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Abstract

Background—Mastocytoma are frequently diagnosed cutaneous neoplasms in dogs. In non-

resectable mastocytoma patients, novel targeted drugs are often applied. The transcription factor 

STAT5 has been implicated in the survival of human neoplastic mast cells (MC). Our study 

evaluated the JAK2/STAT5 pathway as a novel target in canine mastocytoma.

Materials and Methods—We employed inhibitors of JAK2 (R763, TG101348, AZD1480, 

ruxolitinib) and STAT5 (pimozide, piceatannol) and evaluated their effects on 2 mastocytoma cell 

lines, C2 and NI-1.

Results—Activated JAK2 and STAT5 were detected in both cell lines. The drugs applied were 

found to inhibit proliferation and survival in these cells with the following rank-order of potency: 

R763 > TG101348 > AZD1480 > pimozide > ruxolitinib > piceatannol. Moreover, synergistic 

anti-neoplastic effects were obtained by combining pimozide with KIT-targeting drugs (toceranib, 

masitinib, nilotinib, midostaurin) in NI-1 cells.

Conclusion—The JAK2/STAT5 pathway is a novel potential target of therapy in canine 

mastocytoma.
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1 Introduction

Mast cell tumors (MCT), also referred to as mastocytoma, are the most common skin 

neoplasms in canines. They represent 7%-21% of all cutaneous tumors in dogs.1–3 The 

biological behavior of MCT is variable, ranging from solitary benign tumors to a highly 

invasive and metastatic disease.4 In order to classify canine MCT, a grading system was 

developed based on histological findings.5 Grade 1 neoplasms consist of mature, well-

differentiated mast cells (MC) with a low potential to metastasize whereas in grade 3 tumors, 

MC are immature with a high risk of metastasis formation. Grade 2 represents an 

intermediate stage where MC show variable signs of differentiation. Several studies have 

shown that this grading system is of prognostic significance concerning survival.6–8 

However, regardless of the grade all MCT are considered to be potentially malignant.

The etiology of MCT is largely unknown but probably multifactorial, as evidenced by 

different aberrations in neoplastic MC. One of the commonly mutated genes described in 

literature in neoplastic MC is KIT.4,9 The encoded protein KIT is a tyrosine kinase receptor, 

which activates various downstream targets including the signal transducer and activator of 

transcription 5 (STAT5) and plays a major role in MC growth. In many cases, mutations in 

KIT are associated with ligand-independent activation of the receptor and therefore with 

autonomous growth of MC.10–13

Standard treatment in MCT is surgery with wide excision margins for resectable tumors, 

chemo- or radiotherapy for non-resectable cases or a combined treatment for residual or 

locally recurrent MCT.6,14 Recently, 2 tyrosine kinase inhibitors (TKI) directed against 

KIT, namely masitinib and toceranib, have been approved for the treatment of KIT-mutated 

MCT.15–18 These drugs are able to suppress tumor progression in a subset of patients. 

However, in many cases treatment effects are only temporary.16,18 Therefore, current 

research attempts to identify novel targets and to develop new therapeutic approaches in 

MCT.

The Janus kinase 2 (JAK2) is a critical, cytoplasmic tyrosine kinase downstream of cytokine 

(growth factor) receptors, promoting the proliferation of normal and neoplastic cells. JAK2 

activates major downstream targets, including STAT5, phosphoinositide 3-kinases (PI3K) 

and extracellular-signal-regulated kinases (ERK).19–21 Recently, the JAK2-targeting drug 

ruxolitinib has been approved by the FDA for the treatment of human primary myelofibrosis 

(PMF) and hydroxyurea (HU)-resistant or -intolerant polycythemia vera (PV), in which 

JAK2-activating mutations are prominent.22–24 In 2011, Beurlet et al. identified JAK2 
mutations in canine patients suffering from PV.25 We have recently described that activated 

STAT5 is constitutively expressed in human neoplastic MC and triggers the proliferation and 

survival of these cells.26 Together, JAK2 and STAT5 are considered to be crucial mediators 

of growth and survival of neoplastic cells and therefore potential therapeutic targets in 

myeloid neoplasms.27,28
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However, JAK2 and STAT5 have not been investigated in the context of canine MC 

neoplasms so far. The aims of this study were to examine the expression and activation of 

JAK2 and STAT5 in canine MCT and to explore the anti-neoplastic effects of established 

inhibitors of the JAK2/STAT5 pathway in these cells. For this purpose, 2 established canine 

MC lines, C2 and NI-1 were used both of which carry several mutations in KIT.29,30 In 

addition, primary neoplastic MC isolated from mastocytoma specimens of different grades 

according to the Patnaik classification5 were employed in order to obtain more disease-

relevant information about target expression profiles. To evaluate the effects of JAK2-/

