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Abstract

We have screened the inhibitors of mammalian DNA polymerases from natural products, and in the process found that either
sulfoglycolipids or sulfoquinovosyl monoacylglycerol with a C18-saturated fatty acid (C18-SQMG), potently and selectively inhibited the
activity of mammalian DNA polymerase (pol) € and moderately the pol o [Biochem. J. 370 (2003) 299]. C18-SQMG was a cancer cell
growth suppressor and a promissive anti-tumor agent [Jpn. J. Cancer Res. 93 (2002) 85]. The purpose of this study was to elucidate the cell
growth inhibition mechanism of C18-SQMG using HeLa cells. Analyses of the cell cycle and cyclin expression suggested that C18-SQMG
arrested the cell cycle at intra-S phase, and the inhibition manner of DNA replication by C18-SQMG was similar to that by hydroxyurea.
However, the DNA replication block by C18-SQMG did not induce degradation of Cdc25A protein, which was required for the replication
block by hydroxyurea. C18-SQMG somewhat delayed mitosis because it induced phosphorylation of protein kinases, such as checkpoint
kinases 1 and 2. These results suggest that C18-SQMG at first blocked DNA replication at the S phase by inhibiting replicative DNA
polymerases, such as o, and then as the result of the inhibition, the other checkpoint signals associated with the pol € might have responded.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

According to recent studies, eukaryotic DNA replication
complex comprises at least origin recognition complex
(ORC) proteins, including ORC-1 to ORC-6, mini-chromo-
somal maintenance (MCM) proteins (MCM-2 to MCM-7),
CDC6, CDT1, CDC45, Cdc7-Dbf4 kinase complex, and
DNA polymerases, such as o, 9, and € (pol a, d, and ¢€)
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[1-4]. In addition, DNA helicase (MCM), proliferating cell
nuclear antigen (PCNA) and topoisomerases work in con-
cert with the complex [1-4]. DNA helicase and topoisome-
rases were suggested to have roles in loosening the
distortion of double-stranded DNA. PCNA, a ring-shaped
homotrimeric protein, is recruited onto the DNA by a
multiprotein clamp loader, replication factor C (RFC),
which couples the hydrolysis of ATP with the opening
and closing of the PCNA ring around the DNA. The
replicative pol 8, then connects with the PCNA and carries
out processive synthesis of both the leading and lagging
DNA strands [5,6]. In the cell biological study, DNA
replication required the recruitment of multiple components
during the S phase of the cell cycle. The important com-
ponents are replicative pol o, d, and €, essential for the
replication of the eukaryotic genome as shown by genetic
studies in budding yeast [7,8]. Among them, pol o-primase



1374 C. Murakami et al./Biochemical Pharmacology 67 (2004) 1373-1380

is the only enzyme that can start DNA synthesis de novo. In
addition, the second largest subunit of pol o, B-subunit,
takes on a cell cycle-regulatory role [9]. In budding yeast,
unphosphorylated forms of B-subunit accumulate only in
Gl-arrested cells, and this phosphorylation appears to
correlate with CDC6-independent pol « loading onto the
chromatin fraction [10]. Since C18-SQMG is obviously an
inhibitor of replicative polymerases, such as pol a, 9, and €
[11], the action must be related to the system of the DNA
synthesis de novo, and the genomic integrity of the cell.

We tried to find inhibitors of mammalian DNA poly-
merases from natural products, and consequently success-
fully isolated many novel compounds. In the novel
compounds, some sulfoglycolipids were inhibitors which
potently and selectively inhibit the activities of mammalian
DNA polymerases, especially replicative polymerases
[12-15]. One of them, C18-SQMG, effectively inhibited
cancer cell proliferation by arresting the cell cycle at the
G1/S phase, and finally induced apoptosis [16]. The com-
pound was developed as a clinically promissive antitumor
agent [17]. The molecular action mechanism subsequently
proposed was that the G1 arrest and apoptosis by C18-
SQMG was induced as a result of inhibition of the DNA
polymerases, and the arrest was mediated by the p53-p21-
pRb pathway [18]. The in vitro studies using cultured cells
have shown that as a result of the inhibition of the
replicative polymerases, C18-SQMG induces the replica-
tion block in the cell cycle [16,18]. However, it is not yet
clear how C18-SQMG prevents the progression of DNA
replication at the S phase, or whether the inhibition of the
DNA polymerases is involved in the replication block. We
tried to answer these questions in this study.

