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ABSTRACT

We report a subcutaneous mastocytoma in a mid-aged Italian greyhound dog with a small 41 bp genomic
deletion of the c-kit gene leading to skipping of the authentic 3-splice junction of intron 10. The shift to an
alternative splice junction in exon 11 leads to a mis-spliced in-frame mRNA transcript with a 27 bp deletion of
exon 11 coding for 9 amino acids in the juxtamembrane negative regulatory domain of c-kit tyrosine kinase. In
the tumor, c-kit was activated as revealed by more pronounced c-kit-regulated signaling by the PI3K/Akt and G-
coupled receptor pathways. The same 9 amino acids deletion was reported in several human gastrointestinal
stromal tumors (GIST) pointing to a remarkable similarity of c-kit activation by small deletions and aberrant
splicing in humans and dogs, independent of exact sequence context, tumor type and location. Interestingly, the
alternative splice junction in exon 11 has been conserved in Primates but less in other Orders with increased body
temperature such as ruminants. We hypothesize that elevated body temperature has acted as evolutionary
pressure to eliminate the alternative splice site at this hotspot. At a molecular level, hyperthermia may increase
the frequency of small deletions in the c-kit gene by facilitating base slipping or hindering repair. An RT-qPCR
assay was developed to detect c-kit alternative splicing in tumors and cell lines exposed to hyperthermia. The

molecular mechanisms of tumorigenesis are discussed.

1. Introduction

Cutaneous mastocytoma is a common mesenchymal tumor in dogs,
and it occurs more frequently in certain dog breeds such as Boston ter-
rier, Boxers, Labradors and Golden retrievers. The incidence increases
with age, starting at around 6 years of age (which is the human equiv-
alent of 40 years). Comparative oncology has established that the dis-
ease symptoms are strikingly similar in dogs and man, and unraveling
the oncogenic mechanisms of canine mastocytomas may benefit other
species such as humans, cats, mice and oxen in which mastocytomas
occur much less frequently (Orkin, 1967; Willmann et al., 2019; de
Nardi et al., 2022). Accordingly, canine lymphoma models have been
instructive for understanding the etiology and to develop treatments of
human non-Hodgkin’s lymphoma (Richards and Suter, 2015; Ito et al.,

2014).

In canine mastocytoma, gain of function mutations of the extracel-
lular domain of the c-kit receptor as well as the intracellular tyrosine
kinase domain have been frequently identified (Letard et al., 2008).
These mutations lead to constitutive activation of c-kit tyrosine kinase
activity as result of auto-phosphorylation. Activating c-kit mutations in
canine mastocytomas are often found in exons 8-11. The usual treat-
ment of canine mastocytoma is surgical excision of the cutaneous nod-
ules, and systemic administration of corticosteroids (Willmann et al.,
2021). For therapy, constitutive activation of c-kit can be inhibited by a
number of tyrosine kinase inhibitors (TKI) (Willmann et al., 2019;
Hadzijusufovic et al., 2012). Adjuvant treatments commonly include
chemotherapy with prednisone, vincristine, vinblastine, lomustine, or
multidrug protocols and radiation therapy (Spugnini et al., 2011).
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However, radiation and chemotherapy always result in high immune
responses and long-term side effects. Some success was observed in dogs
with mastocytoma by treatment with vitamin E analogues such as
d-tocotrienol that prevented recurrence (Olivieri, 2020). Possible
mechanisms by which proliferation of mast cell tumor cells are reduced
by vitamin E analogues may involve inhibition of Akt/PKB activity that
is activated by c-kit (Kempna et al., 2004). Vitamin E analogues may also
help in suppressing degranulation of mast cells (Gueck et al., 2002;
Tsuduki et al., 2013; Zingg, 2007). A recent case report on a dog with
mastocytoma showed success by changing to a ketogenic diet, again
most likely as result of inhibition of Akt/PKB (Robey and Hay, 2009;
Kumar et al., 2021; Seyfried et al., 2023).

In humans, cutaneous mastocytoma occur mostly in childhood,
approximately 40% of children have exon 17 c-kit mutations, another
40% have c-kit mutations outside exon 17 (e.g., exon 8, 9, 10, 11), and
the remaining have no detectable c-kit mutations (Leung et al., 2019). In
humans, advanced mast cell neoplasms are rare with poor prognosis and
limited treatment options and only few preclinical models, whereas in
dogs they are the most frequent malignant skin tumors (Willmann et al.,
2019). Other tumors in humans having c-kit mutations include gastro-
intestinal stromal tumor (GIST) originating from interstitial cells of
Cajal, melanoma, cutaneous melanoma, lung adenocarcinoma, and
anorectal melanoma. C-kit exon 11 mutations are present in 0.85% of
American Association of Cancer Research Genomics Evidence Neoplasia
Information Exchange (AACR GENIE) cases, and most oncogenic gain of
function mutations in GIST affect the juxtamembrane domain of exon 11
(Lasota et al., 1999; Corless et al., 2004; Chen et al., 2005; Consortium,
2017).