STAT5 inhibition in MCT, a number of JAK2- or STAT5-targeting drugs were applied. The 

JAK2-blockers used in this study (R763, TG101348, AZD1480, ruxolitinib) have already 

been tested in clinical trials and ruxolitinib is even used in clinical practice in human 

patients with PMF and PV. By contrast, the STAT5-targeting drugs tested (pimozide, 

piceatannol) have not been applied in clinical oncology so far. We also asked whether JAK2- 

or STAT5 blockers and KIT-targeting drugs would exert synergistic anti-neoplastic effects in 

MCT. In summary, the results of our study provide evidence that targeting the JAK2/STAT5 

pathway might be a potent approach to tackle otherwise untreatable mastocytoma patients.

2 Materials and Methods

2.1 Reagents

The compounds used in this study are listed in Table 1. Imatinib was dissolved in distilled 

water and all other drugs were dissolved in dimethylsulfoxide (DMSO) (Sigma-Aldrich, St. 

Louis, Missouri). RPMI 1640 medium and antibiotics (penicillin/streptomycin) were 

purchased from Lonza (Basel, Switzerland), fetal bovine serum (FBS) from Gibco Life 

Technologies (Carlsbad, California) and 3H-thymidine from PerkinElmer (Waltham, 

Massachusetts). Propidium iodide (PI) and 4′,6-diamidino-2-phenylindole (DAPI) were 

purchased from Sigma-Aldrich. A specification of antibodies used in this study is provided 

in Table 2.

2.2 Culture of cell lines

In this study, we used 2 canine mastocytoma cell lines, C2 and NI-1. C2 cells were kindly 

provided by Dr. Warren Gold (Cardiovascular Research Institute, University of California, 

San Francisco, California).29 NI-1 cells were established in our laboratory.30 Cells were 

cultured in RPMI 1640 medium supplemented with 10% FBS and 1% penicillin/

streptomycin (antibiotics) at 5% CO2 and 37° C. Cells were split every 2 to 3 days and 

thawed from an original stock every 6 to 8 weeks. In each experiment, “control medium” 

(RPMI 1640 medium with 10% FBS and 1% antibiotics) was applied. In addition, vehicle 

control experiments (DMSO concentration corresponding to the highest drug concentration 

applied) were performed. In all experiments, the vehicle controls showed no effects on either 

pSTAT5 expression, cell proliferation, cell viability or cell cycle progression (not shown).

2.3 Isolation of primary canine neoplastic MC from mastocytoma specimens

We isolated neoplastic MC from fresh tumor samples obtained from 3 patients undergoing 

surgical intervention at the University of Veterinary Medicine Vienna (Vienna, Austria) 

(Table 3) using collagenase as described.31 In brief, tissue samples were cut into small 
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pieces, washed thoroughly in Tyrode's buffer and were then incubated in collagenase type 2 

(Worthington, Lakewood, New Jersey) at 37°C for 180 minutes. Isolated MC were recovered 

by filtration through nytex cloth and collected into FBS-containing tubes. After washing, 

cells were examined for viability (trypan blue exclusion) and MC numbers.

2.4 Immunohistochemistry and immunocytochemistry

MCT sections were obtained from nine canine patients treated at the University of 

Veterinary Medicine Vienna (Vienna, Austria) (Table 3). Immunohistochemistry (IHC) was 

performed on sections prepared from paraffin-embedded, formalin-fixed mastocytoma 

specimens by the indirect immune-peroxidase staining technique using the anti-pSTAT5 

monoclonal antibody (mAb) C11C5 (diluted 1:20 in Renoir Red Diluent, Biocare Medical, 

Walnut Creek, California) as described.26 Immunocytochemistry (ICC) was performed on 

C2 and NI-1 cells using antibodies against JAK2, pJAK2, pSTAT5, KIT and pKIT (Table 2) 

as reported.26 Antibody reactivity was controlled by antibody omission.

2.5 Flow cytometric evaluation of pSTAT5, STAT5 and KIT in neoplastic MC

Expression of pSTAT5 and STAT5 was examined in C2 cells and NI-1 cells using an 

intracellular flow cytometry staining protocol as reported.30 In brief, cells were stained with 

the Alexa Fluor 647-conjugated anti-pSTAT5 mAb 47, the phycoerythrin (PE)-conjugated 

anti-STAT5 mAb 251610, the Alexa Fluor 647-conjugated isotype-matched control antibody 

or the PE-conjugated isotype-matched control antibody. Phosphorylated STAT5 levels and 

total STAT5 levels were then analyzed on a FACS Canto 2 (Becton Dickinson, Franklin 

