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Abstract: Myeloid cell leukemia-1 (Mcl-1) is a highly expressed anti-apoptotic Bcl-2 protein in cancer. Therefore, 
inhibition of its expression induces apoptosis in cancer cells and enhances sensitivity to cancer treatment. The 
aims of this study were to evaluate whether Mcl-1 affects the oncogenic behaviors of colorectal cancer cells, and 
to document the relationship of its expression with various clinicopathological parameters in colorectal cancer. 
Mcl-1 knockdown induced apoptosis by activating cleaved caspase-3 and -9, and increasing the expression of the 
pro-apoptotic protein, PUMA. Mcl-1 knockdown induced cell cycle arrest by decreasing cyclin D1, CDK4 and 6, and 
by increasing p27 expression. Mcl-1 knockdown decreased both endothelial cell invasion and tube formation, and 
decreased the expression of VEGF. The phosphorylation level of STAT3 was decreased by Mcl-1 knockdown. The 
mean apoptotic index value of Mcl-1 positive tumors was significantly lower than that of Mcl-1 negative tumors. The 
mean microvessel density value of Mcl-1 positive tumors was significantly higher than that of negative tumors. Mcl-1 
expression was significantly increased in colorectal cancer, also associated with tumor stage, lymph node metas-
tasis, and poor survival. These results indicate Mcl-1 is associated with tumor progression through its inhibition of 
apoptosis and enhancement of angiogenesis in colorectal cancer.
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Introduction 

Colorectal cancer is a common cause of can-
cer-related morbidity and mortality worldwide 
[1]. Despite recent advances in diagnosis and 
treatment, invasion and metastasis remain the 
major contributors of cancer-related morbidity 
and mortality in colorectal cancer [1]. Therefore, 
it is of great importance to understand the 
molecular and biological mechanisms of 
colorectal cancer progression, such as invasion 
and metastasis, to develop more effective can-
cer surveillance and therapy strategies.

Cancer progression is a very complex process, 
including tumor cell transformation, growth, 
invasion, angiogenesis, dissemination and sur-
vival in circulation, and subsequent adhesion 
and colonization in the distant organ or tissue. 
Among these events, aberrant cell apoptosis, 

proliferation, and angiogenesis play crucial 
roles in the growth and dissemination of 
tumors, and promote cancer progression [2-4].

The B cell leukemia/lymphoma (Bcl)-2 family 
proteins are the main regulators of the apop-
totic process implicated in the intrinsic mito-
chondrial pathway and are divided into anti-
apoptotic and pro-apoptotic members based 
on their structural and functional properties. 
The anti-apoptotic Bcl-2 proteins include Bcl-2, 
Bcl-xL, Bcl-w, myeloid cell leukemia-1 (Mcl-1) 
and A1, whereas pro-apoptotic Bcl-2 proteins 
include Bax and Bak with multiple Bcl-2 homol-
ogy (BH) domains, and Bad, Bid, Bim, Bik, 
NOXA, and PUMA with only BH3 domains. The 
balance between the levels of anti-apoptotic 
and pro-apoptotic proteins determines the sur-
vival or death of the cells [5]. Any mechanism 
breaking down this balance in normal apoptosis 
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pathways may contribute to a number of patho-
logic diseases. Increased expression of anti-
apoptotic Bcl-2 proteins occurs in significant 
subsets of human cancers [6-8]. 

Mcl-1 is an anti-apoptotic Bcl-2 protein with a 
very short half-life and is highly expressed in a 
variety of human cancers. Increased expres-
sion of Mcl-1 has been shown to contribute to 
carcinogenesis and result in the inhibition of 
apoptosis and cell cycle progression, promo-
tion of cancer cell replication, invasion, metas-
tasis and chemoresistance [9-15]. Furthermore, 
the increased expression of Mcl-1 was found to 
be an indicator of cancer progression and poor 
outcomes in several human cancers [16-19].

The aims of current study were to investigate 
the possible roles of Mcl-1 in human colorectal 
cancer cell apoptosis, proliferation, and angio-
genesis, and to examine its correlation with 
clinicopathological features including progno- 
sis.

Materials and methods

Patients and tissue samples 

This study was approved by the Institutional 
Review Board of Chonnam National University 
Hwasun Hospital (Jeonnam, Korea). Fresh 
colorectal cancer tissues, paired normal tis-
sues, and metastatic or nonmetastatic lymph 
node tissues from same patients were obtained 
in colonoscopic biopsy specimens and surgical 
specimens. The colorectal cancer tissues were 
obtained from 155 consecutive patients who 
underwent surgery for colorectal cancer at 
Chonnam National University Hwasun Hospital 
between January 2004 and December 2004. 
None of the patients had received chemothera-
py or irradiation before surgery. The tumors 
were staged at the time of surgery using the 
American Joint Committee on Cancer’s stan-
dard criteria for TNM staging [20]. Survival was 
measured from the time of surgery until the 
final follow-up by December 31, 2011. 

