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Canine gastric carcinoma (GC) is rather rare in dogs, accounting for 1% of all
cancers, but it has a high mortality rate. Additionally, GC is the fifth most com-
mon cancer in humans. This fatal disease is often diagnosed in advanced stages
and older age leading to a poor prognosis. Since early detection of GC is crucial
for disease outcome, further research is required. Certain breeds, such as the Bel-
gian shepherd dog varieties Tervuren & Groenendael (T&G), are at a higher risk
for GC. Canine GC diagnostics commonly requires endoscopy in general anes-
thesia and is therefore rather invasive and expensive. Using non-invasive liquid
biopsies for cell-free DNA (cfDNA) and identifying GC-specific methylation al-
terations in tissue-derived genomic DNA (gDNA), the early detection of canine
GC could be more efficient and cheaper. Plasma cfDNA has been proven to be
elevated in dogs with cancer, such as lymphoma. This proof-of-concept study
aimed to quantify the plasma cfDNA concentrations of Belgian Shepherd dogs
(T&G) diagnosed with GC (n=6), pre-cancerous stages (n=4), gastritis (n=1) and
healthy control dogs (n=26). A secondary aim was to identify GC-specific meth-
ylation patterns of gDNA in affected and healthy dogs using methylation se-
quencing. Plasma cfDNA was extracted with Qiagen cfDNA extraction kit and
analysed by TapeStation. Total plasma cfDNA concentrations did not show any
significant variability between GC, pre-cancer, chronic gastritis and healthy dogs.
Unfortunately, sequencing data generated by an external contractor was of insuf-
ficient quality to be analysed. In conclusion, cfDNA quantification may not be
suitable for early detection of canine GC possibly due to biological characteristics
of carcinomas such as low vascularization and tumour shedding rates. However,
investigation of GC-specific methylation patterns can provide another, non-inva-
sive solution to current limitations in canine GC diagnostics.
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Mahalaukun karsinooma kattaa noin 1 % koirien sydvistd, mutta sen ennuste on
yksi huonoimmista. Lisdksi se on globaalisti viidenneksi yleisin syopd ihmisilla.
Mahalaukun karsinooma diagnosoidaan koirilla usein liian myohé&én, johtaen
huonoon ennusteeseen. Belgianpaimenkoiran muunnokset tervuren ja groe-
nendael (T&G) kuuluvat rotuihin, joilla on kohonnut riski sairastua mahalaukun
karsinoomaan. Koirien sydpddiagnostiikka on hidasta ja kallista, minkd vuoksi
tarve paremmille diagnostisille menetelmille on suuri. Nestebiopsian ja solu-
vapaan DNA:n (cfDNA) hyodyntaminen voisi mahdollistaa syovan toteamisen
nykyistd nopeammin ja edullisemmin. On todettu, ettd plasman cfDNA pitoisuus
on korkeampi sydpdd, kuten lymfoomaa, sairastavilla kuin terveilld koirilla.
Tassa tutkimuksessa tarkasteltiin plasma cfDNA konsentraatioita belgian-
paimenkoirilla (T&G), joilla on diagnosoitu mahalaukun karsinooma (n=6), sen
esiasteita (n=4) tai gastriitti (n=1), sekd verrattiin niitd terveisiin koiriin (n=26).
cfDNA:n pitoisuudet méadritettiin eristdmalld koirien plasmasta cfDNA:ta ja mit-
taamalla pitoisuus automaattisella sdhkoforeesitekniikalla. Tamédn pilottitutki-
muksen perusteella cfDNA ei sovellu biomarkkeriksi mahalaukun karsi-
noomaan belgianpaimenkoirilla pelkkid pitoisuustasoja mittaamalla, koska ryh-
mien valilld ei todettu merkittavid eroja. Matalat cfDNA arvot voivat liittyd ma-
halaukun karsinooman biologisiin ominaisuuksiin, kuten matalaan verisuoni-
tiheyteen ja solukuoleman méardan. Tutkimuksen pyrkimyksend oli lisdksi tut-
kia belgianpaimenkoirien mahalaukun karsinooman metylaatioprofiileja, mutta
valitettavasti ulkoistettu genomisen DNA:n metylaatiosekvensointi epdonnistui
tastd tutkielmasta riippumattomista syistd. Mahalaukun karsinooman spesifisten
metylaatioprofiilien tutkiminen voisi tarjota vaihtoehtoisen, vahemman invasii-
visen ldhestymistavan nykyisten diagnostisten rajoitteiden ratkaisemiseksi.
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TERMS AND ABBREVIATIONS

Terms

Endoscopy

Aetiology

Gastritis
Neoplastic

Pathogenesis

Abbreviations

«f DNA
ctDNA
GC
gDNA
PCR
MCED
NGS
QC
dPCR
qPCR

Non-invasive medical procedure that allows direct
visualization of internal organs through natural or
artificial openings using a camera and light at the tip of
a flexible or rigid tube

Refers to the study of the causes or origins of a disease
or condition

Inflammation of the lining of the stomach

Abnormal growth of tissue

Biological mechanisms and processes by which a

disease develops and progresses

cell-free DNA

circulating tumour DNA
gastric carcinoma

genomic DNA

polymerase chain reaction
multi-cancer early detection
next generation sequencing
quality control

digital PCR

quantitative real-time PCR



1 INTRODUCTION

1.1 Canine Gastric Carcinoma

Canine gastric carcinoma (GC) accounts for approximately 1 % of all cancers in
dogs. However, it is often diagnosed at advanced stages, primarily in older dogs,
suggesting that the true prevalence may be higher (Aratjo et al. 2022). Further-
more, certain breeds show a notably high incidence of this disease. In both hu-
mans and dogs, GC has one of the highest mortality rates among cancers. For
example, human GC is the fifth most common cancer globally and ranks third in
cancer-related deaths for men and fifth for women (Hugen et al. 2017). The Finn-
ish National Esophago-Gastric Cancer Cohort (FINEGO) has collected data with
a population-based, cohort study about declining cases of GC in Finland. While
the cases are declining, patients affected are mostly diagnosed at late stages when
the prognosis is poor (Kauppila et al. 2020).

In both humans and dogs, gastric carcinoma is heterogeneous; genetic and
environmental factors play an important role in the pathogenesis of this disease
(Hardas et al. 2021). The exact cause of GC in dogs remains unclear, but research
has identified potential links to certain genetic factors, including breed predispo-
sition. Breeds such as Belgian shepherds (Tervuren and Groenendael), rough col-
lies, Staffordshire terriers, Chow Chows and standard poodles have shown a
higher tendency for this condition (Candido et al. 2021). Over a ten-year period,
the cumulative incidence was 4.7 % in the Tervuren and 2.1% in the Groenendael,
suggesting a higher risk in the Tervuren variant (Cook et al. 2025). Additionally,
GC is commonly diagnosed in older dogs aged between 7-11 years (Aratjo et al.
2022). In Tervuren and Groenendael variants of the Belgian Shepherd dog breed,
median age at diagnosis is 8.9 years (Kijan et al. 2023, Cook et al. 2025).

Around 70-90 % of canine gastric malignancies cases are adenocarcinomas
and in human GC about 90-95% (Abrams et al. 2019, Aradgjo et al. 2022). Leiomy-
osarcomas and lymphomas are the second most common types of gastric malig-

nancies in dogs after adenocarcinoma. Gastric adenocarcinoma is commonly



forming tubular structures on the stomach wall with different levels of invasion
(Seim-Wikse et al. 2013). In human medicine, carcinomas can be divided into four
different subtypes: papillary, mucinous, tubular and signet ring cell, based on
their key histological and cytological characteristics. The classification has been
adapted for canine GC to categorize these tumours into two primary histological
types: diffuse (tubulopapillary) and intestinal (signet ring cell) type (Araujo et al.
2022, Kijan et al. 2023). Canine GC is usually found in the lesser curvature of the
stomach. Metastases can be found in liver, omentum, gastric lymph nodes, duo-
denum, spleen, pancreas, oesophagus, lungs and adrenal glands (Aragjo et al.
2022).

Clinical signs of canine GC can include vomiting that may evolve into he-
matemesis, anaemia, lethargy, anorexia, weight loss, abdominal swelling and dis-
comfort. However, GC has also been found in asymptomatic dogs and can there-
fore occur without obvious clinical signs (Candido et al. 2021). The prognosis is
typically poor with median survival time less than 3 months after diagnosis in
untreated patients and metastasis is confirmed in about 70-90 % of cases at the
time of diagnosis or death (Hardas et al. 2021). Additionally, in surgically treated
patients the median survival time of 178 days (range, 1-1902) has been reported
(Abrams et al 2019). Due to the poor prognosis of canine GC, further research is
needed to explore methods for better early detection of the disease to improve
treatment options, monitoring and outcome.

