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Abstract

One of the sulfo-lipids, 1-mono-O-acyl-3-O-(a-D-sulfoquinovosyl)-glyceride (SQMG), potently and selectively inhibited the activity of

mammalian DNA polymerases. SQMG was also a potent apoptosis inducer and the SQMG effect occurred through the induction of G1

arrest with a reduction in the proportion of cells in the S phase. SQMG clearly increased the levels of p53 and p21 proteins, but did not

induce the expression of p27 and p16 proteins. SQMG markedly reduced the pRb protein level and inhibited pRb phosphorylation after

48 hr. These results suggested that SQMG activates the G1 checkpoint as a result of the DNA polymerase inhibition, and then promotes a

p53-dependent apoptotic response. Since aphidicolin, a well-known replicative DNA polymerase inhibitor, did not promote these protein

expressions, the apoptosis-inducing pathway by SQMG differs from that by aphidicolin.

# 2003 Elsevier Inc. All rights reserved.
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1. Introduction

We previously reported that some sulfo-glycolipids were

potent inhibitors of DNA polymerase a (pol a) and b (pol

b), and sulfoquinovosyl diacylglycerol (SQDG) was one of

the strongest [1–3]. However, since SQDG was unable to

penetrate into cells, the cell viability and cell cycle did not

change compared with the control cells [4]. The class of

sulfoquinovosyl monoacylglycerol (SQMG), which is

enzymatically synthesized in animals [5], was also a potent

inhibitor of pol a and b to the same extent as SQDG [4,6,7].

SQMG could penetrate into the cells and decreased the cell

viability in a dose-dependent manner [4].

In this paper, we investigated the action of SQMG on

cells in more detail. In the eukaryotic cells, DNA replica-

tion is performed by the concerted action of a number of

DNA polymerases with accessory proteins. Pol a is the

only enzyme capable of initiation of DNA synthesis de

novo by first synthesizing a RNA primer and then extend-

ing it by polymerization to produce a short DNA extension.

Then, the DNA, after being initiated and having entered

into the S phase, is elongated by pol d and pol e. Therefore,

the replicative DNA polymerases are highly conserved in

eukaryotes, and the inhibition of replicative DNA poly-

merases could induce the cell cycle arrest at the G1 and S

phases, and subsequently, apoptosis. SQMG may disrupt

the cell cycle regulation. The action of SQMG was studied

from this viewpoint.
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In this paper, we examined the involvement of SQMG in

cell cycle regulation and apoptosis. We demonstrated that

SQMG induces G1 arrest and apoptosis mediated by a p53-

dependent pathway and dephosphorylation of pRb and

suggested that the cell cycle is tightly regulated by the

mutual relationships of numerous proteins including pRb.

2. Materials and methods

2.1. Materials

Nucleotides and chemically synthesized DNA template-

primers such as [3H]-20-deoxythymidine 50-triphosphate

(dTTP, 37 MBq/ml), poly(dA) and oligo(dT)12–18 were

purchased from Amersham Biosciences Inc. p53

antibody was purchased from Sigma. Antibodies of p21,

p27, p16, and pRb were purchased from NeoMarkers.

SQMG (1-mono-O-acyl-3-O-(a-D-sulfoquinovosyl)-gly-

ceride with one stearic acid molecule) was synthesized

according to the procedure described previously [6,7], and

the synthesized lot was completely pure. The chemical

structure of SQMG is shown in Fig. 1. SQMG is a

sulfonic analog of D-glucose bound to a glycero-bearing

C18-saturated fatty acid (stearic acid). All other reagents

were of analytical grade and were purchased from Wako

Chemical Co. Ltd.

2.2. DNA polymerase assays

Pol a was purified from calf thymus by immuno-affinity

column chromatography as described previously [8]. DNA

polymerase b was purified from a recombinant plasmid

expressing rat pol b [9]. Pol d was purified from calf thymus

[10], and pol e was purified from HeLa cells as described

previously [11]. The activities of the DNA polymerases were

measured by the methods described previously [12,13]. For

the DNA polymerases, poly(dA)/oligo(dT)12–18 (A/T ¼
2/1) and dTTP were used as the DNA template-primer

and nucleotide substrate, respectively. SQMG was dissolved

in dimethyl sulfoxide at various concentrations and soni-

cated for 30 s. Four microliters of the sonicated samples

were mixed with 16 mL of each enzyme (final 0.05 units) in

50 mM Tris–HCl (pH 7.5) containing 1 mM dithiothreitol,

50% glycerol and 0.1 mM EDTA, and kept at 08 for 10 min.

