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Abstract
Recent studies show that ion channels/transporters 
play important roles in fundamental cellular functions. 
Several reports indicating the important roles of Cl- 
channels/transporters on cell proliferation suggest that 
the intracellular chloride concentration ([Cl-]i) regulated 
by them would be one of critical messengers. We in-
vestigated whether the [Cl-]i controls cell proliferation 
and cell cycle progression in human gastric cancer 
cells. Our studies indicated that furosemide, a blocker 
of Na+/K+/2Cl- cotransporter (NKCC), diminished cell 
growth by delaying the G1-S phase progression in gas-
tric cancer cells with high expression and activity of 
NKCC. Furthermore, we found that the culture in the 
low Cl- medium (replacement of Cl- by NO3

-) decreased 
the [Cl-]i and inhibited cell growth of gastric cancer cells 
and that this inhibition of cell growth was due to cell 
cycle arrest at the G0/G1 phase caused by diminution 

of CDK2 and phosphorylated Rb. The culture of cells 
in the low Cl- medium significantly increased expres-
sions of p21 mRNA and protein. In addition, the low Cl- 
medium induced phosphorylation of mitogen activated 
protein kinases (MAPKs). Treatment with an inhibitor 
of p38 or JNK significantly suppressed p21 upregula-
tion caused by culture in a low Cl- medium and rescued 
gastric cancer cells from the low Cl--induced G1 cell cy-
cle arrest. These findings revealed that the [Cl-]i affects 
the cell proliferation via  activation of MAPKs through 
upregulation of p21 in gastric cancer cells. Our results 
suggest that the [Cl-]i regulates important cellular func-
tions in gastric cancer cells, leading to the development 
of novel therapeutic strategies.

© 2011 Baishideng. All rights reserved.

Key words: Intracellular chloride; Cell proliferation; Cell 
cycle; Gastric cancer; Cl- channel; Cl- transporter
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INTRODUCTION
Over the past two decades, many researchers have re-
ported that ion channels and transporters play important 
roles in fundamental cellular functions. Particularly, their 
physiological roles in cell proliferation have been consid-
ered since cell volume changes, which require the par-
ticipation of  ion movement across the cell membrane, 
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are indispensable in cell cycle progression. Recently, the 
roles of  ion transporters have been studied in cancer 
cells[1-3] and various types of  ion transporters have been 
found in cancers of  digestive organs. Some types of  K+ 
channels, such as voltage-gated Kv1.3 channel, voltage-
gated HERG channel and KCNK9 channel, have been 
reported to be expressed at extremely higher levels in 
colonic carcinoma specimens than in normal colon tis-
sues[4-6]. In gastric cancer, the voltage-gated HERG chan-
nel has revealed cancer-limited expression and its blocker 
diminishes the G1 to S phase transition[7]. Furthermore, 
increased mRNA levels of  voltage-gated Cav1.2 Ca2+ 
channels and Ca2+-conducting channels (TRPM8) have 
been reported in colorectal adenocarcinoma[8,9]. 

Several reports indicate that Cl- channels/transport-
ers play an important role in gastrointestinal cancer cells. 
For instance, transcriptional downregulation of  Ca2+-
activated 2Cl- channels (CLCA1 and CLCA2) genes is 
detected in colorectal tumor samples[10]. Sarosi et al[11] 
have reported that the Cl-/HCO3

- exchanger influences 
the proliferation of  Barrett’s esophageal adenocarcinoma 
cells through changes of  intracellular pH. In addition, we 
previously found that mRNA and the functional expres-
sion levels of  Na+/K+/2Cl- cotransporter (NKCC) were 
higher in poorly-differentiated type gastric adenocarcino-
ma cells than in differentiated cells[12]. These reports indi-
cate that the transepithelial Cl- transport plays an impor-
tant role in cell proliferation of  gastrointestinal cancer 
cells. From this viewpoint, we investigated whether the 
intracellular chloride concentration ([Cl-]i) regulates cell 
proliferation and cell cycle progression in human gastric 
cancer cells.

