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Abstract. Under pathological conditions, the Janus kinase 
(JAK)/STAT signaling pathway can regulate the prolifera‑
tion, differentiation and migration of tumor cells, including 
colorectal cancer (CRC). CRC is the third major types of 
cancer among males and the second among females world‑
wide. In China, CRC is the fifth common cancer among both 
males and females. Western blotting, flow cytometry, RNA 
interference, immunoprecipitation, xenografts models, and 
immunohistochemical staining were carried out to evaluate 
the possible mechanisms of acton of ruxolitinib. The present 
data suggested that ruxolitinib can suppress CRC cell 
proliferation by inducing apoptosis. Firstly, JAK1/2‑STAT1 
was identified as the target of ruxolitinib. Then, ruxolitinib 
downregulated myeloid cell leukemia‑1 (Mcl‑1) mRNA level 
and decreased its protein level, which enabled Bak to trigger 
CRC apoptosis. Furthermore, ruxolitinib exerted potent 
activity against CRC xenograft growth in vivo. High expres‑
sion of phosphorylated STAT1 (S727) was also confirmed 
in 44 pairs of human colon carcinoma and adjacent normal 
tissues. Taken together, the results showed that ruxolitinib 
decreased JAK1/2‑STAT1‑Mcl‑1 protein level and effec‑
tively suppressed CRC cell proliferation in vitro and in vivo. 
Therefore, ruxolitinib could be a promising anticancer agent 
for CRC treatment.

Introduction

Colorectal cancer (CRC) is the third most common cancer 
and the fourth most common cause of cancer‑associated 
death worldwide  (1). In China, the incidence of CRC is 
increasing due to physical inactivity, unhealthy diet, obesity 
and long‑term smoking (2). Over the last decade, colonoscopy 
screening has significantly improved the 5‑year survival rates 
of patients with CRC. For example, a previous study reported 
that patients who did not take part in the screening program 
showed significantly lower cancer‑specific survival compared 
with those who did in the Pudong New Area of Shanghai of 
China (hazard ratio (HR)=1.46; 95% confidence interval (CI): 
1.12‑1.91) (3‑5). Nevertheless, ~40% of patients who undergo 
surgery, which is applied in combination with chemotherapy 
or radiation therapy, subsequently experience local and 
systemic recurrence or resistance (6). Among primary risk 
factors, complex genomic alterations, which are essential in 
the mechanism of CRC pathophysiology, may induce resis‑
tance of CRC to drug therapy, thus making CRC the fourth 
most common cause of cancer‑associated mortality  (4,7). 
Consequently, investigating the mechanisms underpinning 
CRC chemosensitivity is important to improve treatment.

Under pathological conditions, the Janus kinase 
(JAK)‑STAT signaling pathway has been shown to regulate 
proliferation, differentiation and angiogenesis of malignant 
tumor cells and to promote the development of several malig‑
nant tumors, such as breast cancer and esophageal cancer (8,9). 
This pathway is constitutively activated in myeloproliferative 
diseases and in various solid tumors, including hepatocel‑
lular carcinomas, prostate, breast, head and neck, lung and 
CRC (10). Although the exact dysregulation mechanism of 
JAK/STAT signaling in CRC remains unclear, the JAK/STAT 
signaling pathway has been suggested as therapeutic target for 
the treatment of CRC (11,12).

Myeloid cell leukemia‑1 (Mcl‑1) has sequence and func‑
tional similarity to Bcl‑2 (13). Mcl‑1 has a short half‑life and is 
a highly regulated protein (14). The upstream regulatory kinase 
cascades of Mcl‑1 transcription include JAK/STAT, PI3K and 
mitogen‑activated protein kinases (15). Previous studies have 
suggested that Mcl‑1 may have a significant part in the survival 
or resistance of a variety of cancer cells, such as liver cancer 
and multiple myeloma (14,16).
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Ruxolitinib (aslo named INCB018424, Jakari) is a small 
molecule inhibitor of the JAK1/2 kinase, which has been 
approved by the USA Food and Drug Administration for the 
treatment of myelofibrosis and polycythemia vera  (17,18). 
Recently, new clinical trials have tested the efficacy of 
ruxolitinib in the treatment of inflammatory‑driven solid 
tumors (19-21). It was reported that the therapeutic effects 
observed in patients were not related to JAK mutational 
capacity and that ruxolitinib initiates only restricted anti‑
clonal activity, thus poignantly altering the inflammatory 
microenvironment  (22). Therefore, ruxolitinib may have 
potential for the treatment of inflammatory‑driven cancer 
types, such as pancreatic cancer and CRC. The present study 
aimed to investigate the inhibitory mechanisms of ruxolitinib 
on CRC cells both in vitro and in vivo.

Materials and methods

Reagents. Primary antibodies against caspase‑3 (cat. no. 9662S), 
cleaved caspase‑3 (cat. no. 9664), caspase‑9 (cat. no. 9502), 
cleaved caspase‑9 (cat. no. 9501), caspase‑8 (cat. no. 4790), 
PARP (cat. no. 9532), cleaved PARP (cat. no. 9541), Mcl‑1 
(cat. no. 5453), Bcl‑2 (cat. no. 2872), Bcl‑xL (cat. no. 2764), Bak 
(cat. no. 12105), JAK1 (cat. no. 3344), JAK2 (cat. no. 3230), 
STAT1 (cat.  no.  9172) and β‑actin (cat.  no.  4970) were 
acquired form Cell Signaling Technology, Inc. Anti‑Mcl‑1 
antibody (cat. no. S‑19), control siRNA‑A (cat. no. sc‑37007), 
and STAT1p84/p91 siRNA (h) (cat. no. sc‑44123) were from 
Santa Cruz Biotechnology, Inc. Anti‑STAT1 [phosphorylated 
(p)S727] (cat.  no.  ab109461) antibody was acquired from 
Abcam. Annexin V‑FITC was purchased from BD Bioscience. 
Z‑VAD‑FMK was from Selleck Chemicals. Monoclonal anti‑
body anti‑Bak (cat. no. TC‑100) was from Merck KGaA. JC‑1 
dye was purchased from AAT Bioquest, Inc.

