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Abstract

Introduction

Both canine cutaneous mast cell tumor (MCT) and human systemic mastocytosis (SM) are
characterized by abnormal proliferation and accumulation of mast cells in tissues and, fre-
quently, by the presence of activating mutations in the receptor tyrosine kinase V-Kit Hardy-
Zuckerman 4 Feline Sarcoma Viral Oncogene Homolog (c-KIT), albeit at different incidence
(>80% in SM and 10-30% in MCT). In the last few years, it has been discovered that addi-
tional mutations in other genes belonging to the methylation system, the splicing machinery
and cell signaling, contribute, with c-KIT, to SM pathogenesis and/or phenotype. In the pres-
ent study, the mutational profile of the Tet methylcytosine dioxygenase 2 (TET2), the isoci-
trate dehydrogenases 1 and 2 (IDH1 and IDH2), the serine/arginine-rich splicing factor 2
(SRSF2), the splicing factor 3b subunit 1 (SF3B1), the Kirsten rat sarcoma viral oncogene
homolog (KRAS) and the neuroblastoma RAS viral oncogene homolog (NRAS), commonly
mutated in human myeloid malignancies and mastocytosis, was investigated in canine
MCTs.

Methods

Using the Sanger sequencing method, a cohort of 75 DNA samples extracted from MCT
biopsies already investigated for c-KIT mutations were screened for the “human-like” hot
spot mutations of listed genes.

Results

No mutations were ever identified except for TET2 even if with low frequency (2.7%). In con-
trast to what is observed in human TET2 no frame-shift mutations were found in MCT
samples.
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Conclusion

Results obtained in this preliminary study are suggestive of a substantial difference
between human SM and canine MCT if we consider some target genes known to be
involved in the pathogenesis of human SM.

Introduction

In dogs, cutaneous mast cell tumor (MCT) is the most common skin tumor, and it accounts
for up to 10-30% of all cases. MCTs occur mostly in the dermis and subcutaneous tissue but
some visceral forms can also be located in other sites e.g. gastrointestinal tract and spine bone
marrow as well as liver, oral cavity, urethra, salivary gland, nasopharynx and spleen [1-3]. It is
commonly identified as a solitary neoplastic mass in the skin and/or subcutaneous tissue of
older dogs, with a mean age of onset of approximately 9 years of age. Some dog breeds, such as
Boxers, Labrador Retrievers and Shar Pei, are more prone to develop MCT's [4,5].

Activating mutations of the tyrosine kinase receptor c-KIT, which binds to stem cell factor
(SCF), a known hematopoietic cytokine, have been described in canine MCTs. Mutations in c-
KIT occur in 15-50% of MCTs, and have been associated with a more aggressive tumoral phe-
notype [6], possibly due to an increased proliferation and a resistance to apoptosis [7,8]. The
most common type of mutations identified in canine MCTs are internal tandem duplications
(ITD) involving exon 11 [6,9] but also deletions and point mutations in exons 8, 9 and 11 can
occur [2,10].

Human mastocytosis is a rare and clonal hematopoietic disease described as the prolifera-
tion and the accumulation of abnormal mast cells in the bone marrow and organs [11]. Masto-
cytosis is schematically divided into cutaneous mastocytosis (CM) and systemic mastocytosis
(SM). Localized mast cell tumors as mastocytomas and mast cell sarcoma are very rare. CM is
usually diagnosed at birth or in childhood and spontaneously regress over time. However,
some types are locally invasive, clinically very severe and, consequently, hard to treat. In most
adult patients, the disease is systemic, although also the skin is often affected.

Most cases of SM are associated with the presence of activating mutations in the c-KIT
proto-oncogene. The most frequent KIT genetic alteration is the substitution of aspartic acid to
valine at position 816 (KIT D816V), that leads to the constitutive activation of the kinase
domain of the receptor [12].

It has been recently discovered as further cooperating events may contribute to the pheno-
type and/or the pathogenesis of SM [13,14] e.g. mutations in tet methylcytosine dioxygenase 2
(TET2) which have been reported in 40% of KIT D816V -positive SM cases [15]. The enzyme
TET2 regulates gene methylation and expression, catalyzing the conversion of 5-methylcyto-
sine (5-mC) to 5-hydroxymethylcytosine (5-hmC) [16]. In SM, it has recently been reported a
more aggressive disease and an overall worse prognosis when there is the coexistence of KIT
D816V and TET2 mutations [17]. Other mutations were identified in isocitrate dehydrogenase
1 and 2 (IDH1 and IDH2, respectively). They affect both histone modifications and DNA
methylation, catalyzing the decarboxylation of isocitrate to alpha-ketoglutarate (or 2-oxogluta-
rate, 2-OG). Hotspot mutation sites are represented by heterozygous substitution clusters in
conserved arginines R132 of IDH1 and R140 and R172 of IDH2 [18]. Further additional muta-
tions were found in genes encoding for components of the splicing machinery involved in the
intron splicing during pre-mRNA maturation, in particular the serine/arginine-rich splicing
factor 2 and the splicing factor 3b, subunit 1 (respectively SRSF2 and SF3B1). Overall, recent
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data are suggestive of a specific hierarchy, where TET2 gene alterations arise in early progenitor
cells, while SRSF2 mutation can occur relatively later during the ontogeny but both prior to
KIT mutation during the disease progression [11]. Likewise, neuroblastoma RAS Viral (V-Ras)
oncogene homolog (NRAS) mutations have also been reported in SM, having the potential to
precede KITD816V in clonal development [19].

