3
98-9 Kidney T M 4 3 4 2
98-9 Kidney T M 4 3 4 2
107-8 Liver T M 4 3 4 1
107-8 Liver T M 4 3 4 1
251-8 Liver T M 4 3 4 3
251-8 Liver T M 4 3 4 3
105-6 LNT M 4 3 4 2
105-6 LNT M 4 3 4 2
107-6 LNT M 4 3 4 1
107-6 LNT M 4 3 4 1
115-5 LNT M 4 3 4 2
115-5 LNT M 4 3 4 3
115-6 LNT M 4 3 4 3
115-6 LNT M 4 3 4 3
119-6 LNT M 4 3 4 2
119-6 LNT M 4 3 4 2
251-6 LNT M 4 3 4 3
251-6 LNT M 4 3 4 3
98-6 LNT M 4 3 4 3
98-6 LNT M 4 3 4 3
98-6 LNT M 4 3 4 3
98-6 LNT M 4 3 4 3
98-6 LNT M 4 3 4 3
98-6 LNT M 4 3 4 3
105-7 Lung T M 4 3 4 3
105-7 Lung T M 4 3 4 3
125-7 Lung T M 4 3 4 3
125-7 Lung T M 4 3 4 3
98-7 Lung T M 4 3 4 3
98-7 Lung T M 4 3 4 3
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105-1 Prostate
105-1 Prostate
105-2 Prostate
105-2 Prostate
165-1 Prostate
165-1 Prostate
181-1 Prostate
181-1 Prostate
193-1 Prostate
193-1 Prostate
107-2 Prostate T
107-2 Prostate T
115-2 Prostate T
115-2 Prostate T
125-2 Prostate T
125-2 Prostate T
147-1 Prostate T
147-1 Prostate T
147-1 Prostate T
147-1 Prostate T
165-2 Prostate T
165-2 Prostate T
167-1 Prostate T
167-2 Prostate T
167-2 Prostate T
181-2 Prostate T
181-2 Prostate T
193-2 Prostate T
193-2 Prostate T
251-2 Prostate T
98-2 Prostate T
98-2 Prostate T
119-13 Spleen T
119-13 Spleen T
125-10 Testis T
125-10 Testis T

Table 7.12. Block 1. Semi-quantitative assessment of cytoplasmic and nuclear
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KDMB5B staining of PCa (T) (primary tumor and metastases) and benign prostate
tissue (Prostate), as indicated per individual tissue core (with up to 4 cores per
case). Also indicated is the staining of prostate basal cells and individual, not
further characterized prostate stromal cells. Semi-quantification of C(%) and
N(%) was performed as follows: 0: <1%; 1: 1-5%; 2: 6-25%; 3: 26-75%; 4: 76-
100% stained cells. Staining intensity was graded as: 1: weak; 2: moderate; 3:
strong.

Abbreviations: B: Bone; C: Cytoplasmic staining; LN: Lymph node; M:
Metastasis; N: Nuclear staining; NA: Not applicable; P: Prostate (benign); SI:

Staining intensity; T: Tumor (PCa)
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Tissue C(%) C(s1) N(%) N(SI)
Prostate T 22/22(100%)4  22/22(100%)3  22/22(100%)4  5/22(23%) 2
17/22(77%) 3
Prostate 10/10(100%) 4  9/10(90%) 3 10/10(100%) 4  2/10(20%) 2
1/10(10%) 2 8/10(80%) 3
Adrenal Met 2/2(100%) 4 2/2(100%) 3 2/2(100%) 4 1/2(50%) 2
1/2(50%) 3
Bone Met  23/23(100%)4  9/23(39%) 2 23/23(100%) 4  9/23(39%) 1
14/23(61%) 3 8/23(35%) 2
6/23(27%) 3
Kidney Met  2/2(100%) 4 2/2(100%) 3 2/2(100%) 4 2/2(100%) 2
Liver Met  4/4(100%) 4 4/4(100%) 3 4/4(100%) 4 2/4(50%) 1
2/4(50%) 3
LN Met 18/18(100%) 4  18/18(100%)3  18/18(100%)4  2/18(11%)1
5/18(28%) 2
11/18(61%) 3
Lung Met 6/6(100%) 4 6/6(100%) 3 6/6(100%) 4 6/6(100%) 3
Testis Met  2/2(100%) 4 2/2(100%) 3 2/2(100%) 4 2/2(100%) 3

Table 7.13. Block 1. Overview of the semi-quantitative assessment of

cytoplasmic and nuclear KDM5B staining of normal prostate and malignant

primary and metastatic PCa, as indicated per tissue. C(%) and N(%) indicate the

percentage of cells with cytoplasmic and nuclear staining, respectively. Semi-

quantification of C(%) and N(%) was performed as follows: 0: <1%; 1: 1-5%; 2:

6-25%; 3: 26-75%; 4: 76-100% stained cells. Staining intensity was graded as: 1:

weak; 2: moderate; 3: strong.

Abbreviations: B: Bone; C: Cytoplasm; LN: Lymph node; Met: Metastasis; N:

Nuclear; NA: Not applicable; P: Prostate; Prostate N: Normal prostate; Sl:

Staining intensity; T: Tumor (PCa).
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Tissue Number of cores C(%) C(s1) N(%) N(SI) N(SI) vs C(SI)

Prostate tumor 22 4(%0) 3(x0) 4(+0) 2.77(+0.43) *
Adrenal met 2 4(+0) 3(z0) 4(x0) 2.5(x0.71) NE
Kidney met 2 4(+0) 3(z0) 4(+0) 2(x0) N2
Liver met 4 4(+0) 3(z0) 4(x0) 2(+1.15) NE
LN met 18 4(+0) 3(z0) 4(+0) 2.5(+0.71) N
Lung met 6 4(+0) 3(x0) 4(+0) 3(+0) 2
Spleen met 2 4(+0) 3(x0) 4(+0) 2(x0) N2
Testis met 2 4(+0) 3(x0) 4(+0) 3(+0) 2
Bone met 23 4(+0) 2.61(+0.5)** 4(+0) 1.87(+0.81)** *
Benign prostate 10 4(%0) 2.9(+0.32) 4(+0) 2.8(+0.42) N2

Table 7.14. Block 1. Mean values (standard deviations in brackets) of the semi-quantitative assessment of KDM5B staining of PCa (primary tumor
and metastases) and normal prostate, as indicated per tissue. Semi-quantification of C(%) and N(%) was performed as follows: 0: <1%,; 1: 1-5%;
2:6-25%; 3: 26-75%; 4: 76-100% stained cells. Staining intensity was graded as: 1: weak; 2: moderate; 3: strong.

Abbreviations: C: Cytoplasm; LN: Lymph node; met: Metastasis; N: Nuclear; SI: Staining intensity

*significantly different (p<0.05); **highly significant different (p<0.001). For the parameters C(SI) and N(SI), the significant differences refer to
the variations between the values of malignant compared to benign prostate tissue. For the column 'N(%) vs C(%)', significant differences refer
to variations between N(%) and C(%) values.

4 N(%) is lower than C(%); £: N(%) and C(%) are comparable



9¢c

Group Number of cores (%) c(sl) N(%) N(S1) N(SI) vs. C(SI)
T 22 4(20) 3(x0) 4(20) 2.77(£0.43) N
Met (M) 36 4(20) 3(x0) 4(20) 2.50(+ 0.70) A
Bone met (B) 23 4(20) 2.61(0.5)** 4(+0) 1.87(+0.81)** I*
Benign prostate (P) 10 4(x0) 2.9(+0.32) 4(x0) 2.8(+0.42) d

Table 7.15. Block 1. Mean values (standard deviations in brackets) of the semi-quantitative assessment of cytoplasmic and nuclear KDM7A
staining of PCa (primary tumor and metastases) and normal prostate, as indicated per tissue group. Also indicated is the staining of prostate
basal cells and individual, not further characterized prostate stromal cells. Semi-quantification of C(%) and N(%) was performed as follows: 0:
<1%; 1: 1-5%; 2: 6-25%; 3: 26-75%; 4: 76-100% stained cells. Staining intensity was graded as: 1: weak; 2: moderate; 3: strong

Abbreviations: C: Cytoplasmic staining; Met: Metastasis (any organ except bone); N: Nuclear staining; NA: Not applicable; Sl: Staining intensity;

T: Primary tumor (PCa);

*significantly different (p<0.05); **highly significant different (p<0.001). For the parameters C(SI) and N(SI), the significant differences refer to
the variations between the values of malignant compared to benign prostate tissue. For the column 'N(%) vs C(%)', significant differences refer

to variations between N(%) and C(%) values.

4 N(%) is lower than C(%)



7.STUDY 5. Expression of KDM7A and KDM5B in
human prostate carcinoma

/ i Za Figure 7.21.

;% - Case 165-1.

> . Benign prostate

;7&% with diffuse

&5 strong

=2 cytoplasmic and
nuclear
glandular cell
staining. KDM5B
IHC (1:100).
Figure 7.22.

Case 125-7. PCa
metastasis in
the lung with
diffuse strong
cytoplasmic and
nuclear staining
of neoplastic
cells. KDM5B
IHC (1:100).

Figure 7.23.
Case 125-2. PCa
with diffuse
strong
cytoplasmic and
moderate to
strong nuclear
staining of
neoplastic cells.
KDMS5B IHC
(1:200).

Figure 7.24.
Case 115-6. PCa
metastasis in
the lymph node
with diffuse
strong
cytoplasmic and
moderate to
strong nuclear
staining of
neoplastic cells.
KDMS5B IHC
(1:200).
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Figure 7.25. Case
107-2. PCa with
diffuse strong
cytoplasmic and
nuclear staining
of neoplastic
cells. KDM5B IHC
(1:200).

Figure 7.26. Case
105-4. PCa
metastasis in the
bone with
diffuse moderate
to strong
cytoplasmic and
nuclear staining
of neoplastic
cells. KDM5B IHC
(1:200).

Figure 7.27. Case
165-1. Benign
prostate with
diffuse strong
cytoplasmic and
weak to
moderate
nuclear staining
of glandular
cells. KDM5B IHC
(1:200).

Figure 7.28. Case
115-6. PCa
metastasis in the
lymph node with
diffuse strong
cytoplasmic and
nuclear staining
of neoplastic
cells. KDM5B IHC
(1:200).
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Figure 7.29. Case
165-4. PCa
metastasis in the
bone with diffuse
weak to
moderate
cytoplasmic and
weak nuclear
staining. KDM5B
IHC (1:200).

Figure 7.30.
Normal
myocardium
(control case)
with diffuse,
strong
cytoplasmic
staining of
myocardiocytes.
KDM5B IHC
(1:200).

Figure 7.31. Case
224-4. Normal
bone (marrow)
with strong
cytoplasmic
staining of
hematopoietic
cells. KDM5B IHC
(1:200).

Figure 7.32. Case
125-11. Normal
liver with strong
diffuse
cytoplasmic
staining of
hepatocytes.
KDMS5B IHC
(1:200).
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Figure 7.33. Case
251-12. Normal
spleen with diffuse
strong cytoplasmic
staining of
leukocytes.
KDMS5B IHC
(1:200).

Figure 7.34. Case
224-4. Normal
bone (marrow)
with strong
cytoplasmic
staining of
hematopoietic
cells. Note the
unstained
erythrocytes.
KDMS5B IHC
(1:200).
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Block 2
The nuclear and cytoplasmic KDM5B staining of benign and malignant (PCa)

prostate tissue was assessed and semi-quantified, with the following results.

Malignant and benign prostate

The results of the semi-quantitative assessment of KDM5B staining of benign
and malignant prostate tissue are provided in Table 7.18 and are summarized
in Table 7.19. Mean staining values per tissue group are indicated in Table 7.20.
Cytoplasmic staining was strong in the majority of organ-confined PCa (41/45;
91%) (Figure 7.35) and benign (32/39; 82%) (Figure 7.36) samples, with
moderate staining in the remaining cases. The mean cytoplasmic SI did not
differ between malignant and benign prostates. The estimated percentage of
cytoplasmic or nuclear stained cells was comparable in all cases of PCa and
benign tissue, with 75-100% of positive cells in all assessed tissue cores. In
contrast, nuclear staining intensity was variable within and between malignant
and benign tissues. Even though most cases of PCa (36/45; 80%) and benign
prostates (24/39; 62%) were characterized by strongly stained nuclei, the
number of cores with weak nuclear staining was substantial (7/39; 18%) in
benign tissues, but rare in PCa (1/45; 2%). Accordingly, mean nuclear S| was
significantly (p<0.05) reduced in benign compared to organ-confined PCa. On
average, Sl in cytoplasm was higher than in nuclei in both malignant and benign
prostate. This difference was however only statistically significant (p<0.05) in
benign tissues.

In rare cases (n=2 PCa), KDM5B staining was stronger in areas with more
disordered neoplastic epithelium.

In contrast to the KDM7A staining, the KDM5B staining of prostate basal and
acinar cells was similar in staining intensity and distribution in most of the
cases. There were however ten (n=4 benign; n=6 PCa) cases, which had more

intense staining of basal compared to acinar cells (Figure 7.37).
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Table 7.16. Block 2. Semi-quantitative assessment of cytoplasmic and nuclear
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KDMB5B staining of organ-confined PCa (T) and benign prostate tissue (P), as
indicated per individual tissue core (with up to 4 cores per case). Semi-
quantification of C(%) and N(%) was performed as follows: 0: <1%; 1: 1-5%; 2:
6-25%; 3: 26-75%; 4: 76-100% stained cells. Staining intensity was graded as: 1:
weak; 2: moderate; 3: strong.

Abbreviations: C: Cytoplasmic staining; N: Nuclear staining; P: Prostate

(benign); Sl: Staining intensity; T: Tumor (PCa)
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Tissue C(%) C(S1) N(%) N(SI1)

T 45/45(100%) 4 4/45(9%) 2 45/45(100%) 4 1/45(2%) 1
41/45(91%) 3 8/45(18%) 2
36/45(80%) 3
P 39/39(100%) 4 7/39(18%) 2 39/39(100%) 4 7/39(18%) 1
32/39(82%) 3 8/39(21%) 2

24/39(62%) 3

Table 7.17. Block 2. Overview of the semi-quantitative assessment of cytoplasmic and nuclear KDM5B staining of benign (P) prostate and organ-
confined PCa, as indicated per tissue. C(%) and N(%) indicate the percentage of cells with cytoplasmic and nuclear staining, respectively. Semi-
quantification of C(%) and N(%) was performed as follows: 0: <1%; 1: 1-5%; 2: 6-25%; 3: 26-75%; 4: 76-100% stained cells. Staining intensity was
graded as: 1: weak; 2: moderate; 3: strong.

