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Background: Canine diffuse large B-cell lymphoma (DLBCL) is a common and aggressive hematologic malignancy. The

lack of conventional therapies with sustainable efficacy warrants further investigation of novel therapeutics. The Janus kinase

(JAK) and signal transducer and activator of transcription (STAT) pathways play important roles in the pathogenesis of

hematologic malignancies in humans including DLBCLs. AZD1480 and CYT387 are novel JAK1/2 inhibitors that have been

used in clinical trials for treating various hematologic cancers in humans. No studies have characterized the antitumor effects

of JAK inhibitors on DLBCL in dogs.

Hypothesis/Objectives: We hypothesize that JAK1/2 inhibitors AZD1480 and CYT387 can effectively inhibit growth of

canine DLBCL in vitro. We aim to assess the antitumor activity of AZD1480 and CYT387 in canine DLBCL and to deter-

mine the underlying mechanisms of action.

Methods: In vitro study of canine lymphoma cell growth, proliferation, and apoptosis by viability, proliferation and

apoptosis assays.

Results: A significant decrease in viable canine lymphoma cells was observed after AZD1480 and CYT387 treatments. In

addition, AZD1480 and CYT387 treatment resulted in decreased lymphoma cell proliferation and increased early apoptosis.

Conclusion and Clinical Importance: AZD1480 and CYT387 inhibit canine lymphoma cell growth in a dose-dependent

manner. Our findings justify further phase I/II clinical investigations of the safety and efficacy of JAK1/2 inhibitors in canine

DLBCL and suggest new opportunities for novel anticancer therapies.
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The Janus kinase (JAK) and signal transducer and
activator of transcription (STAT) pathways play

important roles in proliferation and pathogenesis of
hematologic malignancies.1 The JAK family of cytoplas-
mic tyrosine kinases includes JAK1, JAK2, JAK3, and
tyrosine kinase 2 (TYK2) in vertebrates. The JAK
kinases are activated by tyrosine phosphorylation of the
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Abbreviations:

AE adverse event

AML acute myeloid leukemia

BCA bicinchoninic acid

DLBCL diffuse large B-cell lymphoma

DPBS Dulbecco’s phosphate-buffered saline

ECL enhanced chemiluminescence

FBS fetal bovine serum

FDA Food and Drug Administration

FITC fluorescein isothiocyanate

Gapdh glyceraldehyde 3-phosphate dehydrogenase

IC50 the half maximal inhibitory concentration

IMDM Iscove’s Modified Dulbecco’s Medium

JAK Janus kinase

MDCK Madin-Darby canine kidney

MFI median fluorescence intensity

MF myelofibrosis

MPN myeloid proliferative neoplasia

OD490 optical density at 490 nm

PBS phosphate-buffered saline

PCR polymerase chain reaction

PMSF phenylmethylsulfonyl fluoride

rh recombinant human

RIPA radioimmunoprecipitation assay

RPMI 1640

medium

Roswell Park Memorial Institute 1640 medium

RPM revolutions per minute

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrop

horesis

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electro

phoresis

STAT signal transducer and activator of transcription

TBST tris-buffered saline with tween

DDCT delta-delta cycle threshold
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cytoplasmic domains of cytokine receptors after cyto-
kine binding. Thrombopoietin, erythropoietin, granulo-
cyte macrophage colony stimulating factor (GM-CSF),
interleukin 5 (IL-5) and interleukin 3 (IL-3), and other
factors signal through JAK2.2 Activation of JAK2 pro-
motes recruitment and phosphorylation of the transcrip-
tion factor STAT3, which then leads to STAT3
dimerization and translocation into the nucleus where
they activate downstream target genes important in cell
proliferation, differentiation, and apoptosis.3 JAK2-
mediated STAT3 activation promotes growth and sur-
vival of a variety of human lymphomas.4–6 In diffuse
large B-cell lymphoma (DLBCL) of humans, JAK2-
STAT3 is constitutively activated and promotes lym-
phoma cell proliferation and survival.6 We have
observed that STAT3 expression and activity are upreg-
ulated in dogs with DLBCL (unpublished data). Canine
DLBCL is 1 of the most common cancers in dogs in
the United States and serves as a comparative model
for DLBCL in humans.7 Because of the poor prognosis
with the current standard of care cyclophosphamide-
doxorubicin-vincristine-prednisone (CHOP), new thera-
pies that may benefit both species are needed.