It has been suggested that canine GC can also serve as a spontaneous dis-
ease model for translational research with benefits for human medicine. (Koter-
bay et al. 2020, Candido et al. 2021, Hardas et al 2021). Recently it was revealed
that canine GC seems to be associated with gastric mucosal metaplasia and dys-
plasia, both changes considered to be preneoplastic in humans (Candido et al.
2021). The aetiology and molecular pathways of canine GC have been largely un-
known, but a recent Bayesian genome-wide association study and selection anal-
ysis studies identified 15 GC associated loci. Variant filtering revealed germline
putative regulatory variants for the EPAST(HIF2A) and PTEN genes and a coding
variant in CD101 (Cook et al. 2025). Human GC is understood better, but not
completely because of its complexity. For example, known risk factors, heredi-
tary cancer syndromes, Helicobacter pylori (H. Pylori) infection and other gastric

diseases play a significant role in human GC (Aratjo et al. 2022).



The development of human GC is a complex cascade of multiple steps be-
fore cancerous state. Typically, a cascade that can lead to GC starts with chronic
superficial gastritis followed by chronic atrophic gastritis, intestinal metaplasia
and dysplasia leading to GC. In human GC, H. pylori is a frequent initiator of
chronic gastritis, the inflammation of the stomach lining. Inflammation changes
the microenvironment of stomach epithelia and can activate oncogenic signalling
pathways. Activated oncogenic signalling pathways are increasing the develop-
ment of cellular abnormalities (Ren et al. 2025). However, in dogs H. pylori infec-
tion is almost non-existing. It has been reported almost absent in dogs, meaning
it cannot be linked to canine GC, although many other Helicobacter species can be
found in dogs (Husnik et al. 2022). Chronic atrophic gastritis has been found
alongside gastric neuroendocrine carcinoma in several cases in Norwegian Lun-
dehund (puffin dog), suggesting that in some dogs with unusual disease features,
chronic inflammation may accompany malignancy (Qvigstad et al. 2008), but a
link between chronic gastritis and canine GC has not been established (Hardas et
al. 2025). However, breed disposition linked to canine GC and genome-wide as-
sociation studies suggest that genetic factors may be involved in addition to pos-
sible inflammation-based initiation of cancer development. Our understanding
of the mechanism driving the development of the disease and of its underlying
causes remains incomplete. Research about canine GC is therefore essential for
improving our understanding of disease pathogenesis and for facilitating the de-
velopment of more effective diagnostic tools.

Treatment options for human GC are more diverse than for canine GC. The
suggested treatment for localised canine GC is surgical resection; however, most
cases are diagnosed at an advanced stage. For cases that undergo surgery, the
overall median survival time after surgery is reported to be approximately 6
months because in most cases, GC has already metastasized or the surgical resec-
tion is incomplete at which point surgery alone cannot be curative. Longer sur-
vival times have been reported up to 5.2 years (range: 1-1902 days). In untreated
dogs, survival times are typically 5-6 months following the onset of clinical signs
(Abrams et al. 2019), although this likely reflects the late clinical presentation of
the disease. Chemotherapy, either alone or as an adjuvant after surgery, has been
reported only in small case studies and may offer rather limited benefit in ad-

vanced cases in dogs. Protocols typically include carboplatin, doxorubicin, 5-
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fluorouracil, and combinations of cisplatin with 5-fluorouracil and cyclophos-
phamide (Hugen et al. 2016). To improve diagnostics and treatment methods,
more information is needed about the aetiology and development of canine GC.
Gathering such information will be made possible when early diagnosis is im-
proved, e.g., by liquid biopsy of cell-free DNA in plasma since this will allow for

regular non-invasive follow up examinations of dogs being treated for GC.

1.2 Quantitative cfDNA concentrations as diagnostic tool

Cell-free DNA (cfDNA) is a short, partially degraded double-stranded DNA
fragment released into plasma, independent of cells (Chen et al. 2022 & Kim et al.
2021). ctDNA forms when a cell goes through cell death and releases nuclear
DNA fragments and nucleosomes into the bloodstream. During cell death, DNA
is being cut by enzymes between nucleosomes. cfDNA fragment size range is
usually 120 bp to 220 bp, with higher peak at 167 bp. The highest peak mirrors
the way DNA is wrapped around proteins called histones. Approximately 150
bp length of DNA can be wrapped around one histone protein and additionally
about 20 bp length of linker DNA associated with Histone 1. These basic struc-
tures called nucleosomes can be found freely in the blood. In addition, cfDNA
can still be bound to multiple histones and therefore, around 300 bp (di-nucleo-
somal fragments) and 500 bp (tri-nucleosomal fragments) long cfDNA fragments
can be detected in blood (Alcaide et al. 2020). cfDNA originates predominantly
from hematopoietic cells, with only a minor contribution from non-hematopoi-
etic tissues. The concentration of cfDNA in the blood can vary due to factors as-
sociated with cancer, tissue damage, sepsis and inflammation (Chen et al. 2022).
Elevated cfDNA concentrations have been linked to several cancers, such as lym-
phoma and hemangiosarcoma (Flory et al. 2022, Flory et al. 2024, Kim et al. 2021,
Prouteau et al. 2021, Rafalko et al. 2023) and proven to correlate with disease de-
velopment and prognosis (Tagawa et al. 2019).

In human medicine, repeated cancer screening is one of the methods used
to detect GC in earlier stages. However, physical examination and routine labor-
atory testing alone are unlikely to detect GC and diagnosis generally requires
invasive procedures, such as endoscopy. This highlights the need for non-inva-

sive approaches with improved sensitivity, such as a liquid biopsy (Rafalko et al.
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2023). A liquid biopsy detects cancer-related genetic material, such as cfDNA, in
bodily fluids like blood. It allows for early cancer detection, monitoring of disease
progression, and assessment of treatment response without the need for tradi-
tional tissue biopsies. Rafalko and colleagues (2023) stated that non-invasive
methods to detect biomarkers offer a way to a faster and cheaper cancer diagnosis
(Rafalko et al. 2023). While liquid biopsies are widely used in human cancer di-
agnostics, their use in canine cancer diagnostics has been limited (Kim et al.
2021). However, liquid biopsy has been recognised as a promising option for ca-
nine diagnostics and in recent years the number of studies has increased consid-
erably (Flory et al. 2022, Flory et al. 2024, Kim et al. 2021, Prouteau et al. 2021,
Rafalko et al. 2023, Tagawa et al. 2019).

In cancer diagnostics, plasma samples can serve as liquid biopsies because
cfDNA and other biomolecules that are released into the bloodstream by tumours,
can be extracted from the plasma (De 2021). Tagawa and colleagues (2019) dis-
covered that plasma cfDNA concentrations were significantly elevated in sam-
ples of dogs with cancers such as lymphoma and hemangiosarcoma when com-
pared to healthy control samples in dogs (Tagawa et al. 2019). Therefore, elevated
cfDNA concentrations can potentially be used as a simple cancer detection

method and further studies are warranted to investigate this diagnostic approach.

1.3 Molecular features of cfDNA in Canine Oncology

Studies about cfDNA as a biomarker in canine oncology have become more com-
mon in recent years. cfDNA provides multiple applications for investigating can-
cer genomics. Part of cfDNA, called circulating tumour DNA (ctDNA), is derived
from tumour cells. The ctDNA proportion of the total cfDNA is usually very
small, commonly around 1%. However, it has been proven that it can correlate
with tumour burden and cell turnover in up to 90% of later cancer stages (Bar-
tolomucci et al. 2025, Prouteau et al. 2021). ctDNA contains tumour-associated
genetic and epigenetic alterations that reflect cancer development, progression
and therapeutic resistance. Cancer treatment is increasingly shifting towards per-
sonalized therapeutic approaches tailored to individual patients. This shift re-
quires cancer research to focus even more on genomics and specific characteris-

tics of cancer types.



As mentioned earlier, cfDNA has a specific size profile mirroring its struc-
ture around histones. Shi and colleagues (2020) mentioned that nucleosome ar-
rangements or cfDNA size distribution profiles can differ between different tis-
sues. These profiles can be analysed by several approaches, including gel electro-
phoresis, quantitative real-time PCR (qPCR), atomic force microscopy (AFM) and
massively parallel sequencing (MPS) (Shi et al. 2020). cfDNA size distribution
profiles have been studied increasingly in cancer research as they could offer a
robust method for better cancer diagnostics (Alcaide et al. 2020, Cristiano et al.
2019). In humans, studies have revealed that ctDNA and foetal-derived cfDNA
size patterns show higher fragmentation than cfDNA originated from non-can-
cerous or maternal tissues. Higher fragmentation refers to increased DNA break-
down and results in a higher proportion of small cf DNA molecules in blood (Al-
caide et al. 2020).

