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Whole exome and transcriptome 
analysis revealed the activation 
of ERK and Akt signaling pathway 
in canine histiocytic sarcoma
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Yuko Goto‑Koshino 1, James K. Chambers 2, Genki Ishihara 3, Tetsuya Kobayashi 5, 
Mitsuhiro Irie 6, Kazuyuki Uchida 2, Koichi Ohno 1, Makoto Bonkobara 7, Hajime Tsujimoto 1 & 
Hirotaka Tomiyasu 1*

Histiocytic sarcoma (HS) is an incurable aggressive tumor, and no consensus has been made on the 
treatment due to its rare occurrence. Since dogs spontaneously develop the disease and several cell 
lines are available, they have been advocated as translational animal models. In the present study, 
therefore, we explored gene mutations and aberrant molecular pathways in canine HS by next 
generation sequencing to identify molecular targets for treatment. Whole exome sequencing and 
RNA-sequencing revealed gene mutations related to receptor tyrosine kinase pathways and activation 
of ERK1/2, PI3K-AKT, and STAT3 pathways. Analysis by quantitative PCR and immunohistochemistry 
revealed that fibroblast growth factor receptor 1 (FGFR1) is over-expressed. Moreover, activation 
of ERK and Akt signaling were confirmed in all HS cell lines, and FGFR1 inhibitors showed dose-
dependent growth inhibitory effects in two of the twelve canine HS cell lines. The findings obtained 
in the present study indicated that ERK and Akt signaling were activated in canine HS and drugs 
targeting FGFR1 might be effective in part of the cases. The present study provides translational 
evidence that leads to establishment of novel therapeutic strategies targeting ERK and Akt signaling 
in HS patients.

Histiocytic sarcoma (HS) is the most aggressive subtype of histiocytic neoplastic disorders in humans originat-
ing from histiocytic cell lineages1. This is an uncommon malignancy accounting for < 1% of all hematopoietic 
neoplasms that affects a variety of organs including soft tissues, gastrointestinal tract, spleen, and lymph nodes 
with a high rate of distant metastasis2. In terms of genetic findings, activating mutations in genes related to the 
RAS-ERK and PI3K-AKT signaling pathways were identified by a targeted exome sequencing3, and activating 
mutations in RAS/RAF/MAPK pathway were reported in all of the 21 HS patients by whole exome sequencing 
(WES) and RNA sequencing (RNA-seq)4. Due to the rare occurrence, no consensus has been made on the treat-
ment for the disease in human medicine leading to median survival time 52 months5. Therefore, there has been 
a pressing need to better understand the molecular basis in the disease and to develop more effective therapeutic 
strategies for improvement of outcome in patients.

Dogs have been advocated as potential translational models for studying human HS in recent years6–8, since 
this is the only well-recognized species that frequently develops sporadic HS and several cell lines have been 
established from clinical patients. Canine HS also affects a variety of organs9 with a high rate of systemic metas-
tasis of 70–90%10,11 and is characterized by an aggressive biological and clinical behavior with a median overall 
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survival time < 100 days9,12. Similar to human counterpart, mutations in PTPN11 encoding SHP2, a tyrosine 
phosphatase required for MAPK pathway, were observed in 37% cases in Bernese Mountain dogs, one of the 
most predisposed breeds8. Also, we previously reported mutations in TP53 in 46% HS cases affected by HS13. 
However, the genetic landscape of aberrant pathways is unclear in canine HS. Comprehensive analyses of aberrant 
molecular pathways are expected to establish the molecular basis in canine HS and, as a spontaneous model, to 
provide translational evidence of novel therapeutic targets in human counterpart.

Here, the present study aimed for revealing aberrated molecular pathways in canine HS by WES and RNA-
seq analyses, followed by quantitative PCR (qPCR), immunohistochemistry (IHC), and several in vitro assays 
for further elucidation. The achievements of this study provide translational insights into development of novel 
therapeutic strategies in HS.

Results
Canine HS harbors mutations in receptor tyrosine kinase (RTK) signaling pathways‑related 
genes.  To comprehensively investigate genetic aberrations in canine HS, we first performed WES using 
genomic DNA extracted from five tumor and matching normal cell samples. Read count generated by WES, 
mapping rate, and coverage are shown in Additional file 1: Table S1. As a result, 35 mutations were identified and 
validated by Sanger sequencing in five dogs including TP53, PDGFRB, PTPN11, and SH3KBP1 (Table 1). These 
mutations were confirmed to be somatic ones, because they were not observed in normal cell sample of each 
case by Sanger sequencing. To explore biological impacts and pathways where mutated genes were enriched, the 
mutated gene list was subjected to an online database for enrichment analysis. Consequently, PDGFR signal-
ing pathway, positive regulation of ERK1/2 cascade, and positive regulation of PI3K signaling were included as 

Table 1.   Gene mutations identified in whole exome sequencing and validated by Sanger sequencing.

