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Anti-proliferative and anti-invasive properties of a
purified fraction from Streptomyces sp. H7372
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Abstract. Secondary metabolites from actinomycetes espe-
cially the genus Streptomyces may be one of the most impor-
tant sources for novel anticancer agents. A purified fraction
from a novel actinomycete strain, Streptomyces sp. H7372,
was elucidated in breast cancer cells. We have isolated three
purified fractions from a novel strain, Streptomyces sp. H7372.
One of the fractions, designated as 31-2, exhibited the strongest
growth-inhibitory effect and thereby was selected for further
studies. 31-2 exerted a growth-inhibitory effect on a panel of
15 human cancer and 2 non-malignant cell lines. In MCF-7
and MDA-MB-231 breast cancer cells, 31-2 induced a cyto-
static (anti-proliferative) effect without causing cytotoxicity
(cell death). Our data suggest that the cytostasis resulted
from cell cycle arrest at the G1 phase in MCF-7 cells and at
the S phase in MDA-MB-231 cells. Western blot analysis
demonstrated a modulation of phosphorylation of the Rb
and CDC2 proteins and of CDK4, cyclin D1 and cyclin D3 in
the 31-2-treated breast cancer cell lines. The protein levels of
CDK2, CDK6, and PCNA were not affected by 31-2 treatment.
31-2 also exhibited an anti-invasive effect in MDA-MB-231
cells. However, this effect is not attributed to the modulation
of proteolytic activity in MDA-MB-231 cells as the enzymatic
degradation of type IV collagen was not affected by 31-2.
The 31-2 is a potent cytostatic and anti-invasive agent and
modulates the cell cycle pathway. Together, these results will
have important implications in searching for novel approaches
to treat cancer.

Introduction

Cancer chemotherapy has gradually improved with the
development of newer generation cytotoxic agents such as
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the taxanes and gemcitabine, with curative activity against
different forms of malignancy. While treatment of certain
malignancies with chemotherapy has been successful and
encouraging, the effectiveness has often been limited by drug
resistance of tumours and by side effects on normal tissues
and cells. Chemotherapy with cytotoxic agents that target
proliferating neoplastic cells have very little or lack specificity
resulting in undesirable adverse drug effects such as gastro-
intestinal, neurologic, cardiovascular, and skin toxicities,
myelosuppression and hypersensitivity reactions (1). Ideal
anticancer drugs would eradicate cancer cells without harming
normal tissues, while evading drug resistance. With no cur-
rently available agents meeting these criteria, the continued
elucidation of new biochemical mechanisms underlying
drug efficacy and the search for novel agents or therapeutic
strategies remain a necessity.

Microorganisms have been reported to produce around
23,000 bioactive secondary metabolites and over 45% of
these compounds are discovered from actinomycetes (2).
Members of the genus Streptomyces in this group have been
well known during the last seventy years as prolific producers
of new bioactive compounds, many of which are potent
antibiotics and antitumour drugs (3). Clinically useful anti-
tumour drugs produced by streptomycetes include anthra-
cyclines (aclarubicin, daunomycin and doxorubicin), peptides
(bleomycin and actinomycin D), aureolic acids (mithramycin),
enediynes (neocarzinostatin), antimetabolites (pentostatin),
carzinophilin, mitomycins and others (4,5). Actinomycetes
have attracted great attention since they have developed
unique metabolic and physiological capabilities that not only
ensure survival in complex environments, but also offer the
potential to produce compounds with antitumour and other
interesting pharmacological activities. Efforts have been
made towards novel drug discovery from soil actinomycetes
inhabiting in the Sabah rain forests which house a diverse
assemblage of microbes. Among the isolated actinomycete
strains, Streptomyces sp. H7372 was indentified to inhibit
Ras-Raf interaction by the yeast two-hybrid screening system
(6,7). Ras and Raf play a central role in the growth factor
signaling pathways controlling cell proliferation, survival,
and differentiation (8.9).

Our preliminary studies have shown that the crude extract
of H7372 exerts growth-inhibitory effects on human breast
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cancer cell lines. It is not surprising that the bioactive secondary
metabolites produced by H7372 strain are potential sources
of novel anticancer agents. Identification and isolation of
bioactive compounds from H7372 strain are currently in
progress by a research group based in the University of
Hawaii. Several bioactive fractions, as identified from the
yeast two-hybrid screening system, have been purified from
H7372 crude extracts. In the present study, we elucidated the
growth-inhibitory effects of three active fractions, designated
as H7372-28, -31-1, and -31-2. One fraction with the most
potent activity, H7372-31-2 was selected for further eluci-
dations of its cellular and molecular mechanisms of action
in two breast cancer cell lines, MCF-7 and MDA-MB-231
cells representing the estrogen receptor-positive (ER*), pro-
gesterone receptor-positive (PR*) and ER'PR- breast cancers,
respectively.

Materials and methods

Cell lines. TWO01, TWO04, TWO06, SUNE-1, and CNE-1 cell
lines were generously provided by Sam Choon Kook (Univer-
sity Malaya, Malaysia) and Chin-Tarng Lin (National Taiwan
University, Taiwan). MDA-MB-231, MCF-7, T-47D, HT-29,
Caco-2, HCT116, HepG2, PC-3, DU145, HeLa, and IMR-90
cell lines were obtained from the American Type Culture
Collection (Manassas, VA). LX-2 cell line was a kind gift
from Scott Friedman (Mount Sinai School of Medicine, New
York). All cell lines were grown in RPMI-1640 medium
containing 10% fetal bovine serum (FBS) (Invitrogen Corp.,
Carlsbad, CA).

