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A combination of irradiation and oclacitinib, a Janus kinase
(JAK) inhibitor used in dogs, could lead to synergistic anti-
cancer effects in canine tumors. However, the anti-tumor ef-
fects of oclacitinib remain unclear. This study investigated
the radio-sensitizing effect of oclacitinib in canine tumors
and determined its underlying mechanisms using osteosar-
coma (HMPOS), malignant melanoma (CMeC), and thyroid
adenocarcinoma (CTAC) cell lines. A clonogenic assay and a
tumor growth assessment in a xenograft mouse model
(BALB/cAJcl-nu/nu) were performed to evaluate the radio-
sensitizing effects of oclacitinib. Oclacitinib enhanced the ra-
dio-sensitivity of tumor cells both in vitro and in vivo. The
signal transducer and activator of transcription (STAT)3
expression was activated and suppressed by oclacitinib in
X-irradiation-exposed cells. Oclacitinib enhanced radiation-
induced apoptosis only in HMPOS cells by inhibiting
anti-apoptotic genes. In addition, oclacitinib inhibited the
transcription of cell-cycle-regulating genes and arrested cell cy-
cle progression from the G1 phase to subsequent phases. In
conclusion, oclacitinib enhanced radio-sensitivity both
in vitro and in vivo by triggering apoptosis and impeding cell
cycle progression via STAT3 inhibition in canine tumor cell
lines. This study suggested the clinical therapeutic potential
of oclacitinib and radiation therapy in enhancing treatment ef-
ficacy and outcomes in canine tumors.

INTRODUCTION
Radiation therapy is an effective treatment for local tumor control in
canine tumor patients. However, its efficacy is often limited, with
frequent local recurrences and metastases. Novel approaches are
required to improve the outcomes of radiation therapy in canine
cancer.

The Janus kinase (JAK) and signal transducer and activator of transcrip-
tion (STAT) families play pivotal roles in mediating essential cell
processes, such as hematopoiesis, cell proliferation, differentiation,
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and apoptosis.1 After activation by JAK through the phosphorylation
of a conserved tyrosine residue (Tyr 705), STAT translocates into the
nucleus, regulating specific target gene transcription.2,3 Specificity in
this signaling pathway was determined by combining distinct JAK pro-
teins (JAK1, JAK2, JAK3, and TYK2) andmembers of the STAT family
(STAT1, STAT2, STAT3, STAT4, STAT5, and STAT6).1

Oclacitinib, an orally available JAK inhibitor, is a therapeutic agent
for canine pruritus associated with atopic and allergic dermatitis.4

It is safe for extended use in dogs aged 12 months or older.5 Oclaci-
tinib preferentially inhibits JAK1 over JAK2 at the recommended
doses in the clinical setting. It suppresses the production of JAK1-
dependent cytokines involved in allergy and inflammation, such as
interleukin (IL)-2, IL-4, IL-6, and IL-13 with minimal effects on the
production of JAK2-dependent cytokines associated with hematopoi-
esis (granulocyte-macrophage colony-stimulating factor and erythro-
poietin) in cell assays.6

Among the JAK-STAT signaling pathways, STAT3 is known to pro-
mote tumor growth. Persistent STAT3 activation correlates with tu-
mor progression and poor prognosis in various human cancers,
including breast cancer, prostate carcinoma, and osteosarcoma.7–9

Several studies have demonstrated persistent STAT3 activation
driven by factors such as G-protein-coupled receptors, non-receptor
tyrosine kinases, and IL-6 family cytokines. Its activation inhibits
apoptotic signals and promotes cell proliferation, angiogenesis, and
immune evasion in various human tumor cell lines, including mela-
noma, prostate carcinoma, and osteosarcoma.8,10–13 Persistent
STAT3 activation has also been reported in several canine tumors,
including osteosarcoma, B cell lymphoma, and malignant melanoma,
and is correlated with poor tumor prognosis.14–16 This activation
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contributes to tumor angiogenesis and apoptosis suppression in
canine osteosarcoma cell lines.15,17 Consequently, inhibition of
STAT3 signaling is a promising therapeutic approach for human
and canine cancers.