These inhibitor–enzyme mixtures (8 mL) were added to

16 mL of each of the enzyme standard reaction mixtures,

and incubation was carried out at 378 for 60 min. One

unit of each DNA polymerase activity was defined as the

amount of enzyme that catalyzed the incorporation of

1 nmol deoxyribonucleotide triphosphates into synthetic

DNA template-primers at 378 for 60 min [12,13].

2.3. Cell culture and cell viability assay

Two human gastric cancer cell lines, NUGC-3, which

has the p53 gene, and KATO-III, which is a p53-null cell

line, were obtained from Health Science Research Bank.

The cells were cultured in RPMI 1640 medium supple-

mented with 10% fetal bovine serum, penicillin (100 units/

mL), and streptomycin (100 mg/mL) at 378 in a humid

atmosphere of 5% CO2/95% air. For the cell viability assay,

cells were plated at 5 � 103 cells into each well of a 96-

well microplate, and then SQMG or aphidicolin which was

dissolved in dimethyl sulfoxide at various concentrations

and sonicated for 30 s was added. The cell viability was

determined at 48 hr by MTT assay [14]. The LD50 value of

SQMG or aphidicolin was calculated from the dose–

response curve of each compound for every lot.

2.4. DNA fragmentation

DNA fragmentation was determined by electrophoresis

in 1.5% agarose gels. The cells (6 � 105 cells in a 60 mm

dish) were lysed with 10 mM Tris–HCl (pH 7.4) containing

10 mM EDTA, 0.5% Triton X-100 and RNase A (0.2 mg/

mL) and incubated at 378 for 1 hr followed by digestion

with proteinase K (0.5 mg/mL) at 508 for 30 min. After the

addition of 0.5 vol. 10 M ammonium acetate, the DNA was

precipitated with 2.5 vol. ethanol, dissolved in gel loading

buffer (40 mM Tris–5 mM sodium acetate–1 mM EDTA,

pH 7.8) and separated by electrophoresis in a 1.5% agarose

gel. The gel was stained with ethidium bromide, and then

the DNA bands were visualized under UV light.
Fig. 1. Chemical structure of synthesized SQMG (1-mono-O-acyl-3-O-

(a-D-sulfoquinovosyl)-glyceride with a stearic acid).
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2.5. Measurement of caspase-3 activity

The enzymatic activity of caspase-3 was measured by

fluorometoric assay. The NUGC-3 cells (6 � 105 cells in a

60 mm dish) were lysed with RIPA buffer (50 mM Tris–

HCl (pH 7.2), 150 mM NaCl, 5 mM EDTA, 1% Nonidet

P-40, 0.05% SDS, 1 mM phenylmethylsulfonyl fluoride

(PMSF), and 1 mM leupeptin) and the lysate was centri-

fuged at 12,000 g for 15 min. The supernatant was added

to the assay buffer (50 mM Hepes (pH 7.4), 100 mM

NaCl, 1 mM EDTA, 0.1% CHAPS, 10% sucrose, and

5 mM dithiothreitol), along with the caspase substrate,

Ac-DEVD-MAC and the enzyme reaction was carried

out at 308 for 30 min. The cleavage of the substrates

was in terms of amino-4-methylcoumarin (AMC) libera-

tion using a microplate reader with a 380/460 nm filter.

2.6. Cell cycle analysis

The cells (3 � 105 cells in a 35 mm dish) were collected

by trypsinization and washed with ice-cold PBS by cen-

trifugation. The cells were suspended in PBS, fixed with

70% ethanol (v/v), and stored at �208. The cells were

collected by centrifugation and stained with DAPI

(2 mg/mL) for at least 20 min at room temperature in the

dark. The DNA content was analyzed using a cell counter

analyzer (Partec, CCA model) with Multicycle 3.11 soft-

ware (Phoenix Flow Systems). The cell debris and fixation

artifacts were gated out.