Extraction and fractionation. Streptomyces sp. H7372 was
cultured in the medium containing 20 g/1 D-mannitol, 20 g/1
peptone, and 10 g/l dextrose (pH 7.0) at 30°C with agitation
at 250 rpm for seven days. The fermented culture broth was
centrifuged and the supernatant was extracted with n-butanol.
The organic extract was suspended in H,O (1:1) and then
partitioned successively with chloroform and ethyl acetate.
The chloroform and ethyl acetate extracts were subjected to
fractionation. Column chromatography (CC) was carried out
using Merck silica gel 60 (70-230 mesh). Reverse-phase
HPLC was carried out on the Beckman Coulter Gold-168
system equipped with a photodiode array detector using Alltech
semipreparative Econosil C18 column (10 ym, 10x250 mm)
and run at a flow rate at 2.0 ml/min. A fraction was isolated
from the chloroform extract by CC eluting successively with
hexanes and increasing polarity with acetone and methanol.
The fraction was recrystallized with methanol-chloroform
(1:1) to give purified fraction H7372-28 and the mother liquor
was further separated by CC eluting with methanol-chloroform
(1:99) and subsequently by reverse-phase HPLC with
methanol-H,O (3:1) to give purified fraction H7372-31-1
(retention time of 14.5 min). A purified fraction designated
as H7372-31-2 was recrystallized from a fraction isolated
from the ethyl acetate extract by CC eluting sequentially
with hexanes and increasing polarity with ethyl acetate and
methanol. Stock solutions of the H7372-28, -31-1, and -31-2
fractions were prepared in methanol at 10 mg/ml. Following
reconstitution, all stock solutions were stored at -20°C. The
final concentrations of methanol used were <0.2% in cell
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culture medium. Solvent controls with equivalent concentration
were included in all experiments.

Cell viability assay. MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazolium bromide] assay was used to evaluate
the growth-inhibitory effects of purified fractions. The cells
were seeded on 96-well plates at a density of 3,000 cells per
well, incubated for 24 h, and then treated with increasing
concentrations of the fractions (in 100 ul of medium/well) at
37°C. After 72 h of treatment, 10 u1 of MTT solution (5 mg/ml)
(Amresco, Solon, OH) was added into each well and incubated
for 3 h at 37°C before the removal of the media. DMSO
(150 pl/well) was then added to dissolve the formazan product.
The absorbance at 570 nm wavelength, which is directly
proportional to the number of living cells in culture, was
measured using a spectrophotometric microtiter plate reader.
All treatments or controls were done in triplicate wells.

Cell proliferation assay. The MCF-7 and MDA-MB-231 cells
were plated in the 96-well plates at a density of 6,000 cells
per well, incubated for 24 h, and then treated with 0.2 and
2 pg/ml H7372-31-2 (in 100 ul of medium/well) at 37°C. For
0 hour and every 12 h of treatment, up to 72 h, 20 pl of the
CellTiter 96® AQueous One Solution Reagent (Promega
Corp., Madison, WI) was added into each well. After
incubation for 3 h at 37°C, the quantity of soluble formazan
product of MTS tetrazolium was measured by the microtiter
plate reader at 490 nm. Relative cell proliferation was calcu-
lated by dividing the absorbance, which is directly proportional
to the cell viability, for a given time-point by the absorbance
from the initial reading (hour 0) of assay. All treatments or
controls were done in triplicate wells and three independent
experiments were conducted.

Apoptosis assay. Apoptosis was assayed using the Annexin V-
FITC Apoptosis Detection Kit (BD Biosciences, San Jose, CA).
H7372-31-2-treated or control MCF-7 and MDA-MB-231
cells were collected from 6-well plates (60-80% confluency),
washed with cold phosphate-buffered saline with 0.1% bovine
serum albumin (PBS/BSA), and then subjected to Annexin
V-FITC and propidium iodide (PI) staining following the
manufacturer's instructions. The stained cells were analyzed
by flow cytometry (FACSCalibur™ instrument equipped
with CellQuest software; BD Biosciences). Approximately
10,000 cells were acquired and percentages of apoptotic and
necrotic cells were determined by FCS Express Version 3
(De Novo Software, Los Angeles, CA). Cells treated with
2 uM staurosporine (Calbiochem®; Merck KGaA) for 5 h
were used as positive control. Three independent experiments
were conducted. The differences of mean values between
treated and control samples were tested by One-way analysis
of variance (ANOVA) followed by Tukey-Kramer multiple
comparisons test.

Cell cycle distribution analysis. Cells grown in 6-well plates
were rinsed twice with PBS and synchronized by incubation
in serum-free media with 0.5 mg/ml BSA for 36 h. H7372-31-2
was added during the last 12 h of the 36-h serum-starvation
period, and the cells remained in the presence of H7372-31-2
after addition of serum to 10% of final medium volume. At
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0-hour time-point (no serum addition) and different time-
points after serum stimulation, cells (60-80% confluency)
were harvested and fixed with 70% ethanol for overnight at
-20°C. The fixed cells were washed once with PBS/BSA,
treated with 20 pgg/ml RNase A (Amresco) for 30 min at
37°C, and then stained with 40 yg/ml PI. The cells were
analyzed by flow cytometry (FACSCalibur™ with CellQuest
software). Approximately 15,000 cells were acquired and
percentages of cells in the GO/G1, S, and G2/M phases
were determined by FCS Express Version 3 software. Three
independent experiments were performed.

In vitro invasion assay. Basement membrane invasion
assay was done by using the invasion chamber as described
previously (10) with some modifications. The microporous
(8-um pore-size) polyethylene terephthalate (PET) membrane
of the cell culture insert (24-well format; BD Biosciences)
was coated with undiluted basement membrane matrix
(Matrigel™ , phenol red-free; BD Biosciences) following the
thin gel method as described in the manufacturer's instructions.
The MDA-MB-231 cells (5x10%) resuspended in 200 ul of
serum-free medium with 0.5 mg/ml BSA and 0.2 or 2 pg/ml
H7372-31-2 were pipetted into the upper chamber. The lower
chamber was filled with 700 yxl of medium with similar
contents but without cells. After incubation for 12 or 24 h at
37°C, the medium at lower chamber was replaced with medium
containing 10% FBS only. Following 24 h of stimulation by
the chemoattractant, the culture insert was immersed in 95%
ethanol for 2 min to fix the cells. After washing insert with
PBS, the cells at upper surface of membrane were stained
with 1 pg/ml DAPI (4',6-diamidine-2'-phenylindole; KPL,
Gaithersburg, MD) for 2 min. In order to prevent non-specific
DAPI staining of cells at lower surface, the lower chamber
was filled with PBS until its level was higher than the level
of DAPI solution in the upper chamber. The staining of cells
at lower surface with 1 pgg/ml PI (Sigma-Aldrich, St. Louis,
MO) was done vice versa. Finally, the membrane was
removed from the insert using a scalpel blade and mounted
onto a glass microscope slide using fluorescent mounting
media (KPL).

