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ABSTRACT. Canine gastrointestinal lymphoma is known to be of T-cell origin in most cases, but the 
molecular biological aberrations have not been clarified. In human intestinal T-cell lymphoma, the 
mutations in the genes associated with Janus kinase/signal transducer and activator of transcription 
(JAK-STAT) pathway have been frequently observed. In this study, the gene mutations were 
investigated in 31 dogs with large cell gastrointestinal lymphoma (LCGIL) by focusing on the genes 
involved in JAK-STAT pathway. Next-generation sequencing analysis to examine the mutations in 
STAT3, STAT5B, and JAK1 genes throughout the exon regions revealed the mutations in STAT3 gene 
in two dogs and JAK1 gene in one dog. In conclusion, this study could not indicate the associations 
of gene mutations in JAK-STAT pathway with LCGIL in most canine cases.
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Gastrointestinal lymphoma is the most common extranodal lymphoma in dogs, accounting for 5–7% of all lymphomas [5]. Canine 
gastrointestinal lymphoma is commonly of T-cell origin and generally affects small intestine [6]. Dogs with gastrointestinal lymphoma 
exhibit digestive symptoms such as weight loss, diarrhea, vomiting, and anorexia. Canine gastrointestinal lymphoma is further 
classified into large cell and small cell types based on the size of tumor cells, and cases with large cell gastrointestinal lymphoma 
(LCGIL) are usually treated with multi-drug combination chemotherapy including CHOP regimen or lomustine, resulting in a short 
median survival of 62–72 days [16, 17, 21].

In humans, enteropathy-associated T-cell lymphoma (EATL) and monomorphic epitheliotropic intestinal T-cell lymphoma (MEITL) 
are known as the common types of intestinal T-cell lymphoma, and refractory celiac disease type II (RCD2) is regarded as a precursor 
lesion to EATL [3, 23]. In human T-cell lymphoma, characteristic gene mutations associated with Janus kinase/signal transducer and 
activator of transcription (JAK-STAT) pathway have been identified; the somatic gain-of-function mutations in the JAK1 and STAT3 
genes, which are suggested to be the main drivers in the malignant transformation, are observed in 90% of EATL patients and 80% 
of RCD2 patients [4, 8]. Also, the studies on MEITL have reported the frequent gain-of-function mutations in JAK3 and STAT5B 
genes [18, 19].

Recently, STAT5BN642H mutation, the most frequent STAT5B mutation in human MEITL, was also found in 7 out of 42 (17%) 
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cases of feline gastrointestinal T-cell lymphomas, and activation of STAT5B was confirmed by immunohistochemical staining [9, 12]. 
Several studies have comprehensively searched for gene mutations also in canine lymphoma [7, 10], but no study investigated the 
gene mutations focusing on canine LCGIL.

Based on these backgrounds, we hypothesized that gene mutations associated with JAK-STAT pathway might be also associated 
with the pathogenesis of canine LCGIL. In this study, the mutations in the genes involved in JAK-STAT pathway were investigated 
in canine LCGIL cases using next-generation sequencing (NGS) analysis.

This study included 31 dogs referred to Veterinary Medical Center of the University of Tokyo and diagnosed with LCGIL. The 
diagnosis of LCGIL was made based on histopathological examinations using endoscopically or surgically obtained gastrointestinal 
lesions or cytological examinations using samples obtained by fine-needle aspiration for gastrointestinal lesions. PCR for antigen 
receptor gene rearrangements (PARR) was conducted using a part of DNA extracted from the tumor specimens as previously described 
to evaluate the clonal rearrangements of the TCRγ gene and the immunoglobulin heavy chain (IgH) gene in all cases [11]. gDNAs 
derived from peripheral blood were also available in 17 of the 31 cases and analyzed as normal controls for each case. The signalment 
and other information of each case are shown in Supplementary Table 1.

In human medicine, the mutation in STAT5B gene (c.1924A >C, p.N642H) was observed in 43% of human MEITL cases, and two 
mutations in STAT3 gene (c.1919A >T, p.Y640F and c.1981G >T, p.D661Y) were found in 7% of human EATL/MEITL cases. [12, 14, 
18–20]. STAT5BN642H mutation was also found in 7 out of 42 (17%) cases of feline gastrointestinal T-cell lymphomas, and activation 
of STAT5B was confirmed by immunohistochemical staining [9, 12]. Therefore, we initially investigated these three mutations in 
the tumor samples of all 31 dogs as mutational hotspots. Primer sequences used for the targeted NGS to investigate these mutations 
are shown in Supplementary Table 2. The sequencing libraries for targeted NGS were prepared with gDNAs from each sample by 
two-step multiplex PCR; 1st PCR to amplify the target regions using Platinum™ Multiplex PCR Master Mix (Applied Biosystem, 
Carlsbad, CA, USA) and 2nd PCR to add index sequences, which were used to identify individuals and sequences that were used to 
bind the flow cell using KOD One PCR Master Mix (TOYOBO, Osaka, Japan). The library was purified using AMPure XP beads 
(Beckman Coulter, Blair, CA, USA). After assessing the quantity and quality using Bioanalyzer (Agilent Technologies, Santa Clara, 
CA, USA) and KAPA Library Quantification Kit (Nippon Genetics, Tokyo, Japan), the library was sequenced on the MiSeq instrument 
(Illumina, San Diego, CA, USA). FASTQ files were trimmed with Cutadapt (v2.10). The processed reads were mapped to CanFam 
3.1 using BWA (v0.7.17) and sorted using Samtools (v1.10). Variants calling in each sample were performed using Mutect2 tool in 
GATK (v4.2.6.1). The variants were extracted as mutations if the variant allele frequencies were more than 0.1.