Besides SM, loss-of-function mutations in TET2 as well as alterations in other genes men-
tioned above have been also reported in a variety of hematological malignancies, including
acute myeloid leukemias (AMLs), chronic myelomonocytic leukemia (CMML), myeloprolifer-
ative neoplasms (MPNs), myelodysplastic syndromes (MDS) and lymphoid malignancies [20-
24]. To the best of our knowledge, no data on mutational status of these genes are available for
canine MCTs.

In the present study, hypothesizing analogies in molecular mechanisms and gene dysfunc-
tions with human SM and hematopoietic diseases, the mutation profile of genes commonly
mutated in myeloid malignancies has been evaluated in a cohort of 75 MCTs, most of them
previously screened for c-KIT mutations [8].

Materials and methods
Samples and ethical statement

All tissue biopsies and blood samples were not specifically taken for the purposes of this study;
they were part of authors in-house collections and were already used in previous studies [8, 25,
26].

Tissue biopsies were originally collected as part of routine treatment procedures from dogs
affected by at least one histologically-confirmed MCT (Patnaik grade II or III) [27], recurrent
after surgery (as standard of care) and/or nonresectable. Female and male dogs, regardless of
breed, were previously recruited with owner consent from veterinary clinics in France and in
United States.

Blood samples were collected in Italy from 39 healthy random-source adult kennel dogs
undergoing routine examination as described in details previously [26]. An Institutional Ani-
mal Care and Use Committee approval number was not requested because of an agreement
between the Faculty of Veterinary Medicine of University of Padua (Italy) and the kennel for
the execution of routinary clinical checkups as described in details previously [26]. Animal care
was carried out in accordance with good veterinary practices.

DNA extraction, PCR and sequence analysis

Genomic DNA was extracted from 75 frozen canine MCT tissue samples using QIAamp DNA
Mini Kit (Qiagen France, Paris, France), according to manufacturer’s protocol. In the 23% of
the cohort samples, different c-KIT mutations were previously identified in exons 8,9 and 11
[8]. Among them, internal tandem duplications of exon 11 represented 36% of total mutations
registered.

In the present study, PCR amplifications of all TET2 coding exons and the hot-spot regions
of IDH1 (exon 2), IDH2 (exon 1), SF3B1 (exons 13, 14, 15, 16), SRSF2 (exon 1), NRAS (exons
1, 2) and KRAS (exon 1) were executed. Primer oligonucleotide sequences were designed using
the AmplifX software (http://crn2m.univ-mrs.fr/AmplifX) and CanFam3.1 genome sequences
available http://www.ncbi.nlm.nih.gov/. Primer sequences, are reported in Table 1. For every
exon analyzed, the extreme parts of the flanking introns were also sequenced (around 100 bp
upstream the 5’-end and downstream its 3"-end) to check for the presence of alternative splic-
ing sites. All the detected variations were analyzed by using the tool Berkeley Drosophila
Genome Project (BDGP, http://www.fruitfly.org) that computed splice sites predictions. Genes
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Table 1. Forward (F) and reverse (R) primer sequences of canine genes included in the present study and used for polymerase chain reaction with
the corresponding annealing temperature and product length.

GENE AND PRIMER SEQUENCES (5°-3") EXON TEMP. ANNEALING PRODUCT LENGHT
KRAS

F: CTCATCTGTGGTCAACTGAA 1 60°C 466 bp
R: AGCCAATGGAACCCAAGTA

IDH1

F: TGGCACTGTCTTCAGGGAAGCTAT 2 70°C 163 bp
R: TGGGCAACCAAGGACAGGAAAA

IDH2

F: CTCCATCTCTGTCCTCGTAGAGT 4 67°C 343 bp
R: TTAGCACCGCTGCCATCCTTT

NRAS

F: TCTCTAGTTGTGGCTCGCCCATTA 1 65°C 223 bp
R:CAAAAGCCAGAGGTAGGGTCAGT

F:GCTAGGAGCTTATCTAACCTTGGC 2 60°C 367 bp
R: TGCGGTATCCTCATTTCCTGTTCC

SF3B1

F: ACTGGAGGATCAAGAGCGTCAT 13 67°C 1101 bp
R: GCTGTCGTGTTACGGACATACT

F: ATGCTAGAGTGGAAGGTCGAGA 14 67°C 855 bp
R: TGTGTTGGCGGATACCCTT

F: GACCATTAGCGCTTTGGCCATT 15-16 67°C 529 bp
R: GTTCCACAACACTGCTTCACCA

TET2

F: AGCCTGATGGAACAGGATAGA 3 60°C 782 bp
R: GCCTGACTGTTAATGGCA

F:CAAGAAAGTAATCCAGGCARAGGC 3 60°C 718 bp
R: AATACCGTTCAGAGCTGCCA

F: CCTGTCCCTTCCAGAARACCAGAAA 3 60°C 605 bp
R: TGTTGGGTTATGCTTGAGGTGTTC

F: CCCCARCCARAGTAACACAGCTCT 3 60°C 702 bp
R: GCTTTGGATGAAGGGTCTGTCTTG

F: GGCATCACTGCGGTCAGTTCTT 3 60°C 715 bp
R: ATTCTGTCCTTGCTCCAATCCCA

F: TCCCAAGGCAACAATGATCAGC 3 60°C 760 bp
R: GGGGTGGAATCTCTTGCTTAGTTG

F: CTCCCCAGAAGGACATTCAAAAG 3 60°C 784 bp
R: CTCTCTTGCACAGCACAAGCAT

F: GGATAAGCTTTGTGGATGTAGCCT 4 60°C 371 bp
R: GCTCGCAGACTATTAGTCCTGT

F: TCCAGTTTGCTTGGCTTAGAC 5 60°C 380 bp
R: GAGCAACGTTCATTTCAACTAGC

F: AATGCCCTAGTTGTGACCCAG 6 60°C 421 bp
R: AAATGTCGGTTCAACTCCCTTCCC

F: CCAGAATCCAAGATTGGTAGCC 7 60°C 295 bp
R: GACTGCTTACTTCATCTGTACTCA

F: TCATTTGGATCTAGGCTGTAGGGG 8 65°C 336 bp

R: AACAGAACACTGTGGCTTCACT
(Continued)
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Table 1. (Continued)

