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Tylophorine, a representative phenanthroindolizidine alkaloid from Tylophora indica plants, exhibits anti-
inflammatory and anti-cancerous growth activities. However, the underlying mechanisms of its anti-can-
cer activity have not been elucidated and its effects on cell cycle remain ambiguous. Here, we reveal by

asynchronizing and synchronizing approaches that tylophorine not only retards the S-phase progression
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but also dominantly arrests the cells at G1 phase in HepG2, HONE-1, and NUGC-3 carcinoma cells. More-
over, tylophorine treatment results in down regulated cyclin A2 expression and overexpressed cyclin A2
rescues the G1 arrest by tylophorine. Thus, we are the first to report that the downregulated cyclin A2
plays a vital role in G1 arrest by tylophorine in carcinoma cells.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Tylophorine belongs to the small group of plant natural com-
pounds, phenanthroindolizidine alkaloids, which have recently
been exploited as potential cancer therapy drugs because of their
high potency against various cancer cell lines [1-10]. In the
1960s, trials of tylocrebrine as an anti-cancer agent were discon-
tinued because of central-nervous-system side effects [11]. There-
fore, effort has been invested in molecular pharmacology studies
[8,12,13] and improving the physical properties, such as polarity
and hydrophilicity, of this group of compounds to avoid drug trans-
fer through the blood-brain barrier [2,14].

Cyclin-dependent kinases (CDKs) and cyclins play critical roles
in cell cycle regulation [15,16]. Many anti-cancer agents derived
from natural products exhibit growth inhibitory activity in carci-
noma cells through cell cycle regulation. For instance, paclitaxel
inhibits microtubule disassembly, and butyrolactone inhibits CDK
activity; both cause cell cycle arrest at the G2/M phase [17,18].
Antofine, a tylophorine analogue, arrests the cell cycle at the G2/
M phase in Col2, human colon cancer cells [19]. DCB3500 (tyloph-
orine) and DCB3503 (a tylophorine analogue) cause S-phase accu-
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mulation of KB cells but have no effect on specific cell cycle arrest
in HepG2 cells [8]. DCB3503’s effect on cell cycle progression was
further examined in PANC-1 cells [13] and was suggested to be
through downregulated cell cycle regulatory proteins. However,
more information on specific interactions and relations is needed
to elucidate substantial links between phenanthroindolizidine
alkaloids and anti-cancer-cell growth and cell cycle interference.

Here, we unravel the effect of tylophorine on cancer cell cycle
specific interference and the involvement of downregulated cyclin
A2 in anti-cancer cell growth mechanisms of tylophorine.

Materials and methods

Cell culture and reagents. HepG2 (HB-8065; ATCC), HONE-1 [20]
(a gift from Dr. Ching-Hwa Tsai at National Taiwan University, Tai-
wan, ROC) and NUGC-3 cells (the Japanese Cancer Research Re-
sources Bank) were maintained in DMEM (Hyclone Inc.)
supplemented with 10% heat inactivated fetal calf serum (Biologi-
cal Industries Inc.) and penicillin-streptomycin (BioSource, Invitro-
gen) in a 5% CO, atmosphere at 37 °C in a humidified incubator.
Tylophorine was prepared as described, as was dehydro-tylopho-
rine, with modification [21]; dehydro-tylophorine was prepared
by reacting tylophorine with N-bromosuccinimide and then expo-
sure under light. The final product was verified by liquid chroma-
tography/mass spectrometry (Agilent Technologies), with no
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tylophorine detected (data not shown). HPLC-degree dimethyl
sulfoxide (DMSO), nocodazole, thymidine, propidium iodide and
BrdU were purchased from Sigma-Aldrich.