Cell culture and siRNA transfection

Human colorectal cancer cell lines, Caco2 and 
DLD1 were obtained from the American Type 
Culture Collection Line, Inc. and maintained in 
DMEM (Hyclone, Loan, UT, USA) supplemented 
with 10% fetal bovine serum (Hyclone). For the 
tube formation assay, human umbilical vein 

endothelial cells (HUVECs, LONZA, Walkersville, 
MD, USA) were maintained in EGM®-2 MV 
SingleQuots® (LONZA, Walkersville, MD, USA). 
The Mcl-1 and scramble small interfering RNA 
(siRNA) duplexes used in this study were pur-
chased from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA) and Qiagen (MD, USA), respec-
tively. Mcl-1 siRNA and scramble siRNA were 
transfected with lipofectamineTM RNAiMAX 
(Invitrogen, Carlsbad, CA, USA), according to 
the manufacturer’s recommendations.

Reverse transcription-polymerase chain reac-
tion (RT-PCR)

Total RNA was extracted using the Trizol reagent 
(Invitrogen). RT-PCR was performed using MM- 
LV transcription reagents (Invitrogen), accord-
ing to the manufacturer’s recommendations. 
PCR amplification of cDNA was performed 
using gene-specific primers and Go Taq® DNA 
polymerase (Promega, Madison, WI, USA). The 
following specific primers were used; Mcl-1 
5’-TCCTCTTGCCACTTGCTTTT-3’/ 5’-TGCTGGAGT- 
AGGAGCTGGTT-3’; GAPDH 5’-ACCACAGTCCAT- 
GCCATCAC-3’/5’-TCCACCACCCTGTTGCTGTA-3’. 
Reaction products were analyzed on 1.2% aga-
rose gels, and the bands were visualized by 
ethidium bromide.

Western blotting

Isolated proteins were resolved by sodium 
dodecyl sulfate-polyacrylamide gel and trans-
ferred to PVDF membrane (Millipore, Billerica, 
MA, USA). The specific proteins were blotted 
with a primary antibody. The following antibod-
ies were used: antibodies against Mcl-1, vascu-
lar endothelial growth factor (VEGF), hypoxia-
inducible factor-1α (HIF-1α) and GAPDH were 
purchased from Santa Cruz Biotechnology (CA, 
USA). Antibodies against cleaved caspases (3, 
7, 9), Bcl-xL, Bax, Bak, PUMA, cyclin D1, cyclin-
dependent kinase 4 (CDK4), CDK6, p27, phos-
pho-signal transducers and activators of tran-
scription-3 (phospho-STAT3), phospho-AKT, 
phospho-glycogen synthase kinase-3β (pho- 
spho-GSK3β), and mitogen-activated protein 
kinase (MAPK) sampler kit were purchased 
from Cell Signaling (Danvers, MA, USA). The tar-
get proteins were developed using the en- 
hanced chemiluminescent substrate (Millipore) 
and the luminescent image analyzer LAS-4000 
(Fujifilm, Tokyo, Japan). 
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Proliferation assay

Cell proliferation was measured with the 
EZ-CyTox (tetrazolium salts, WST-1) cell viability 
assay kit (Daeil Lab Inc., Seoul, Korea). The 
transfected cells were plated to a 96-well plate 
and treated with WST-1 reagent at 37°C. The 
absorbance intensity was measured using a 
microplate reader (Infinite M200, Tecan, Austria 
GmbH, Austria) with Magellan V6 data analysis 
software (Tecan). 

Flow cytometric analysis 

For apoptosis detection, the transfected cell 
suspensions were incubated in APC Annexin V 
and 7-amino-actinomycin D (7-AAD) (BD 
Biosciences, San Jose, CA, USA). For cell cycle 
analysis, cells were incubated in 10 μg/ml ribo-
nuclease A (Sigma-Aldrich, St. Louis, MO, USA) 
and 50 μg/ml propidium iodide (PI). The BD Cell 
Quest® version 3.3 (Becton Dickinson, San 
José, CA, USA) and WinMDI version 2.9 (The 
Scripps Research Institute, San Diego, CA, USA) 
were used to analyze the population of 
Annexin-V positive cells and cell cycle.

Matrigel invasion assay

A Matrigel invasion assay was performed using 
a Matrigel (1 mg/ml, BD Bioscience) coated 
Transwell chamber (8 μm-pore, Costar, 
Cambridge, MA). The HUVECs were inoculated 
at a density of 1 × 105 cells in the upper Matrigel 
chamber. The lower chambers were filled with 
conditioned media (CM) from gene-transfected 
cells. After incubation for 16 h, the non-invaded 
cells on the upper membrane surface were 
removed with a cotton swab and the invaded 
cells on the bottom surface of the transwell 
were stained with Diff-Quik soln (Sysmex, Kobe, 
Japan). The numbers of invaded cells were 
counted in five random fields per sample. Data 
are expressed as mean ± standard deviation 
(SD) of the number of cells/field from 3 inde-
pendent experiments. 