Abbreviations: C: Cytoplasm; N: Nuclear; P: Prostate (benign); Sl: Staining intensity; T: Tumor (PCa)

Tissue Number of cores C(%) c(sI) N(%) N(SI) N(SI) vs C(SI)
T 45 4(£0) 2.91(0.29) 4(+0) 2.78(+0.47) \Z
p 39 4(£0) 2.82(£0.39) 4(0) 2.44(£0.79)* N

Table 7.18. Block 2. Mean values (standard deviations in brackets) of the semi-quantitative assessment of KDM5B staining of PCa (primary tumor
and metastases) and normal prostate, as indicated per tissue. Semi-quantification of C(%) and N(%) was performed as follows: 0: <1%,; 1: 1-5%;
2:6-25%; 3: 26-75%; 4: 76-100% stained cells. Staining intensity was graded as: 1: weak; 2: moderate; 3: strong.

Abbreviations: C: Cytoplasm; N: Nuclear; P: Prostate; Sl: Staining intensity



SEC

*significantly different (p<0.05). For the parameter N(SI), the significant difference refers to the variations between the value of malignant
compared to benign prostate tissue. For the column 'N(%) vs C(%)', significant differences refer to variations between N(%) and C(%) values.

i N(%) is lower than C(%).
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Figure 7.35. Case
335. PCa with
diffuse strong
cytoplasmic and
weak to moderate
nuclear staining of
neoplastic cells.
KDMS5B IHC
(1:200).

Figure 7.36. Case
291. Benign
prostate with
diffuse strong
cytoplasmic and
nuclear staining of
acinar and basal
cells. KDM5B IHC
(1:200).

Figure 7.37. Case
441. Benign
prostate with
diffuse weak
cytoplasmic
staining of acinar
cells. Note the
multifocal strong
staining of basal
cells. KDM5B IHC
(1:200).
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Block 3
The nuclear and cytoplasmic KDM5B staining of benign (P) and malignant (PCa)

prostate tissue was assessed and semi-quantified, with the following results.

Malignant and benign prostate

The results of the semi-quantitative assessment of KDM5B staining of benign
and malignant prostate tissue are provided in Table 7.21 and are summarized
in Table 7.22. Mean staining values per tissue group are indicated in Tables 7.23
and 7.24. Cytoplasmic staining was strong in the majority of malignant (36/46;
78%) (Figure 7.38) and benign (41/45; 91%) (Figure 7.39) tissues, with moderate
cytoplasmic Sl in the remaining cases. In all assessed PCa and benign tissue
cores, the percentage of cells with nuclear or cytoplasmic staining was 75-
100%. Similar to the cytoplasmic staining, the majority of benign (37/46; 80%)
and malignant (40/45, 89%) (Figure 7.40) tissues had strong nuclear S|, without
significant difference between PCa and benign prostates. Furthermore, mean
staining intensities of nuclei and cytoplasm were comparable in both benign
and malignant tissue cores. In summary, benign prostate tissue and PCa did not
show any significant differences between the cytoplasmic or nuclear KDM5B
staining intensity or percentage of stained cells.

In rare cases (n=3 PCa), KDM5B staining was stronger in areas with more
disordered neoplastic epithelium.

In contrast to the KDM7A staining, the KDM5B staining of prostate basal and
acinar cells was similar in staining intensity and distribution in most of the
cases. There were however five (n=2 benign; n=3 PCa) cases, which had more

intense staining of basal compared to acinar cells (Figure 7.41)
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Case ID group C(%) C(SI) N(%) N(SI)
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Table 7.19. Block 3. Semi-quantitative assessment of cytoplasmic and nuclear
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KDMS5B staining of organ-confined PCa (T) and benign prostate tissue (P), as
indicated per individual tissue core (with up to 4 cores per case). Semi-
quantification of C(%) and N(%) was performed as follows: 0: <1%; 1: 1-5%; 2:
6-25%; 3: 26-75%; 4: 76-100% stained cells. Staining intensity was graded as: 1:
weak; 2: moderate; 3: strong.

Abbreviations: C: Cytoplasmic staining; N: Nuclear staining; P: Prostate

(benign); SI: Staining intensity; T: Tumor (PCa)
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Tissue C(%) C(S1) N(%) N(SI1)

T 46/46(100%) 4 10/46(22%) 2 46/46(100%) 4 2/46(4%) 1
36/46(78%) 3 7/46(15%) 2
37/46(80%) 3
P 45/45(100%) 4 4/45(9%) 2 45/45(100%) 4 1/45(2%) 1
41/45(91%) 3 4/45(9%) 2

40/45(89%) 3

Table 7.20. Block 3. Overview of the semi-quantitative assessment of cytoplasmic and nuclear KDM5B staining of benign (P) prostate and organ-
confined PCa, as indicated per tissue. C(%) and N(%) indicate the percentage of cells with cytoplasmic and nuclear staining, respectively. Semi-
quantification of C(%) and N(%) was performed as follows: 0: <1%; 1: 1-5%; 2: 6-25%; 3: 26-75%; 4: 76-100% stained cells. Staining intensity was
graded as: 1: weak; 2: moderate; 3: strong.

Abbreviations: C: Cytoplasm; N: Nuclear; P: Prostate (benign); Sl: Staining intensity; T: Tumor (PCa)

Tissue Number of cores C(%) c(sI) N(%) N(SI) N(SI) vs C(SI)
T 46 4(+0) 2.78(+0.42) 4(+0) 2.76(0.52) 2
P 45 4(+0) 3(£0) 4(0) 3(+0) 2

Table 7.21. Block 3. Mean values (standard deviations in brackets) of the semi-quantitative assessment of KDM5B staining of PCa (primary tumor
and metastases) and benign prostate, as indicated per tissue. Semi-quantification of C(%) and N(%) was performed as follows: 0: <1%; 1: 1-5%;
2:6-25%; 3: 26-75%; 4: 76-100% stained cells. Staining intensity was graded as: 1: weak; 2: moderate; 3: strong.

Abbreviations: C: Cytoplasm; N: Nuclear; P: Prostate (benign); Sl: Staining intensity



e

3 o Tissue No. of
o 2 Block ) C(%) c(sl) N(%) N(SI) N(SI) vs. C(SI)
.‘02 b group cores
- T 2 45 4(+0) 2.91(£0.29) 4(+0) 2.78(0.47) J
o 8 T 3 46 4(+0) 2.78(+0.42) 4(+0) 2.76(+0.52) 2
3 T 1 22 4(+0) 3(x0) 4(+0) 2.77(+0.43) N
a
=
= Met 1 36 4(20) 3(+0) 4(+0) 2.50(+ 0.70) I **
[1°]
= Bone Met 1 23 4(20) 2.61(+0.5)** 4(20) 1.87(+0.81)** I*
p 1 10 4(+0) 2.9(x0.32) 4(+0) 2.8(x0.42) J
C
%” P 2 39 4(+0) 2.82(+0.39) 4(+0) 2.44(£0.79)* J*
[aa]
P 3 45 4(20) 3(+0) 4(+0) 3(0) 2

Table 7.22. Summary of KDM5B staining of benign and malignant prostate tissue. Mean values (standard deviation in brackets) of the semi-

quantitative assessment of cytoplasmic and nuclear KDM5B staining of PCa (T) and benign prostate tissue (P), as indicated per tissue and disease
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group. Semi-quantification of C(%) and N(%) was performed as follows: 0: <1%; 1: 1-5%; 2: 6-25%; 3: 26-75%; 4: 76-100% stained cells. Staining
intensity was graded as: 1: weak; 2: moderate; 3: strong.

DAl cases with organ-confined PCa, except for one case, which had a metastatic event.

Abbreviations: C: Cytoplasmic staining; N: Nuclear staining; P: Prostate (benign); SI: Staining intensity; T: Primary tumor (PCa).

*significantly different (p<0.05); **highly significant different (p<0.001). For the parameters C(SI) and N(SI), the significant differences refer to
the variations between the values of malignant compared to benign prostate tissue within the same tissue block. For the column 'N(%) vs C(%)',
significant differences refer to variations between N(%) and C(%) values.

4 N(%) is lower than C(%); £: N(%) and C(%) are comparable.
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Figure 7.38. Case
1015. PCa with
diffuse strong
cytoplasmic and
weak to moderate
nuclear staining of
neoplastic cells.
KDMS5B IHC
(1:200).

Figure 7.39. Case
1068. Benign
prostate with
diffuse moderate
to strong
cytoplasmic and
weak to moderate
nuclear staining of
glands. KDM5B
IHC (1:200).

Figure 7.40. Case
1086. PCa with
diffuse strong
cytoplasmic and
nuclear staining.
KDMS5B IHC
(1:200).

Figure 7.41. Case
1021. Benign
prostate with
diffuse moderate
to strong
cytoplasmic
staining of glands
with multifocal
strong cytoplasmic
staining of basal
cells. KDM5B IHC
(1:200).
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7.5 Discussion

Both benign and malignant prostate tissue stained positive for KDM7A and
KDMB5B. IHC staining intensity (SI) as well as the percentage of stained cells
varied however between the two markers and between the different types of
tissues.

When present, cytoplasmic and nuclear IHC expression of KDM7A was weak to,
less commonly, moderate in most benign and malignant tissues. Strong staining
was rare. The majority of benign (50-67%), organ-confined PCa (75-88%),
primary tumors of metastatic PCa (61%) and PCa metastases (91%) tissue
samples had weak cytoplasmic staining. If present, nuclear staining was weak
in all benign, all metastatic PCa and almost all (except of two tissue cores with
moderate Sl) organ-confined PCa tissue samples. In contrast to a common,
predominantly weak S| in all different groups of disease and tissue, the
presence of staining as well as the estimated percentage of stained cells varied
between the the different groups and samples. Cytoplasmic or nuclear stained
cells were present in 60-89% of benign tissue samples. Compared to benign
prostate tissue, the presence of KDM7A staining tended to be more common
in organ-confined PCa, which contained stained tumor cells in 70 to 100% of all
tissue cores. This observation confirms the findings of a recent study published
in 2018 (Lee et al., 2018), which describes increased KDM7A protein and mRNA
expression in PC tissue, in correlation with Gleason score. The finding of
cytoplasmic KDM7A expression in most normal prostate tissues of the present
study, with similar or even sometimes stronger staining intensities than in
malignant tissues, is however more difficult to interpret. Especially when taking
into consideration that normal prostate tissue is known to express KDM7A

(Ponten et al.,, 2008; Uhlen et al., 2015) (https://www.proteinatlas.org/,

accessed 13 November 2019). The presence of (either cytoplasmic or nuclear)
stained cells in metastatic PCa was seen in 86% of primary tumors, varied
however significantly in the different tumor metastases. PCa metastases in
adrenal, liver and testis were all positive for KDM7A, but remained negative in
the kidney. Metastatic tissue in the bone, lymph node and lung contained

KDM7A expressing cells in 67 to 88% of tissue samples. Given the relatively low
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number of studied cases, it remains uncertain if the different expression levels
observed in the different tissues with metastases are a consistent finding in
metastatic PCa. The percentage of cytoplasmic stained cells varied strongly
between and within the different disease and tissue groups. The percentage of
positive cells in benign prostate tissue was highly variable, ranging from less
than 1% to up to 100% of cells. The same was true for organ-confined and
metastatic PCa. Nevertheless, when calculating mean values of the semi-
quantitatively assessed percentages of stained cells, certain significant
differences were observed between different tissue groups. More specifically,
the mean semi-quantitative values of the percentage of cytoplasmic stained
cells were significantly (p<0.05) higher in organ-confined PCa compared to
benign prostate tissue. This finding is comparable to the overall increased
presence of KDM7A positive cases in local PCa compared to benign prostate
tissue, as described above. Interestingly, in cases of metastatic PCa, tumor
metastases tend to have lower mean percentage values of cells with
cytoplasmic staining compared to the primary tumor. This difference was
significant (p<0.05) when bone metastases were assessed separately. When
comparing semi-quantitative values of the amount of cells with cytoplasmic
staining, benign prostate and metastatic PCa did not differ significantly. This is
in contrast to a significant difference in the mean percentage of cells with
nuclear staining in benign compared to metastatic PCa. Benign prostate tissue
has significantly (p<0.05) lower mean percentages of nuclear stained cells than
primary tumors of metastatic PCa. While metastatic PCa samples had a wide
range (between <1 and 100%) of cells with nuclear staining, benign prostate
tissue had nuclear KDM7A expression in 11-60% of cases. The mean percentage
of cells with nuclear staining was much higher in metastatic PCa, with almost
identical semi-quantitative values of 2.18 and 2.19 (corresponding to slightly
more than 25% of cells) in primary and metastatic tumors, respectively. In
conclusion, the nuclear KDM7A expression was increased in metastatic PCa
compared to benign prostate tissue. The same phenomenon, i.e. increased
KDM7A expression with nuclear location, has recently been described in breast

cancer (Meng et al., 2019). Noteworthy, unlike primary tumor and non-osseous
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metastases, bone metastases had relatively low numbers of nuclear stained
cells, which were comparable to normal prostate tissue. The observed lower
KDM7A expression in bone tissue however needs to be interpreted with
caution as this finding may represent an artefact caused by decalcification of
the tissue (which is required for routine tissue processing of bone), which is
known to frequently reduce the sensitivity of IHC (Bussolati and Leonardo,
2008). When comparing benign prostate tissue and organ-confined PCa, the
overall mean semi-quantitatively assessed percentage of cells with nuclear
staining was comparable, but lower than in metastatic PCa. In benign prostate
tissue, the majority (94-100%) of cases had less than 26% of nuclear stained
cells whereas organ-confined PCa presented with highly variable numbers of
stained cells, ranging from 1 to 100%.