Identification of the JAK2 V617F mutation in human
myeloid proliferative neoplasia (MPN) has led to the
development of small-molecule JAK inhibitors that tar-
get the deregulated JAK signaling pathway specifically.
Many compounds with JAK inhibitory activity have
been generated, with several currently being assessed in
clinical trials of human patients diagnosed with MPN
and acute myeloid leukemia (AML).8 AZD1480a is a
pyrazolopyrimidine ATP competitive inhibitor of JAK1
and JAK2, with some activity against JAK3, TYK2,
and Aurora-A kinase at high maximal inhibitory con-
centration (IC) values. AZD1480 inhibits TEL-JAK2
fusion in AML of humans,9,10 but clinical evaluation of
AZD1480 in patients with lymphoma has yet to be
reported in either human or veterinary oncology.
CYT387 (Momelotinibb) is a JAK1/2 inhibitor that has
clinical activity in humans with myelofibrosis.11,12 In
veterinary medicine, the first JAK1/2 inhibitor Oclac-
itinib (Apoquelc) was approved by the Food and Drug
Administration (FDA) in 2013 for treating dogs with
atopic dermatitis.9,13–15 Although success has been
achieved in with this JAK1 inhibitor to treat dogs with
dermatologic disease, no study has evaluated the poten-
tial therapeutic effects of JAK inhibitors in dogs with
DLBCL. Our study aimed to evaluate the in vitro
effects of JAK inhibitors AZD1480 and CYT387 in
canine DLBCL cells and to elucidate the underlying
mechanisms of AZD1480- and CYT387- mediated anti-
tumor effects.

Materials and Methods

Cell Lines and Cell Culture Conditions

The canine diffuse large B-cell lymphoma (DLBCL) cell line

CLBL-110 was cultured in Iscove’s modified Dulbecco’s medium

(IMDM) containing 20% fetal bovine serum (FBS), 1 9 penicillin/

streptomycin, and 1 9 L-glutamine. Madin-Darby canine kidney

(MDCK), normal canine kidney cells, was maintained in Dul-

becco’s modified Eagle medium (DMEM) containing 10% FBS,

1 9 penicillin/streptomycin, and 1 9 nonessential amino acids.

The human DLBCL cell line OCL-LY7 was cultured in Roswell

Park Memorial Institute (RPMI) 1640 medium containing 20%

FBS, 1 9 penicillin/streptomycin, 1 9 nonessential amino acids,

1 mM sodium pyruvate, and 1 9 L-glutamine. All cell lines were

cultured at 37°C with 5% CO2 and were passaged every 48 hours.

Canine Large B-cell Lymphoma Samples and Fine
Needle Aspirates

Lymph node samples from 3 client-owned dogs with a cytologic

diagnosis of na€ıve multicentric DLBCL were collected by the

Oncology Service of the UW-Madison Teaching Hospital. The

immunophenotype was confirmed by flow cytometry evaluation at

Colorado State University. All canine lymphoma cells were aspi-

rated with a 20 ga needle into C10 medium containing RMPI1640

with 10% FBS, 1 9 Penicillin/streptomycin, 1 9 nonessential

amino acids, 1 9 L-glutamine, 1 mM sodium pyruvate, and

1 9 HEPES. Cells were spin down at 1.5 9 103 revolutions per

minute (RPM) for 5 minutes at 4°C and were resuspended in

ACK lysis buffer for RBC lysis. Lymphoma cells were used for a

viability assay after RBC lysis.

Trypan Blue Exclusion Assay

The CLBL-1 and MDCK cells were seeded at concentrations of

0.1 9 106/mL and 0.5 9 106/mL, respectively in 6-well plates.

Both groups of cells were treated with AZD1480 (Chemietekd ) or

CYT387 (Chemietekd) at concentrations of 1 lM, 2 lM, and 5 lM
on the next day after cell plating. Dimethyl sulfoxide (DMSO,

100%) without AZD1480 or CYT387 was used as a control. Each

cell line was seeded in triplicate for each treatment group and the

entire experiment was repeated 3 times. The JAK inhibitors or

DMSO-treated cells were harvested after 24, 48, or 72 hours of

drug treatment. The trypan blue assay was used to determine the

number of viable cells present in a cell suspension. The viable cells

were counted by trypan blue exclusion assay before the drug treat-

ment, or with 24-, 48-, or 72-hour drug treatment. The percentage

of viable cells was normalized to the predrug treatment count. The

trypan blue dye was mixed with the cell suspension at a ratio of

1 : 1. Viable cells were counted with a hemocytometer.

