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STAT3 Expression and Activity are Up-Regulated in Diffuse Large B
Cell Lymphoma of Dogs
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X. Pan

Background: The Janus Kinase (JAK) and Signal Transducer and Activator of Transcription (STAT) pathways play
important roles in the pathogenesis of diffuse large B cell lymphoma (DLBCL) in humans, and up-regulated STAT3 expres-
sion and activity are associated with worse clinical outcome in humans. No studies have evaluated the JAK-STAT signaling

pathway in DLBCL of dogs.

Hypothesis: STAT3 pathway is deregulated in DLBCL in dogs. We aim to assess the expression, activation, and cellular
localization of STAT3 and mitogen-activated protein kinase ERK1/2 in DLBCL of dogs.
Animals: Forty-three client-owned dogs diagnosed with DLBCL by histopathology

Methods: Retrospective analysis of DLBCL in dogs, including patient characteristics and treatment, immunohistochem-
istry, and protein expressions by Western blot.

Results: A higher percentage of STAT3 and p-STAT3 immunolabelled cells were observed in DLBCL of dogs when com-
pared to normal canine lymph nodes. In STAT3 immunolabelled cells, STAT3 has higher nuclear expression in lymphoma
samples than in normal or reactive lymph nodes. In addition to up-regulated STAT3 expression and activation, mitogen-acti-
vated kinase ERK1/2 activation is up-regulated in DLBCL of dogs.

Conclusion and Clinical Importance: Compared with the normal canine lymph node, DLBCL of dogs has up-regulated

STAT3 pathway. Our results support future investigation of JAK inhibitors in the treatment of DLBCL in dogs.
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ymphoma comprises 83% of all hematopoietic

malignancies in dogs and approximately 24% of all
cancers in dogs. Similar to non-Hodgkin lymphoma
(NHL) in humans, most lymphomas in dogs arise from
a malignant B cell lineage.! The most common form of
lymphoma in dogs is diffuse large B cell lymphoma
(DLBCL). Dogs with DLBCL typically present with
generalized peripheral lymphadenopathy, with stage III
to V disease as classified by the World Health Organiza-
tion (WHO) staging system for domestic animals.! Also,
similar to NHL in humans, the drugs most effective for
treating DLBCL in dogs are the drugs comprising
cyclophosphamide-doxorubicin-vincristine-prednisone
(CHOP)-based chemotherapy protocols.> Although
>80% of canine patients with DLBCL initially respond
to CHOP-based chemotherapy, the duration of response
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Abbreviations:

ABC active B cell-like

AE adverse event

BCA bicinchoninic acid assay

CHOP cyclophosphamide-doxorubicin-vincristine-prednisone
DAB 3, 3’-diaminobenzidine

DLBCL diffuse large B cell lymphoma

ECG electrocardiogram

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

MDR multidrug resistant

MPN myeloproliferative neoplasia

NP-40 nonyl phenoxypolyethoxylethanol

PBS phosphate-buffered saline

PMSF phenylmethylsulfonyl fluoride

PT prothrombin time

PTT partial thromboplastin time

RBC red blood cell

RPMI 1640 Roswell Park Memorial Institute 1640

RPM revolutions per minute

SDS-PAGE  sodium dodecyl sulfate-polyacrylamide gel electrop
horesis

Tris-EDTA tris-ethylene diamine tetraacetic acid

TYK2 tyrosine kinase 2

VCOG Veterinary Comparative Oncology Group

WHO World Health Organization

is relatively short, with a median survival time of
approximately 10 months.** Although many CHOP
variations and other chemotherapy protocols have been
assessed, overall clinical outcome remains unchanged.>?
Hence, CHOP-based chemotherapy remains the stan-
dard of care for dogs with DLBCL, and there is a sub-
stantial need for identifying new therapeutic targets for
treating canine patients with DLBCL.