INTRACELLULAR CHLORIDE AND SIGNAL 
TRANSDUCTION
Our study[13] indicates that the intracellular chloride could 
act as a signal to regulate mRNA expression of  ion chan-
nel in renal epithelial A6 cells, suggesting that many physi-
ological functions are associated with the change of  the 
[Cl-]i. Similarly, Heimlich et al[14] have shown that an altera-
tion of  the [Cl-]i plays an important role in the activation 
of  signaling molecules upstream of  the mitochondria, 
specifically impairing the intrinsic apoptotic pathway. 
In a mouse macula densa cell line, low chloride stimu-
lates prostaglandin E2 release and COX-2 expression 
through activation of  mitogen activated protein kinases 
(MAPKs)[15]. These reports suggest that the changes in the 
[Cl-]i might act as a regulator of  various types of  intracel-
lular enzymes. We previously showed that furosemide, a 
blocker of  NKCC, diminished cell growth by delaying the 
G1-S phase progression in gastric cancer cells with high 
expression and activity of  NKCC[12] (Figure 1). NKCC is 
one of  the important transporters controlling the [Cl-]i via 
uptake of  Cl- into the intracellular space and, therefore, 
furosemide decreases the [Cl-]i

[16] (Figure 1). Based on 
these findings, we hypothesized that the [Cl-]i would be 
one of  critical messengers regulating cell proliferation and 

investigated whether the [Cl-]i regulates cell cycle progres-
sion in human gastric cancer cells.

CELL CYCLE PROGRESSION AND [Cl-]i IN 
GASTRIC CANCER CELLS
We directed our interest to the roles of  the [Cl-]i in 
cell proliferation and cell cycle progression of  gastric 
cancer cells. We applied media containing various chlo-
ride concentrations to human gastric cancer MKN28 
cells and measured the [Cl-]i at 48 h after the applica-
tion. The [Cl-]i of  gastric cancer cells incubated in the 
normal medium was around 30 mmol/L. When cells 
were incubated in the low Cl- medium (replacement 
of  Cl- by NO3

-) for 48 h, the [Cl-]i decreased to around  
0 mmol/L. Furthermore, the [Cl-]i of  cells cultured in 
the media containing various chloride concentrations was 
proportionally dependent on the chloride concentration 
of  the cultured medium[17,18]. These findings indicated that 
our experimental system using the low Cl- medium can be 
used as a model of  the [Cl-]i regulation (Figure 2). The pro-
liferation rate in MKN28 cells was significantly diminished 
by the culture in the low Cl- medium compared with that 
in a normal one. In addition, analysis of  cell proliferation 
of  MKN28 cells cultured in the media containing various 
chloride concentrations indicated that the rate of  cell pro-
liferation depends on the extracellular chloride concentra-
tion[18]. These results revealed that the [Cl-]i plays a key role 
in proliferation of  gastric cancer cells. Cell cycle analysis 
revealed that the population of  MKN28 cells staying in 
the G0/G1 phase was significantly increased and that cells 
staying in the S or G2/M phase were reduced by the cul-
ture in the low Cl- medium, suggesting that the decrease 
of  the [Cl-]i shows an inhibitory effect on the proliferation 
of  gastric cancer cells by mainly diminishing the transition 
from the G1 phase to the S phase[18] (Figure 3). 

120WJGO|www.wjgnet.com August 15, 2011|Volume 3|Issue 8|

Cl- channel

Furosemide

Cl-
Cl-

NKCC

Cl- Cl-

[Cl-]i↓

G1

G2

M

S

G1/S
check
poinnt

Figure 1  Na+/K+/2Cl- cotransporter controls the intracellular chloride 
concentration via uptake of Cl- into the intracellular space. Furosemide, 
a blocker of Na+/K+/2Cl- cotransporter, delays the G1-S phase progression by 
decreasing the intracellular chloride concentration ([Cl-]i) in gastric cancer cells.