Some studies have recently shown radiation-induced STAT3
phosphorylation through several mechanisms, such as secreted phos-
phoprotein 1-JAK2 signaling augmentation, epidermal growth factor
receptor or IL-6 expression enhancement, and induction of Src
phosphorylation. These processes ultimately promote tumor radio-
resistance by DNA damage repair and angiogenesis in several human
cancer cells, including esophageal carcinoma and prostate can-
cer.18–20 In contrast, the JAK inhibitors suppress persistent and radi-
ation-induced STAT3 activation and enhance radio-sensitivity in
several cancer cell lines by inhibiting programmed death ligand 1
expression and cell cycle progression and enhancing apoptosis.21–23

In addition, combination treatment with irradiation and a JAK or
STAT3 inhibitor has demonstrated radio-sensitizing effects in tumor
xenograft mouse models.22,24,25 Therefore, regulating aberrant and
increased STAT3 activation could be an effective treatment for
radio-resistant tumors, indicating the potential of oclacitinib as an
anti-tumor agent by inhibiting STAT3 expression through JAK
signaling blockade in canine tumors.

This study investigated the radio-sensitizing effects of oclacitinib and
elucidated its underlying mechanisms in vitro and in vivo using
canine tumor cell lines. The radio-sensitizing effect of oclacitinib
was evaluated using a clonogenic assay and tumor growth in a
xenograft mouse model. The protein levels of STAT3 and poly
(ADP-ribose) polymerase (PARP) were assessed by western blotting.
Gene transcript levels regulated by STAT3 were examined using
quantitative reverse transcriptase PCR (RT-qPCR). Apoptosis and
the cell cycle were analyzed using flow cytometry.

RESULTS
Induction of STAT3 activation in X-irradiated cells in a dose- and

time-dependent manner

Western blotting was used to assess the alterations in STAT3 expres-
sion and phosphorylation by X-irradiation. At 24 h after exposure to
5 Gy X-irradiation, STAT3 activation was significantly induced and
dose-dependently upregulated in HMPOS. Whereas STAT3 activa-
tion was similarly increased with 5 Gy X-irradiation in CMeC and
7.5 Gy in CTAC, no significant change was observed in 5–10 Gy
X-irradiation in CMeC, and STAT3 activation decreased 10 Gy
X-irradiation in CTAC (Figures 1A and 1B). Expression was signifi-
cantly enhanced in a time-dependent manner in all tumor cell lines in
cells exposed to 5 Gy X-irradiation (Figures 1C and 1D).

Radio-sensitizing effect of oclacitinib in vitro and its ability to

inhibit STAT3 activation

To investigate the radio-sensitizing effects of oclacitinib, a clonogenic
assay was performed. First, to test the cytotoxicity of oclacitinib, the
cells were treated with various concentrations of oclacitinib for 24
h. Cell viability decreased after oclacitinib exposure in all tumor cell
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lines (Figure 2A). Therefore, 500 nM was chosen as the optimal ocla-
citinib concentration for subsequent experiments to maintain cell
viability at acceptable levels (>60%) while maintaining an effective
dose to exert the inhibitory activity in the cell culture. Next, colony
survival in tumor cell lines was quantified after X-irradiation with
500 nM of oclacitinib. Oclacitinib significantly decreased colony
formation in all tumor cell lines compared to the control (without
oclacitinib) (Figure 2B).Western blotting confirmed the inhibitory ef-
fects of oclacitinib on STAT3 activation. Oclacitinib significantly sup-
pressed X-irradiation-induced STAT3 activation in all tumor cell
lines (Figures 3A and 3B).

Induction of apoptosis after X-irradiation and oclacitinib

combination treatment

Western blotting analysis showed that PARP activation was signifi-
cantly induced in cells treated with X-irradiation. The combination
of X-irradiation and oclacitinib further enhanced PARP activation
compared to the effect of X-irradiation alone in HMPOS but not in
CMeC or CTAC (Figures 3A and 3C). To evaluate anti-apoptotic
genes, the mRNA expression of Survivin, B cell lymphoma-extra large
(Bcl-xL), and Myeloid leukemia 1 (MCL1) was analyzed using RT-
qPCR. Bcl-xL and MCL1 expression in HMPOS and Bcl-xL expression
in CTAC was significantly suppressed in HMPOS treated with oclaci-
tinib compared to cells without treatment. In addition, the expression
of all the genes was significantly decreased in cells treated with the
X-irradiation and oclacitinib combination compared with cells treated
with X-irradiation alone. Although the same trend was observed for
each treatment, differences in gene expression did not reach statistical
significance in CMeC (Figure 4A). Next, cells stained with annexin V
were designated as undergoing apoptosis. Annexin V staining was
used to examine the apoptosis rate in cells treated with X-irradiation
and oclacitinib. The proportion of apoptotic cells significantly
increased in cells treated with X-irradiation alone and in combination
with other treatments in all tumor cell lines. The proportion of
apoptotic cells further increased in cells treated with the combination
of treatments compared with cells treated with either oclacitinib or
X-irradiation alone inHMPOS and CTAC but not in CMeC (Figure 5).
Therefore, oclacitinib increased cell death induced by X-irradiation.
The apoptotic cell rates in HMPOS, CMeC, and CTAC cells were
8.11% ± 0.6%, 4.95% ± 0.11%, and 3.15% ± 0.07% under control con-
ditions; 18.07%± 0.59%, 3.15% ± 0.05%, and 5.09% ± 0.13% after ocla-
citinib treatment; 18.11% ± 0.69%, 8.38% ± 0.11%, and 6.50% ± 0.19%
after X-irradiation; and 27.53% ± 0.38%, 7.01% ± 0.46%, and 12.47%±