In our previous preliminary studies of the inhibitory
action of C18-SQMG, we showed that the compound may
destroy the genomic integrity of the cell [16,18]. To
maintain genomic integrity, eukaryotic cells have check-
point mechanisms which are activated by damaged DNA or
unreplicated DNA, leading to cell cycle arrest, DNA repair,
and cell death [19]. In eukaryotes, upstream elements of
the checkpoint signaling pathways include the kinase
ataxia telangiecstasia mutated (ATM), a member of the
phosphatidylinositol 3-kinase family, and its relative ATM-
and Rad3-related protein kinase (ATR) [20-23]. ATM and
ATR phosphorylate and activate the effector kinases Cdsl
(homologue of checkpoint kinase (Chk) 2) and Chkl,
respectively, which in turn block cyclin-dependent kinase
(CDK) activity. It was revealed that Chkl regulates the
stability of Cdc25A [24]. Cdc25A is apparently important
during initiation and progression to the S phase [25]. In
mammalian cells, Cdc25A was usually activated with the
ATR-Chk1 pathway in the DNA replication block [26].
Thus, the DNA replication block activates Chk1, resulting
in rapid Cdc25A degradation and intra-S phase arrest.
Since SQMG inhibited replicative DNA polymerase, it
was suggested that SQMG perturbed the cell cycle
involved in the replication checkpoint response followed

by inhibition of replicative DNA polymerases. Here, to
confirm this suggestion, we investigated details of the
mechanisms that required intra-S phase arrest in response
to SQMG in human cancer cells. As observed in this study,
C18-SQMG was not related to the degradation of Cdc25A
protein, and it was suggested that it induced phosphoryla-
tion of Chk1 and Chk2, suggesting that C18-SQMG acted
as the cell cycle inhibitor, indirectly working as a result of
replicative polymerases, such as pol o and €, but not being a
replication-direct inhibitor.

2. Materials and methods
2.1. Antibodies

Rabbit polyclonal antibodies to cyclins A, B, and
Cdc25B, and mouse monoclonal antibodies to Cdc25A,
Cdc25C, Chk2, and pol € were purchased from Lab Vision.
Rabbit polyclonal antibody to Chkl was purchased from
Santa Cruz Biotechnology. Mouse monoclonal antibody to
PCNA was purchased from Oncogene Research Products.
Mouse monoclonal antibody to p180 catalytic subunit and
p68 subunit of pol o was prepared as described previously
[27].

2.2. Cell culture and cell viability assay

HeLa cells obtained from Health Science Research Bank
were maintained in MEM medium supplemented with 10%
fetal bovine serum at 37° (5% CO,) in a humidified
atmosphere. For the cell viability assay, cells were plated
at 5 x 103 cells into each well of a 96-well microplate, and
then SQMG was added at various concentrations. The cell
viability was determined by an MTT (3-(4,5-dimethylthia-
z0l-2-yl)-2,5-diphenyl tetrazolium bromide) assay.

2.3. Cell cycle analysis

The cells (3 x 10° cells in a 35-mm dish) were collected
by trypsinization and washed with ice-cold PBS via cen-
trifugation. The cells were suspended in PBS, fixed with
70% ethanol (v/v), and stored at —20°. 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.