Here we analyzed a recurring subcutaneous mastocytoma in a mid-
aged Italian greyhound dog and detected a deletion in the c-kit gene
at the intron 10/exon 11 junction. The deletion leads to oncogenic
activation of c-kit by alternative splicing to a novel 3"-splice site within
exon 11, similar to what has been reported for human GIST (Lasota et al.,
1999; Corless et al., 2004; Chen et al., 2005; Incorvaia et al., 2021).
These findings point to a remarkable similarity of c-kit activation by
small deletions and alternative splicing in humans and dogs, indepen-
dent of tumor type and location. Interestingly, the alternative splice
junction in exon 11 is mostly absent in ruminants and other species that
can have a higher body temperature, suggesting that hyperthermia may
act as evolutionary pressure to eliminate it. At the mechanistic level, the
genomic instability generated by hyperthermia may increase the risk for
small deletions. An RT-qPCR assay was developed for detecting tumor
cells with alternative splicing of c-kit and facilitates early detection of
this cancer after biopsy in a minimally invasive manner. The analysis of
the mechanisms by which tumors arise in humans and dogs by
comparative molecular oncology may help in accelerating diagnosis,
prognosis and novel therapy (Willmann et al., 2019).

2. Materials and methods
2.1. Pathologic assessment of tumor tissue

The patient, an 8-year-old Italian greyhound, presented to Red Bird
Animal Clinic, Coral Gables, Florida, USA with recurring dorsal masto-
cytoma, stage 1. The excised nodule was round shaped (1.5 cm®) with a
soft consistency, and mast cell tumor was suspected by cytology. The
microscopic interpretation of the skin nodule was subcutaneous mast
cell tumor (SCMCT). Mitotic count: O per 2.4 mm? (equivalent to ten
400x high power fields (HPF)). Excision of this mass appeared incom-
plete, with neoplastic cells extending to lateral and deep margins. No
lymphatic/vascular invasion was observed, and no further treatment
was required. SCMCTs are located exclusively within the subcutis or
may also mildly extend into the overlying deep dermis. More than 90%
of SCMCTs are controlled by surgical excision alone, and it is important
to distinguish SCMCTs from cutaneous mast cell tumors (CMCTs), which
are located within the dermis, with/without involvement of the
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underlying subcutis (Thompson et al., 2011a, 2011b). However, 10% of
dogs with SCMCT die of MCT-related disease, 11% develop a second
SCMCT distant from the primary site, 8% recur, and 5% metastasize
(Kiupel and Camus, 2019). In this study only discarded samples from
spontaneous disease were used. All procedures followed a high standard
(best practice) of veterinary care, and an informed consent statement
was given by the client/owner. Based on the finding that vitamin E
analogues can inhibit c-kit-activated Akt/PKB and recurrence of canine
mastocytoma, the patient (~25 kg body weight) was given one capsule
of Annatto per day (125 mg tocotrienols, TT), 90% &-TT, 10% y-TT
(Wellness extract, USA)) as well as 25 mg/day Benadryl minitablet (Rite
Aid) for one year and had no relapse (Olivieri, 2020; Kempna et al.,
2004). For mast cell tumors, the histamine receptor 1 antagonist
Benadryl (diphenhydramine HCl) may reduce tumor cell proliferation
and help mitigate mediator-related clinical symptoms resulting from
activated mast cells (Gamperl et al., 2021). Some further lesions
appeared (lipoma in sternum, leg), but analysis did not show the pres-
ence of the exon 11 deletions, suggesting no metastatic origin.

2.2. Isolation of total RNA and genomic DNA

Tumor and surrounding normal tissue were soaked in RNAlater
(Qiagen) and stored at —80°C. Small pieces were cut out, homogenized
with a tissue homogenizer (T10 basic Ultra-TURRAX, IKA) in QIAzol
lysis solution and total RNA was isolated using a RNeasy Plus Universal
mini kit (Qiagen). cDNA was synthesized using a High-capacity cDNA
reverse transcription kit (Applied Biosystems). Total genomic DNA from
normal and tumor tissue was isolated using the Wizard genomic DNA
purification kit (Promega).