[Cl-]i CONTROLS THE G1/S CELL CYCLE 
CHECK POINT BY REGULATING THE 
EXPRESSION OF p21 IN GASTRIC 
CANCER CELLS
We analyzed the expression of  cell cycle-associated pro-
teins involved in G1-S phase transition to determine the 
mechanisms by which the decrease of  the [Cl-]i inhibited 
the proliferation of  MKN28 cells. The culture in the low 
Cl- medium significantly decreased phosphorylation of  
Rb. The expression of  CDK2 protein, which is located 
at upstream of  Rb in a signal pathway, was significantly 
downregulated by the culture in the low Cl- medium. 
Furthermore, the low Cl- medium elevated expression 
of  p21[18]. These results suggest that the [Cl-]i of  gastric 
cancer cells acts on the transition from the G1 phase to 

the S phase by regulating the expression of  p21 and its 
downstream proteins in signal pathways (Figure 3). We 
found similar effects of  the [Cl-]i on cell cycle associated 
proteins in human prostatic cancer cells and mouse 
osteoblast cells[16,19].

[Cl-]i REGULATES p21 THROUGH THE 
ACTIVATION OF MAPKs IN GASTRIC 
CANCER CELLS
Generally, the induction of  p21 is known to be depen-
dent on tumor suppressor protein, p53, leading us to an 
idea that the upregulation of  p21 induced by the decrease 
of  the [Cl-]i is due to activation of  p53. However, the to-
tal expression and phosphorylation of  p53 protein were 
not affected by application of  the low Cl- medium[18], 
indicating that the upregulation of  p21 induced by the 
decrease of  the [Cl-]i was not dependent on activation of  
p53.

Therefore, we determined that MAPKs are involved 
in the p21 upregulation and cell cycle arrest induced by 
reduction of  the [Cl-]i. Culture of  MKN28 cells in the 
low Cl- medium significantly induced phosphorylation 

121WJGO|www.wjgnet.com August 15, 2011|Volume 3|Issue 8|

Cl-
Cl-

Low Cl- medium

Cl-
Cl-

Cl- Cl-

Normal medium

Cl-

Cl-
Cl-

Cl-
Cl-

Cl-

Cl-

Cl-

Cl-Cl-
Cl-Cl-Cl-

Cl-Cl-
Cl-

Cl-

Cl-

Cl-

Cl-Cl-

Low Cl- medium

[Cl-]i↓

Figure 2  Experimental method for regulation of the intracellular chloride 
concentration of cultured cells. The intracellular chloride concentration ([Cl-]i) 
of gastric cancer cells is decreased by the culture in the low Cl- medium, which 
were prepared by substituting, respectively, NaCl and KCl with NaNO3 and 
KNO3.

[Cl-]i↓

P P

p21Waf1/Cip1

Cyclin E

E2F

E2F
P P P P

S phase progressionG0/G1 phase

Rb
Rb

CDK2

p38 JNK

Figure 3  Roles of the intracellular chloride concentration in cell cycle 
progression of gastric cancer cells. The intracellular chloride concentration 
([Cl-]i) affects the cell proliferation via activation of p38 and/or JNK cascades 
through upregulation of the p21. The decrease of the [Cl-]i causes the G0/G1 
phase arrest by diminishing expression of CDK2 and phosphorylated Rb due to 
an increase in expression of p21.

Shiozaki A et al . Intracellular chloride and cell proliferation



of  MAPKs (ERK, p38, and JNK)[20]. Treatment with an 
inhibitor of  p38 or JNK significantly suppressed p21 
upregulation caused by culture in the low Cl- medium and 
rescued MKN28 cells from the low Cl--induced G1 cell 
cycle arrest, whereas treatment with an ERK inhibitor 
had no significant effect on p21 expression or the growth 
of  MKN28 cells in the low Cl- medium[20]. These results 
suggest that the [Cl-]i affects the cell proliferation via ac-
tivation of  p38 and/or JNK cascades through upregula-
tion of  the p21 in gastric cancer cells (Figure 3).