Cell line and culture conditions. Human CRC cell lines 
LS411N, SW620, DLD‑1, HCT116, SW480 and mouse CRC cell 
line, CT‑26, were obtained from the American Type Culture 
Collection. Cells were cultured in Dulbecco's Modified Eagle's 
Medium supplemented with 10% FBS (both purchased from 
Gibco, Thermo Fisher Scientific), 100 U/ml of penicillin and 
100 µg/ml of streptomycin (cat. no. 15070‑063, Gibco; Thermo 
Fisher Scientific, Inc.) in a humidified atmosphere containing 
5% CO2/95% air at 37˚C.

Cell viability assay. An MTT assay was used for deter‑
mining ruxolitinib cytotoxicity against CRC cells. Briefly, 
2,000 cells/well were plated in 96‑well plates and incubated 
for 24 h and then exposed to gradually increasing concentra‑
tions (0, 2.5, 5, 10, 15, 20, 25, 30, 40, 50 µM) of ruxolitinib 
for 48  h. MTT solution (prepared in serum‑free growth 
medium) was added to each well and was incubated for 
another 4 h at 37˚C. DMSO was added and the absorbance 
at 570 nm was determined using a microplate reader. CCK‑8 
assay and real‑time monitoring of cell viability using an 
xCELLigence system were performed to determine the cyto‑
toxicity of ruxolitinib against CRC cells. Briefly, LS411N and 
SW620 cells were seeded into 96‑well plates at a density of 
2,000 cells/well, incubated for 24 h at 37˚C and then exposed 
to different concentrations (0, 2.5, 5, 10, 15, 20, 25, 30, 40, 

50 µM) of ruxolitinib for 48 h at 37˚C. CCK‑8 was added 
to the plates and incubated for 1 h at 37˚C. The absorbance 
was measured at a wavelength of 570 nm, using a microplate 
reader. The in vitro cell growth assay was performed on an 
xCELLigence system from ACEA Biosciences Inc., using 
E‑plates. Briefly, the E‑plates with 50 µl of growth medium 
in each well were placed into the RTCA‑DP instrument for 
baseline test. The LS411N and SW620 cells were seeded 
into the plates at a density of 5,000 cells/well in 100 µl of 
growth medium and treated with indicated concentrations of 
ruxolitinib. The E‑plates were incubated at room temperature 
for 30 min and placed into the RTCA‑DP instrument for data 
collection at 15 min intervals.

Early/late apoptosis analyzed by flow cytometry. After treat‑
ment with various concentrations of ruxolitinib for 48, 72, 96 h, 
human CRC LS411N, SW620 cells were collected and washed 
with ice‑cold PBS before staining with Annexin V‑FITC for 
15 min at room temperature in the dark followed by PI staining 
for 5 min at room temperature. The samples were analyzed 
with a BD FACSCanto flow cytometer (BD Biosciences). Data 
analysis was performed by the software WinMDI 2.9 (BD 
Biosciences). Human CRC LS411N and SW620 cells were 
treated with Z‑VAD‑FMK for 1 h followed by ruxolitinib 
treatment for another 48 h, and were collected and analyzed 
as aforementioned.

Western blotting. LS411N, SW620 cells were lysed in Laemmli 
lysis buffer (Merck, cat. no. S3401). Proteins (25 µg/lane) were 
loaded in denaturing 12% or 15% SDS‑PAGE gels and trans‑
ferred to nitrocellulose membranes. The membranes were then 
incubated with 5% non‑fat milk for 2 h at room temperature, 
washed with PBS containing 0.1% Tween‑20 and incubated 
with primary antibodies (1:1,000 dilution) overnight at 4˚C. 
After washing with PBST the membrane was incubated with 
secondary antibodies conjugated with horseradish peroxidase 
(1:2,000 dilution) for 2 h at room temperature. Signals were 
visualized using the Pierce ECL Plus kit (cat. no. 32132) with a 
chemiluminescence system (Amersham; Cyvita). β‑actin was 
used as a loading control.

Mitochondrial membrane potential assay. To examine the 
mitochondrial membrane potential, JC‑1 staining was used. 
Human CRC LS411N, SW620 cells were incubated with 
various concentrations of ruxolitinib for 48 h as aforemen‑
tioned. Then, the cells were harvested, washed with PBS and 
resuspended in JC‑1 staining solution at room temperature for 
10 min. Cells were detected by a BD FACSCanto flow cytom‑
eter (BD Biosciences). Data analysis was performed using 
WinMDI 2.9 software (BD Biosciences).

Plasmid construction and transfection. The coding sequences 
of human Mcl‑1 mRNA were amplified by PCR using total 
cDNA as previously described (14). The PCR products were 
digested with HindIII and EcoRI and subcloned into the 
pcDNA3.1 vector (obtained from co‑author Shengjie Zhang's 
lab). The integrity of the respective plasmid constructs was 
confirmed using PCR. One microgram pcDNA3.1‑negative 
control (0.2 µg/ml) and pcDNA3.1/Mcl‑1 (0.2 µg/ml) was trans‑
fected in SW620 and LS411N cells using Lipofectamine® 2000 
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(Invitrogen; Thermo Fisher Scientific, Inc.) at 37˚C for 24 h. 
After 24 h, the LS411N and SW620 cells were used for subse‑
quent experiments.