2.3. DNA amplification

PCR for cDNAs was performed using Q5 High-Fidelity DNA poly-
merase (NEB) with exon 8/11 and 11/13 primers (Table 1), and 30s
98°C pre-heating, 10s 98°C, 30s 45-55°C, 2 min 72°C, 4 min 72°C for 40
cycles. PCR for genomic DNA was performed using Q5 High-Fidelity
DNA polymerase (NEB) with intron 10/11 primers (Table 1) and 30s
98°C pre-heating, 10s 98°C, 10s 60°C, 10s 72°C, 4 min 72°C for 40 cy-
cles. Amplified PCR products were separated by 1.5-2.5% agarose gels

Table 1
Primers used in this study.

Primers 5'-3"- sequence

Exons 8/11

8f (Exon8fw) (Letard et al., 2008)

11r (Exonllrv) (Letard et al.,
2008)

Exons 11/13

11f (Exonl1fw) (Letard et al.,

GGGAACGAAGGAGGCACTTACACA
CATCCGACTTAATCAGGCCATA

ATGTATGAAGTACAGTGGAAGG

2008)
13r (Exon13rv) (Letard et al., AAGTGCCACTTCTCCGTGATC
2008)
Exons 10/11
Ckitfw (canine) CTGGAATGATGTGCATTATCGT
Ckitrv (canine) AGGAAGCTGTGTTGGGTCTATG
Hkitfw (human) CTGGCATGATGTGCATTATTGT

Hkitrv (human) AGGAAGTTGTGTTGGGTCTATG
Intron 10/11
Ckitfw (canine)
Ckitrv (canine)
Taqman probes
HKitnorm (human) FAM-
TGAAGTACAGTGGAAGGTTGTTGAGGAG
VIC-ACAGGTTGTTGAGGAGATAAATGGA
VIC-TACAGGTTGTTGAGGAGATAAATGG

CTGGAATGATGTGCATTATCGT
AGGAAGCTGTGTTGGGTCTATG

HKittum (human)
HKittum1 (human)

Hkit 9/11

Hof CCACCGTTTGGAAAGCTAGTG

H10/11delrv (deleted) ATTTATCTCCTCAACAACCTGT
H10/11wtrv (normal) ATTTATCTCCTCAACAACCTTC
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and the bands extracted using a gel extraction kit (Qiagen) and
sequenced (Genewiz). Sequence analysis was done using NBlast (NCBI).

2.4. RNAseq analysis

Total RNA from three samples was isolated from tumor and adjacent
normal tissue as described above. The RNA was analyzed by RNAseq and
differential gene expression and gene ontology enrichment evaluated (n
= 3) (Novogene, Co., Ltd).

2.5. Growth of cells and heat treatment

Human erythroleukemia cells (HEL, TIB-180, ATCC) were grown in
DMEM/10% FCS, 100 pg/ml streptomycin, and 100 U penicillin. Cell
numbers were determined using a Moxi miniautomated cell counter
(Orflo). Three test groups were made: group #1 cultured at 37 °C full
time without heating, group #2 cultured at 37 °C with 2 h heating at 40
°C once a week, group #3 cultured at 37 °C with 2 h heating at 42 °C
once a week. A new cell passage was made by 1/10 dilution once a week.
In a second series of experiments HEL cells were grown with reduced
serum in DMEM/0.2% FCS, 100 pg/ml streptomycin, and 100 U peni-
cillin. Two additional test groups made from group #2 and #3 in 0.2%
FCS; group #1A cultured at 37 °C with 2 h heating at 40 °C once a week,
and group #2A cultured at 37 °C with 2 h heating at 42 °C once a week.
A new cell passage was made by 1/10 dilution once a week (Fig. S1A).
Cells were harvested and 2x10° cells used to prepare total RNA as
described above. Total cell numbers that were harvested each week were
used to determine cumulative cell numbers and plotted (Figs. S1B and
Q).

2.6. Development of RT-qPCR assay for detection of exon 11 deletion

Total RNA was extracted from normal and tumor tissue, and from the
different groups of HEL cells grown as described above. cDNA was
synthesized using a High-capacity ¢cDNA reverse transcription kit
(Applied Biosystems) and used for the RT-qPCR assay. Specific Tagman
probes were developed using the PrimerQuest tool (Integrated DNA
Technology (IDT)) (Table 1) that overlap with the site of the deletion at
the exon10/11 junction. Single-tube amplification conditions were
optimized so that the FAM-labeled Tagman probe HKitnorm for normal
tissue binds only to the normal amplicons, whereas the VIC-labeled
Tagman probe HKittuml for the tumor tissue binds only to the alter-
natively spliced tumor amplicons and can distinguish cDNA in which the
deletion is present (tumor) from ¢DNA in which it is absent (normal).
RT-qPCR assay for cDNAs was performed using Q5 High-Fidelity DNA
polymerase (NEB) with CKitfw and CKitrv primers for canine samples in
the presence of these Tagman probes (Table 1), with optimized condi-
tions as 30s 98°C pre-heating, 10s 98°C, 30s 65°C, 2 min 72°C, 4 min
72°C for 40 cycles. For samples from human HEL cells, HKitfw and
HKitrv primers were used for amplification, and reactions were run in
separate tubes for normal HKitnorm and tumor HKittuml Tagqman
probes. GAPDH was used as internal control.