The ratio of cytoplasmic versus nuclear KDM7A staining differed between and
within different groups of benign and malignant prostate tissue. Organ-
confined PCa and benign prostate tended to have higher mean percentages of
nuclear compared to cytoplasmic stained cells. A predominant nuclear location
is also reported for KDM7A in various types of normal tissue when referring to
the Human protein atlas (Ponten et al.,, 2008; Uhlen et al.,, 2015)

(https://www.proteinatlas.org/, accessed 13 November 2019). The opposite

was true for metastatic PCa, which, on average, had higher numbers of
cytoplasmic compared to nuclear stained cells per sample. This observation
may be interpreted as increase in nuclear KDM7A expression in malignant

prostate tissue. The reason for this phenomenon remains unknown..

In addition to KDM7A expression in benign and malignant prostate secretory
cells, a highly variable number (0 — 88%) of benign and cancer cases showed a
strong and distinct, cytoplasmic staining of prostate basal cells. In most cases,
basal cell staining was multifocal, was present in a variable number of glands
and consisted of a predominantly discontinuous layer of stained cells. In two of
the three TMAs, basal cell staining was more common in benign (28-88%)
compared to malignant (0-58%) tissue cores (p<0.01). This finding may simply

reflect the loss of basal cells, which is a feature of PCa in men. Comparable
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KDM7A IHC staining of benign prostate basal cells is reported in the Human
Protein  Atlas (Ponten et al., 2008; Uhlen et al., 2015)

(https://www.proteinatlas.org/, accessed 13 November 2019). The observed

distinct and strong staining of prostate basal cells provides evidence for
substantial KDM7A expression in this type of cells. Therefore, KDM7A may have

the potential to be used as a prostate basal cell marker.

Apart from prostate glandular cell staining, a significant number (9-22% of
cases) of malignant and benign prostate tissue contained low numbers of
individual, strongly KDM7A stained cells, which were embedded in the prostate
stroma. The number of stromal cell positive cases did not differ significantly
between benign and malignant glands. It remains uncertain what cell type they
represent. One or several types of stromal, i.e. fibroblastic, vascular, smooth
muscular, nervous, or inflammatory cells are possible. Based on their plump-
spindle to polygonal cell shape, round cells (including leukocytes) seem less
likely. They are unlikely to represent benign or malignant prostate glandular
cells, based on their cell morphology and individual distribution without
forming cellular aggregates. For a better characterization of these cells, further
IHC would however be required to identify the type of cell.

Finally, few tissue cores of normal myocardium, bone, liver, and spleen were
also stained, which showed diffuse, weak to moderate cytoplasmic KDM7A
staining of myocardiocytes, hematopoietic cells, erythrocytes and hepatocytes.
The type of stained cells and staining distribution was comparable to the
reported KDM7A staining pattern for the same tissues in the Human Protein

Atlas (Ponten et al., 2008; Uhlen et al., 2015) (https://www.proteinatlas.org/,

accessed 13 November 2019).

In strong contrast to KDM7A, the KDM5B staining was characterized by a strong
staining intensity in most benign and malignant tissues. This is in strong
contrast to previous studies, which describe a weak to absent KDM5B
expression in benign prostate (Lu et al., 1999; Xiang et al., 2007). Indeed,

significant KDM5B gene expression was restricted to testis when benign tissues,
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including prostate, were assessed (Lu et al., 1999). When consulting the Human
Protein Atlas, the reported KDM5B protein expression in benign prostate tissue
is controversial, ranging from complete lack of expression to a diffuse and
marked nuclear positivity in prostate parenchyma and stroma (Ponten et al.,

2008; Uhlen et al., 2015) (https://www.proteinatlas.org/, accessed 13

November 2019). In the present study, there was however a tendency for a
mild reduction in nuclear compared to cytoplasmic KDMS5B staining intensity in
a certain number of benign and malignant tissue cores. Normal prostate had a
strong cytoplasmic staining in all but one case, which had moderate SI.
Similarly, metastatic PCa was characterized by an intense cytoplasmic KDM5B
positivity in all primary tumors and non-osseous metastases. This observation
confirms the previously reported high KDM5B expression in metastatic PC (Crea
et al.,, 2012; Xiang et al., 2007). In a significant number (39%) of bone
metastases in the present study, the staining in the cytoplasm was only
moderate. This finding needs interpretation with caution because of potential
reduction in staining due to the decalcification, which is required for processing
bone tissue for histological examination. Cytoplasmic SI was comparable
between BPH and organ-confined PCa, with strong staining in 82-91% and 78-
91% of benign and malignant tissue, respectively. Remaining cases had
moderate cytoplasmic staining. Contrary to KDM7A staining, the percentage of
either nuclear or cytoplasmic KDM5B stained cells was comparable in benign
and malignant tissues, with 75-100% of positive cells in all assessed tissue cores.
Nuclear staining did however show some differences between malignant and
benign tissues. Normal prostate as well as primary tumors of metastatic PCa
had intense nuclear KDM5B staining in the majority of cases. Unlike primary
tumors, PCa metastases varied in their nuclear staining, depending on the type
of tissue. More specifically, metastatic PCa in the kidney, spleen and bone had
less intense mean nuclear staining compared to primary PCa, which was
significant (p<0.05) in the case of bone. As mentioned before, this finding needs
interpretation with caution as the reduced staining may correspond to an
artefact caused by the bone tissue processing. When comparing benign tissue

with organ-confined PCa, differences in nuclear staining intensity were only
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observed in one of the two examined TMAs. The mean nuclear SI was
significantly (p<0.05) reduced in benign prostates compared to PCa in one TMA.
However, this effect could not be demonstrated in the second TMA, which
contained benign tissue and organ-confined PCa. The reason for this
phenomenon remains unknown. It cannot be excluded that the two TMAs had
different staining due to potential differences in the staining or tissue
processing procedure.

When comparing the level of nuclear versus cytoplasmic expression, the mean
nuclear SI was reduced in all disease and tissue groups, except in lung and
testicular PCa metastases, which had strong staining in both cellular
compartments. This difference in nuclear versus cytoplasmic location was
significant (p<0.05) in benign tissue, as well as primary and metastatic tumor
samples. The high KDM5B expression in the cytoplasm may provide evidence
for a non-chromatin linked role for this type of KDM. Even though little is known
about the function of KDMs outside the nucleus, cytoplasmic expression of
KDMA4A has been demonstrated, with a regulatory function in protein synthesis
(Van Rechem et al., 2015). Similarly, KDM5B is expressed in the cytoplasm of
BC cells during certain phases of the cell cycle (Hayami et al., 2010).
Interestingly, KDM1A inhibitors have been demonstrated to cause cytoplasmic
translocation of the enzyme (Yabuta and Shidoji, 2019). Therefore, the present
study may potentially highlight an important cytoplasmic role for KDM5B in
benign and malignant prostate tissue.

In contrast to KDM7A, intense staining was present in both basal and acinar
glandular cells, with only few cases of more pronounced basal cell staining.
Consequently, KDM5B is likely to have relevant functions in both types of
prostate glandular cells. In addition, benign and malignant prostate stroma
presented with diffuse, moderate KDM5B expression. Despite evident lack of
differential expression between benign and malignant prostate tissue, this
observation may provide evidence for a potential role of this enzyme in the

non-glandular compartment.
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In conclusion, KDM7A was weakly expressed in both benign and malignant
prostate tissue. The level of expression, i.e. the number of positive cases and
the percentage of stained cells, was increased in benign prostate compared to
organ-confined PCa. In PCa metastases, the percentage of cells with
cytoplasmic KDM7A expression was similar like in normal prostate tissue, but
decreased when compared to the primary tumor. In contrast, nuclear
expression was increased in metastatic PCa, in comparison with normal
prostate tissue. Benign prostate tissue and organ-confined PCa had similar
nuclear KDM7A expression, which was higher than in normal prostate, but
lower than in metastatic PCa. Nuclear expression was higher than in the
cytoplasm in organ-confined PCa and normal prostate tissue, which was vice
versa in metastatic PCa. Prostate basal cells presented with a distinct and
strong cytoplasmic KDM7A expression, forming a discontinuous layer of stained
cells in most of the cases. Finally, benign as well as malignant prostate stroma
contained a low number of individual, strongly KDM7A stained, not further
characterized cells in the minority of cases.

KDM5B expression was strong in most benign and malignant prostate tissue.
The percentage of stained cells was high, often reaching 100%, in all tissue
samples, without significant differences between benign and malignant cases.
In comparison with benign prostate and primary tumors, PCa metastases had
decreased nuclear KDM5B expression. Nuclear compared to cytoplasmic
expression was significantly reduced in bening tissue and metastatic PCa. The
high KDM5B expression in the cytoplasm may provide evidence for a non-

chromatin linked role for KDM5B.

250



8. STUDY 6. Histopathology and expression of
RBP4 and MYC in TRACK mice

8. STUDY 6. Histopathology and expression of RBP4 and
MYC in TRACK (transgenic model of cancer of the

kidney) mice

«—

The present study includes the histomorphological analysis of a subset of tissue

samples collected from transgenic mice with kidney-specific HIF-1a

overexpression, referred to as TRACK mice. This model was previously shown

to develop neoplastic _renal proximal tubular changes. In addition, the

expression of RBP4 and MYC was assessed by IHC in a small number of animals.

8.1.  Abstract

Background: In 2011, the TRACK mouse model for clear cell renal cell carcinoma
(ccRCC) was established, to recapitulate the molecular and morphological
features present in spontaneous human ccRCC. This model was shown to
successfully produce renal histomorphological lesions, which resemble the
phenotype of VHL disease. Other microscopic changes within the kidney,
including features of inflammation and degeneration, as well as the histological
appearance of other organs have not yet been described for the TRACK model.
Furthermore, the expression of certain RCC-associated proteins, including MYC
and RBP4 has not previously been investigated in the TRACK and other RCC
animal models.

Aims: To characterize the histomorphology of the kidney and other organs of
TRACK and control mice and to evaluate the tissues' protein expression of MYC
and RBP4 by IHC.

Material and methods: Murine FFPE tissues were assessed, collected from
n=66 mice. Tissue samples (heart, lung, spleen, liver, pancreas, kidney, small
intestine, testis, skeletal muscle) of n=44 TRACK (HIF-1a overexpressing) and
n=22 control (n=5 HIF-2a overexpressing and n=17 WT) mice were
histomorphologically assessed. Three TRACK and two WT mice were further
evaluated for the expression of RBP4 and MYC by IHC.

Results: All TRACK mice presented with moderate to severe vacuolar tubular

changes in the kidney, with presence of tubular dysplasia in 5/44 (11%) cases.
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Additional significant renal lesions included a mild, chronic interstitial
inflammation, fibrosis, and tubular regeneration. Inflammation was seen in
41/44 (93%) of HIF-1a mice, in none of the HIF-2a mice and in a number (5 out
of 17, 29%) of WT animals. Mild chronic tubular atrophy and interstitial fibrosis
was seen in 6/44 (14%) HIF-1a mice, and in none of the control animals. These
fibrotic areas were indicative of chronic infarcts based on their histological
appearance. Features of tubular regeneration was limited to HIF-1a mice, and
was seen in 31/44 (70%) of cases. The most relevant non-renal histopathology
included a mild, chronic inflammatory response in the liver, which was seen in
7/24 (29%) of HIF-1a mice, none of the WT. RBP4 was expressed in the renal
proximal tubular and parietal epithelial cells of 3/3 (100%) TRACK mice and
remained undetectable in WT. Moderate to strong expression of MYC was seen
in the renal tubules of TRACK and WT animals. Other organs showed variable
MYC staining, without evident differences between TRACK and WT mice.
Conclusions: The TRACK model reliably develops pre-neoplastic and early
neoplastic renal tubular changes with comparable histomorphology as seen in
early stages of spontaneous ccRCC. In addition to the tubular lesions, other mild
renal changes occur in TRACK mice, including tubular regeneration, chronic
infarcts, and chronic interstitial inflammation. Chronic hepatic inflammatory
infiltrates have been observed in a significant number of TRACK mice, which
may possibly be related to increased renal HIF-1 a levels. MYC is strongly
expressed in renal tubules, and to a variable extent in other tissues, with a
similar IHC staining between TRACK and WT animals. RBP4 expression is
present in the apical cytoplasm of proximal tubular and parietal epithelial cells
of TRACK mice, which is absent in WT. Other organs, including the liver, fail to
demonstrate convincing RBP4 expression by IHC. This observation prompts to
further evaluate the potential use of RBP4 as biomarker for ccRCC.

This study confirms the previously reported premalignant and early neoplastic
renal proximal tubular histopathological lesions in the TRACK model. In
addition, degenerative and inflammatory changes within the kidney and the
liver, as well as the immunohistochemical expression of MYC and RBP4 are

reported in this model for the first time.
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8.2 Introduction

Clear cell renal cell carcinoma (ccRCC), the most common subtype of RCC, has
been given its name based on the histological appearance of the neoplastic
cells. Even though primarily true for low-grade, well differentiated ccRCC,
tumor cells are characterized by abundant, optically clear cytoplasm, and are
arranged in a nested, trabecular and/or alveolar pattern (Moch et al., 2016;
Udager and Mehra, 2016). When generating animal models for ccRCC or any
other type of cancer, it is crucial that the model mirrors spontaneous human
disease on a morphological as well as molecular level. Even though a range of
animal models for ccRCC has been generated, few succeeded in establishing a
tumor with 'clear' cell morphology. In 2011, Fu and colleagues (Fu et al., 2011)
established a mouse model with the desired histological features, including
‘clear' neoplastic cells, renal cysts, disorganized proximal tubules, and tumors
with cyst formations. This model, referred to as TRACK, is based on a kidney-
specific, constitutively expressed HIF-1a in proximal tubules. TRACK mice
reliably produce dysplastic, pre-neoplastic and early neoplastic proximal

tubular changes with convincing resemblance to human ccRCC.