The Janus Kinase (JAK) and Signal Transducer and
Activator  of  Transcription  (STAT)  pathways
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(JAK-STAT) are critical in both normal hematopoiesis
and hematologic malignancies.”’ There are 4 members of
the JAK family of cytoplasmic tyrosine kinases in verte-
brates: JAKI1, JAK2, JAK3, and tyrosine kinase 2
(TYK2).® Each JAK protein is constitutively associated
with a cytokine receptor that lacks intrinsic tyrosine kinase
activity and activates specific members of the STAT family
as downstream effectors. The ligand binding activates the
JAK kinases, leading to JAK autophosphorylation, which
subsequently phosphorylates intracellular receptor tyrosi-
nes and creates binding sites for STAT phosphorylation.
The phosphorylated STAT then translocates into the
nucleus to initiate transcription of effector genes involved
in apoptosis, cell cycle progression, and proteasomal
degradation.® Among the JAK family of kinases, JAK2 is
the most extensively studied because of its critical patho-
genic role in myeloproliferative neoplasia (MPN) of
humans.”'® Deregulated JAK/STAT signaling also is
implicated in lymphomagenesis,'' and JAK2-mediated
activation of STAT3 promotes growth and survival in a
variety of lymphomas in humans.””’ Constitutively acti-
vated STAT3 promotes cell proliferation and survival in
the active B cell-like (ABC) subtype of DLBCL in
humans.” In addition, constitutively activated STAT3 is
correlated with more advanced clinical stage and overall
poor survival of DLBCL in humans.'*'?

Although the JAK/STAT pathway plays a critical
role in DLBCL of humans, no studies have evaluated
this pathway in DLBCL of dogs. We aimed to evaluate
STAT3 expression, activation, cellular localization, and
its interacting target ERK1/2 in DLBCL of dogs.

Materials and methods
Patient samples

Lymph node samples from 43 client-owned dogs with a histo-
logic diagnosis of naive multicentric DLBCL were collected from
the archives at UW Veterinary Care, the teaching hospital of the
University of Wisconsin School of Veterinary Medicine, from 2008
to 2013. Archived lymph node samples from patients meeting the
eligibility criteria for the study were gathered for immunohisto-
chemical staining. Information regarding staging diagnostic tests
(CBC, biochemistry profile, urinalysis, thoracic radiographs,
abdominal ultrasound findings, and bone marrow aspiration) was
abstracted from patient medical records. Ten normal and 10 reac-
tive canine lymph node samples were used as controls.

Immunohistochemical (IHC) staining for STAT3 and
p-STAT3

Immunohistochemical evaluation was performed on consecutive
sections using the indirect immunoperoxidase staining method. The
slides first were deparaffinized in xylene and rehydrated in ethanol.
Antigen retrieval was performed by water bath treatment of slides
immersed in Tris-ethylene diamine tetraacetic acid (Tris-EDTA)
buffer (for p-STAT3) or in citrate buffer (for STAT3) for 25 min-
utes at 95°C. Endogenous peroxidase activity was blocked with
0.3% hydrogen peroxide for 10 minutes at room temperature.
Samples were blocked with 10% goat serum for 60 minutes at
room temperature before the primary antibody incubation. Sam-
ples were incubated with mouse anti-STAT3 (1:600, Cell Signaling
Technology®, 124H6) or rabbit anti-p-STAT3 (1:400, Cell Signaling

Technology," Y705 D3A7) in a humidified chamber overnight at
4°C. Signal Stain® Boost IHC Reagents (horseradish peroxidase,
mouse or rabbit) were used as secondary antibodies. Slides then
were rinsed in phosphate-buffered saline (PBS) and stained with 3,
3’-diaminobenzidine (DAB, Cell Signaling Technology®) for 1 min-
ute at room temperature. Slides were rinsed with distilled water
and dehydrated through graded alcohols and xylene. Sections were
counterstained with Mayer’s hematoxylin solution. A simple canine
mammary carcinoma was used as a positive control for STAT3
and p-STAT3 (Fig S1) as previously described.'® Negative control
was achieved by incubating samples with 1% goat serum without
anti-STAT3 or anti-p-STAT3 antibody (Fig S1). Immunolabeling
for STAT3 and p-STAT3 was evaluated by light microscopy to
determine the percentage of positive immunolabelled cells. Five
representative fields of each sample were evaluated at 60x high
power field. The mean percentage of positive cells per sample was
calculated by averaging the percentage of positive cells/total cells
counted in each of the 5 representative fields.