Lakes, New Jersey). To evaluate the effects of JAK2-, STAT5- and KIT inhibitors on 

expression of pSTAT5, C2 and NI-1 cells were incubated in control medium or in various 

concentrations of R763, TG101348, AZD1480, ruxolitinib, pimozide, piceatannol, imatinib, 

masitinib, midostaurin or nilotinib (0.05-50 μM) at 37°C for 4 hours before being analyzed 

using flow cytometry. To confirm surface expression of KIT on C2 and NI-1 cells, the PE-

conjugated anti-KIT mAb 104D2 was applied as reported.32

2.6 Protein analysis and Western blotting

Sample preparation and Western blotting were done according to standard methods.33 

Nitrocellulose membranes were incubated with antibodies directed against STAT5 or 

pSTAT5. β-Actin served as loading control (Table 2). To evaluate the effects of JAK2- and 

STAT5 blockers on expression of pSTAT5, C2 and NI-1 cells were incubated in control 

medium or in the presence of R763, TG101348, AZD1480, ruxolitinib, pimozide or 

piceatannol (1-50 μM) at 37°C for 4 hours.

2.7 Cross-validation of anti-human antibodies in the canine MC lines

The specific reactivity of the anti-JAK2 mAb D2E12 and the anti-KIT antibody C-19 for the 

canine species was previously confirmed by others.34,35

To validate the cross-reactivity of antibodies against human pSTAT5, pJAK2 and pKIT, we 

performed Western blot experiments using canine cell lines and the human MC line 

HMC-1.2 as positive control. In these experiments, we were able to confirm specific 

reactivity of NI-1 cells with antibodies against pSTAT5, pJAK2 and pKIT (not shown). In 
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case of the fluorochrome-labeled anti-human anti-KIT mAb 104D2, no Western blot 

reaction was obtained neither with canine cells nor with HMC-1.2 cells. An explanation for 

this could be that this antibody was designed particularly for flow cytometric detection of 

surface KIT.

2.8 Effects of targeted drugs on proliferation of canine neoplastic mast cells

Primary neoplastic MC, C2 cells and NI-1 cells were seeded in 96-well microtiter plates and 

incubated in control medium or in various concentrations of JAK2 inhibitors (0.005-20 μM) 

or STAT5 inhibitors (0.5-75 μM) at 37°C for 48 hours. After adding 0.5 μCi 3H-thymidine 

(37°C, 16 hours), cells were harvested on filter membranes in a Filtermate 196 harvester 

(Packard Biosciences, Meriden, Connecticut). The bound radioactivity was measured in a 

Top-Count NXT β-counter (Packard Biosciences).

2.9 Evaluation of apoptosis and cell cycle arrest

To analyze drug effects on induction of apoptosis and cell cycle distribution, C2 and NI-1 

cells were incubated in control medium or in various concentrations of JAK2-targeting drugs 

(0.1-7.5 μM) or STAT5-targeting drugs (5-75 μM) at 37° C for 24 or 48 hours. Apoptosis 

was measured by Annexin V/PI- or Annexin V/DAPI-staining and flow cytometry as 

described.31 For experiments with toceranib, we used Annexin V-APC combined with DAPI 

instead of Annexin V-FITC combined with PI due to the autofluorescence of toceranib. The 

total fraction of all apoptotic cells was quantified by determining the percentage of Annexin 

V-single positive cells plus the percentage of Annexin V- and PI/DAPI-double positive cells 

relative to all cells captured in the test tube. To evaluate additive or synergistic drug effects 

on cell survival, NI-1 cells were incubated with various drug combinations employing JAK2 

inhibitors (R763, TG101348, AZD1480, ruxolitinib), the STAT5 inhibitor pimozide and KIT 

inhibitors (imatinib, masitinib, midostaurin, nilotinib, toceranib) for 24 hours. In these 

experiments, we selected suboptimal drug concentrations that showed only little or no effect 

on induction of apoptosis in NI-1 cells in previous experiments. As the statistical evaluation 

of drug combinations by CompuSyn (ComboSyn, Paramus, New Jersey) requires multiple 

drug concentrations, we applied an additional concentration of each single drug and each 

drug combination, for example pimozide (2.5 μM, 5 μM), toceranib (0.25 μM, 0.5 μM), 

combination (2.5 μM pimozide + 0.25 μM toceranib, 5 μM pimozide + 0.5 μM toceranib). 

The lower concentrations were only used for calculating statistics and are not shown. For 

cell cycle studies, cells were harvested after 48 hours (without prior synchronization of cells) 

and stained with PI as reported.31 The amount of DNA-bound PI was then determined using 

flow cytometry.