Matrigel in vitro endothelial tube formation 
assay

Matrigel Basement Membrane Matrix (BD 
Bioscience) was used to coat culture plates 
according to the manufacturer’s instructions. 
About 50 μl of thawed Matrigel in 4°C was 
applied to each well of 96-multiwell plates and 
polymerized at 37°C for 1 h. Trypsinized 

HUVECs (3 × 104 cells/well) were seeded on the 
Matrigel substratum and incubated with cell-
free CM from gene-transfected cells for 18 h in 
a CO2 incubator. After incubation, tube-like 
structures were photographed using an invert-
ed microscope. The tube length and area quan-
tification were determined using the WIMtube 
image analysis platform (WIMASIS GmbH, 
Munich, Germany) from the ibidi website (www.
ibidi.com).

Immunohistochemistry

Paraffin tissue sections from patients were 
deparaffinized, rehydrated, and retrieved with 
retrieval buffer. To block the endogenous per-
oxidase activity, tissues were treated with a 
purchased peroxidase-blocking solution (Dako, 
Carpinteria, CA, USA) and were incubated with 
anti-human Mcl-1, Ki-67 (Dakopatts, Glostrup, 
Denmark), and CD34 (Novocstra Lab., 
Newcastle, UK) antibodies in a primary diluent 
solution (Invitrogen) overnight at 4°C. After 
washing in TBST, tissues were stained using 
the Dako RealTM Envision HRP/DAB detection 
system (Dako) and counterstained with hema-
toxylin. Stained tissues were scored and photo-
graphed using a light microscope.

Evaluation of Mcl-1 expression

Immunohistochemically-stained specimens 
were evaluated by two dependent observers 
without knowledge of the clinicopathological 
data. The degree of intensity of staining cancer 
cells were graded on a scale of four grades: 0, 
no staining of cancer cells; 1, weak staining; 2, 
moderate staining; and 3, strong staining. The 
percentage of stained cancer cells was also 
graded on a scale with four grades: 0, none; 1, 
< 25%; 2, 25-50%; 3, 51-75%; and 4, > 75%. 
The intensity rating was multiplied by the per-
cent stain rating to obtain an overall score. The 
mean overall score for 155 tumors analyzed, 
was 6.0. Therefore, the mean overall score of 
6.0 was chosen as the cut-off point to classify 
the status of Mcl-1 expression. The specimens 
with a score of more than 6 were regarded as 
positive for Mcl-1 expression, and those with a 
score ≤ 6 as a negative expression.

Assessment of tumor cell proliferation and 
apoptosis in tissue

Tumor proliferative cells were visualized by 
immunohistochemical staining using an anti-
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Ki-67 antibody (Dakopatts). A distinct nuclear 
immunoreactivity for Ki-67 was considered 
positive. The Ki-67 labeling index (KI) was pre-
sented as the number of Ki-67-positive nuclei 
per 1000 tumor cell nuclei. The determination 
of KI has been used to estimate the prolifera-
tive ability of tumor cells. To detect and quantify 
apoptosis, the DeadEndTM Colorimetric terminal 
deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL) System (Promega) was used, 
according to the instructions of the manufac-
turer. The number of positive staining cells with 
an apoptotic morphology were counted in five 
random fields per sample. The apoptotic index 
(AI) results were expressed as the number of 
positive nuclei, including apoptotic bodies, 
among 1000 tumor cell nuclei.  

Determination of microvessel density 

A detection procedure for microvessels was 
performed using a human anti-CD34 antibody 
(Novocstra Lab.). Microvessel quantification 

was performed according to an international 
consensus [21]. Any single brown-stained cell 
or cluster of endothelial cells that was clearly 
separate from adjacent microvessels, tumor 
cells, and other connective tissue elements 
was considered a vessel. The stained sections 
were screened at 4x magnification to identify 
the areas of the highest vascular density within 
the tumor. Vessels were counted in the 5 areas 
of highest vascular density at 200x magnifica-
tion. Microvessel density (MVD) was expressed 
as the mean number of vessels in these areas.

