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Euphol arrests breast cancer cells at the G1 phase through
the modulation of cyclin D1, p21 and p27 expression
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Abstract. Euphorbia tirucalli is a long-established treatment
for a wide variety of cancers. However, the mechanism of its
anticancer effect is yet to be elucidated. In the present study,
we examined the anticancer effect of euphol, a tetracyclic
triterpene alcohol isolated from the sap of Euphorbia tirucalli,
in T47D human breast cancer cells. Following the treatment
of cells with different doses of euphol for 24, 48 and 72 h, the
cell proliferation, cell cycle, and mRNA and protein levels of
cell cycle regulatory molecules were analyzed, respectively.
Treatment of the cells with euphol resulted in decreased cell
viability, which was accompanied by an accumulation of cells
in the G1 phase. Further studies demonstrated that euphol
treatment downregulated cyclin D1 expression and the hypo-
phosphorylation of Rb. Furthermore, this effect was correlated
with the downregulation of cyclin-dependent kinase 2 (CDK?2)
expression and the upregulation of the CDK inhibitors p21
and p27. Reduced expression levels of cyclin A and Bl were
also observed, corresponding to the decreased distribution of
cells in the S and G2/M phases, respectively. These findings
indicated that euphol is an active agent in Euphorbia tirucalli
that exerts anticancer activity by arresting the cell cycle of
cancer cells.
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Introduction

Breast cancer is one of the most common types of cancer
with >1,300,000 cases and 450,000 mortalities annually
worldwide (1). Although fatalities due to breast cancer are
decreasing, breast cancer remains the second leading cause
of cancer-related mortality among females (2,3). Regardless
of surgical removal of the primary tumor, relapse may occur
within a few months to >40 years following the presentation
of the initial symptoms, and =15% of all patients ultimately
develop an incurable form of the disease (3). This high-
lights the requirement for therapies that are able to treat the
advanced stages of the disease. Traditional cytotoxic therapy
kills neoplastic cells by multiple mechanisms, which also
effect normal healthy cells. The non-specificity of these
agents produces undesirable side effects, including short term
(myelosuppression) and long term (cardiomyopathy and acute
leukemia) toxicities (4).

Improvement in the understanding of the molecular
mechanisms involved in cancer has led to the identification
of novel targets and the development of specific therapies,
which are referred to as targeted therapies. Targeted therapies
have a high specificity for the molecules involved in the key
molecular events responsible for the cancer phenotype (5).
Among which, the cell cycle is a promising target involved in
cancer growth, as a key characteristic of human breast cancer
and other types of cancer is enhanced and deregulated cell
cycle activity leading to unrestricted cell growth (6,7).

Medicinal plants have been used worldwide and have been
demonstrated to be a source of effective anticancer agents (8).
Euphorbia tirucalli, belonging to the family Euphorbiaceae,
is a subtropical and tropical ornamental plant. It has a long
history of traditional use as a remedy for a variety of conditions,
including rheumatism, neuralgia, asthma, catarrh, earache,
sarcoma and cancer (9-11). The tetracyclic triterpene alcohol,
euphol, is the main constituent in the sap of Euphorbia tiru-
calli and the biological profiles have evoked investigation to
elucidate its potential properties.

Previous studies have demonstrated that euphol exerts
antiviral effects by inhibiting reverse transcriptase in purified
human immunodeficiency virus type 1 (12) and inhibiting
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the Epstein-Barr virus early antigen activation induced by
the tumor promoter 12-O-tetradecanoylphorbol-13-acetate
(TPA) (13). The anti-inflammatory effects of euphol have
been demonstrated to be associated with the inhibition of the
activation of nuclear factor-xB (14), downregulation of tumor
necrosis factor-a and cyclooxygenase-2 (15), inhibition of the
T cell-mediated immune response (15), and the reduction of
protein kinase C/extracellular signal-regulated protein kinase
signaling activation (16). In addition to the antiviral and
anti-inflammatory effects, the antitumor effects of euphol have
also been observed. Topical application of euphol was demon-
strated to suppress tumor promotion by TPA in mouse skin
initiated with 7,12-dimethylbenz(a)anthracene (17). However,
the underlying mechanisms involved in the antitumor effect
remain to be elucidated.