2.7. Statistical analysis

All experiments were done at least in duplicate. Values are expressed
as the mean + standard error of the mean (SEM) as explained in the
figure legends.
3. Results
3.1. Identification of a 27 bp cDNA deletion in c-kit exon 11

A tumor was detected in the hindquarters of a mid-aged Italian

greyhound dog and pathologically characterized as subcutaneous mas-
tocytoma. Total RNA from tumor and adjacent normal tissue was reverse
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transcribed and the cDNA analyzed by amplifying the c-kit gene known
to be frequently mutated in canine mastocytoma. A 27 bp deletion of the
c-kit exon 11 was detected only in the tumor tissue coding for 9 amino
acids in the juxtamembrane negative regulatory domain of c-kit tyrosine
kinase (Fig. 1). The 5-end of the 27 bp deletion corresponded to the 5
end of exon 11 so that it was suspected to be the result of a small deletion
at the intron10/exonll junction. Alternatively, since in exon 11 an
alternative splice site was detected, it appeared also possible that it
originated from alternative splicing.

3.2. Identification of a genomic 41 bp deletion in c-kit overlapping the
intron 10/exon 11 junction

Total genomic DNA from normal and adjacent tumor tissue was
isolated, and a region of the c-kit gene spanning exon 10 — exon 11 was
amplified and sequenced. In the tumor a small 41 bp genomic deletion of
the c-kit gene was detected at the intron10/exon11 junction leading to
skipping of the authentic 3"-splice junction of intron 10 and usage of the
alternative splice site in exon 11 (Fig. 2). In the genomic DNA from the
adjacent normal tissue the deletion was absent.

3.3. Alternative splice site selection as result of a genomic deletion

Alignment of the canine and human genomic DNA sequence of the
exonl0/intron10/exon 11 revealed that the exon sequences are highly
conserved, the exon/intron junction and branch point are at the same
place, whereas the intron sequence is variable (Fig. 3). Interestingly, the
same 9 amino acids of exon 11 were reported to be deleted in several
human gastrointestinal stromal tumors (GIST), that were also the
consequence of similar small deletions at the intron 10/exon 11 junction
(US patent 9260525B2) (Lasota et al., 1999; Corless et al., 2004; Chen
et al., 2005; Incorvaia et al., 2021). Similar clinical short variants <50
bp at the c-kit intron 10/exon 11 junction have been reported in several
other clinical human tumors (Fig. S2). These deletions may possibly be
the result of inherent genomic instability at that site leading to poly-
merase slippage that may be enhanced by mutagens or physical stress
such as radiation or heat.

3.4. Intron retention in the tumor

Further, as result of the deletion, a part (11 of the original 18 py-
rimidines) of the polypyrimidine tract important for splicing is missing
(Fig. 3). In addition, the distance between the pre-mRNA branch point
and the authentic and alternative splice sites is different (51 bp versus 37
bp, respectively), what both may lead to less efficient splicing and the
presence of unspliced RNA in the tumor (intron retention) (Wong et al.,
2017; Monteuuis et al., 2021). Accordingly, amplification of the intron
in total RNA showed the retention of unspliced intron 10 only in the
tumor but not in the normal tissue indicating inefficient splicing in the
tumor and consequent intron retention. In both normal and tumor
samples correctly spliced RNA with and without the deletion was
detected suggesting that the tumor may have infiltrated into the adja-
cent normal tissue; whereas the wildtype band was weaker in the tumor
sample when compared to the normal sample (Fig. 4).