2.7. Western blot analysis

The cells were lysed in RIPA buffer (50 mM Tris–HCl

(pH 7.2), 150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40,

0.05% SDS, 1 mM PMSF, and 1 mM leupeptin). The lysate

was fractionated on SDS–PAGE, then blotted on a PVDF

membrane. The blots were subsequently incubated with the

desired primary antibodies, p53, p21, p27, p16, and pRb.

After rinsing, the membranes were incubated with horse-

radish peroxidase-linked secondary antibody. The proteins

were then detected with an enhanced chemiluminescence

detection system (Perkin-Elmer Life Sciences, Inc.).

Zero-D scan (version 1.0, M & S Instruments Trading

Inc.) was used for densitometric quantitation.

3. Results

3.1. Effect of SQMG on the activities of mammalian

DNA polymerases

Table 1 shows the inhibition of the chemically synthe-

sized SQMG (Fig. 1) against mammalian DNA poly-

merases. SQMG selectively inhibited the activity of

replicative DNA polymerases such as pol a, pol d, and

pol e, and the IC50 values were 2.2, 4.8, and 3.6 mM,

respectively. Pol b, which is a repair-related polymerase,

was also inhibited by SQMG with an IC50 value of 26 mM.

Moreover, SQMG was more effective than aphidicolin,

which is a well-known replicative DNA polymerase inhi-

bitor [15]. The IC50 value in Table 1 did not change when

the DNA template-primer was activated DNA. It was

determined that SQMG was one of the effective replicative

DNA polymerase inhibitor.

3.2. Effect of SQMG on apoptosis induction

At first, the effect of SQMG on the cell viability using a

human gastric cancer cell line, NUGC-3, was determined.

The LD50 values of SQMG (150 mM) efficiently decreased

in a number of cells in a time-dependent manner (Fig. 2).

The LD50 values of aphidicolin (5 mM) also inhibited the

cell growth with the same effect as SQMG. The possibility

that this cell death might occur through apoptosis was

evaluated based on DNA fragmentation utilizing agarose

gel electrophoresis. When the cells were incubated with

Table 1

IC50 values of SQMG and aphidicolin on the activities of mammalian DNA

polymerases

Enzyme IC50 values (mM)

SQMG Aphidicolina

Calf DNA polymerase a 2.2 20

Rat DNA polymerase b 26 >1000

Calf DNA polymerase d 4.8 13

Human DNA polymerase e 3.6 16

SQMG or aphidicolin was incubated with each enzyme (0.05 units).

The enzymatic activity was measured as described in Section 2. Enzyme

activity in the absence of the compounds was taken as 100%.
a From Mizushina et al. [15].

Fig. 2. Effect of SQMG on the proliferation of NUGC-3 cells. Time-

dependent growth inhibition of NUGC-3 cells incubated with (*) 150 mM

SQMG and 5 mM aphidicolin (^). Viability of 100% was established from

the measurements taken at 24, 48, and 72 hr with the control cells. Cell

proliferation was determined by MTT assay [14]. Data are shown as

means � SEM of four independent experiments.
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150 mM of SQMG for the indicated times, the fragmented

DNA was detected in 48-hr treated cells (Fig. 3A). How-

ever, when the cells were treated with lower than the LD50

value of SQMG, the formation of fragmented DNAwas not

detected (data not shown). We also investigated the effect

of SQMG on the caspase-3 activity, which is a key enzyme

activity in the execution of apoptosis mediated by various

anti-tumor agents [16]. Caspase-3 activity was measured in

cells treated with 150 mM SQMG for various periods. The

enzyme activity of caspase-3 increased in a time-depen-

dent manner, and especially, after 48 hr, the caspase-3

activity in the SQMG-treated cells increased by about

10-fold (Table 2). On the other hand, the cells treated with

aphidicolin (5 mM) induced apoptosis in a time-dependent

manner (Fig. 3B). In comparison with the cell numbers in

Fig. 2, it would appear that the decreases in cells by SQMG

and aphidicolin were the result of apoptotic cell death.

3.3. Effect of SQMG on cell cycle regulation

To examine the mechanism of the NUGC-3 cell growth

suppression by SQMG, the cells were treated with 150 mM

of SQMG for the indicated times and the cell cycle was

analyzed by flow cytometry (Fig. 4). The cell cycle

analysis showed that the population in the G1 phase started

to increase after SQMG treatment for 24 hr (from 38.5

to 47.3%) and reached approximately 60% by 48 hr.