GENE AND PRIMER SEQUENCES (5°-3")

F: CGAGAGTCTTTCTGACCTGTTC
R: AAGGTCACCTTTGCAACAGC

F: AGGCATGTCACTAATCTGGTCCAA
R:GGGACTTCAGGGAAGATTCTGGTA
F: GGGGTTCTCACATACATTTAAGCA
R: GAGCTGTTGAACATGCCTGG

F: ACTTCATGGGAGCCACCTCTAGAT
R: AGACAGGTTGGTTGGTTGGTTGTG

doi:10.1371/journal.pone.0142450.t001

EXON TEMP. ANNEALING PRODUCT LENGHT
9 60°C 398 bp
10 60°C 638 bp
11 65°C 920 bp
11 60°C 853 bp

were amplified using Taq Phire™ Hot Start Il DNA Polymerase (Thermo Fisher Scientific,
Walthman, MA, USA). The reaction mix contained the following reagents: 1X Phire®™ Reaction
Buffer, 200 uM dNTPs, 0.5 uM of each primer and 0.15 pL of the enzyme (in a final volume of
22 puL). Approximately, 30 ng of genomic DNA were added to each PCR reaction and amplified
through the following thermal protocol: an initial denaturation step at 98°C for 30 sec, an
amplification step of 35-40 cycles (denaturation at 98°C for 5 sec, annealing at the primer-spe-
cific temperature for 5 sec and elongation at 72°C for 5-10 sec depending on the length of the
PCR product) and a final elongation step at 72°C for 1 min. PCR products were purified and
sequenced in an ABI 3730 sequencer. Sequence PCR reactions were performed with both
primer forward (F) and reverse (R) using the Big Dye Terminator V1.1. (Applied Biosystem,
Life Technologies, Carlsbad, USA) and the mix included: 3.2 pmol of oligo F or R, 1pL of Big
Dye Terminator V1.1, 1X reaction buffer and water (in a final volume of 10 uL). The thermal
protocol consisted in: an initial denaturation (1 min at 96°C) followed by 25 cycles of 10 sec at
96°C, 5 sec at 50°C and 2 min at 60°C.

Blood samples of 39 healthy dogs were collected and DNA extraction was performed as pre-
viously reported [26]. Around 30 ng of genomic DNA were used in PCR reaction to amplify
TET?2 exon 11 and the products obtained were subsequently sequenced as described above.

Sequences were analyzed and aligned by using the SeqScape software v3.0 (Life Technolo-
gies, Carlsbad, USA) and identity percentage between dog protein sequences and mouse, rat,
dog and cat were assessed through BLAST (https://blast.ncbinlm.nih.gov/Blast).

Statistical analysis

To evaluate the possible relationship between the presence of glutamine repetitions in canine
TET2 exon 11 and c-KIT mutations or the tendency to develop MCT, a Pearson y” correlation
test was performed by GraphPad Prism version 5.00 for Windows (GraphPad Software, San
Diego, USA). A value of P< 0.05 was considered significant.

Results
Gene sequences are conserved among canine and human species

In myeloproliferative disorders and particularly in SM, the majority of the genes considered in
this study possess hot spot sites for mutations; therefore, in the first part of the study, a com-
parison between human and canine genomic sequences was performed to verify the potential
conservation of the same mutations sites in dog and, subsequently, their localization. To give a
general overview, the percentages of protein sequence identities in target genes between the
canine and the other most commonly studied species (human, cat, mouse and rat) are reported
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in Table 2. In general, a high degree of conservation was noticed among them and, for our pur-
poses, the CanFam3.1 genome sequence proved to be definitely complete and reliable.

The amino acids residues considered hot spot sites for mutations in humans as R132 for
IDH1, R140 and R170 for IDH2, G12 and Q61 for NRAS and G12 for KRAS were recognized
in dog. Since in humans TET2 mutations occur almost all over the sequence, all the corre-
sponding canine coding exons were amplified; the two sequences shared the 84% of amino acid
identity (Table 2). On the other hand, the canine SRSF2 partial sequence obtained in this study
differed, either in exons and introns, from NCBI release. Anyway, the analog of human hot
spot site (P95) was conserved also in dog. The updated partial sequence was submitted to
NCBI with the following accession number: KT072629.

Target gene mutational status in MCTs samples

All genes were successfully amplified in all the 75 samples except for SRSF2, that was amplifi-
able in only 37 samples cause of its complexity and GC-richness.

In our MCT cohort, surprisingly, no mutations were ever found analyzing sequencing
results of IDH1, IDH2, NRAS, KRAS, SF3B1 and SRSF2 genes (data not shown).

Among samples, some intronic variants not related with splicing sites were detected in the
target genes. These alterations, with the relative allelic frequencies and population distribution,
are collected in Table 3.

TET2 mutational status in dog MCT

In canine TET2 only two samples evidenced the presence of mutation in their coding sequence:
one sample showed a heterozygous non-synonymous substitution (c.491A>G: p. Asp164Gly)
in exon 3 while another sample was homozygous for a complete codon deletion (c.2226-
2228del: p. His742del) always in exon 3. Both MCT's were histologically classified as Patnaik
grade II. As regards to c-KIT mutations, the former had a wild-type sequence, while the second
one had an internal tandem duplication occurring in exon 11 (ITD>">*?). Since the frequency
of TET2 mutations was low (2.7%), a correlation between TET2 and ¢-KIT mutational status
and/or MCT histological grading, was not possible.