Dog Gene name Gene ID Amino acid change Chromosome

Dog 1
CCDC136 ENSCAFG00000023734 p.R870W 14

TP53 ENSCAFG00000016714 p.I151fs 5

Dog 2

BBX ENSCAFG00000009867 p.D53Y 33

N4BP2 ENSCAFG00000015929 p.S1282F 3

PDGFRB ENSCAFG00000018214 p.D881_I882delinsV 4

Dog 3

ATRX ENSCAFG00000017252 p.L2119fs X

GARNL3 ENSCAFG00000020142 p.R204* 9

HTR2C ENSCAFG00000029120 p.R156H X

NR3C2 ENSCAFG00000007813 p.R780* 15

NRXN3 ENSCAFG00000030472 p.V262A 8

SH3KBP1 ENSCAFG00000013075 p.R423* X

TP53 ENSCAFG00000016714 p.D11fs 5

Dog 4

NAV3 ENSCAFG00000005746 p.A343T 15

PTPN11 ENSCAFG00000008894 p.G503V 26

ZMYM3 ENSCAFG00000017043 p.R295C X

Dog 5

AKAP4 ENSCAFG00000015984 p.Q669* X

ASMT ENSCAFG00000024670 p.G168R X

C7 ENSCAFG00000018608 p.L726S 4

CLCA4 ENSCAFG00000020244 p.M325T 6

COL11A1 ENSCAFG00000019985 p.P1193T 6

FBN1 ENSCAFG00000014548 p.E2759G 30

FRAS1 ENSCAFG00000008752 p.I1313fs 32

FREM2 ENSCAFG00000006019 p.D1252Y 25

GGNBP2 ENSCAFG00000017839 NA 9

LAMA1 ENSCAFG00000018597 p.S3027F 7

MLEC ENSCAFG00000010408 p.E109K 26

MTX2 ENSCAFG00000013416 p.L157_Y159del 36

NUGGC​ ENSCAFG00000008347 p.R651fs 25

OPCML ENSCAFG00000009842 p.N40H 5

PDGFD ENSCAFG00000032342 p.S265T 5

PTPN11 ENSCAFG00000008894 p.E76K 26

RELN ENSCAFG00000025345 p.I819M 18

RIPK1 ENSCAFG00000009321 p.L659fs 35

SLC6A13 ENSCAFG00000015769 p.R413H 27

SMARCAL1 ENSCAFG00000014421 p.R652C 37
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significantly enriched GO terms (Table 2). In KEGG pathway analysis, PI3K-AKT signaling and RAS signaling 
pathways were called. These results together suggested that canine HS cells have mutations in genes associated 
with RTK, ERK1/2, and PI3K-AKT signaling pathways.

RTK signaling pathways are activated in canine HS.  To assess activation or inactivation profiles of 
signaling pathways in HS cells, we next performed RNA-seq using four tumor samples. Its performance met-
rics are shown in Additional file 1: Table S1. First, gene expression profiles (GEPs) were compared by principal 
component analysis and hierarchical clustering. These yielded two distinct clusters composed of HS patients and 
peripheral blood CD14+ monocytes (PBMoC), which was prepared as technical replicates, respectively (Fig. 1). 
When compared GEPs between HS and PBMoC, 1472 DEGs were extracted, and the expressions of 1231 genes 
were significantly increased and those of 241 genes were significantly decreased in HS tissues [see Supplemen-

Table 2.   Results of enrichment analysis in whole exome sequencing.