On a molecular level, ccRCC is characterized by a variety of genetic
abnormalities, most commonly including loss of VHL gene, which leads to
accumulation of HIF-1a. In addition, overexpression of MYC is a frequent
finding in ccRCC (Shroff et al., 2015; Tang et al., 2009). MYC is an important
oncogene in different types of cancer, with a promoting effect on cell cycle
progression, cellular proliferation and angiogenesis (Nesbit et al., 1999). For
investigating the role of MYC in ccRCC, as well as testing potential therapeutic
strategies, a robust animal model is highly valuable. Four years ago, a
transgenic mouse model with conditional expression of MYC has been
established (Shroff et al., 2015). These mice developed renal collecting duct
carcinomas, and MYC was shown to have an important role in inducing and
maintaining neoplastic growth. Furthermore, tumor regression was achieved

upon inactivation of MYC. Two years later, the generation of two RCC mouse
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models was reported, which were characterized by an activated MYC, either
alone or in combination with other genes (Bailey et al., 2017). Upon sole
activation of MYC, the mice developed papillary RCC, whereas MYC activation
combined with inactivation of Ink4a/Arf (Cdkn2a) resulted in the formation
ccRCC. The association of MYC and HIF-a in ccRCC tumorigenesis is well known,
with opposing effects of HIF-1a and HIF-2a. HIF-2a promotes tumor growth
through activation of MYC, while HIF-1a has a tumor inhibitory effect via
suppression of MYC (Gordan et al., 2007; Zhang et al., 2007). The tumor-
repressing effect of HIF-1a has however been questioned and requires further
investigation (Gudas et al., 2014). The TRACK (transgenic cancer of the kidney)
ccRCC mouse model expresses a mutated, constitutively active HIF-1a in renal
proximal tubule epithelia, without evidence of HIF-2« activity (Fu et al., 2011).
Mice of this model were reported to develop early neoplastic changes of ccRCC,
histologically and genetically comparable to human disease (Fu et al., 2015;
Minton et al., 2015). The expression level of MYC has not yet been evaluated in

this animal model.

RCC is clearly associated with obesity, which is a strong risk factor for this
disease (Chow et al., 2000; Nam et al., 2019). Adipokines are hormones, which
are secreted by adipose tissue, and their serum and tissue levels vary
depending on the amount of people's body fat (Schrover 2018). RBP4 is one
type of adipokine, which has been shown to be associated with renal disease,
including cancer (Choi 2016). The liver is the main site of RBP4 synthesis, the
protein can however also be expressed by other tissues, including kidney. In
renal dysfunction, as for example in diabetic patients, serum RBP4 protein
levels are increased (Cabre et al., 2007; Domingos et al., 2017; Klisic et al.,
2017). The same has been shown to be true for patients with RCC, thereby
proposing to use RBP4 as biomarker for this disease (Choi et al., 2016). In
contrast to increased protein levels in the serum, RBP4 gene expression in
kidney tissue of ccRCC patients has been suggested to be reduced in one study

from 2017 (Kudryavtseva et al., 2017). The extent of RBP4 expression on a
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protein level in kidneys of people, or alternatively lab mice, with RCC, remains

however unknown.

The aim of this study is to characterize the histomorphology of the kidney and
other organs of TRACK mice and to evaluate the tissues’ protein expression of
MYC and RBP4 by IHC.

8.3 Material and methods

Ethics and study design

This animal research study has been performed in collaboration with Prof
Lorraine Gudas from Weill Cornell Medicine, New York USA. The care and use
of animals in this study were approved by the Institutional Animal Care and Use
Committee of Will Cornell Medical College (WCMC) of Cornell University, New
York USA and the University of Nottingham AWERB and School of Veterinary

Medicine and Sciences ethics committees.

Animals

Transgenic (TRACK) and control {wild type (WT) and HIF-2a-overexpressing}
C57BL/6 mice were generated at WCMC as previously published (Fu et al.,
2011). The animals were euthanized at the age of 6-28 weeks, and full
necropsies were performed, including sampling of relevant tissues, which were

routinely processed for histological examination.

Histology

HE stained tissue samples of a total of n=66 TRACK and control mice were
available (generously provided by Prof Gudas), which were histologically
assessed by light microscopy (Leica DM 2500). The following tissues were
available: Kidney (all cases) and, for some of the cases, other tissues (heart,
lung, spleen, liver, pancreas, and testis) from n=44 transgenic (HIF-1a
overexpressing) TRACK and 22 control (n=5 HIF-2a overexpressing and n=17
WT) mice.

Kidney sections were examined and evaluated by assessing certain parameters

as indicated in Table 8.1.
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LST

Evaluated parameter
0 1

Scoring value

2

3

Tubular damage (TD)*
(degeneration, necrosis)

Absence <25% of tubules affected

Tubular regeneration (TR)? Absence Mild and focal

Tubulointerstitial Absence <25% of the interstitium occupied

inflammation (TI) by inflammatory cells

Tubular atrophy and Absence <25% of tubules and interstitium

interstitial fibrosis (TAF) affected

Proteinuria (PU) Absence Mild

Tubular mineralization (TM) Absence <25% of tubules affected

(intraluminal, medullary)

Glomerular damage (GD) Absence Glomerulitis and/or

glomerulosclerosis in <25% of

glomeruli

Pyelonephritis (PN) Absence Mild

25-50% of tubules affected

Mild to moderate, multifocal
25-50% of the interstitium

occupied by inflammatory cells

25-50% of tubules and interstitium
affected

Moderate

25-50% of tubules affected

Glomerulitis and/or
glomerulosclerosis in 25-50% of
glomeruli
Moderate

>50% of tubules affected

Moderate to marked, multifocal

>50% of the interstitium occupied
by inflammatory cells

>50% of tubules and interstitium
affected

Marked

>50% of tubules affected

Glomerulitis and/or
glomerulosclerosis in >50% of
glomeruli
Marked

Table 8.1. Histopathological scoring system kidney.

Tubular epithelial cells show one or more of the following features: Vacuolar degeneration, hypereosinophilic cytoplasm, loss of cellular detail,

karyorrhexis, karyolysis, pyknosis

2Tubular epithelial cells show one or more of the following features: Hyperplasia/hypertrophy, increased nuclear-cytoplasmic ratio, basophilic

cytoplasm, mitotic figure(s)
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Immunohistochemistry

Kidney (all cases) and, for some of the cases, other tissues (heart, lung, spleen,
liver, pancreas, intestine, testis, tongue) from 6 transgenic TRACK mice and 4
WT mice have been stained by Prof Gudas and her team, using two different
antibodies: RBP4 (Santa Cruz, rabbit polyclonal, SC-25850, 1:100) and MYC
(Santa Cruz, mouse monoclonal, SC-40, 9E10, 1:100). The staining distribution
within the cells and tissue (cytoplasmic versus nuclear; multifocal versus
diffuse) was recorded and the staining intensity was semiquantitatively

assessed as follow: 0: negative; 1: weak; 2: moderate; 3: severe.

8.4  Results

8.4.1 Histology

Kidney

The results of the evaluated histopathological features are indicated in Table
8.2. and summarized in Table 8.3. All TRACK (HIF-1a overexpressing) mice had
evidence of moderate to severe vacuolar degeneration of proximal tubular
epithelial cells, which was absent in all control (HIF-2a overexpressing and WT)
animals (Figure 8.1). Changes indicative of mild proteinuria and intratubular
(intraluminal, medullary) mineralization was observed in 42/44 (95%) and
43/44 (98%) of HIF-1a mice, respectively. Both lesions were absent in control
mice. Evidence of renal tubular regeneration was seen in a 31/44 (70%) of HIF-
la mice and was absent in control animals (Figure 8.2). Few focal, small,
radiating, sharply demarcated areas of tubular atrophy and interstitial fibrosis
(interpreted as chronic infarcts) were seen in 6/44 (14%) of HIF-1a mice and in
none of the control animals. Glomerular changes, characterized by a segmental
to diffuse thickening of the basement membrane (membranous glomerular
change) were restricted to HIF-1a mice, with mild lesions in 5/44 (11%) and
severe changes in 5/44 (11%) animals. A mild multifocal chronic
lymphoplasmacytic interstitial inflammatory reaction was seen in 41/44 (93%)
HIF-1a mice, in none of the HIF-2a mice and in a minority (5 out of 17, 29%) of
WT animals (Figure 8.3). A mild to moderate chronic lymphoplasmacytic

pyelonephritis was observed in all TRACK and WT mice. Five out of 44 (11%)
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HIF-1a mice had dysplastic tubular changes, located in the outer medulla and
characterized by an irregular tubular shape and epithelial lining (Figures 8.4 and
8.5). One HIF-1a mouse had focal glomerular parietal epithelial hyperplasia,
which was not seen in any of the control mice. One HIF-1a mouse presented
with a focal area of vascular and perivascular mesenchymal hyperplasia on the
corticomedullary junction (Figure 8.6). Finally, three out of 17 (18%) WT
showed mild, focal glomerular mesangial thickening through deposition of

homogenous, eosinophilic, extracellular material (Figure 8.7).

Other organs

Potentially relevant histological changes were limited to the liver and spleen,
which are provided in Table 8.4. Examined heart, lung, pancreas and testis
sections did not reveal any relevant microscopic lesions. Liver sections were
available for HIF-1a and WT mice, but not for HIF-2a animals. A mild periportal
and perivenular predominantly mononuclear inflammatory reaction was seen
in 7/24 (29%) HIF-1a mice and was absent in all WT. The mice with hepatic
inflammatory lesions correspond to the cases with most pronounced
regenerative tubular changes in the kidney. Another rather uncommon liver
lesion was a mild multifocal hepatocellular necrosis of rare individual
hepatocytes (single cell necrosis), which was observed in 4/24 (17%) HIF-1a
mice and in none of the WT. The mice with these necrotic changes correspond
to the cases with evidence of tubular dysplasia in the kidney, which also had
mild to moderate renal interstitial inflammation. Eventually, all examined
splenic tissue sections of HIF-1a (24/24, 100%) and WT (12/12, 100%) mice

showed moderate extramedullary hematopoiesis.
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Expressed

Case ] TD TR Tl TAF PU ™ GD PN Other lesions
protein

1a43-334 15-261 P1 HIF-1a 3 1 1 0 1 1 0 1

1a43-334 15-261 P2 HIF-1a 3 0 1 0 1 1 0 1

1a43-334 15-261 P3 HIF-1a 3 0 1 0 1 1 0 1

1a43-334 15-261 P4 HIF-1a 3 0 1 0 1 1 0 1

1a43-334 15-261 P5 HIF-1a 3 (1) 1 0 1 1 0 1

1a43-335 15-261 P1 HIF-1a 3 1 1Y 0 1 1 0 1

1a43-335 15-261 P2 HIF-1a 3 1 1Y 0 1 1 0 1

1a43-335 15-261 P3 HIF-1a 3 1 1Y 0 1 1 0 1

1a43-335 15-261 P4 HIF-1a 3 1 1Y 0 1 1 0 1

1a43-335 15-261 P5 HIF-1a 3 0 1Y 0 1 1 0 1

1a43-341 15-317 P1 HIF-1a 3 1 (1Y) 0 1 1 0 1

1a43-341 15-317 P2 HIF-1a 3 0 0 0 1 1 0 1

1a43-341 15-317 P3 HIF-1a 3 0 0 0 1 1 0 1

1a43-341 15-317 P4 HIF-1a 3 0 0 0 1 1 0 1
Focal corticomedullary vascular/perivascular

1a43-342 15-317 P1 HIF-1a 3 2 1 0 1 1 0 1 R
mesenchymal hyperplasia

1a43-342 15-317 P2 HIF-1a 3 2 1 0 0 1 0 1

1a43-342 15-317 P3 HIF-1a 3 2 1 0 1 1 0 1

1a43-342 15-317 P4 HIF-1a 3 2 1 0 0 1 0 1

1a43-343 15-317 P1 HIF-1a 3 1 1Y 0 1 1 0 2 Focal tubular dysplasia (outer medulla)

1a43-343 15-317 P2 HIF-1a 3 0 1Y 0 1 1 0 2 Focal tubular dysplasia (outer medulla)

1a43-343 15-317 P3 HIF-1a 3 0 1 0 1 1 0 2 Focal tubular dysplasia (outer medulla)

1a43-343 15-317 P4 HIF-1a 3 1 1 0 1 1 0 2

1a43-344 15-317 P1 HIF-1a 3 2 1 0 1 1 0 1

1a43-344 15-317 P2 HIF-1a 3 1 1 0 1 1 0 1

1a43-344 15-317 P3 HIF-1a 3 1 1 0 1 1 0 1
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1a43-344 15-317 P4
1a43-345 15-317 P1
1a43-345 15-317 P2
1a43-345 15-317 P3
1a43-345 15-317 P4
1a43-346 15-317 P1
1a43-346 15-317 P2
1a43-346 15-317 P3
1a43-346 15-317 P4
2al1-160 15-261 P1
2a1-160 15-261 P2
2al-160 15-261 P3
2al1-160 15-261 P4
2al1-160 15-261 P5
43x1-23 15-261 P1
43x1-23 15-261 P2
43x1-23 15-261 P3
43x1-23 15-261 P4
43x1-23 15-261 P5
43x1-24 15-261 P1
43x1-24 15-261 P2
43x1-24 15-261 P3
43x1-24 15-261 P4

43x1-24 15-261 P5

WTg7m1 15-317 P1
WTg7m1 15-317 P2
WTg7m1 15-317 P3

HIF-1a
HIF-1a
HIF-1a
HIF-1a
HIF-1a
HIF-1a
HIF-1a
HIF-1a
HIF-1a
HIF-2a
HIF-2a
HIF-2a
HIF-2a
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Focal tubular dysplasia (outer medulla)
Focal tubular dysplasia (outer medulla); focal
glomerular parietal epithelial hyperplasia
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WTg7m1 15-317 P4
WTo'7m2 15-317 P1
WTF7m2 15-317 P2
WTF7m2 15-317 P3
WT37m2 15-317 P4
WT37m3 15-317 P1
WTJ'7m3 15-317 P2
WTJ'7m3 15-317 P3
WTg7m3 15-317 P4
WTJg'10m 15-261 P1
WTJ3'10m 15-261 P2
WTg'10m 15-261 P3
WTJ3'10m 15-261 P4
WTg'10m 15-261 P5

WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
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O O O OO O o o o o o oo

0
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Focal glomerular mesangial hyaline deposits
Focal glomerular mesangial hyaline deposits
Focal glomerular mesangial hyaline deposits

Table 8.2. Histopathological evaluation of the kidney.