This increase was mirrored by a decrease in the S phase

population. The proportion of cells in the S phase

decreased from 44.1 to 26.7%. On the other hand, the

cells treated with 5 mM of the aphidicolin already started to

undergo arrest in the G1 phase after 12 hr incubation (from

41.9 to 51.2%). After 24 hr, the proportion of cells in the

G1 phase increased to approximately 58.3%, and then the

sub-G1 phase cells were increased at 48 hr. These results

suggest that SQMG and aphidicolin can induce G1 cell

cycle arrest resulting in apoptosis.

3.4. Influence of SQMG on the levels of p53, p21,

and p27 protein

Cell cycle control is the major regulatory mechanism of

cell growth [17]. The cell cycle is regulated by the coor-

dinated action of cyclin-dependent kinases (CDKs) in

association with their specific regulatory cyclin proteins.

CDK inhibitors, including p21, p27, and p16, also con-

tribute to the regulation of cell cycle progression by

controlling CDK activity. p21, as well as p27, inhibits a

wide variety of cyclin-CDK complexes in vitro, including

CDK4 and CDK2 complexes which are activated early in

G1 [18,19], and overexpression of these proteins blocks the

progression of cells through G1 [20]. In addition to p21 and

p27, a distinct family of 15- to 20-kDa inhibitors called p16

is also associated with CDK4 and specifically inhibit CDK

activity. p53 plays the central role in G1 arrest because p53

is known to be an upstream regulator of p21, a CDK

inhibitor.

To explore the mechanisms of SQMG-induced cell cycle

arrest, the expression of p53 and CDK inhibitors including

p27, p21, and p16 proteins was examined by Western

blotting (Fig. 5A) because these inhibitory proteins play

a negative regulatory role in the G1 phase, and disappear-

ance of these inhibitory activities is associated with G1/S

progression induced by a number of mitogens [21,22].

When the NUGC-3 cells were incubated with 150 mM

SQMG, the p53 protein expression markedly increased

time-dependently. The p21 protein expression also

increased in parallel to the p53 protein expression, while

the levels of the p27 and p16 proteins did not change and

hardly changed by SQMG treatment, respectively. Since

the SQMG-induced cell cycle arrest showed time depen-

dence, these results suggest that the p53 and p21 proteins

may be held in a state of active repression in cells that have

stalled DNA replication forks, and were expressed with the

cell cycle arrest and induction of apoptosis. Since p53

protein was induced by DNA-damaging agents such as

methyl methane sulfonate (MMS; Fig. 5C), we examined

whether the p53 protein expression by SQMG is involved

in the inhibition process of replication or not. In the

presence of hydroxyurea (HU), which inhibits DNA synth-

esis, the cells are unable to progress through the S phase,

and the accumulation of p53 and cyclin E protein was

observed [25]. SQMG could also induce the cyclin E

Fig. 3. Apoptosis induction by SQMG and aphidicolin. NUGC-3 cells

were incubated with 150 mM SQMG or 5 mM aphidicolin. DNA fragments

were analyzed by 1.5% agarose gel electrophoresis.

Table 2

Effect of SQMG on caspase-3 activity in NUGC-3 cells

Time (hr) Caspase activity (mAU/mg protein)

0 0.045 � 0.003

12 0.075 � 0.006

24 0.103 � 0.010

36 0.380 � 0.035

48 0.463 � 0.030

NUGC-3 cells were incubated with 150 mM SQMG for 0, 12, 24, 36, and

48 hr. Data are shown as means � SEM of four independent experiments.
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protein expression level (Fig. 5B). This result suggested

that G1 arrest by SQMG was at least involved in the

inhibition process of replication. Moreover, we determined

the p53 protein expression in the aphidicolin-treated cells

at 24 hr, because the 24-hr exposure to aphidicolin induced

G1 arrest and apoptosis (Figs. 3B and 4). The p53 protein

expression did not change by the aphidicolin treatment,

and the levels of the p21, p27, and p16 proteins also did not

change when compared to the initiation level (Fig. 5A).