2.4. Western blot analysis

The cell extracts were prepared as described previously
[28,29]. Briefly, cells were collected and washed in cold
PBS. Proteins were then extracted with cold 0.1% Triton
X-100 in CSK buffer (10 mM PIPES, pH 6.8, 100 mM



C. Murakami et al./Biochemical Pharmacology 67 (2004) 1373—1380 1375

NaCl, 300 mM sucrose, | mM MgCl,, | mM EGTA, 1 mM
dithiothreitol, and 1 mM PMSF) for 20 min at 4°. Triton-
insoluble fractions were extracted in lysis buffer (50 mM
Tris—HCI, pH 7.2, 150 mM NaCl, 5 mM EDTA, 1% Nonidet
P-40, 0.05% SDS, 1 mM PMSF, and 1 mM leupeptin) by
sonication, then pelleted by 16.000g for 10 min at 4°. The
supernatant (nuclear extract) was analyzed by SDS-PAGE.
To extract the protein binding chromatin, Triton-insoluble
fractions were re-extracted by incubation in CSK buffer with
0.3 M KCl and collected via centrifugation at 3000 rpm for
10 min at 4° (chromatin-unbound fraction). The final pellet
fraction (containing chromatin-bound proteins) was solubi-
lized in CSK buffer with DNase I (0.5 mg/mL DNase I) for
30 min. The samples were centrifuged at 15,000 rpm for
15 min to obtain supernatant. The lysates were fractionated
on SDS-PAGE, then blotted on a PVDF membrane. The
blots were subsequently incubated with desired primary
antibodies. After rinsing, the membranes were incubated
with horseradish peroxidase-linked secondary antibody. The
proteins were then detected with an enhanced chemilumi-
nescence detection system (PerkinElmer Life Science, Inc.).
Zero-D scan (version 1.0, M & S Instruments Trading Inc.)
was used for densitometric quantitation.

3. Results

3.1. Molecular changes associated with the cell cycle
effects of C18-SOMG

We first investigated whether C18-SQMG affected the
cell cycle distribution of C18-SQMG-treated cells. When
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Fig. 1. Effect of sulfoquinovosyl monoacylglycerol (SQMG) on the
proliferation of HeLa cells. Dose-dependent growth inhibition of HeLa
cells incubated with various concentrations of SQMG for 24 hr. Cell
proliferation was determined by MTT assay. Values are shown as
means = SEM for four independent experiments.

HeLa cells were treated with various concentrations of
C18-SQMG for 24 hr, C18-SQMG inhibited the cell
growth dose dependently (Fig. 1). Since the LDsy value
was about 150 uM, the cells were treated with 150 uM
C18-SQMG in the latter part of this experiments. Flow
cytometry analysis showed that 24-hr treatment with C18-
SQMG perturbed the cell cycle (Fig. 2A). The population
of the cells at the S phase decreased from 23.6 to 17.5%
(upper and middle panels in Fig. 2A). This decrease
occurred by increasing the G1 cell population, and con-
sequently the population of the cells at the Gl phase
increased from 58.2 to 73.1% (upper and middle panels
in Fig. 2A). Interestingly, the population of the cells at the
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Fig. 2. Effect of sulfoquinovosyl monoacylglycerol (SQMG) on cell cycle.
(A) Flow cytometric analysis of HeLa cells were treated with 150 uM
SQMG or 2 mM HU for 24 hr. The cell cycle distribution was calculated as
the percentage of cells containing GI1, S, and G2/M phase. (B) Cyclin
expressions were analyzed by Western blotting. Cell extracts of the nuclear
fraction were prepared from cells treated with 150 pM SQMG 2 mM HU
for 24 hr. Cyclins E, A, and B were detected with specific antibodies.
Densitometric analysis of the proteins was performed and fold induction
was calculated.
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G2/M phase also decreased from 18.2 to 9.5%. This
suggests that C18-SQMG related the cell cycle-associated
signal mechanism, since C18-SQMG never directly bound
to DNA and chromatin as described previously [11].
Therefore, next we examined whether C18-SQMG had
an effect on to the cell cycle-related proteins, cyclins A, B,
and E. As shown in Fig. 2B, C18-SQMG was associated
with modified expression of cyclins by Western blotting.
Cyclins A and E proteins significantly increased after cell
treatment of C18-SQMG, but the expression of cyclin B
protein was suppressed. Cyclin E protein is present from
the end of the G1 phase to the early S phase, and cyclin A
protein keeps accumulating through the GI1 to the S phase
[30,31]. It was suggested that cyclins A and E link the
transition mechanism from the G1 to the S phase, and
appear when the cells start to synthesize DNA [30,31]. On
the other hand, cyclin B was associated with the mechan-
ism of G2/M transition [31]. It was suggested that C18-
SQMG induced the replication block in the cells based on
the above results. This phenomenon appeared to be very
similar to the action of ribonucleotide reductase inhibitor
hydroxyurea (HU), which was known to cause replication
block. As shown in Fig. 2B, the cyclin expression patterns
were very similar between C18-SQMG and HU, so for
comparison we also analyzed the cell cycle and the cyclin
expression with HU. HU increased the number of the cells
at the G1 phase from 58.2 to 71.8%, and the cells at the G2/
M phase were mostly lost (18.2-0.2%) during 24-hr treat-
ment (lower panel in Fig. 2A). Cyclin analysis in the cells
treated with HU showed the same pattern as SQMG. This
result supported the suggestion that SQMG induced repli-
cation block in cultured cells. Since in the presence of C18-
SQMG a large amount of cells at the G2/M phase were
detected, although some were lost (middle panel in
Fig. 2A), the action might be different from the HU effect.