In human cancer research, ctDNA has been used in many applications.
DNA can be studied by determining the exact order of the four nucleotides that
are the bases of a DNA molecule. The bases of DNA are Adenine (A), Thymine
(T), Guanine (G) and Cytosine (C). Together, these bases constitute a four-letter
genetic code that can be decoded using DNA sequencing technologies. Next gen-
eration sequencing (NGS) offers high-throughput sequencing of millions of DNA
or RNA fragments simultaneously It is faster, more cost-efficient and more ver-
satile than traditional Sanger sequencing.

Blood-based biomarkers in many platforms have been proposed for cancer
diagnostics. Commonly, polymerase chain reactions (PCR) and enzyme-linked
immunosorbent assays (ELISA) have been used to detect cancer biomarkers.
However, cancers are complex systems with many biomarkers which are not
usually shared between different cancer types (Wilson-Robles et al. 2022). Flory
and colleagues (2022) mentioned that liquid biopsy diagnostic methods using
NGS are increasing in human medicine. The multi-cancer early detection (MCED)
tests are proven to increase earlier detection of cancers and therefore increase the
survival rates for most cancers (Flory et al. 2022). Prouteau and colleagues (2021)
mentioned that NGS of ctDNA can reveal genetic alterations that have been
linked to cancer. For example, mutations in oncogenes such as EGFR or KRAS in

non-small-cell lung cancer, tumour suppressor genes such as TP53 in neck cancer



and chromosomal rearrangements as found in the variable-diversity-joining re-
ceptor gene sequences in lymphoma cases (Prouteau et al. 2021).

In recent years, liquid biopsy tests have been developed to be used as a
multi-cancer detection tool for canine cancers. Flory and colleagues (2022) per-
formed clinical validation of next generation sequencing (NGS) based multi-can-
cer early detection liquid biopsy of cfDNA in more than 1000 dogs during the so-
called CANDID (The cancer detection in dogs) study. Detection rate for most ag-
gressive types of cancers (lymphoma, hemangiosarcoma and osteosarcoma) was
85.4%. The detection rate for eight most common canine cancers (mast cell tu-
mour, soft tissue sarcoma, osteosarcoma, hemangiosarcoma, lymphoma, malig-
nant melanoma, mammary gland carcinoma, anal sac adenocarcinoma) was
61.9%. Additionally, cancer signals were detected from one presumably healthy
dog, which later was diagnosed with hemangiosarcoma, months before any clin-
ical signs occurred. This suggested that cancer-associated genomic alterations
can be shown and are detectable in blood before clinical signs are present (Flory
et al. 2022). Following the CANDIiD study, McCleary-Wheeler and colleagues
(2023) suggested that NGS-based liquid biopsy could be used as a cancer moni-
toring tool after surgery. After surgery, dogs were divided into two groups; Can-
cer Signal Detected (CSD) or Cancer Signal Not Detected (CSND). Results indi-
cated that dogs in group CSD had significantly higher risk for cancer recurrence
within 6 months than dogs in group CSND (McCleary-Wheeler et al. 2023).

Sequencing of cfDNA and genome mapping can provide information
about oncogenic mutation status, somatic mutation allele frequency distribution,
mutational signatures of endo- and exogenous mutagens and metagenomic sig-
natures. This information could indicate the following: tissue of origin, malignant
disease status and how widespread is the clonal growth (De 2021). In human GC,
somatic mutations in specific genes such as TP53 and CDH1 have been docu-
mented (Tahara et al. 2016, Cai et al. 2024). However, research on the genetic basis
of canine GC is very limited and studying the genetic profile of GC through stud-
ying genetics of cfDNA and tissue-derived gDNA could help to identify possible

gene alterations related to canine GC.



1.4 Genetics of canine GC

Cook and colleagues (2025) investigated the genetic profile of Belgian Tervuren
and Groenendael with GC to identify possible genetic risk factors. They identi-
fied multiple risk loci using Bayesian analysis and selection scans for canine GC.
In this study, high coverage whole genome sequence (WGS) was used with a
multi-breed reference panel of 1,143 dogs. Data was presented with Bayesian
model GWAS and selection scan analysis of 200 dogs with GC (Tervuren and
Groenendael) and 270 healthy control dogs (Tervuren and Groenendael) which
showed multiple loci associated with GC. Fifteen loci predict the phenotype of
canine GC with 92% discriminatory accuracy, including the tumour suppressor
genes PTEN and HDAC2, which have important roles in transcriptional regula-
tion and cell cycle progression. These genes are known to have a major role in
human GC development (Cook et al. 2025).

The PDZRN3 gene, which is overexpressed in human diffuse type GC, was
among the discovered risk loci in canine GC. Two loci (CFA17:54Mb &
CFA28:24.8Mb) were associated with intestinal type of GC, however nothing
could be linked to diffuse type of GC. Also, a rare variant in CD101 was linked
with the intestinal type of GC. Within high-risk subtypes of Belgian Shepherd
dogs, Tervuren and Groenendael, two shared haplotypes were found on CFA4
(CFA4:24.2-24.4Mb) and CFA12 (CFA12:70Mb) loci. The CFA12 locus is known
to be a gene-dense region that includes major histocompatibility complex class
(MHC) IT and some of class I genes. In human GC and autoimmune gastritis,
alleles of MHC class II are associated with risk or protection and therefore CFA12
could be important for GC phenotype prediction. Autoimmune gastritis can de-
velop into GC in humans; however, this has not been proven in dogs (Cook et al.
2025). Liquid biopsy offers a tool for different usage of NGS-based methods for
studying the genetics of canine GC.

1.5 Methylation sequencing for identifying GC related markers

Methylation sequencing is a method used to identify and quantify epigenetic
modifications across the genome. It reveals the methylation or demethylation of
cytosines, and it is used to investigate gene activation and silencing mechanisms

and their impact on normal cellular function. Methylation sequencing is an
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epigenetic method to find the methyl groups in the genome. These alterations
with methyl groups can lead to abnormal cellular functions which can lead to the
development of cancer. According to Lee and colleagues (2019), methylation
changes in human cancers have been found in long interspersed nuclear element-
1 (LINE-1). LINE-1s are retrotransposons which means that they can use a “copy
and paste” mechanism to move around within the genome, and they take ap-
proximately 17% of the human genome. Through this mechanism, LINE-1 ele-
ments generate additional copies that insert at new locations in the genome.
These elements are mostly silenced, but for example with addition of a methyl
group, they can be activated. These activated LINE-1 elements are linked to sev-
eral cancers including GC (Lee et al. 2019).

Lee and colleagues (2019) stated that changes in DNA methylation play a
key role in cancer development and progression. While such alterations can be
observed in blood samples of patients, their reliable detection in early-stage can-
cer remains challenging. The authors studied the methylation patterns of human
and canine mammary tumours, emphasizing the similarities between canine and
human tumours that highlights the value of investigating canine cancer bi-
omarkers as an alternative research strategy (Lee et al. 2019). Potential human
GC methylation markers have been found by using plasma-based digital PCR
(dPCR) assays. Methylation of GHR, GLBR, GATM were identified only in the
tumour tissues and GC cell lines with 90% (95% CI 76.3%-97.2%) specificity and
86,7% (95% C175.4%-94.1%) sensitivity for combined data analysis. Additionally,
the sensitivity was 81,6% (95% CI 65.7%-92.3%) for stage I human GC, which
suggests strong potential for the early diagnosis of human GC (Lee et al. 2025).

1.6 Research aims and hypotheses

The primary objective of this study was to investigate the relationship between
plasma cfDNA concentration and the GC status in Belgian shepherd dogs of the
Tervuren and Groenendael variants. These were classified into healthy control
dogs by clinical history (no clinical signs of gastric disease or any other diseases),
and diseased dogs classified by histology of endoscopically taken gastric mucosal
biopsies into chronic eosinophilic gastritis, pre-cancerous (metaplastic and dys-
plastic) changes, or adenocarcinoma. Kim and colleagues (2021) have discovered

that cfDNA levels have been higher in dogs with cancer than healthy dogs. This
9



has been shown in various cancer types, including some carcinomas (e.g. mam-
mary carcinoma, thyroid carcinoma, pulmonary carcinoma, intestinal adenocar-
cinoma and hepatocellular carcinoma) (Kim et al. 2021).

As a secondary objective, this research aimed to identify potential genetic
markers, from cfDNA, specific to GC in Belgian Shepherd dogs by genome-wide
sequencing of cfDNA in healthy, pre-cancerous and GC dogs and by methylation
sequencing of tissue samples with known GC or precancerous status.

To achieve these aims, a combination of methods was employed, including a
comprehensive literature review to identify existing knowledge gaps and a clin-
ical study focusing on the cfDNA plasma concentrations from affected and
healthy, privately owned pet dogs. Findings from this study will help determine
whether cfDNA could be effectively used for early detection of GC in canine can-
cer diagnostics.