Cell synchronization procedures were as follows. For double-
thymidine blocking, cells growing exponentially were incubated
with 2 mM thymidine-containing DMEM complete medium for
two sequential 18 h periods, with a 10 h recovery period without
thymidine between the 18 h periods. For thymidine-nocodazole
blocking, cells growing exponentially were incubated with 2 mM
thymidine-containing complete medium for 18 h, then the med-
ium was replaced with one containing 50 ng/ml nocodazole for
8 h incubation before compound treatment. For serum starvation,
cells were cultured in medium containing 0.5% FCS for 48 h before
compound treatment in DMEM complete medium.

Cell growth inhibition assay. Concentrations for 50% growth
inhibitory effect, Glso values, measured for HepG2, HONE-1 and
NUGC-3 cells were determined as described [22]. For drug removal
experiments, HepG2, HONE-1 and NUGC-3 cells were seeded at
5000, 2500, and 3000 cells/well respectively in 24-well plates.
After 24 h, cells were treated with drugs for another 24 h. The
drug-containing medium was then removed (day 0), and cells were
incubated in drug-free medium for another 1-8 days. At the end of
each incubation period, the number of viable cells was estimated
by MTS assay [22].

Western blot analysis. Whole cell lysates were prepared with use
of PRO-PREP™ protein extraction solution (iNtRON Biotechnology)
and quantitated by BCA protein assay (Pierce Biotechnology). Equal
amounts of protein per lane were subjected to SDS-PAGE, trans-
ferred to nitrocellulose membranes, and immunoblotted with anti-
bodies against cyclin A2, cyclin B1, Cdk1 (Santa Cruz Biotechnology),
p27, cyclin E, Cdk2 (Abcam), Cdk4 (Cell Signaling), tubulin (Amer-
sham Life Science), and horseradish peroxidase-conjugated second-
ary antibodies (PerkinElmer). Detection of antigen-antibody
complexes involved ECL detection reagents (Western Blot Chemilu-
minescence Reagent Plus, PerkinElmer), according to the manufac-
turers’ instructions.

Plasmid construction, transfection and luciferase assay. The hu-
man cyclin A2 was amplified from the MGC 132447 clone (Open
Biosystems) by use of 5-CGAATTCCGATGTTGGGCAACTCTGCG-3'
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and 5-GCCTCGAGTTACAGATTTAGTGTCTCTGGTGG-3', then sub-
cloned into EcoRI/Xhol sites of pCMV-myc (Clontech) to generate
the CCNA2-pCMV-myc expression vector. The human cyclin A2
promoter region (fragment from —215 to +245) was amplified from
a BAC clone RP11-63B12 (Invitrogen) by PCR and subcloned into a
Sacl/Smal site of the pGL3basic luciferase reporter vector (Prome-
ga) to create a cyclin A2 promoter-driven luciferase reporter gene
construct, pCCNA2-pGL3basic. The sequences of all constructs
were verified by DNA sequencing. FuGene 6™ (Roche) and the Stea-
dy-Glo luciferase assay system (Promega) were used for transient
transfection and luciferase activity assay according to the manu-
facturers’ instructions [12]. The luciferase activity was normalized
to protein concentration and presented as relative activity com-
pared to vehicle (0.1% DMSO) control.

Cell cycle analysis. Cells were trypsinized, washed twice with
PBS and fixed in 70% ethanol at 4 °C for at least 1 h. Fixed cells were
centrifuged and resuspended in 50 pg ml~' RNase and 10 pg ml™!
propidium iodide for DNA staining at 37 °C for 1 h. DNA content
was measured by use of a FACS flow cytometer (BD Biosciences).
DNA histograms were obtained by use of ModFit LT 3.1 (Verity
Software House, Topsham, ME). Cell aggregates were gated by
analysis, and each profile was compiled from at least 10,000 gated
events.