2.10 Statistical analysis

To determine the significance in differences between the drug-treated conditions and the 

untreated control condition in our experiments, the Student's t-test was applied. Results were 

considered statistically significant when P was < .05. Drug combination effects on apoptosis 

were evaluated by CompuSyn and considered to be synergistic when the combination index 

(CI) was < 1, additive when CI = 1 and antagonistic when CI > 1.
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3 Results

3.1 Canine neoplastic MC exhibit activated JAK2, STAT5 and KIT

As determined by immunocytochemistry, C2 cells and NI-1 cells were found to express 

JAK2, pJAK2, pSTAT5, KIT and pKIT (Figure 1A). The presence of intracellular pSTAT5 

and STAT5 as well as surface KIT in C2 and NI-1 cells was also demonstrable using flow 

cytometry (Figure 1B). In these experiments, higher levels of pSTAT5 were detected in C2 

cells compared with NI-1 cells whereas STAT5- and KIT levels were comparable in the 2 

cell lines. Furthermore, we were able to demonstrate the expression of pSTAT5 in primary 

MCT by IHC (Table 3, Figure 1C). In particular, pSTAT5 was detected in neoplastic MC in 

9 of 9 canine patients examined.

3.2 JAK2-, STAT5- and KIT-targeting drugs counteract STAT5 activation in C2 and NI-1 
cells

To evaluate the functional role of JAK2 and STAT5, we treated C2 and NI-1 cells with 

various targeted drugs. As shown in Figure 2A,B, the JAK2-targeting drugs R763, 

TG101348, AZD1480 and ruxolitinib (0.05-5 (μM) as well as the KIT inhibitors imatinib, 

masitinib, midostaurin and nilotinib (0.05-5 μM) were able to decrease the levels of pSTAT5 

in C2 and NI-1 cells in a dose-dependent manner after 4 hours of treatment. In these 

experiments, C2 cells were more sensitive compared with NI-1 cells. The STAT5 blockers 

pimozide and piceatannol (5-50 μM) showed only little effects on pSTAT5 levels in both cell 

lines. Using Western blot, we found that most of the JAK2-targeting drugs decrease 

expression of pSTAT5 whereas the STAT5 blockers only showed weak effects in C2 and 

NI-1 cells (Figure 2C).

3.3 Targeting of JAK2 or STAT5 is associated with reduced proliferation of canine 
neoplastic MC

As assessed by 3H-thymidine uptake experiments, all the tested inhibitors were found to 

decrease the proliferation of the canine MC lines as well as proliferation of primary 

neoplastic MC in all 3 samples tested (patients #1, #2, #3) (Figure 3). Dose-dependent 

effects were seen with all drugs but the IC50 values were found to vary among the different 

drugs applied. The JAK2-targeting drugs R763 and TG101348 were found to block 

proliferation of C2 and NI-1 cells at relatively low IC50 values (<1 μM). Slightly higher IC50 

values (1-2.5 μM) were obtained with AZD1480 and the STAT5-targeting drug pimozide. By 

contrast, no substantial effects were seen with ruxolitinib or the STAT5 blocker piceatannol 

(IC50: >10 μM) (Table 4). When comparing drug effects in primary neoplastic MC with the 

effects obtained in the 2 cell lines examined no major differences were found (Figure 3, 

Table 4).

3.4 JAK2- and STAT5 inhibitors induce apoptosis in canine MC lines

Next, we investigated the mechanism of drug action and asked whether the JAK2- and 

STAT5-targeting drugs applied would induce apoptosis in canine MC lines. As assessed by 

Annexin V/PI staining, R763, TG101348, AZD1480, pimozide and piceatannol were found 

to induce apoptosis in C2 cells and NI-1 cells (Figure 4). Pimozide, R763 and AZD1480 
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showed comparable effects in C2 and NI-1 cells whereas piceatannol and TG101348 were 

found to be more effective in NI-1 cells than in C2 cells. In general, higher concentrations of 

STAT5 blockers were necessary to induce apoptosis in canine MC lines compared with the 

JAK2 inhibitors applied.

3.5 JAK2-targeting drugs induce cell cycle arrests in C2 cells and NI-1 cells

To further explore the mechanism of drug-induced inhibition of proliferation in neoplastic 

MC, we examined the effects of JAK2- and STAT5 inhibitors on cell cycle progression. 

Interestingly, these drugs were found to exert distinct and variable effects on cell cycle 

distribution in C2 and NI-1 cells (Figure 5). Whereas R763 induced a G2-phase arrest, 

TG101348 produced a G1 cell cycle arrest in both cell lines. AZD1480 was found to be 

effective in C2 cells in inducing an S/G2-phase arrest but did not induce an S/G2 arrest in 

NI-1 cells. The STAT5 inhibitors tested and the JAK2 inhibitor ruxolitinib showed no effects 

on cell cycle progression in C2 or NI-1 cells.