Also for TET2 gene, some intronic variants not related with splicing sites, and single nucleo-
tide polymorphisms (SNPs) in the coding sequence were detected in the samples. These alter-
ations, with the relative allelic frequencies and population distribution, are collected in Table 3.

Deepening in sequence analysis, other genetic variations were detected, in two specific
regions of the gene. The protein database Uniprot (http://www.uniprot.org/) recognized them

Table 2. List of target genes and percentage of protein sequence identity between dog and other ref-
erence species (Homo sapiens, Felis catus, Mus musculus, Rattus norvegicus).

Gene Human Cat Mouse Rat
TET2 84% 91% 58% 60%
IDH1 97% 99% 95% 96%
IDH2 96% 99% 97% 96%
NRAS 100% 100% 100% 100%
KRAS 99% 97% 96% 96%
SF3B1 100% 100% 100% 100%
SRSF2 100% NA 100% 100%

NA: sequence not available in the databases.

doi:10.1371/journal.pone.0142450.t002
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Table 3. List of genetic variations grouped for gene, relative population frequency and allelic frequencies in the MCT cohort of samples.

Gene

TET2
TET2
TET2
TET2
TET2
TET2
TET2
TET2
TET2
IDH1
NRAS
KRAS
KRAS
SRSF2

Intron/Exon

exon 3
exon 3
intron 3
intron 8
intron 10
intron 10
exon 11
exon 11
exon 11
intron 2
intron 2
intron 1
intron 1
intron 1

doi:10.1371/journal.pone.0142450.1003

TET2 - exon

tet2 dog
tet2 cat
tet2 human
tet2 _mouse
tet2 rat

TET2 - exon 11

tet2 dog
tetZ:cat
tet2 human
tet2 mouse
tet2 rat

3

Variation Population Frequency Allelic frequencies
c.732G>A p. = 3/75 (4%) G:0.98, A: 0.02
c. 2315G>A: p.Gly772Asp 4/75 (5.3%) G: 0.97, A: 0.03
€.3439+75del 6/75 (8%) T: 0.96, delT: 0.04
¢.4075-38del 5/75 (6.67%) T:0.97, delT: 0.03
c.4212+63_4212+65insCAG 62/75 (82.7%) WT: 0.31, insCAG: 0.69
c.4568-65C>T 6/75 (8%) C: 0.95, T: 0.05
c.4914T>C:p = 58/75 (77.3%) T:0.41, C: 0.59
¢.5213A>G: p.Asn1728Ser 57/75 (76%) G:0.41, A: 0.59
¢.5278G>A: p.Ala1760Thr 1/75 (1.33%) G:0.01, A: 0.99
c. 292+37T>C 3/75 (4%) T:0.98, C: 0.02
C. 290+44C>T 18/75 (24%) C:0.87,T:0.13
c. 93+104A>T 8/75 (10.67%) A: 0.95, T: 0.05
c. 93+139T>C 8/75 (10.67%) T:0.95, C: 0.05

362+59_362+62dup 21/37 (58%) WT: 0.64, Dup: 0.36

as polyglutamine rich-regions because they are rich in glutamine residues: one is located in
exon 3 and another one in exon 11. The alignment of canine sequence with the same human,
cat, mouse and rat sequence portion showed that poly-glutamines residues were quite con-
served among species and dog possessed the highest number of glutamine repetitions (Fig 1).
In details, in canine exon 3, 65 out of 75 MCT' (86,66%) showed the deletion of glutamine 753
(c. 2250_2252del; p.GIn753del). In exon 11, different rearrangements in the number of gluta-
mine repetitions were detected among samples. All variations observed in our cohort of sam-
ples with relative frequencies in the group are listed in Table 4. Performing a Pearson
analysis between the number of glutamine repetitions in each sample and the presence of c-
KIT mutations, no statistical correlations were evident (P = 0.3427). Furthermore, the number
of glutamine repetitions in exon 3 and 11 did not correlate with the histologic grade (Fisher
exact test, P = 0.5808 and Pearson %, P = 0.2308, respectively).

Afterwards, to better understand if these sequence rearrangements might have a correlation
with the onset of the disease, we screened the DNA from 39 healthy dogs for the same

SNSHLLQHKPHKQAAQTQTQPSQSSLISQNHHQQQQOQOQQOOQQOKLOMKNKEQMPQTEFSQS 770

SNSHLLOHKPHKQAAQPQ--PSQONSLIAQN-——————— Q0QQQKLOMKNKEQMSQTFSHP 746
SNSHLLQHKPHKQAAQTQ--PSQSSHLPQN-——————— Q0QQQKLOIKNKEEILQTFPHP 763
SG--FLOHTPQTQASQTP--ASQNSNFPQIC—————- 00Q0QOQLORKNKEQMPQTFSHL 715
SS--FLOHTPHKQAAQTQ--ASQNSNFPQVC—-———- QQQH--QLORKNKEQMPQTFSHL 712
*‘ :***‘*:'**:*. ‘**‘* :‘* **: :** ****:: ***.:
PPPPPLOKQPPQPQKQPPQOQQQ0Q0QQQ~ ———————— QHHPMTNNSQSESVNSYSSSGS 1588
PPPPQLPKQPPQPQKQPPQQOQQQPPQPQPQPPPPPLPQHNPMTNNPQSESVSSYSSSGS 1546
PQP--LOKQPPQPQQQQRPQQQQ~—=—=——-———————————— PHHPQTESVNSYSASGS 1565
LORHLQQGQRPQ-QPQPPQPQPQTTPQPQ————————— PQPQHIMPGNSQSVGSHC-SGS 1492