For cyclin A2-myc over-expression experiments, HONE-1 cells
were transfected with pCMV-myc or CCNA2-pCMV-myc expres-
sion vectors the day before treated with DMSO or 2 puM tylopho-
rine in the presence of nocodazole (25 ng/ml) for further 24 h,
respectively. After compound treatment, cells were harvested
and fixed by 70% ethanol, then incubated with the monoclonal
anti-myc tag antibody (Santa Cruz Biotechnology) in staining solu-
tion (1% BSA, 0.1% Triton X-100 in PBS) for 1 h at RT. After being
stained, cells were washed by staining solution twice and resus-
pended in staining solution containing FITC-conjugated anti-
mouse IgG antibody (Santa Cruz Biotechnology) and incubated at
RT for 30 min. After being washed, the resulting cells were stained
with propidium iodide for DNA as mentioned previously. The FITC
signal and propidium iodide were detected in FL-1 and FL-2 chan-
nels, respectively, by BD FACS flow cytometry. More than 10,000
FITC-positive cells were gated for cell cycle analysis.
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Fig. 1. Effect of tylophorine and dehydro-tylophorine on the growth of carcinoma cells. (A) Chemical structures of synthesized tylophorine and dehydro-tylophorine. (B)
Tylophorine irreversibly inhibited the growth of carcinoma cells. Cells were seeded one day before treatment with vehicle (0.2% DMSO, (®), 2 uM dehydro-tylophorine (O), or
2 uM tylophorine (V) for 24 h. The drug-containing medium was then removed (day 0), and the cells were incubated in drug-free medium for another 1-8 days. Data are
representative of three independent experiments and are means + SD of triplicate samples.
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Fig. 2. Effect of tylophorine on cell cycle progression in asynchronized carcinoma
cells. (A) Proportion of cells in S-phase accumulated with tylophorine treatment. Cells
were seeded one day before treatment with vehicle (0.1% DMSO), 2 uM dehydro-
tylophorine, or 2 uM tylophorine for 24 h, stained with propidium iodide, then
analyzed by flow cytometry. (B) Proportions of cells in G1 and S-phases accumulated
with tylophorine cotreament with nocodazole. Cells were co-treated with 25 ng/ml
nocodazole and compounds for 24 h and processed as described in (A). The
proportions of cells in G1, S and G2/M phases are indicated. (C) Western blot analysis
of effect of tylophorine on cell cycle regulatory protein expression. Protein levels of
cyclins (cyclin A2, cyclin B1, and cyclin E), cyclin-dependent kinases (Cdk4, Cdk2 and
Cdk1),p27, and the loading control, tubulin, in cells after treatment as described in (A)
were analyzed. Shown are representative results of three independent experiments.

Results
Tylophorine inhibits carcinoma cell growth

To examine whether tylophorine is cytotoxic or inhibits carci-
noma cell growth, we performed a drug removal experiment in

addition to growth inhibition assays to determine the concentra-
tions for 50% growth inhibition (Glsp). As a negative control, a
least-active tylophorine analogue, dehydro-tylophorine, was stud-
ied [4] (Fig. 1A). Tylophorine, 2 nM, greatly inhibited the growth of
HepG2, HONE-1 and NUGC-3 cells, with Glsg values (means + S.D.)
of 237 +32, 114 £ 6, and 134 £ 9 nM, respectively, whereas dehy-
dro-tylophorine, 50 uM, had a slight effect—~13%, ~11%, and
~9% inhibition, respectively. With tylophorine treatment removed,
HepG2, HONE-1, and NUGC-3 cells could not restore their capacity
for growth up to 8 days later (Fig. 1B). Although most of tylopho-
rine-treated cells were viable for 8 days, as seen on microscopy
(data not shown) and MTS assay, their proliferation was com-
pletely blocked. In contrast, vehicle control (DMSO) and dehydro-
tylophorine treatments did not affect the carcinoma cell growth
and exponential proliferation.