CONCLUSION
We showed that: (1) chloride has significant effects on 
cell cycle progress in human gastric cancer cells; (2) the 
decrease of  the [Cl-]i causes the G0/G1 phase arrest by di-
minishing expression of  CDK2 and phosphorylated Rb 
due to an increase in expression of  p21; (3) the [Cl-]i has 
significant effects on the activity of  MAPKs cascades; 
and (4) the activation of  p38 and JNK by a low Cl- con-
dition leads to growth inhibition via an increase of  p21 
expression. Our results suggest that the [Cl-]i regulates 
intracellular signaling cascades participating in the control 
of  proliferation in gastric cancer cells. A deeper under-
standing of  these mechanisms may lead to the discovery 
of  the [Cl-]i as an important mediator in tumor develop-
ment and as a novel therapeutic target for gastric cancer.
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Abstract
Colorectal cancer is a common cancer and the fourth 
leading cause of death in Korea. The incidence and 
mortality of colorectal cancer varies according to risk 
factors, such as age, family history, genetic history, 
food habits, and physical activities. Some studies have 
focused on the association between vitamin D and 
colorectal cancer. Today, there is growing evidence that 
high vitamin D intake and a plasma level of 25(OH)D3 

reduce the incidence of colorectal cancer by modifying 
cancer angiogenesis, cell apoptosis, differentiation, and 
proliferation. Taken together, these results suggest that 
vitamin D supplementation alone, or in combination 
with anti-cancer agents, might reduce the incidence of 
colorectal cancer. In this review, we discuss the func-
tion and mechanism of vitamin D including the effect of 
vitamin D on colorectal cancer.

© 2011 Baishideng. All rights reserved.
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INTRODUCTION
Cancer of  the colon or rectum is called colorectal cancer. 
It is a common cancer and the fourth leading cause of  
cancer-related death in the world. Colorectal cancer is 
also the third most common cancer in men and the sec-
ond in women worldwide. It counted for an estimated, 
1.2 million new cases and 0.6 million deaths in 2008[1]. In 
addition, colorectal cancer is the second leading cause of  
cancer death in the United States. Colorectal cancer in-
cidence rates are rapidly increasing in several historically 
low risk areas including Spain, and a number of  countries 
within Eastern Asia and Eastern Europe[2]. The risk fac-
tors for colorectal cancer are age, family history, and life-
style, such as food habits and physical activities. 

Vitamin D is associated with bone growth. Vitamin 
D insufficiency causes abnormal bone growth, while suf-
ficiency prevents rickets and osteomalacia, as well as os-
teoporosis. Vitamin D enhances the immune system[3]. In 
addition, vitamin D is known to prevent cancer[4] and car-
diovascular diseases[5]. Vitamin D and its analogues have 
the ability to prevent cancer in vitro and in animal models. 
However, the anti-cancer effect of  dietary vitamin D 
remains controversial. Recently, a study reported that 
vitamin D is not effective in preventing cancer and car-
diovascular diseases[6]. Of  vitamin D forms, 1,25(OH)2D3 

(calciferol) induces biological effects by binding to the 
vitamin D receptor (VDR). The activation of  VDR leads 
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to the maintenance of  calcium and phosphorus levels 
in the blood as well as of  bone content. VDR is also in-
volved in cell proliferation and differentiation. 

For more than 20 years, epidemiological, experimen-
tal and clinical studies have shown that vitamin D has 
significant protective effect against the development of  
cancer[4]. The mechanism of  vitamin D works through 
several molecular pathways, such as growth-factor signal-
ing, and transforming growth factor-β-SMAD signal-
ing. The anti-cancer activities of  vitamin D exerted by 
1,25(OH)2D3 are produced by regulating the cell cycle, 
apoptosis, and adhesion, as well as by cellular differentia-
tion and proliferation. Interestingly, vitamin D reduces 
the incidence of  colorectal cancer, when vitamin D in-
take, the plasma level of  25(OH)D3 and UV exposure is 
particularly high. In addition, the combination of  vitamin 
D with other anti-cancer agents efficiently controls the 
development of  colorectal cancer growth[7]. 