3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

Tetrazolium (MTS) Assay and the Half Maximal
Inhibitory Concentration (IC50)

Cell growth in vitro was measured by the CellTiter96 AQueous

One Solution Cell Proliferation assay (Pormegae). In brief, canine

lymphoma cell line CLBL-1, human lymphoma cell line OCL-

LY7, or primary canine lymphoma cells were suspended to a final

concentration of 4 9 105 cells/mL in their culture medium. 100 lL
(40,000 cells) was dispensed into each well of 96-well plates and

quadruplicates were made for each treatment group. The cells were

treated with AZD1480 or CYT387 at concentrations of 1 lM,
2 lM, or 5 lM continuously for 24, 48, or 72 hours, and 20 lL 3-

(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophe-

nyl)-2H-tetrazolium/phenazine ethosulfate solution was added per

well after drug treatments. Plates were incubated at 37°C for 1–
4 hours in a humidified, 5% CO2 atmosphere. The absorbance at

490 nm was recorded by a 96-well plate reader. The optical density

at 490 nm (OD490) of JAK inhibitor-treated groups was normal-

ized by the OD490 of a DMSO control, and results were plotted as
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the normalized OD490 (Y axis) versus the concentration of JAK

inhibitors (X axis). The IC50 was defined as the concentration of

JAK inhibitors necessary to give one-half of the inhibitory

response and was calculated with GraphPad Prism v6.05.f

Reverse Transcription and Real-Time PCR

The CLBL-1 cells were treated with DMSO (control),

AZD1480 (2.5 lM), or CYT387 (1.5 lM) in 6-well plates (1 9 106/

well) for 48 hours. Total RNA was isolated with RNeasy Mini

Kit (Qiagen 74104g) according to the manufacturer’s protocol.

Complementary DNA (cDNA) was synthesized with a SuperScript

III First-Strand Synthesis System Kit (Life Technologies, 18080-

51h) with oligo (dt) primers. Jack1 and Jack2 transcripts were

detected by Roche Lightcycler 96i with the cycle setting at 95°C
(10 minutes), 95°C (10 seconds), 60°C (10 seconds), and 72°C
(20 seconds) for a total of 40 cycles. Glyceraldehyde 3-phosphate

dehydrogenase (Gapdh) was used as an internal control for normal-

ization, and quantitation was determined by the delta-delta cycle

threshold (DDCT) method. The primer sequences are listed

below: Jak1 forward: 50-CCCCCATTGATCGTCCACAA-30; Jak1
reverse: 50-CACATACATCCCCTCCTCGC-30, Jak2 forward: 50-T
AGGGTTTCCTGGTGCTT-30, Jak2 reverse: 50-TGTTGTCTTGT

AGAGGGTCAT-30, Gapdh forward: 50-TAGTGAAGCAGGCAT

CGGAG-30 and Gapdh reverse: 50-CGAAGGTGGAAGAGTGG

GTG-30.

Western Blot

The CLBL-1 cells were treated with control DMSO,

AZD1480 (1–5 lM), or CYT387 (1–5 lM) for 12 or 24 hours

and then were lysed in radioimmunoprecipitation assay (RIPA)

buffer (Tris-HCL 25 mM, NaCL 150 mM, NP-40 1%, sodium

dodecyl sulfate 0.1%, and Na deoxycholate 1%) with

1 9 phenylmethylsulfonyl fluoride (PMSF), 1 9 Halt protease

inhibitor cocktail,j and 1 9 Halt phosphatase inhibitor cocktailj

and incubated on ice for 20 minutes. The supernatant was col-

lected after full-speed centrifugation at 13,000 RPM for 15 min-

utes at 4°C. The protein concentrations were verified by a

standard bicinchoninic acid (BCA) method (Pierce BCA Protein

Assay Kitk). Total cell lysates were mixed with 4 9 Laemmli

Sample Bufferl , and 30 lg of protein was loaded into each

well. Because the endogenous expression level of p-JAK2 was

very low (Figure S1), for detection of phosphorylated JAK2 and

phosphorylated STAT3, cells were stimulated with 25 ng/mL of

recombinant human (rh) IL-6 (PeproTechm) for 10 minutes

before cell lysate preparations were made. For detection of total

JAK1, total JAK2, and total STAT3, CLBL-1 cells were not

stimulated with any cytokine. All samples were boiled at 100°C
for 5–10 minutes before loading on SDS-polyacrylamide gels.