First, this study tested the hypothesis that dogs with GC have higher plasma
cfDNA concentrations than dogs without GC. Secondly, it was tested whether
dogs with preneoplastic changes such as mucous metaplasia and glandular dys-
plasia have higher cf DNA concentrations than healthy dogs but lower than dogs
with GC. Thirdly, investigations were planned on whether there are possible ge-
netic markers that can be identified from the plasma cfDNA or genomic DNA
from gastric mucosal tissue samples by comparing Belgian Shepherd dogs with

and without GC or preneoplastic changes in the gastric mucosa.

2 MATERIALS AND METHODS

2.1 Sample collection

To address the primary objective of the project, this proof-of-concept study about
plasma cfDNA was designed as a case-controlled study comprising of EDTA
plasma samples from apparently healthy dogs (age 4-15y, no history of signs of
gastric disease or any other diseases) serving as the control group and from ca-
nine patients being endoscopically screened for GC. Inclusion criteria for patient

dogs were written consent of pet owners for endoscopic screening for GC in dogs
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older than 5 years independent of whether they had clinical signs of gastric dis-
ease or not. Exclusion criteria included diseases associated with an increased risk
of adverse events during general anaesthesia required for the endoscopy, as well
as a diagnosis of tumours other than GC. The study was ethically approved by
the Finnish National Animal Experiment Board (ELLA, Ethical permit
ESAVI/40314/2024).

Plasma samples from the dogs of the control group have been collected pre-
viously by DeepScan Diagnostics. From the endoscopically screened patient
group, EDTA plasma samples have been collected prospectively at the Univer-
sity Small Animal Hospital, University of Helsinki at the time of endoscopy.
EDTA plasma samples from control and patient dogs were stored at -80°C until
cfDNA analysis. To differentiate canine patients into dogs with GC, prene-
oplastic changes or gastric inflammation, gastric mucosal biopsies underwent
histologic examinations at the Veterinary Pathology Unit of the Department of
Veterinary Biosciences, University of Helsinki. To address the secondary objec-
tive of the project, endoscopically taken gastric mucosa samples from macroscop-
ically changed and unchanged gastric mucosa (two biopsies from each area) were
snap frozen in liquid nitrogen and stored at -80°C until shipped on dry ice to an
external service provider for identifying GC-specific methylation alterations in
tissue-derived gDNA.

In addition to collecting EDTA plasma samples of apparently healthy dogs
in the control group, DeepScan Diagnostics provided previously collected data
from two Belgian Shepherd dogs diagnosed with GC for statistical analysis of
cfDNA. Only cfDNA samples that were extracted with Qiagen QiaAmp MinE-
lute ccfDNA Mini kit were accepted to this study. Additionally, only plasma sam-
ples which were collected to EDTA tubes were included in this study.

2.2 Methods

Control dogs were individuals that were apparently healthy based on the
owner’s information. Canine patients scheduled for GC screening endoscopy un-
derwent physical examination and basic blood work (haematology, blood chem-

istry organ profiles) to establish fitness for general anesthesia. The endoscopic
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examination was performed with the EVIS EXERA III 185 endoscopy system us-
ing the Olympus Gastroscope Gif H185 for endoscopic narrow band imaging
(Olympus Europa SE & Co. KG, Hamburg, Germany). The patients were classi-
fied based on the most severe histologic findings into dogs with GC (GC-Dogs),
glandular dysplasia (GD-Dogs), mucous metaplasia (MM-Dogs), and with
chronic eosinophilic gastritis (G-Dogs).

EDTA plasma samples of control dogs not undergoing endoscopy and of ca-
nine patients undergoing endoscopic GC screening have been obtained by col-
lecting whole blood from the cephalic vein into an EDTA tube. Plasma has been
separated by centrifugations within 2 hours of blood collection for EDTA tubes
(or blood has been kept refrigerated /on ice until separation has been possible).
A double centrifugation protocol has been used in which samples are first centri-
fuged for 10 minutes at 1800 x g to remove the majority of red and white blood
cells. 2 ml of plasma has then been transferred to a clean tube by pipetting while
carefully avoiding the buffy coat layer containing white blood cells. The clean
tube containing plasma has then been centrifuged again for 10 minutes at 1800 x
g to remove as many cell fragments and platelets as possible. 2 ml of clear plasma
has been transferred to a fresh 2 ml DNA LoBind tube and stored in -80C until
ready to be processed.

cfDNA was extracted from 1 ml of plasma using QiaAmp MinElute ccfDNA
Mini kit protocol either manually or partly automated in QiaCube Connect. The
manual protocol consisted of dividing 1ml of plasma into 2ml DNA low bind
Eppendorf tubes. Then Qiagen magnetic beads, Bead binding buffer and Protein-
ase K were mixed into the plasma. Tubes were incubated for at least 10 minutes
on a rocking platform. After, the solution was shortly centrifuged and put into a
magnetic rack for 1 minute or until the solution was clear. Supernatant was dis-
tracted and tubes were collected from the magnetic rack. The bead elution buffer
was mixed with beads, and the solution was incubated for 5 minutes at RT in the
QiaCube heat shaker. Tubes were put to the magnetic rack and after the solution
was clear it was transferred into a new 2 ml bead elution tube, and the bead pellet
was discarded. 300 ul of Buffer ACB was added to the solution and briefly cen-
trifuged at 1800 x g in a benchtop centrifuge. The mixture was then applied to the
QIAamp MinElute column and centrifuged for 1 minute at 6000 x g. The column

was placed in a new 2 ml collection tube and flow-through was discarded. 500 pl
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of ACW2 was added to the column and centrifuged for 1 minute at 6000 x g. The
column was placed in a new 2 ml collection tube and flow-through was discarded.
Then the column was centrifuged at full speed (18,000 x g) for 3 minutes. The
column was placed into a new 1.5 ml Eppendorf and air dried 3 minutes at 56 °C.
Next, 60 ul of Ultraclean water was added to the membrane center and incubated
for 1 minute at room temperature. Then it was centrifuged for 1 minute at full
speed (18,000 x g). Finally, the column was discarded and the eluted cfDNA was
stored at -80 until fragment analysis. Total cf DNA concentration, cfDNA frag-
ment size distribution and the level of gDNA contamination were measured us-
ing Agilent TapeStation.

Tissue samples were stored in -80C until ready to be processed. Genomic
DNA was extracted using the DNeasy Blood & Tissue kit. Sequencing libraries
of gDNA were created using the NEBNext enzymatic Methyl-Seq kit. gDNA
samples were sent after internal quality control (QC) to an external sequencing
services provider. Sequencing was performed using [llumina technology. Initial
processing of sequencing data was performed by Illumina Dragen. Further anal-
ysis of methylation sequencing data was planned to be performed by using in-

house developed pipelines and R for statistical analysis.

2.3 Al disclosure

In this thesis, the Undermind Al tool was used to support literature search. All
writing, analysis and interpretation were conducted independently without us-

ing Al tools.

3 RESULTS

3.1 Canine patients

Due to time constraints leading to a short case collection phase, this was con-
ducted as a proof-of-concept study. EDTA plasma samples from 26 T&G dogs
served as a control group. All dogs have been considered apparently healthy
based on the owner’s statements. The healthy group included 15 female and 11

male Belgian Shepherd dogs (14 Tervuren, 12 Groenendael) with a median age
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of 7.5 years (range 4-15, Appendix 1.). The patient group included 7 female and
2 male Belgian Shepherd dogs (5 Tervuren, 4 Groenendael) with a median age of
10 years (range 3-13, Appendix 1.) that underwent endoscopy. The median age
for patients with GC was 11 years (range 8-12), 8 years with pre-neoplastic
changes (range 3-10). The dog with gastritis was 13 years (Appendix 1.). Addi-
tional EDTA samples for laboratory analysis from 2 Belgian Shepherd dogs with
metaplasia (1 Tervuren) and GC (1 Groenendael) were provided by DeepScan
Diagnostics biobank.

As displayed in table 1, the included 11 patient dogs were histologically
diagnosed with gastric adenocarcinoma (n = 6), glandular dysplasia (n = 2), mu-

cous metaplasia (n = 2), and chronic eosinophilic gastritis (n = 1).

Table 1. Background information (healthy dogs included in Appendix 1.)