LORHLQQVQRPP-QPQPPQPQ---—-——-—-—-———————————— HILPSNSQPVGSHS-SGS 1496

* .k ke * kK

Fig 1. Sequence alignment between dog, cat, human, mouse and rat specific glutamine-rich regions located in exon 3 and 11 of TET2 gene. The
image was obtained using the tool ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/).

doi:10.1371/journal.pone.0142450.g001

PLOS ONE | DOI:10.1371/journal.pone.0142450 November 12,2015 7/11


http://www.ebi.ac.uk/Tools/msa/clustalw2/

el e
@ ' PLOS ‘ ONE Sequencing of Human Mastocytosis Target Genes in Dog Mast Cell Tumor

Table 4. List of genetic variations detected in the glutamine rich region of TET2 exon 11 with relative population frequency and total glutamine res-
idues number in the 75 MCT samples.

Variation Population Frequency Glutamine repetitions
Wild-type sequence 59/75 12
c. 4682insGCA; p. 1562insQ 5/75 13
€.4686_4697del; p. 1564_1567del 4/75 8
€.4686_4694del; p. 1564_1566del 3/75 9
€.4698_4700del; p.1568del 4/75 11

doi:10.1371/journal.pone.0142450.1004

polyglutamine region in TET2 exon 11. Subsequently, considering as the wild-type phenotype
the 12 glutamine repetitions presented in the reference NCBI sequence (XM _535678-4) we
categorized all samples (healthy and pathologic) in three groups: samples that evidenced less
than 12 glutamines (Q<12), wild-type dogs and samples with more than 12 glutamines
(Q>12). From the contingency table and the Pearson y” test, no significant correlation
emerged between the number of glutamine repetitions and the risk to develop mast cell tumor
(Fig 2).

Discussion

Mast cells (MCs) neoplastic disorders occur in both canine and human species sharing many
but not all biological and clinical features. Spontaneous MCT has been proposed as a model to
study biological and therapeutic approach for human neoplastic MCs diseases, i. e. mastocyto-
sis [28]. At the same time, due to the implications of c-KIT aberrations in the development of
MCs tumors, canine MCT could represent a useful model to study human c-KIT driven malig-
nancies and TKIs, targeting c-kit. Therefore, comparative studies of MCs disorders may repre-
sent an opportunity to improve our knowledge on both mastocytosis and c-KIT driven tumors
for diagnosis in case of c-KIT wild type state and/or with the aim to develop novel treatment
options that can be translated in human patients.

In this respect, starting from a list of genes that showed recurrent somatic mutations in
human myeloproliferative diseases and mastocytosis, we screened a cohort of 75 canine MCTs
for hot-spot mutations sites.

No mutations were identified in IDH1 and IDH2 genes in our cohort of MCTs while, in
SM, IDH2 mutations occurred for 6.9% of cases [11]. To the best of our knowledge, only one

100-
[ Healthy dogs

80- Bl MCT samples

Number of samples

0 | I T I T I
<12 12 >12
Number of Gin repetition

Fig 2. Association between the number of glutamine (GlIn) repetitions and healthy/pathologic state in
114 canine blood and MCT samples. Pearson y? test (p = 0.3454; not significant).

doi:10.1371/journal.pone.0142450.g002
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study has been published in dog [29] where no mutations in both these genes were found in
canine gliomas. Considering the high percentage of mutations in the human analog tumor (~
80% in grades II-IIT) these results were surprising and might suggest a minor role of these
genes in the pathogenesis of canine gliomas and MCT.

In SM, two genes involved in spliceosome machinery, SRSF2 and SF3B1, showed a mutation
occurrence of 24% and 5.6% respectively [11]. However, no mutations were detected in canine
MCT. No data about the relevance of these genes and their mutational status in canine oncol-
ogy are actually available; therefore, present results, are the first data ever published so far.

On the other hand, more information are available about NRAS and KRAS, in dog cancer.
Present results showing the absence of mutations obtained in our MCT's samples are consistent
with a number of previously published studies in which RAS mutations have been shown to be
extremely rare in the most common types of canine tumor such as mammary tumors, soft-tis-
sue tumors (included MCTs), melanomas and lymphoproliferative disorders [30,31]. In con-
trast, higher mutational frequencies of RAS genes have been obtained in human lung,
pancreatic, gastrointestinal, brain and liver tumor, in acute myelogenous leukemia, in follicular
and undifferentiated papillary thyroid tumors [32]. Therefore and likewise to IDH1/2 we
might hypothesized that RAS mutations do not play a major role in the pathogenesis of canine
MCT and this supposition is in line with previously published data [30].

About TET?2, the high percentage of mutations found in aggressive form of human mastocy-
tosis (20.8%) was not confirmed in canine MCT (2.7%). Moreover, the typical frame-shift
mutations observed in humans and coding for a truncated protein with consequently loss of
function, was never observed. These results surprised the authors and, until this moment, rep-
resented the first attempt, in veterinary medicine, to investigate the role of TET2 mutations in
a canine tumor since no information are available in previous published studies.