Samples were electrophoresed on 10% sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) (Bio-Rad Mini

gel systeml). Transfer of proteins to nitrocellulose membrane

was performed at 4°C for 1.5–2 hours at 110 V using a 25 mM

Tris, 192 mM glycine, 20% (v/v) methanol, pH 8.3 transfer buf-

fer (Bio-Rad Mini Trans-Blot systeml). After blocking for

2 hours in 5% milk at 37°C, blots were incubated with the fol-

lowing commercial antibodies: p-JAK2 (1 : 500, Santa Cruz

Biotechnologyn, sc-16566-R), p-STAT3 (1 : 500, Cell Signaling

Technologyo, Y705 D3A), JAK1 (1 : 500, Cell Signaling Tech-

nologyo, 6G4), JAK2 (1 : 500, Cell Signaling Technologyo,

D2E12), and b-actin (1 : 3000, Sigma-Aldrichp, AC-15) overnight

at 4°C. Blots were washed 5 times with tris-buffered saline with

tween (TBST) buffer and developed with the enhanced chemilu-

minescence (ECL) detection system (Bio-Radl) according to the

manufacturer’s protocol.

Flow Cytometry Analysis of p-STAT3

Flow cytometry analysis of p-STAT3 was performed as previ-

ously described.16 Briefly, CLBL-1 cells were plated in 6-well

plates (1 9 106/well) treated with control (DMSO), AZD1480

(2.5 lM), or CYT387 (1.5 lM). After 24-hour JAK inhibitor

treatment, the cells were harvested and washed with phosphate-

buffered saline (PBS). Cells were resuspended in 1 mL of

IMDM with 1% BSA and incubated for 90 minutes at 37°C for

serum starvation. The cells were incubated with DMSO control

or JAK inhibitors for another 10 minutes and then stimulated

with 25 ng/mL rhIL-6 (PeproTechm) for 10 minutes at 37°C.
Cells were fixed with 2% paraformaldehyde and permeabilized

by 95% methanol. p-STAT3 was detected by Alexa Fluor 647-

conjugated primary antibody (pY705, BD Biosciencesq, 562673).

Samples were analyzed on the following day by BD LSRFor-

tessa (BD Biosciencesq). Results were analyzed by FlowJo

v10.0.7 softwarer.

Apoptosis Assay

CLBL-1 and MDCK cells were treated with AZD1480 and

CYT387 as described in the cell viability assay. JAK inhibitor-

treated CLBL-1 and MDCK cells were stained with Annexin V

and SYTOX Red dead cell staining and were evaluated by flow

cytometry. After 72 hours of drug treatment, cells treated with

DMSO, AZD1480 (2 lM and 5 lM), or CYT387 (1 lM and

5 lM) were collected and washed once with Dulbecco’s phos-

phate-buffered saline (DPBS) and once with 1 9 Annexin V

binding buffer (0.1 M Hepes/NaOH, 1.4 M NaCl, and 5 mM

CaCl2). Cells at a concentration of 1 9 106 cells/mL were resus-

pended in the binding buffer solution and stained with fluorescein

isothiocyanate (FITC)-conjugated Annexin V (eBiosciences;

1 : 40) and SYTOX DNA binding dye (Thermo Fisher Scientificj;

1 : 1000). Samples were analyzed with BD LSRII flow cytometry

machine (BD Biosciencesq), and results were analyzed by FlowJo

v10.0.7 softwarer.

Cell Proliferation Assay

After 72-hour JAK inhibitor treatment, 0.5 9 106 CLBL-1 cells

were harvested. Cells first were stained with the fixable viability

dye, Ghost Dye Red 780 (Tonbo Biosciencest; 1 : 1000). For intra-

cellular Ki67 staining, cells were fixed and permeabilized with the

BD Cytofix/Cytoperm kit (BD Biosciencesq) and further labeled

with FITC anti-Ki67 (BD Biosciencesq; 1 : 20). DAPI solution

(Thermo Fisher Scientificj; 1 : 250) then was added and incubated

overnight at 4°C. Samples were analyzed the next day on a BD

LSRFortessa (BD Biosciencesq) and results were analyzed with

FlowJo v10.0.7 softwarer.