To evaluate cytoplasmic versus nuclear localizations of STAT3
and p-STAT3, a minimum of 100 STAT3 or p-STAT3 positively
stained cells were evaluated per 1 60x high power field, and a
total of 5 representative fields of each sample was assessed. Stain-
ing patterns were classified as nuclear, cytoplasmic, or both. All
immunohistochemical samples were evaluated and quantified by a
board-certified veterinary pathologist with ImageJ software.”

Fine needle aspirates, cell lysate preparation and
Western blot

Two normal canine peripheral lymph nodes, 1 reactive lymph
node and 6 canine DLBCLs, were aspirated by standard trephina-
tion technique using 20 gauge needles. The aspirated cells were
flushed into C10 medium containing Roswell Park Memorial Insti-
tute (RMPI)1640 with 10% fetal bovine serum, 1x penicillin/strep-
tomycin, 1x nonessential amino acids, 1x L-glutamine, | mM
sodium pyruvate, and 1x 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES). Cells were centrifuged at 1.5 x 10° revolu-
tions per minute (RPM) for 5 minutes at 4°C and were
resuspended in ammonium-chloride-potassium lysing buffer for red
blood cell (RBC) lysis. After RBC lysis, cells were washed once
with 1x PBS and lysed in prechilled radioimmunoprecipitation
assay (RIPA) buffer (Tris-HCL 25 mM, NaCL 150 mM, nonyl
phenoxypolyethoxylethanol (NP)-40 1%, sodium dodecyl sulfate
0.1% and sodium deoxycholate 1%) with 1x phenylmethylsulfonyl
fluoride (PMSF), 1x Halt protease inhibitor cocktail (Thermo
Fisher?) and 1 x Halt™ phosphatase inhibitor cocktail (Thermo
Fisher®) and incubated on ice for 20 minutes. The supernatant was
collected after full-speed centrifugation for 15 minutes at 4°C. The
protein concentrations were checked by a standard bicinchoninic
acid assay (BCA) method (Pierce™ BCA Protein Assay Kit?).
Total cell lysates were mixed with 4x Laemmli sample buffer (Bio-
rad®) and 30 pg protein was loaded for each sample. Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
Western blotting, and peroxidase-based chemiluminescent detec-
tion were performed according to standard laboratory protocols.
Antibodies used for blotting were as follows: mouse anti-STAT3
(1:1,000, Cell Signaling Technology®, 124H6), rabbit anti-p-STAT3
(1:500, Cell Signaling Technology®, Y705 D3A7), rabbit anti-
ERK1/2 (1:2,000, Cell Signaling Technology®, #9102), rabbit anti-
p-ERK1/2 (1:2,000, Cell Signaling Technology®, #9101), and
mouse anti-B-actin (1:2,000, Sigma-Aldrich”, AC-15).

Statistical analysis

All Cox proportional hazard survival models were fit using the
coxph function, and included only main effects of stage (I11, IV, V),
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Table 1. Demographic characteristics for the overall
43 canine patients with DLBCL.

Age at Diagnosis (years)

Mean 8.2

Median 8.1

Range 0.6-13.3
Sex

MN 19

FS 19

MI 5
Breed

Golden retriever 5

Labrador retriever 6

Other pure bred”” 12

Mixed breed 9
Weight (KG)

Mean 27.8

Median 29

Range 3.9-50.5
Stage

11 27

v 12

v 4
Substage

a 38

b 5

**QOther pure-bred dogs included 3 beagles, 2 border collies, 2
standard poodles, 2 vizslas, 2 West Highland white terriers, and 1
each American foxhound, Boston terrier, Briard, Brittany, Bernese
mountain dog, dalmatian, doberman pinscher, German shepherd,
Irish setter, papillon, and pit bull terrier

substage (a or b), and dichotomized STAT3 or p-STAT3. High val-
ues of STAT3 and p-STAT3 were defined as >0.76 for STAT3, or
>(.15 for p-STATS3. Statistical analyses in IHC staining were con-
ducted by using GraphPad Prism v6.05 (GraphPad Software®).
One-way analysis of variance (ANOVA) followed by Tukey’s post-
hoc test was used to compare STAT3 and p-STAT3 expression
in the different canine tissues. P values <0.05 were considered
significant.