3.5. Comparison of gene expression in normal and tumor tissue by
RNAseq

The shift to an alternative splice junction in exon 11 leads to a mis-
spliced in-frame mRNA transcript with a 27 bp deletion of exon 11 and
structural analysis showed that the deleted amino acids are coding for 9
amino acids in the juxtamembrane negative regulatory domain of c-kit
tyrosine kinase that drives oncogenic signaling and gene expression in
the tumor (Chen et al., 2005). RNAseq with total RNA from normal and
tumor tissue revealed differential gene expression (Fig. 5a and b).
Pathway analysis revealed that genes within the PI3K/Akt pathway and
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exon 11

aberrant splicing < deletion

D Del: 548-556
IIVMILTYKYLQ KPMYEVQWEK VVEEINGNNYVYIDPTQLPYDHK WEFPRNRL SF GKTLGA

Exon 11

Fig. 1. Detection of c-kit mRNA deletion in exons 8-13 in the tumor tissues. (A) Using an annealing temperature of 55°C allows primers 8f/11r to amplify the
correct product from ¢cDNA in normal and tumor tissue, but no amplification is observed with primers 11f/13r, possibly because there are polymorphisms/mutation/
deletions at the primer binding sites. (B) Sequencing reveals aberrant splicing only in the tumor leading to a deletion of 27 bp in the mRNA/cDNA. (C) Structure of
exon 10, intron 10 and exon 11. A: branchpoint in exon 10 (D) Deletion of 9 amino acids of the juxtamembrane negative regulatory domain of c-kit tyrosine kinase in

exon 11 due to alternative splicing.
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-300 bp
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cumer 18 TG

Canine 16248076
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TGATGTGCATTATCGTGATGATTCTTACCTACARG
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ATEATGTTTACATASACES ST

T ACGATCACAAATSSEAST

Fig. 2. Detection of a deletion at the intron10-exon11 junction in genomic DNA of tumor tissue. (A) PCR amplification of genomic DNA with primers Ckitfw
and Ckitrv from normal and tumor tissue, an additional smaller band is visible in the tumor only (arrow). (B) The sequence of exons 10, intron 10 and exon 11 reveals

a 41 bp deletion at the intron10/exon11 junction. Grey box: splice sites.

the G-coupled receptor pathway are overrepresented in the tumor, in
line with the role of activated c-kit in regulating these pathways (Fig. 5c¢
and d).

3.6. Assay development for detection of presence alternative splicing in
exon 11 by RT-qPCR

To monitor the presence of a genomic deletion leading to alternative
splicing of c-kit exon 11, we developed a sensitive assay based on RT-
gPCR (Ruhle et al., 2020). We chose to monitor cDNA/RNA since de-
letions at the intron 10/exon 11 junction are often variable in size at the
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Fig. 3. Comparison of sequences of exon10-intron10-exon11 in humans and dogs. The sequence of exons 10 and 11 of humans and dogs is mostly conserved,
including the alternative splice junction in exon 11. Underlined: deletion of exon 11 detected in tumor c-kit cDNA. Overlined: polypyrimidine track in intron 10. Bold:
branchpoint consensus sequence in intron 10 (@) Range of extensions reached by the deletions detected in humans with GIST.
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2 Tumor 2
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Sequencing

a- spliced, 107 bp, delta 27 bp
b- spliced, 134 bp, wt

c- unspliced, 186 bp, delta41 bp
d- unspliced, 227 bp, wt

Fig. 4. Intron retention only in tumor. PCR amplification with cDNA isolated
from normal and tumor tissue and primers Ckitfw/Ckitrv. In tumors 4 bands
representing spliced and unspliced RNA with and without the deletions are
detected, whereas in normal ¢cDNA only 2 bands are detected representing
spliced wt and tumor RNA. Control genomic DNA gave a smaller fragment in
tumor when compared to normal; control RNA did not give a band in tumor but
in normal possibly as result of presence of some genomic DNA in the sample.

genomic level, but they all lead to the same 27 bp deletion in exon 11 at
the RNA/cDNA level. In this assay total RNA is isolated, cDNA generated
and amplified with exon 10 and 11 primers. Single-tube qPCR amplifi-
cation conditions with the CKitfw and CKitrv primers were optimized so
that the FAM-labeled Tagman probe for normal tissue binds only to the
normal amplicons, whereas the VIC-labeled Tagman probe for the tumor
tissue binds only to the alternatively spliced tumor amplicons (Fig. 6A).
The single-tube TagMan-probe based RT-qPCR assay was able to amplify
specifically the wildtype only in the normal and the tumor only in the
tumor samples (Fig. 6B).

3.7. Presence of alternative 3-splice acceptor cite in exon 11 of different
species

Sequence alignment of 100 vertebrate species (UCSD genome
browser, https://genome.ucsc.edu/) indicated that the authentic 5'-
splice junction at exonlO/intronl0 and the 3'-splice junction at
intron10/exonll are conserved (100%), but the branch point varies
(Figs. S3 and S4). When monitoring the presence of the alternative splice
site in exon 11 in 100 vertebrate genomes it was not detected in birds, a
few fish, marsupials, ruminants, and small vertebrates with desert/

tropical habitats suggesting selection against its presence by evolu-
tionary pressures. It appears, that the body and/or egg temperature in
the vertebrates that lack the alternative splice site (birds and other de-
scendants from ecto/mesothermic dinosaurs, including alligators),
basoendothermic vertebrates (Jerboa, Tenrec), facultative hyperthermic
marsupials (Opossum, Platypus, Wallaby, Tasmanian devil), and rumi-
nants, is or can be elevated (close to or above 40°C) (Treat et al., 2018;
Lees et al., 2018, 2019; Burnett et al., 2020), leading to the hypothesis
that elevated temperature may have been one of the factors leading to
elimination of the alternative splice site during evolution.