In the present study, euphol was observed to inhibit the
expression of cyclin D1, cyclin A, cyclin Bl and cyclin-depen-
dent kinase 2 (CDK?2), decrease the phosphorylation of
retinoblastoma (Rb), induce the expression of cyclin-dependent
kinase inhibitors (CKI) p21 and p27, and lead to the G1 arrest
and proliferation inhibition of T47D cells. These data provide
an insight into the anticancer effects of euphol in breast cancer
cells.

Materials and methods

Drugs and antibodies. Euphol was provided by Dr HB Wang
(School of Life Science and Technology, Tongji University,
Shanghai, China) and was stored at 4°C. Stock solutions
of euphol were prepared at a concentration of 100 mM in
dimethyl sulfoxide (DMSO). Further dilutions were imme-
diately prepared prior to each experiment and not exceeding
0.3% DMSO (v/v) in the culture media. Control cells were
treated with the same quantity of DMSO as used in the corre-
sponding treatment. The following primary antibodies were
used for western blot analysis: Human cyclin A, CDK2, Rb,
phosphorylated (p)-Rb (Bioworld Technology Co., Ltd., St.
Louis Park, MN, USA); cyclin Bl, cyclin D1, cyclin E, p27
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA); p21
(Abcam, Cambridge, MA, USA) and glyceraldehyde 3-phos-
phate dehydrogenase (Santa Cruz Biotechnology, Inc.).

Cell lines and culture. The T47D breast cancer cell line was
purchased from Cell Bank Type Culture Collection of Chinese
Academy of Sciences (Shanghai, China). Cells were cultured
in RPMI-1640 culture medium (Thermo Fisher Scientific,
Shanghai, China) supplemented with 10% fetal bovine serum
(Biochrom, AG, Berlin, Germany), 100 U/ml penicillin
(Gibco-BRL, Grand Island, NY, USA) and 100 pg/ml strep-
tomycin (Gibco-BRL) in an incubator at 37°C in a 5% CO,
humidified atmosphere.

Cell proliferation assay. Cell proliferation was determined by a
methyl-thiazol tetrazolium (MTT) assay. Cells were seeded at
a density of 5x10° cells/well in 96-well plates and treated with
euphol at the indicated concentrations. Following 24, 48 and
72 h incubation, 20 pl sterile MTT (5 mg/ml, Sigma-Aldrich,
St. Louis, MO, USA) were added to each well. Subsequent to
incubation at 37°C for 4 h, 150 ul DMSO was added to solu-
bilize the MTT-formazan product and mixed thoroughly. The
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spectrometric absorbance at 490 nm was measured with an
enzyme immunoassay analyzer (FlexStation 3TM; Molecular
Devices, Sunnyvale, CA, USA). Percentage cell survival
was calculated using the optical density as follows: % cell
survival = (absorbance of treated cells / absorbance of cells
with vehicle solvent) x 100. The half inhibitory concentration
(IC50) values, defined as the concentration of drug that caused
50% inhibition of absorbance compared with the control cells,
were calculated from the dose-response curve obtained by
plotting percentage of cell survival versus the concentration
of euphol.

Flow cytometry analysis for cell cycle distribution. To
determine the effect of euphol on the cell cycle, fluores-
cence-activated cell sorting (FACS) analysis was conducted.
Cells (3.5x10°, 4.5x10° and 6x10°/well) were seeded in 6-well
plates and treated with the indicated euphol concentrations for
24,48 and 72 h, respectively. Attached cells were harvested
at the indicated time points, washed in phosphate-buffered
saline, fixed in ice-cold ethanol (75%) and stored at -20°C.
For analysis, fixed cells were stained with propidium iodide
(0.05 mg/ml) containing RNase (0.2 mg/ml) for 1 h at room
temperature in the dark. FACS analysis was performed using
the Guava EasyCyte™ 8HT (Millipore, Billerica, MA, USA)
and data were analyzed using the FlowJo software program
(Treestar Inc., Ashland, OR, USA) . Percentages of cell
populations distributed in the various phases of the cell cycle
(sub-G1, GO/G1, S and G2/M) were calculated.