Noteworthy, a frequent rearrangement was observed in a glutamine-rich region of TET2
exon 11, resulting in variations of the number of glutamine repetitions (from 8 to 13) among
cases. Very little information are actually published in human oncology about a possible rela-
tionship between length of polyglutamine regions in some genes and the risk to develop can-
cer. The number of CAG repetitions in androgen receptor seems to be correlated with the
risk of occurrence of prostate cancer; furthermore polymorphisms in glutamine regions of
nuclear receptor coactivator 3 (NCOA3 also known as AIB1) seems to play a role in the sus-
ceptibility of some type of breast cancer [33-35]. The sequencing analysis conducted in a lit-
tle group of healthy dogs and matched statistically with results of MCT samples did not
reveal any significant relationship between number of glutamine repetitions and the risk of
MCT development.

In conclusion, this preliminary study aimed to investigate, in canine MCT, the mutational
status of genes known to be involved in human myeloproliferative disorders. The study was
undertaken in a relatively small cohort of canine samples, and only human analogue hot-spot
sites for mutation were took into consideration. Further investigations are needed to better
characterize the pathogenic pathways involved in both diseases. Among these ones, to sequence
the entire IDH1, IDH2, NRAS, KRAS, SRSF2 and SF3B1 genes and, subsequently, to analyze
interesting genes that were excluded from this preliminary study (i. e. Additional Sex Combs
Like 1 alias ASXL1, Janus Kinase 2 alias JAK2). Clearly, the advent of deep sequencing methods
might be more useful in this sense, giving a more wide observation on genome modifications
and allowing the identification of new hot-spot mutation sites in canine genes. This approach
will permit to clarify the possible value of canine MCT as a comparative animal model for
human SM.

PLOS ONE | DOI:10.1371/journal.pone.0142450 November 12,2015 9/11



@’PLOS ‘ ONE

Sequencing of Human Mastocytosis Target Genes in Dog Mast Cell Tumor

Acknowledgments

Authors would like to thank Prof. Antonio Frangipane di Regalbono and Dott.ssa Cinzia Cen-
telleghe for providing healthy dog blood samples. This work has been presented at the
ESVONC Annual Congress 2015 (Krakow, Poland, 28th- 30th May 2015).

Author Contributions

Conceived and designed the experiments: MD PD. Performed the experiments: EZ KH. Ana-
lyzed the data: EZ KH. Contributed reagents/materials/analysis tools: MG MD PD. Wrote the
paper: EZ MG MD PD. Collected samples: MG MD PD.

References

1.

10.

1.

12

13.

14.

15.

Blackwood L, Murphy S, Buracco P, De Vos JP, De Fornel-Thibaud P, Hirschberger J, et al. European
consensus document on mast cell tumours in dogs and cats. Vet comp oncol. 2012; doi: 10.1111/j.
1476-5829.2012.00341.x

Ohmori K, Kawarai S, Yasuda N, Tanaka A, Matsuda H, Nishimura R, et al. Identification of c-kit muta-
tions-independent neoplastic cell proliferation of canine mast cells. Vet immunol immunopathol. 2008;
126: 43-53. doi: 10.1016/j.vetimm.2008.06.014 PMID: 18687474

Takeuchi Y, Fujino Y, Watanabe M, Nakagawa T, Ohno K, Sasaki N, et al. Aberrant autophosphoryla-
tion of c-Kit receptor in canine mast cell tumor cell lines. Vet immunol immunopathol. 2010; 137: 208—
216. doi: 10.1016/j.vetimm.2010.05.009 PMID: 20591500

Webster JD, Yuzbasiyan-Gurkan V, Miller RA, Kaneene JB, Kiupel M. Cellular proliferation in canine
cutaneous mast cell tumors: associations with c-KIT and its role in prognostication. Vet Pathol. 2007;
44:298-308. PMID: 17491070

Warland J, Dobson J. Breed predispositions in canine mast cell tumour: A single centre experience in
the United Kingdom. Vet J. 2013; 197:496—498. doi: 10.1016/j.tvj.2013.02.017 PMID: 23583004

Webster JD, Yuzbasiyan-Gurkan V, Kaneene JB, Miller R, Resau J, Kiupel M. The role of c-KIT in
tumorigenesis: evaluation in canine cutaneous mast cell tumors. Neoplasia. 2006; 8: 104—111. PMID:
16611403

Gleixner K, Rebuzzi L, Mayerhofer M, Gruze A, Hadzijusufovic E, Sonneck K, et al. Synergistic antipro-
liferative effects of KIT tyrosine kinase inhibitors on neoplastic canine mast cells. Exp Hematol. 2007;
35:1510-1521. PMID: 17681669

Letard S, Yang Y, Hanssens K, Palmérini F, Leventhal PS, Guéry S, et al. Gain-of-function mutations in
the extracellular domain of KIT are common in canine mast cell tumors. Mol Canc Res. 2008; 6: 1137—
1145.

Zemke D, Yamini B, Yuzbasiyan-Gurkan V. Mutations in the juxtamembrane domain of c-KIT are asso-
ciated with higher grade mast cell tumors in dogs. Vet Pathol. 2002; 39: 529-535. PMID: 12243462

Takeuchi Y, Fujino Y, Watanabe M, Takahashi M, Nakagawa T, Takeuchi A, et al. Validation of the
prognostic value of histopathological grading or c-kit mutation in canine cutaneous mast cell tumours: A
retrospective cohort study. Vet J. 2013; 196: 492—-498. doi: 10.1016/j.tvjl.2012.11.018 PMID:
23384436

Hanssens K, Brenet F, Agopian J, Georgin-Lavialle S, Damaj G, Cabaret L, et al. SRSF2-p95 hotspot
mutation is highly associated with advanced forms of mastocytosis and mutations in epigenetic regula-
tor genes. Haematologica. 2014; 99: 830—835. doi: 10.3324/haematol.2013.095133 PMID: 24389310

Arock M, Akin C, Hermine O, Valent P. Current treatment options in patients with mastocytosis: status
in 2015 and future perspectives. Eur J Hematol. 2015; 94:474—490.