Effect of tylophorine on cell cycle progression in asynchronized cells

We used a cell asynchronized approach to investigate the effect
of the anti-cancer agent tylophorine on the cell cycle. Flow cytom-
etry analyses with asynchronized cells revealed an accumulation of
HONE-1 and NUGC-3 cells but not HepG2 cells in the S phase after
24-h incubation with 2 uM tylophorine as compared with DMSO
and dehydro-tylophorine treatment (Fig. 2A). Tylophorine treat-
ment resulted in about a 2-fold increase in cells in the S phase,
~21% to ~40% for HONE-1 cells and ~18% to ~36% for NUGC-3 cells.

When cells were co-treated with nocodazole, a G2/M blocker,
the effect on the accumulation of cells in the S phase caused by tyl-
ophorine became more evident, with a 4- to 6-fold increase in cells
in the S phase in all HepG2, HONE-1, and NUGC-3 lines as com-
pared with co-treatment with DMSO and dehydro-tylophorine
(Fig. 2B). In addition, co-treatment with tylophorine and nocodaz-
ole increased the number of cells in the G1 phase, with increases of
0.3- to 13.7-fold as compared with co-treatment with DMSO or
dehydro-tylophorine. For example, the proportion of HepG2 cells
in the G1 phase with nocodazole treatment alone was ~29% and
increased to ~40% with nocodazole and tylophorine cotreament;
in HONE-1 cells, the proportion increased from ~8% to ~14% and
in NUGC-3 cells, from ~4% to ~44%.

We then examined the protein expression of cyclin A2, cyclin
B1, cyclin E, Cdk1, Cdk2, Cdk4, and p27 (Fig. 2C). In asynchronized
HepG2, HONE-1, and NUGC-3 cells, cyclin A2 level was signifi-
cantly lower with tylophorine treatment than with DMSO and
dehydro-tylophorine treatment. All three cell lines showed a slight
decrease in cyclin B1 and Cdk2 level, whereas the level of the other
proteins did not change significantly.

Tylophorine treatment reveals the G1 arrest in synchronized cells

HepG2, HONE-1, and NUGC-3 cell lines were synchronized by
double-thymidine and thymidine-nocodazole blocking for G1/S
and G2/M arrest, respectively, then released for cell cycle re-pro-
gression with or without tylophorine treatment.

When cells were released from G1/S arrest after double-thymi-
dine treatment, cells at the G1/S transition proceeded to the S
phase and then progressed slowly, with S-phase retardation in all
three cell lines. Moreover, treatment with tylophorine at 48 and
72 h resulted in arrested cell cycle progression at the G1 phase
(Fig. 3A). This G1 phase arrest was greater in thymidine-nocodaz-
ole synchronized cells, with a population in the G1 phase ranging
from 45% to 79% at 48 and 72 h (Fig. 3B). Cells released from G2/
M entered G1 but failed to progress to the S phase at 24, 48, and
72 h in all three cell lines. The increased number of cells in the
G1 phase with incubation time indicated that cells progressing
from S or G2/M and then entering G1 were dominantly arrested
at G1. The slight decrease in number of cells in the S phase
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Fig. 3. G1 arrest with tylophorine treatment in synchronized carcinoma cells. Cells were synchronized by use of double thymidine for G1/S blocking (A) or thymidine-
nocodazole for G2/M blocking (B), then released in medium containing 2 pM tylophorine and incubated for various times, stained with propidium iodide, then analyzed by
flow cytometry. Shown are representative histograms of three independent experiments and mean * S.D. of three independent experiments.

indicated that the progression of the S phase was retarded, and
cells slowly progressed to G2/M and then G1, which resulted in
the slight decrease in the number in the G2/M phase after being re-
leased for 24-72 h. Therefore, tylophorine inhibited carcinoma cell
growth and proliferation by dominantly arresting cells at the G1
phase and retarding the S-phase progression.