Statistical analysis

In intergroup comparisons, student’s t test was 
used to determine statistical significance and 
data were presented as the mean ± SD. To 
compare Mcl-1 expression with various clinico-
pathological parameters, statistical analyses 
were performed using the χ2-test and Fisher 
exact test. The Kaplan-Meier method was used 
to survival analysis of patients with positive or 

Figure 1. Knockdown of Mcl-1 induces apoptosis in human colorectal cancer cells. A. The proportion of early apop-
totic cells induced by transfection of MS was greater than that induced by transfection of SS (16.7 vs. 11.0 and 
20.3 vs. 12.2%, respectively) in Caco2 and DLD1 cells. B. Expression of cleaved caspase-3, -7 and -9 proteins. An 
increase in caspase-3 and -9 expressions was detected in Caco2 and DLD1 cells after Mcl-1 knockdown. C. Ex-
pression of apoptosis regulatory proteins. Mcl-1 knockdown led to an increase in the pro-apoptotic protein, PUMA. 
However, levels of the anti-apoptotic protein, Bcl-xL and pro-apoptotic proteins, Bax and Bak were not altered in 
response to the Mcl-1 knockdown. One representative experiment of the three independent experiments is shown. 
SS; scramble siRNA, MS; Mcl-1 siRNA.
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negative Mcl-1 expression, and statistical sig-
nificance was further tested by the log-rank 
test. The statistical analysis was performed 
with the Statistical Package for the Social 
Sciences (SPSS/PC + 15.0, Chicago, IL). 
P-values of less than 0.05 were considered to 
indicate statistical significance.

Results

Knockdown of Mcl-1 induces apoptosis in hu-
man colorectal cancer cells

To evaluate the impact of Mcl-1 knockdown on 
oncogenic behaviors of human colorectal can-
cer cells, all experiments were performed using 
siRNA-transfected cells. Mcl-1 gene expression 
in all tested cells showed a specific reduction in 
both the mRNA and protein levels by transfec-
tion of Mcl-1 siRNA (data not shown). To evalu-
ate the impact of Mcl-1 on apoptosis, we per-
formed flow cytometric analyses. The proportion 
of early apoptotic cells induced by transfection 
of Mcl-1 siRNA was greater than that induced 

by transfection of the scramble siRNA in Caco2 
and DLD1 cells (16.7 vs. 10.9 and 20.3 vs. 
12.2%, respectively) (Figure 1A). We further 
investigated caspase-specific activities to 
determine the activation of caspases, key 
enzymes in apoptosis, during the Mcl-1 knock-
down. The cleaved caspase-3 and -9 expres-
sions were up-regulated in the Caco2 and DLD1 
cells after Mcl-1 knockdown (Figure 1B). We 
further examined whether Mcl-1 knockdown-
induced apoptosis is associated with the mod-
ulation of apoptosis regulatory proteins. As 
shown in Figure 1C, Mcl-1 knockdown led to an 
increase in the pro-apoptotic protein, PUMA. 
However, levels of the anti-apoptotic protein, 
Bcl-xL and pro-apoptotic proteins, Bax and Bak 
were not altered in response to Mcl-1 knock- 
down.

Knockdown of Mcl-1 induces cell cycle arrest 
in human colorectal cancer cells

To detect whether Mcl-1 could change cell cycle 
distribution, we performed flow cytometric ana- 

Figure 2. Knockdown of Mcl-1 induces cell cycle arrest in human 
colorectal cancer cells. A. Cell cycle analysis demonstrated that 
Mcl-1 knockdown induced cell cycle arrest of the G2/M phase in 
Caco2 and DLD1 cells. B. Expression of cyclins, CDK, and CDKI 
proteins. The cyclin D1 and CDK6 protein levels were significantly 
decreased, and the p27 protein level was significantly increased 
by Mcl-1 knockdown in Caco2 and DLD1 cells. The CDK4 protein 
level was significantly decreased by Mcl-1 knockdown in Caco2 
cells. SS; scramble siRNA, MS; Mcl-1 siRNA, CDK; cyclin-depen-
dent kinase, CDKI; cyclin-dependent kinase inhibitor.
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lyses. Mcl-1 knockdown induced cell cycle 
arrest at the G2/M phase in Caco2 and DLD1 
cells (Figure 2A). Next, we evaluated the effects 
of Mcl-1 on positive regulators including cyclins 
and CDKs, and negative regulators, including 
CDK inhibitors (CDKIs), involved in cell cycle 
progression in human colorectal cancer cells. 
As shown in Figure 2B, the cyclin D1 and CDK6 
protein levels were significantly decreased, and 
the CDKI, p27 protein level was significantly 
increased by Mcl-1 knockdown in the Caco2 
and DLD1 cells. The CDK4 protein level was sig-
nificantly decreased by Mcl-1 knockdown in 
Caco2 cells. 

The impact of Mcl-1 knockdown on prolifera-
tion of human colorectal cancer cells 

To determine the potential Mcl-1 effects on cell 
proliferation, a cell proliferation assay was per-
formed 1, 2, and 3 days after a transfection 
with Mcl-1 siRNA. However, in all tested cells, 
there was no significant difference of cell prolif-
eration between Mcl-1 siRNA-transfected cells 
and the scramble siRNA-transfected cells at 1, 
2, and 3 days (Figure 3).