De Vita S, Schneider RK, Garcia M, Wood J, Gavillet M, Ebert BL, et al. Loss of Function of TET2 Coop-
erates with Constitutively Active KIT in Murine and Human Models of Mastocytosis. Plos One. 2014; 9:
1-13.

Traina F, Visconte V, Jankowska AM, Makishima H, O’Keefe CL, Elson P, et al. Single nucleotide poly-
morphism array lesions, TET2, DNMT3A, ASXL1 and CBL mutations are present in systemic mastocy-
tosis. Plos One. 2012; 7: doi: 10.1371/journal.pone.0043090

Tefferi A, Levine RL, Lim KH, Abdel-Wahab O, Lasho TL, Patel J, et al. Frequent TET2 mutations in
systemic mastocytosis: clinical, KITD816V and FIP1L1-PDGFRA correlates. Leukemia. 2009; 23:
900-904. doi: 10.1038/leu.2009.37 PMID: 19262599

PLOS ONE | DOI:10.1371/journal.pone.0142450 November 12,2015 10/11


http://dx.doi.org/10.1111/j.1476-5829.2012.00341.x
http://dx.doi.org/10.1111/j.1476-5829.2012.00341.x
http://dx.doi.org/10.1016/j.vetimm.2008.06.014
http://www.ncbi.nlm.nih.gov/pubmed/18687474
http://dx.doi.org/10.1016/j.vetimm.2010.05.009
http://www.ncbi.nlm.nih.gov/pubmed/20591500
http://www.ncbi.nlm.nih.gov/pubmed/17491070
http://dx.doi.org/10.1016/j.tvjl.2013.02.017
http://www.ncbi.nlm.nih.gov/pubmed/23583004
http://www.ncbi.nlm.nih.gov/pubmed/16611403
http://www.ncbi.nlm.nih.gov/pubmed/17681669
http://www.ncbi.nlm.nih.gov/pubmed/12243462
http://dx.doi.org/10.1016/j.tvjl.2012.11.018
http://www.ncbi.nlm.nih.gov/pubmed/23384436
http://dx.doi.org/10.3324/haematol.2013.095133
http://www.ncbi.nlm.nih.gov/pubmed/24389310
http://dx.doi.org/10.1371/journal.pone.0043090
http://dx.doi.org/10.1038/leu.2009.37
http://www.ncbi.nlm.nih.gov/pubmed/19262599

@’PLOS ‘ ONE

Sequencing of Human Mastocytosis Target Genes in Dog Mast Cell Tumor

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Ito S, Shen L, Dai Q, Wu SC, Collins LB, Swenberg A, et al. Tet proteins can convert 5-methylcytosine
to 5-formylcytosine and 5-carboxylcytosine. Science. 2011; 333: 1300—1303. doi: 10.1126/science.
1210597 PMID: 21778364

Soucie E, Hanssens K, Mercher T, Georgin-Lavialle S, Damaj G, Livideanu C, et al. In aggressive
forms of mastocytosis, TET2 loss cooperates with c-KITD816V to transform mast cells. Blood. 2012;
120: 4846-4849. doi: 10.1182/blood-2011-12-397588 PMID: 23074272

ltzykson R, Kosmider O, Fenaux P. Somatic mutations and epigenetic abnormalities in myelodysplastic
syndromes. Best Pract Res Cl Ha. 2013; 26:355-364.

Wilson TM, Maric |, Simakova O, Bai Y, Chan EC, Olivares N, et al. Clonal analysis of NRAS activating
mutations in KIT-D816V systemic mastocytosis. Haematologica. 2011; 96: 459-463. doi: 10.3324/
haematol.2010.031690 PMID: 21134978

Langemeijer SMC, Kuiper RP, Berends M, Knops R, Aslanyan MG, Massop M, et al. Acquired muta-
tions in TET2 are common in myelodysplastic syndromes. Nat Genet. 2009; 41: 838—842. doi: 10.
1038/ng.391 PMID: 19483684

Delhommeau F, Dupont S, Della Valle V, James C, Trannoy S, Massé A, et al. Mutation in TET2 in mye-
loid cancers. N Engl J Med. 2009; 360: 2289-2301. doi: 10.1056/NEJMo0a0810069 PMID: 19474426

Tefferi A, Pardanani A, Lim KH, Abdel-Wahab O, Lasho TL, Patel J et al. TET2 mutations and their clini-
cal correlates in polycythemia vera, essential thrombocythemia and myelofibrosis. Leukemia. 2009;
23:905-911. doi: 10.1038/leu.2009.47 PMID: 19262601

Moran-Crusio K, Reavie L, Shih A, Abdel-Wahab O, Ndiaye-Lobry D, Lobry C, et al. Tet2 loss leads to
increased hematopoietic stem cell self-renewal and myeloid transformation. Cancer Cell. 2011; 20:
11-24. doi: 10.1016/j.ccr.2011.06.001 PMID: 21723200

Li Z, Cai X, Cai CL, Wang J, Zhang W, Petersen BE, et al. Deletion of Tet2 in mice leads to dysregu-
lated hematopoietic stem cells and subsequent development of myeloid malignancies. Blood. 2011;
118: 4509-4518. doi: 10.1182/blood-2010-12-325241 PMID: 21803851

Hahn KA, Ogilvie G, Rusk T, Devauchelle P, Leblanc A, Legendre A, et al. Masitinib is safe and effec-
tive for the treatment of canine mast cell tumors. J Vet Intern Med. 2008; 22:1301-1309. doi: 10.1111/j.
1939-1676.2008.0190.x PMID: 18823406