3.6 Evaluation of drug combinations in NI-1 cells

To evaluate the effects of drug combinations on apoptosis, NI-1 cells were exposed to 

various combinations of JAK2-, STAT5- or KIT-targeting drugs. Results were then examined 

by CompuSyn software to determine synergistic drug combination effects. In these 

experiments, we identified several drug combinations with synergistic effects regarding 

induction of apoptosis in NI-1 cells (CI < 1). These drug combinations included “pimozide + 

toceranib”, “pimozide + masitinib”, “pimozide + nilotinib”, “pimozide + midostaurin”, 

“TG101348 + pimozide” and “TG101348 + toceranib” (Figure 6).

4 Discussion

MCT are frequently diagnosed skin neoplasms in canines.1–3 Although several treatment 

options including en-bloc resection, radiation, chemotherapy and KIT inhibitors are 

available, relapses are frequently seen in advanced high-grade MCT patients.6,14–18 

Therefore, new treatment approaches and new targeted drugs are currently being developed.

36–40

In this study, we have identified the JAK2/STAT5 pathway as a novel potential target for 

therapy in canine MCT. In particular, several different drugs targeting JAK2 or STAT5 

produced growth inhibition and apoptosis in MCT cells. In addition, we were able to show 

that STAT5 inhibitors and drugs directed against JAK2 or KIT exert potent synergistic anti-

neoplastic effects (CI < 1) in canine neoplastic MC.

So far, little is known about expression and activation of JAK2 and STAT5 in neoplastic MC.

40 In the human system, neoplastic MC reportedly show nuclear and cytoplasmic 

pSTAT5.26,41 In this study, we were able to demonstrate that canine MCT cells display 

nuclear and cytoplasmic pSTAT5 independent of the tumor grading. Moreover, we were able 

to show the presence of pSTAT5 as well as pJAK2 in 2 established canine mastocytoma cell 

lines, namely C2 and NI-1. To the best of our knowledge, these are the first data suggesting 

that the JAK2/STAT5 pathway is active in canine neoplastic MC.
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The JAK2/STAT5 pathway has recently been implicated in various myeloproliferative 

neoplasms including PV, where activating JAK2 mutations like JAK2 V617F have been 

detected in human patients.24 More recently, this was confirmed in the canine system.25 

Moreover, it has been reported that JAK2 can be recruited and activated by KIT and indeed, 

SCF-induced colony growth of murine hematopoietic cell lines and human fetal liver cells 

was found to be reduced after treatment with JAK2 inhibitors.40,42 In addition, STAT5 has 

recently been described as a KIT-dependent molecular target in human neoplastic MC.11–13 

In this study, we were able to show that the KIT-targeting drugs imatinib, masitinib, 

midostaurin and nilotinib downregulate expression of pSTAT5 in C2 and NI-1 cells, 

suggesting a role of KIT in STAT5 activation. However, these TKI effects were much 

stronger in C2 cells than in NI-1 cells, which may be explained by the fact that NI-1 cells 

display several different KIT mutations and are therefore more resistant against KIT-

targeting TKI. C2 cells carry an internal tandem-duplication in exon 11 of KIT whereas in 

NI-1 cells several mutations in exon 8 and in exon 10 of KIT are present.30 Alternatively, 

C2 cells could be more sensitive because these cells express higher pSTAT5 levels compared 

with NI-1 cells.

During the past few years, a number of drugs blocking the JAK2/STAT5 pathway have been 

developed. In the recent past, the JAK2-targeting drug ruxolitinib has been approved for the 

treatment of human PMF and PV based on the clear clinical effects of this drug.22,23 

Concerning human mastocytosis, ruxolitinib has recently been administered to 2 patients 

suffering from symptomatic systemic mastocytosis and found to reduce the symptom-burden 

in these patients with a substantial increase in the quality of life.43,44 However, in both 

disease models ruxolitinib exerts effects on the cytokine storm and inflammation rather than 

on cell proliferation.43–46

In this study, we applied a series of drugs known to interact with the activity of JAK2 

including ruxolitinib as well as STAT5-targeting drugs. In these experiments, we were able 

to show that the targeted drugs applied suppress the levels of pSTAT5 in C2 cells and NI-1 

cells. The effects of the JAK2 blockers on pSTAT5 levels are in line with the assumption that 

STAT5 is a JAK2-downstream target. We also examined the effects of the JAK2- and 

STAT5-targeting drugs on growth of canine neoplastic MC. These inhibitors were indeed 

found to block the proliferation of C2 and NI-1 cells in a dose-dependent manner with the 

following rank-order of potency: R763 > TG101348 > AZD1480 > pimozide > ruxolitinib > 

piceatannol. Furthermore, we were able to show anti-proliferative effects of the JAK2- and 