The impact of Mcl-1 knockdown on angiogen-
esis of human colorectal cancer cells

Solid tumors recruit new blood vessels for 
growth, maintenance and metastasis. Endo- 
thelial cell tube formation and invasiveness are 
critical in angiogenesis. To evaluate the effects 
of Mcl-1 to induce angiogenesis in HUVECs, we 
performed matrigel invasion and tube forma-

tion assays using the conditioned media (CM) 
from Mcl-1 and scramble siRNA-transfected 
Caco2 and DLD1 cells. The invasion of HUVECs 
was significantly decreased in the CM of Mcl-1 
siRNA-transfected Caco2 and DLD1 cells, com-
pared to the scramble siRNA-transfected cells 
(p = 0.042 and < 0.001, respectively) (Figure 
4A). The results of HUVECs tube formation 
showed that CM from Mcl-1 siRNA-transfected 
Caco2 and DLD1 cells inhibited the formation 
of endothelial tubes, compared to CM from the 
scramble siRNA-transfected cells (p = 0.045 
and 0.020, respectively) (Figure 4B). Mcl-1 
knockdown led to a decrease of the angiogenic 
inducer, VEGF, in all tested cells. But the anoth-
er angiogenic inducer, HIF-α, was not altered in 
response to Mcl-1 knockdown in all tested cells 
(Figure 4C). 

The impact of Mcl-1 knockdown on intracel-
lular signaling pathways involved in transcrip-
tional regulation of Mcl-1 expression in human 
colorectal cancer cells

To observe the contribution of specific intracel-
lular signaling pathways involved in the regula-
tion of Mcl-1 expression in human colorectal 
cancer cells, we determined the phosphoryla-
tion level of STAT3, AKT, GSK3β, and MAPK cas-
cades signaling proteins using western blotting. 
The phosphorylation level of STAT3 was de- 
creased by Mcl-1 knockdown Caco2 and DLD1 
cells. But the phosphorylation levels of AKT, 
GSK3β, p38, and ERK1/2 showed no change 
when tested by the Mcl-1 knockdown (Figure 
5).

Figure 3. The impact of Mcl-1 knockdown on proliferation of human colorectal cancer cells. In all tested cells, there 
was no significant difference of cell proliferation between Mcl-1 siRNA-transfected cells and the scramble siRNA-
transfected cells at 1, 2, or 3 days. SS; scramble siRNA, MS; Mcl-1 siRNA.
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Expression of Mcl-1 is increased in human 
colorectal cancer and metastatic lymph node 
tissues compared to normal colorectal mucosa 
and non-metastatic lymph node tissues

To confirm the results of the colorectal cancer 
cell line study, we evaluated the expression of 
Mcl-1 at the mRNA and protein levels by RT-PCR 
and immunohistochemistry in human colorec-
tal cancer tissues, and compared the results 
with normal mucosa, and metastatic or non-
metastatic lymph node tissue of same patient 
taken by colonoscopic biopsy and surgical 
specimens. We confirmed the up-regulation of 
Mcl-1 expression in cancer tissues compared 
to paired normal mucosa at mRNA level (p = 
0.011) (Figure 6A). In the colorectal cancer tis-
sues, the immunostaining of the Mcl-1 protein 
was predominantly identified in the cytoplasm 
of cancer cells and not detectable in the tumor 
stroma. Immunostaining of Mcl-1 protein 
showed weak to no staining in the normal 
colorectal mucosa. The immunostaining of 
Mcl-1 in metastatic lymph node tissues was 
significantly stronger than that in the non-meta-
static lymph node tissues (Figure 6B). The over-

Figure 4. The impact of Mcl-1 knockdown on angiogenesis of human colorectal cancer cells. A. The Invasion of HU-
VECs was significantly decreased in the conditioned medium (CM) from Mcl-1 siRNA-transfected Caco2 and DLD1 
cells compared to the scramble siRNA-transfected cells. B. CM from Mcl-1 siRNA-transfected Caco2 and DLD1 cells 
inhibited the tube formation of HUVECs compared to CM from the scramble siRNA-transfected cells. C. Mcl-1 knock-
down led to a decrease of the angiogenic inducer, VEGF, in Caco2 and DLD1 cells. However, the another angiogenic 
inducer, HIF-1α was not altered in response to Mcl-1 knockdown in all tested cells. SS; scramble siRNA, MS; Mcl-1 
siRNA, VEGF; vascular endothelial growth factor, HIF-1α; Hypoxia inducible factor-1α; *p < 0.05 versus control.