Entire membrane was viewed microscopically in a zig-zag
pattern under magnification x200 and a total of 24 to 27
non-overlapping fields were obtained for cell quantification.
Photomicrographs of DAPI and PI staining were captured
individually from each field using a CCD camera (Color-
View12; Olympus Soft Imaging Solutions GmbH, Miinster,
Germany), installed on an Olympus BX51 fluorescence
microscope (Olympus, Tokyo, Japan) and attached to a
computer. The photomicrographs were viewed using image-
analytical software (analySIS; Olympus Soft Imaging Solutions
GmbH) and evaluated for the numbers of DAPI- or PI-
stained cells by counting manually with the assistance of a
‘touch count’ function provided by the software. The number
of invaded cells (PI-stained cells) was divided by the number
of non-invaded cells (DAPI-stained cells) in each field to
obtain a ratio value representing the invasive capacity. The
differences of mean ratio values between treated and control
samples were statistically tested using Kruskal-Wallis test
followed by Dunn's multiple comparisons test. To test for the
reproducibility, a total of three independent experiments
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were performed. In each experiment, the average ratio value
of a treated sample was normalized to that of corresponding
control. The differences of mean normalized values of three
independent experiments with control value (set to 1) were
tested by one-sample t-test.

Proteolytic activity assay. The analysis of proteolytic activity
in MDA-MB-231s cell was performed using the in situ zymo-
graphy approach with quenched fluorogenic substrate (DQ™
collagen type IV, fluorescein conjugate; Invitrogen Corp.) as
described previously (11) with some modifications. The
DQ-collagen IV (25 pug/ml) mixed in Matrigel was used to
coat the cover glasses (13-mm diameter) in 24-well plate
following the thin gel method similar to that in invasion
assay. The MDA-MB-231 cells (10x10%) resuspended in
700 ul of serum-free medium with 0.5 mg/ml BSA and 0.2 or
2 pg/ml H7372-31-2 were pipetted into each well. After
incubation for 12 or 24 h at 37°C, serum was added to the
medium at a final concentration of 10%. Following 12 h of
stimulation, the cells were fixed with 95% ethanol and
stained with 1 pg/ml DAPI. Photomicrographs of DAPI and
FITC staining were captured individually from each field in a
total of 15 non-overlapping fields (magnification x100). The
numbers of DAPI-stained cells were evaluated as described
in the invasion assay. Integrated density of the FITC staining
of each photomicrograph was quantified by using the public
domain software ImageJ [National Institutes of Health (NIH),
USA]. The integrated density of fluorescence normalized with
cell number in each field represents the proteolytic activity. The
differences in proteolytic activity between treated and control
samples were statistically tested as described in the invasion
assay. Three independent experiments were performed.

Semi-quantitative Western blot analysis. MCF-7 and MDA-
MB-231 cells were treated with H7372-31-2 similarly as
described in the cell cycle analysis. At the end of each
experiment, cells in the Petri dishes were rinsed with cold-
PBS and then lysed with 1X SDS sample buffer [62.5 mM
Tris-HCI (pH 6.8), 2% SDS, 10% glycerol, 100 mM DTT].
The cell lysate was homogenized by passing it through a
27-gauge needle. Each protein sample (20 ug) was
electrophoresed in an SDS polyacrylamide gel and electro-
transferred to a PVDF membrane. The membrane was
incubated in 5% BSA blocking buffer for 1 h at room tem-
perature. The membrane was then probed with a primary
antibody for 1 h at room temperature or overnight (~18 h) at
4°C. The primary antibodies and respective dilutions are
listed in Table I. The immunoreactivity was detected by using
a horseradish peroxidase-conjugated anti-rabbit or anti-mouse
secondary antibody. Finally, the membrane was incubated
with chemiluminescent substrate (Thermo Fisher Scientific)
and visualized using the FluorChem™ 5500 imaging system
(Alpha Innotech Corp., San Leandro, CA). The blot images
were captured and adjusted for brightness and contrast for
minimum background. Band intensities were evaluated by
densitometric analysis using the ImagelJ software (NIH, USA).
The band intensity values of targets were normalized to those
of a-tubulin obtained on the same blot to correct variations in
loading and transfer among samples. Furthermore, the ratios
of phosphorylated target to its total protein values were also
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Table I. Primary antibodies used for Western blot analysis.
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Protein Clone Company Catalog no.  Antibody dilution/
incubation time
p-Rb (S807/811)  Polyclonal  Cell Signaling Technology 9308 1:1000/0.n
p-Rb (S795) Polyclonal  Cell Signaling Technology 9301 1:1000/0.n
Rb 4H1 Cell Signaling Technology 9309 1:1000/0.n
p-CDC2 (Y15) Polyclonal  Cell Signaling Technology 9111 1:1000/0.n
CDC2 Al17.1.1 Thermo Fisher Scientific (Lab Vision), Fremont, CA MS-110-PO 1:3000/0.n
CDK2 2B6 + 8D4  Thermo Fisher Scientific (Lab Vision) MS-617-P0 1:1000/0.n
CDK4 DCS156 Cell Signaling Technology 2906 1:1000/0.n
CDK6 DCS83 Cell Signaling Technology 3136 1:1000/0.n
Cyclin D1 DCS6 Cell Signaling Technology 2926 1:1000/0.n
Cyclin D3 DCS22 Cell Signaling Technology 2936 1:1000/0.n
PCNA PC10 Dako, Carpinteria, CA MO0879 1:3000/0.n
a-tubulin DMI1A Thermo Fisher Scientific (Lab Vision) MS-581-P 1:5000/1 h

P-, phospho-; S, serine; Y, tyrosine; o.n, overnight; Rb, retinoblastoma protein; CDC, cell division cycle; CDK, cyclin-dependent kinase;

PCNA, proliferating cell nuclear antigen.
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Figure 1. Dose-effect of the three active fractions, namely H7372-28, -31-1, and -31-2 on cell viability in two breast cancer cell lines after 72 h of treatment.
Data represent the means + SD of three independent experiments, each performed in triplicate.

calculated. The normalized or ratio value from each sample
was divided by the value in the control at O hour. The data
are presented as ‘fold change’ in comparison with that of
the control at O hour which was set as 1. Two independent
experiments were conducted.