Tylophorine decreases cyclin A2 expression through transcriptional
regulation

Since the protein level of cyclin A2 was decreased in all three
asynchronized cell lines with tylophorine treatment (Fig. 2C) and
cyclin A2 is important for G1/S-phase transition and because tyl-
ophorine caused G1 phase arrest in synchronized cells, we exam-
ined cyclin A2 expression in synchronized cells. With DMSO or
dehydro-tylophorine treatment in HepG2, HONE-1 and NUGC-3
cells, cyclin A2 protein level increased in the first 4-8 h after cells
were released from double-thymidine block for G1/S arrest and
then declined over time; however, with tylophorine treatment,
2 uM, cyclin A2 protein level declined linearly over 24 h (Fig. 4A).
After release from serum starvation for GO/G1 arrest, with tyloph-
orine treatment, the mRNA level of cyclin A2 was significantly low-
er than that with DMSO or dehydro-tylophorine treatment in all
three cell lines, although the level was lower in NUGC-3 cells than
in HepG2 and HONE-1 cells (Fig. 4B).

Furthermore, we used a cyclin A2 promoter-driven luciferase
reporter gene construct, pPCCNA2-pL3basic, to dissect the effect of
tylophorine on cyclin A2 promoter activity. DMSO and dehydro-
tylophorine had no significant effect on cyclin A2 promoter activ-
ity, whereas with 2 uM tylophorine, cyclin A2 promoter activity
declined by more than 90% in all three cell lines (Fig. 4C). Thus, tyl-
ophorine is suggested to downregulate cyclin A2 expression
through transcription.

Overexpression of cyclin A2 rescued the G1 arrest induced by
tylophorine

In order to confirm the role of the decreased cyclin A2 expres-
sion in the G1 arrest caused by tylophorine treatment, we
performed a gain-of-function experiment using transient

expression of cyclin A2 protein in HONE-1 cells (Table 1). Cells
transiently transfected with cyclin A2 for 24 h were treated with
DMSO or tylophorine in the presence of nocodazole for 24 h before
subject to cell cycle analysis. The cell population was divided into
two groups, one with basal cyclin A2 expression level and the other
with cyclin A2 overexpression (data not shown).

On one hand, cells with basal levels of cyclin A2 showed a sig-
nificant increase in G1 population in the presence of tylophorine
(21.68 £ 2.84%) compared DMSO treatment (7.58 +3.68%) for
24 h. Nonetheless, cells with overexpressed cyclin A2 exhibited a
moderate decrease in G1 population by tylophorine treatment
(5.05 £ 3.08%) compared to DMSO treatment (9.62 +3.13%). On
the other hand, the trend of S-phase retardation by tylophorine
treatment was not affected either in cells with basal or overexpres-
sed cyclin A2 compared to respective DMSO treatment,
49.27 £9.56-19.33 £5.45% and 62.12 +5.55-31.33 + 8.97%. Thus,
overexpressed cyclin A2 rescued the G1 arrest but not S-phase
retardation by tylophorine.

Discussion

Our treatment with cell cycle synchronizing agents unambigu-
ously revealed that tylophorine interferes with the cell cycle
through a dominant G1 arrest and retardation of the S-phase pro-
gress in HepG2, HONE-1, and NUGC-3 carcinoma cells. The retarda-
tion in the S-phase progression was delayed for 48 h or longer
(Fig. 3A) and thus masked the G1 arrest in asynchronizing cells
(Fig. 2A), as was found by others [8,13]. In addition, the tylophorine
inhibited DNA synthesis (data not shown) is suggested to be asso-
ciated with the S-phase retardation. The tylophorine-induced G1
phase arrest was difficult to pass through, as was strongly evident
by the increased proportion of cells in the G1 phase and slightly de-
creased proportion in the S and G2/M phase with time after release
from G2/M arrest by thimidine-nacodazole (Fig. 3B). Thus, the
dominant inhibitory effect of tylophorine for carcinoma cell
growth is the arrested G1 phase rather than the retarded S-phase
progression (Fig. 3A and B).