3.8. Heat-stress may increase the frequency of small deletion

We hypothesized that mild hyperthermia and heat stress may in-
crease the instability of genomic DNA leading to an increased risk for
small deletions by facilitating base slipping or hindering repair such as
observed in the c-kit intron10/exonll junction (Amos and Clarke,
2008). The c-kit RNA is strongly expressed in HMC-1 and HEL cells
(www.proteinaltas.org) (Fig. S4). We selected human erythroleukemia
cells (HEL) as a model system since they grow fast and in suspension and
high cumulative cell numbers can be achieved (Molla and Block, 2000).
HEL cells were grown at 37°C and subjected once a week to a heat shock
at 40°C for 2 h and the total RNA isolated the next day and analyzed for
the presence of the small deletion using the developed RT-qPCR assay
(Fig. S1). Early passages showed the wildtype c-kit. After growing a total
of 3x108 cells using this protocol (passage #17), signals were also ob-
tained with the assay for the alternative splice site but they were very
weak (Ct value of ~40). Attempts to increase the signals by growing the
cells at 42°C, or by increasing the selective pressure for oncogenic
activation of c-kit by reducing the 10% FCS to 0.2% FCS did not improve
the signal. Further, the deletion could not be confirmed by sequencing,
suggesting that not sufficient mutant cells can be grown with this pro-
tocol and an alternative strategy may be required to prove the impact of
heat on generating the deletion at this hotspot.

4. Discussion

In this study we identified a small deletion of 41 bp of the c-kit gene
in a canine mastocytoma that is identical to one described in human
gastrointestinal stromal tumor (GIST) (Lasota et al., 1999; Corless et al.,
2004; Chen et al., 2005; Incorvaia et al., 2021). The deletion is located at
the junction of intron 10 and exon 11 of the c-kit gene and leads to
skipping of the authentic splice site but switching to an alternative splice
site in exon 11, leading to a constitutively active c-kit oncogene and
overrepresentation of genes regulated by c-kit as analyzed by RNAseq.
The presence of an identical small deletion in dogs and humans suggests
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Fig. 5. RNAseq analysis of normal and tumor RNA. (A) Differential gene expression, volcano map. (B) Differential expression gene clustering heatmap, (C) GO
enrichment analysis scatter blot; (D) KEGG enrichment scatter plot. Arrows: enriched pathways.

common molecular mechanisms by which they are formed, such as
mutagens or inherent genomic instabilities at this site. Within the
deleted sequence of the canine and human c-kit gene, a stretch of 6 and 4
cytosines, respectively, and homology to a deletion hotspot consensus
sequence (TG A/G A/G G/T A/C) may increase the risk of small de-
letions as reported for the human p53 and other genes (Greenblatt et al.,
1996; Krawczak and Cooper, 1991).

Factors that may contribute to the generation of hot spots for small
deletion are DNA structure, epigenetic changes, chemical mutagens, UV
exposure, defective repair processes, polymerase slippage, or defective

splicing factors (Levinson and Gutman, 1987; Wu et al., 2020). In the
human genome, mutation hotspots occur by several mutation mecha-
nisms, and short insertion-deletion variations of up to 50 nucleotides
(INDEL) are concentrated in about 4% of the genome and occur with a
de novo frequency of ~9x101° per nucleotide per generation (Nesta
et al., 2021; Montgomery et al., 2013; Mullaney et al., 2010). Sequence
slippage accounts for at least 52% of insertions and 38% of deletions in
mammalian genomes (Taylor et al., 2004). Environmental stress, such as
cold, heat, hypoxic, and oxidative stresses, can induce instability of long
trinucleotide repeats by stimulating DNA rereplication (Chatterjee et al.,
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2015, 2016). High temperature (42°C) can drive topoisomerase medi-
ated chromosomal break repair (Ashour et al., 2021), but at the intron
10/exon 11 junction the consensus sequence of this enzyme is not pre-
sent (Spitzner and Muller, 1988; Christodoulou et al., 2006). Heat shock
might affect DNA integrity both directly and via arrest of replication fork
progression (Velichko et al., 2012). Our analysis suggests that hyper-
thermia may contribute to the increased frequency of small deletions in
the c-kit gene by facilitating base slipping or hindering repair.