STAT5 blockers in primary neoplastic MC obtained from 3 MCT patients. Drug effects 

obtained with primary MCT cells were comparable to drug effects seen in the 2 cell lines 

tested. The different potencies among the drugs tested are best explained by additional 

targets recognized by these drugs. Similarly, R763 is well known to block a number of 

different kinase-targets including Aurora kinases, KIT, FLT3 and JAK2.47

JAK2 and STAT5 are well-known regulators of survival and cell cycle progression in 

neoplastic cells.20,28,48 In order to define the mechanism of action of the JAK2- and 

STAT5 inhibitors tested, we examined their effects on apoptosis and cell cycle progression in 

the MC lines. Indeed, most of the inhibitors applied decreased survival in C2 and NI-1 cells 

albeit with variable potency. As expected, the most potent inducer of apoptosis in C2 and 
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NI-1 cells was R763. One explanation for the effect of R763 on cell cycle progression may 

be its inhibitory effect on Aurora kinases. All drugs applied in this study showed effects at a 

pharmacologically relevant range except for pimozide, piceatannol and ruxolitinib (Table 1). 

The 2 STAT5 blockers applied were only effective in inducing apoptosis in canine MC at 

very high concentrations but not in suppressing cell cycle progression. This observation is 

consistent with the weak effect of piceatannol in human MC.26 Unexpectedly, although 

ruxolitinib was found to decrease expression of pSTAT5 in NI-1 cells and to a lower extent 

in C2 cells in our flow cytometric experiments, the drug was unable to influence MC 

survival, cell cycle progression or proliferation of both cell lines at pharmacologically 

relevant concentrations. These discrepant results may be explained by additional (STAT5-

independent) mechanisms of drug resistance in canine MC. Alternatively, the effects of 

ruxolitinib on STAT5 activation were too weak to lead to a visible growth-inhibitory or anti-

survival effect. However, in our Western blot experiments the effect of ruxolitinib on 

pSTAT5 expression in NI-1 cells was stronger than in our flow cytometric analysis.

Whereas several different effective JAK2 blockers are available, pharmacologic inhibition of 

STAT5 remains a challenging task mainly because the development of specific STAT5 

inhibitors is difficult.36–39

In the current study, 2 STAT5 blockers were used, pimozide and piceatannol. However, both 

drugs are rather weak and non-specific inhibitors of STAT5, which may explain the weak 

effects on canine neoplastic MC observed in this study.

In contrast to STAT5-targeting drugs, the development of JAK2 blockers is more advanced. 

The Aurora kinase- and JAK2 blocker R763 has been tested in clinical trials in human 

hematological malignancies as well as in a dose escalation trial in human patients suffering 

from solid tumors.50,51 The JAK2-targeting drug ruxolitinib has recently been approved by 

the FDA for treatment of human PMF and HU-resistant or -intolerant PV.22,23 One concern 

with these and other JAK2 blockers is toxicity. Therefore, one general goal is to develop less 

toxic JAK2 inhibitors. Another option would be to reduce single compound concentrations 

by applying drug combinations. Indeed, it has been shown that various combinations of 

kinase blockers can produce synergistic growth-inhibitory effects on canine and human MC.

52,53 In this study, we were interested to learn whether similar drug combination-effects can 

be achieved in canine neoplastic MC when combining STAT5- (pimozide), JAK2- (R763, 

TG101348, AZD1480, ruxolitinib) or KIT inhibitors (imatinib, masitinib, midostaurin, 

nilotinib, toceranib). In these experiments, the most potent synergistic effects on survival of 

NI-1 cells were obtained with drug combinations consisting of pimozide and either 

toceranib, masitinib, nilotinib or midostaurin as well as combinations consisting of 

TG101348 and pimozide or TG101348 and toceranib (CI < 1).

In summary, we found that canine neoplastic MC express phosphorylated JAK2 as well as 

STAT5 and that inhibition of the JAK/STAT pathway is associated with decreased 

proliferation and survival of these cells. Based on our results, we hypothesize that the JAK2/

STAT5 pathway is a potential new target in canine MCT. This hypothesis needs to be tested 

in forthcoming in vivo studies. In case of JAK2 inhibition, the application of novel targeted 
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drugs is a straightforward approach whereas pharmacologic STAT5 blockers are currently 

being developed and will hopefully enter clinical application in the near future.
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Figure 1. 
Expression of JAK2, STAT5 and KIT in canine neoplastic mast cells (MC). A, C2 cells (left 

panel) and NI-1 cells (right panel) were stained with antibodies for JAK2, pJAK2, pSTAT5, 