Dog Breed Age | Gender Diagnosis
1. Groenendael 9y Male Gastric adenocarcinoma
2. Groenendael 8y Female Gastric adenocarcinoma
3. Groenendael | 12y Female Gastric adenocarcinoma
4. Tervuren 11y Female Gastric adenocarcinoma
5. Tervuren 12y Female Gastric adenocarcinoma
6. Tervuren 11y Female Gastric adenocarcinoma
7. Groenendael 8y Female Gastric dysplasia
8. Tervuren 8y Male Gastric dysplasia
9. Tervuren 10y Female Gastric mucous metaplasia
10. Tervuren 3y Female Gastric mucous metaplasia
11. Groenendael | 13y Male Chronic eosinophilic gastritis

For laboratory analysis, cfDNA (6x carcinoma, 2x glandular dysplasia, 2x mu-
cous metaplasia, 1x chronic eosinophilic gastritis) was extracted from EDTA
plasma and gDNA from affected and healthy gastric mucosa cells (5x carcinoma,
2x glandular dysplasia, 1x mucous metaplasia, 1x chronic eosinophilic gastritis,
9x healthy).
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3.2 Plasma cfDNA concentration comparison between Belgian
shepherd dogs with GC, -precancerous changes and healthy
control dogs

Plasma cfDNA concentrations were analysed from 6 dogs with diagnosed GC, 4
dogs with precancerous gastric glandular dysplasia or mucous metaplasia, 1 dog
with chronic eosinophilic gastritis and 26 healthy control dogs. Median c¢fDNA
concentration for dogs with GC was 8 pg/ul (2-15 pg/ul), with precancerous
changes 4 pg/ul (2-14 pg/ ul), with chronic eosinophilic gastritis 6 pg/ul and for
presumably healthy dogs 6 pg/ul (2-12 pg/ul), revealing a wide overlap of re-
sults between groups (Figure 1., Appendix 1.)

cfDNA concentration (pg/pl)
® = Mk R

L]
.
L
6 ® — —l—
4 —_—
.
5 . §

0 1 2 3 4

Gastric Precancerous Chronic Healthy
adenocarcinoma gastric glandular eosinophilic controls
dysplasia/mucous gastritis

metaplasia

Figure 1. Plasma cfDNA concentrations (pg/ul) of gastric adenocarcinoma (n=6),
precancerous gastric glandular dysplasia / mucous metaplasia (n=4), chronic eo-
sinophilic gastritis (n=1) and healthy controls (n=26).

3.3 Methylation sequencing of gDNA and cfDNA

Sequencing library preparation and sequencing were outsourced to an external
service provider due to time constraints. Unfortunately, sequencing data gener-

ated by the external provider were of insufficient quality to allow full analysis,
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and it was financially impossible to send the samples to another service provider
for a second sequencing attempt. The main complication was inefficient fragmen-
tation of gDNA before library preparation, and lack of QC measures to flag up
the issue to the sample processing team before sequencing.

Methylation sequencing is a relatively new method and therefore not yet fre-
quently used at facilities providing molecular analyses. Therefore, it was finan-
cially not possible to send all the gDNA and cfDNA samples to another place
leading to the postponement of this analysis and with this to an exclusion of re-

spective date from this study.

4 DISCUSSION

The objective of this study was to investigate the relationship between cfDNA
concentration and the GC status in Belgian shepherd dogs of the Tervuren and
Groenendael variants, classified into healthy control dogs by clinical history (no
clinical signs of gastric disease or any other diseases), and into patient groups by
histology of endoscopically taken gastric mucosa tissue biopsies into GC, pre-
cancerous changes (metaplastic and dysplastic), and chronic eosinophilic gastritis.
The aim of the study was to test the hypothesis that the measurement of cfDNA
concentrations in EDTA-plasma might be a way to diagnose GC earlier and in a
less invasive matter than gastric endoscopy in general anaesthesia. The hypoth-
esis was based on studies which have highlighted increased plasma cfDNA con-
centrations in cancer patients, both in humans and in dogs (Flory et al. 2022, Flory
et al. 2024, Kim et al. 2021, Prouteau et al. 2021, Rafalko et al. 2023, Tagawa et al.
2019).

4.1 cfDNA concentrations in GC of Belgian Shepherd dogs

Based on this proof-of-concept study, there is no indication that cfDNA concen-
trations mirror the status of canine GC in dogs that underwent endoscopy with
gastric mucosal biopsy for histological classification. Plasma cfDNA concentra-
tions of all groups, including healthy dogs and dogs with GC, preneoplastic gas-
tric mucosal changes or chronic eosinophilic gastritis, were low with a large over-

lap of concentrations between all groups. The results disproved the study’s
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hypothesis that cfDNA concentrations would reflect the GC status of Belgian
Shepherd dogs as assumed due to previous findings linking elevated plasma
cfDNA levels to canine cancers such lymphoma and hemangiosarcoma (Flory et
al. 2022, Flory et al. 2024, Kim et al. 2021, Prouteau et al. 2021, Rafalko et al 2023,
Tagawa et al. 2019). Based on this study, there is no evidence that cfDNA concen-
tration would increase as the disease develops.

When reflecting these results, several limitations concerning the study de-
sign, number of investigated cases, type of investigated cancer and certain pre-
analytical variables in a canine cancer liquid biopsy need to be taken into consid-
eration. Proof-of-concept studies are performed, when there is no information
available that allows for a power analysis to estimate the number of cases needed
for a reliable statistical assessment. For a new diagnostic test, such studies allow
an early-stage clinical trial to gather preliminary evidence whether the test holds
promise for the given diagnosis. The advantage of proof-of-concept studies is
their small sample size: it allows researchers to evaluate a diagnostic method’s
promise before deciding to proceed with or modify future clinical trials. Proof-
of-concept studies have been conducted in canine oncology to evaluate the feasi-
bility of novel diagnostic approaches. For example, a proof-of-concept study
demonstrated that using NGS-based method to investigate plasma cfDNA could
detect tumour-associated genomic alterations in dogs with cancer and therefore
supporting the potential of liquid biopsy as a non-invasive diagnostic tool in vet-
erinary medicine (Kruglyak et al. 2021).

Concerning the number of investigated dogs, the low number of affected
dogs must be taken into consideration. In addition to small sample size, this
study included single time-point sampling which could be a limitational factor
to detect differences in plasma cfDNA concentrations. Healthy dogs did not go
through endoscopy and therefore missing histologic confirmation of gastric
health should be considered. GC is often difficult to diagnose and can be present
in dogs without clinical signs (Candido et al. 2021). Patient-specific variation in
plasma cfDNA concentrations could be another factor affecting the results as the
patient cohort is limited.

Concerning type of investigated cancer, it needs to be taken into considera-
tion that tumour characteristics can vary significantly between tumour types. Tu-

mour cell turnover, meaning cell death frequency, has proven to be different

17



between cancer types. Tumour burden and location can influence the cell turno-
ver in tumours and therefore affect how much cfDNA is released into the blood-
stream. Tumours can be high shedding or low shedding, which influences how
much tumour-derived material it releases into the bloodstream (Rouvinov et al.
2026, Sheriff et al. 2025). Shedding type of an investigated tumour could be one
of the reasons for variations in plasma cfDNA levels of different types of cancers.

Haematological malignancies such as multicentric lymphoma, leukaemia,
histiocytic sarcoma and vascular solid tumours such as hemangiosarcoma are
proven to shed more cfDNA to the blood than more localized solid tumours. Ca-
nine GC is a highly localized solid tumour such as soft tissue sarcoma, osteosar-
coma and mast cell tumour. These are proven to be more low shedding due to
various factors. In addition, patients with mammary carcinomas have been
proven to be showing low plasma cfDNA. Although, the grade of mammary car-
cinomas is linked to increasing plasma cfDNA concentration (Beffagna et al. 2017,
Tagawa et al. 2019, Wilson-Robles et al. 2022). Wilson-Robles and colleagues
stated that tumours of haematopoietic origin (lymphoma, histiocytic sarcoma,
hemangiosarcoma) often caused nucleosome elevations in the blood while local-
ized tumours (e.g. GC) did not. This highlights that differences in systemic versus
localized tumour behaviour may influence cfDNA concentration in the blood
(Wilson-Robles et al. 2022).

Possible explanation for the lower plasma cfDNA levels of GC could be as-
sociated to tumour morphology and biological behaviour of the disease. Solid
tumours, such as GC, soft tissue sarcoma or mammary tumours, can have differ-
ent levels of vascularisation. The density of capillaries and structure of blood ves-
sels can differ within a tumour. Neovascularization, formation of new blood ves-
sels, has been linked to increased tumour metabolism, vasodilation and inflam-
mation (Ribatti & Pezzella, 2021).

Vascular integration can affect the shedding level of tumours. Visceral and
pulmonary histiocytic sarcoma (HS), a highly vascular cancer, commonly shows
higher plasma ctDNA detection than non-pulmonary HS when screening for mu-
tations. Elevated plasma ctDNA levels may contribute to an overall increase in
total plasma cfDNA and total shedding (Prouteau et al. 2021). Additionally, dogs
with metastatic hemangiosarcoma have higher ctDNA fractions than localized

disease. Suggesting that dogs with metastasis have higher plasma cfDNA and
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more degraded fragments versus those without metastasis (Tagawa et al. 2019,
Favaro et al. 2022). This indicates that capillary density and direct blood-tumour
contact could be one of the factors that affect tumour shedding and plasma
cfDNA levels. Additionally, Wilson-Robles et al. (2022) mentioned that localized
solid tumours are commonly using regional vasculature and lymphatic drainage
for metabolic processes rather than systemic circulation. As these more localized
tumours mainly rely on nearby blood vessels instead of systemic circulation, the
release of tumour-derived DNA into the bloodstream might be limited, which
could explain their low cfDNA shedding (Tagawa et al. 2019, Wilson-Robles et
al. 2022).