0.19% after X-irradiation and oclacitinib treatment, respectively.

Inhibition of cell cycle progression from G1 to later phases by

oclacitinib treatment

To evaluate cell-cycle-regulating genes, the mRNA expression of
CCND1, cyclin-dependent kinase (CDK)4, andCDK6was analyzed us-
ing RT-qPCR. All gene expressions in HMPOS, all gene expressions
except for CCND1 in CMeC, and all gene expressions except for
CDK4 were significantly inhibited in cells treated with oclacitinib
and the combination of X-irradiation and oclacitinib compared
with untreated cells and cells treated with X-irradiation alone.
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Figure 1. Induction of STAT3 protein activation in canine tumor cells exposed to X-irradiation, depending on dose and time

(A) Analysis of STAT3 and phosphorylated STAT3 (p-STAT3) expression in cells 24 h after 2.5–10Gy X-irradiation (IR) usingwestern blot. b-actin served as a reference protein. (B)

Comparison of the expression level of p-STAT3 relative to the corresponding total proteins. (C) Analysis of STAT3 and p-STAT3 expression in cells 24�72 h following treatment

with IR using western blot. b-actin served as a reference protein. (D) Comparison of the expression level of p-STAT3 relative to the corresponding total proteins. The error bars

represent the SDof themean calculated from three separate and independent experiments. Statistical significancewas analyzed by Tukey’smultiple comparison test. **p < 0.01.

www.moleculartherapy.org

Molecular Therapy: Oncology Vol. 33 March 2025 3

http://www.moleculartherapy.org


A

B

Figure 2. Radio-sensitizing effects by oclacitinib in

canine tumor cell lines

(A) Cell viability following treatment with 250–1,000 nM of

oclacitinib. (B) Survival curves of cell colonies after

X-irradiation in cell cultures treated with or without

500 nM of oclacitinib. The error bars represent the SD

of the mean calculated from three separate and

independent experiments. Statistical significance was

analyzed by ANOVA with a post hoc Tukey’s multiple

comparison test. *p < 0.05 and **p < 0.01.
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Furthermore, X-irradiation significantly upregulated CCND1 and
CDK6 gene expression in HMPOS and CCND1 gene expression in
CTAC compared to no-treatment control (Figure 4B). Next, to assess
the proliferative activity of each tumor cell line after exposure to
X-irradiation and oclacitinib, cell cycle analysis was conducted using
flow cytometry. After 24 h of X-irradiation, the G1 ratio significantly
increased, and the G2 ratio significantly decreased in cells treated with
oclacitinib alone compared with no-treatment control in all tumor
cell lines, as well as in cells treated with X-irradiation and oclacitinib
combination compared with X-irradiation alone in HMPOS and
CMeC. A similar trend was observed after 48 h of X-irradiation in
cells treated with X-irradiation and oclacitinib combination
compared with cells treated with X-irradiation alone in all tumor
cell lines. (Figure 6).