Da Ros S, Zorzan E, Giantin M, Shahidian LZ, Palumbo M, Dacasto M, et al. Sequencing and G-quad-
ruplex folding of the canine proto-oncogene KIT promoter region: might dog be used as a model for
human disease? Plos One. 2014; 9: e103876. doi: 10.1371/journal.pone.0103876 PMID: 25084283

Patnaik AK, Ehler WJ, MacEwen EG. Canine cutaneous mast cell tumor: morphologic grading and sur-
vival time in 83 dogs. Vet Pathol. 1984; 21: 469-474. PMID: 6435301

Ranieri G, Marech |, Pantaleo M, Piccinno M, Roncetti M, Mutinati M, et al. In vivo model for mastocyto-
sis: A comparative review. Crit Rev Oncol Hematol. 2015; 93:159-169. doi: 10.1016/j.critrevonc.2014.
10.010 PMID: 25465741

Reitman ZJ, Olby NJ, Mariani CL, Thomas R, Breen M, Bigner DD, et al. IDH1 and IDH2 hotspot muta-
tions are not found in canine glioma. Int J Cancer. 2010; 127: 245-246. doi: 10.1002/ijc.25017 PMID:
19877121

Watzinger F, Mayr B, Gamerith R, Vetter C, Lion T. Comparative Analysis of ras Proto-oncogene Muta-
tions in Selected Mammalian Tumors. Mol Carcinog. 2001; 30:190-198. PMID: 11346881

Terragni R, Casadei Gardini A., Sabattini S, Bettini G, Amadori D, Talamont C. EGFR, HER-2 and
KRAS in Canine Gastric Epithelial Tumors: A Potential Human Model? Plos One 2014; 9: doi: 10.1371/
journal.pone.0085388

Richter A, Murua Escobar H, Gunther K, Soller JT, Winkler S, Nolte |, et al. RAS Gene Hot-Spot Muta-
tions in Canine Neoplasias. J Hered. 2005; 96:764—765. PMID: 16251512

Yoo S, Pettersson A, Jordahl KM, Lis RT, Lindstrom S, Meisner A, et al. Androgen Receptor CAG
repeat polymorphism and risk of TMPRSS2:ERG positive prostate cancer. Cancer Epidemiol Biomark-
ers Prev. 2014; 23: 2027-2031. doi: 10.1158/1055-9965.EPI-14-0020 PMID: 24925673

Ingles SA, Ross RK, Yu MC, Irvine RA, La Pera G, Haile RW, Coetzee GA. Association of Prostate
Cancer Risk With Genetic Polymorphisms in Vitamin D Receptor and Androgen Receptor. J Natl Can-
cer Inst. 1997; 89: 166—170. PMID: 8998186

Kadouri L, Kote-Jarai Z, Easton DF, Hubert A, Hamoudi R, Glaser B, et al. Polyglutamine repeat length
in the AIB1 gene modifies breast cancer susceptibility in BRCA1 carriers. Int J Cancer. 2004; 108:
399-403. PMID: 14648706

PLOS ONE | DOI:10.1371/journal.pone.0142450 November 12,2015 11/11


http://dx.doi.org/10.1126/science.1210597
http://dx.doi.org/10.1126/science.1210597
http://www.ncbi.nlm.nih.gov/pubmed/21778364
http://dx.doi.org/10.1182/blood-2011-12-397588
http://www.ncbi.nlm.nih.gov/pubmed/23074272
http://dx.doi.org/10.3324/haematol.2010.031690
http://dx.doi.org/10.3324/haematol.2010.031690
http://www.ncbi.nlm.nih.gov/pubmed/21134978
http://dx.doi.org/10.1038/ng.391
http://dx.doi.org/10.1038/ng.391
http://www.ncbi.nlm.nih.gov/pubmed/19483684
http://dx.doi.org/10.1056/NEJMoa0810069
http://www.ncbi.nlm.nih.gov/pubmed/19474426
http://dx.doi.org/10.1038/leu.2009.47
http://www.ncbi.nlm.nih.gov/pubmed/19262601
http://dx.doi.org/10.1016/j.ccr.2011.06.001
http://www.ncbi.nlm.nih.gov/pubmed/21723200
http://dx.doi.org/10.1182/blood-2010-12-325241
http://www.ncbi.nlm.nih.gov/pubmed/21803851
http://dx.doi.org/10.1111/j.1939-1676.2008.0190.x
http://dx.doi.org/10.1111/j.1939-1676.2008.0190.x
http://www.ncbi.nlm.nih.gov/pubmed/18823406
http://dx.doi.org/10.1371/journal.pone.0103876
http://www.ncbi.nlm.nih.gov/pubmed/25084283
http://www.ncbi.nlm.nih.gov/pubmed/6435301
http://dx.doi.org/10.1016/j.critrevonc.2014.10.010
http://dx.doi.org/10.1016/j.critrevonc.2014.10.010
http://www.ncbi.nlm.nih.gov/pubmed/25465741
http://dx.doi.org/10.1002/ijc.25017
http://www.ncbi.nlm.nih.gov/pubmed/19877121
http://www.ncbi.nlm.nih.gov/pubmed/11346881
http://dx.doi.org/10.1371/journal.pone.0085388
http://dx.doi.org/10.1371/journal.pone.0085388
http://www.ncbi.nlm.nih.gov/pubmed/16251512
http://dx.doi.org/10.1158/1055-9965.EPI-14-0020
http://www.ncbi.nlm.nih.gov/pubmed/24925673
http://www.ncbi.nlm.nih.gov/pubmed/8998186
http://www.ncbi.nlm.nih.gov/pubmed/14648706