3.2. CI18-SOMG-induced accumulation of Cdc25A

HU is also known to activate the proteins of Cdc25 and
Chk. To study the mechanism of the C18-SQMG-induced
replication block further in comparison with HU, Cdc25
and Chk protein expressions were determined by Western
blotting (Fig. 3A and B). In humans, there are three Cdc25
homologues, Cdc25A, Cdc25B, and Cdc25C [32-35].
Cdc25A is involved in the intra-S phase checkpoint, and
the level reaches a maximum at the end of the G1 phase and
the early S phase [34]. Cdc25C promotes the G2/M
transition through the dephosphorylation of Cdc2, and
Cdc25B was proposed to act as an initiator of the same
process [36—42]. As shown in Fig. 3A, although Cdc25A
was rapidly degraded by HU, such Cdc25A degradation
was not observed using the C18-SQMG treatment. In the
presence of C18-SQMG, Cdc25B in the cells decreased,
but Cdc25C expression remained unchanged through out
the cell cycle. Therefore, the G1/S transition arrest induced
by C18-SQMG showed no relation to the Cdc25A degra-
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Fig. 3. Effect of sulfoquinovosyl monoacylglycerol (SQMG) on Cdc25A-
independent intra-S phase arrest. Extracts of the nuclear fraction were
prepared from cells with 150 pM SQMG or 2 mM HU treatment for 24 hr.
(A) Cdc25A, Cdc25B, and Cdc25C were detected by Western blotting with
specific antibodies. (B) Chkl and Chk2 were detected with specific
antibodies. The upper panels represent the phosphorylated form, and the
lower panels represent the dephosphorylated form. Densitometric analysis
of the proteins was performed and fold induction was calculated.

dation. It is necessary to search upstream from Cdc25A in
the intra-S phase checkpoint, especially Chk.

The current concept of a cell cycle checkpoint response
places the regulatory kinase Chk1 upstream from Cdc25A
in the intra-S phase checkpoint [43]. In fission yeast S.
pombe, the DNA replication checkpoints are regulated by
Chk1 and Cds1, homologue of Chk2 [44-46]. We therefore
determined whether these kinases were activated when the
intra-S phase checkpoint was activated by C18-SQMG.
When the cells were treated with C18-SQMG, Chk1 and
Chk?2 were clearly phosphorylated (Fig. 3B). On the other
hand, Chkl was phosphorylated by HU, and phosphory-
lated Chk2 could not be detected in our experiment con-
ditions (Fig. 3B). When the cells were exposed to ionizing
radiation or UV light, they halted at the intra-S phase
following the Cdc25A degradation, but the halted mechan-
ism was p53 independent [47]. However, p53 triggered
intra-S phase arrest that was in part induced by SQMG.
Taken together, C18-SQMG may not be able to induce the
phosphorylation of Chkl protein sufficiently enough to
degrade Cdc25A or the Chkl signal used by other sub-
strates besides Cdc25A. The intra-S phase arrest by C18-
SQMG must occur through different mechanisms by HU.