Tumor growth delay enhancement following treatment with a

combination of X-irradiation and oclacitinib

To investigate the radio-sensitizing effects of oclacitinib in vivo,
HMPOS cells were injected subcutaneously into immunodeficient
nude mice, and tumor growth was assessed. The tumor volume in
mice treated with X-irradiation was dramatically decreased, whereas
oclacitinib alone did not decrease the tumor volume compared to
that in mice without treatment (control). Tumor growth in mice
treated with the X-irradiation and oclacitinib combination was
obviously delayed compared to that in mice treated with
X-irradiation alone (Figure 7A). The time required for a 2-fold in-
crease in tumor volume in mice treated with X-irradiation alone
was 18 days (range, 15–26 days). In contrast, in mice treated with
X-irradiation and oclacitinib, it was 29 days (range, 23–60 days) af-
ter assignment (Figure 7B). The time required for a 2-fold increase
in tumor volume in mice treated with X-irradiation and oclacitinib
4 Molecular Therapy: Oncology Vol. 33 March 2025
combination was significantly longer than that
in mice treated with X-irradiation alone. The
tumor volume did not increase even 60 days
after assignment in two of the seven mice
treated with the X-irradiation and oclacitinib
combination.

DISCUSSION
Oclacitinib is an orally available JAK inhibi-
tor used as a therapeutic agent for canine
allergic dermatitis. In human medicine, re-
ports have shown that inhibition of the JAK-STAT3 signaling
pathway is associated with anticancer effects in vitro and in vivo
through various mechanisms, including suppression of anti-
apoptotic signals and establishment of immune evasion.22,23

Although a combination of chemotherapy and oclacitinib in tu-
mor-bearing dogs has been reported, this study aimed to assess
the safety and toxicity of the combination therapy because its clin-
ical efficacy remains elusive26 and the anticancer effects of oclaci-
tinib remain unclear. This study demonstrated the potential radio-
sensitizing effects of oclacitinib on canine tumor cells through
STAT3 activation inhibition, thereby promoting cell apoptosis
and cell-cycle arrest.

It has been reported that STAT3 activation was upregulated in cells
after exposure to X-irradiation in several human tumor cell lines,27,28

but it was previously unclear whether this was also the case in canine
tumors. Consistent with previous observations in human tumors,
X-irradiation promoted dose- and time-dependent STAT3 activation
in canine tumor cell lines. Previous studies have shown that persistent
and increased induction of STAT3 activation promoted tumor migra-
tion, invasion, DNA repair, and angiogenesis, leading to tumorigen-
esis and tumor radio-resistance in humans.19,27,28 Therefore, irradia-
tion-induced STAT3 activation contributes to tumor radio-resistance
in canine tumors.

A clonogenic assay was performed with various concentrations of
oclacitinib alone to determine the optimal concentration for the clo-
nogenic assay with X-irradiation. The radio-sensitivity of all tumor
cell lines was significantly increased after treatment with 500 nM
oclacitinib. In addition, 500 nM of oclacitinib dramatically inhibited
X-irradiation-induced STAT3 activation in all the tumor cell lines.
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Figure 3. Effects of X-irradiation and oclacitinib on

STAT3 and PARP activation in canine tumor cell

lines

(A) Analysis of STAT3, phosphorylated STAT (p-STAT3),

total PARP, and cleaved PARP expression in cells 24 h

after 5 Gy X-irradiation (IR) with or without 500 nM of

oclacitinib using western blot. b-actin served as a

reference protein. (B) Comparison of the expression level

of p-STAT3 relative to the corresponding total proteins.

The error bars represent the SD of the mean calculated

from three separate and independent experiments.

Statistical significance was analyzed by Tukey’s multiple

comparison test. **p < 0.01. (C) Comparison of the

expression level of cleaved PARP relative to the

corresponding total protein.
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It has been reported that STAT3 activation in tumor cells after
exposure to X-irradiation was promoted through various mecha-
nisms, including the SPP1-JAK2-STAT3 axis, IL-6 or EGFR
signaling, and the Src-STAT3 axis in human tumor cell lines.18–20

These results show that oclacitinib can exhibit radio-sensitizing ef-
fects on tumor cells by inhibiting the JAK-STAT3 signaling
pathway. The JAK-STAT3 signaling pathway may be the dominant
mechanism underlying X-irradiation-induced STAT3 activation in
canine tumor cells.