KATO-III, which has a p53 gene deletion, is also a

human gastric cancer cell line [23]. We investigated the

inhibitory effect on the cell growth by SQMG and aphi-

dicolin. The dose–response curves of the KATO-III cell

growth inhibition by SQMG and aphidicolin were the same

as those of NUGC-3 cells, which have the p53 gene (data

not shown). The p53 protein was not detected in KATO-III

cells by the treatment with SQMG or aphidicolin (Fig. 6A).

When the KATO-III cells were treated with SQMG, the

distribution during the cell cycle was different from that

of NUGC-3 cells. The cells in the G1 phase increased from

35.6 to 42.9% in KATO-III (Fig. 6B-b), but this accumula-

tion was reduced partially compared to NUGC-3 (35.6–

42.9% and 38.5–61.9%, respectively), and cells in the

G2/M phase also increased from 13.3 to 33.8% in KATO-III,

Fig. 4. Effect of cell cycle distribution by SQMG and aphidicolin. NUGC-3 cells were incubated with 150 mM SQMG or 5 mM aphidicolin for 0, 12, 24, and

48 hr. DNA content was analyzed by flow cytometry with DAPI staining.
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but in NUGC-3, G2/M phase did not change (17.4–11.5%)

after 48 hr (Figs. 4 and 6B-b). On the other hand, the cell

cycle inhibitory pattern by aphidicolin was the same as that

of NUGC-3 cells. The G1 phase increased from 35.6 to

53.9% in KATO-III and from 41.9 to 51.2% in NUGC-3

(Figs. 4 and 6B-c). In a human colorectal carcinoma cell

line (RKO), the p53 protein was reportedly expressed by

aphidicolin [24,25], but as described here, not in the

NUGC-3 cells. The other cell lines, HeLa (human carci-

noma of cervix cell line), MOLT-4 (human acute lympho-

blastic leukemia cell line), and BALL-1 (human peripheral

blood cell line), also showed no stabilization of p53 by

treatment with aphidicolin (data not shown). Apoptosis

was not induced on the KATO-III cells by SQMG or

aphidicolin (Fig. 6C). These results using the p53-null

cells suggested that cell cycle checkpoint activation and

apoptosis were related to the p53 protein induction. SQMG

was suggested to induce G1 arrest and apoptosis through a

p53-dependent pathway, and the aphidicolin-induced G1

arrest is mediated through a different signal transduction

pathway.

3.5. pRb phosphorylation by SQMG

One of tumor suppressor proteins, pRb, which encodes

the 110-kDa phosphoprotein, regulates cell cycle progres-

sion from the G1 to S phase [26,27]. pRb is maintained in

an underphosphorylated active state through much of the

G1 phase and becomes inactivated by further phosphor-

ylation in the late G1 phase, releasing sequestered tran-

scription regulators which are members of the E2F family

transcription factors and enable cells to progress to the

S phase [28,29]. Another tumor suppressor protein, p53,

is activated in response to DNA damage. This activation

leads to activation of one of the CDK inhibitors, p21, and

inhibits pRb phosphorylation [30]. The functional status of

p53 and pRb phosphorylation affect the regulation of entry

into the S phase [31].

We described above that SQMG induced apoptosis and

G1 arrest through p53. Since pRb phosphorylation pro-

motes entry into the S phase and apoptosis induction, we

further studied pRb expression and its phosphorylation in

the NUGC-3 cells. The expression of pRb was monitored

by Western blot analysis (Fig. 7). Treatment with 150 mM

SQMG resulted in a decrease of the pRb protein expression

and the pRb phosphorylation in a time-dependent manner

(Fig. 7A). Additionally, the expression of pRb phosphory-

lated at Ser-780 was determined after 48-hr exposure, since

the phosphorylation of Ser-780 on pRb resulted in the loss

of the ability of pRb to bind to E2F. The Ser-780 expression

was significantly decreased by treatment with SQMG

(Fig. 7B). These results suggest that the pRb function is

related to the SQMG-induced G1 cell cycle arrest, and

dephosphorylation of the Ser-780 phosphorylation site on

pRb was particularly important in the SQMG-induced G1

arrest. On the other hand, no dephosphorylation in pRb in

Fig. 5. Effect of SQMG and aphidicolin on the expression of p53 and CDK inhibitors. (A) Cell lysates from NUGC-3 cells incubated with 150 mM SQMG or

5 mM aphidicolin were analyzed by SDS–PAGE, and Western blots were detected with specific antibodies to p53, p21, p27, and p16. (B) Cyclin E expression

in NUGC-3 cells incubated with 150 mM SQMG for the indicated times. (C) p53 expression in NUGC-3 cells incubated with 100 mg/mL MMS for 6 hr.