Results
Patient demographics

All 43 canine patients with DLBCL were followed at
the University of Wisconsin-Madison Veterinary Teach-
ing Hospital. The median age of patients was 8.1 years
(range, 0.6-13.3 years). The mean weight of the patients
was 27.8 kg (range, 3.9 kg-50.5 kg). The majority of
patients were either female spayed or male castrated

(Table 1). Forty-two of 43 patients had complete or par-
tial lymphoma staging performed at the initial diagnosis.
Of the 42 patients, all had CBC and biochemistry profile
performed, 27 had urinalyses, 37 had thoracic radio-
graphs, 10 had abdominal ultrasound examination, and
15 had bone marrow aspirates collected (Table 2). Other
staging tests included multidrug-resistant (MDR) muta-
tion screening (2 patients), PCR of antigen rearrange-
ment (1 patient), electrocardiogram (ECG) (1 patient)
and prothrombin time (PT) and partial thromboplastin
time (PTT) (1 patient). Most laboratory test results were
normal. The most common abnormal CBC findings
were as follows: low-grade anemia (5/42), thrombocy-
topenia (4/42), and atypical mononuclear cells (6/42).
The most common abnormal biochemistry findings were
increased ALT and ALP activity (5/42) and low serum
albumin concentration (3/42). Of the 37 patients that
had thoracic radiographs, 10 had normal results. Nine-
teen had sternal, mediastinal or tracheobronchial lym-
phadenopathy, 3 patients had radiographic evidence of
lymphoma infiltration into the lung, and 2 patients had
pleural effusion. Other abnormal thoracic radiographic
findings included hepatomegaly (4/37), pulmonary fibro-
sis (1/37), chronic rib fractures (3/37), cardiomegaly (2/
37), and peritoneal effusion (1/37). Of the 10 patients
that had abdominal ultrasound examination, 7 had
abdominal lymphadenopathy and 5 had infiltrative
lesions in the spleen. Other abnormal findings on
abdominal ultrasound examination included hep-
atomegaly (2/10), adrenal mass (1/10), and nephrolithia-
sis (1/10). Of the 15 patients that had bone marrow
aspirates performed, 13 had normal results, 1 patient
had lymphoma infiltration into the bone marrow, and 1
patient had mild plasma cell hyperplasia. Twenty-seven
dogs were classified as stage III, 12 dogs as stage IV, and
4 dogs as stage V. Of the 43 dogs, 38 were substage a,
and remaining 5 were substage b. Three patients had 1
other type of tumor histology in addition to lymphoma
and those included mixed mammary adenoma, jejunal
adenocarcinoma, and splenic leiomyosarcoma (Table 1).

STAT 3 and p-STAT3 are up-regulated in DLBCL of
dogs

To determine STAT3 and its active form p-STAT3
expressions, 43 naive canine DLBCL primary tumors
from 38 popliteal, 2 submandibular, 2 prescapular, and
1 inguinal lymph nodes were evaluated by immunohisto-
chemistry. Ten normal canine lymph nodes and 10

Table 2. Summary of staging diagnostic tests for high STAT3, low STAT3, high p-STAT3 and low p-STAT3 and

all canine patients with DLBCL.

Parameters High STAT3 (n = 26)

Low STAT3 (n = 17)

High p-STAT3 (n = 18) Low p-STAT3 (n = 25) Total

Thoracic radiograph
Abdominal ultrasound
Bone marrow aspiration

88% (23/26)
23% (6/26)
38% (10/26)

82% (14/17)
23% (4/17)
29% (5/17)

CBC 100% (26/26) 94% (16/17)
Chemistry profile 100% (26/26) 94% (16/17)
Urinalysis 69% (18/26) 52% (9/17)

78% (14/18) 92% (23/25)
5% (1/18) 36% (9/25)
22% (4/18) 44% (11/25)
94% (17/18) 100% (25/25)
94% (17/18) 100% (25/25)
61% (11/18) 64% (16/25)