Statistical analysis. Statistical analysis was performed using
GraphPad InStat version 3.05 for Windows (GraphPad Soft-
ware, Inc., San Diego, CA) as described in the apoptosis,
in vitro invasion, and proteolytic activity assays. The data
analyzed by one-sample t-test passed the normality test
using the method of Kolmogorov and Smirnov. A two-sided
P<0.05 was considered statistically significant.

Results

Effects of purified fractions on cell viability. The effects of
three active fractions (H7372-28, -31-1, and -31-2) at various
concentrations on cell viability were examined in two human
breast cancer cell lines, MCF-7 and MDA-MB-231. Of these
fractions, H7372-31-2 was revealed to be the most active as
it reduced the cell viability markedly in both cancer cell lines
after 72 h (Fig. 1). It was noted that the ICs, (concentration
required to reduce cell viability to 50% of the control value)
of H7372-31-2 against MCF-7 and MDA-MB-231 cells
was <0.31 pg/ml unlike H7372-28 and H7372-31-1 which
showed ICs, values of 10.43+2.4 and 10.47+1.3 ug/ml,
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Table II. The ICs, values of 31-2 against 15 human carcinoma
and 2 non-malignant cell lines in 72 h.

Cell lines ICs, (ng/ml)
Nasopharyngeal carcinoma

TWO1 0.85

TWO04 1.75

TWO06 0.35

SUNE-1 0.5

CNE-1 2.75
Breast adenocarcinoma

MDA-MB-231 0.45

MCF-7 0.15

T-47D >4
Colon adenocarcinoma

HT-29 0.35

Caco-2 0.5

HCT116 0.65
Prostate adenocarcinoma

PC-3 0.2

DU145 0.5
Hepatocyte carcinoma

HepG2 22
Cervix epitheloid carcinoma

HeLa 0.1
Human hepatic stellate cells

LX-2 0.65
Human fetal lung fibroblast

IMR-90 03

respectively, against MCF-7 cells and ICs, values >20 pg/ml
against MDA-MB-231 cells.

As H7372-31-2 (hereafter described as 31-2) shown to be
the best performer, it was further tested against a panel of 15
human cancer and 2 non-malignant cell lines. MCF-7 and
MDA-MB-231 cells were also included as a different range
of 31-2 concentrations was used in this experiment. 31-2 was
able to exert the growth-inhibitory effect on all the human
cancer cell lines and the non-malignant IMR-90 and LX-2
cells. Table I summarizes the ICs, values ranging from 0.1 to
2.75 ug/ml for 31-2 against all the cell lines tested except
T-47D (ICsy >4 pug/ml).

Effect of 31-2 on cell proliferation in MCF-7 and MDA-MB-
231 cell lines. We further elucidated whether the growth
inhibition observed in 31-2-treated cells was attributable to a
cytotoxic or a cytostatic effect. We assessed the viability of
MCEF-7 and MDA-MB-231 cells every 12 h, up to 72 h, in
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Figure 2. Kinetics of growth suppression by 31-2 in MCF-7 and MDA-MB-
231 cells. Viable cell densities were assessed every 12 h, up to 72 h, by using
an MTS assay and expressed as cell viability relative to hour O values. Data
represent the means + SD of three independent experiments, each performed
in triplicate.

treatment concentrations at 2 pg/ml, which is roughly at the
plateau level of their dose-effect curves, and at 10 times
lower, 0.2 pg/ml. These concentrations caused approximately
the highest and 50% growth inhibition, respectively, in
MCEF-7 and MDA-MB-231 cells (Fig. 1 and Table II).

Fig. 2 shows the kinetics of growth response to 31-2 in
MCF-7 and MDA-MB-231 cells. 31-2 noticeably inhibited
the proliferation of both cancer cell lines in a dose-dependent
manner during 72 h of observation. 31-2 at 2 pug/ml led to
complete cytostasis as evidenced by the lack of change in
cell proliferation over time. Although there were slight
reductions of relative cell viability seen in both cell lines
treated at 2 pg/ml, this may be likely due to the normal cell
death in culture rather than 31-2-triggered cell death. The
proliferation rate (slope of exponential or log phase of the
growth curve) of untreated MCF-7 and MDA-MB-231
cells was comparable. The relative proliferation rate of
0.2 ug/ml-treated MDA-MB-231 cells to control (0 yxg/ml)
cells was 1.7 times higher than that observed in MCF-7
cells, indicating the higher susceptibility of MCF-7 cells to
31-2.

Effect of 31-2 on cell apoptosis in MCF-7 and MDA-MB-231
cell lines. To further support the cytostatic effect of 31-2,
its ability to induce cell apoptosis/death in MCF-7 and
MDA-MB-231 cell lines was assessed using the fluorescein-
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Table III. Effect of 31-2 at 0.2 and 2 yg/ml on cell apoptosis of MDA-MB-231 cells in 24, 48, and 72 h.