Densitometric analysis of the proteins was performed and fold induction was calculated.
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the aphidicolin-treated cells was detected. These results

suggest that the cell cycle abnormality and apoptosis in the

SQMG-treated cells were induced through systems which

required numerous factors.

4. Discussion

A sulfo-glycolipid, SQMG, was a potent inhibitor of

DNA polymerase a and b, and of the growth of NUGC-3

cancer cells [4]. SQMG arrested the cell cycle at the G1

phase, and subsequently induced severe apoptosis. In this

report, we investigated SQMG in the cell cycle regulation

of signal transduction in more detail.

The checkpoint that arises after DNA damage can be

active during either G1 or G2. The ability of cells to arrest

in G1 response to DNA damage depends on the accumula-

tion of the tumor suppressor p53. This p53-dependent G1

arrest is largely mediated through the induction of the CDK

inhibitor p21 [32,33], which appears to be induced in a

p53-dependent manner. The apoptosis-inducing pathway

by SQMG and aphidicolin is shown in Fig. 8. In this

Fig. 6. Effect of SQMG in KATO-III cells. (A) Cell lysates from KATO-III

cells incubated with 150 mM SQMG or 5 mM aphidicolin were analyzed by

SDS–PAGE, and Western blots were detected with specific antibodies to p53.

(B) KATO-III cells were incubated with 150 mM SQMG (b), 5 mM aphidicolin

(c), or without (control, a) for 24 hr. DNA content was analyzed by flow cyto-

metry with DAPI staining. (C) Apoptosis induction by SQMG and aphidico-

lin. KATO-III cells were incubated with 150 mM SQMG or 5 mM aphidicolin

for 48 hr. DNA fragments were analyzed by 1.5% agarose gel electrophoresis.

Fig. 7. Effect of SQMG and aphidicolin on pRb and its phosphorylation.

Cell lysates from NUGC-3 cells incubated with 150 mM SQMG or 5 mM

aphidicolin were analyzed by Western blots. (A) pRb phosphorylation was

detected with anti-pRb antibody. The upper band, ppRb, represents the

hyperphosphorylated form of pRb, and the lower band, pRb, represents the

hypophophorylated form. (B) Phosphorylated pRb (Ser-780) was detected

by Western blotting with an antibody that reacts specifically to Ser-780.

Densitometric analysis of the proteins was performed and fold induction

was calculated.

Fig. 8. Proposed model of cell cycle arrest by SQMG. DNA polymerase

inhibition by SQMG induces G1 arrest directly to the same extent as

aphidicolin. Moreover, SQMG induces p53-dependent p21 expression and

leads to loss in pRb activity, resulting in the G1 arrest.
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experiment, we showed that DNA polymerase inhibitors,

SQMG and aphidicolin, induced G1 arrest in a human

gastric cancer cell line, NUGC-3, in a time-dependent

manner (Table 1; Fig. 4). Although both SQMG and

aphidicolin led to G1 arrest and apoptosis, the sensitivity

to SQMG and aphidicolin were different (Figs. 3 and 4).