3.3. Replicative DNA polymerases loading to chromatin

To confirm the involvement of C18-SQMG in DNA
replication and the checkpoint system, we tried to detect
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Fig. 4. Effect of sulfoquinovosyl monoacylglycerol (SQMG) on binding of DNA polymerase complex to chromatin. Western blot analysis of pol o p180 and
p68 subunit, pol €, and PCNA in the chromatin-bound fraction. (A) Extracts were prepared from cells treated with 150 uM SQMG for 24 hr. (B) Extracts were
prepared from cells treated with 2 mM HU for 24 hr. Densitometric analysis of the proteins was performed and the fold induction was calculated.

two subunits of pol o, pol €, and PCNA in the chromatin by
Western blotting, because the primary molecular targets of
C18-SQMG must be the replicative polymerases [11].
These proteins could play roles in DNA replication and
the checkpoint system after they bind to the chromatin.
Thus, we extracted the chromatin-bound fraction with
DNase I treatment. When the cells were treated with
C18-SQMG for 24 hr, both the p180 catalytic subunit
and p68 subunits of pol o accumulated in the chroma-
tin-bound fraction (Fig. 4A). However, PCNA and pol ¢
were dissociated from the chromatin after C18-SQMG-
treatment (Fig. 4A). In the chromatin of the HU-treated
cells, accumulation of the pol o subunits and the dissocia-
tion of PCNA were also observed. pol € was detected in
chromatin from the cells irrespective of the presence or
absence of HU (Fig. 4B). These results using C18-SQMG
and HU suggest that after the treatment of the inhibitors,
pol o probably forms a stable complex with the primase in
the chromatin, and pol € itself might function as the signal
because C18-SQMG can directly bind to the polymerase
but HU cannot. The statement from the three dimension-
ally distorted pol € protein might be associated with the
signals in the DNA replication arrest.

4. Discussion

In our previous study [11], we demonstrated that a
sulfoglycolipid, C18-SQMG, inhibited mammalian DNA
polymerase activity, especially replicative polymerases.
The C18-SQMG-treated cells induced replication arrest
and apoptosis in a p53-dependent manner [16]. In this
study, we investigated whether inhibition of the replicative
DNA polymerases by C18-SQMG is involved in the

replication arrest in the replication checkpoint response.
Cell cycle analysis showed that C18-SQMG-treated cells
reduced the number of the S phase and increased the
number of the G1 phase (Fig. 2). C18-SQMG-induced
cell cycle arrest contained the G2/M phase cells. Analysis
of cyclins showed that C18-SQMG accumulated cyclins E
and A, but reduced cyclin B expression (Fig. 2B). These
results suggest that C18-SQMG induced predominant
replication arrest and partly premature mitosis. In consid-
eration of our previous suggestions [16,18], the phenom-
enon appeared to be very similar to the action mode of HU,
and studying the phenomenon in comparison with the HU-
induced effect may be valuable.