Cyclin A2 is a cell cycle regulatory protein which gene expres-
sion is repressed during the G1 phase and induced at S-phase entry
in non-transformed cells [23]. Ectopically expressed cyclin A2
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Fig. 4. Effect of tylophorine on cyclin A2 expression. (A) Western blot analysis of tylophorine inhibiting cyclin A2 protein expression. Cells were serum starved for 48 h then
incubated with medium containing 10% FCS and compounds, and cells were harvested at various times. Data are mean +S.D. of three independent experiments.
Normalization was to level of tubulin. (B) Northern blot analysis of tylophorine-inhibited cyclin A2 mRNA expression. Cells were treated as described in (A). The filters were
also hybridized with the DIG-labeled GAPDH probe for an internal loading control. Shown are representative of three independent experiments. (C) Tylophorine inhibited
cyclin A2 promoter activity. Cells were transfected in suspension for 1 h with 1 pg of human cyclin A2 promoter luciferase reporter, pPCCNA2-pGL3basic, and incubated for
20 h before compound treatment. Cells were treated with 0.1% DMSO (vehicle), 2 pM dehydro-tylophorine, or 2 pM tylophorine for a further 24 h, then luciferase activity was
analyzed. The luciferase activity was normalized to protein concentration. Data are means * S.D. of three independent experiments.

Table 1

Ectopically overexpressed cyclin A2 rescued G1 arrest with tylophorine treatment in HONE-1 cells. HONE-1 cells were transfected by CCNA2-pCMV-myc vectors as indicated for
24 h and then co-treated with nocodazole and vehicle (0.1% DMSO) or 2 uM tylophorine for 24 h, stained with propidium iodide and anti-myc tag antibody with FITC-conjugated
IgG, and then underwent flow cytometry analysis. Shown are the means * S.D. of three independent experiments for proportions of cells in G1, S and G2/M phases gated by
overexpressed (high level) and basal level of cyclin A2.

- DMSO + Nocodazole Tylophorine + Nocodazole
Cyclin A2 level Oh 24h 24 h
G1 Basal 47.97 + 4.68 7.58 +3.68() 21.68 +2.84(D
High 32.39+1.29 9.62 +3.13(» 5.05 +3.08(2)
S Basal 34,14 +1.77 19.33 +5.45 49.27 +9.56
High 67.61+1.29 31.33+8.97 62.12+5.55
G2/M Basal 17.89 +2.92 73.09 £7.82 29.05+11.17
High 0.00 % 0.00 59.05 +11.20 32.82+7.17

p.s. DMSO versus tylophorine treatments, (" and (" p values <0.05.

overcomes G1 arrest in confluent cultures [24] and the induced ophorine-induced G1 arrest in carcinoma cells since overexpressed
expression of cyclin A2 via JunD releases the cell contact inhibition cyclin A2 was able to overcome the tylophorine-induced G1 arrest
(G1 arrest) upon the TCDD treatment in rat liver oval cells [24]. Our and facilitated the S-phase entry. Moreover, overexpressed cyclin
results suggest that downregulated cyclin A2 is involved in the tyl- A2 did not play a significant role for overcoming the S-phase
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retardation by tylophorine treatment, since the incremental trend
of S-phase proportion remained the same in cells with basal or
overexpressed cyclin A2 (Table 1). These results reflect the role
of cyclin A2 in entry from G1 to S-phase [23].

Collectively, phenanthroindolizidines (e.g. tylophorine, anto-
fine, and DCB3503) exhibit anti-cancer growth activity through
interfering cell cycle progress but the detail effective cell cycle
points and underlying mechanisms are suggested to be differenti-
ated. In conclusion, we have clarified the effective points of tyloph-
orine in carcinoma cell cycle progress and thus warrant further
studies on the detail mechanisms of action. This study lays the
foundation for future development of tylophorine analogues for
anti-cancer therapeutic agents.
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