Aphidicolin-treated cells underwent G1 arrest and apop-

tosis 12 hr before SQMG. In addition, induction mecha-

nisms were different: aphidicolin-induced apoptosis

occurred in a p53-independent manner. In a human color-

ectal carcinoma cell line (RKO), the p53 expression was

reportedly induced by aphidicolin [24,25]. However, in our

experimental conditions, p53 was not induced in NUGC-3,

HeLa, MOLT-4, or BALL-1 cells by aphidicolin (data not

shown). Aphidicolin effectively and rapidly reduced cell

growth to about 60% of control without apoptosis, then the

inhibition became moderate. Indeed, aphidicolin induced

G1 arrest at a lower concentration than LD50 value without

apoptosis (data not shown). On the other hand, G1 arrest

and apoptosis by SQMG was moderately induced. Taking

these observations together, if the G1 arrest is moderately

induced by aphidicolin at lower concentrations, it might be

mediated in a p53-dependent manner. Furthermore, the cell

distribution of aphidicolin-treated KATO-III cells, which

have a deleted p53 gene gastric cancer cell line, did not

change compare to NUGC-3 cells (Fig. 6B). On the other

hand, it was observed that SQMG-treated cells increased in

the G1 and G2M phases although apoptosis was inhibited

(Fig. 6B and C). SQMG inhibited not only replicative type

of DNA polymerases, pol a, pol d, and pol e, but also repair

type, pol b (Table 1). The difference in sensitivity between

SQMG and aphidicolin may result, therefore, from differ-

ences in the inhibitory actions of polymerases and the

induction pathway of G1 arrest. Our findings suggested

that G1 arrest by SQMG occurred even in the absence of

p53 (Fig. 6B), but p53 was required for the induction of

apoptosis (Fig. 6C). Therefore, we considered that this G1

arrest and apoptosis caused by SQMG were induced by

DNA polymerase inhibition and resulted from G1 check-

point, because when we examined the G1 arrest induced by

SQMG and aphidicolin, only SQMG increased p53 and

p21 expression (Fig. 5A). The p21 induction by SQMG

was parallel to p53 expression. However, in our experi-

mental conditions, aphidicolin induced G1 arrest in a

p53-independent manner like ara-C [34].

From these results, SQMG appears to be a new type of

mammalian DNA polymerase inhibitor. SQMG might

activate the checkpoint pathway following the inhibition

of DNA replication by the pol a, pol d, and pol e inhibition.

From this viewpoint, we also tested the influence of SQMG

on pRb phosphorylation (Fig. 7), as pRb is known to

regulate the expression and activity of a number of proteins

that play central roles in cell cycle control, and as pRb has

the potential to affect the G1 arrest pathway through

multiple mechanisms. pRb is phosphorylated or depho-

sphorylated at different stages of the cell cycle [27]. pRb

phosphorylation induces conformational change of pRb

and releases E2F transcription factors [35–37]. Without

this phosphorylation, pRb binds to E2F and prevents cell

cycle progression into the S phase and finally induces G1

arrest [30]. In addition, p53-dependent induction of p21

leads to pRb dephosphorylation and consequent G1 arrest

[31,38]. SQMG induced G1 arrest, up-regulated p53 and

p21, and promoted the dephosphorylation of pRb (Figs. 4

and 5). These results are consistent with evidence that

demonstrates a requirement for pRb in G1 arrest induced

by a variety of DNA-damaging agents [39]. On the other

hand, aphidicolin did not induce the up-regulation of p53

and p21, and did not promote dephosphorylation of pRb,

especially Ser-780 (Figs. 5 and 7). The G1 arrest induced

by aphidicolin may be explained by another pathway,

because recent studies suggest that pRb is phosphorylated

in a two-step process during the normal cell cycle

[37,40,41]. Cyclin D/cdk4/6 specifically phosphorylates

pRb at a subset of its phosphorylation sites. Complete

phosphorylation of pRb requires cyclin E/cdk2 to specifi-

cally target the remaining phosphorylation sites. These

findings further indicate that a checkpoint pathway from

p53 to p21 is able to impose a G1 block by specifically

inhibiting CDK activity and thereby the second step of pRb

phosphorylation.

Cell cycle checkpoints are signal transduction pathways

that ensure the time, sequence, and fidelity of critical cell

cycle events and orchestrate cellular responses to envir-

onmentally induced genotoxic stress. DNA damage

induced by ionizing radiation or chemotherapeutic agents

triggers checkpoint action and delays cell cycle progres-

sion [42]. Such a delay in the cell cycle would presumably

allow time to repair damaged DNA, to complete DNA

replication before entry to mitosis [43] or to drive apoptosis

in the cells. SQMG might block the entry into the S phase

from G1 by inhibition of replicative DNA polymerases,

and finally to induce apoptosis through a different pathway

from those disrupted by aphidicolin or ara-C. Therefore,

SQMG represents a new category of DNA polymerase

inhibitors, and could be an anti-tumor agent. Indeed, we

reported elsewhere that some SQMGs are agents that

inhibit the growth of solid tumors derived from human

lung cancer in vivo, adenocarcinoma A-549, in nude mice

[44].
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