However, these interpretations are mainly theoretical and there could be
many factors contributing to this phenomenon. For example, pre-analytical vari-
ables in a canine cancer liquid biopsy have not been systematically studied yet.
Although there are some broader studies about analytical factors affecting
cfDNA yields in liquid biopsy. Goggs (2019) studied the effects of sample type
on plasma cfDNA concentrations in dogs. Plasma cfDNA levels were compared
between EDTA, citrate and Streck BCT plasma tubes, EDTA and citrate being the
most promising. Pre-analytical factors such as tube type can factor into plasma
cfDNA levels (Goggs, 2019). In this pilot study, only EDTA tubes were used ex-
clusively to ensure that all samples were collected and kept under the same con-
ditions.

In addition to sample tubes, pre-analytical factors such as the timing of
plasma separation can affect the plasma cfDNA levels. Burnett and others (2016)
suggested that plasma should be collected within 2 hours of blood collection to
be reliably measured (Burnett et al. 2016). However, there is no gold standard for
the pre-analytical methods or measurement of plasma cfDNA for dogs and there-
fore should be kept in mind when comparing data and results from other studies
related to plasma cfDNA measurements.

Alcaide and others (2020) provided more insight on limitations of cf DNA
as a diagnostic tool for dogs. Common methods for measuring plasma cfDNA do
not provide reliable information about sample purity and therefore can affect
downstream analyses negatively. gDNA contamination can shift the ratios of
short and long cfDNA fragments (Alcaide et al. 2020). Lee et al. (2019) also men-

tioned that low plasma cfDNA concentrations makes it harder to extract from
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blood and can cause bias and inconsistency for the results, although at the same
time stating cfDNA as very promising biomarker for breast cancer detection (Lee
et al. 2019). Despite its limitations as a quantitative biomarker for localized solid
tumours such as GC, cfDNA shows considerable potential in the detection and
monitoring of systemic and non-localized canine cancers.

There are certain limitations of using cfDNA as a biomarker in canine can-
cer diagnostics. cfDNA might not be a suitable quantitative biomarker for all can-
cer types. Many factors, including tumour location, high vs. low shedding, vas-
cularization, greatly influences the plasma cfDNA levels. As discussed above, GC
is a localized solid tumour with low shedding characteristics. It has been estab-
lished that the result of this study is not supporting quantification of plasma
cfDNA as a reliable method for detecting canine GC.

4.2 Methylation patterns of gDNA as a biomarker for canine GC

The other hypothesis of this study was that there could be detectable GC-specific
methylation patterns in gDNA. Methylation patterns have been associated with
cancer development, and it is the most studied epigenetic modification in ani-
mals. Unusual methylation patterns in DNA, such as hypomethylation, have
been linked to early phases of cancers such as leukaemia and lymphoma in dogs.
Genome-wide hypomethylation has been observed frequently in canine mast cell
tumours, especially in grade III. It has been discovered in dogs with lung cancer
and metastatic osteosarcoma (Xavier et al. 2020). Methylation sequencing pro-
vides tissue-specific information, and methylation patterns are often altered in
the early stages of tumour development. Despite this potential, there are cur-
rently no studies on methylation patterns in canine GC.

Unfortunately, methylation sequencing did not provide any data in this
study because of analytical problems at the externalized sequencing provider
and resulting funding limitations. The gDNA of all Belgian Shepherd groups
were extracted from the affected and healthy tissue samples collected by FIN-
SAGAS. cfDNA was extracted in the laboratory provided by DeepScan Diagnos-
tics. The methylation patterns of gDNA were supposed to be compared based on
the methylation sequencing data. The library preparations for methylation se-

quencing were tested in the DeepScan Laboratories, however because of time
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constraints, the library preparation and sequencing were outsourced to an exter-
nal service provider. Internal QC was done before sending the gDNA samples to
out. For reasons outside our control, sequencing data received from the service
provider was of inadequate quantity and quality to develop and test in-house
pipelines for data analysis. However, methylation sequencing data could provide
deeper insights into the molecular mechanisms of GC in Belgian Shepherd dogs.
Consequently, the next phase of the Canine Gastric Carcinoma project involves
sequencing a larger cohort of affected and healthy dogs by a trusted Finnish part-
ner, supported by a long-term collaboration between DeepScan Diagnostics and

the FIN-SAGAS research group to collect cases with proven gastric pathologies.

4.3 Future aspects

Future studies of canine GC should focus on larger cohorts, multiple sampling
time-points and the use of qualitative rather than quantitative methods for
cfDNA assessment. The investigation of GC-specific methylation patterns in
cfDNA could improve the sensitivity and accuracy of cf DNA-based diagnostics
for canine GC. More research is needed on localized and low shedding canine
tumours, such as GC, to determine whether missing differences in cfDNA be-
tween patient groups are because of low shedding due to tumour biology or be-
cause of technical detection limitations.

Although the quantification of total plasma cfDNA concentration is not
enough to distinguish between cancerous, pre-cancerous and healthy dogs in this
proof-of-concept study, plasma cfDNA can still be considered as a potential bi-
omarker for canine GC. Plasma cfDNA has many qualities and applications with
the simplest cfDNA-based diagnostic tool being the measurement of total plasma
cfDNA to support the diagnosis of canine lymphoma and hemangiosarcoma (Ta-
gawa et al. 2019, Kambayashi et al. 2024). However, in recent years, tumour-spe-
cific fDNA fragment analyses have enabled the investigation of cfDNA charac-
teristics and even the determination of tissue of origin (Alcaide et al. 2020, Cris-
tiano et al. 2019). In recent studies, the focus has shifted from cfDNA to ctDNA
with more in-depth information of tumour genetic profile (Alcaide et al. 2020,
Prouteau et al. 2021). Currently, there has been limited research on the canine GC

genetic profile, but it should be more in focus due to its potential as a
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spontaneous disease model for human GC (Hugen et al. 2016, Pinho et al. 2011).
Investigating the epigenetic characteristics of canine GC may be the next im-
portant step in identifying GC-specific biomarkers for early detection (Ishizaki et
al. 2020), as abnormal DNA methylation patterns have been widely explored as
diagnostic biomarkers in human GC and breast cancer (Lee et al. 2019, Lee et al.
2025).

Early detection of canine GC is crucial for better prognosis of this mostly fatal
disease since it is often diagnosed too late when the cancer has already metasta-
sized. Current detection methods for canine GC are invasive and expensive for
owners. There is a need for minimally invasive diagnostic approaches that enable
earlier detection of canine GC and allow repeated sampling without significant
burden to the patient or owner. As discussed earlier, cfDNA provides a promis-
ing alternative to conventional diagnostic methods enabling the analysis of tu-
mour-derived DNA from blood samples. In the case of canine GC, cfDNA could
potentially provide information about tumour-specific molecular alterations.
While total plasma cfDNA concentration may lack sufficient sensitivity for ca-
nine GC, qualitative features of cfDNA, such as methylation, fragmentation and
epigenetic modifications, hold promise of a possibly greater diagnostic value. In
addition, these methods may also support disease monitoring and provide in-

sight into tumour biology within comparative oncology.

5 CONCLUSIONS

Quantitative plasma cfDNA concentrations did not show any significant varia-
bility between GC, pre-GC, chronic gastritis and healthy Belgian Shepherd dogs.
Low plasma cfDNA concentrations may be due to biological characteristics of
canine GC. Factors such as tumour vascularization, compartmentalization (local-
ized versus systemic), cellular turn-over and tumour shedding rates could influ-
ence plasma cfDNA levels.

This study highlights the knowledge gaps in the biological characteristics of
canine GC, particularly regarding its genetic and molecular features, which re-
main poorly understood. Non-invasive and sensitive diagnostic approaches are

essential for the detection of this disease, which remains particularly difficult to
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detect in early stages. Qualitative cf DNA detection method should be considered
over quantitative cfDNA detection for canine GC.

This thesis was done as a part of the larger Canine Gastric Carcinoma project,
which will continue to study the methylation patterns of canine GC and the pos-
sibility to discover GC-specific alterations from plasma cfDNA. Overall, cfDNA
sequencing and methylation analysis represent promising non-invasive methods

for addressing current diagnostic limitations in canine GC.