P value

GO terms

 Platelet-derived growth factor receptor signaling pathway 6.3E−04

 Positive regulation of ERK1 and ERK2 cascade 1.2E−03

 Multicellular organism development 1.3E−02

 Morphogenesis of an epithelium 1.9E−02

 Peptidyl-tyrosine phosphorylation 2.7E−02

 Replication fork processing 2.7E−02

 Cell communication 3.4E−02

 Inner ear development 3.4E−02

 Multicellular organism development 4.0E−02

 Positive regulation of phosphatidylinositol 3-kinase signaling 7.7E−02

KEGG pathway

 PI3K-Akt signaling pathway 2.8E−04

 Focal adhesion 4.9E−04

 Melanoma 7.9E−03

 ECM-receptor interaction 1.2E−02

 Prostate cancer 1.2E−02

 Gap junction 1.2E−02

 Ras signaling pathway 6.4E−02

Figure 1.   Comparisons of gene expression profiles between canine histiocytic sarcoma (HS) cell samples and 
peripheral blood monocytes (PBMoC) of a healthy beagle. (a) Results of principal component analysis. The 
colored points represent each HS cell samples and black points represent each PBMoC technical replicates of a 
healthy beagle. (b) Results of hierarchical clustering. These results yielded two distinct clusters composed of HS 
samples and PBMoC technical replicates of a healthy beagle, respectively.
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tary dataset file 1 and Supplementary dataset file 2]. Next, enrichment and upstream regulator analyses were per-
formed using expression profiles of these DEGs. In the enrichment analysis, 83 GO terms were called as signifi-
cant [see Supplementary data set file 3], and these terms included positive regulation of MAPK activity (Table 3). 
In KEGG pathway analysis, 27 pathways were significantly enriched [see Supplementary data set file 3], and 
these pathways included pathways in cancer, PI3K-AKT signaling pathway, and transcriptional misregulation 
in cancer (Table 3). To identify key molecules that regulate aberrant pathways, upstream regulator analysis was 
then conducted. Consequently, 94 and 40 genes were respectively identified as activated or inhibited upstream 
regulators [see Supplementary data set file 4]. The activated upstream regulators included those related to RTK 
signaling (EGFR, ERBB2, FGFR1, RAF1, ERK1/2, PI3K, AKT, STAT3, VEGF, VEGFA, EGF, and FGF2). FOXM1, 
a transcription factor whose expression is induced via overexpression of RTKs14, was also called as activated. The 
40 inhibited regulators included CDKN1A and FAS, genes related to cell cycle and apoptosis. WES and RNA-seq 
together suggested that RTK-ERK/AKT/STAT3 signaling pathways were activated in HS cells via mutations in 
their regulator genes, and RTKs such as EGFR, ERBB2, and FGFR1 were suggested to be upstream regulators.

FGFR1 is highly expressed in canine HS.  To identify target upstream molecules for effective treatment 
of canine HS, mRNA expression levels of RTKs were assessed. First, normalized expression values for 19 RTKs 
were extracted from RNA-seq data. As a result, there was a tendency that expression of FGFR1 and PDGFRB 
were found to be higher than other RTK genes [see Additional file 1: Table S2]. To elucidate high expression of 
these RTKs, RT-qPCR was performed using RNA samples from seven dogs including those subjected to RNA-
seq analysis. In this analysis, RPL32 was used as an internal control gene. Consequently, expression level of 
FGFR1 was the highest among RTKs in 5 of the 7 samples (Fig. 2a and Additional file 1: Fig. S1). In comparison 
of FGFR1 expression between HS and PBMoC, its expression was significantly higher in HS (Fig. 2b). These data 
suggested that FGFR1 gene was over-expressed in canine HS and functioned as an upstream regulator of ERK1/2 
and PI3K-AKT pathways. To further elucidate high expression of FGFR1, we performed IHC using formalin-
fixed paraffin-embedded (FFPE) tissues from 13 dogs including 9 not subjected to other analyses above [see 
Additional file 1: Table S3]. Consequently, the expression of FGFR1 was observed in all samples. FGFR1 was 
strongly positive in 11/13 samples, moderately and weekly positive in 1 sample each (Fig. 2c).

FGFR1 mRNA is highly expressed and ERK and Akt pathways were activated in canine HS cell 
lines.  Motivated by above data, targeting FGFR1 was hypothesized to be an effective strategy for treatment of 
canine HS. First, RT-qPCR were performed to evaluate FGFR1 expression in 12 cell lines, and its expressions in 
these cell lines were compared with PBMoC from three healthy beagles. As a result, FGFR1 mRNA was signifi-
cantly highly expressed in canine HS cell lines compared with PBMoC (Fig. 3). Next, we examined intracellular 
activation of ERK and Akt signaling using 12 canine HS cell lines and PBMoC by Western blot, and the results 
showed that the amounts of phosphorylated ERK and Akt were significantly increased in canine HS cell lines 
compared to PBMoC (Fig. 4). We could not examine FGFR1 protein expressions by Western blot in the cell lines, 
because we could not verify the specificities against canine FGFR1 in all antibodies we tried: we observed many 
non-specific bands and could not see the band corresponding to FGFR1 and we could not find any suitable posi-
tive control, cell line expressing canine FGFR1.

FGFR1 inhibitor inhibits cell‑growth and induce apoptosis in part of canine HS cell lines.  Finally, 
we evaluated the efficacy of FGFR1 inhibitor in vitro using cell lines derived from canine HS. In cell viabil-
ity assays using tyrosine kinase inhibitors that target FGFR1, ponatinib, the inhibitor showed dose-dependent 
growth inhibitory effects in all 12 HS cell lines but did not show such effect in a non-HS cell line (MDCK) (Fig. 5a 
and Additional file 1: Fig. S2), implying that FGFR1 inhibition impairs viability of canine histiocytic cells. DHS-2 
was most sensitive to ponatinib and IC50 value was 90.4 nM in this cell line [see Additional file 1: Table S4] which 
was within the clinically relevant plasma concentration in human patients (under than 145 nM)15. CHS-6 was 
secondary sensitive to ponatinib and IC50 value was also within the concentration. Meanwhile, IC50 value in 
other HS cell lines were above the clinically relevant plasma concentration.

Table 3.   Representative results of enrichment analysis in RNA-seq.