Figure 5. The impact of Mcl-1 knockdown on intra-
cellular signaling pathways involved in regulation of 
Mcl-1 expression in human colorectal cancer cells. 
The phosphorylation level of STAT3 was decreased 
by Mcl-1 knockdown in Caco2 and DLD1 cells. But 
the phosphorylation levels of AKT, GSK3β, p38, and 
ERK1/2 showed no change with the Mcl-1 knock-
down. SS; scramble siRNA, MS; Mcl-1 siRNA.
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all score for immunostaining of Mcl-1 in meta-
static lymph node tissues was significantly 
higher than that in the non-metastatic lymph 
node tissues (p = 0.015) (Figure 6C).

Expression of Mcl-1 is associated with poorer 
prognosis in human colorectal cancer 

To study the prognostic role of Mcl-1 in human 
colorectal cancer progression, we investigated 
the expression of the Mcl-1 protein immunohis-
tochemically in formalin-fixed, paraffin-embed-
ded tissue blocks obtained from 155 colorectal 
cancer patients with clinicopathological data. 
We analyzed survival rates and the correlation 
between Mcl-1 immunostaining and clinico-

pathological parameters. Mcl-1 immunostain-
ing was significantly associated with tumor 
stage and lymph node metastasis (p < 0.001 
and p < 0.001, respectively) (Table 1). Moreover, 
the overall survival rate for patients with posi-
tive Mcl-1 immunostaining was significantly 
lower than that for patients without (p = 0.029) 
(Figure 7). 

Correlation between the expression of Mcl-1 
and tumor cell apoptosis, proliferation or an-
giogenesis in human colorectal cancers

The standard morphologic criteria for identify-
ing apoptotic cells using the TUNEL assay are 
the beaded or shrunken chromatin and an 

Figure 6. Expression of Mcl-1 is increased in human colorectal cancer and metastatic lymph node tissues compared 
to normal gastric mucosa and non-metastatic lymph node tissues. A. Expression of Mcl-1 is up-regulated in cancer 
tissues compared to paired normal mucosa at the mRNA level in fresh colonoscopic biopsy specimens. Each bar 
represents the mean ± SE of 20 cases. *p < 0.05 vs. normal colorectal mucosa. B. In the colorectal cancer tissues, 
the immunostaining of Mcl-1 protein was predominantly observed in the cytoplasm of cancer cells and not detect-
able in the tumor stroma. The Mcl-1 protein showed no or weak immunostaining in the normal colorectal mucosa. 
The immunostaining of Mcl-1 in metastatic lymph node tissues was significantly stronger than that in non-metastat-
ic lymph node tissues (200x). C. The overall score for immunostaining of Mcl-1 in metastatic lymph node tissues was 
significantly higher than that in non-metastatic lymph node tissues (*p < 0.05). T; Colorectal cancer tissue, N; Paired 
normal colorectal mucosa, NL; Non-metastatic lymph node tissue, ML; Metastatic lymph node tissue.
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apoptotic body with a clear halo (Figure 8A). 
The AI for the 155 tumors ranged from 1.7 to 
30.0 with a mean AI of 8.7 ± 5.7. The mean AI 
value of Mcl-1 positive tumors was 6.4 ± 2.8 
and was significantly lower than the AI of Mcl-1 

iors in human colorectal cancer cells. Our study 
showed that Mcl-1 knockdown induces apopto-
sis and cell cycle arrest, while suppressing 
angiogenesis in human colorectal cancer cells. 
These results indicate that Mcl-1 expression is 

Table 1. Correlation between Mcl-1 expression and the clinico-
pathological parameters of human colorectal cancer

Mcl-1 expression

Parameters Total  
(n = 155)

Negative 
(n = 84)

Positive 
(n = 71) p-value

Age (years) 0.242
    < 66.3 69 41 28
    ≥ 66.3 86 43 43
Sex 0.292
    Male 90 52 38
    Female 65 32 33
Tumor size (cm) 0.245
    < 5.1 95 55 40
    ≥ 5.1 60 29 31
Stage < 0.001
    I 19 15 4
    II 57 40 17
    III 69 26 43
    IV 10 3 7
Perineuronal invasion 0.537
    Negative 115 64 51
    Positive 40 20 20
Lymphovascular invasion 0.187
    Negative 96 56 40
    Positive 59 28 31
Histologic type 0.280
    WD 90 45 45
    MD 47 25 22
    PD 6 5 1
    Mucinous 11 8 3
    Signet 1 1 0
Depth of invasion (T) 0.087
    T1 7 5 2
    T2 20 11 9
    T3 120 67 53
    T4 8 1 7
Lymph node metastasis (N) < 0.001
    N0 78 55 23
    N1-3 77 29 48
Distant metastasis (M) 0.112
    M0 145 81 64
    M1 10 3 7
WD: well differentiated; MD: moderately differentiated; PD: poorly differenti-
ated.