Here, the function and mechanism of  vitamin D is 
briefly introduced, and the beneficial effect of  vitamin D 
on colorectal cancer is discussed.

CLASSIFICATION AND MOLECULAR 
GENETICS OF COLORECTAL CANCER
The molecular pathogenesis of  colorectal cancer has 
been one of  the most prominent study areas in recent 
years. Colorectal cancer exhibits two major forms: spo-
radic colorectal cancer and inherited colorectal cancer. 

First, sporadic cancer occurs in people who have no 
family history or very little of  the disease. Although can-
cer sometimes has a hereditary or familial component, it 
is not common. Approximately 70%-75% of  colorectal 
cancer is sporadic cancer. Second, inherited colorectal 
cancer comprises familial and hereditary cancer. Familial 
and hereditary cancer cancer occurs in families who have 
a faulty gene inherited from the father or mother. Gener-
ally, 5% of  colorectal cancer is familial cancer. Familial 
adenomatous polyposis and hereditary nonpolyposis 
colorectal cancer are the two forms of  inherited colorec-
tal cancer[8].

Ten to thirty percent of  cases are attributed to famil-
ial risk and the rest to sporadic cancer. The majority of  
cancers are considered to be sporadic cancer. As stated 
above, most colorectal cancers are sporadic cancer, and 
only 5%-10% are inherited cancers. 

FUNCTIONS OF VITAMIN D
Vitamin D exerts its various functions through molecular 
pathways. Vitamin D pathways are highly complex. The 
factors, affecting the vitamin D pathway, are P21, P27, 
CDKs, P53, BRCA-1.-2, ß-catenin and c-myc. Depend-
ing on which factor, vitamin D is involved in cell adhe-
sion, apoptosis, differentiation and division[9]. Primarily, 
vitamin D plays an important role in muscle and bone 
health. Vitamin D deficiency results in impaired bone 
mineralization and leads to bone softening diseases in-

cluding rickets and osteomalacia[10]. Further, vitamin D 
deficiency is involved in high bone turnover[11]. Vitamin 
D deficiency can also play a role in the pathogenesis of  
auto-immune diseases such as multiple sclerosis, diabetes 
type 1, cancer[12] and cardiovascular disease[13]. Conversely, 
vitamin D deficiency increases parathyroid hormone lev-
els leading to mobilization of  calcium from bone, thereby 
compromising bone development in the adolescent[14]. In 
contrast, vitamin D supplementation enhances bone den-
sity[15]. Next, vitamin D exerts an anti-cancer activity[16]. 
These activities of  vitamin D functions are regulated by 
circulating vitamin D forms, the increasing concentration 
of  25(OH)D3 and increasing activity of  1,25(OH)2D3. Vi-
tamin D induces cellular proliferation, differentiation, and 
apoptosis of  cancer and normal cells through the regula-
tory mechanism[17-19]. These studies show that low intake 
levels of  vitamin D increase the risk of  colorectal cancer. 
Some studies show vitamin D exerts growth-restraining, 
anti-carcinogenic effects on colorectal cancer[20,21]. In ad-
dition, vitamin D affects growth factors, regulation of  
cell division, cytokine synthesis, signaling, cell cycle con-
trol, and apoptosis pathway[5,22]. In a study in vitro, a simi-
lar result was reported. When LOVO cells were treated 
for 8 d with various concentrations of  1,25(OH)2D3, cell 
proliferation was inhibited significantly[23].

Table 1 summarizes the anti-cancer effects of  vitamin 
D in vivo in mice and rats.