Reverse transcription‑quantitative (RT‑q)PCR analysis. 
Total RNA was isolated from LS411N and SW620 cells using 
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.), 
according to the manufacturer's protocols (23). Complementary 
DNA synthesis was performed using the PrimeScript RT 
Reagent kit (Takara Bio, Inc.). Real‑time PCR amplification 
was performed using the ABI 7300 Fast Real‑Time PCR 
system (Applied Bioscience; Thermo Fisher Scientific, Inc.), 
according to the manufacturer's instructions. The amplifica‑
tion reactions were performed using 1X Power SYBR Green 
PCR Master mix (Applied Biosystems; Thermo Fisher 
Scientific, Inc.). PCR primers for Mcl‑1 (forward, 5'‑GCT​TCG​
GAA​ACT​GGA​CAT‑3'; reverse, 5'‑CAC​AAA​CCC​ATC​CCA​
GCC‑3'), β‑actin (forward, 5'‑ACA​CCC​CAG​CCA​TGT​ACG​
TT‑3'; reverse, 5'‑TCA​CCG​GAG​TCC​ATC​ACG​AT‑3') were 
designed using Primer Premier 5 software (Premier Biosoft 
International). The standard temperature profile, including 
initial denaturing, annealing and extension, was used as previ‑
ously described (14).

RNA interference of STAT1. Short interfering (si)RNAs for 
STAT1 (cat. no. sc‑44123) and non‑targeting siRNA negative 
control (cat. no. sc‑37007) were obtained from Santa Cruz 
Biotechnology, Inc. LS411N and SW620 cells were transfected 
with 1  µg siRNA (0.2  µg/ml) using Lipofectamine  2000 
reagent at 37˚C for 24 h, according to the manufacturer's 
instructions. Before treatment, cells were incubated for 24 h 
and the silencing efficiency of the siRNA was determined 
using western blotting as aforementioned. Subsequent experi‑
ments were performed 24 h post‑transfection.

Measurement of Bak conformational change. LS411N and 
SW620 cells were fixed in 4% paraformaldehyde for 10 min at 
room temperature, washed three times with PBS and permea‑
bilized with 0.1% PBS‑Tween‑20 for 20 min. Cells were then 
incubated with anti‑active Bak for 30 min at 4˚C, followed 
by incubation with 1:200 dilution of FITC‑conjugated 
goat‑anti‑mouse IgG (Santa Cruz Biotechnology, Inc. 
cat. no. sc‑2010) for 30 min at 4˚C and analyzed using a BD 
FACSCanto flow cytometer (BD Biosciences). Data analysis 
was performed using WinMDI 2.9 software (BD Biosciences).

Immunoprecipitation. Protein‑protein interactions were deter‑
mined by co‑immunoprecipitation (Co‑IP) analysis. LS411N 
and SW620 cells were lysed in co‑immunoprecipitation 
lyse‑bind‑wash buffer [50 mM Tris‑HCl, 150 mM NaCl, 1% 
NP‑40 (V/V), 2 mM EDTA] containing 1% protease inhibitor 
cocktail (Pierce; Thermo Fisher Scientific, Inc.) at  4˚C 
with rotation for 60 min. The lysate was then centrifuged 
at 12,000 x g for 10 min at 4˚C. After that, samples (800 µg 
protein for control or indicated concentrations of ruxolitinib 
treatment were incubated with anti‑Bak antibody at 4˚C over‑
night. A total of 50 µl Protein A/G agarose was added to each 
sample and incubated for another 4 h at 4˚C. Samples were 
washed three times and subjected to immunoblot analysis 
using anti‑Mcl‑1 antibody as aforementioned.

Animals and antitumor activity in vivo. In total, 14 Balb/c 
nude mice, male, 6  weeks old, weighing 20‑25  g, were 
obtained from Vital River Laboratories. All the animals were 
housed in an environment with temperature of 22±1˚C, rela‑
tive humidity of 50±1% and a light/dark cycle of 12/12 h and 
allowed access ad libitum to water and diet. All animal studies 
(including the mice euthanasia procedure) were approved and 
performed in compliance with the regulations and guidelines 
of Zhejiang University Institutional Animal Care Committee 
(Hangzhou, China; approval no.  ZJU20180108020) and 
conducted according to the Association for Assessment and 
Accreditation of Laboratory Animal Care International and 
the Institutional Animal Care and Use Committee guidelines.

Human CRC LS411N xenografts were established by 
subcutaneously injecting 1x107 cells into the right flank of the 
nude mice. When the tumors were palpable, the tumor‑bearing 
mice were randomized into two groups: Treatment group and 
control group with seven mice/group. The treatment group 
received ruxolitinib (150 mg/kg body weight) by oral gavage 
every 2 days for 14 days, while the control group received 
the same amount of saline. At the end of experiment, mice 
were anesthetized with an intraperitoneal injection of sodium 
pentobarbital (50  mg/kg body weight) and euthanized by 
cervical dislocation.