negative tumors (p = 0.020) 
(Table 2). Ki-67 immunoreactivity 
was predominantly found in the 
nuclei of cancer cells (Figure 8B). 
The KI for the 155 tumors ranged 
from 21.9 to 85.4 with a mean KI 
of 52.4 ± 14.1. There was no sig-± 14.1. There was no sig- 14.1. There was no sig-
nificant difference between Mcl-1 
expression and KI (p = 0.215) 
(Table 2). Any single brown-
stained cell or cluster of endothe-
lial cells that was clearly separate 
from adjacent microvessels, tu- 
mor cells, and other connective 
tissue elements was considered 
a vessel (Figure 8C). The MVD for 
155 tumors ranged from 50.0 to 
295.0 with a mean MVD of 127.5 
± 50.5. The mean MVD value of 
Mcl-1 positive tumors was 141.2 
± 55.2 and was significantly high-
er than the MVD of Mcl-1 negative 
tumors (p = 0.044) (Table 2).

Discussion

Cancer results from the accumu-
lation of alterations in genes that 
participate in the regulation of 
many normal cell processes, in- 
cluding proliferation, adhesion, 
migration, invasion, apoptosis, 
cell cycle progression and angio-
genesis [2-4]. 

Bcl-2 family proteins are the key 
activators of mitochondrial apop-
totic processes and include anti-
apoptotic and pro-apoptotic me- 
mbers [5-8]. Mcl-1 is an anti-
apoptotic member of the Bcl-2 
family proteins and is highly 
amplified in a variety of human 
cancers, suggesting that its func-
tion may contribute to malignant 
cell growth and evasion of apop-
tosis [9-15].

We first investigated whether 
gene silencing of Mcl-1 using 
siRNA affects tumor cell behav-
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associated with the invasive and oncogenic 
phenotypes of human colorectal cancer cells.

In the apoptotic process, the expression of 
cleaved caspase-3 and -9 was up-regulated in 
human colorectal cancer cells after Mcl-1 
knockdown. Mcl-1 knockdown also led to an 
increase in the pro-apoptotic protein, PUMA. 
However, levels of the anti-apoptotic protein, 
Bcl-xL and pro-apoptotic proteins, Bax and Bak 
were not altered in response to Mcl-1 knock-
down. Previously, it was determined that PUMA 
inhibits the anti-apoptotic proteins of Bcl-2 
family including Bcl-2, Bcl-xL, Bcl-w, Mcl-1, and 
A1, and directly triggers apoptosis mediated by 
pro-apoptotic proteins Bax and Bak [9-15, 22]. 
Therefore, apoptosis induced by the Mcl-1 
knockdown may be achieved either by inhibit-
ing Mcl-1 expression or by enhancing expres-
sion of its endogenous inhibitor, PUMA in 
human colorectal cancer cells. Indeed, the pro-
apoptotic BH3-only proteins, including PUMA, 
compete against the pro-apoptotic proteins 
Bak and Bax to bind to Mcl-1 [9-15, 22].

Cell proliferation involves successive cycles of 
DNA replication and the cell cycle. Orderly pro-
gression of the cell cycle is governed by a family 
of cyclins and CDKs, which are restrictively 
counterbalanced by CDKIs. Disturbances in cell 
cycle regulation are of major importance in car-
cinogenesis [23]. Our study showed that Mcl-1 
knockdown induced cell cycle arrest at the 
G2/M phase by decreasing cyclin and CDKs, 

and by increasing CDKI, p27 expression. 
Deregulation of cyclin, CDKs, and CDKIs is com-
monly observed and associated with neoplas-
tic formation in many types of human cancers, 
including colon cancer [24-26]. Also, Mcl-1 has 
been shown to regulate cell proliferation 
through its interactions with CDK1 and prolifer-
ating cell nuclear antigen [27-29]. These results 
suggest that Mcl-1 has a potential role in the 
determination of cell fate by regulating the cell 
cycle as well as inhibiting apoptosis in human 
colon cancer.

Angiogenesis has been shown to be a critical 
aspect of tumor growth and metastasis. The 
induction of angiogenesis by a tumor is con-
trolled process, influenced by angiogenic and 
angiostatic factors involving a complex interac-
tion between the tumor and endothelial cells 
[30]. Our study showed that the Mcl-1 knock-
down decreased both endothelial cell invasion 
and tube formation of HUVECs, key events in 
angiogenesis and neovascularization. Also, 
Mcl-1 knockdown led to a decrease of the 
angiogenic inducer, VEGF, in human colorectal 
cancer cells. Previously, VEGF has been shown 
to up-regulate Mcl-1 expression and protect 
cells against the apoptosis in multiple myeloma 
and prostate cancer [31, 32]. These results 
showed that Mcl-1 may play an important role 
in tumor angiogenesis in concert with VEGF in 
human colorectal cancer.