% of cells
31-2 (ug/ml) 24 h 48 h 72 h

Early apoptotic cells 0 1.50+0.30 1.61£0.19 1.48+0.33

0.2 2.46+1.40 0.80+0.25° 0.37+0.08°

2 2.36+1.73 0.59+0.122 1.14+0.044
Late apoptotic cells 0 2.84+1.28 4.17+0.51 4.37+2.02

0.2 2.83+1.00 2.83+0.042 0.93+0.39

2 1.99+1.14 1.75+0.13b¢ 249+1.18
Necrotic cells 0 6.10+0.85 6.86+3.21 8.60x1.16

02 3.35+2.03 6.36+1.61 9.33+1.15

2 3.86+2.08 4.28+2.44 8.80+2.26

Data represent the means + SD of three independent experiments. *P<0.01, "P<0.001 vs. 0 g g/ml (control); °P<0.05, P<0.01 vs. 0.2 eg/ml.

labeled Annexin V/propidium iodide (Annexin V-FITC/PI)
staining and flow cytometry analysis. 31-2 showed no
significant induction of either apoptosis or necrosis up to
72 h of treatment in MCF-7 cells (data not shown). Similarly,
no significant effect on necrosis of MDA-MB-231 cells by
31-2 was observed (Table III). However, significant reductions
in early and late apoptosis were observed at 48 h of treatment
and only early apoptosis at 72 h of treatment, as compared
to the respective controls (Table III). In these significant
reductions, the percentages of treated (0.2 and 2 pg/ml)
MDA-MB-231 cells were 1.5-4 times lower than that of
untreated cells. Because of the low percentages of early or
late apoptosis in control cells (<4.5%), it should be noted that
the differences with the treated cells are <2.5% of total cell
population. Therefore, it appears that the reduction of early
or late apoptosis in treated cells relative to the total cell
population is not significant. The findings of regular and
slightly reduced cell death in 2 pg/ml 31-2-treated MCF-7
and MDA-MB-231 cells, respectively, may also support our
observation of slight decreases of relative cell viability over
time in MCF-7 cells and, to a lesser extent, in MDA-MB-231
cells with similar treatment (Fig. 2). Respective cell lines
treated with staurosporine were included in each staining
experiment serving as positive control and in both, strong
induction of early apoptosis was observed (data not shown).

Effect of 31-2 on cell cycle distribution in MCF-7 and MDA-
MB-231 cell lines. In order to more clearly demonstrate the
actions of 31-2 during a specific phase of the cell cycle,
the MCF-7 and MDA-MB-231 cells were synchronized by
switching them to serum-free media for 36 h to render them
quiescent. Subsequently, 31-2 was added during the last 12 h
of the 36-h serum-starvation period, and the cells remained in
the presence of 31-2 after addition of serum to 10% of final
medium volume. Fig. 3 shows the effect of 31-2 on the
progression of synchronized MCF-7 and MDA-MB-231 cells
through the cell cycle after stimulation with 10% FBS. In
the absence of 31-2, serum-stimulated MCF-7 cells readily

proceeded to enter the S phase at 12 hours, whereas, in its
presence (0.2 and 2 pg/ml), the cells remained arrested at the
GO0/G1 phase. This effect was found to occur in a dose-
dependent manner. In comparison with the untreated cells,
MCEF-7 cells treated at lower concentration (0.2 pg/ml)
showed a slight and delayed decrease (at 24 hours) in
percentage of cells in the GO/G1 phase due to the small
progression to S phase. In contrast, at a higher concentration
(2 pg/ml) of 31-2, cells exhibited a slight increase of percent-
age in the GO/G1 phase and then a smaller progression to
S phase at more delayed time-points (at 36-60 hours) as
compared to the 0.2 yg/ml-treated cells. After 24 h, 0.2 yg/ml-
treated and untreated cells entered the GO/G1 phase gradually.

Unlike the observation in MCF-7 cells, untreated MDA-
MB-231 cells showed no marked G1-S transition immediately
after serum stimulation (Fig. 3B). The cell cycle profile of
MDA-MB-231 cells with treatment at lower 31-2 concentration
was similar to that of untreated cells until at hour 36, from
which the percentages of treated cells were slightly higher
(10-15% differences) in the GO/G1 phase and concomitantly
lower in the S phase. On the other hand, a higher 31-2
concentration caused an increase of cell percentage in the
S phase and a corresponding decrease of cell percentage in
the G2/M phase throughout the experimental time course.

Effect of 31-2 on invasiveness of MDA-MB-231 cells. Invasion
through the extracellular matrix (ECM) is a crucial step in
tumour metastasis. To study the effect of 31-2 on tumour
invasion, we adopted a widely used in vitro assay that assesses
the ability of tumour cells to invade through Matrigel matrix,
a reconstituted basement membrane matrix derived from the
Engelbreth-Holm-Swarm mouse tumour. This assay mimics the
early steps of tumour invasion in vivo, namely the degradation
of, and migration through, basement membranes (12).

Since the MCF-7 cells are relatively non-invasive in vitro
(13), the highly invasive MDA-MB-231 cells only were used
in this assay. After 12- or 24-h treatment with 31-2 at 0.2
and 2 pg/ml in serum-free medium, the MDA-MB-231 cells
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Figure 3. Effect of 31-2 on the cell cycle distribution of MCF-7 (A) and MDA-MB-231 (B) cells that were serum-starved for 36 h and then re-stimulated to
enter the cell cycle by addition of 10% FBS. At various time-points after addition of serum, cells were harvested for DNA analysis by flow cytometry and the
percentages of cells in the GO/G1, S, and G2/M phases of cell cycle were plotted. Data represent the means + SD of three independent experiments.
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Figure 4. Inhibitory effects of 31-2 on the invasion of MDA-MB-231 cells through Matrigel after 12 and 24 h of treatment. (A) A typical experiment shows
the averages + SD of the ratios of invaded to non-invaded cell numbers calculated from 24 to 27 fields as indicated (N) for each membrane. Statistical analysis
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was done using Kruskal-Wallis test.