86% (37/43)
23% (10/43)
35% (15/43)
97% (42/43)
97% (42/43)
63% (27/43)
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reactive lymph nodes were used as controls. For internal
staining control, simple mammary carcinoma was used
as a positive control as previously described,'* and nor-
mal canine lymph node tissue stained without STAT3 or
p-STAT3 primary antibodies was used as negative con-
trol (Fig S1). In canine DLBCL, 76% and 15% of cells
stained positive for STAT3 and p-STATS3, respectively.
In contrast, only 49% and 3.9% of cells stained positive
for STAT3 and p-STATS3 in normal canine lymph nodes
(Table 3). In reactive lymph nodes, 64% and 11.5% of
cells stained positive for STAT3 and p-STATS3, respec-
tively. A statistically significant increase of both STAT3
(P =0.0057) and p-STAT3 (P = 0.006)-positive cells
was identified in DLBCL when compared with normal
canine lymph nodes. No statistically significant differ-
ence was observed between the DLBCL and reactive
lymph  nodes (STAT3, P =0.3142; p-STAT3,
P = 0.5373), although the absolute percentages of posi-
tively stained cells were higher in DLBCLs than in reac-
tive lymph nodes (Fig 1). The 43 lymphoma patients
were further divided into 4 cohorts based on high
STAT3, low STATS3, high p-STAT3, or low p-STAT3

expression. In the canine DLBCL samples tested,
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Table 3. The mean percentage of STAT3 or p-STAT3
immunolabelled cells in canine DLBCL, normal canine
lymph nodes, or reactive lymph nodes.

Sample STAT3 p-STAT3
Normal lymph node (n = 10) 49.16% 3.91%
Reactive lymph node (n = 10) 63.97% 11.58%
DLBCL (n = 43) 76.31% 15.42%

STAT3 was expressed in a mean of 76% of the cells,
and p-STAT3 was expressed in a mean of 15% of the
cells. The cut-off of high versus low expression was
based on the mean percentage of cells expressing STAT3
(76%) and p-STAT3 (15%) in canine DLBCL samples
(Table 3). No significant differences in age, sex, breed,
weight, stage, or substage were found between high ver-
sus low STAT3 or p-STAT3 cohorts (Tables 4, 5). Our
data showed a higher percentage of STAT3 and
p-STAT3 immunolabelled cells in canine DLBCL com-
pared with normal canine lymph nodes, and the mean
percentage of STAT3 or p-STAT3 was not associated
with age, sex, breed, clinical stage, or substage.

Normal Reactive Lymphoma

Fig 1. STAT3 and phosphorylated STAT3 (p-STAT3) are up-regulated in canine DLBCL. Immunohistochemistry was conducted to eval-
uate expression of STAT3 (A-C) and p-STAT3 (D-F) proteins in canine normal lymph nodes (A, D), canine reactive lymph nodes (B, E),
and canine DLBCL (C, F). Scale bars correspond to 20 um. (G, H) Mean (£+SD) percentage of STAT3 and p-STAT3 immunolabelled
cells. Compared with normal canine lymph nodes, there was a statistical increase in STAT3 and p-STAT3 immunolabelled cells in canine
DLBCL. Normal lymph nodes (n = 10), reactive lymph nodes (n = 10) and DLBCL (n = 43) (**P < 0.01).
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Table 4. Demographic  characteristics of  canine
DLBCL patients with high versus low percentage of
STAT3

Table 5. Demographic  characteristics of  canine
DLBCL patients with high versus low percentage of
p-STATS3.