qPCR.Total RNA was isolated using the RNAiso Plus (Takara
Bio Inc., Shiga, Japan), and the first strand of cDNA synthesis
was performed using the TianScript RT kit (Tiangen Biotech,
Co., Ltd., Beijing, China) and the Oligo(dT),s primer from 2 ug
total RNA, according to the manufacturer's instructions. The
mRNA levels were observed by quantitative PCR with SYBR®
Premix Ex Taq™ II (Takara Biotechnology Co., Ltd., Dalian,
China) and primers, as listed in Table I, using the Mx3000P
gPCR System (Agilent Technologies, Inc., Santa Clara, CA,
USA). The relative expression level of each candidate gene
was calculated by the 224° method (18), using B-actin as the
internal normalized control with the same calibrator. Each
experiment was performed independently and in triplicate.

Western blot analysis. Cells were homogenized with radio
immunoprecipitation assay (RIPA) lysis buffer (Beyotime
Biotech, Jiangsu, China), followed by sonication on Sonicators
(Qsonica, Newton, CT, USA) at a frequency of 20 kHz and
centrifugation at 13,800 x g for 10 min at 4°C. Subsequent to
this the supernatant was harvested and the protein concentra-
tion measured using the Pierce BCA protein assay reagent
(Pierce, Rockford, IL, USA). Following this, 20 pug protein
was separated on 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and electrotransferred to a nitrocellulose
membrane (Whatman International Ltd., Germany). The
membrane was blocked by incubation in 3% bovine serum
albumin, fraction V (Life Sciences, Carlsbad, CA, USA) in
TBST buffer (10 mM Tris-HCI, pH 7.6, 150 mM NaCl and 0.1%
Tween 20) and incubated with the primary antibodies at 4°C
overnight. The blot was washed with TBST buffer, incubated
with the corresponding horseradish peroxidase-conjugated
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Table I. Primer sequences of target genes for qPCR analysis.

1281

Gene Forward primer Reverse primer
cyclin A2 AGACCTACCTCAAAGCACCACAG GGTTGAGGAGAGAAACACCATGA
cyclin Bl TGGATAATGGTGAATGGACACCAA GCCAGGTGCTGCATAACTGGA
cyclin D1 CTGTGCATCTACACCGACAACTC AGGTTCCACTTGAGCTTGTTCAC
cyclin E1 GCCAGCCTTGGGACAATAATG CTTGCACGTTGAGTTTGGGT
CDK1 TACATTTCCCAAATGGAAACCAG AATTCGTTTGGCTGGATCATAGA
CDK2 TGAAGATGGACGGAGCTTGTTAT CTTGGTCACATCCTGGAAGAAAG
CDC25 ACAGCTCCTCTCGTCATGAGAAC GGTCTCTTCAACACTGACCGAGT
p21 CGATGGAACTTCGACTTTGTCA GCACAAGGGTACAAGACAGTG
p27 GGTTAGCGGAGCAATGCG TCCACAGAACCGGCATTTG
[-actin GACCTGTACGCCAACACAG CTCAGGAGGAGCAATGATC
CDK, cyclin dependent kinase.
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Figure 1. Euphol inhibited the proliferation of T47D breast cancer cells. T47D cells were treated with euphol at the indicated concentrations (0.01,0.03,0.1 and
0.3 mM) for the indicated times (24, 48 and 72 h). (A) Cell viability was assessed by a methylthiazol tetrazolium assay (see Materials and methods). Columns,
mean absorbance at 490 nm of quintuplicate readings from a representative experiment; bars, + standard error. (B) Percentage cell survival was calculated
as: % cell survival = (absorbance of treated cells/absorbance of cells with vehicle solvent) x 100. (C) The dose-response curve was obtained by plotting the
percentage of cell survival versus the log concentration of euphol used. Points, mean percentage of cell survival based on quintuplicate assays, bars, + SE.
“P<0.001 vs. the control group. OD, optical density; Eup, euphol; ctrl, control; OD, optical density.

secondary antibody for 1 h at room temperature and visualized
by ImageQuant LAS 4000mini (GE Healthcare Life Sciences,
Piscataway, NJ, USA).