() Lesion is minimal if indicated in brackets

UThe interstitial inflammation is perivascular around the interlobar blood vessels

2 One well-demarcated radiating area of TAF (chronic infarct), often with intralesional tubular cystic dilation

Abbreviations: GD: Glomerular damage; HIF: Hypoxia-inducible factor; PN: Pyelonephritis; PU: Proteinuria; TAF: Tubular atrophy and interstitial

fibrosis; TD: Tubular damage; TI: Tubulointerstitial inflammation; TM: Tubular mineralization; TR: Tubular regeneration; WT: wild type
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Expressed

. TD TR TI TAF PU ™ GD PN
protein
HIF-1a 39/44 (89%) 21/44 (48%) 41/44 (93%) 6/44 (14%) 42/44 (95%) 42/44 (95%) 5/44 (11%) 40/44 (91%)
(n=44) severe mild mild mild mild mild mild mild
5/44 (11%) 10/44 (23%) (chronic 5/44 (11%) 4/44 (9%)
moderate moderate infarcts) severe moderate
HIF-2
(n—S)a o/5 0/5 0/5 0/5 0/5 0/5 0/5 5/5 (100%) mild
wT 5/17 (29% 17/17 (100%
0/17 0/217 /17 (25%) 0/17 0/17 0/17 0/17 /17 (100%)
(n=17) mild mild

Table 8.3. Summary of the renal histopathological findings per animal group.

Abbreviations: GD: Glomerular damage; HIF: Hypoxia-inducible factor; PN: Pyelonephritis; PU: Proteinuria; TAF: Tubular atrophy and interstitial

fibrosis; TD: Tubular damage; TI: Tubulointerstitial inflammation; TM: Tubular mineralization; TR: Tubular regeneration; WT: wild type
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Expressed Liver Spleen

Case protein Inflammation? Necrosis? Hematopoiesis
1a43-334 15-261 P1 HIF-1a NP NP NP
1a43-334 15-261 P2 HIF-1a NP NP NP
1a43-334 15-261 P3 HIF-1a NP NP NP
1a43-334 15-261 P4 HIF-1a NP NP NP
1a43-334 15-261 P5 HIF-1a NP NP NP
1a43-33515-261 P1 HIF-1a NP NP NP
1a43-335 15-261 P2 HIF-1a NP NP NP
1a43-335 15-261 P3 HIF-1a NP NP NP
1a43-335 15-261 P4 HIF-1a NP NP NP
1a43-335 15-261 P5 HIF-1a NP NP NP
1a43-341 15-317 P1 HIF-1a - - Moderate
1a43-341 15-317 P2 HIF-1a - - Moderate
1a43-34115-317 P3 HIF-1a - - Moderate
1a43-341 15-317 P4 HIF-1a - - Moderate
1a43-342 15-317 P1 HIF-1a Mild - Moderate
1a43-342 15-317 P2 HIF-1a Mild - Moderate
1a43-342 15-317 P3 HIF-1a Mild - Moderate
1a43-342 15-317 P4 HIF-1a Mild - Moderate
1a43-343 15-317 P1 HIF-1a Mild* Mild Moderate
1a43-343 15-317 P2 HIF-1a Mild Mild Moderate
1a43-343 15-317 P3 HIF-1a Mild* Mild Moderate
1a43-343 15-317 P4 HIF-1a - Mild Moderate
1a43-344 15-317 P1 HIF-1a - - Moderate
1a43-344 15-317 P2 HIF-1a - - Moderate
1a43-344 15-317 P3 HIF-1a - - Moderate
1a43-344 15-317 P4 HIF-1a - - Moderate
1a43-345 15-317 P1 HIF-1a - - Moderate
1a43-345 15-317 P2 HIF-1a - - Moderate
1a43-345 15-317 P3 HIF-1a - - Moderate
1a43-345 15-317 P4 HIF-1a - - Moderate
1a43-346 15-317 P1 HIF-1a - - Moderate
1a43-346 15-317 P2 HIF-1a - - Moderate
1a43-346 15-317 P3 HIF-1a - - Moderate
1a43-346 15-317 P4 HIF-1a - - Moderate
2a1-160 15-261 P1 HIF-2a NP NP NP
2a1-160 15-261 P2 HIF-2a NP NP NP
2a1-160 15-261 P3 HIF-2a NP NP NP
2al1-160 15-261 P4 HIF-2a NP NP NP
2al1-160 15-261 P5 HIF-2a NP NP NP
43x1-23 15-261 P1 HIF-1a NP NP NP
43x1-23 15-261 P2 HIF-1a NP NP NP
43x1-23 15-261 P3 HIF-1a NP NP NP
43x1-23 15-261 P4 HIF-1a NP NP NP
43x1-23 15-261 P5 HIF-1a NP NP NP
43x1-24 15-261 P1 HIF-1a NP NP NP
43x1-24 15-261 P2 HIF-1a NP NP NP
43x1-24 15-261 P3 HIF-1a NP NP NP
43x1-24 15-261 P4 HIF-1a NP NP NP
43x1-24 15-261 P5 HIF-1a NP NP NP
WTJ7m1 15-317 P1 WT - - Moderate
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WTJ&7m1 15-317 P2 WT - - Moderate
WTJ37m1 15-317 P3 WT - - Moderate
WTJ37m1 15-317 P4 WT - - Moderate
WTJ7m2 15-317 P1 WT - - Moderate
WTJ7m2 15-317 P2 WT - - Moderate
WTJ7m2 15-317 P3 WT - - Moderate
WTJE7m2 15-317 P4 WT - - Moderate
WTJ7m3 15-317 P1 WT - - Moderate
WTJ7m3 15-317 P2 WT - - Moderate
WTJ7m3 15-317 P3 WT - - Moderate
WTJ7m3 15-317 P4 WT - - Moderate
WTJ10m 15-261 P1 WT NP NP NP
WTJ10m 15-261 P2 WT NP NP NP
WTJ10m 15-261 P3 WT NP NP NP
WTJ310m 15-261 P4 WT NP NP NP
WTJ310m 15-261 P5 WT NP NP NP
Total HIF-1a 7/24 (29%) 4/24 (17%) 24/24 (100%)
HIF-2a NP NP NP
WT 0/12 0/12 12/12 (100%)

Table 8.4. Histopathological evaluation of the liver.

Abbreviations: HIF: Hypoxia-inducible factor; NP: Not provided; WT: wild type
UMild periportal and perivenular mainly mononuclear cellular infiltrates
AMultifocal single cell hepatocellular necrosis

*Changes were only minimal
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Figure 8.1A. Case
1la43-344 15-317
P2.
Microphotograph of
the kidney. Severe
tubular vacuolar
degeneration. HE
stain, 10x objective.

Figure 8.1B. Closer
view of Figure 8.1A.
Severely vacuolated
cytoplasm of tubular
epithelial cells. HE
stain, 40x objective.

Figure 8.2. Case
1a43-342 15-317
P3. Basophilic
tubular epithelial
cells, with an
increased
nuclear:cytoplasmic
ration, indicative of
regeneration. HE
stain, 40x objective.
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Figure 8.3A. Case
1a43 335 15-261 P3.
Microphotograph of
the kidney.
Perivascular
inflammation in the
area of interlobar
blood vessels. HE
stain, 2.5x objective.

Figure 8.3B. Closer
view of Figure 8.6A.
Densely cellular
mononuclear
inflammation
surrounding the
interlobar artery
and vein. HE stain,
10x objective.

Figure 8.4. Case
1a43-343 15-317
P2.
Microphotograph of
the kidney. Irregular
and distended
(interpreted as
dysplastic) tubule.
HE stain, 20x
objective.
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Figure 8.5. Case 43x-
1-24 15-261 P5.
Microphotograph of
the kidney. Irregular
and distended
(interpreted as
dysplastic) tubule,
lined by several
disorganized layers
of cells with marked
cytoplasmic
vacuolation. HE
stain, 20x objective.

Figure 8.6. Case
1la43-342 15-317 P1.
Microphotograph of
the kidney. Irregular
(suspected vascular)
spindle cell
proliferation. HE
stain, 40x objective.

Figure 8.7. Case
43x-1-23 15-261 P1.
Microphotograph of
the kidney. Note the
glomerular
membranous
thickening,
indicative of
glomerular damage.
HE stain, 63x
objective.
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8.4.2 Immunohistochemistry

8.4.2.1RBP4

Immunohistochemical staining was limited to kidney tissue of HIF-1a
overexpressing TRACK mice (3/3, 100%) and was absent in WT animals (0/2)
(Table 8.5). More specifically, TRACK mice had 20-40% of cortical nephrons with
multifocal moderate granular apical cytoplasmic staining of predominantly
proximal tubular cells and glomerular parietal epithelial cells (Figure 8.8). The
entire kidney sections of all animals presented with a weak, diffuse staining,
which was interpreted as background staining. Other organs, including heart,
lung, liver, pancreas, spleen, intestine, testis, and tongue lacked any convincing

positive staining.

Case Subgroup Kidney

WTJ 8m-1 RBP4 WT Negative

15-331P4 &

WTg 8m-2 RBP4 WT Negative

15-331 P4

43-348 RBP4 15- TRACK Moderately intense staining of 20-30% of cortical
331P4 nephrons (proximal tubules, glomerular parietal cells)
43-349 RBP4 15- TRACK Moderately intense staining of 30-40% of cortical
331P4 nephrons (proximal tubules, glomerular parietal cells)
43-358 RBP4 15- TRACK Moderately intense staining of 20-30% of cortical
331 P4 nephrons (proximal tubules, glomerular parietal cells)

Table 8.5. The results of the RBP4 immunohistochemical staining of the kidney.
Abbreviations: RBP4: Retinol-binding protein 4; TRACK: Transgenic model of
cancer of the kidney; WT: Wild type.
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Figure 8.8A. Case
43-348 RBP4 15-331
P4. Kidney.
Multifocal moderate
RBP4 staining of
proximal tubules
and glomerular
parietal layers, with
diffuse weak
staining of the
entire kidney
section. RBP4 |HC,
10x objective.

Figure 8.8B. Closer
view of Figure 8.8A.
Granular apical
cytoplasmic RBP4
staining of
glomerular parietal
epithelial cells. The
diffuse weak tubular
staining is
interpreted as
background staining.
RBP4 |HC, 63x
objective.
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8.4.2.2MYC

Immunohistochemical staining was observed in all TRACK (3 out of 3) and WT
(2 out of 2) animals in all examined tissues to a certain extent, including kidney,
heart, liver, lung, pancreas, spleen, testis and tongue (Table 8.6). In the
intestine (excluded from the table), the staining was restricted to leukocytes
within the lamina propria. Staining intensity and distribution did not appear to
significantly differ between TRACK and WT animals. In all animals, the staining
was diffuse and cytoplasmic with weak to strong intensity depending on the
type of stained tissue and cells. The staining in the kidney was characterized by
a moderate to strong, diffuse, cytoplasmic staining of renal tubules (Figures 8.9
and 8.10). Additional structures or cells with the most distinct staining included:
mononuclear leukocytes (spleen and intestine) (Figures 8.11 and 8.12), ductus

epididymis epithelial cells, and testicular Leydig cells.
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Organ Group Kidney Heart Lung Liver Spleen Pancreas Testis Tongue
Staining diffuse, diffuse, diffuse, diffuse, diffuse, diffuse, diffuse, diffuse,
distribution cytoplasmic  cytoplasmic cytoplasmic cytoplasmic cytoplasmic cytoplasmic cytoplasmic cytoplasmic
Leydig cells,
. Alveolar septae, X N Myocytes,
Stained cell or . Leukocytes exocrine seminiferous
Tubules Myocytes bronchiolar Hepatocytes glossal
structure o (macrophages) cells tubules (and ductus .
epithelial cells o . epithelium
epididymis)
WTg 8m-1 MYC WT +++ - + + +++ + ++ +
15-331P3
WTa 8m-2 MYC WT ++ + - NP +++ (+) +++ +
15-331P3
43-350 MYC 15- TRACK ++ ++ - + +++ ++ ++ ++
331P3
43-349 MYC 15-
++ + + + +++ - +++ +
331 P3 TRACK (+)
43-348 MYC 15-
TRACK +++ + + + +++ (+) +++ (+)
331P3
1/3 neg
2/3 mod 2/3 weak 1/3 neg 1/3 mod 2/3 weak
Total TRACK 3/3 k 3/3 st 1/3 k
ota 1/3 strong 1/3 mod 2/3 weak /3 wea /3 strong /3 wea 2/3 strong 1/3 mod
1/3 mod
1/2 mod 1/2 neg 1/2 neg 1/2 mod
WT 1/1 weak 2/2 stron 2/2 weak 2/2 weak
1/2 strong 1/2 weak 1/2 weak / / g / 1/2 strong /

Table 8.6. The results of the MYC immunohistochemical staining of all examined tissues.

Abbreviations: Mod: Moderate; Neg: Negative; TRACK: Transgenic model of cancer of the kidney; WT: Wild type; -: negative; +: weak; ++:

moderate; +++: strong; () lesion is minimal if indicated in brackets.
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Figure 8.9A. Case
WTo 8m-2 MYC 15-
331 P3. MYC staining,
kidney. Diffuse
moderate staining of
tubules. MYC IHC, 10x
objective

OO S 1€
7 W
AT

.

Figure 8.9B. Closer
view of Figure 8.9A.
Note the moderate
cytoplasmic staining of
tubular epithelial cells.
MYC IHC, 40x
objective.

Figure 8.10. Case 43-
350 MYC 15-331 P3.
MYC staining, kidney.
Note the diffuse
moderate staining of
tubules. MYC IHC, 20x
objective.
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Figure 8.11. Case 43-
350 MYC 15-331 P3.
Small intestine.
Strong cytoplasmic
MYC staining of
leukocytes within
the lamina propria
of the villi. MYC IHC,
63x objective.

Figure 8.12A. Case
43-349 MYC 15-331
P3. Spleen. MYC
staining of
leukocytes within
the red pulp (mainly
periarteriolar). MYC
IHC, 20x objective.