P value

GO term

 Positive regulation of MAP kinase activity 2.2E−02

KEGG pathway

 Pathways in cancer 2.1E−07

 PI3K-Akt signaling pathway 7.3E−05

 Transcriptional misregulation in cancer 2.4E−03

 MicroRNAs in cancer 5.3E−03

 Basal cell carcinoma 1.1E−02

 Small cell lung cancer 1.9E−02

 Melanoma 4.7E−02
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When examined the induction of apoptosis by ponatinib treatment, the proportion of apoptotic cells was 
increased in only one of the twelve cell lines [see Additional file 1: Fig. S3], showing that apoptosis may not be 
the main mechanism of cell killing from ponatinib. The cell lines were serum starved, and then treated with 
ponatinib. Although the amounts of phosphorylated ERK1/2 and Akt were not changed after treatment of 1 μM 
ponatinib in DHS1, phosphorylation of ERK1/2 and Akt were significantly inhibited in DHS2, where the IC50 
values were lower than DHS1, by treatment of 1 μM ponatinib (Fig. 5b,c).

Discussion
HS is an uncommon aggressive tumor in humans. Although some mutations related to RAS-ERK and PI3K-AKT 
pathways have been described3,16–18, no consensus has been made on the molecular-targeted treatment for the 
disease to date. This was considered due to the lack of detailed analysis of genetic aberrations based on genome-
wide analyses. To comprehensively explore somatic gene mutations in the disease, therefore, we first performed 

Figure 2.   Expression of FGFR1 in canine histiocytic sarcoma (HS) cases. (a) Comparison of mRNA 
expressions among receptor tyrosine kinase (RTK) genes in Dog 2. FGFR1 mRNA expression was the highest 
among RTK genes. RPL32 was used as an internal control gene. Each experiment was conducted in triplicate. (b) 
Comparisons of FGFR1 mRNA expressions between canine HS cases and peripheral blood monocytes (PBMoC) 
of healthy beagles using Mann–Whitney U test. FGFR1 mRNA expressions were higher in canine HS cases 
than those in PBMoCs. The expression level was below detection limit in one of the three healthy dogs. RPL32 
was used as an internal control gene. Each experiment was conducted in triplicate. *P = 0.017. (c) Expression of 
FGFR1 protein in canine HS tissue examined by immunohistochemistry. The representative results of negative 
control, weak, moderate, and strong expressions are shown in order from left to right. Scale bars = 50 µm.

Figure 3.   Comparisons of FGFR1 mRNA expressions between canine histiocytic sarcoma (HS) cell lines 
and peripheral blood monocytes (PBMoC) of three independent healthy beagles as biological replicates using 
Mann–Whitney U test. FGFR1 mRNA expressions were higher in canine HS cell lines than those in PBMoCs. 
DHS1 and DHS2 were shown in red and blue, respectively. **P = 0.0044.
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WES in naturally occurring canine HS, an advocated translational model. As a result, mutations were identified 
in genes related to RTK pathways including PDGFRB (Dog 2), PTPN11 (Dog 4 and 5), and SH3KBP1 (Dog 3). 
PDGFRB is a receptor of platelet derived growth factor and induce RAS-MAPK, PI3K-AKT pathways upon 
ligand stimulation to promote cellular proliferation and survival. Mutations in the gene have been identified in 
rare neoplasms in human such as infantile myofibroma19 and intimal sarcoma20. In addition, rearrangement of 
PDGFRB leading to production of fusion proteins has been identified in myeloid and lymphoid neoplasms21. 
Mutations in PTPN11 were also frequently identified in the disease in a specific canine breed8. The gene encodes 
SHP2, a tyrosine phosphatase that regulate phosphorylation of RAS, and canine HS cell lines harboring PTPN11 
mutations were sensitive to SHP2 inhibitors22. Dog 3 harbored a mutation in SH3KBP1 which is also named 
CIN85. CIN85 is an adaptor protein involved in the downregulation of RTKs23. Mutations in the gene might 
lead to over-expression of RTKs in HS cells. In the following enrichment analysis, mutations were significantly 
enriched in PDGFRB, ERK1/2, and PI3K-AKT signaling pathways. Consistent with previous reports on gene 
mutations in human or canine HS3,8,13,16–18, these results indicate that HS harbors mutations in genes relating to 
RTK-ERK/AKT signaling pathways. RTK signaling pathways were reported to enable sustained cell prolifera-
tion, which is one of hallmarks of cancer24,25, and this characteristics is not specific to HS. We also revealed the 
mutations in the genes that are not related to RTK signaling pathways but are thought to be cancer hallmarks. 
Dog 3 and dog 5 harbored mutations of ATRX and SMARCAL1, which were reported to be related to replica-
tive immortality25,26. Dog1 and Dog 3 harbored mutations of TP53, which is important component relating to 

Figure 4.   Comparisons of the amounts of phosphorylated ERK1/2 (pERK), ERK, phosphorylated Akt (pAkt), 
and Akt among canine histiocytic sarcoma (CHS) cell lines and peripheral blood monocytes (PBMoC). (a) The 
representative result of Western blot. This figure was prepared by cropping the images of the bands indicating 
each antigen from the figures shown in Additional file 1: Fig. S5. (b) The result of statistical comparison by 
density analysis for Western blot in triplicate. The amounts of pERK and pAkt were significantly higher in CHS 
cell lines than PBMoC. **P = 0.0044.
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resisting cell death25. The mutations in these genes might be also involved in the development of HS. Future 
investigation is needed to clarify the frequency of these mutations in a larger number of canine HS patients.