Statistical analysis. Data were analyzed by a two-tailed
Student's t-test. Final values are presented as the mean + stan-
dard error. P<0.05 was considered to indicate a statistically
significant difference. P<0.05, P<0.01 and P<0.001 are denoted
as*,” or ™, respectively.
Results

Euphol inhibits cell proliferation. To evaluate the effect of
euphol on breast cancer cell proliferation, the MTT assay was
performed in T47D cells, an aggressive triple-positive breast

cancer cell line. Briefly, exponentially growing T47D cells
were treated with 0.01, 0.03, 0.1 and 0.3 mM euphol for 24,
48 and 72 h. With an increased concentration of euphol, the
percentage of viable cells was significantly decreased, particu-
larly following treatment with 0.03 mM euphol (Fig. 1A and B).
The IC50 values of euphol treatment for 24, 48 and 72 h were
0.26, 0.22 and 0.13 mM, respectively (Fig. 1C). These data
suggested that euphol markedly inhibited breast cancer cell
proliferation.

Euphol induces cell cycle arrest. To investigate the functional
mechanism of euphol in inhibiting cell growth, the effect of
euphol on the regulation of the cell cycle in T47D cells was
determined. Cells treated with euphol were stained with PI
and analyzed by flow cytometry. Following 24 h of treatment,
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Figure 2. Euphol induced G1 arrest in T47D breast cancer cells. T47D cells were collected, fixed and stained with PI for fluorecscence-activated cell sorting
analysis with the indicated concentrations of euphol for (A) 24 h (B) 48 h and (C) 72 h. (D) Cell cycle profiles were analyzed by flow cytometry and the percent-
ages of cells distributed in the sub-G1, GO/G1, S and G2/M phases were calculated by the FlowJo program. Columns, mean percentage of cell distributions
from three independent experiments; bars, + standard error. "P<0.05 and “"P<0.01 vs. the control group. ctrl, control; Eup, euphol.
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Figure 3. Downregulation of the expression of cell cycle genes in T47D cells. T47D cells were treated with euphol at the indicated concentrations (0.01, 0.03,
0.1 and 0.3 mM) for the indicated times (24, 48, and 72 h). The mRNA levels of (A) cyclins, (B) CDK and (C) CKIs were examined by qPCR. B-actin was used

as an internal normalization control. Columns, mean of triplicate experiments; bars, + SE. CDK, cyclin-dependent kinase; CKI, CDK inhibitor; ctrl, control;
Eup, euphol.
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Figure 4. Euphol regulated the expression of cell cycle proteins in T47D cells. Cell lysates were analyzed by western blotting using specific antibodies
to cyclin A, Bl, D1 and E, as well as to CDK2, p21, p27, Rb and p-Rb protein. Protein loading was normalized based on GAPDH. Eup, euphol; CDK,
cyclin-dependent kinase; p-Rb, phosphorylated-Rb protein; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

stability was observed in all cell cycle subpopulations, with a
slight increase in the GO/G1 and a decrease in the S and G2/M
populations treated with 0.3 mM euphol (Fig. 2A and D).
Following 48 h incubation, euphol (0.3 mM) caused a redistri-
bution of the cell cycle resulting in a significant increase of the
GO/G1 sub-population from 59.63 to 71.41%, and a concomi-
tant decrease in the G2/M subpopulation from 26.39 to 18.76%
(Fig. 2B and D). At 72 h, a significant increase remained in the
GO/Gl1 population to the detriment of the S and G2/M subpop-
ulations in 0.3 mM euphol treatment (GO/G1: Control, 58.91%,
0.3 mM euphol, 71.44%; S: Control, 6.81%, 0.3 mM euphol,
2.57%; G2/M: Control, 31.08%, 0.3 mM euphol, 21.90%)
(Fig. 2C and D). Notably, no significant changes were observed
in the sub-Gl1 subpopulation at any indicated concentration or
time point. The level remained low at 3.21, 4.68, and 3.24%
for 24, 48 and 72 h at 0.3 mM euphol, respectively (Fig. 2A,
2B and 2C). These results indicated that euphol may inhibit
cell proliferation by arresting the cells at the GO/G1 phase and
preventing them from entering the S phase.