ACKNOWLEDGEMENTS

I would like to acknowledge the Finnish Small Animal Gastroenterology (FIN-
SAGAS,) research group at the University of Helsinki and DeepScan Diagnostics
for the opportunity to be part of this research project. This thesis was conducted
as a subproject of the Canine Gastric Carcinoma project by the FIN-SAGAS re-
search group. Special thanks to my supervisors Professor Thomas Spillmann, Dr.
Katja Kivinen and Dr. Tiina Jokela, for their mentorship and support. Final
thanks to my laboratory supervisors Milja Tikkanen and Emmi Hurskainen for
their support and guidance throughout the laboratory work of this thesis.

Helsinki April 10, 2026
Viivi Virtanen

23



REFERENCES

Abrams B., Wavreille V.A., Husbands B.D., Matz B.M., Massari F., Liptak ].M.,
Cray M.T., De Mello Souza C.H., Wustefeld-Janssens B.G., Oblak M.L., Su
L. & Selmic L.E. (2019). Perioperative complications and outcome after sur-
gery for treatment of gastric carcinoma in dogs: A Veterinary Society of Sur-
gical Oncology retrospective study of 40 cases (2004-2018). Veterinary Sur-
gery 48: 923-932.

Alcaide, M., Cheung, M., Hillman, J., Rassekh, S. R., Deyell, R. J., Batist, G,
Karsan, A., Wyatt, A. W., Johnson, N., Scott, D. W., & Morin, R. D. (2020).
Evaluating the quantity, quality and size distribution of cell-free DNA by
multiplex droplet digital PCR. Scientific Reports, 10(1), 12564.

Aratjo D., Cabral I., Vale N. & Amorim I. (2022). Canine gastric cancer: current

treatment approaches. Veterinary Sciences 9: 383.

Beffagna, G., Sammarco, A., Bedin, C., Romualdi, C., Mainenti, M., Mollo, A.,
Cavicchiolj, L., Ferro, S., Trez, D., De Maria, R., Nitti, D., Saccani, A., Cam-
panella, M., Agostini, M., & Zappulli, V. (2017). Circulating Cell-Free DNA
in Dogs with Mammary Tumors: Short and Long Fragments and Integrity
Index. PLoS ONE, 12(1), e0169454. https:/ /doi.org/10.1371/jour-
nal.pone.0169454

Burnett, D. L., Cave, N. J,, Gedye, K. R., & Bridges, J. P. (2016). Investigation of
cell-free DNA in canine plasma and its relation to disease. Veterinary Quar-
terly, 36(3), 122-129. https:/ /doi.org/10.1080/01652176.2016.1182230

Cai H.-Q., Zhang L.-Y., Fu L.-M.,, Xu B. & Jiao Y. (2024). Mutational landscape of
TP53 and CDH1 in gastric cancer. World Journal of Gastrointestinal Surgery 16:
276-283.

24


https://doi.org/10.1371/journal.pone.0169454
https://doi.org/10.1371/journal.pone.0169454
https://doi.org/10.1080/01652176.2016.1182230

Candido M.V, Syrjd P., Hanifeh M., Lepajoe J., Salla K., Kilpinen S., Noble P.-]. M.
& Spillmann T. (2021). Gastric mucosal pathology in Belgian Shepherd dogs
with and without clinical signs of gastric disease. Acta Veterinaria Scandina-

vica 63.

Chen Y., Gong Y., Dou L., Zhou X. & Zhang Y. (2022). Bioinformatics analysis
methods for cell-free DNA. Computers in Biology and Medicine 143: 105283.

Cook, S. R., Hugen, S., Hayward, J. J., Famula, T. R., Belanger, J. M., McNiel, E.,
Fieten, H., Oberbauer, A. M., Leegwater, P. a. ]., Ostrander, E. A., Mandigers,
P.].]., & Evans, J. M. (2025). Genomic analyses identify 15 risk loci and re-
veal HDAC2, SOX2-OT, and IGF2BP2 in a naturally occurring canine model
of gastric cancer. Proceedings of the National Academy of Sciences, 122(22),
e2416723122. https:/ /doi.org/10.1073 / pnas.2416723122

De S. (2021). Signatures beyond oncogenic mutations in cell-free DNA sequenc-

ing for non-invasive, early detection of cancer. Frontiers in Genetics 12.

Favaro, P. F., Stewart, S. D., McDonald, B. R., Cawley, J., Contente-Cuomo, T.,
Wong, S., Hendricks, W. P. D., Trent, J. M., Khanna, C., & Murtaza, M.
(2022). Feasibility of circulating tumour DNA analysis in dogs with natu-
rally occurring malignant and benign splenic lesions. Scientific Reports, 12(1),
6337. https:/ /doi.org/10.1038 /s41598-022-09716-6

Flory, A., Kruglyak, K. M., Tynan, J. A., McLennan, L. M., Rafalko, ]J. M., Fiaux,
P. C., Hernandez, G. E., Marass, F., Nakashe, P., Ruiz-Perez, C. A., Fath, D.
M., Jennings, T., Motalli-Pepio, R., Wotrang, K., McCleary-Wheeler, A. L.,
Lana, S., Phillips, B., Flesner, B. K., Leibman, N. F., . .. Tsui, D. W.'Y. (2022).
Clinical validation of a next-generation sequencing-based multi-cancer
early detection “liquid biopsy” blood test in over 1,000 dogs using an inde-
pendent testing set: The CANcer Detection in Dogs (CANDID) study. PLoS
ONE, 17(4), e0266623. https:/ /doi.org/10.1371 /journal.pone.0266623

25


https://jyu-my.sharepoint.com/personal/virtavex_jyu_fi/Documents/. https:/doi.org/10.1073/pnas.2416723122
https://doi.org/10.1038/s41598-022-09716-6
https://doi.org/10.1371/journal.pone.0266623

Flory, A., Ruiz-Perez, C. A., Clavere-Graciette, A. G., Rafalko, J. M., O’Kell, A. L.,
Flesner, B. K., McLennan, L. M., Hicks, S. C., Nakashe, P., Phelps-Dunn, A.,
DiMarzio, L. R., Warren, C. D., Cohen, T. A., Chibuk, J., Chorny, 1., Grosu,
D.S., Tsui, D. W. Y., Tynan, J. A., & Kruglyak, K. M. (2024). Clinical valida-
tion of a blood-based liquid biopsy test integrating cell-free DNA quantifi-
cation and next-generation sequencing for cancer screening in dogs. Journal
of the American Veterinary ~ Medical ~ Association, 262(5),  665-
673. https:/ /doi.org/10.2460/javma.23.10.0564

Goggs, R. (2019). Effect of sample type on plasma concentrations of cell-free DNA
and nucleosomes in dogs. Veterinary Record Open, 6(1),
e000357. https:/ /doi.org/10.1136/ vetreco-2019-000357

Hardas A., Suarez-Bonnet A., Beck S., Becker W.E., Ramirez G.A. & Priestnall S.L.
(2021). Canine Gastric Carcinomas: A Histopathological and Immunohisto-

chemical Study and Similarities with the Human Counterpart. Animals 11:
1409.

Hugen S., Thomas R.E., German A.]., Burgener I.A. & Mandigers P.J.]. (2016).
Gastric carcinoma in canines and humans, a review. Veterinary and Compar-
ative Oncology 15: 692-705.

Husnik, R., Klimes, J., Kovarikova, S., & Kolorz, M. (2022). Helicobacter Species
and Their Association with Gastric Pathology in a Cohort of Dogs with
Chronic Gastrointestinal Signs. Animals, 12(10), 1254.

Ishizaki, T., Yamazaki, J., Jelinek, J., Aoshima, K., & Kimura, T. (2020). Genome-
wide DNA methylation analysis identifies promoter hypermethylation in

canine malignant melanoma. Research in Veterinary Science, 132, 521-
526. https:/ /doi.org/10.1016/.rvsc.2020.08.006

Kambayashi, S., Ono, N., Tone, T., Baba, K., & Okuda, M. (2024). Plasma cell-free

DNA in canine lymphoma patients as a novel material for

26


https://doi.org/10.2460/javma.23.10.0564
https://doi.org/10.1136/vetreco-2019-000357
https://doi.org/10.1016/j.rvsc.2020.08.006

genotyping. Veterinary =~ and  Comparative ~ Oncology, 22(2),  303-
309. https:/ /doi.org/10.1111/vco.12961

Kauppila ]J.H., Ohtonen P., Rantanen T., Tyrvdinen T., Toikkanen V., Pddaho M.,
Valtola A., Résédnen J., Kallio R., Sihvo E., Saarnio J., Karttunen T.]., Pohja-
nen V.-M,, Ristiméki A., Laine S. & Kokkola A. (2020). Cohort profile: gas-
tric cancer in the population-based, Finnish National Esophago-Gastric
Cancer Cohort (FINEGO) Study. BM] Open 10: e039574.