Tumor size was measured using a micrometer caliper. 
Tumor volume (mm³) was calculated using the following 
formula: Length (mm) x width (mm) x width (mm)/2. Tumor 
volume data are expressed as the mean ± SEM, while the rest of 
the data are presented as mean ± SD. In addition, body weight 
for each mouse was measured to evaluate the toxicity of the 
treatment. Moreover, blood was collected at end of time point. 
The blood samples were centrifuged at 500 x g for 5 min at 4˚C, 
and then the serum was collected. Serum creatine kinase and 
alanine aminotransferase levels were detected using ELISA 
kits (creatine kinase, Biovision, cat. no. E4607) and alanine 
aminotransferase (Biovision, cat. no. K752), according to the 
manufacturer's instructions.

Immunohistochemistry. In total, 44 pairs of human CRC biopsy 
and adjacent normal tissue specimens (5/20/2009‑08/05/2015) 
were collected from patients at Zhejiang Cancer Hospital 
(Hangzhou, China). This included 32 men and 12 women, with 
an age range of 27‑76 years and median age of 57.5 years. The 
normal tissue specimens were collected from the far end of 
the surgical tissues (≥5 cm from tumor tissues) All patients 
were provided written informed consent for the project, which 
was approved by the Medical Ethics Committee of Zhejiang 
Cancer Hospital (Hangzhou, China). The tissue chip was made 
and the hematoxylin and eosin was staining by Servicebio 
Company, Hangzhou (https://www.servicebio.cn).

For hematoxylin and eosin staining, the paraffinized 
sections were dewaxed using dimethylbenzene, 100% ethanol 
and 75% ethanol followed by tap water rinse. Sections 
were subsequently stained with hematoxylin solution for 
3‑5 min at room temperature followed by tap water rinse. 
The samples were treated with Hematoxylin Differentiation 
solution and Hematoxylin Scott Tap Bluing (cat. no. G1003; 
Wuhan Servicebio Technology Co., Ltd.), according to the 
manufacturer's protocol, and then rinsed with tap water, 85% 
ethanol and 95% ethanol. The sections were stained with 
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eosin dye for 5 min at room temperature. The sections were 
dehydrated with 100% ethanol (three times) and dimethyl‑
benzene (two times). The sections were cover slipped and 
sealed with neutral gum.

For immunohistochemistry analysis, tissues were deparaf‑
finized, rehydrated and incubated in 3% hydrogen peroxide 
in H2O. Heat‑induced antigen retrieval was carried out for 
all sections in 0.01 M citrate buffer, pH 6.0, using a steamer 
at 95˚C. All aforementioned primary antibodies were diluted 
with PBST to a concentration of 1:50 and were applied to the 
sections. Incubation lasted for 30 min at room temperature 
followed by incubation with a DakoEnVision + System‑HRP 
Labelled Polymer (Dako; Agilent Technologies) for 10 min 
at room temperature. Diaminobenzidine was then applied for 
10 min at room temperature. The sections were counterstained 
for 5 min with hematoxylin, dehydrated (including 3 min with 
75% ethanol, 3 min with 95% ethanol, 3 min with absolute 
ethanol, 3 min with dimethylbenzene, and another 3 min with 
dimethylbenzene at room temperature), cover slipped and 
visualized at room temperature. Slides were blindly scored 
by two independent gastrointestinal pathologists. Samples 
were evaluated for staining using the following scale: Scarce 
positive cells=0, low abundance of positive cells=1, moderate 
abundance of positive cells=2 and high abundance of positive 
cells=3+. The two sets of scores were combined for the highest 
possible score of 6.

Statistical analysis. Data are expressed as the mean ± SD 
or SEM from at least three independent experiments. 
Immunohistochemistry data were statistically analyzed using 
the Wilcoxon matched‑pairs test. All statistical analyses were 
performed using GraphPad Prism 5.0 (GraphPad Software, 
Inc.). Statistical significance was determined using an ANOVA 
followed by Tukey's post hoc test, and P<0.05 was considered 
to indicate a statistically significant difference.

Results

Ruxolitinib induces CRC cell apoptosis. The cytotoxicity of 
ruxolitinib on LS411N, CT‑26, SW620, DLD‑1, HCT116 and 
SW480 cells was examined using MTT assays. As shown 
in Fig. 1A and Table I, all cancer cell lines were sensitive to 
ruxolitinib with the IC50 ranging from 8 to 25 µM. To confirm 
the cytotoxicity of ruxolitinib on LS411N and SW620 cells, 
CCK‑8 assays and real‑time monitoring of cell viability using 
an xCELLigence system were performed (24). As presented in 
Fig. S1, ruxolitinib significantly inhibited LS411N and SW620 
cell proliferation in a dose‑dependent manner.

To elucidate the mechanism underlying ruxolitinib‑medi‑
ated suppression of CRC cell proliferation, two sensitive cell 
lines were selected, LS411N and SW620. Ruxolitinib induced 
discernible apoptosis in both cell lines in a dose‑dependent 
manner, with an increased percentage of Annexin V‑positive 
cells (Fig. 1C and D). The results of long‑term apoptotic assay 
are shown in Fig. S2. A time‑dependent manner was observed 
between 72 and 96 h treatments in both two cell lines. In 
addition, increased expression of cleaved caspase 3, 8, 9 and 
PARP (Fig. 1B) was observed in the LS411N and SW620 
cells 48 h after incubation with increasing concentration of 
ruxolitinib. To further confirm ruxolitinib‑induced apoptosis, 

LS411N and SW620 cells were cultured with pan‑caspase 
inhibitor Z‑VAD‑FMK. As expected, Z‑VAD‑FMK blocked 
ruxolitinib‑induced apoptosis (Fig. 1E‑H).