Figure 8.12B. Closer
view of Figure 8.12A.
Marked cytoplasmic
MYC staining of
leukocytes. MYC IHC,
63x objective.
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8.5 Discussion

In 2011, the TRACK mouse model was generated, characterized by a
constitutively active HIF-1a, leading to histological kidney lesions, which
resemble the changes observed in human VHL (Fu et al., 2011). In this model,
the HIF-1a expression is restricted to the kidney by using a renal proximal
tubule specific promoter (type 1 y-glutamyl transpeptidase). In the present
study, a collection of different tissues from 66 TRACK mice have been examined
histologically. In addition to the previously reported potentially premalignant
lesions in the kidney, the renal tissue was also assessed for any other
histopathological changes, including features of inflammation and
degeneration. Moreover, other, non-renal tissues were also examined for any
histopathological abnormalities.

The histological examination of the kidneys revealed comparable renal tubular
histopathological changes as previously reported by Fu et al. (Fu 2011). The
main lesion in the kidney consisted of a severe vacuolar swelling of proximal
tubular epithelial cells, resembling 'clear’ cells. These changes were absent in
control (WT) or HIF-2a expressing mice. Occasionally, distorted tubules have
been observed in a few TRACK mice, indicative of tubular dysplasia, which may
be interpreted as a preneoplastic change. Alternatively, these lesions could
already represent a neoplastic transformation, more specifically, a carcinoma
in situ. True formations of, either microscopic or macroscopic, carcinomas have
however not been identified in the mice examined here. Other frequent
findings included intraluminal tubular accumulations of protein-rich substance
(referred to as proteinuria), and fewer intraluminal calcifications. These
changes were only present in TRACK mice and were considered secondary to
the proximal tubular changes. Rarely, individual or small groups of proximal
tubular cross sections presented with features suggestive of regeneration, such
as cellular hypertrophy and hyperplasia, cytoplasmic basophilia, increased
nuclear:cytoplasmic ratio, and presence of mitotic figures. Considering the
association of HIF-1a expression and renal tubular regeneration and
proliferation (Conde et al., 2012; Shu et al., 2019; Zepeda-Orozco et al., 2017),

and given the absence of these lesions in WT and HIF-2a expressing mice, these
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regenerative changes are most likely to be, at least partially, attributable to the
overexpression of HIF-1a. Some TRACK mice showed one or several features of
microvascular-related pathology, including multiple chronic renal infarcts and
glomerular membranous changes. These changes were not observed in any of
the control mice. The role of HIF-1a and HIF-2a in renal disease is controversial
(Kong et al., 2017b; Li et al., 2017). Even though HIF-1a is known to have a
protective role in renal disease (Fang et al., 2013; Nordquist et al., 2015),
overexpression of the same protein has also been shown to be harmful
(Baumann et al., 2016; Higgins et al., 2007). Increased levels of HIF-1a have
been demonstrated to be associated with glomerular injury, through the
activation of vasoactive substances leading to vasoconstriction (Luo et al.,,
2015). The observed glomerular lesions in the HIF-1a overexpressing mice of
the present study may support this association. Furthermore, HIF-1a has been
reported to promote renal fibrosis via the expression of lysyl oxidase genes and
other profibrogenic factors (Higgins et al., 2007). This observation may
potentially explain the chronic fibrotic changes, including the chronic infarcts,
which occurred in a significant number (14%) of HIF-1la expressing mice.
Another very common, even though little specific, histopathological lesion
observed in the present study was a mild, chronic interstitial inflammation of
the kidney, which was seen in more than 93% of HIF-1a mice, none of the HIF-
20 animals and in 29% of WT. Considering that this change was absent in HIF-
2a mice and much more common in HIF-1a compared to WT animals, this
lesion is likely associated with increased expression of HIF-1a, either directly,
or through the HIF-induced histopathological changes. Indeed, hypoxia and
inflammation are known to coexist and regulate each other. HIF-1a has been
demonstrated to have a direct regulatory effect on inflammation (Corcoran and
O'Neill, 2016; Cramer et al., 2003; Liu et al., 2017). Alternatively, the severe
renal tubular changes may have caused the interstitial inflammatory reaction,
possibly by tubular cellular leakage. The association of tubular injury and
inflammation is well-known to occur in the kidney, and interstitial inflammation
is observed in the early phases of a variety of renal diseases (Cantaluppi et al.,

2014; Liu et al., 2018a). Another option could be that the frequently observed
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inflammation could correspond to a cancer (or at least precancerous
condition)-associated process, which is known to occur in RCC (Geissler et al.,
2015; Joung et al., 2018; Zhao et al., 2019). Furthermore, given the presence of
the mild chronic renal inflammation in a significant number (29%) of WT mice,
this histological change may correspond to a common background lesion in
these mice. Therefore, the speculated association between the renal
inflammatory changes and the overexpression of HIF-1a remains uncertain in
the studied TRACK model. Finally, all HIF-overexpressing as well as WT mice
showed a mild to occasionally moderate chronic pyelonephritis. Because of the
omnipresent nature of this lesion, this change was considered incidental and
unrelated to HIF expression. In agreement, inflammatory infiltrates in the
submucosa of the renal pelvis have been demonstrated to be a frequent,
spontaneous background finding in mice, without any biologic significance

(Frazier et al., 2012).

Other organs than the kidney showed little (liver, pancreas, spleen) or no
(heart, lung, small intestine, testis, skeletal muscle) potentially relevant
histopathological changes. This finding was expected due to the fact that TRACK
mice have been generated using a kidney-specific promoter (Fu et al., 2011).
Nevertheless, a mild perivascular inflammatory reaction was observed in the
liver of a significant number (29%) of HIF-1a expressing mice. None of the WT
had evidence of hepatic inflammation, proposing that this lesion is likely
associated with HIF-1a expression in the kidney, either directly or indirectly via
its induced renal changes. Considering the link between liver and kidney
(Cantaluppi et al.,, 2014), even a kidney-specific lesion may produce
morphological changes in the liver. In addition to the inflammatory changes,
four out of 24 (17%) HIF-1a expressing mice presented with minimal, single cell
hepatocellular necrosis, which was absent in WT animals. It remains uncertain
if and to what extent this change is associated with renal HIF-1a expression and
associated lesions. Considering that, in this mouse model, HIF-1a is not
overexpressed in the liver, the observed hepatocellular damage may be the

result of an indirect effect of the HIF-1a induced renal changes. Finally, the
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presence of mild extramedullary hematopoiesis in the spleen of all examined
HIF-1a and WT mice was interpreted as incidental finding, likely unassociated
with HIF-1a overexpression. Even though hematopoiesis in the spleen is not
supposed to occur in adult mice, it may do so in older animals as it may be the

case in the here examined mouse population (Loukov et al., 2016).

MYC was expressed in all examined tissues in at least certain types of cells, with
a diffuse, cytoplasmic distribution in all cases. Assessed by IHC, the intensity of
MYC protein expression varied markedly between the different sorts of tissue
and cells and between some of the individual animals. When comparing TRACK
and control mice, a convincingly different expression profile was not evident.
This finding, however, needs to be interpreted with caution due to the limited
number of animals examined. A predominantly absent to weak, and rarely
moderate, expression of MYC was seen in the heart, lung, liver, pancreas,
tongue of TRACK and WT mice. The IHC staining pattern and intensity in these
tissues are comparable to the immunohistochemical protein expression profile
reported in the Human Protein Atlas (HPA) (Ponten et al., 2008; Uhlen et al.,

2015) (http://www.proteinatlas.org, accessed 13 November 2019), with the

exception of the tongue, which currently lacks a MYC expression profile in the
HPA. A moderate to strong expression of MYC was seen in the kidney, spleen,
and testis. More specifically, IHC staining was present in renal tubules, splenic
leukocytes (macrophages), testicular seminiferous tubules, Leydig cells and
ductus epididymis. Available expression profiles on HPA are similar even though
MYC has also been reported to be expressed in nuclei of testicular and splenic
tissue, which is in contrast to the restricted cytoplasmic expression in the
mouse tissue of the present study. In the small intestine, MYC expression was
restricted to leukocytes within the lamina propria mucosae. From previous
studies, it is known that MYC is overexpressed in ccRCC (Shroff et al., 2015; Tang
et al., 2009). Considering the strong renal tubular staining in the kidney of
TRACK mice in the present study, this ccRCC animal model may be able to
reproduce MYC overexpression. A similar expression profile was however

observed in WT animals, which hampers the interpretation of MYC expression
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in TRACK mice. Thus, additional, ideally more specific, techniques (e.g.
proteomics, transcriptomics) for assessing the expression of MYC should be
performed. The effect of HIF-1a on tumorigenesis, as well as its association with
MYC is controversial. For HIF-1a, a tumor inhibitory (Gordan et al., 2007; Zhang
et al., 2007) as well as promoting (Fu et al., 2011; Gudas et al., 2014) effect has
been demonstrated. The tumor suppressive effect of HIF-1a has been shown
to be associated with reduced expression of MYC (Gordan et al., 2007; Zhang
et al., 2007). Overexpression of HIF-1a in the kidney, as reproduced in TRACK
mice, should therefore parallel decreased renal MYC expression. Alternatively,
it could be hypothesized that the HIF-1a-induced metabolic changes could
contribute to kidney damage, which may result in increased expression of MYC
as a mechanism to accelerate kidney regeneration. Upregulation of MYC may
then further promote cancer development. In the present study, none of these
hypotheses could be proven neither to be true nor false, because of the
comparable MYC expression profile of TRACK and WT mice. In order to detect
a potential differential expression between TRACK and WT animals, larger
sample sizes would be required or alternative methods of protein or RNA

detection should be applied.

In the examined TRACK mice, RBP4 showed a kidney-specific protein
expression, which was absent in WT animals. This cancer-related RBP4
expression provides further evidence that RBP4 may be valuable as biomarker
for ccRCC, as suggested by Choi and his team who reported increased RBP4
serum levels in RCC patients (Choi et al., 2016). Other studies, which investigate
the level of RBP4 protein expression in the kidney of ccRCC patients or animal
models are lacking in the current literature. So far, the evaluation of renal RBP4
expression has been limited to a genetic level. In contrast to the observed
increased protein levels, Kudryavtseva and her team demonstrated a reduced
renal RBP4 gene expression in ccRCC patients (Kudryavtseva et al., 2017). In
normal kidney, RBP4 is strongly expressed in the cytoplasm of renal tubular
cells, without the limitation to a certain cellular location (Ponten et al., 2008;

Uhlen et al., 2015) (https://www.proteinatlas.org/, accessed 13 November
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2019). With the exception of a weak (interpreted as background), diffuse,
cytoplasmic tubular IHC staining in TRACK and WT mice, RBP4 expression was
restricted to the apical cytoplasm of proximal tubular and parietal epithelial
cells of TRACK mice examined in the present study. This specific cellular
distribution of RBP4 has not been reported and its significance remains
uncertain. Non-specific staining cannot be ruled out with certainty.
Furthermore, non-renal, including liver, tissue sections lacked RBP staining in
TRACK as well as WT animals. The failure to detect RBP4 expression in the liver
was unexpected, given that murine and human liver tissue is known to express
this protein under normal and neoplastic conditions (Noy et al., 2015; Quadro
et al., 1999; Thompson et al., 2017; Wang et al., 2011). The lack of detectable
liver RBP4 expression in the present study raises concerns and requires further

investigation.

In summary, in the present study, which was based on the histological

[ Deleted: conclusion

examination of only a subset of tissue samples, the most relevant renal changes

were restricted to microscopic, dysplastic to non-invasive, i.e. in-situ,

neoplastic _tubular lesions. Invasive cancerous growth could not be

demonstrated on the examined kidney samples. Therefore, these observations

indicate that the TRACK model reliably develops pre-neoplastic and early

neoplastic renal tubular changes with comparable histomorphology as seen in

spontaneous human disease. Certain adaptations of the experiments may be

required in order to confirm the suitability of the TRACK model to induce

invasive renal cancer. A longer duration of the experiment may be considered

in_order to achieve more advanced histological neoplastic changes.

Alternatively, in order to improve the model, the concentration of HIF-1a could

be increased by experimentally inducing i) direct HIF-1a overexpression, ii)

inactivation of VHL, or iii) creating a hypoxic environment. In addition to the

tubular lesions, other mild renal changes were frequently observed in TRACK
mice, including tubular regeneration, chronic infarcts, glomerular changes and
chronic interstitial inflammation. These changes are suspected to be associated

with HIF-1a expression, and deserve further investigation. Histological lesions
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in other organs than the kidney, primarily chronic inflammatory infiltrates in
the liver, have been observed in a significant number of TRACK mice, and may
possibly be related to increased renal HIF-1la levels. Mild, chronic
pyelonephritis is a common background lesion, which was present in all
examined TRACK and WT mice. MYC is strongly expressed in renal tubules, and
to a variable extent in other tissues, with similar immunohistochemical
expression profiles between TRACK and WT animals. Consequently, neither a
decrease nor increase of MYC protein levels could be demonstrated in this
animal model. Further investigation, with larger sample sizes or alternative
protein expression detection methods, is recommended. RBP4 expression was
present in the apical cytoplasm of proximal tubular and parietal epithelial cells
of TRACK mice, which was absent in WT. This observation prompts to further
evaluate the potential use of RBP4 as biomarker for ccRCC. Other organs,
including the liver, failed to demonstrate convincing RBP4 expression by IHC.

This study confirms the previously reported premalignant renal proximal
tubular histopathological lesions in the TRACK model. In addition, degenerative
and inflammatory changes within the kidney and the liver, as well as the
immunohistochemical expression of MYC and RBP4 are reported in this model

for the first time.
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9. Conclusions

The present study is a comparative, morphological and molecular pathological
study of urological cancers. More specifically, dogs with spontaneous urological
cancers were assessed as a non-rodent animal model for UC and PCa in men. In
addition, two novel potential therapeutic targets have been evaluated in
human PCa specimens. Furthermore, the TRACK mouse model was evaluated
histopathologically. The main conclusions are summarized below, with
reference to the aims of this dissertation. In addition, observations, which, to
the author's best knowledge, are reported for the first time, are summarized

under 'new insights'.

i) Aim: Pathological and molecular characterization of the canine UC model

Main conclusions

- Canine and human UC are epidemiologically and pathologically directly
comparable, supporting the dog as a valuable animal model. The two most
striking common features of canine and human UC include high sex
predilection and histological tumor appearance.