Repair defects may be caused by denaturation and aggregation of
thermolabile proteins and induction of thermotolerance via heat shock
proteins (Lepock, 2005; Bettaieb and Averill-Bates, 2015). Hyperther-
mia can inhibit DNA repair and sensitizes cells to chemotherapeutic
agents, with changes observed as low as 40°C (Roti Roti, 2008). Mild
hyperthermia induces BRCA2 degradation and inhibits homologous
recombination (Krawczyk et al., 2011), whereas BRCA2 also protects
mammalian cells from heat shock (Nakagawa et al., 2018). An associa-
tion of consumption of hot beverages such as tea, coffee, or mate and
increased risk of oral and upper gastrointestinal cancer has been re-
ported and drinking very hot beverages was classified as probably
carcinogenic to humans (Loomis et al., 2016; Huang et al., 2017; Ernst
et al., 2021; Ren et al., 2010). Esophageal cancer risk was found to be
increased in the ESCCAPE case-control study by thermal exposure with
very-hot beverages (Masukume et al., 2022). In yeast, the mutation rate
was increased by hyperthermia (54°C ~ at 60 min) with beverages
containing caffeine (Candreva et al., 1993), possibly as result of an
increased mutation rate at single-stranded DNA generated at hotspots by
heat and inefficient repair (Lin et al., 2021).

To assess whether increased heat may contribute to the generation of
the c-kit deletion, we have developed a RT-qPCR assay for detection of
the presence of the deletion in tumors. Further, we used this assay to
measure the generation of small deletions in the c-kit gene by hyper-
thermia in cultured human cells. However, after growing 3x10% cells, we
could not detect clear presence of the deletion. Thus, to prove that hy-
perthermia accelerates the formation of the c-kit deletion a higher
passage number and selective conditions for the presence of the deletion
may be required. We should note that this assay, if further optimized,
may be useful in the detection of the c-kit deletion from biopsies,
allowing for a minimally invasive diagnosis of this cancer.

Intron retention has been reported in several tumor types (Wong
et al., 2017; Monteuuis et al., 2021). We observed that intron retention
occurred only in the tumor, and it remains to be investigated whether
the shorter polypyrimidine track and non-optimal distance from the
alternative splice junction affects the splicing efficiency in the tumor.
Alternative splicing in gastric cancer can occur as result of mutation and
polymorphisms of cis-regulatory splicing factors or of trans-acting fac-
tors (Li and Yuan, 2017). Interestingly, in humans the splicing enhancers
at the authentic normal and alternative spliced tumor sequence were
reported to be recognized by different splicing factors, and the presence
of only one of the exonic splicing enhancer sequences was sufficient for
splicing. These two sites are 100% conserved in the canine sequence:
AACCCATGT (nucleotides 2-10 from the 5 end of exon 11 at the
authentic splice site, which is recognized by serine/arginine-rich
splicing factor 2 (SRSF2) previously known as SC35, SRp55, and
SF2/ASF), or GGTTGTTGAGG (nucleotides 27-37 from the 5 end of
exon 11, at the alternative splice site of the tumor within exon 11, which
is recognized by SRSF2 and SRp55) (Chen et al., 2005). Further analysis
will be required to assess whether these splicing factors are alter-
ed/mutated and affect the genome stability at this site as commonly
observed in leukemia, e.g., by strong binding to single-stranded poly-
pyrimidine tracks and interference with repair (Wong et al., 2016, 2017;
Monteuuis et al., 2021; Li and Wang, 2021; Lee et al., 2016; Dong and
Chen, 2020). The intriguing possibility that the alternative splice site
within exon 11 is functional and is used at low frequency or in a regu-
lated manner leading to enhanced c-kit activity remains to be explored.