Furthermore, another biochemical marker of apoptosis 
pathways, cytochrome  c was investigated. The western 
blot analysis indicated that ruxolitinib treatment induced 
the release of cytochrome c in a dose‑dependent manner 
(Fig. 1I). JC‑1 staining together with flow cytometry analysis 
was used to determine the effect of ruxolitinib on mito‑
chondrial outer membrane permeabilization (MOMP). As 
shown in Fig. 1J and K, the disruption of MOMP induced by 
ruxolitinib was upregulated compared with the control. After 
treatment with 20 and 30 µM ruxolitinib, the percentage of 
cells with depolarized MOMP increased to 9.50±1.84, and 
11.85±0.21% in LS411N and SW620 cells, respectively. 
These data suggested that ruxolitinib inhibits human 
CRC cell proliferation through an apoptosis‑dependent 
mechanism.

Mcl‑1 is the molecular target of ruxolitinib. It was 
demonstrated that ruxolitinib partly suppressed CRC cell 
proliferation by inducing apoptosis through activating the 
intrinsic pathway. Bcl‑2 family proteins that are key mediators 
of the intrinsic apoptosis pathway were screened out (25,26). 
As shown in Fig. 2A, ruxolitinib selectively decreased the 
Mcl‑1 protein level in LS411N and SW620 cells in dose‑ and 
long time‑dependent manner, rather than short time‑dependent 
within 6 h, suggesting that Mcl‑1 was a molecular target of 
ruxolitinib.

To further explore whether the ruxolitinib‑mediated 
decrease of Mcl‑1 occurred at the transcriptional level, 
RT‑PCR was used to identify the effects of ruxolitinib on 
Mcl‑1 mRNA. The results showed that the Mcl‑1 mRNA level 
was markedly reduced in LS411N and SW620 cells compared 
with the control (Fig. 2B). To determine whether decreased 
Mcl‑1 mRNA was due to reduced Mcl‑1 mRNA stability, 
ruxolitinib was incubated with or without actinomycin D, a 
transcription inhibitor (27), in LS411N and SW620 cells. As 
shown in Fig. S3, there was no significant difference between 
Mcl‑1 mRNA level in the actinomycin D alone and combina‑
tion group. These results suggested that ruxolitinib‑mediated 
Mcl‑1 decrease was more likely to occur at the transcriptional 
level without affecting stability of Mcl‑1 mRNA.

Table  I. Cytotoxicity of ruxolitinib against human colorectal 
cancer cells.

Cell line	 IC50 (µM)

LS411N	 8.44±0.42
SW620	 13.42±0.47
SW480	 19.70±1.71
HCT116	 18.41±0.20
DLD1	 20.90±1.51
CT26	 21.50±0.80 

Data are presented as the mean ± standard deviation of three indepen‑
dent experiments.
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To confirm the effects on Mcl‑1 in ruxolitinib‑mediated 
apoptosis in CRC cells, Mcl‑1 was overexpressed in LS411N 
and SW620 cells through cell transfection (Fig.  2C). 
Overexpression of Mcl‑1 significantly decreased LS411N 
and SW620 sensitivity to ruxolitinib by inducing apoptosis 

(Fig. 2D and E). These investigations suggested that ruxoli‑
tinib targeted Mcl‑1 to trigger CRC cell apoptosis.

Involvement of pSTAT1 (S727) in the ruxolitinib‑mediated 
decrease of Mcl‑1. According to Timofeeva's report, 

Figure 1. Continued.
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serine‑phosphorylated STAT1 is a pro‑survival factor in 
Wilms' tumor pathogenesis  (28). To study the inhibitory 

effects of ruxolitinib on STAT1 activity in CRC, the endog‑
enous phosphorylation status of STAT1 in various CRC 

Figure 1. Ruxolitinib induces apoptosis in human colorectal cancer cells. (A) Cytotoxicity of ruxolitinib in LS411N, CT‑26, SW620, DLD‑1, HCT116 and 
SW480 cells was assessed using an MTT assay. (B) SW620 and LS411N cells were treated with indicated concentrations of ruxolitinib for 48 h and the 
apoptotic assay was performed. (C) Apoptotic cells were quantified and presented. *P<0.05 or **P<0.01 or ***P<0.001 vs. control. (D) Caspase activation by 
ruxolitinib treatment. Cancer cells were cultured in the presence ruxolitinib for 48 h, and then samples were analyzed using western blotting. (E) SW620 cells 
were cultured in the presence of ruxolitinib (30 µM) in the absence or presence of Z‑VAD‑FMK for 48 h and the apoptotic assay was performed. (F) Apoptotic 
cells were quantified and presented. **P<0.01 vs. ruxolitinib only. (G) LS411N cells were cultured in the in the absence or presence of ruxolitinib (20 µM) 
and Z‑VAD‑FMK for 48 h, and then the apoptotic assay was performed. (H) Apoptotic cells were quantified and presented. *P<0.05 vs. ruxolitinib only. 
(I) SW620 and LS411N cells were treated with ruxolitinib for 48 h. Cytosolic (s‑100) and mitochondria‑enriched fractions (pellets) were then prepared and 
analyzed using western blotting for Cyto C release. (J) Depolarization of mitochondrial membrane in ruxolitinib‑treated SW620 and LS411N cells. Right‑hand 
numbers correspond with the percentage of cell fraction with a depolarized mitochondrial membrane. (K) Depolarization of mitochondrial membrane in 
ruxolitinib‑treated SW620 and LS411N cells was quantified and presented. *P<0.05, **P<0.01 vs. control. Data are presented as the mean ± standard deviation 
(n=3). Z‑VAD, Z‑VAD‑FMK; Cyto C, cytochrome c.
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cell lines was examined using western blotting. As shown 
in Fig. 3A, ruxolitinib decreased JAK1, JAK2, STAT1 and 
pSTAT1 (S727) protein levels in a dose‑dependent manner 
in LS411N and SW620 cells. Furthermore, different Mcl‑1, 
STAT1 and pSTAT1 (S727) protein levels were found in the 
CRC cell lines (Fig. 3B); very low STAT1, pSTAT1 (S727) 
and high Mcl‑1 were observed in HCT116 and SW480 cells, 
high STAT1, pSTAT1 (S727) and low Mcl‑1 in DLD‑1 cells 
and high STAT1, pSTAT1 (S727) and Mcl‑1 were detected in 
LS411N and SW620 cells.