For establishment of effective molecular targeted therapies, aberrant signaling pathways need to be explored 
as well as gene mutations. Therefore, we next performed RNA-seq and compared the data from HS specimens 
with those from PBMoC. Consequently, in the enrichment analysis, DEGs were significantly enriched in MAPK 
activity and PI3K-AKT signaling pathways. Upstream regulator analysis also identified several RTK signaling 
pathways-related molecules as activated regulators such as EGFR, ERBB2, FGFR1, RAF1, ERK1/2, PI3K, AKT, 
and STAT3. This indicates that RTK-ERK/AKT/STAT3 signaling pathways are activated in HS cells. This is sup-
ported by the predicted activation of FOXM1, a transcription regulator of cell cycle induced via activated ERK/
AKT pathways14. FOXM1 has been reported to be activated in various cancers and its knockdown or inhibition 
showed therapeutic effects on various cancers27,28, suggesting that FOXM1 might be an effector molecule that 
plays roles in neoplastic phenotypes in HS cells. Further investigations are needed to clarify its association with 
the activation of RTK pathways and the efficacy of its inhibition in the disease. Activation of RTK pathways is 
also supported by previous reports on clinical or preclinical efficacies of BRAF and MEK inhibitors in human 
and canine HS6,16. On the other hand, K-RAS, H-RAS, and N-RAS were called as inhibited upstream regulators. 
These are small GTPases activated by ligand-stimulated RTKs and trigger downstream ERK1/2 and PI3K-AKT 
pathways, and the previous studies identified activating mutations in RAS in human HS17,18. In human medicine, 
acquired resistance to RTK inhibitors were reported during treatment regimen because of mutations in RAS29,30. 
In a part of those cases, oncogenic RAS inhibitors might be alternative therapeutic strategies. Although no RAS 
mutation was found in the present study, the evaluation of gene mutations including RAS should be important 
also in canine HS during treatments using RTK inhibitors. In the present study, it is possible that K-RAS, H-RAS, 
and N-RAS were statistically called as inhibited due to inactivation of other various downstream pathways than 
ERK/AKT signaling that were not related to neoplastic phenotypes. Another possibility is that RTKs trigger ERK/
AKT pathways independently of RAS in canine HS cells. Further investigation is needed for better understanding 
of the interactions among these molecular pathways and their biological functions in HS cells.

Among upstream regulatory molecules identified by RNA-seq, RTKs including EGFR, ERBB2, and FGFR1 
were considered significant target for treatment that trigger downstream ERK1/2, AKT, and STAT3 signaling 

Figure 5.   Effects of tyrosine kinase inhibitors that targets FGFR1, ponatinib. (a) Growth inhibitions by 
ponatinib in canine histiocytic sarcoma cell lines, DHS-1 and DHS-2. (b) The representative figure that shows 
changes in the amounts of phosphorylated ERK1/2 (pERK) and AKT (pAkt) after treatments of ponatinib 
(Pona). This figure was prepared by cropping the images of the bands indicating each antigen from the figures 
shown in Additional file 1: Fig. S6. (c) The result of statistical comparison by density analysis for Western blot 
in triplicate. Although the amounts of pERK and pAKT were not changed after treatment with Pona in DHS1, 
those in DHS2 were decreased by treatment with ponatinib. ***P < 0.0001.
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pathways, and expression data from RNA-seq indicated high expression of FGFR1 mRNA in HS cells. Thus, we 
next assessed mRNA and protein expressions of RTKs by RT-qPCR and IHC, respectively. In RT-qPCR, expres-
sion level of FGFR1 mRNA was the highest among RTK genes in five of the seven canine HS specimens. In addi-
tion, its expression level was significantly higher in HS than PBMoC. Moreover, IHC demonstrated expression 
of FGFR1 in all 13 HS tissues examined. These findings implied that over-expression of FGFR1 plays roles in 
pathophysiology of the disease and is a promising target for treatment. In the present study, we used PBMoC 
of healthy dogs as controls to compare FGFR1 mRNA expression levels with canine HS cells, because we could 
not obtain the matched normal tissue or peripheral blood of each case due to the nature of retrospective sample 
collection. As another limitation, three PBMoCs used for RNA-seq analysis were collected from a healthy control 
dog as technical replicates. Although RT-qPCR validations were conducted using three PBMoCs collected from 
three independent healthy control dogs, further confirmation of over-expression of FGFR1 should be performed 
using these matched normal samples in the future.