Kijan C., Hugen S., Thomas R.E., Oberbauer A.M., Leegwater P. a. ]., Fieten H.,
German A.J. & Mandigers P.J.J. (2023). The histopathological characteristic
of gastric carcinoma in the Belgian Tervueren and Groenendael dog: a com-

parison of two classification methods. Animals 13: 1532.

Kim J., Bae H., Ahn S., Shin S., Cho Ar., Cho K.-W,, Jung D.-I. & Yu D. (2021).
Cell-Free DNA as a diagnostic and prognostic biomarker in dogs with tu-

mors. Frontiers in Veterinary Science 8.

Koterbay, A. M., Muthupalani, S., Fox, J. G., & McNiel, E. A. (2020). Risk and char-
acteristics of  gastric carcinoma in the chow chow
dog. https:/ /pmc.ncbi.nlm.nih.gov/articles/PMC7074117/

Kruglyak, K. M., Chibuk, J., McLennan, L., Nakashe, P., Hernandez, G. E., Mo-
talli-Pepio, R., Fath, D. M., Tynan, J. A., Holtvoigt, L. E., Chorny, I., Grosu,
D.S., Tsui, D. W., & Flory, A. (2021). Blood-Based liquid Biopsy for compre-
hensive cancer genomic profiling using Next-Generation Sequencing: An
Emerging paradigm for non-invasive cancer detection and management in

dogs. Frontiers n Veterinary Science, 8,
704835. https:/ /doi.ore/10.3389/fvets.2021.704835

Lee, K., Shin, T., Kim, W., & Cho, J. (2019). Methylation of LINE-1 in cell-free
DNA serves as a liquid biopsy biomarker for human breast cancers and dog
mammary tumors. Scientific Reports, 9(1),
175. https:/ /doi.org/10.1038 / s41598-018-36470-5

27


https://doi.org/10.1111/vco.12961
https://pmc.ncbi.nlm.nih.gov/articles/PMC7074117/
https://doi.org/10.3389/fvets.2021.704835
https://doi.org/10.1038/s41598-018-36470-5

Lee, Y. Y., An, ]J.,, Han, J.,, Moon, Y., & Lee, S. (2025). Plasma-based digital PCR
assay for early detection of gastric cancer using multiple methylation bi-
omarkers. Scientific Reports, 16(1), 1727. https://doi.org/10.1038/s41598-
025-31314-5

McCleary-Wheeler, A. L., Fiaux, P. C., Flesner, B. K., Ruiz-Perez, C. A., McLennan,
L.M.,, Tynan, J. A, Hicks, S. C., Rafalko, J. M., Grosu, D. S., Chibuk, J., O'Kell,
A. L., Cohen, T. A, Chorny, I, Tsui, D. W., Kruglyak, K. M., & Flory, A.
(2023). Next-generation sequencing-based liquid biopsy may be used for
detection of residual disease and cancer recurrence monitoring in
dogs. American Journal of Veterinary Research, 85(3), 1-
8. https:/ /doi.org/10.2460/ ajvr.23.07.0163

Pinho, S. S., Carvalho, S., Cabral, J., Reis, C. A., & Gértner, F. (2011). Canine tu-
mors: a spontaneous animal model of human carcinogenesis. Translational
Research, 159(3), 165-172. https:/ /doi.org/10.1016/j.trsl.2011.11.005

Prouteau, A., Denis, J. A., De Fornel, P., Cadieu, E., Derrien, T., Kergal, C., Both-
erel, N., Ulvé, R., Rault, M., Bouzidi, A., Francois, R., Dorso, L., Lespagnol,
A., Devauchelle, P., Abadie, J., André, C., & Hédan, B. (2021). Circulating
tumor DNA is detectable in canine histiocytic sarcoma, oral malignant mel-

anoma, and multicentric lymphoma. Scientific Reports, 11(1), 877.

Rafalko J.M., Kruglyak K.M., McCleary-Wheeler A.L., Goyal V., Phelps-Dunn A.,
Wong L.K., Warren C.D., Brandstetter G., Rosentel M.C., DiMarzio L.,
McLennan L.M., O’Kell A.L., Cohen T.A., Grosu D.S., Chibuk J., Tsui
D.W.Y., Chorny I. & Flory A. (2023). Age at cancer diagnosis by breed,
weight, sex, and cancer type in a cohort of more than 3,000 dogs: Determin-
ing the optimal age to initiate cancer screening in canine patients. PLoS
ONE 18: e0280795.

Ren, Z., Li, X,, Liu, P,, Li, J., & Bao, S. (2025). Unravelling key genes and molecular

pathways in gastric inflammation-to-cancer transition through causal

28


https://doi.org/10.1038/s41598-025-31314-5
https://doi.org/10.1038/s41598-025-31314-5
https://doi.org/10.2460/ajvr.23.07.0163
https://doi.org/10.1016/j.trsl.2011.11.005

discovery: implications for early diagnosis and therapy. SAGE Open Medi-
cine, 13, 20503121251380131.

Ribatti, D., & Pezzella, F. (2021). Overview on the different patterns of tumor vas-
cularization. Cells, 10(3), 639.

Rouvinov, K., Naamneh, R., Yakobson, A., Najjar, W., Amna, M. A., Soklakova,
A., Zeid, E. E. D. A., Brenner, R., Asla, M., Ghalion, F. A, Juma’'a, A. A.,
Meirovitz, A., & Shalata, W. (2026). The transformative potential of liquid
biopsies and circulating tumor DNA (ctDNA) in modern oncology. Diag-
nostics, 16(4), 523. https:/ /doi.org/10.3390/ diagnostics16040523

Seim-Wikse, T., Jorundsson, E., Nedtvedt, A., Grotmol, T., Bjornvad, C. R., Kris-
tensen, A. T., & Skancke, E. (2013). Breed predisposition to canine gastric
carcinoma - a study based on the Norwegian canine cancer register. Acta
Veterinaria Scandinavica, 55(1), 25. https://doi.org/10.1186/1751-0147-55-
25

Sheriff, S., Saba, M., Patel, R., Fisher, G., Schroeder, T., Arnolda, G., Luo, D., War-
burton, L., Gray, E., Long, G., Braithwaite, J., Rizos, H., & Ellis, L. A. (2025).
A scoping review of factors influencing the implementation of liquid biopsy

for cancer care. Journal of Experimental & Clinical Cancer Research, 44(1),
50. https:/ /doi.org/10.1186/513046-025-03322-w

Shi, J., Zhang, R., Li, J., & Zhang, R. (2020). Size profile of cell-free DNA: A beacon
guiding the practice and innovation of clinical testing. Theranostics, 10(11),
4737-4748.

Tagawa, M., Shimbo, G., Inokuma, H., & Miyahara, K. (2019). Quantification of
plasma cell-free DNA levels in dogs with various tumors. Journal of Veter-

inary Diagnostic Investigation, 31(6), 836-843.

Tahara T., Shibata T., Okamoto Y., Yamazaki J., Kawamura T., Horiguchi N.,
Okubo M., Nakano N., Ishizuka T., Nagasaka M., Nakagawa Y. & Ohmiya

29


https://doi.org/10.3390/diagnostics16040523
https://doi.org/10.1186/1751-0147-55-25
https://doi.org/10.1186/1751-0147-55-25
https://doi.org/10.1186/s13046-025-03322-w

N. (2016). Mutation spectrum of TP53 gene predicts clinicopathological fea-

tures and survival of gastric cancer. Oncotarget 7: 42252-42

Wilson-Robles, H. M., Bygott, T., Kelly, T. K., Miller, T. M., Miller, P., Matsushita,
M., Terrell, J., Bougoussa, M., & Butera, T. (2022). Evaluation of plasma nu-

cleosome concentrations in dogs with a variety of common cancers and in
healthy dogs. BMC Veterinary Research, 18(1), 329.

Xavier, P. L. P., Miiller, S., & Fukumasu, H. (2020). Epigenetic mechanisms in
canine cancer. Frontiers in Oncology, 10,
591843. https:/ /doi.org/10.3389/fonc.2020.591843

30


https://doi.org/10.3389/fonc.2020.591843

APPENDIX 1. TOTAL PLASMA CFDNA CONCENTRATION

DATA

Table 2. Total plasma cfDNA concentration data

Group/Diagnosis Variant Age Sex cfDNA concent-
ration (pg/ul)
GC GROENENDAEL 9 MALE 12
GC GROENENDAEL 8 FEMALE 6
GC GROENENDAEL 12 FEMALE 9
GC TERVUREN 11 FEMALE 6
GC TERVUREN 12 FEMALE 2
GC TERVUREN 11 FEMALE 15
Dysplasia GROENENDAEL 8 FEMALE 4
Dysplasia TERVUREN 8 MALE 4
Metaplasia TERVUREN 10 FEMALE 2
Metaplasia TERVUREN 3 FEMALE 14
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