To validate the function of pSTAT1 (S727) in ruxoli‑
tinib‑induced apoptosis in CRC cells, STAT1 was knocked 
down in LS411N and SW620 cells using transfection. As 
expected, western blot analysis indicated that the trans‑
fection of LS411N and SW620 cells with siRNA‑STAT1 
notably decreased STAT1 and pSTAT1 (S727) protein 

levels in the tumor cells (Fig. 3C). These data suggested 
that the ruxolitinib decreased the transcriptional level of 
Mcl‑1. If ruxolitinib indeed induced apoptosis by decreasing 
transcriptional levels of Mcl‑1, knockdown of STAT1 and 
pSTAT1 (S727) would diminish ruxolitinib‑induced apop‑
tosis in the tumor cells. Knockdown of STAT1 significantly 
decreased LS411N and SW620 cell sensitivity to ruxolitinib 
by neither inducing Mcl‑1 protein levels or increasing 
apoptosis (Fig. 3C‑F). These observations suggested that 
ruxolitinib may decrease Mcl‑1 protein levels by inhibiting 
transcription factor pSTAT1 (S727), and, in turn, inducing 
CRC cell apoptosis.

Ruxolitinib disrupts the association of Bak with Mcl‑1 and 
induces Bak activation. Bak has an important role in the 
intrinsic pathway of apoptosis (29). Mcl‑1 can bind and thereby 

Figure 2. Molecular target of ruxolitinib is Mcl‑1 in human colorectal cancer cells. (A) SW620 and LS411N cells were treated with ruxolitinib (30 and 20 µM, 
respectively) for 48 h. Samples were then analyzed the Bcl‑2 family proteins level using western blotting. SW620 and LS411N cells were treated with ruxoli‑
tinib for the indicated times. The expression of Bcl‑2 family proteins were then analyzed using western blotting. (B) SW620 and LS411N cells were treated with 
ruxolitinib for 24 h and reverse transcription‑quantitative PCR analysis was used to determine the Mcl‑1 expression level. (C) SW620 and LS411N cells were 
transfected with a control vector or Mcl‑1‑expression vector. Then, cells were treated with the indicated concentration of ruxolitinib for 48 h. Overexpression 
efficiency was analyzed using western blotting. (D) Flow cytometric analysis of cells treated as in (C). (E) Apoptosis was quantified and presented in the 
histogram. *P<0.05 or **P<0.01 vs. respective control. p, phosphorylated; Mcl‑1, myeloid cell leukemia‑1.

https://www.spandidos-publications.com/10.3892/ol.2021.12613
https://www.spandidos-publications.com/10.3892/ol.2021.12613
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inactivate pro‑apoptotic Bak (30). Based on this connection 
between Mcl‑1 and Bak, it was hypothesized that the inhibi‑
tion of Mcl‑1 by ruxolitinib might release Bak, which, in turn, 
may induce apoptosis. To verify this hypothesis, the effect 
of ruxolitinib on Bak activation and combination of Bak 
with Mcl‑1 was examined. Western blot analysis revealed 
that ruxolitinib treatment increased total Bak protein levels 
(Fig. 4A). In addition, the Co‑IP analysis indicated that Mcl‑1 
bound Bak in LS411N and SW620 cells, and ruxolitinib 
treatment decreased this binding (Fig. 4B). Furthermore, an 
increase in Bak conformational change was also observed 
after ruxolitinib treatment (Fig. 4C).

To validate the aforementioned findings, STAT1 was 
knocked down in LS411N and SW620 cells, and Bak activation 
was analyzed using flow cytometry. Bak activation is related with 
a conformational change, which can be detected by antibodies 
only recognizing the active protein conformer (31). Knockdown 
of STAT1 blocked ruxolitinib‑induced Bak activation (Fig. 4D). 
In short, these data suggested that ruxolitinib decreased Mcl‑1 
to release Bak, whose activation could trigger apoptosis.