Euphol regulates transcription levels of cell cycle-associ-
ated genes. To elucidate whether the genes involved in the
cell cycle redistribution were induced by euphol, the mRNA
levels of cell cycle-associated genes were observed following
treatment with euphol. Genes selected for analysis included
cyclin A2, B1, D1 and E, cyclin-dependent kinase 1 (CDK1),
CDK2, cell division cycle 25 and p21 and p27 (CKIs) The
results of the qPCR analysis showed that incubation with
euphol (0.3 mM), for 24, 48 and 72 h, significantly down-
regulated the mRNA levels of cyclin A2 and Bl (Fig. 3A).
Furthermore, the mRNA levels of CDK1 and CDK?2 were
significantly reduced following treatment with euphol

(0.03 mM) for 48 h (Fig. 3B). The mRNA levels of p21 were
also significantly increased following treatment with euphol
(0.03 mM) for 48 h (Fig. 3C).

Euphol regulates expression of cell cycle-associated proteins.
To identify the proteins involved in euphol-induced cell cycle
arrest, the effect of euphol on the protein levels involved in the
cell cycle redistribution were determined. Whole-cell lysates
were prepared following treatment with euphol for 48 or 72 h,
and the expression levels of cyclin A, Bl, D1 and E, as well as
CDK2, p21, p27, Rb and p-Rb, were detected by western blot
analysis (Fig. 4). Incubation with euphol (0.03 mM) for 48 h or
72 h reduced the expression of cyclin A, Bl and D; however,
it increased the expression of p21 and p27. The expression of
CDK2 decreased following treatment with euphol (0.03 mM)
for 48 h. Furthermore, the level of p-Rb was decreased in
response to euphol (0.03 mM) compared with that of the
control cells despite the fact that the expression level of Rb
was not significantly different between the two. These results
suggested that the transcriptional downregulation of certain
cyclins and the upregulation of p21 and p27 by euphol may
have led to cell cycle arrest, and ultimately resulted in growth
inhibition.

Discussion

Euphol is a tetracyclic triterpene alcohol isolated from the sap
of Euphorbia tirucalli. It has been demonstrated to possess
a wide variety of biological properties, including antimi-
crobial, anti-inflammatory and immunosuppressive actions.
Yasukawa et al also demonstrated the involvement of euphol
in the suppression of skin tumor formation (17). However,
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the exact mechanisms underlying the antitumor effects of
euphol have not been fully elucidated. This study investigated
the cytostatic effects of euphol on T47D breast cancer cells.
According to the results, euphol induced cell cycle arrest at the
GO/G1 phase, which resulted in growth inhibition. The arrest
may have been mediated by the reduction of cyclin D1 and
CDK2, as well as the induction of the CDK inhibitors p21 and
p27, followed by the hypophosphorylation of Rb. Decreased
cyclin A and Bl levels correlated with the lower cell counts in
the S and G2/M phases.