Based on data from integrated analysis, we hypothesized that FGFR1 signaling plays roles in viability of 
HS cells. To test the hypothesis, we evaluated the efficacy of a FGFR1 inhibitor in vitro using canine HS cell 
lines. A clinically applicable FGFR1 inhibitor, ponatinib, showed growth inhibitory effects in a dose dependent 
manner, accompanied by inducing apoptosis in one of the twelve CHS cell lines. These results indicated that 
FGFR1 signaling plays essential roles in cellular growth and survival of canine HS cells and its inhibition might 
be effective therapeutic strategy in some patients suffering from the disease. Clinical or preclinical efficacies of 
FGFR inhibitors have been described in several cancers including lung cancers31,32, malignant mesothelioma33,34, 
and acute myeloid leukemia35,36. In addition to direct effects on tumor cells, FGFR inhibition has been reported 
to target FGF signaling in the tumor microenvironment; it inactivates cancer-associated fibroblast37, prevents 
angiogenesis via inhibiting proliferation and migration of endothelial cells38,39, and inhibits tumor-infiltration 
of myeloid-derived suppressor cells40–42. Since hyperphosphatemia, diarrhea, fatigue, dermatologic, and ocular 
toxicities were frequently reported in human medicine43, preclinical study to evaluate adverse events should be 
conducted also in dogs.

It is the most important limitation in this study that we could not examine the FGFR protein expressions in 
canine HS cell lines due to the lack of suitable antibodies, and we could not confirm whether ponatinib exerted 
antitumor effects through the inhibitions of FGFR1. Furthermore, ponatinib was effective only in part of HS cell 
lines and the changes in the activation status of ERK and Akt pathways were various among cell lines. Therefore, 
further studies are needed to elucidate the molecular mechanisms associated with the differences in the effects 
of ponatinib and to investigate the effective treatment to inhibit the activations of ERK and Akt pathways in HS.

Conclusions
In conclusion, our findings identified the activation of ERK and Akt signaling as a novel and potent target for 
treatment of canine HS through integrated whole exome and transcriptome investigations. Dogs frequently 
develop the disease compared with humans, and thus canine HS has been advocated as a translational animal 
model of naturally occurring HS. Therefore, the present study provides translational evidence that leads to 
establishment of novel therapeutic strategies targeting ERK and Akt signaling in HS patients.

Methods
Patient and healthy dog samples.  Seventeen canine patients with HS were included in this study [see 
Additional file 1: Table S3]. These dogs were diagnosed by histological or cytologic evaluation. In histopatho-
logical examination, in addition to morphological and histopathological features as previously described44, reac-
tivities to the antibodies against MHC class II, ionized calcium-binding adaptor molecule 1, or CD204 were 
examined by IHC for confirmation of histiocytic origin. The cytochemical staining for alpha-naphthyl butyrate 
esterase and inhibition of the enzyme by sodium fluoride were performed as markers of monocyte/macrophage 
lineage in a dog diagnosed based on a cytologic evaluation. At diagnosis, disseminated lesions were observed in 
twelve cases and localized lesions were found in five cases. Tumor cell samples were obtained from FFPE tissues 
(n = 9) or freshly frozen samples (n = 8). Matching normal cell samples were also obtained from normal tissues 
or peripheral blood (n = 5).

PBMoC were collected from healthy beagle dogs. Preparation of PBMoC was carried out with MACS cell 
separation system (Miltenyi Biotec, Germany) with an antibody against CD14 as previously reported in our 
laboratory45. Detailed information of antibodies used in this study is listed in Additional file 1: Table S5. For RNA-
seq analysis, PBMoC was collected from a healthy beagle, and three PBMoC samples were collected at three differ-
ent times as technical replicates. For qPCR analysis, PBMoC was collected from three healthy beagles, including 
the one used for RNA-seq analysis, as biological replicates. The median age and body weight of these healthy 
beagles were 7.4 (6.3–7.6) years old and 9.8 (9.5–11.5) kg, respectively, and all three dogs were castrated male.