Oral administration of ruxolitinib significantly suppresses 
CRC tumor growth in vivo. To further determine the anticancer 
efficacy of ruxolitinib treatment in vivo, a xenograft model 

Figure 3. Serine‑phosphorylated STAT1 mediated apoptotic resistance in human colorectal cancer cells. (A) SW620 and LS411N cells were cultured in the 
presence of various concentrations of ruxolitinib for 48 h, and were then analyzed using western blotting. (B) Serine‑phosphorylated STAT1, STAT1 and Mcl‑1 
in the indicated cell lines analyzed using western blotting. (C) SW620 and LS411N cells were transfected with siRNA‑negative control or siRNA‑STAT1 
overnight. Cells were then treated with ruxolitinib for 48 h. Silencing efficiency was analyzed using western blotting. (D and E) Flow cytometric analysis of 
cells treated as in (C). (F) Apoptotic cells were quantified. *P<0.05 or **P<0.01 vs. respective control. Mcl‑1, myeloid cell leukemia‑1; p, phosphorylated; si, 
small interfering; NC, negative control.
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Figure 4. Ruxolitinib induced Bak activation in human colorectal cancer cells. (A) BAK was increased by ruxolitinib treatment. (B) Mcl‑1 and Bak associations 
were examined by reciprocal immunoprecipitation and western blotting. (C) SW620 and LS411N cells were treated with ruxolitinib for 48 h. After treatment, 
cells were stained with anti‑conformationally changed Bak antibody, and subjected to flow cytometry. (D) SW620 and LS411N cells were transfected with 
siRNA‑negative control or siRNA‑STAT1 overnight. Cells were then treated with ruxolitinib for 48 h. After treatment, the cells were then stained with 
anti‑conformationally changed Bak antibody, and subjected to flow cytometry. Mcl‑1, myeloid cell leukemia‑1; si, small interfering.

Figure 5. Ruxolitinib suppresses LS411N xenograft growth in vivo. (A) LS411N cells were injected to nude mice. Tumor‑bearing mice were then treated either 
with saline or ruxolitinib. (B) Tumor size was measured. (C) Tumor weight of two groups. (D) Mouse serum toxicity profiles of ruxolitinib. Measurements 
were performed 14 days after ruxolitinib injection. CK, creatine kinase; ALT, alanine aminotransferase. (E) Body weights of the mice. Data are presented by 
mean ± SD, n=7. *P<0.05 vs. respective control.

https://www.spandidos-publications.com/10.3892/ol.2021.12613
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Figure 6. Expression of pSTAT1 (S727) protein level in patients with CRC patients. (A) Hematoxylin and eosin‑stained sections of tumors and paired normal 
tissues from patients with CRC. (B) Immunohistochemistry for pSTAT1 (S727) in normal colon and primary tumor. Brown color indicates pSTAT1 (S727) 
protein levels, with counterstaining by hematoxylin in blue. (C) Representative images of positive pSTAT1 (S727)‑stained samples. (D) Representative images 
of low pSTAT1 (S727)‑stained samples. (E) Quantification of immunohistochemistry score of pSTAT1 (S727) in tumors and paired normal tissues from 
patients with CRC. p, phosphorylated; CRC, colorectal cancer; N, normal tissue; C, colorectal cancer.
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was constructed using LS411N cells. As shown in Fig. 5A‑C, 
significantly lower tumor volume and weight were observed in 
mice treated with ruxolitinib compared with the control group 
(both P<0.05).

Furthermore, serum creatine kinase and alanine amino‑
transferase levels were analyzed to determine ruxolitinib liver 
toxicity. The two enzymes were unchanged by ruxolitinib 
(Fig. 5D). Meanwhile, no significant differences in animal 
body weight were found between the treatment and control 
group (Fig.  5E), which further suggested that ruxolitinib 
was not toxic to mice. Taken together, these data showed 
that ruxolitinib could effectively suppress LS411N xenograft 
growth in vivo without inducing liver toxicity.

Expression of pSTAT1 (S727) protein level in patients with 
CRC. To determine the expression levels of pSTAT1 (S727) 
in human colon carcinoma, 44 pairs of human colon carci‑
noma and adjacent normal tissue specimens were examined 
using immunohistochemical staining. The results showed 
that hematoxylin and eosin staining (Servicebio Company, 
Hangzhou) (Fig. 6A) and pSTAT1 (S727) staining (Fig. 6B) 
images from tumor samples and paired normal tissues from 
patients with CRC. Furthermore, Fig. 6C and D shows the 
representative pSTAT1 (S727) high and low staining images 
of tumors and paired normal tissues. In total, 36.4% (16/44) 
of patients showed the positive expression of pSTAT1 (S727) 
in normal tissues; however, 81.8% (36/44) of patients showed 
positive pSTAT1 (S727) in paired tumor tissues. The staining 
scores indicated that the expression levels of pSTAT1 (S727) 
were significantly higher in tumor tissues compared with 
those in matched normal tissues (P<0.0001; Fig. 6E). STAT1 

phosphorylation on S727 in most CRC specimens illustrated 
that this modification might be involved in the pathogenesis 
of this tumor.

Discussion

JAK, a kind of tyrosine kinase, serves key roles in the differ‑
entiation, proliferation and cell death of both normal and 
cancer cells (32). JAKs are activated by growth factor recep‑
tors, cytokines, such as IL‑6 and IFN‑γ, and downstream 
signaling proteins, such as STATs (33). STAT1 is part of the 
JAK/STAT signaling cascade. STAT1 modulates various 
cellular processes, such as antimicrobial activities, cell prolif‑
eration and cell death (34). STAT1 is activated by different 
cytokines, including type I‑III interferons, interleukin (IL)‑21 
and IL‑27, and is transiently and tightly regulated  (35). 
Tyrosine 701 phosphorylation on STAT1 through JAKs leads 
to its activation and nuclear translocation. Meanwhile, serine 
727 phosphorylation is required for transcriptional activation 
in response to cellular stress (36). Yet, the role of STAT1 in 
carcinogenesis is still not well defined. Some studies have 
suggested that STAT1 may suppress tumorigenesis and/or 
metastasis in various types of cancer, including hepatocel‑
lular carcinoma, esophageal cancer, CRC, pancreatic cancer 
and metastatic melanoma (37‑41). In addition, other studies 
have suggested that STAT1 promotes tumor growth by 
inhibiting tumor immune surveillance and by promoting 
tumor resistance against chemotherapy and irradiation. For 
example, activation of STAT1 by the cancer‑up‑regulated 
gene 2 enhances metastasis and drug resistance in colon 
cancer cells  (42‑44). Taken together, these data suggest 

Figure 7. Proposed model for the relationship between JAK1/2‑STAT1‑Mcl‑1 signaling and ruxolitinib‑induced apoptosis. JAK, Janus kinase; p, phosphory‑
lated; Cyto C, cytochrome c; Mcl‑1, myeloid cell leukemia‑1.

https://www.spandidos-publications.com/10.3892/ol.2021.12613
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that JAK‑STAT activity is likely cancer type‑dependent, 
especially in CRC.