P<0.001 vs. 0 pg/ml (control); “P<0.05, “P<0.01 vs. 0.2 pg/ml. (B) The average ratio values in 31-2 treatments relative

to that in the absence of 31-2 at respective time-points were calculated and the means + SD for three independent experiments are shown. Statistical analysis

was performed by one-sample t-test. i, P=0.02; ii, P=0.01; iii, P=0.009.

in the upper chamber (cell culture insert) were induced to
invade the Matrigel, pass through the membrane pores, and
emerge on the underside of the membrane by adding 10% FBS
as chemoattractant to the lower chamber. In order to rule out
inhibition of invasion due to the non-specific anti-proliferation
effect of 31-2, the non-invaded cells were taken into account
and the invasive capacity was expressed as ratio of invaded
to non-invaded cell numbers, instead of counting only the

number of invaded cells at lower surface of the membrane
which was normally done in other evaluations (10,14,15).
The results of the invasion study are summarized in Fig. 4.
The treatment of 31-2 reduced the invasive ability of MDA-
MB-231 cells significantly in a dose- and time-dependent
manner. In comparison with the corresponding untreated
cells, the invasive ability of cells treated at 0.2 yg/ml was not
altered significantly after 12 h of treatment but reduced
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Figure 5. Each image represents the overlaid photomicrographs of upper and lower membrane surfaces captured from a similar field. After 24 h of stimulation
with chemoattractant (10% FBS) (B-D) or no stimulation (A), cells invaded to the lower membrane surface were stained with propidium iodide (red) while
the non-invaded cells on the upper surface of membrane were stained with DAPI (blue). Original magnification x200.
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Figure 6. Changes in level or phosphorylation status of cell cycle-related proteins induced by 0.2 zg/ml (lower dose) and 2 pg/ml (higher dose) of 31-2 in
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or 2 ug/ml 31-2) and control (0 yg/ml) at corresponding time-points. Data are representative of one of two independent experiments with equivalent results.

significantly after 24 h of treatment (Fig. 4). The invasive
capacity of cells treated at 2 yg/ml for 24 h was two to four
times lower than that of the control (0 xg/ml) (Fig. 4B). The
photomicrographs of representative fields in Fig. 5B-D
show the inhibition of cell invasion by 31-2 treatment.
There was no cell invasion in the control well without
chemoattractant at the lower chamber (Fig. 5A).

Effect of 31-2 on proteolytic activity in MDA-MB-231 cells.
Matrigel matrix has been shown to contain collagen IV,
laminin, entactin, heparan sulfate, and proteoglycan (16).

The enzymatic degradation of type IV collagen has been
strongly implicated in the invasion process of various tumour
cells, including breast cancer cells (17-19). To investigate
whether suppression in the activity of proteases was involved
in the inhibition of invasion by 31-2, the influence of 31-2
on the proteolytic activity of MDA-MB-231 cells on DQ-
collagen IV, a quenched fluorescent substrate, was evaluated.
After 12 or 24-h treatment with 31-2 at 0.2 and 2 pg/ml in
serum-free medium, the MDA-MB-231 cells grown on the
DQ-collagen I'V-coated cover slip were stimulated with 10%
FBS for 12 h. We found no statistically significant difference
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in the cleavage of DQ-collagen IV, as indicated by the release
of fluorescent peptides, after 12 or 24 h of treatment with
31-2 at 0.2 and 2 pg/ml, compared to that of no treatment
(0 ug/ml) (data not shown).

Effects of 31-2 on cell cycle-related biomolecules in MCF-7
and MDA-MB-231 cells. To investigate the molecular basis
of anti-proliferation exerted by 31-2 in MCF-7 and MDA-
MB-231 cells, we performed semi-quantitative Western blot
analysis using various antibodies including the phospho-(p-)
specific antibodies to detect the expression and phosphorylation
of the key biomolecules involved in the cell cycle pathways.
In order to achieve the reproducibility of results obtained from
two independent experiments, a 3-fold or greater difference
in the expression level of a particular protein between treated
and control (untreated) cells at corresponding time-points
was considered to be biologically significant.

The results of Western blot analysis of cell cycle-regulated
proteins in 31-2-treated MCF-7 cells are shown in Fig. 6A.
Prior to serum stimulation, a higher concentration (2 pg/ml)
of 31-2 significantly decreased the levels of p-Rb (S807/811),
CDK4 and cyclin D3, but not cyclin D1. After serum addition,
the CDK4 and cyclin D3 levels remained diminished for 12 h
while the Rb phosphorylation (S807/811) was transiently
elevated to the baseline level and gradually decreased to a
significant level at hour 60. It was noted that the cyclin D3
level was strongly affected as a lower 31-2 concentration
(0.2 pg/ml) was able to reduce its level significantly in MCF-7
cells.

In MDA-MB-231 cells, Western blot analysis (Fig. 6B)
showed that the level of p-Rb (S807/811) was not affected by
31-2 treatment. However, the phosphorylation of Rb at S795,
which was undetectable in treated or control MCF-7 cells
throughout the experimental time course (data not shown),
was decreased significantly by the higher concentration of 31-2
after 12 and 36 h of serum stimulation. In control (0 pg/ml)
MDA-MB-231 cells, the serum addition resulted in a transient
elevation in the levels of CDK4, cyclin D1 and cyclin D3. In
contrast, the CDK4 basal level was maintained and both the
expressions of cyclins D1 and D3 were diminished markedly
below the baseline level in a dose-dependent manner by 31-2
throughout the treatment time course.

In addition to the expression of biomolecules that partici-
pate in regulating the G1-S progression as described above,
31-2 treatment also caused a noticeable reduction in the
phosphorylation of CDC2 (also known as CDK1) on Y15,
which regulates the G2-M transition, in MCF-7 (Fig. 6A) and
MDA-MB-231 (Fig. 6B) cells. This effect occurred at early
time-points (12 and 36 h) after serum stimulation in MCF-7
cells but at later time-points (36 and 60 h) in MDA-MB-231
cells.

The total Rb and CDC2 proteins, as well as the levels of
other cell cycle-related proteins, namely CDK?2, CDK6, and
PCNA (data not shown), were not significantly affected by
the 31-2 treatment in MCF-7 and MDA-MB-231 cells.

Discussion

In the present study, three purified fractions (H7372-28, -31-1,
and -31-2) from the actinomycetes strain H7372 were shown
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to inhibit growth of two breast cancer cell lines tested (Fig. 1).
Indeed, H7372-31-2, simplified as 31-2, exerted a much
greater degree of inhibition than the other two fractions. Due
to more potent growth-inhibitory effect observed in 31-2,
we confined our studies to this fraction and elucidated the
molecular reactions and biological responses of human cancer
cells to this treatment. Our data demonstrate that 31-2 induced
significant growth inhibition in various human cancer cell
lines originated from different types of malignancies, including
nasopharyngeal, breast, colon, hepatocellular, prostate, and
cervical carcinomas (Table II). It is not surprising that two
tested non-malignant human cell lines, namely hepatic
stellate (LX-2) and fetal lung fibroblast (IMR-90) cells are
also sensitive to 31-2 as they are continuously proliferative
cell lines.