This study investigated the apoptotic response in tumor cells after
treatment with a combination of X-irradiation and oclacitinib.
Inhibition of STAT3 signaling by oclacitinib was associated with
enhanced PARP activation, an apoptosis marker. In addition, the
mRNA expression of anti-apoptotic genes was significantly sup-
pressed by oclacitinib in HMPOS and CTAC but not CMeC.
Consequently, the apoptotic cell rate was further increased in
HMPOS and CTAC cells treated with a combination of
X-irradiation and oclacitinib compared with treatment with
X-irradiation and oclacitinib alone. The results of the sub-G1
phase in the cell cycle analysis further supported these
Molec
findings. Survivin is one of the most impor-
tant anti-apoptotic proteins, which is highly
expressed in several human cancers and
canine osteosarcoma.29–31 Several studies
have shown that inhibition of survivin expres-
sion enhanced apoptosis, leading to increased
tumor radio-sensitivity.32,33 Another study
showed that STAT3 activation suppressed
apoptosis through activation of the BCL-2
family proteins, including BCL-2, BCL-xL,
and MCL1, by regulating the expression of
heat shock protein 70 and inhibiting the
c-Jun N-terminal kinase pathway.34 These
findings may indicate that STAT3 signaling
inhibition by oclacitinib can induce apoptosis
and enhance radio-sensitivity by suppressing
the anti-apoptotic mechanisms in canine tu-
mor cells. However, this effect may vary depending on the tumor
cell type.

Cell cycle progression leads to cell proliferation and is regulated by
various cyclins and their CDK-binding partners.35 It has been reported
that cyclin D1 and CDK4/6 have been reported to adjust the progres-
sion of the G1 phase and that cyclin D1 was regulated by STAT3
signaling.36–38 Previous studies have also reported that cyclin D1 pro-
moted tumor progression and radio-resistance in various human tu-
mor cell lines.39,40 The results of our study showed that the expression
of CCND1 and CDK4/6 was significantly suppressed by oclacitinib
treatment. In the cell cycle analysis, X-irradiation significantly pro-
moted cell cycle progression 48 h after X-irradiation in all tumor cell
lines. Oclacitinib suppressed cell cycle progression from the G1 phase
to subsequent phases 24 and 48 h after X-irradiation in all tumor cell
lines. These results demonstrated that oclacitinib has a radio-sensi-
tizing effect that inhibits cell cycle progression from the G1 phase to
subsequent phases through cyclin D1 expression inhibition. In
contrast, X-irradiation 24 h after treatment significantly inhibited cell
cycle progression compared to that in cells without treatment in
CMeC. Previous studies showed that cells have a dose-dependent
ular Therapy: Oncology Vol. 33 March 2025 5
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Figure 4. Gene expression in canine tumor cell lines

after X-irradiation (IR) treatment with or without

oclacitinib

(A) Relative mRNA levels of survivin, Bcl-xL, and MCL1

quantified using RT-qPCR in each condition. (B)

Relative mRNA expression levels of CCND1 and CDK4/

6 quantified using RT-qPCR in each condition. The

error bars represent the SD of the mean calculated from

three separate and independent experiments. Statistical

significance was analyzed by Tukey’s multiple

comparison test. *p < 0.05 and **p < 0.01.
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transient delay in the G1 phase of cell cycle after radiation exposure to
repair critical DNA damage.41 In the experimental protocol, 5 Gy
X-irradiation was administered to cells. This dose may have led to a
transient delay in the G1 phase of CMeC at 24 h after treatment.

Recently, stereotactic radiosurgery, which delivers single doses of 20
Hy or higher, has been performed for various canine tumors,
including osteosarcoma and meningioma, and it has been used as
an effective treatment, particularly for appendicular osteosar-
coma.42,43 Based on these findings, the radio-sensitizing effect of ocla-
citinib was investigated in the tumor xenograft mouse model using
20 Gy X-irradiation in a single dose. Our results showed that a com-
bination of X-irradiation and oclacitinib significantly extended tumor
regrowth delay compared to X-irradiation alone in mice transplanted
with HMPOS, demonstrating the potential of oclacitinib as a radio-
sensitizer in canine tumors. Although no adverse effects were
observed in mice after oclacitinib treatment, an X-irradiation and
oclacitinib combination and higher oclacitinib concentrations
(45 mg/kg) were previously used in a mouse study.44 The oclacitinib
concentrations administered in this study (10 mg/kg twice daily) were
higher than those that are clinically available in dogs.44 Considering
the allometric scaling of drug doses, the oclacitinib dose of
10 mg/kg in mice is approximately equivalent to 1.8 mg/kg in
dogs.45 This dose is higher than the recommended oclacitinib dose
for dogs. However, according to the manufacturer’s prescribing infor-
mation, administration of oclacitinib at 1.8 mg/kg twice daily in dogs
resulted in only mild complications. Therefore, while this dose ex-
ceeded the recommended dose for dogs, it may be clinically achiev-
able. Moreover, pharmacokinetic studies in dogs have shown that
oral administration of clinically used doses of oclacitinib (0.4–
0.6 mg/kg) resulted in a peak plasma concentration of 767.5 nM.44
6 Molecular Therapy: Oncology Vol. 33 March 2025
Based on these findings, the 500 nM concentra-
tion of oclacitinib used in the in vitro experi-
ments in this study is, at least transiently, phar-
macologically achievable. Further analysis is
required to determine whether oclacitinib can
exhibit a radio-sensitizing effect in doses used
in clinical settings.