Statistical Analysis

All statistical analyses were conducted by GraphPad Prism

v6.05.f One-way analysis of variance (ANOVA) followed by

Tukey’s post hoc test was used to compare the changes in the

proportion of cells undergoing apoptosis, as measured by Annexin

V and SYTOX Red flow cytometric analysis. Differences between

the vehicle control and selected drug concentrations at different

time points after treatment were determined by 1-way ANOVA

followed by Dunnett’s multiple comparisons. Upon normalization

of cell viability data to DMSO control, 2-tailed unpaired Stu-

dent’s t tests were used to determine the significance of difference

between the CLBL-1 and MDCK cell lines at different concentra-

tions of AZD1480 or CYT387. P-values ≤0.05 were considered

significant.
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Results

JAK1/2 Inhibitors AZD1480 and CYT387 Decrease
Canine DLBCL Cell Growth In Vitro

To test the potential therapeutic effects of AZD1480
and CYT387 on canine DLBCLs, canine diffuse large
B-cell lymphoma cell line (CLBL-1 cells10) was utilized
to test whether AZD1480 or CYT387 can inhibit canine
DLBCLs cell growth in vitro. The normal canine kid-
ney cell line, MDCK, was used to compare the effect of
AZD1480 and CYT387 on lymphoma cells versus nor-
mal cells. Compared with the DMSO control group,
there was a significant decrease in viable CLBL-1 cells
in both AZD1480- and CYT387-treated cells. This inhi-
bitory effect in CLBL-1 cells was dose-dependent as
there was a gradual decrease in viable cells with increas-
ing drug concentrations (Fig 1A & B). In contrast, both
AZD1480 and CYT387 only had mild inhibitory effects
on normal canine kidney cell (MDCK) even at the high
concentrations of 5 lM (Fig 1C & D). To further inves-
tigate if the cell growth inhibition effects caused by
AZD1480 and CYT387 were more significant in canine
lymphoma cells, we compared the percentage of cell
growth reduction in JAK inhibitor-treated CLBL-1 cells
to MDCK. CLBL-1 and MDCK cells treated by
DMSO only were used as control. With 48 or 72-hour
drug treatment, both AZD1480 and CYT387 caused
significantly greater reduction of cell growth in canine
DLBCL cells than in normal canine kidney cells, espe-
cially at higher concentrations of 2 lM and 5 lM
(Fig 1E–G). Therefore, JAK inhibitors AZD1480 and
CYT387 cause more growth inhibition in canine lym-
phoma cell line as compared to normal kidney cells.

In addition to the trypan blue exclusion assay, CellTi-
ter96 AQueous One Solution Cell Proliferation assay was
conducted. Consistent with the result of the trypan blue
exclusion assay, there was a significant dose-dependent
reduction in CLBL-1 cell growth after 24, 48, or
72 hours of drug treatment (Fig 2A). To further quan-
tify the concentration of JAK inhibitors necessary for
IC50, CLBL-1 cells were treated with AZD1480 or
CYT387 at concentrations of 0–6 lM for 72 hours.
MTS assay was conducted and the OD490 of JAK inhi-
bitor-treated groups was normalized by the OD490 of
the DMSO control. The IC50 of AZD1480 with 72-
hour treatment was 2.58 lM, and the IC50 of CYT387
with 72-hour treatment was 1.56 lM (Fig 2B).

JAK1/2 Inhibitors AZD1480 and CYT387 Decrease
the Viability of Primary Canine DLBCL Cells and

Human Lymphoma Cell Line

In addition to CLBL-1 cells, we tested whether
AZD1480 and CYT387 can decrease the viability of
canine primary DLBCL cells. Three canine DLBCL
samples were aspirated from the lymph nodes of canine
DLBCL patients at the Oncology Service of UW-Madi-
son Teaching Hospital. Lymphoma diagnosis and
immunophenotype were confirmed by cytology evalua-
tion and flow cytometry, respectively. Approximately

40,000 primary canine lymphoma cells were plated per
well of a 96-well plate and were treated with AZD1480
and CYT387 at concentrations of 1 lM, 2 lM, or 5 lM.
CellTiter96 AQueous One Solution Cell Proliferation
assays were performed after 48 hours of drug treatment.
Compared with the DMSO control group, all 3 canine
primary lymphoma cells had a significant reduction in
cell growth with AZD1480 or CYT387 treatment
(Fig 3A–C). Consistent with the CLBL-1 cell line result,
these data show that AZD1480 and CYT387 decrease
primary canine lymphoma cell growth. As DLBCL in
dogs is a well-established animal model for non-Hodg-
kin lymphoma of humans,7 we extended our study to
test whether AZD1480 and CYT387 can decrease the
viability of human DLBCL cell line OCL-LY7. At con-
centrations of 2 lM and 5 lM, 48-hour drug treatment
with AZD1480 and CYT387 resulted a significant
reduction in viability of human lymphoma cells com-
pared with the DMSO control. At a concentration of
1 lM, CYT387 also significantly decreased cell viability,
but no significant effect was observed in the AZD1480-
treated group (Fig 3D). By utilizing a panel of both
canine and human lymphoma samples, we conclude
that AZD1480 and CYT387 decrease the viability of
DLBCL cells.