PI3K/AKT, MAPK, GSK-3β, and STAT signaling 
pathways play a pivotal role in the tumorigene-
sis, enhanced cell proliferation, angiogenesis, 
and inhibition of apoptosis in various human 
cancers [33-36]. Mcl-1 is tightly regulated at 
the levels of transcription, translation, and 
posttranslational modification for its mainte-
nance [9-15]. In our study, the phosphorylation 
level of STAT3 was decreased by Mcl-1 knock-
down in colorectal cancer cells. But the phos-
phorylation levels of PI3K/AKT, GSK3β, and 
MAPK showed no change by Mcl-1 knockdown. 
Previously, it was found that STAT3 is often con-
stitutively activated in human cancer cells and 
tissues where it promotes the development of 
human cancer by regulating tumor cell apopto-
sis, proliferation, and angiogenesis [37-39]. 
These results suggest that Mcl-1 may be asso-
ciated with activation of STAT3 important for 
tumor cell survival and angiogenesis in human 
colorectal cancer. 

Figure 7. Kaplan-Meier survival curve correlating 
overall survival with positive expression (solid line) 
and negative expression (dotted line) of Mcl-1. The 
overall survival for patients with positive Mcl-1 im-
munostaining was significantly lower than that for 
patients without (p = 0.029).
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Next, we evaluated the expression of Mcl-1 in 
colorectal cancer tissues and paired normal 
colorectal mucosa of same patients, and docu-
mented the expression of Mcl-1 in a well-
defined series of human colorectal cancers, 
including long-term and complete follow-up, 
with special reference to patient prognosis. In 
our study, Mcl-1 expression was increased in 
human colorectal cancer and metastatic lymph 
node tissues, compared to normal colorectal 
mucosa and non-metastatic lymph node tis-
sues. Also, Mcl-1 expression was significantly 
associated with tumor stage, lymph node 
metastasis, and poor survival. Previously, one 
report showed that Mcl-1 expression was cor-
related with tumor grade and stage, despite an 
overall decrease of Mcl-1 expression during 
cancer progression in human colorectal cancer 
[19]. These results suggest that Mcl-1 expres-
sion promotes cancer progression and helps in 
predicting poor clinical outcomes of human 
colorectal cancer. 

Finally, we evaluated the correlation between 
Mcl-1 expression and tumor cell apoptosis, pro-
liferation, and angiogenesis in human colorec-

MVD value of Mcl-1 positive tumors was signifi-
cantly higher than that of Mcl-1 negative 
tumors. These results thus confirm the in vitro 
inhibition of apoptosis and enhancement of 
angiogenesis inducing potential of Mcl-1 to in 
vivo.

Taken together, Mcl-1 is associated with tumor 
progression via the inhibition of apoptosis and 
enhancement of angiogenesis in human colo- 
rectal cancer. 
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Figure 8. Assessment of tumor cell apoptosis, proliferation or angiogenesis in human colorectal cancers. A. Detec-
tion of apoptotic cells by TUNEL staining. Standard morphologic criteria for apoptotic cells using TUNEL assay are the 
presence of beaded or shrunken chromatin and apoptotic body with a clear halo (arrowhead). B. Immunostaining of 
Ki-67. Ki-67 immunoreactivity was predominantly found in the nuclei of cancer cells. C. Immunostaining of CD34. 
Any single brown-stained cell or cluster of endothelial cells that were clearly separate from adjacent microvessels, 
tumor cells, and other connective tissue elements were considered vessels. TUNEL, terminal deoxynucleotidyl trans-
ferase (TdT)-mediated deoxyuridine triphosphate (dUTP) nick end labeling.

Table 2. Correlation between Mcl-1 expression and tumor cell apopto-
sis, proliferation, or angiogenesis in human colorectal cancers

Mcl-1 expression
p-value

Parameters Total  
(n = 155)

Negative 
(n = 84)

Positive 
(n = 71)

AI (Mean ± SD) 8.7 ± 5.7 11.8 ± 7.1 6.4 ± 2.8 0.020
KI (Mean ± SD) 52.4 ± 14.1 51.8 ± 11.3 52.8 ± 16.2 0.215
MVD (Mean ± SD) 127.5 ± 50.5 111.0 ± 39.3 141.2 ± 55.2 0.044
AI: Apoptotic index; KI: Ki-67 labeing index; MVD: Microvessel density; SD: Standard 
deviation.

tal cancer tissues to con-
firm the results of human 
colorectal cancer cell line 
studies. In our study, the 
mean AI value of Mcl-1 
positive tumors was sig-
nificantly lower than that 
of Mcl-1 negative tumors. 
However, there was no 
significant difference bet- 
ween Mcl-1 expression 
and KI. And the mean 
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