Targeted NGS analysis was also performed using the primer pairs to cover the whole exon regions of STAT3, STAT5B, and JAK1 
genes as described above, except for that ROS_Cfam_1.0 was used as the reference genome. The mutations in STAT3 gene could 
be investigated in all 31 cases, but those in JAK1 and STAT5B could not in six dogs (Dog18, 19, 28–31) due to insufficient amounts 
of gDNAs. Primer sequences used for targeted NGS are shown in Supplementary Table 3. The variants were extracted as mutations 
according to the following criteria: 1) variants with the total read depth of more than 100 and variant allele frequency of more than 0.1 
in the tumor sample where the variants were identified, 2) variants with total read depth of more than 100 and variant allele frequency 
of less than 0.1 in all peripheral blood samples examined. We also predicted the potential effect of the mutations on protein function 
using PolyPhen-2 [1].

In the examinations of two mutational hotspots in STAT3 (c.1919A >T, p.Y640F and c.1981G >T, p.D661Y) and one in STAT5B 
(c.1924A >C, p.N642H) genes, a mutation in STAT3 (c.1919A >T, p.Y640F) was identified in Dog 2 with variant allele frequency 
0.122, while those in the other samples including the peripheral blood DNA from this dog were less than 0.01. A mutation in STAT3 
(c.1981G >T, p.D661Y) and STAT5B (c.1924A >C, p.N642H) were not found in any dogs.

Since the STAT3 and STAT5B mutations in hot spots that are known in human and feline gastrointestinal lymphoma were not found 
in most canine LCGIL cases, we decided to investigate the mutations in STAT3 and STAT5B genes throughout the exon regions of 
these genes. In addition, the mutations in JAK1, which is the upstream regulator of STAT3, were also investigated throughout the 
exon regions, because the common mutation in STAT3 gene was found in a canine LCGIL case. After extraction based on the criteria 
as described above, point mutations in STAT3 gene were found in two dogs; a missense mutation (c.1222T >C) in Dog 17 and a 
missense mutation (c.1847A >G) in Dog 13 (Table 1). A missense mutation (c.3125G >T) was also detected in JAK1 gene in Dog 18 
(Table 1). The analysis with polyphen-2 predicted probably damaging change for two missense mutations in STAT3 (c.1222T >C and 
c.1847A >G) with a score of 0.926 and 0.920, respectively, and possibly damaging change for a missense mutation in JAK1 (c.3125G 
>T) with a score of 0.832. However, no mutation in STAT5B gene was found in any cases. Although the criteria described above was 
not met, a mutation spot in STAT3 in Dog 2 (c.1919A >T) was identified with variant allele frequency 0.098, and that in JAK1 in 
Dog 3 (3073A >G) was identified with variant allele frequency 0.095, while those in the other samples including the peripheral blood 
DNA from this dog were less than 0.02 (Table 2). The analysis with polyphen-2 predicted possibly damaging change for a missense 
mutation in STAT3 (c.1919A >T) with a score of 0.816, and probably damaging change for a missense mutation in JAK1 (c.3073A 
>G) with a score of 0.999.

A mutation in mutational hot spot which is known in STAT3 gene was found in only one dog, and targeted NGS for STAT3 and 
JAK1 genes throughout the exon regions revealed other mutations, including the possible ones, in three and two dogs, respectively. 
Furthermore, analysis with polyphen-2 predicted probably or possibly damaging change for these mutations. These results indicated 
that aberrations in JAK1-STAT3 pathway might be associated with the pathogenesis of LCGIL in these cases but not in many other 
cases.

JAK–STAT pathway mainly regulates cell division, apoptosis, chromatin regulatory processes or cell fate decisions, and it involves 
many of the genes that define cancer pathways [22, 24]. There are several members of the JAK family and the TYK protein that are 
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involved in the JAK/STAT pathway [2]. STAT3 facilitates tumor progression in various human cancers, particularly leukemia and 
lymphomas, and is mainly activated by JAK1 [2, 24]. Actually, the mutations in JAK1 and/or STAT3 have been observed in human 
EATL [4, 8], but similar results were not observed in the present study.

In feline T-cell gastrointestinal lymphoma, STAT5BN642H mutation was found in 7 of 42 (17%) cases [12]. On the other hand, the 
mutations in STAT5B gene were not found in any canine LCGIL cases in the present study. It should be noted that most feline cases 
with the mutation were diagnosed as EATL type II, which corresponds to small cell gastrointestinal lymphoma, in the previous study. 
In fact, they have different clinical aggressiveness; median survival time of canine LCGIL cases is 62–72 days, but feline small cell 
gastrointestinal lymphoma cases have better prognosis with median survival of 513–704 days [13, 15–17, 21]. The results of the present 
study suggested that the molecular pathogenesis could be also different between canine LCGIL and feline small cell gastrointestinal 
lymphoma.

The limitation of the present study include that we could not confirm the immunophenotype of tumor cells by immunohistochemistry, 
although the results of PARR suggested that the tumor cells of most cases were derived from T-cell as previously reported [6]. The 
lack of histopathological evaluation is also limitation in the present study. Furthermore, mucosal samples collected by endoscopy 
should contain non-neoplastic cells such as epithelial cells and immune cells, and these contaminations might result in low sensitivity 
to detect the mutations in the samples. Future studies that use tumor cells isolated from the tumor samples are needed to investigate 
the mutations with higher sensitivity.

In conclusion, the gene mutations in JAK1, STAT3, and STAT5B were not found in most canine gastrointestinal lymphoma 
cases. Future studies to investigate the comprehensive gene mutations may be helpful for the better understanding of the molecular 
pathogenesis of canine LCGIL.
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