Cyclin DI is a member of a family of three closely associ-
ated D-type cyclins, D1, D2 and D3, which phosphorylate and
inactivate Rb protein and promote progression through the
G1-S phase of the cell cycle (19). High levels of cyclin DI have
been detected in numerous breast cancer cell lines through
DNA amplification and/or cyclin DI overexpression (20).
This abnormality has been demonstrated to be important
in tumorigenesis and to confer a poor prognosis in breast
cancer (21,22). In contrast to cyclin DI, cyclin D2 and D3 are
not associated with breast tumor formation (4). Activation
of the cyclin E-CDK2 complex is another essential require-
ment for the G1/S transition (23). As observed in this study,
euphol exerted proliferation inhibitory effects on T47D cells
by leading to their arrest at the GO/G1 phase. When the cell
cycle phase distributions are compared with alterations in
the cell cycle regulatory molecules, a decrease in Cyclin D1
levels may be attributed as a cause of euphol-induced
GO/G1 arrest as well as the inhibition of CDK2. Although
the cyclin E level was unchanged, decreased CDK2 may also
imply an inhibition of cyclin E and cyclin E-CDK2, as the
decrease of cyclins or CDKs constrains the formation of active
cyclin-CDK complexes. Consistent with the decreased level of
cyclin D1 and CDK?2 expression induced by euphol, the p-Rb
level also decreased, which is probably due to the deficiency
of cyclin-CDK complexes in the euphol treated T47D cells.
However, the possibility that the two reductions are attributed
to the euphol-induced upregulation of CKIs was not excluded.

The predominant CKIs include p21 and p27 of the Cip/Kip
family, which inactivate CDK-cyclin complexes (4,23). The
increased expression of p21 and p27 by euphol is noteworthy
as the development of breast cancer has been associated with a
decrease in these CKIs (4). The abundance of p27 is regulated
primarily at the post-translational level as demonstrated in
the growth factor-mediated reduction in p27 protein levels,
primarily through enhanced ubiquitin-mediated degrada-
tion (24). Consistent with this study, the transcriptional
level of p27 was relatively unchanged based on the qPCR
analysis; however, a significant increase was observed in its
expression level following euphol treatment. The mechanism
of this post-transcriptional regulation of p27 may involve
reduced ubiquitination, but this requires further validation.
Euphol marginally increased p21 at the transcriptional and
post-transcriptional levels compared with that of the untreated
control cells. This upregulation may involve a p53-independent
pathway, as point mutations in the core DNA binding region
and transactivation deficient p53 in the T47D cell line have
been demonstrated (25).

Cyclin A is required for the onset of DNA replication in
mammalian cells (26) and is rate limiting for the G1/S transi-
tion (27). Cylin B is a mitotic cyclin that accumulates at the
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G2/M transition and acts synergistically with cyclin A during
the initiation of mitosis (28). In correlation with the lower
abundance of cells in the S and G2/M subpopulations, nRNA
and protein levels of cyclin A and B1 were downregulated by
euphol treatment. This is similar to a study demonstrating that
decreased levels of cyclin A and B correlated with the decreased
levels of cells in the S and G2 phases, and increased levels of
cells in the G1 phase, in non-small cell lung cancer (29).

The sub-G1 peak observed by FACS analysis was due to
the deficient DNA content in apoptotic cells. Identification of
the sub-GI1 subpopulation may be used as an index of apop-
totic cells in the cell cycle analysis (30), although the lack
of changes in the sub-G1 population may also be due to the
loss of severely damaged cells during the washing process. In
this study, the sub-G1 subpopulation remained at a low level,
indicating almost negligible apoptosis in T47D cells treated
with euphol. This is concordant with a study demonstrating
that T47D cells among 8 human breast cancer cell lines of the
National Cancer Institute anticancer drug screen were resistant
to apoptosis, and in which no apoptosis was observed with
7-hydroxystaurosporine (UCN-01) and minimal apoptosis was
identified with camptothecin. This resistance to apoptosis was
considered to be determined by the MDM-2/p53 ratio and to be
p53-independent (31). The detected minimal apoptosis induced
by euphol in T47D cells may be explained by this mechanism.
In addition, the extent to which the MDM?2/p53 ratio contrib-
uted to apoptosis resistance requires further elucidation.

The current study indicated important features of euphol
concerning its capacity to target the cell cycle, thus, euphol
may be a potential cancer chemotherapy agent. The underlying
mechanism of action involved the reduction of cyclin DI, A
and B1 levels, downregulation of CDK2, hypophosphoryla-
tion of Rb and the induction of CKIs p21 and p27. Although
this study has demonstrated the euphol-induced regulation
of the cell cycle molecules in T47D cells, further investiga-
tion regarding combination therapy leading to lower doses of
therapeutic agents and observations of other cancer cell lines
are required.
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