- Canine UC has an extraordinarily high predisposition for certain genetically
closely related dog breeds (top leader: Scottish terriers), which suggests a
strong genetic component.

- Female surgically neutered (ovariohysterectomized) dogs are at highest risk
to develop UC which leads to the speculation that the level of sex hormones
and their receptors are relevant for UC carcinogenesis in dogs.

- Most canine UC are of high tumor grade and stage, with frequent muscle-
invasive growth. Therefore, UC in dogs appears to mimic the malignant
muscle-invasive form of UC in people.

- Tumor-associated inflammation is very common (>75%) in canine UC,
consisting of a mild lymphoplasmacytic reaction in most cases. This is in
agreement with the situation in human UC, where tumor inflammation is

known to be frequent.
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New insights

To date, the present study is the largest reported comparative histological
canine UC study, which includes a total of 381 dogs.

The three dog breeds with highest risk to develop UC are significantly
younger at the time of tumor diagnosis, compared to other dog breeds.

In dogs, papillary UC is equally as common as UC with a non-papillary (flat)
growth.

In canine UC, non-papillary tumor growth is strongly associated with muscle
invasion. This observation is in agreement with non-papillary UC in people,
which are known to be associated with higher tumor grade, muscle invasion
and poor prognosis.

Fibromyxoid tumor stroma is common (27%) in canine UC and represents a
strong indicator for muscle invasive tumor growth, presumably indicative
of poor prognosis. This observation is in agreement with reported
prognostic significance of a myxoid stroma in human urothelial and non-
urothelial cancers.

Uncommon variants of divergent histological differentiation are
occasionally present in canine UC, including micropapillary and microcystic
growth, as well as rhabdoid, signet-ring cell, lipid-rich and glycogen-rich
appearance of neoplastic cells. Comparable histological tumor features are
well known in human UC.

Rare urinary tract tumors, including plasmacytoid UC and neuroendocrine
tumor, occur spontaneously in dogs.

Tumor necrosis in canine UC is relatively common (24%), and is mild and
comedo-like in most (>90%) of the cases. This is in agreement with human
UC, where necrosis is also a frequent tumor feature.

In canine UC, the presence of tumor necrosis is associated with the
presence of fibromyxoid tumor stroma. Considering the demonstrated
association of fibromyxoid stroma and muscle-invasive tumor growth,
tumor necrosis may have potential prognostic significance in canine UC. In

human UC, tumor necrosis is a well-known feature for poor prognosis.
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In addition to the most commonly lympoplasmacytic tumor-associated
inflammatory reaction, there is a variable (mild to marked) eosinophilic
inflammatory component in almost one third of canine UC. In human
oncology, the occurrence of eosinophils within neoplastic tissue is referred
to as TATE. TATE is known to occur in human UC, with a controversial
prognostic significance.

This study is the first to describe AS in canine UC, revealing frequent
differential splicing of cancer-relevant genes. Many of the identified altered
cancer-relevant genes and pathways are known to be associated with
human BC, confirming the resemblance of canine and human BC on a
molecular level.

Certain identified altered genes (SVIL, PXN, KAT7, ACIN1, TPCN2, SLIT2,
MTNR1A, DDR1, APAF1, PKN1, F11R, TCF7L2, ALKBH, COL6A3) and KEGG
pathways (focal adhesion, pathways in cancer, PI3K-Akt signalling among
others) in canine UC are known to be relevant in human BC. Furthermore,
human BC, as well as acute myeloid leukemia and thyroid cancer pathways
are enriched pathways in the assessed canine UC with differential AS.
Based on a low number (n=3 paired normal and tumor) of cases, significant
differential gene expression was not observed in canine UC. In contrast to
AS, the analysis of differentially expressed genes is less likely to provide new

insights into UC oncogenesis in dogs.

ii) Aim: Pathological and molecular characterization of the canine PCa model

Main conclusions

Entire as well as surgically castrated (orchiectomized) dogs develop
spontaneous PCa. There is a trend for castrated dogs to be at higher risk for
developing this cancer, proposing that canines may suffer from a hormone-
resistant form of cancer.

In dogs, PCa is a high-grade tumor, which is often diagnosed late at high

cancer stage.
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- Canine PCa is characterized by a poor histological differentiation, which
makes a further histomorphological tumor classification difficult. The cell of
PCa origin remains uncertain in the majority of affected dogs.

- The majority (84%) of canine PCa either lack (51%) UPIIl expression or
express it at very low levels (33%). In benign canine prostate tissue, UPIII
expression is present in urothelial cells of the urethra and ducts.

- IHC for UPIII can be helpful for the differentiation of UC and anaplastic, not
further classifiable, canine PCa.

- For canine PCa, IHC for p63 is of limited value. Most (90%) canine PCa
contain only scattered p63 positive cells (54%) or are p63 negative (36%).
In benign canine prostate tissue, strong nuclear p63 expression is present

in basal and urothelial cells.

New insights
- The origin of canine PCa remains uncertain. Acinar (including
neuroendocrine), urethral as well as ductal cells need to be considered as

potential cell of tumor origin.

iii) Pathological and immunohistochemical evaluation of novel potential

therapeutic targets in human PCa specimens

New insights

- Two potential PCa-relevant markers, KDM7A and KDM5B, have been
identified. Both markers are expressed in benign and malignant human
prostate tissue.

- KDM7A is consistently, even though weakly, expressed in the majority of
benign (60-89%) and malignant (70-100%) prostate tissues. PCa metastases
vary in their KDM7A expression, ranging from 0% (kidney) to 100% (adrenal,
liver, testis) of cases, with intermediate values of 67-88% in bone, lymph

node and lung.
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In men, cytoplasmic KDM7A expression is higher in benign prostate
compared to organ-confined PCa. Nuclear expression is higher in metastatic
PCa in comparison to benign prostate tissue

In human prostates, distinct and strong cytoplasmic KDM7A staining of
prostate basal cells is seen, suggesting that this KDM may have potential as
basal cell marker.

KDMB5B is consistently and strongly expressed in the cytoplasm and nuclei
of benign (100%) and malignant (100%) human prostate tissue. The
cytoplasmic expression may represent a previously undiscovered non-
chromatin linked role.

Nuclear KDM5B expression is reduced in bone PCa metastases compared to

benign prostate tissue of men.

iv) Aim: Pathological and molecular investigation of mechanistic contributors

to kidney clear cell cancer

Main conclusions

The TRACK mouse model reliably develops pre-neoplastic and early
neoplastic renal tubular changes with comparable histomorphology as seen
in early stages of spontaneous ccRCC. This confirms its suitability as animal
model for early stages of kidney cancer.

TRACK mice present with moderate to severe vacuolar renal tubular

changes, with presence of tubular dysplasia in some (11%) cases.

New insights

In addition to the pre-malignant renal changes, significant lesions in the
kidney of TRACK mice include a mild, chronic interstitial inflammation,
fibrosis, and tubular regeneration. These changes are suspected to be
associated with an increased HIF-1a expression, which defines this mouse

model.
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A mild, chronic interstitial renal inflammation is present in the majority
(93%) of TRACK mice. A substantial number (29%) of wild type (WT) animals
present with similar changes.

Mild chronic tubular atrophy and interstitial fibrosis in the kidney, indicative
of chronic infarctions, occurs in a moderate number (14%) of TRACK mice.
These lesions are not seen in the control animals.

Features of renal tubular regeneration is seen in a large number (70%) of
TRACK mice. This feature is not observed in control animals.

In the TRACK model, the most relevant non-renal histopathology includes a
mild, chronic inflammatory response in the liver, which is seen in a
moderate number (29%) of TRACK mice. This feature is not seen in WT mice.
RBP4 is expressed in the renal proximal tubular and glomerular parietal
epithelial cells of TRACK mice. Other assessed organs, including the liver,
lack RBP4 expression. WT mice lack RBP4 expression in the kidney.
Therefore, RBP4 has the potential to be used as biomarker for renal cancer.
Moderate to strong expression of MYC is seen in the renal tubules of TRACK
and WT animals. Other organs from the same animals show variable MYC

staining, without evident differences between TRACK and WT mice.

As a final concluding remark, these studies support the use of comparative

models to advance understanding of oncogenic mechanisms.

Potential future work

Considering the results of all the performed individual studies, the canine

bladder cancer as well as prostate cancer model appear to be most promising

for the following main reasons:

The extraordinarily high breed predisposition of canine BC strongly suggests

a genetic cause, which has not been identified to date

The histomorphology of canine UC is directly comparable to human disease

Canine BC is fairly common, which will enable disease investigation and

potential future therapeutic trials
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- The dog is the only animal species which does develop spontaneous PC on

a regular basis

- In contrast to most PC lab animal models, canine PC is characterized by

frequent metastatic spread, with comparable sites of metastases as in men

The main challenges of the spontaneous canine model are the late onset

(between 5 to 15 years) of the disease, and difficulties to plan experiments

including tissue sampling. However, these can be overcome by using already

archived FFPE and biobanked fresh tissues. Future planned next steps in this

field of research are:

- ldentification of the canine BC causing gene(s) by genetic analysis (ideally

whole genome sequencing) of dog tissue, followed by in vitro experiments

for the study of the affected gene(s) in animal and human cells and tissue

- Establishment of a canine BC and PC cell culture for testing potential anti-

cancer drugs before they are applied to pet dogs with cancer

- Screen canine PC for known human-relevant driver mutations by targeted

RNA and DNA in order to further evaluate the dog as animal model for

human PC

- Reduce the number of lab animals by testing therapeutic drugs in vitro on

canine cancer cell culture or organoids

The first series of follow-up studies in our group are planned to start in spring

2020, in collaboration with Prof Mark Rubin from the University of Bern.
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10. Publications and presentations

Publications and presentations

During the time period, when the present study was performed, the following

9 studies and three book chapters were published in scientific, peer-reviewed

journals. Two of these studies directly derive from this dissertation and are

included in this thesis. In addition, some parts of the performed investigations

were presented at 7 different national and international scientific meetings, as

indicated below.

Studies included in this thesis

de Brot S, Grau-Roma L, Stirling-Stainsby C, Dettwiler M, Guscetti F, Meier
D, Scase T, Robinson BD, Gardner D, Mongan NP. A fibromyxoid stromal
response is associated with muscle invasion in canine urothelial carcinoma.
Journal of Comparative Pathology. 2019, 169:35-46.

de Brot S, Robinson BD, Scase, T, Grau-Roma L, Wilkinson E, Boorjian SA,
Gardner D, Mongan NP. The dog as an animal model for bladder and
urethral urothelial carcinoma: Comparative epidemiology and histology.

Oncology Letters. 2018, 16(2):1641-1649.

Other cancer studies

Corbetta D, Edery E, Polledo L, Grau-Roma L, de Brot S. Concurrent ectopic
ureter and primary ureteral carcinoma in a cat. Journal of the American
Veterinary Medical Association. IN PRESS

Morey-Matamalas A, de Stefani A, Corbetta D, Grau-Roma L, de Brot S.
Pulmonary basaloid squamous cell carcinoma in a dog. Journal of
Comparative Pathology. 2018, 159:11-15.

REVIEW. Simpson S, Dunning MD, de Brot S, Grau-Roma L, Mongan NP,
Rutland CS. Comparative review of human and canine Osteosarcoma:
morphology, epidemiology, prognosis, treatment and genetics. Acta
Veterinaria Scandinavica. 2017, 59(1):71.

REVIEW. Metzler VM, de Brot S, Robinson RS, Jeyapalan JN, Rakha E, Walton
T3, Gardner DS, Lund EF, Whitchurch J, Haigh D, Lochray JM, Robinson BD,

289



10. Publications and presentations

Allegrucci C, Fray RG, Persson JL, @dum N, Miftakhova RR, Rizvanov AA,
Hughes IA, Tadokoro-Cuccaro R, Heery DM, Rutland CS, Mongan NP.
Androgen dependent mechanisms of pro-angiogenic networks in placental
and tumor development. Placenta. 2017, 56:79-85.

de Brot S, Mongan NP. Key molecular pathways in prostate cancer
development and progression: The cell cycle and androgen signaling
interactions in prostate cancer. In: Robinson B, Mosquera JM, editors.
Precision Molecular Pathology of Prostate Cancer. New York, NY, USA:
Springer. 2017

Rutland CS, de Brot S, James V, Mongan NP. Book Cancer and Noncoding
RNAs, chapter 19: Heterochromatin modulation and PcG control of gene
expression mediated by noncoding RNA in cancer. In Cancer and Noncoding
RNAs. Editors: Jayprokas Chakrabarti, Sanga Mitra, Peter Linsley, Series
Editor: Trygve Tollefsbol, Genetics & Genomics: Elsevier. 2017

de Brot S, Rutland CS, Mongan NP, James V. Book Cancer and Noncoding
RNAs, chapter 20: Epigenetic Control of microRNA Expression and Cancer.
2017 In Cancer and Noncoding RNAs. Editors: Jayprokas Chakrabarti, Sanga
Mitra, Peter Linsley, Series Editor: Trygve Tollefsbol, Genetics & Genomics:
Elsevier. 2017

de Brot S, Schade B, Croci M, Dettwiler M, Guscetti F. Sequence and partial
functional analysis of canine Bcl-2 family proteins. Research in Veterinary
Science. 2016, 104:126-35.