KIT or pKIT using indirect immunocytochemistry as described in the text. B, Levels of 

pSTAT5, STAT5 and KIT in C2 and NI-1 cells determined using flow cytometry. Cells were 

incubated with an Alexa Fluor 647-conjugated anti-pSTAT5 antibody (gray histograms, 

upper panel), a phycoerythrin (PE)-conjugated anti-STAT5 antibody (gray histograms, 

middle panel) or a PE-conjugated anti-KIT antibody (gray histograms, lower panel). The 
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isotype-matched control antibodies are also shown (open histograms). MFI, mean 

fluorescence intensity. C, Immunohistochemical detection of pSTAT5 in neoplastic mast 

cells of tumor sections obtained from canine mastocytoma patients using the monoclonal 

anti-pSTAT5 antibody C115C. The staining technique is described in the text. 

Representative examples from 3 patients are provided (grades 1, 2 and 3 according to 

Patnaik5, as indicated). The antibody omission control is also shown (upper left panel).
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Figure 2. 
Effects of targeted drugs on pSTAT5 expression in C2 and NI-1 cells. C2 (A) and NI-1 cells 

(B) were incubated in control medium (Co) or in medium containing various drug 

concentrations (as indicated) at 37°C for 4 hours. pSTAT5 levels were analyzed using flow 

cytometry and an Alexa Fluor 647-conjugated anti-pSTAT5 antibody. The staining technique 

is described in the text. Results show the mean fluorescence intensity (MFI) values relative 

to medium control (100%) and represent the mean ± SD of at least 3 independent 

experiments. Asterisk: P < 0.05. The medium control and dimethyl sulfoxide (DMSO) 
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control (not shown) produced almost identical results. C, C2 (left panel) and NI-1 (right 

panel) cells were exposed to various inhibitors for 4 hours and levels of phosphorylated 

STAT5 and total STAT5 were examined using Western blotting as described in the text 

(upper panel). β-Actin served as loading control. The levels of pSTAT5 were quantified by 

densitometry and normalized to β-Actin (lower panel). Results are expressed relative to 

control (=1.0) and represent the mean ± SD of 3 independent experiments. *P < 0.05.
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Figure 3. 
Growth-inhibitory effects of targeted drugs on neoplastic mast cells. C2 cells (left panel), 

NI-1 cells (middle panel) or cells isolated from a primary mastocytoma (patient #3, right 

panel) were incubated in control medium (Co), with a vehicle control, which had no effect 

and is not shown or with various concentrations of JAK2- or STAT5 inhibitors at 37°C for 48 

hours. Thereafter, 3H-thymidine incorporation was measured. Results show 3H-thymidine 

uptake relative to control (=100%) and represent the mean ± SD of at least 3 different 

experiments (C2, NI-1) or the mean ± SD of triplicates (patient #3). *P < 0.05.
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Figure 4. 
Induction of apoptosis in C2 and NI-1 cells by JAK2- and STAT5-targeting drugs. C2 (A) 

and NI-1 cells (B) were incubated in control medium (Co) or medium containing various 

concentrations of JAK2- and STAT5 blockers at 37°C for 24 or 48 hours (h). Thereafter, 

cells were examined by flow cytometry using an antibody against Annexin V and propidium 

iodide (PI) staining. Results show the percent of all apoptotic cells (percentage of cells 

stained single-positive for Annexin V plus percentage of cells stained double-positive for 

Annexin V and PI) and represent the mean ± SD of 3 independent experiments. *P < .05. 
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The effects of the dimethyl sulfoxide (DMSO) control did not differ from the medium 

control (not shown).
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Figure 5. 
Effects of JAK2- and STAT5 blockers on cell cycle progression of C2 and NI-1 cells. C2 (A) 

and NI-1 cells (B) were incubated in control medium (Co) or with various inhibitors at 37°C 

for 48 hours. After incubation, cells were harvested and examined for the amount of DNA-

bound PI. Results represent the mean ± SD of 3 independent experiments. *P < .05. The 

effects on the cell cycle by the medium control and the vehicle control were similar (not 

shown).