In summary, oclacitinib demonstrated radio-
sensitizing effects in canine tumor cells
in vitro and in vivo by enhancing apoptosis and inhibiting cell cycle
progression. These results indicate the therapeutic potential of oclaci-
tinib and radiotherapy for improving efficacy and outcomes in dogs.

MATERIALS AND METHODS
Cell line validation and culture conditions

A canine osteosarcoma cell line (HMPOS), which was established in
our laboratory,46 a malignant melanoma cell line (CMeC) provided
by investigators at Tokyo University, Japan,47 and a thyroid adeno-
carcinoma cell line (CTAC) purchased from KAC were used in this
study. These cell lines have been used in previous canine tumor
research48 and were verified to be free from mycoplasma infection
by PCR at the ICLAS Monitoring Center in Japan. RNA sequencing
was performed to confirm their canine origin. In this study, these cell
lines were cultured in RPMI-1640 medium (Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10% fetal bovine serum
(FBS) (Sigma-Aldrich, St. Louis, MO, USA), 100 units/mL of peni-
cillin G (Wako Pure Chemical Industries, Osaka, Japan), and
100 mg/mL of streptomycin (Wako Pure Chemical Industries). The
cultures were maintained in a humidified atmosphere containing
5% CO2 at 37�C.

X-ray irradiation and the reagent

Cell X-ray irradiation was administered with an XRAD iR-225 X-ray
irradiator (Precision X-Ray, North Branford, CT, USA) at a dose rate
of 1.37 Gy/min, operating at 200 kVp and 15mA, with the application
of a 1.0 mm aluminum filter at room temperature (RT). Oclacitinib
was obtained from MedchemExpress (Monmouth Junction, NJ,
USA). Oclacitinib was dissolved in dimethyl sulfoxide (DMSO;
Wako Pure Chemical Industries) to prepare a 10 mM stock solution
and stored at �80�C. The same volume of DMSO was added to
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Figure 5. Effect of X-irradiation and oclacitinib on

apoptosis induction in canine tumor cell lines

(A) Analysis of apoptosis in cells after exposure to 5 Gy

X-irradiation (IR) with or without 500 nM of oclacitinib

using flow cytometry with propidium iodide and annexin

V. (B) Effects of IR and 500 nM of oclacitinib on the

proportion of apoptotic cells. The error bars represent

the SD of the mean calculated from three separate and

independent experiments. Statistical significance was

analyzed by Tukey’s multiple comparison test.

*p < 0.05 and **p < 0.01.
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control wells. Under conditions involving a combination of
X-irradiation and oclacitinib, each cell line (3.0 � 105 cells/well)
was incubated with the specified concentrations of oclacitinib for
4 h and then exposed to 5 Gy X-irradiation.