WES and data processing.  Genomic DNA was extracted using DNeasy Blood and Tissue Kit (QIAGEN, 
The Netherlands) from the freshly frozen tumor and normal cell samples of five dogs. Exonic DNA fragments 
were captured using SureSelect Canine All Exon V2 (Agilent Technologies, USA), and whole exome sequencing 
(100-bp paired-end) was performed using NextSeq 500 (Illumina, USA) following the manufacturer’s instruc-
tions. Signal captures were converted into FASTQ files using bcl2fastq (v2.18.0.1) and then trimmed with Trim-
momatic (v0.36). The research resource identifiers (RRIDs) for each software or data processing resources used 
in this study are listed in Additional file 1: Table S6. The alignment of processed reads to a canine reference 
genome (CanFam 3.1, GenBank assembly accession: GCA_000002285.2) was carried out using Bowtie2 (v2.2.9), 
and local realignment and variants calling in each sample were performed using the standard Genotype Analy-
sis Toolkit (GATK). Somatic mutations were also called using VarScan246 and annotated using SnpEff, and the 
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called mutations were filtered by the read depth as previously reported47. Then, mutations identified by both 
GATK and VarScan2 were extracted to exclude false positive calling. Among these, single nucleotide variations 
were further subjected to Polyphen-2, SIFT, and PROVEAN for prediction of their functional impacts, and 
those predicted to be damaging by more than two algorithms were extracted and validated by Sanger sequenc-
ing. As for small insertions or deletions, those leading to frameshift and those predicted to be damaging by 
PROVEAN were extracted and validated. For Sanger sequencing, the extracted DNA samples were amplified by 
PCR with the primers listed in Additional file 1: Table S7. The products were directly sequenced using BigDye 
terminator v3.1/1.1 Cycle Sequencing Kit (Applied Biosystems, USA) and genetic analyzer (3130XL, Applied 
Biosystems). When the sequence could not be directly analyzed, PCR products were inserted into a T/A clon-
ing vector (pGEM-T Easy, Promega, The Netherlands), and the vectors were transfected into competent cells 
(DH5α, TOYOBO, Japan). The plasmids extracted from the DH5α cells were subjected to sequence analysis as 
described above. At least 5 clones were sequenced to find mutated genes. When no mutation was found in the 
first 5 clones, additional 5 clones were sequenced. Finally, the list of validated mutations was subjected to enrich-
ment analysis using DAVID Bioinformatics Resource (v6.8) to examine significant Gene Ontology (GO) term 
or enriched pathways.

RNA‑seq and data processing.  Total RNA samples were extracted from tumor cell samples (n = 4) and 
PBMoC of a healthy beagle collected with three independent time using RNeasy Mini Kit (QIAGEN), and RNA 
integrity was examined using 2100 Bioanalyzer (Agilent Technologies) to confirm RNA integrity number > 8.

For RNA samples from tumor cell samples, total RNA (500 ng) was subjected to ribosomal RNA depletion 
using NEBNext rRNA Depletion Kit and poly-A purification using NEBNext Poly(A) mRNA Magnetic Isola-
tion Module (New England BioLabs, USA). Then, sequencing libraries were prepared using NEBNext Ultra 
Directional RNA Library Prep Kit for Illumina (New England BioLabs), and RNA-seq (76-bp paired-end) was 
performed using NextSeq 500. As for RNA samples from PBMoC, total RNA (1 ng) was subjected to preparation 
of sequencing libraries using SMARTer Stranded RNA-seq Kit (Takara bio, Japan), which is a kit for RNA-seq 
using a low amount of RNA, and RNA-seq (150-bp paired-end) was performed using NovaSeq 6000 (Illumina).

Data processing was performed as previously described48. Differential gene expression analysis was performed 
using EdgeR to extract differentially expressed genes (DEGs). DEGs were defied as genes with log2 fold change 
> |1| and false discovery rate < 0.001. Then, normalized gene counts were imported into Java TreeView (v1.1.64) 
for hierarchical clustering analysis and visualization. Extracted DEGs were also subjected to enrichment and 
upstream regulator analyses using DAVID Bioinformatics Resource and Ingenuity Pathway Analysis (QIAGEN).

RT‑qPCR.  Reverse transcription and real-time PCR were performed as described previously49. Primer 
sequences were designed using Primer3 (v0.4.0) or based on a previous report50 as listed in Additional file 1: 
Table S8. Amplifications were normalized to RPL32, determined as previously described49,50, and fold change 
was assessed by ΔΔCT method. PCR efficiencies and R2 values for primer pairs were confirmed to be 90–110% 
and > 0.990, respectively.

IHC.  Thirteen FFPE HS tissue specimens were subjected to IHC of FGFR1. For each sample, 4  µm-thick 
sections were deparaffinized and rehydrated, and antigen retrieval was performed by autoclaving sections at 
121 °C for 15 min in citrate buffer (pH 6.0). After cooling for 1 h, they were treated with 3% hydrogen peroxide-
methanol at room temperature for 10  min to inactivate endogenous peroxidase. Then, they were incubated 
with 5% goat serum (Cedarlane Laboratories, Canada) in TBS-T at room temperature for 30 min to block non-
specific reactions. The sections were incubated with primary antibody against FGFR1 [see Additional file  1: 
Table  S5] at 4  °C overnight and then with Envision horseradish peroxidase-labeled anti-rabbit IgG polymer 
(Agilent Technologies) at 37 °C for 30 min. The antibody used in this study was previously reported to react with 
canine FGFR1, whose amino acid sequence shows > 90% homology to human FGFR151. The reacted products 
were visualized using Liquid DAB+ Substrate Chromogen System (Agilent Technologies), and counterstaining 
was conducted with Mayer’s hematoxylin (FUJIFILM, Japan). Negative control was prepared by omitting the 
primary antibody. Positive control was prepared using normal skin tissue of Dog 3 based on a previous study52 
as shown in Additional file 1: Fig. S4. Each slide was histologically evaluated by two veterinary pathologists (M. 
Hirabayashi and JK. Chambers). The intensity of expression was scored in 3 grades: negative, weakly positive, 
and positive based on a previous report53.