Keller et al. Page 21

Vet Comp Oncol. Author manuscript; available in PMC 2018 June 01.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 6. 
Effects of drug combinations on induction of apoptosis. NI-1 cells were incubated in control 

medium (Co), in the presence of single inhibitors or the indicated drug combinations at 37°C 

for 24 hours. Induction of apoptosis was determined using flow cytometry as described in 

the text. Results show the percent of apoptotic cells (percentage of cells stained single-

positive for Annexin V plus percentage of cells stained double-positive for Annexin V and 

propidium iodide [PI]/4′,6-diamidino-2-phenylindole [DAPI]) and represent the mean ± SD 

of at least 3 independent experiments. *P < .05.
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Table 2

Specification of antibodies used in this study

Name/clone Reactive structure IgG subtype Method Dilution (diluent) Fluorochrome Company1

47 pSTAT5 mIgG1 FC — Alexa Fluor 647 BD Biosciences

251610 STAT5 mIgG1 FC — PE R&D Systems

104D2 KIT mIgG1 FC — PE BD Biosciences

MOPC-21 mIgG1 isotype n.a. FC — Alexa Fluor 647 BD Biosciences

MOPC-21 mIgG1 isotype n.a. FC — PE BD Biosciences

11711 mIgG1 isotype n.a. FC — PE R&D Systems

Annexin V Annexin V n.a. FC — FITC eBioscience

Annexin V Annexin V n.a. FC — APC BioLegend

D2E12 JAK2 rIgG ICC 1:50 (TBS/FBS) n.a. Cell Signaling

E132 pJAK2 rIgG ICC 1:50 (Renoir red 
diluent)

n.a. Millipore

C11C5 pSTAT5 rIgG ICC/IHC 1:20 (Renoir red 
diluent)

n.a. Cell Signaling

C-19 KIT rIgG ICC 1:200 (TBS/FBS) n.a. Santa Cruz Biotechnology

Phospho-c-KIT (Tyr719) pKIT rIgG ICC 1:20 (TBS/FBS) n.a. Cell Signaling

Phospho-STAT5 pTyr694 pSTAT5 rIgG WB 1:1000 (TBST/BSA) n.a. Invitrogen

89 STAT5 mIgG WB 1:1000 (TBST/BSA) n.a. BD Transduction Laboratories

AC-74 β-Actin mIgG WB 1:5000 (TBST/BSA) n.a. Sigma-Aldrich

Abbreviations: APC, allophycocyanin; FC, flow cytometry; FITC, fluorescein isothiocyanate; ICC, immunocytochemistry; IHC, 
immunohistochemistry; m, mouse; n.a., not applicable; PE, phycoerythrin; r, rabbit; TBS/FBS, tris-buffered saline/fetal bovine serum; TBST/BSA, 
tris-buffered saline tween/bovine serum albumin; WB, Western blot.

1
BD Biosciences, San Jose, California; BD Transduction Laboratories, San Jose, California; BioLegend, San Diego, California; Cell Signaling, 

Massachusetts; eBioscience, San Diego, California; Invitrogen, Waltham, Massachusetts; Millipore, Billerica, Massachusetts; R&D Systems, 
Minneapolis, Minnesota; Santa Cruz Biotechnology, Dallas, Texas; Sigma-Aldrich, St. Louis, Missouri.

Vet Comp Oncol. Author manuscript; available in PMC 2018 June 01.



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

Keller et al. Page 26

Table 3

Characteristics of canine mastocytoma patients

No Sex Age (years) Breed MCT grade 1 pSTAT5 expression 2

1 fc 5.3 Magyar Vizsla 1 n.e.

2 fc 10.8 Cross Breed 2 n.e.

3 fc 12 Golden Retriever 3 n.e.

4 fc 10 Pit Bull Terrier 3 +

5 m 13.5 Alpine Dachsbracke 3 +

6 f 8.5 Labrador Retriever 3 +

7 m 11.5 Golden Retriever 2 +

8 m 10 Golden Retriever 2 +

9 m 7 Golden Retriever 2 +

10 fc 13.5 German Pinscher 1 +

11 f 5 Labrador Retriever 1 +

12 f 6 Boxer 1 +

Abbreviations: f, female; fc, female castrated; m, male; MCT, mast cell tumor; n.e. not examined; no, number.

1
According to Patnaik classification.5

2
Examined by immunohistochemistry.
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Table 4

Effects of JAK2- and STAT5 inhibitors on proliferation of canine neoplastic mast cells

IC50 values1 (μM) obtained with

Cells R763 TG101348 AZD1480 Ruxolitinib Pimozide Piceatannol

C2 0.005-0.01 0.25-0.75 1-2 10-20 0.5-1 17.5-25

NI-1 0.005-0.01 0.1-0.5 1-2 10-20 1-2.5 10-15

MCT #1 0.01-0.05 1-2 0.1-0.5 >20 0.5-1 25-50

MCT #2 0.005-0.01 1-2 1-2 >20 2.5-5 25-50

MCT #3 0.01-0.05 0.5-1 0.1-0.5 10-20 0.5-1 25-50

Abbreviations: IC, inhibitory concentration; MCT, mast cell tumor.

1
Assessed by 3H-thymidine uptake.
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