High STAT3 Low STAT3 High p-STAT3 Low p-STAT3
Variables (n = 26) (n=17) P value Variables (n=18) (n = 25) P value
Age at diagnosis (years) Age at biopsy (years)
Mean 8.4 7.9 0.5944 Mean 8.6 7.9 0.4241
Median 8.5 8.1 Median 9.1 8.1
Range 3.4-133 0.6-12.2 Range 3.8-12.0 0.6-13.3
Sex Sex
MN 11 8 0.6366 MN 6 13 0.2008
FS 11 8 FS 8 9
MI 4 1 MI 0 3
Breed Breed
Golden retriever 1 4 0.1873 Golden retriever 1 3 0.6414
Labrador retriever 6 0 Labrador retriever S 4
Beagle 2 1 Other pure bred™ 8 15
Other pure bred™ 13 7 Mixed breed 4 3
Mixed breed 4 5 Weight (KG)
Weight (KG) Mean 26.5 28.4 0.5944
Mean 28.8 26.3 0.5039 Median 29 31.2
Median 30.7 29 Range 7.8-50.5 3.9-46.8
Range 6.8-43 3.9-50.5 Stage
Stage I-111 11 16 0.9304
111 16 11 v 5 7
v 9 3 0.1603 Vv 2 2
v 1 3 Substage
Substage a 16 23 0.2829
a 25 14 0.2862 b 2 2
b 1 3

**QOther pure-bred dogs included 3 beagles, 2 border collies, 2
standard poodles, 2 vizslas, 2 West Highland white terriers, and 1
each American foxhound, Boston terrier, Briard, Brittany, Bernese
mountain dog, dalmatian, doberman pinscher, German shepherd,
Irish setter, papillon, and pit bull terrier

Canine DLBCL has higher STAT3 nuclear expression
compared with normal or reactive lymph nodes

Because STAT3 is activated by phosphorylation at
Tyr705, which induces STAT3 dimerization, nuclear
translocation and DNA binding, nuclear localization of
STAT3 is an indicator of activated STAT3 pathway.
We further evaluated STAT3 and p-STAT3 nuclear ver-
sus cytoplasmic expression in canine DLBCL. Although
p-STAT3 expression was exclusively nuclear in all
canine DLBCL, reactive lymph node and normal lymph
node samples, total STAT3 was expressed either exclu-
sively in the cytoplasm or within both the cytoplasm
and nucleus (Fig 2). Furthermore, canine DLBCL had
significantly higher nuclear STAT3 staining compared
with normal or reactive canine lymph node (Fig 2G). In
canine DLBCL, 98% of STAT3 immunolabelled cells
showed both a cytoplasmic and nuclear staining pattern
and 2% of cells only showed cytoplasmic staining. In
contrast, 70% of STAT3 immunolabelled cells in nor-
mal canine lymph node showed both cytoplasmic and
nuclear staining, and 30% of cells were stained exclu-
sively in the cytoplasm (Table 6). Canine DLBCL had
significantly higher STAT3 nuclear expression compared
with normal lymph node (P < 0.0001) or reactive lymph
node (P < 0.0001; Fig 2G).

**Other pure-bred dogs included 3 beagles, 2 border collies, 2
standard poodles, 2 vizslas, 2 West Highland white terriers, and 1
each American foxhound, Boston terrier, Briard, Brittany, Bernese
mountain dog, dalmatian, doberman pinscher, German shepherd,
Irish setter, papillon, and pit bull terrier

Mitogen-activated protein kinase ERKI/2 is
up-regulated in canine DLBCL

Because STAT3 transcriptional activation also can
be regulated by phosphorylation at Ser727 by the
mitogen-activated protein kinase (MAPK) pathway, we
evaluated the p44/42 MAPK (Erkl/2) signaling path-
way in primary canine DLBCL. Cells from 6 cytologi-
cally diagnosed canine DLBCL (Fig 3, samples 4-9), 2
normal canine lymph nodes (Fig 3, samples 1 and 2),
and 1 reactive lymph node (Fig 3, sample 3) were
obtained by fine needle aspiration. Immunophenotype
of B cell origin was confirmed either by flow cytometry
or immunocytochemistry using CD3 and CD20 mark-
ers. Western blot analyses were conducted with pri-
mary antibodies against total STAT3, p-STAT3, total
ERK1/2, or p-ERKI1/2. Phosphorylated ERKI/2
(p-ERK1/2) was up-regulated in 5 of 6 canine lym-
phoma samples (Fig 3, samples 4-7 and 9) compared
with normal lymph node (samples 1-2) or reactive
lymph node controls (sample 3). In addition, 4 of 6
lymphoma samples (Fig 3, samples 4-6 and 9) showed
higher total ERK expression compared with normal
lymph nodes (samples 1-2). Consistent with the THC
results (Fig 1), p-STAT3 was expressed at a higher
level in most of the lymphoma samples (Fig 3, samples
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Fig 2. Total STAT3 has an increased nuclear expression in canine DLBCL. Immunohistochemistry was conducted to evaluate nuclear
versus cytoplasmic expression of STAT3 (A-C) and p-STAT3 (D-F) in canine normal lymph nodes (A, D), canine reactive lymph nodes (B,
E), and canine DLBCL (C, F). (G) Mean (+£SD) percentage of cytoplasmic staining versus both cytoplasmic and nuclear staining in STAT3
immunolabelled cells. Red arrow head: cytoplasmic staining, black arrow: nuclear staining, black arrow head: both cytoplasmic and nuclear
staining. Normal lymph nodes (n = 10), reactive lymph nodes (n = 10) and DLBCL (n = 42) (***P < 0.0001).