Cell culture and compounds.  Twelve canine HS cell lines, DH82 (ATCC Cat# CRL-10390), DHS-1, DHS-
2, MHT-2, CHS-1 to CHS-8, and MDCK were used in this study. DHS-1 and DHS-2 were originally estab-
lished from Dog 1 and Dog 4, respectively, at the time of diagnosis, and expression of CD11c was confirmed by 
flow-cytometry prior to this study. CHS-1 to CHS-754, MHT255, CHS-822, and MDCK15 were established in the 
previous studies. CHS-8, which was previously named as ROMA, was established and validated in the previ-
ous report22. All cell lines were regularly tested for mycoplasma contamination and were cultured at 37 °C in 
DMEM supplemented with 10% FBS (Thermo Fisher Scientific, USA) and 100 U/mL penicillin–streptomycin 
in a humidified atmosphere containing 5% CO2. Ponatinib was obtained from Selleck Chemicals, USA, and 
DMEM, penicillin–streptomycin, and DMSO were from FUJIFILM, Japan. Ponatinib was dissolved in DMSO 
and then diluted in fresh medium prior to use. Final concentration of DMSO in growth medium did not exceed 
0.1% (v/v) when cells were treated, and equal amounts of DMSO were added to control conditions.

Cell viability and apoptosis assays.  The effect of pharmacologic FGFR1 inhibition on cell viability was 
assessed by a WST-8 method as previously reported49. Briefly, cells (2 × 104 cells/mL) were seeded in 96-well 
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microplates in triplicate, and then added with various concentrations of ponatinib. After 72 h, cell viability was 
measured using Cell Counting Kit-8 (Dojindo, Japan). Log-logistic curve and IC50 were obtained determined 
by dose–response analysis using R package drc (R 4.1.0, drc package 3.0.1). In an apoptosis assay, apoptotic cells 
were detected after incubation with 1 µM of ponatinib overnight using MEBCYTO Apoptosis Kit (Annexin 
V-FITC Kit) (Medical and Biological Laboratories, Japan) following the manufacturer’s instruction.

Western blot.  After serum starvation for 24 h using DMEM supplemented with 0% FBS for DHS-1 and 1% 
FBS for DHS-2, respectively, cells were treated with 1 µM of ponatinib for 3 h. Same amount of whole cell lysate 
samples extracted from these treated cells was separated by SDS-PAGE and blotted on PVDF membranes. After 
blocked with 5% bovine serum albumin (MilliporeSigma, USA), membranes were incubated with primary anti-
bodies as shown in Additional file 1: Table S5. After incubation with primary antibodies, the membranes were 
washed and incubated with HRP-conjugated secondary antibody. Then, the membranes were incubated with 
Luminata Forte Western HRP Substrate (MilliporeSigma). Membranes were visualized using ChemiDoc XRS 
Plus (Bio-rad Laboratories, USA), and density of bands was analyzed by ImageJ software. Density analysis was 
conducted using the data obtained in triplicate.

Statistical analysis.  Computations were carried out using Prism (v.9.2.0) except for data processing of 
WES and RNA-seq as described above. Analytical methods used to assess statistical differences and P values are 
indicated in the figures and/or legends. Experimental data from primary samples were expressed as means ± SD 
of triplicate measurements, and those from cell lines were as means ± SD of three independent experiments. P 
value < 0.05 was considered significant in each statistical analysis unless otherwise specified. In an upstream 
regulator analysis using RNA-seq data, genes with z score < − 2.5 or > 2.5 were considered significant regulators 
and extracted.

Ethics approval and consent to participate.  All methods were carried out in accordance with relevant 
guidelines and regulations. All experimental protocols were approved by the animal care committee of the Uni-
versity of Tokyo (approval number, P16-172). All methods are reported in accordance with ARRIVE guidelines 
(https://​arriv​eguid​elines.​org/) for the reporting of animal experiments. Written informed consent was obtained 
from all dog owners.

Data availability
All data generated or analyzed during this study except for those generated by WES and RNA-seq are included in 
this published article. Datasets obtained through WES and RNA-seq analyses are available at the DDBJ Sequenced 
Read Archive repository with accession number DRA010452 (https://​ddbj.​nig.​ac.​jp/​resou​rce/​sra-​submi​ssion/​
DRA01​0452), DRA013421 (https://​ddbj.​nig.​ac.​jp/​resou​rce/​sra-​submi​ssion/​DRA01​3421) and DRA013450 
(https://​ddbj.​nig.​ac.​jp/​resou​rce/​sra-​submi​ssion/​DRA01​3450).
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