Western blotting

Western blotting was conducted using the following antibodies: rab-
bit monoclonal STAT3 antibody (Cell Signaling Technology, Dan-
Molec
vers, MA, USA), rabbit monoclonal phospho-
STAT3 antibody (Cell Signaling Technology),
rabbit monoclonal PARP antibody (Cell
Signaling Technology), and rabbit monoclonal
b-actin antibody (Cell Signaling Technology).
Horseradish peroxidase (HRP)-linked anti-rab-
bit immunoglobulin (Ig)G (Cell Signaling
Technology) was used as the secondary anti-
body. Each cell line (3.0 � 105 cells/well) was
incubated with 500 nM of oclacitinib for 4 h
and exposed to 5 Gy X-irradiation. Cells were
gently washed three times with phosphate-buff-
ered saline (PBS) and harvested at the indicated
time points after X-irradiation. Cell lysis was
performed using a radioimmunoprecipitation
assay buffer (Sigma-Aldrich) supplemented
with a protease inhibitor cocktail (Sigma-
Aldrich) while maintaining samples on ice.
The supernatants were collected after centrifu-
gation at 13,000� g at 4�C for 20 min. The pro-
tein concentrations were measured using a Pro-
tein Quantification Assay Kit (Macherey-Nagel,
Dürren, Germany). Protein samples each of
3 mg were separated by 4%–12% sodium do-
decyl sulfate-polyacrylamide gel electropho-
resis, followed by transfer onto polyvinylidene
difluoride membranes. The membranes were
then incubated in 3% bovine serum albumin
(Sigma-Aldrich) in PBS containing 0.1% Tween
20 for 1 h. Subsequently, primary antibodies
against STAT3 (1:1,000), phospho-STAT3
(1:1,000), PARP (1:1,000), and b-actin
(1:5,000) were added and incubated overnight
at 4�C. The membranes were incubated with HRP-linked secondary
antibodies (1:3,000 for STAT3, phospho-STAT3, and PARP and
1:10,000 for b-actin) for 1 h. Then, they were exposed to Western
Blot Ultra-Sensitive HRP substrate (TAKARA Bio, Kusatsu, Japan)
for 5 min immediately before detection. Chemiluminescence was
measured using an Image Quant LAS 4000 (GE Healthcare, Bucking-
hamshire, UK). For the analysis of total STAT3, the pSTAT3 blots
were stripped and re-probed. The intensity of each band was
ular Therapy: Oncology Vol. 33 March 2025 7
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A B Figure 7. Tumor growth delay due to a combination

of X-irradiation and oclacitinib in xenograft mice

(A) Changes in xenograft tumor volume after assignment

in each group as follows: control, oclacitinib (10 mg/kg

twice a day administered orally for 10 consecutive

days), 20 Gy X-irradiation (IR), and IR + oclacitinib. (B)

The Kaplan-Meier curves for the 2-fold increase of

tumor volume after assignment. The error bars

represent the range of the tumor volume for each

condition. The log rank test was used to compare the

percentages of mice without 2-fold increase in tumor

volume. *p < 0.05 and **p < 0.01.
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analyzed using the ImageJ software (NIH, Bethesda, MD, USA).
Phospho-STAT3 and cleaved PARP levels were normalized to those
of STAT3 and PARP, respectively. Protein levels in all groups were
normalized to those in the control group.

Clonogenic assay

Each cell line was plated at varying concentrations in 60 mm culture
dishes. Cells were cultured for 4 h with different oclacitinib concen-
trations, followed by exposure to varying doses of X-irradiation.
Twenty-four hours after irradiation, the culture mediumwas replaced
with fresh medium. After 7 days of incubation, the cells were fixed
with ethanol and stained with Giemsa solution (Wako Pure Chemical
Industries). Colonies with more than 50 cells were counted as colony-
forming units. Three independent experiments were conducted, and
the plating efficiency (PE) was calculated. Survival fractions were then
determined, with the PE of the unirradiated control being considered
for correction, and dose-response curves were generated. A linear-
quadratic model was then applied to fit the survival curves, repre-
sented as SF = (�aD� bD2), with SF denoting the surviving fraction
and D representing the physical dose.

RT-qPCR

Each cell line (3.0� 105 cells/well) was exposed to 5 Gy X-irradiation
after 4 h of incubation with 500 nM oclacitinib and incubated for 24 h.
Following harvesting, the cells were subjected to total RNA extraction
using the TRIZol reagent (Thermo Fisher Scientific). Quantification
was then performed using spectrophotometry at 260 nm. Subse-
quently, 500 ng of RNA was subjected to reverse transcription into
cDNA using the M-MLV RT kit (Thermo Fisher Scientific) in a
20 mL reaction. Duplicate qPCR analyses were then conducted for
each sample using the KAPA SYBR FAST qPCR Master Mix (2�)
Kit (KAPA Biosystems, Wilmington, MA, USA). A total volume of
20 mL was prepared for each sample, which consisted of 10 mL
KAPAmaster mix, 200 nM specific primers, and 1 mL cDNA. No tem-
plate controls were performed by adding nuclease-free water. The
Figure 6. Inhibition of the cell cycle progression from the G1 phase to subsequ