We extended our study on the 31-2 on two breast cancer
cell lines representing the differentiated, non-metastatic
(MCF-7) and the poorly differentiated, highly metastatic
(MDA-MB-231) mammary adenocarcinomas, respectively.
31-2 was found to exert a potent anti-proliferative activity,
although it failed to cause any significant loss of cell viability
or apoptosis induction in both cell lines, at least during the
observation period (72 h) used in this study (Fig. 2 and
Table III). The 31-2-induced cytostasis suggests that cell
cycle arrest was a biological response to 31-2.

Results of the cell cycle analysis indicate clearly that 31-2
induced G1 arrest in MCF-7 cells (Fig. 3A). On the other hand,
it is difficult to confirm that the 31-2-treated cells were arrested
in the G1 phase because no noticeable G1-S transition was
shown in the control MDA-MB-231 cells upon serum addition
(Fig. 3B). The inconsistency of our finding, whereby no G1-S
progression occurred after release from serum deprivation
condition with a previous report with MDA-MB-231 cells is
not explainable at this time (20). However, we noted an S phase
accumulation along with a decrease of cell population at the
G2/M phase in response to the treatment. Presumably, the
31-2 treatment may also inhibit cell cycle at the G1 phase in
MDA-MB-231 cells, since the S phase accumulation (35-50%
of higher dose-treated cell population versus 20-35% of
untreated cell population) appears not to fully explain the
complete loss of cell proliferation (Fig. 2).

Control of the G1-S phase transition in the cell cycle is
an important checkpoint in regulating cell proliferation. One
regulator of this transition is the retinoblastoma protein (Rb)
(21). Rb can bind to and inhibit the E2F family of transcription
factors and the proto-oncoproteins MDM2 and c-Abl tyrosine
kinase, resulting in cell growth suppression (22-24). Phos-
phorylation at particular Rb residues may only disrupt the
binding of Rb to particular subsets of its interacting partners
and therefore may result in differential regulation of down-
stream effector pathways (25,26). In the present study, 31-2
reduced the Rb phosphorylation at S807/811 in MCF-7 cells
and this effect could be responsible for G1 arrest and growth
inhibition (Fig. 6A). It has been demonstrated that phospho-
rylation of S807/811 blocks binding of Rb to c-Abl (25),
leading to the release of c-Abl and activation of the tyrosine
kinase in the nucleus of S phase cells (24). Moreover, multiple
phosphorylation of S807, S811, T821, T826, and S780 also
leads to the release of E2F from an inhibitory complex (26),
allowing it to promote the transcription necessary for cell
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cyle progression into late G1 and S phases (27). Unlike the
observation in MCF-7 cells, Rb phosphorylation at S807/811
was not affected but the phosphorylation of S795 was reduced
significantly by 31-2 in the MDA-MB-231 cells (Fig. 6B).
Phosphorylation of S795 residue was shown to be critical
for inactivation of Rb and its G1 phase arrest function (28).
Further investigation showed that the phosphorylation of
S795 is required for dissociation of E2F from Rb, enabling
the G1-S transition (29). Based on these published data, our
finding of repressed Rb phosphorylation at S795 supports the
G1 phase arrest by 31-2 in MDA-MB-231 cells although this
effect was not shown obviously in the cell cycle analysis
(Fig. 3B).

Rb phosphorylation is catalyzed by cyclin-dependent
kinases (CDKs) whose interaction with specific cyclin
regulatory subunits is required for the kinase activity. There
are several different cyclin-CDK combinations, including
D-type cyclins in combination with CDK4 or CDK6 as well
as cyclin E or cyclin A associated with CDK2. Evidence is
emerging that various CDKs differentially phosphorylate Rb
at distinctive residues in vitro and in vivo (28,30-32). Previous
studies showed that the S807/811 residue is one of the target
phosphorylation sites of CDK4 with cyclin D1 rather than
cyclin D3 (31,32). Consistent with these reports, decreased
CDK4 level by 31-2 in our observation is associated with
reduced p-Rb (S807/811) level in MCF-7 cells at the beginning
of experiment but later, this association is inconsistent
(Fig. 6A). In addition, the phosphorylation of S807/811
was not affected although both cyclin DI and CDK4 levels
were decreased by 31-2 in MDA-MB-231 cells (Fig. 6B). This
discrepancy might be due to other regulatory mechanisms
involved in the S807/811 phosphorylation. A regulatory motif
in Rb has been shown to control the exposure of the CDK
sites specifically at S807/811 that determine both conformation
and growth suppressing activity of Rb (33). It is possible that
the regulatory motif of Rb in MDA-MB-231 cells could
increase the accessibility of kinases to the CDK sites, enabling
it to be phosphorylated at S§07/811 readily even though in the
presence of lower cyclin D1-CDK4 level. Another possibility
is that the S807/811 residue might be phosphorylated more
efficiently by other cyclin-CDK complexes than by cyclin
D1-CDK4. Indeed, cyclin D1-CDK4 complex has been
reported to phosphorylate preferentially the S795 residue
and, to a much lesser degree, the S807, S811, T821 and T826
residues (34). Moreover, S795 is phosphorylated selectively by
the cyclin D1-CDK4 complex, but not cyclin-CDK?2 complexes
(28). In correlation with these studies, we found a significant
reduction of cyclin D1 and CDK4 levels accompanying
decrease of Rb phosphorylation at S795 in 31-2-treated
MDA-MB-231 cells (Fig. 6B). As supported by a recent
study (31), the decreased S795 phosphorylation can also be
attributed to the significant inhibition of cyclin D3 expression
as observed in 31-2 treatment.