JAK1/2 Inhibitors AZD1480 and CYT387 Inhibit
Phosphorylation of STAT3 in a Dose-Dependent

Manner In Vitro

To evaluate how AZD1480 and CYT387 impact
JAK2 and its downstream target STAT3 expression and
activation, CLBL-1 cells were treated with DMSO,
AZD1480 (2.5 lM), or CYT287 (1.5 lM) at their respec-
tive IC50 concentrations for 48 hours. Total RNA and
cell lysates were harvested. JAK1 and JAK2 mRNA
levels were evaluated by quantitative real-time PCR.
AZD1480 and CYT387 treatment did not decrease
JAK1 or JAK2 mRNA expression (Fig 4A). Instead,
we detected a slight increase in JAK1 and JAK2
mRNA expression in the CYT387-treated group. To
evaluate the protein expression of JAK1 and JAK2,
total cell lysates from DMSO-, AZD1480-, and
CYT387-treated groups were fractionated by SDS-
PAGE, and Western blot was conducted with primary
antibodies against total JAK1, JAK2, and STAT3. Beta
actin was used as a loading control. Compared with the
DMSO control group, total JAK1, JAK2, and STAT3
had similar protein expression levels in AZD1480- or
CYT387-treated group (Fig 4B left panel). Thus,
AZD1480 and CYT387 do not inhibit JAK1 and JAK2
expressions at either the mRNA transcript or protein
level. Because JAK2 and STAT3 are activated by phos-
phorylation of tyrosine residues, we further assessed
whether AZD1480 and CYT387 can inhibit activation
of the JAK2-STAT3 pathway by decreasing phosphory-
lation of JAK2 and STAT3. Compared with the
DMSO-treated control cells, both p-JAK2 and p-
STAT3 were decreased in CYT387 or AZD1480-treated
cells at a concentration of 5 lM (Fig 4B right panel).
In addition, inhibition of STAT3 phosphorylation was
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dose-dependent as there was a gradual decrease in
p-STAT3 protein expression with increasing concentra-
tions of AZD1480 and CYT387. To further support this

conclusion that STAT3 phosphorylation was decreased
by AZD1480 and CYT387 treatments, we evaluated
STAT3 phosphorylation by flow cytometry analysis
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Fig 1. (A–D) Trypan blue exclusion assay show that JAK inhibitors AZD1480 and CYT387 inhibit canine DLBCL cell growth in vitro.

Canine diffuse large B-cell lymphoma cell line CLBL-1 and normal canine kidney cells (MDCK) were treated with AZD1480 or CYT387

at variable concentrations. DMSO-treated cells were used as an internal control. The percentage of growth was normalized to the control

treatment with DMSO. (E–H) Canine DLBCL cells CLBL-1 are more sensitive to JAK inhibitors AZD1480 and CYT387 compared with

canine normal kidney cells MDCK. The reduction of cell growth in CLBL-1 cells was more significant compared to MDCK cells with 48

and 72-hour drug treatments. The percentage of growth was normalized to the control treatment with DMSO (*P < 0.05; **P < 0.01;

***P < 0.001). Data were presented as mean � SD.
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(Fig 4C & 4D). In DMSO-treated CLBL-1 cells, p-
STAT3 expression increased significantly upon cytokine
IL-6 stimulation. However, in AZD1480 (2.5 lM)- and
CYT387 (1.5 lM)-treated cells, p-STAT3 expression was
not responsive to IL-6 stimulation and remained at the
basal level (Fig 4C). There was a significant increase in
p-STAT3 median fluorescence intensity (MFI) in the
DMSO control group (2.4-fold increase) upon IL-6
stimulation, but MFI did not change in AZD1480 or
CYT387-treated cells even with cytokine stimulation
(Fig 4D). We conclude that AZD1480 and CYT387
treatment do not inhibit JAK1/2 transcript or protein
expressions in DLBCL cells, instead, they inhibit JAK2
and STAT3 phosphorylation and activation.

AZD1480 and CYT387 Inhibit Canine DLBCL Cell
Growth by Increasing Apoptosis

To explore the underlying mechanism of JAK inhibi-
tors AZD1480 and CYT387 on canine DLBCL cell
growth, we performed an apoptosis assay to determine
if the decrease in cell number occurred as a consequence
of increased apoptosis. Both CLBL-1 and MDCK cells
were treated with DMSO, AZD1480 (2 lM or 5 lM), or
CYT387 (1 lM or 5 lM). At 72-hour post-treatment,
CLBL-1 and MDCK cells were stained with Annexin V
and SYTOX Red dead cell stain and were subjected to
flow cytometry analysis. Early apoptotic cells were

defined as Annexin V-positive and SYTOX Red dead
cell stain-negative. Healthy cells were defined as double
negative for both Annexin V and SYTOX Red dead cell
stain (Fig 5A & D). Although the percentage of healthy
CLBL-1 cells decreased with increasing concentrations
of AZD1480 and CYT387, the percentage of early
apoptotic cells was increased (Fig 5B & E). There was
no significant change in the percentage of early apop-
totic cells in AZD1480-treated MDCK cells or
CYT387-treated MDCK cells at lower concentrations
(1 lM; Fig 5C & F). Therefore, treatment with JAK-2
inhibitors AZD1480 and CYT387 induces apoptosis in
DLBCL cells in a dose-dependent manner. This
proapoptotic effect of AZD1480 and CYT387 is more
pronounced in canine lymphoma cells compared with
normal kidney cells (MDCK).