(A) Analysis of DNA contents in cells treated with X-irradiation (IR) and oclacitinib using flo

treatment with or without oclacitinib. The error bars represent the SD of the mean calcu

analyzed by Tukey’s multiple comparison test. *p < 0.05 and **p < 0.01.
qPCR conditions comprised an initial denaturation at 95�C for
2 min, followed by 40 cycles of denaturation at 95�C for 15 s, anneal-
ing at 60�C for 20 s, and extension at 72�C for 1 min. Relative mRNA
expression was calculated using the reference gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), and quantification was per-
formed using the delta-delta Ct method.49 The primer sequences
used in the experiments17,50–53 are provided Table S1. All primers
were previously used in canine tumor studies. Primers were designed
to detect all the transcript variants. The primers forGAPDH, Survivin,
CCND1, andMCL1 involved spanning exon-exon junctions; the other
primers could not span the junction because of the absence of exon
structure information in the National Center for Biotechnology Infor-
mation database (https://www.ncbi.nlm.nih.gov/). The qPCR effi-
ciencies of these primers ranged from 97% to 102%. The specificity
of the primer pairs was confirmed using a single melting peak in
the melting curve analysis. Additional details of the primers used in
this study are presented in Table S2.

Apoptosis analysis

Each cell line (3.0 � 105 cells/well) was incubated with 500 nM ocla-
citinib for 4 h before exposure to 5 Gy X-irradiation. Cells were incu-
bated for 24 h after X-irradiation and then harvested and subjected to
double staining with annexin V and propidium iodide using the An-
nexin V Apoptosis Detection Kit I (BD Biosciences, San Jose, CA,
USA) according to the manufacturer’s protocol. The apoptosis rate
of cells was assessed using a BD FACS Verse Flow Cytometer (BD
Biosciences). The analysis of the flow cytometry data was performed
with BD FACSuite v.1.0.6 (BD Biosciences).

Cell cycle analysis

Each cell line (3.0� 105 cells/well) was exposed to 5 Gy X-irradiation
after 4 h of incubation with 500 nM oclacitinib and then incubated for
24 to 48 h. The cell lines were then harvested in 1.5 mL polypropylene
tubes and subsequently stained with Cell Cycle Assay Solution
Deep Red (Dojindo, Kumamoto, Japan) following the manufacturer’s
ent phases in canine tumor cell lines due to oclacitinib treatment

w cytometry. (B) The cell distribution in different cell cycle phases 24 and 48 h after IR

lated from three separate and independent experiments. Statistical significance was
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instructions. The cells were then examined and categorized into
G1, S, and G2 phases based on their DNA content using a BD
FACS Verse Flow Cytometer (BD Biosciences). The analysis of the
flow cytometry data was performed with BD FACSuite v.1.0.6 (BD
Biosciences).
Xenograft tumor volume measurement

To assess the impact of oclacitinib on in vivo tumor growth, tumor
growth was evaluated with a tumor xenograft mouse model. A mixture
of 1.0� 105 cells of HMPOS in 50 mL of PBS and 50mL ofMatrigel (BD
Biosciences) was injected subcutaneously into the left hind legs of
7-week-old female BALB/cAJcl-nu/nu mice (CLEA Japan, Tokyo,
Japan). Tumor volumes [volume = length � (width)2/2] and body
weight were measured daily. When tumors reached 100 mm3, mice
were randomly divided into four groups: (A) control, (B) oclacitinib,
(C) X-irradiation, and (D) X-irradiation and oclacitinib. The number
of mice used in each group was seven. For groups B and D, oclacitinib
dissolved in 0.1 mL of saline was administered orally at doses of
10 mg/kg twice a day for 10 days, whereas for groups A and C, the
same volume of saline was provided as a vehicle control twice a day.
The mice in groups C and Dwere anesthetized by isoflurane inhalation
with oxygen; the body was covered with a 2-mm-thick lead sheet, and
the tumor-bearing legs were locally exposed to 20 Gy X-irradiation in a
single dose 3 days after starting administration of oclacitinib or saline.
At the end of the assessment period, mice were humanely sacrificed by
inhaling CO2 gas. All animal experiments were performed according to
the Hokkaido University Institutional Animal Care and Use Commit-
tee guidelines (approval no. 23-0122).
Statistical analysis

All results are shown as mean ± standard deviation (SD). The statis-
tical analysis was performed with GraphPad Prism 9 software
(GraphPad Software, San Diego, CA, USA). The normality of the
data distribution was assessed with the Shapiro-Wilk test. For cases
involving three or more groups, ANOVA followed by Tukey’s multi-
ple comparison test was conducted for data analysis. The Kaplan-
Meier method was used to generate survival curves, and a statistical
analysis was performed using the log rank test for the xenograft tumor
volume measurement. p < 0.05 was considered significant.
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