The level of CDK6, another kinase known to phosphorylate
Rb at S807/811 and S795 with comparable efficiency to
CDK4 in vitro (35), was unaffected by 31-2 in the present study
(Fig. 6), suggesting that the repressed phosphorylation on these
residues in MCF-7 and MDA-MB-231 cells, respectively, is a
consequence of the decreased level of CDK4 rather than
CDK6. CDK4/6 becomes active before CDK?2 during the G1
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phase, and studies suggest that phosphorylation of Rb by
CDK4/6 may be required for its subsequent phosphorylation
by CDK2 in the late G1 phase (36-38). Although we have not
been able to detect any change in CDK2 level due to 31-2
treatment (Fig. 6), our data suggest that 31-2 might block
inactivation/phosphorylation of Rb, at least in part, through
reducing the cyclin D-CDK4 activity that prevents further
hyperphosphorylation by cyclin-CDK2 complexes. PCNA
is a key regulator of S phase with essential roles in DNA
synthesis associated with both DNA replication and repair
(39). Biochemical studies showed that PCNA binds to the
cyclin-CDK complexes as well as the CDK inhibitor p21,
suggesting a functional role for their interactions in cell cycle
control (40). In our study, however, the levels of PCNA do
not appear to be involved in the cell cycle arrest induced by
31-2 (Fig. 6).

Cell division cycle 2 (CDC2), also known as CDK1,
together with its pivotal activating partner cyclin B is the key
regulator of mitotic transition. In addition to the activation by
cyclin B, CDC2 activity can be negatively regulated through
Y15 phosphorylation by Weel and Mytl tyrosine kinases
during G1, S and G2 phases (41-43). This inhibitory phos-
phorylation is removed by CDC25 phosphatases, converting
CDC2 into the active form during the G2-M transition (44).
Elevated levels of CDC2 (Y15) phosphorylation are found to
be associated with accumulation of the S phase (45,46).
Consistent with these reports, the G1-S progression resulting
in cell accumulation in the S phase was exhibited concurrently
with increased p-CDC2 (Y15) level in the untreated MCF-7
cells after 12 h of serum stimulation (Figs. 3A and 6A). In
the G1 arrest induced by 31-2, the p-CDC2 (Y15) levels were
retained or unexpectedly, decreased by higher dose until 36 h
upon serum stimulation. Similarly to MDA-MB-231 cells,
there were decreases in Y 15 phosphorylation of CDC2 due to
31-2 treatment even though the cell population increased in the
S phase and decreased in the G2/M phase (Figs. 3B and 6B).
Although dephosphorylation of CDC?2 is correlated well with
mitosis activation, the presence of cyclin B, which is yet to
be determined here, is also required for the mitotic entry (43).
A recent study demonstrated that CDC2 is inactivated during
mitotic exit and interestingly, the reactivation of CDC2 by
removing the inhibitory phosphorylations, together with
preservation of cyclin B allows reversal to M phase even
from late G1, at which may also induce cell death (43).
Our finding of 31-2-repressed Y15 phosphorylation raises
the possibility that 31-2 may exert inhibition of Weel/Mytl
and/or activation of CDC25. In addition to these effects, the
status of CDC2 activity and whether they are responsible
for the growth-suppressive properties of 31-2 remain to be
elucidated.

Basement membrane, a dynamic thin sheet-like structure of
extracellular matrix, acts as a barrier separating the epithelium
from the surrounding stroma and its disruption is associated
with different stages of invasive carcinomas (47,48). Matrigel
matrix, a basement membrane-like material produced by the
mouse Engelbreth-Holm-Swarm sarcoma tumour, has been
used extensively as a reconstituted basement membrane in vitro
to investigate invasion of tumour cells. We found a potent anti-
invasive property of 31-2 in highly invasive MDA-MB-231
cells, as revealed by a significant decrease in cell invasion
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through Matrigel in a dose- and time-dependent manner
(Fig. 4). This effect of 31-2 was not tested on MCF-7 cells
because these cells are relatively not invasive. As invasion is
a prominent initial step in metastasis, the anti-invasive capacity
of 31-2 might have implications in increasing the survival
time and decreasing morbidity of breast cancer patients.

Matrix metalloproteinases (MMPs) are up-regulated in
cancer cells and other cells associated with the tumour micro-
environment, and have been shown to be responsible for loss
of basement membrane architecture (49,50). The major
component of the basement membrane is known to be type IV
collagen which is degraded effectively by MMP-2 and MMP-9
(51-53). We next examined whether the decrease in invasion
was a result of decreased proteolysis of type IV collagen by
observing the release of quenched fluorescence from the
digested collagen IV with fluorescein conjugate. A previous
study has shown that invasion of breast cancer cells correlates
with the cleavage of this quenched-fluorescent substrates by
endogenous proteases (19). However, there was no decrease
in the cleavage of collagen IV by 31-2-treated MDA-MB-231
cells although their invasiveness was reduced. A similar finding
with the same cell line was also observed in a published
report (11), indicating that the inhibitory mechanisms of
invasion may not always be through degradation of extra-
cellular matrix components. Furthermore, another study
showed that the inhibition of MDA-MB-231 cell invasiveness
by a phenylalanine metabolite may not be due to a decrease
in proteases but could be related to both the modification of cell
structure and an increased expression of adhesion molecules
(54). However, whether these mechanisms are involved in the
modulation of cell invasion by 31-2 still needs to be defined.

Our data demonstrate that the purified fraction 31-2 from
Streptomyces sp. H7372 induced cytostasis (anti-proliferation)
but not cytotoxicity in MCF-7 and MDA-MB-231 breast
cancer cells. Although the tested non-malignant cells are also
sensitive to 31-2, the effect would be most likely cytostatic,
rather than cytotoxic. Therefore, the in vivo toxicity is still
unpredictable at this stage and needs further investigation.
Induction of cell cycle arrest by 31-2 involved the molecular
alterations, at least in part, in cell cycle-regulatory proteins
including Rb, CDC2, CDK4, cyclin DI, and cyclin D3.
Our results also suggest an anti-invasive property of 31-2 in
MDA-MB-231 cells, implying that 31-2 might suppress
metastasis in vivo. However, this anti-invasive effect is not
attributed to the modulation of proteolytic activity in MDA-
MB-231 cells. Further studies are required to elucidate whether
some differences in the cellular and molecular modulations
by 31-2 found between MCF-7 and MDA-MB-231 cells are
due to the ER and/or PR status.
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