MECHANISM OF VITAMIN D IN 
COLORECTAL CANCER 
Vitamin D and its metabolites reduce the incidence of  
various cancers by inhibiting cancer angiogenesis, stimu-
lating normal cells[33-37] and also by promoting the inhibi-
tion of  proliferation. Vitamin D metabolites also help to 
maintain a standard calcium gradient in the various colon-
ic epithelial cells. High levels of  blood serum 25(OH)D3 
are associated with a noticeable decrease in proliferation 
of  non-cancerous cells[38,39]. The anti-proliferative effect 
of  vitamin D is attained by inducing G1 cell-cycle arrest, 
which is probably mediated by up-regulation of  cell cycle 
inhibitors. Vitamin D modulates the activation of  these 
cell cycle related genes by various mechanisms. Vitamin 
D also exerts anti-carcinogenic effects by interfering with 
the synthesis of  growth factors and cytokines and by 
modulating their signaling pathways. In addition to the 
growth inhibitory effects, vitamin D induces the differ-
entiation of  colon cancer cells. The 1,25(OH)2D3 and its 
analogs exert anti-carcinogenic activities in human colon 
cancer cells by inhibition of  proliferation and induction 
of  differentiation and apoptosis[22]. The 1,25(OH)2D3 sig-
nificantly increases the expression and activity of  alkaline 
phosphatase, a marker of  colonic differentiation. VDR 
activation by 1,25(OH)2D3 produces changes in stick 
junction integrity, increases differentiation and reduces 
oncogenic cell signaling. Induction of  these genes affects 
cell oncogenesis, and tissue development. Thus, treat-
ment with 1,25(OH)2D3 supresses oncogenic genes in 
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colon cancer cells. Finally, VDR genotypes are associated 
with anti-cancer activity in colorectal cancer. There are 
several VDR genotypes. For example, the most important 
VDR genotype is Bsm I, which has 3 variants: BB, Bb, 
and bb in America. The bb genotype is associated with 
lower concentrations of  circulating 1,25(OH)2D3, leading 
to an increased incidence of  colorectal cancer[40,41]. Taken 
together, these observations demonstrate that vitamin D 
exerts anti-cancer activity in colon cancer.

Figure 1 describes the mechanisms of  vitamin D in 
various tissues. In the figure, the dotted arrow shows a 
newly discovered function of  vitamin D.

SUMMARY AND CONCLUSIONS
Previous research has shown the efficacy of  taking 
vitamin D for reducing cancer risk[42]. There is strong 
evidence that vitamin D can change and inhibit the devel-

opment of  colon cancers[22]
. These protective effects are 

likely due to the regulatory effects of  1,25-dihydroxyvi-
tamin D3 (calciferol) on cellular mechanisms involved in 
cancer development, including apoptosis, cell adhesion, 
cell cycle control, regulation of  cellular differentiation 
and proliferation. A clinical study group will set up guide-
lines for vitamin D intake and develop models to define 
levels of  serum 25(OH)D3 that prevent the growth of  
cancer. Elevation of  vitamin D levels may protect against 
diverse cancers. Many studies show that vitamin D assists 
in prevention and therapy of  cancer[9]. The new guide-
lines will lead to more effective physical condition poli-
cies, resulting in substantially fewer cases of  cancer of  
the colon in the future[5].
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informed consent prior to their inclusion in the study. Details that 
might disclose the identity of  the subjects under study should be 
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of  the World Medical Association (Declaration of  Helsinki, 1964, 
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Statement of human and animal rights
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Research Council Guidelines for Good Clinical Practice in Clinical 
Trials) and/or the World Medical Association Declaration of  Hel-
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tional standard. If  doubt exists whether the research was conducted 
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rationale for their approach and demonstrate that the institutional 
review body explicitly approved the doubtful aspects of  the study. 
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understanding and appropriate informed consent of  each. Any per-
sonal item or information will not be published without explicit con-
sents from the involved patients. If  experimental animals were used, 
the materials and methods (experimental procedures) section must 
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pain or discomfort, and details of  animal care should be provided.

SUBMISSION OF MANUSCRIPTS
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ends. Neither the editors nor the publisher are responsible for the 
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