The HU-induced replication arrest caused Cdc25A
degradation for rapid activation of Chk1 [43,48,49]. How-
ever, the C18-SQMG-treated cells accumulated Cdc25A.
On the other hand, like another property of the inhibition
by HU, C18-SQMG influenced Chk1 and Chk2, which act
to elicit appropriate responses, such as cell cycle arrest.
The common biochemical basis for the inhibition might be
in the disturbance of the system mediated by Chkl and
Chk2. Since the replication checkpoint requires phosphor-
ylation of the phosphatase Cdc25 by Chkl1, the similarity of
the action modes between C18-SQMG and HU probably
depends on the upstream signal for Cdc25A. Chkl is
essential in analogous checkpoint processes in mammalian
cells to stall replication forks and suppress origin firing
[50]. In yeast, the replication checkpoint functions depend
on the Chk2 homologues Cds1 and Rad53 [51,52]. C18-
SQMG-induced replication arrest might therefore be
mediated directly by inhibiting replicative DNA poly-
merases themselves. One or more replicative polymerases
might function as signal proteins for the Chkl and Chk2
system.
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To confirm this idea, we tested if pol o, pol €, and PCNA
bind to the chromatin immediate after treatment of C18-
SQMG or HU. If pol a, pol €, and PCNA functioned as the
signal proteins, they would at first have to bind to the
chromatin. Moreover, the reason is that as the action of
C18-SQMG or HU, the DNA replication checkpoint may
destroy genome stability. Consequently, in the cells treated
with C18-SQMG, pol o accumulated into the chromatin,
and PCNA and pol ¢ dissociated from the chromatin. On
the other hand, in the HU-treated cells, only the accumula-
tion of pol o and € was observed. In fission yeast, the HU-
induced cell cycle arrest and the Cdsl-mediated check-
point response were suggested to prevent the initiation
complexes of the late-firing replicons, termed the intra-S
phase checkpoint [53]. Moreover, for the HU-induced
arrest, a stable pol o-primase complex is required to
generate a signal for the activation of the intra-S phase
checkpoint [53]. The perturbation of S phase initiation
could be induced by different checkpoint responses in
fission yeast [54]: following an early S phase stall caused
by HU, a stable and intact pol o-primase complex is
required to signal high levels of Cdsl kinase activation
to prevent progression of the early replication fork and
premature initiation of the late-firing replicons, and once
DNA replication is initiated the synthesis of an initiation
DNA structure by pol o is required to generate the S phase
checkpoint to prevent inappropriate mitotic entry. In this
model, C18-SQMG must influence the intra-S phase
checkpoint predominantly through the inhibition of pol
o activity. Since Chkl1 is partially associated at the S/M
checkpoint, C18-SQMG must also have a role at the S/M
checkpoint.

As similarly described in Section 3, the statement from
the three-dimensionally distorted pol € protein might be
associated with the signals in the DNA replication arrest.
pol € is also known to take part in the DNA replication,
and pol € may be the best candidate as a sensor involved
in the replication-associated repair that either precedes or
follows replication forks in early S phase [55]. Moreover,
pol € is not only a key regulator in DNA replication and
repair, but is also important in monitoring the genetic
statement in DNA replication events. Reportedly, a pol €
mutant viable but sensitive to DNA-damaged agents
shows a cell cycle delay, and requires that the DNA-
damaged checkpoint maintain cell viability [56]. In addi-
tion, the ATR signal responds to the stalling of replication
forks and generating single-stranded DNA phosphorylate
Chk1/2 and other substrates, such as p53, Brcal, and
SMCI1, which participate in multiple checkpoint res-
ponses [57-62]. The pol € inhibition caused by C18-
SQMG must accumulate unreplicated DNA regions at
the S phase. The regions may be recognized as damaged
DNA and subsequently digested. Therefore, the inhibition
of pol € would also be attributable to the S/M checkpoint.
In the process, the inhibition of pol o by C18-SQMG
induces the intra-S phase checkpoint mediated by Chkl,

SQMG
pol o pole
Stable pol a-primase Accumulation of
complex unreplicated DNA
Chkl
Chkl
* Chk2
P33 ¢
Intra-S phase checkpoint S-M phase checkpoint

Fig. 5. The proposed response to sulfoquinovosyl monoacylglycerol
(SQMG). Pol « inhibition induces replication block by intra-S phase
checkpoint via Chk1, and pol € dissociation from chromatin and inhibition
of activity induces damaged DNA accumulation, and subsequently induces
mitosis delay by S/M checkpoint via Chkl and Chk2.

and the S/M checkpoint response mediated by Chkl and
Chk?2 resulting from the inhibition of pol € by C18-SQMG
as depicted in Fig. 5.
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