AZD1480 and CYT387 Disrupt Canine Lymphoma
Cell Proliferation Cycle

Inhibition of cell growth can be achieved by increas-
ing apoptosis, by decreasing cell proliferation, or by
both mechanisms. We further assessed the impact of
AZD1480 and CYT387 on cell cycle in canine lym-
phoma cells. The CLBL-1 cells were treated with
AZD1480 at 2 lM, CYT387 at 1 lM, or DMSO as neg-
ative control. After 72 hours of JAK inhibitor treat-
ment, CLBL-1 cells were fixed and stained with
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proliferation markers Ki67 and DAPI. Cells stained
negative for both Ki67 and DAPI (Ki67�DAPI�) were
defined as cells in the resting phase (G0). Cells in active
proliferation stage were cells in the G1 (Ki67+DAPI�)
or S/G2/M (Ki67+DAPI+) phase (Fig 6A). Compared
with DMSO-treated control, AZD1480- or CYT387-
treated canine lymphoma cells were less proliferative
with increased percentage of cells in G0 phase and
decreased percentages of cells in G1 and S/G2/M
phases. Thus, AZD1480 and CYT387 effectively inhib-
ited canine lymphoma cell proliferation.

Discussion

Although CHOP-based chemotherapy can prolong
survival in dogs with DLBCL, complete cure is rare.
Management of dogs with DLBCL remains challenging,
and effective targeted therapies are much needed. Sev-
eral JAK1/2 ATP competitive type I kinase inhibitors,
including AZD1480 and CYT387, have been tested in
clinical trials in humans for various solid and hemato-
logic malignancies.17 AZD1480 was first described as
pyrazol-3-yl pyrimidin-4-amine, a potent inhibitor for
both JAK1 and JAK2.18 The AZD1480 can inhibit

STAT3 phosphorylation, nuclear translocation, and
tumor growth in a dose-dependent manner in vitro.19 In
a mouse xenograft model, AZD1480 can inhibit cell
proliferation of neuroblastomas and sarcomas and
induce apoptosis by inhibition of the STAT3 pathway.20

Similar results are observed in human myeloma cell
lines.21 CYT387 is a novel JAK1/2 inhibitor that was
first developed to treat myelofibrosis (MF) in humans.
This drug was well tolerated in a nonrandomized study
with clinical benefit in intermediate or high-risk MF
with response in anemia and splenomegaly.12 In addi-
tion to its therapeutic effects in MF, in vitro studies
showed that CYT387 can inhibit multiple myeloma cell
proliferation by interrupting the cell cycle.22 Our study
is the first to evaluate the in vitro activity of AZD1480
and CYT387 in DLBCL of dogs. These results show
that both drugs can inhibit canine DLBCL cell growth
in a dose-dependent manner by inducing apoptosis and
inhibiting cell proliferation. These findings support the
feasibility of a future phase I/II clinical trial with
AZD1480 and CYT387 in dogs with DLBCL.

CYT 387 is a JAK1/2 inhibitor that also has activity
against JAK3 and TYK2 at high IC values. Although
in vitro kinase assays indicate that CYT387 inhibits the
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activity of recombinant JAK1, JAK2, JAK3, and
TYK2 kinases domains with IC50 values of 11, 18, 155,
and 17 nM, respectively, cell-based studies show growth
suppression and apoptosis in JAK-2 dependent
hematopoietic cell lines with IC50 between of 0.5 and
1.5 lM.23 The IC50 (1.5 lM) in our study is consistent

with what has been reported previously in human
hematopoietic cell lines. Similarly, nanomolar IC50 con-
centrations of AZD1480 are generated from the none
cell-based kinase assays. In cell-based assay, AZD1480
showed a 50% inhibitory effect on murine myeloid leu-
kemia cells at a concentration of 5 lM,16 and of human
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DLBCL cell lines and solid tumor cell lines at concen-
trations from 0.5 to 1 lM.19,24 The IC50 of AZD1480 in
our study was approximately 2.5 lM and comparable to
what has been previously published. Above 1 lM,
AZD1480 has been shown to inhibit Ba/F3 cell lines
driven by the JH1 catalytic domains of JAK3 or TYK2
fused to the oligomerization domain of translocation-
Ets-leukemia virus protein.19,25 The IC50 of AZD1480
in CLBL-1 cells is >1 lM. Furthermore, although