Table 6. The mean percentage of STAT3 immunola-
belled cells with cytoplasm exclusive staining, or with
both cytoplasm and nucleus staining.

Cytoplasm Cytoplasm
Sample exclusive and nucleus
Normal lymph 29.4% 70.6%
node (n = 10)
Reactive lymph 9.8% 90.2%
node (n = 10)
DLBCL (n = 42) 1.9% 98.1%

4,6, 7 and 9) when compared with the normal lymph
nodes (samples 1-2), but not when compared with the
reactive lymph node (sample 3).

Discussion

Although the JAK/STAT pathway has been shown
to play a critical role in cancer biology in humans, this
pathway has not been well studied in veterinary patients
with naturally occurring cancers. Earlier veterinary
studies have evaluated the expression of STAT3 and
p-STATS3 in malignant neoplasia of dogs.'>'” p-STAT3
expression is significantly higher in canine metastatic
mammary tumors compared with nonmetastatic
tumors.'> STAT3 activation contributes to survival and
proliferation of canine osteosarcoma cell lines in vitro.'
STAT3 also is overexpressed in canine hemangiosarco-
mas compared with canine hemangiomas.'” Our study
shows that the percentage of total STAT3 and
p-STAT3 immunolabelled cells was significantly higher
in canine DLBCL patients compared with normal
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Fig 3. p-ERK1/2 and p-STAT3 are up-regulated in canine diffuse
large B cell lymphoma (DLBCL). Immunoblots for p-STAT3,
total STAT3, p-ERK1/2 and total ERK1/2 in normal canine
lymph node (1-2), reactive lymph node (3), and canine DLBCLs
(4-9). Beta-actin was used as a loading control.

lymph nodes, and that canine DLBCL had more
nuclear expression of total STAT3 compared with nor-
mal lymph nodes. In addition to increased p-STAT3
protein expression, canine DLBCL had higher total
ERK and p-ERK expression. Therefore, the JAK-
STAT pathway is up-regulated in canine DLBCL.

In our study, STAT3 expression and activation were
higher in canine reactive lymph nodes compared with
normal lymph node control (Figs 1, 3). This observation
can be explained by the active role of the STAT3 path-
way in inflammation, infection, and immune-mediated
processes.'®!? Tumor-promoting inflammation is a fun-
damental hallmark of cancer.’® The correlation among
inflammation, immunity, and cancer development is
evident in many solid tumors and hematopoietic
malignancies.'®!'*?! The activated STAT3 pathway is
critical for T cell differentiation and memory.'? In addi-
tion, STAT3 can induce a procarcinogenic inflammatory
microenvironment.'® Taken together, strong evidence
suggests that the STAT3 pathway may be crucial in
producing a cancer inflammatory microenvironment.