The present study examined the inhibitory effects of ruxoli‑
tinib on human CRC cells. It was demonstrated that ruxolitinib 
inhibited CRC cell viability through the induction of apop‑
tosis and by activating both intrinsic and extrinsic pathways. 
Furthermore, Mcl‑1 was identified as the downstream molec‑
ular target of ruxolitinib, which inhibited JAK1 and/or JAK2. 
It was also reported that Mcl‑1 is regulated by transcription 
factor pSTAT1 (S727). Ruxolitinib decreased Mcl‑1 mRNA 
without affecting mRNA stability, which in turn enabled Bak 
to trigger CRC apoptosis. In addition, the in vivo experiment 
suggested that ruxolitinib was effective in the suppression of 
CRC tumor growth without inducing liver toxicity. Moreover, 
an analysis of 44 matched pairs of normal human colorectal 
tissues and CRC tissues revealed that pSTAT1 (S727) expres‑
sion was significantly higher in the tumor tissues compared 
with in the adjacent normal colorectal tissues.

Mcl‑1 is a member of the antiapoptotic Bcl‑2 family 
of proteins that represses apoptosis through binding with 
pro‑apoptotic proteins, such as Bak, that inhibit its activa‑
tion and subsequently prevent cytochrome c release from 
mitochondria  (45). Mcl‑1 is a highly regulated protein 
with a short half‑life; it is induced by a broad range of 
survival signals, such as AKT and ERK signals, and is 
quickly downregulated during apoptosis  (14). Mcl‑1 can 
be regulated at both the transcriptional and translational 
levels. Transcriptionally, Mcl‑1 expression can be induced 
by various cytokines and signaling pathways, including 
PI3K/AKT and JAK/STAT pathways  (46,47). Previous 
studies have highlighted the importance of microRNAs in 
Mcl‑1 regulation at the translational level (48‑50). In addi‑
tion, Mcl‑1 is highly expressed in human cancer cell lines, 
including breast, colon, lung, ovarian, prostate and renal 
cancer, and melanoma (51). Aberrant expression of Mcl‑1 
is an important genomic change present in multiple cancer 
types, a number of which become dependent upon this 
protein for cell survival and resistance to chemotherapy. 
For example, our previous study revealed that Mcl‑1, which 
induces proteasome‑dependent degradation by impera‑
torin, is an important factor in the mechanism of liver 
cancer pathophysiology that can also cause resistance to 
doxorubicin‑based therapy (14). It is known that, transcrip‑
tionally, Mcl‑1 expression can be regulated by STAT‑3 (46). 
Downregulation of STAT‑3 induces a decrease in Mcl‑1 
transcription, indicating that STAT‑3 inhibition could 
play a significant role in the induction of apoptosis  (52). 
Timofeeva  et  al reported that serine‑phosphorylated 
STAT1 promotes cancer cell survival through downregula‑
tion of Mcl‑1 expression (28). Some reports have reported 
a correlation between STAT‑1 or STAT‑3 serine phos‑
phorylation with increased DNA‑binding ability; however, 
sufficient evidence for this observation has not been 
provided (36,53,54). In the present study, Mcl‑1 was down‑
regulated in SW620 and LS411N cells under ruxolitinib 
treatment when transcription factor serine‑phosphorylated 
STAT1 was decreased. Moreover, an overexpression 
of Mcl‑1 effectively reduced LS411N and SW620 cells 
sensitivity to ruxolitinib by inducing apoptosis. Notably, 
knockdown of STAT1 induced apoptosis in LS411N and 

SW620 cells and also significantly decreased the sensitivity 
of these cells to ruxolitinib‑induced apoptosis. Therefore, 
these observations suggested that serine‑phosphorylated 
STAT1 can maintain the expression of Mcl‑1 in LS411N 
and SW620 cells, thus enabling the survival of tumor cells 
under the same conditions.

In summary, the results suggested ruxolitinib that 
inhibited JAK1 and/or JAK2 and could decrease STAT1 
S727 phosphorylation. In addition, it was demonstrated 
that Mcl‑1 is regulated by the transcription factor pSTAT1 
(S727). Ruxolitinib decreased Mcl‑1 mRNA levels without 
affecting mRNA stability, which in turn enabled Bak to 
trigger caspase‑dependent apoptosis in human CRC cells 
(Fig. 7). The present study identified JAK1/2‑STAT1‑Mcl‑1 as 
important factors and potential molecular therapeutic targets 
in human CRC. However, based on the current results, the 
JAK1/2‑STAT1‑Mcl‑1 axis is insufficient to function as a 
biomarker for CRC prognosis. Prospective studies will aim to 
investigate the mechanisms of pSTAT1 (S727) in CRC and the 
interaction of relevant factors.
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