REVIEW. de Brot S, Ntekim A, Cardenas R, James V, Allegrucci C, Heery DM,
Bates DO, @dum N, Persson JL, Mongan NP. Regulation of vascular
endothelial growth factor in prostate cancer. Endocrine Related Cancer.
2015, 22(3):R107-23.

de Brot S, Sydler T, Nufer L, Ruetten M. Histological, immunohistochemical
and electron microscopic characterization of a malignant iridophoromain a
dwarf bearded dragon (pogona henrylawsoni). Journal of Zoo and Wildlife

Medicine. 2015, 46(3):583-7.
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Presentations

- Joint meeting of the European Society of Veterinary Pathology (ESVP), the
European College of Veterinary Pathologists (ECVP), the European Society
of Veterinary Clinical Pathology (ESVCP) and the European College of
Veterinary Clinical Pathology (ECVCP). Arnhem, The Netherlands. de Brot
S, Grau-Roma L, White E, Scase T, Robinson BD, Guscetti F, Mongan NP.
Immunohistochemical expression of p63 and Uroplakin Il in non-neoplastic
and neoplastic canine prostate tissue. Short oral and poster presentation.
September 2019

- Faculty Research Forum, University of Nottingham, UK. de Brot S,
Robinson BD, Scase T, Grau Roma L, Gardner D, Mongan MP. Can old dogs
teach us new tricks in bladder cancer? Poster and oral presentation. June
2017

- Postgraduate Research Symposium, University of Nottingham, UK. de
Brot S, Robinson BD, Grau Roma L, Scase T, Wilkinson E, Boorjian S, Dunning
M, Gardner D, Mongan NP. Bladder cancer in people and dogs. A
comparative epidemiological and histological study. Poster presentation
(second prize). May 2017

- Prostate Cancer UK Event, Nottingham, UK. de Brot S, Robinson BD, Grau-
Roma L, Scase T, Mongan NP. Animal model for prostatic disease and
Animal model for prostate cancer. Poster presentations. March 2017

- Joint meeting of the European Society of Veterinary Pathology (ESVP) and
the European College of Veterinary Pathologists (ECVP) Bologna, Italy. de
Brot S, Grau-Roma L, Wilkinson E, Dunning M, Gardner D, Scase T, Mongan
NP. Histologic characterization of 100 urinary bladder and urethral
transitional cell urothelial carcinomas in dogs from the United Kingdom.
Oral presentation. September 2016

- Thermo Fisher Workshop for Animal Health Customers Schlieren,
Switzerland. de Brot S, Rutland C, Dunning M, Cobb M, Simpson S, Mongan
NP. University of Nottingham. Canine Genomic Health Group. Oral

presentation. April 2016
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Cancer Genomics, EMBL Heidelberg, Germany. de Brot S, Fu L, Devonald
MA, Fuentes-Utrillia P, Johannson M, Nanus DM, Gudas L, Gardner DS,
Mongan NP. An acute kidney injury model shares molecular characteristics

of renal clear cell carcinoma. Poster presentation. November 2015
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Commands for canine UC analysis by RNAseq

To trim files for low quality reads and adapters
#!/bin/bash

trim_galore -q 30 --paired 14_r1.fastq.gz 14_r2.fastq.gz;
trim_galore -q 30 --paired 15_r1.fastg.gz 15_r2.fastq.gz
trim_galore -q 30 --paired 17_r1.fastq.gz 17_r2.fastq.gz
trim_galore -q 30 --paired 18 _ri.fastq.gz 18 r2.fastq.gz
trim_galore -q 30 --paired 19_r1.fastq.gz 19_r2.fastq.gz
trim_galore -q 30 --paired 21_r1.fastq.gz 21_r2.fastq.gz
trim_galore -q 30 --paired 24_r1.fastq.gz 24_r2.fastq.gz
trim_galore -q 30 --paired 25_r1.fastq.gz 25_r2.fastq.gz
trim_galore -q 30 --paired 26_r1.fastq.gz 26_r2.fastq.gz
trim_galore -q 30 --paired 33_r1.fastq.gz 33_r2.fastq.gz
trim_galore -q 30 --paired 34_r1.fastq.gz 34_r2.fastq.gz
trim_galore -q 30 --paired 47_r1.fastq.gz 47_r2.fastq.gz

STAR alignment

#!/bin/bash

STAR --genomeDir /media/svznpm/Data/canine/starindex/ --sjdbGTFfile
/media/svznpm/Data/canine/starindex/genes.gtf --runThreadN 3 --
outFilterMismatchNmax 1 --outSAMtype BAM SortedByCoordinate --
chimSegmentMin 20 --chimOutType WithinBAM --outBAMcompression 10 --
readFilesin 14_r1 val_1.fq.gz 14_r2_val_2.fq.gz --readFilesCommand zcat --
readFilesCommand zcat --outFileNamePrefix 14star;

STAR --genomeDir /media/svznpm/Data/canine/starindex/ --sjdbGTFfile
/media/svznpm/Data/canine/starindex/genes.gtf --runThreadN 3 --
outFilterMismatchNmax 1 --outSAMtype BAM SortedByCoordinate --
chimSegmentMin 20 --chimOutType WithinBAM --outBAMcompression 10 --
readFilesin 15_r1_val_1.fq.gz 15_r2_val_2.fq.gz --readFilesCommand zcat --
outFileNamePrefix 15star;

STAR --genomeDir /media/svznpm/Data/canine/starindex/ --sjdbGTFfile
/media/svznpm/Data/canine/starindex/genes.gtf --runThreadN 3 --
outFilterMismatchNmax 1 --outSAMtype BAM SortedByCoordinate --
chimSegmentMin 20 --chimOutType WithinBAM --outBAMcompression 10 --
readFilesin 17_r1_val_1.fq.gz 17_r2_val_2.fq.gz --readFilesCommand zcat --
outFileNamePrefix 17star;

STAR --genomeDir /media/svznpm/Data/canine/starindex/ --sjdbGTFfile
/media/svznpm/Data/canine/starindex/genes.gtf --runThreadN 3 --
outFilterMismatchNmax 1 --outSAMtype BAM SortedByCoordinate --
chimSegmentMin 20 --chimOutType WithinBAM --outBAMcompression 10 --

342



12. Appendix

readFilesin 18_r1_val_1.fq.gz 18_r2_val_2.fq.gz --readFilesCommand zcat --
outFileNamePrefix 18star;

STAR --genomeDir /media/svznpm/Data/canine/starindex/ --sjdbGTFfile
/media/svznpm/Data/canine/starindex/genes.gtf ~ --runThreadN 3 -
outFilterMismatchNmax 1 --outSAMtype BAM SortedByCoordinate --
chimSegmentMin 20 --chimOutType WithinBAM --outBAMcompression 10 --
readFilesin 19 _r1_val_1.fq.gz 19_r2_val_2.fq.gz --readFilesCommand zcat --
outFileNamePrefix 19star;

STAR --genomeDir /media/svznpm/Data/canine/starindex/ --sjdbGTFfile
/media/svznpm/Data/canine/starindex/genes.gtf --runThreadN 3 --
outFilterMismatchNmax 1 --outSAMtype BAM SortedByCoordinate --
chimSegmentMin 20 --chimOutType WithinBAM --outBAMcompression 10 --
readFilesin 21 _rl val_1.fq.gz 21_r2_val_2.fq.gz --readFilesCommand zcat --
outFileNamePrefix 21star;

STAR --genomeDir /media/svznpm/Data/canine/starindex/ --sjdbGTFfile
/media/svznpm/Data/canine/starindex/genes.gtf --runThreadN 3 --
outFilterMismatchNmax 1 --outSAMtype BAM SortedByCoordinate --
chimSegmentMin 20 --chimOutType WithinBAM --outBAMcompression 10 --
readFilesin 24_r1 val_1.fq.gz 24_r2_val_2.fq.gz --readFilesCommand zcat --
outFileNamePrefix 24star;

STAR --genomeDir /media/svznpm/Data/canine/starindex/ --sjdbGTFfile
/media/svznpm/Data/canine/starindex/genes.gtf --runThreadN 3 --
outFilterMismatchNmax 1 --outSAMtype BAM SortedByCoordinate --
chimSegmentMin 20 --chimOutType WithinBAM --outBAMcompression 10 --
readFilesin 25_r1_val_1.fq.gz 25_r2_val_2.fq.gz --readFilesCommand zcat --
outFileNamePrefix 25star;

STAR --genomeDir /media/svznpm/Data/canine/starindex/ --sjdbGTFfile
/media/svznpm/Data/canine/starindex/genes.gtf --runThreadN 3 --
outFilterMismatchNmax 1 --outSAMtype BAM SortedByCoordinate --
chimSegmentMin 20 --chimOutType WithinBAM --outBAMcompression 10 --
readFilesin 26_r1_val_1.fq.gz 26_r2_val_2.fq.gz --readFilesCommand zcat --
outFileNamePrefix 26star;

STAR --genomeDir /media/svznpm/Data/canine/starindex/ --sjdbGTFfile
/media/svznpm/Data/canine/starindex/genes.gtf --runThreadN 3 --
outFilterMismatchNmax 1 --outSAMtype BAM SortedByCoordinate --
chimSegmentMin 20 --chimOutType WithinBAM --outBAMcompression 10 --
readFilesin 33_r1_val_1.fq.gz 33_r2_val_2.fq.gz --readFilesCommand zcat --
outFileNamePrefix 33star;

STAR --genomeDir /media/svznpm/Data/canine/starindex/ --sjdbGTFfile
/media/svznpm/Data/canine/starindex/genes.gtf --runThreadN 3 --
outFilterMismatchNmax 1 --outSAMtype BAM SortedByCoordinate --
chimSegmentMin 20 --chimOutType WithinBAM --outBAMcompression 10 --
readFilesin 34_r1_val_1.fq.gz 34_r2_val_2.fq.gz --readFilesCommand zcat --
outFileNamePrefix 34star;
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STAR --genomeDir /media/svznpm/Data/canine/starindex/ --sjdbGTFfile
/media/svznpm/Data/canine/starindex/genes.gtf --runThreadN 3 --
outFilterMismatchNmax 1 --outSAMtype BAM SortedByCoordinate --
chimSegmentMin 20 --chimOutType WithinBAM --outBAMcompression 10 --
readFilesin 47_r1_val_1.fq.gz 47_r2_val_2.fq.gz --readFilesCommand zcat --
outFileNamePrefix 47star;

To quantify gene expression using HTSeq

#!/bin/bash

for f in *.bam; do htseq-count -f bam --mode=union S{f}
/media/svznpm/Data/canine/starindex/genes.gtf > S{f}.star.htseq.counts.txt;
done

To index Bam files
#!/bin/bash
for fin *.bam; do samtools index ${f} ${f}.bai; done

To unzip files for rMATS trimming
#!/bin/bash

for FILE in *.fq.gz

do

gunzip "S{FILE}" done

Trim reads to uniform length for rMATSs splicing analysis
#1/bin/bash

python trimFastq.py 14_r1_val_1.fq 74_14_r1_val_1.fq 74;
python trimFastqg.py 14_r2_val_2.fq 74_14_r2_val_2.fq 74;
python trimFastq.py 15_r1_val_1.fq 74_15_r1_val_1.fq 74;
python trimFastqg.py 15_r2_val_2.fq 74_15 r2_val_2.fq 74;
python trimFastg.py 17_r1_val_1.fq 74_17_r1_val_1.fq 74;
python trimFastq.py 17_r2_val_2.fq 74_17_r2_val_2.fq 74;
python trimFastqg.py 18 _r1_val_1.fq 74_18 rl1_val_1.fq 74;
python trimFastq.py 18_r2_val_2.fq 74_18_r2_val_2.fq 74;
python trimFastq.py 19_r1_val_1.fq 74_19 r1_val_1.fq 74;
python trimFastq.py 19_r2_val_2.fq 74_19_r2_val_2.fq 74;
python trimFastq.py 21_r1_val_1.fq 74_21_r1_val_1.fq 74;
python trimFastq.py 21_r2_val_2.fq 74_21_r2_val_2.fq 74;
python trimFastqg.py 24_r1_val_1.fq 74_24 _rl1_val_1.fq 74;
python trimFastq.py 24_r2_val_2.fq 74_24_r2_val_2.fq 74;
python trimFastqg.py 25_r1 _val_1.fq 74_25 rl_val_1.fq 74;
python trimFastq.py 25_r2_val_2.fq 74_25_r2_val_2.fq 74;
python trimFastq.py 26_r1_val_1.fq 74_26_r1_val_1.fq 74;
python trimFastqg.py 26_r2_val_2.fq 74_26_r2_val_2.fq 74;
python trimFastq.py 33_r1_val_1.fq 74_33_r1_val_1.fq 74;
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python trimFastq.py 33_r2_val_2.fq 74_33_r2_val_2.fq 74;
python trimFastq.py 34_r1 val_1.fq 74_34_rl val_1.fq 74;
python trimFastq.py 34_r2_val_2.fq 74_34_r2_val_2.fq 74;
python trimFastq.py 47_r1_val_1.fq 74_47_r1_val_1.fq 74;
python trimFastq.py 47_r2_val_2.fq 74_47_r2_val_2.fq 74;

rMATSs Splicing Analysis

python RNASeq-MATS.py -sl
/media/svznpm/Data/canine_bladder/GC_NM_6402_FFPE_TCC/trimgalore/7
4_15_r1_val_1.fq:/media/svznpm/Data/canine_bladder/GC_NM_6402_FFPE_
TCC/trimgalore/74_15_r2_val_2.fq,/media/svznpm/Data/canine_bladder/GC
_NM_6402_FFPE_TCC/trimgalore/74_18_r1_val_1.fq:/media/svznpm/Data/c
anine_bladder/GC_NM_6402_FFPE_TCC/trimgalore/74_18 r2_val_2.fq,/medi
a/svznpm/Data/canine_bladder/GC_NM_6402_FFPE_TCC/trimgalore/74_33_
rl_val_1.fq:/media/svznpm/Data/canine_bladder/GC_NM_6402_FFPE_TCC/tr
imgalore/74_33_r2_val_2.fq -s2
/media/svznpm/Data/canine_bladder/GC_NM_6402_FFPE_TCC/trimgalore/7
4_14 r1_val_1.fq:/media/svznpm/Data/canine_bladder/GC_NM_6402_FFPE_
TCC/trimgalore/74_14 r2_val_2.fq,/media/svznpm/Data/canine_bladder/GC
_NM_6402_FFPE_TCC/trimgalore/74_17_r1_val_1.fq:/media/svznpm/Data/c
anine_bladder/GC_NM_6402_FFPE_TCC/trimgalore/74_17_r2_val_2.fq,/medi
a/svznpm/Data/canine_bladder/GC_NM_6402_FFPE_TCC/trimgalore/74_34_
r1_val_1.fq:/media/svznpm/Data/canine_bladder/GC_NM_6402_FFPE_TCC/tr
imgalore/74_34_r2_val_2.fq -gtf
/media/svznpm/Data/canine/starindex/genes.gtf -bi
/media/svznpm/Data/canine/starindex/ -t paired -len 74 -novelSS 1 -o
/media/svznpm/Data/canine_bladder/rmats_output/NT18-33-15_T17-34-14
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