Avoiding immune destruction is another essential hall-
mark of cancer.”’ A key feature in the interaction of can-
cer cells with the tumor microenvironment is their ability
to suppress an antitumor immune response. STAT3 sig-
naling can suppress antitumor immunity by decreasing
the activity of dendritic cells, T cells and natural killer
cells, but increasing the function of tumor-infiltrating reg-
ulatory T cells (Treg).>? Therapies targeting STAT3 in
tumor-infiltrating immune cells may block expression of
many tumor-associated factors, neutralize the tumor-
induced immunosuppressive microenvironment and
thereby contribute to antitumor immunity. Simultaneous
usage of small molecule drugs such as JAK inhibitors in
combination with other pathway inhibitors or standard
cytotoxic chemotherapies has promising therapeutic
potential. For example, concomitant administration of
the JAK1/2 inhibitor, AZD1480 with cediranib (vascular
endothelial growth factor inhibitor) was demonstrated to
significantly decrease glioma tumor volume and
microvascular density in people.”® Blockage of the

STAT3 pathway in a controlled manner may reverse
immune suppression, activate immune response, and
improve the efficacy of immune-therapeutic approaches.

Studies of people with DLBCL show that high nuclear
expression of STAT3 and p-STAT3 is correlated with
overall shorter survival and poor prognosis.'*** This
observation may be explained in part by the multiple
cellular functions of STAT3 in cell survival, differ-
entiation, proliferation, invasion, angiogenesis, and
metastasis.'> A correlation has been observed between
p-STAT3 and the antiapoptotic protein survivin in
DLBCL of humans, and p-STAT3 and survivin expres-
sion both are important prognostic factors. In a cohort
of patients negative for p-STAT3, median survival time
(MST) was 163.5 months compared with a MST of
22.2 months in patients positive for p-STAT3.**
p-STATS3 expression also is more commonly observed in
ABC-DLBCL and is associated with more advanced
clinical stage, involvement of multiple extranodal sites,
and unfavorable prognosis."”®> Our study shows that
STAT3 and p-STATS3 expression in canine DLBCL is
up-regulated and can be variable. It will be informative
to further evaluate the impact of STAT3 and p-STAT3
expression on clinical outcome. High STAT3 and p-
STAT3 expression may be associated with poor progno-
sis and shorter median survival time. A prospective anal-
ysis of larger patient cohorts with standardized
treatment protocols will be necessary to answer this
question.

Multiple small molecule JAK inhibitors currently are
under investigation in clinical trials for treating myelo-
proliferative disease and leukemia in humans.>>>® In
veterinary medicine, the JAK1/2 inhibitor oclacitinib
(Apoquel™ was approved by the Food and Drug
Administration in 2013 for treating dogs with atopic
dermatitis.>>*! Our finding that the STAT3 pathway is
up-regulated in canine DLBCL is encouraging because it
supports further exploration of the potential therapeutic
effect of JAK?2 inhibitors in canine patients with DLBCL.
Like most small molecule inhibitors, JAK inhibitors may
achieve maximum therapeutic effects when combined
with cytotoxic chemotherapy drugs. Future phase I/II
clinical trials for cytotoxic chemotherapy combined with
JAK?2 inhibitors are warranted.

Conclusions

Our results show that a higher percentage of STAT3
and p-STAT3 immunolabelled cells in canine DLBCL
compared with canine normal lymph node. Although p-
STAT3 expression is exclusively nuclear, canine
DLBCL has higher nuclear expression of total STAT3
than normal or reactive lymph nodes. In addition to
up-regulated p-STAT3 expression, canine DLBCL
expresses higher amounts of p-ERK1/2. Therefore, we
conclude that the JAK/STAT pathway is up-regulated
in dogs with DLBCL. Our data support further investi-
gations into the use of JAK inhibitors to treat dogs
with DLBCL and may provide a new therapeutic direc-
tion for treating this common hematologic malignancy
of dogs.
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Supporting Information

Additional Supporting Information may be found
online in the supporting information tab for this article:

Figure S1. Immunohistochemistry was conducted to
evaluate the expression of STAT3 (A, B) and p-STAT3
(C, D) in canine simple mammary carcinoma. Scale bars
correspond to 20 pum. Simple canine mammary carci-
noma was used as a positive control for STAT3 and p-
STAT3. Negative control was achieved by incubating
samples with 1% goat serum without anti-STAT3 or
anti-p-STAT3 antibody.