C-kit or stem cell factor receptor is not only an oncogene with rele-
vance to hematopoietic and gastrointestinal tumors but plays an abso-
lute essential role as receptor for stem cell factor for generation and
migration of gametes (oocytes, sperms) and subsequent development of
hematopoietic cells (Sette et al., 2000). Inherent instabilities in c-kit are
expected to be eliminated during evolution if they interfere with suc-
cessful reproduction of a species or if they are associated with reduced
fitness and cause early disease. When monitoring the presence of this
alternative splice site in exon 11 in 100 vertebrate genomes, it was not
detected in birds, a few fish, marsupials, ruminants, and small verte-
brates with desert/tropical habitats (Jerboa, Tenrec) suggesting selec-
tion against its presence by evolutionary pressures. Interestingly, the
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body and/or egg temperature in the vertebrates that lack the alternative
splice site (birds (and other descendants from ecto/mesothermic di-
nosaurs, including alligators) (Eagle et al., 2015), basoendothermic
vertebrates (Jerboa, Tenrec) (Treat et al., 2018; Oelkrug et al., 2013),
facultative hyperthermic marsupials (Opossum, Platypus, Wallaby,
Tasmanian devil) (Turner, 2020), and ruminants (Lees et al., 2018,
2019; Burnett et al., 2020) is or can be elevated (close to or above 40°C).
Further, it can be speculated that similar to birds the alternative splice
site was not present in extinct dinosaurs that can have elevated body
temperatures during periods of ovulation as determined by clumped
isotope analysis of eggshells (Eagle et al., 2015). In contrast, the verte-
brates with the alternative splice site are mostly lactating endothermic
vertebrates with a generally stable temperature below 37°C, leading to
the hypothesis that elevated temperature may act as one of the evolu-
tionary pressures to eliminate the alternative splice site in exon 11.

In fact, a higher body temperature in mammals has been correlated
with maximum microsatellite length and warmer-blooded species have
shorter microsatellites (Amos and Clarke, 2008). When monitoring 470
mammals, the alternative splice site in exon 11 is mostly absent in
Artiodactyla, Cetartiodactyla, Metatheria, and Monotremata (Table S1).
Alignment of the 5’-ends of human exon 11 with exon 12 shows that
they are related, and the alternative splice junction is conserved
(Figure S5). In exon 12, the tendency to remove the alternative splice
site is more pronounced, possibly also preventing intra-exonic alterna-
tive splicing (Table S2). It is present in most Primates (except orangutan,
aye-aye, bushbaby, and some lemurs) and less in Carnivores. Interest-
ingly, again it is mostly absent in Cetartiodactyla and Artiodactyla that
have in common expansion of the stomach into a multichambered organ
(ruminants, whales reflecting their ungulate ancestry), except for deers,
kudu and camels (not true ruminants since the chambers are not well
defined). Accordingly, it is absent in Xenarthra (sloths that have multi-
chambered stomach, but present in ant eaters that do not). It is also
absent in all Afrotheria and Metatheria (except Tasmanian devil) and in
Monotremata. Overall, it appears that in mammals, during evolution of a
larger and multichambered stomach with increased number of intersti-
tial cells of Cajal and mast cells exposed to low pH and hyperthermia, the
presence of the alternative splice site became eliminated (Wang et al.,
2019).

For dogs with suspected mastocytoma tumors the developed RT-
gPCR test may allow the early detection of this cancer after biopsy in
a minimally invasive manner. When the reported oncogenic c-kit acti-
vation by intra-exonic alternative splicing is present the recurrence
progress after surgery can be followed and provide diagnostic assistance
for further treatments or additional surgery. For humans, although the
precise proportion is disputed, mutations of the c-kit gene are known to
be present in over half of GISTs, most commonly in exon 11 which en-
codes the juxta-membrane regulatory domain (de Silva and Reid, 2003).
Whether in biopsies from human GIST and cancers that undergo
epithelial-mesenchymal transition (Tang et al., 2014; Wu et al., 2019;
Sheikh et al., 2022) the presence of the reported c-kit deletion has any
predictive value for malignancy and success of therapy remains to be
determined (Taniguchi et al., 1999).

5. Conclusions

Comparative molecular oncology allowed us to gain insights into
oncogenic activation of the c-kit gene by alternative splicing in canine
mastocytoma and human GIST. With direct and indirect analysis, we
propose hyperthermia as potential factor that increases the genomic
instability and/or decreases the repair efficiency at this specific site
ultimately leading to its elimination in vertebrates with higher body
temperature during evolution. Unfortunately, not sufficient cells could
be expanded and/or the RT-qPCR assay developed was not sensitive
enough to prove that hyperthermia is indeed involved in generating this
deletion hotspot. In future studies, more cells could be grown in a
bioreactor, or novel assays could be developed that allow enrichment of

Aspects of Molecular Medicine 3 (2024) 100039

the deletion by selection. Hyperthermia in conventional animal models
(e.g., rodents) can only be imposed transiently but animals with natu-
rally fluctuating body temperature carrying a c-kit transgene with intact
intra-exonic alternative splice site could be studied. Measuring the
impact of hyperthermia on genome-wide mutation rates and frequency
of small deletions is highly relevant not only for humans, but for all
species including plants in view of thermal stress as result of increased
number of days with extreme temperatures exceeding 40°C globally
(Belfield et al., 2021; Jorgensen et al., 2022).
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