statistical differences were found between treated and
untreated cells, it appears that in 67% patient samples
and in the OCL-LY7 cell line that >50% of the cells
survived even at the highest drug concentration for both
AZD1480 and CYT387 (Fig 3). Thus, AZD1480-
mediated lymphoma-specific inhibition in our study
may not entirely be regulated by inhibition of the
JAK2-STAT3 pathway. Instead, AZD1480 regulatory
functions in TYK3, JAK3, FLT-3, and Aurora-A-

B

Fig 5. JAK inhibitors AZD1480 and CYT387 increase apoptosis in canine diffuse large B-cell lymphoma cells (CLBL-1). Representative

flow cytometric analysis of AZD1480-treated (A–C) and CYT387-treated cells (D-F) for early apoptosis (Annexin V+, SYTOX Red �), late
apoptosis (Annexin V+, SYTOX Red+), and healthy cells (Annexin V�, SYTOX Red�). Compared with DMSO controlled treated cells,

there was a significant increase in early apoptosis in canine DLBCL cell line CLBL-1 treated with either AZD1480 or CYT387 (B, E). The

increase in apoptosis in normal canine kidney cell line MDCK was minimal and not statistically significant (C, F). Data were presented as

mean � SD. *P < 0.05; **P < 0.01; ***P < 0.001.
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kinase may impact development of B-cell lymphoma in
dogs at multiple levels. Although broad spectrum inhi-
bitory effects may be beneficial in treating several hema-
tologic malignancies, the off-target effects of AZD1480
indicate caution for risk of severe adverse events (AE)
in future clinical trials. Dose-limiting toxicities (DLT)
of AZD1480 in phase I studies of humans consist of
pleiotropic neurologic adverse events including dizzi-
ness, anxiety, ataxia, hallucinations, and behavior
changes.26,27 In vivo evaluation of AZD1480 and
CYT387 functions in a canine xenograft lymphoma
mouse model28 may provide invaluable safety and effi-
cacy data before a phase I/II canine lymphoma clinical
trial. In addition, future phase I clinical trial in DLBCL
in dogs should incorporate a dose escalation design,
and investigators should be aware of the risk of severe,
unexpected AE with AZD1480.

JAK2-STAT3 is a point of convergence for multiples
oncogenic signaling pathways. The link between STAT3
activation and regulation of Bcl-2 family protein
expression has been extensively studied in human lym-
phoid cells.29,30 STAT3 inhibition is associated with
increased apoptosis and decreased Mcl-1 expression in
large granular lymphocytic leukemia.30 In human mye-
loma cells, STAT3 activation and nuclear translocation
promote IL-6 responsive gene expression.29 Although
IL-6 promotes expression of the prosurvival protein
Bcl-xl, the JAK-2 inhibitors can inhibit the expression
of Bcl-xl.31 In addition, STAT3 inhibition induces
apoptosis by decreasing expression of survivin, an

antiapoptotic protein, in primary effusion lymphoma of
humans.32 Future studies focusing on gene regulation
of the Bcl-2 family proteins may be important to iden-
tify the underlying mechanisms of AZD1480- and
CYT387-induced apoptosis. Because STAT3 inactiva-
tion by JAK2 inhibitors is associated with deregulation
of the critical cell cycle protein, Cyclin D1,33 it is also
important to evaluate the effects of AZD1480 and
CYT387 on CyclinD, Ras/Map kinase, and the b-cate-
nin-Tcf/LEF pathways. Other future directions include
evaluating the impact of AZD1480 and CYT387 on
tumor angiogenesis and metastasis because AZD1480
has antiangiogenic and antimetastatic activities via inhi-
bition of vascular endothelial growth factor and matrix
metallopeptidase 9.31

Conclusion

Our study determined that JAK1/2 inhibitors
AZD1480 and CYT387 effectively inhibit canine lym-
phoma cell growth by promoting apoptosis and inter-
rupting the normal cell cycle. AZD1480 and CYT387
inhibit JAK2-STAT3 activation by inhibiting its tyro-
sine phosphorylation in a dose-dependent manner.
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Figure S1: Western blot for p-JAK2 expressions in
CLBL-1 cells stimulated with no cytokine, IL-3, IL-6,
or combination of IL-3 and IL-6. b-actin was used as a
loading control.
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