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Abstract. Momilactone B, a terpenoid phytoalexin present in 
rice bran, has been shown to exhibit several biological activi-
ties. The present study was conducted using cultured human 
leukemia U937 cells to elucidate the possible mechanisms by 
which momilactone B exerts its anticancer activity, which to 
date has remained poorly understood. Momilactone B treat-
ment of U937 cells resulted in a dose-dependent inhibition of 
cell growth and induced apoptotic cell death as detected by 
chromatin condensation, DNA fragmentation, the cleavage of 
poly(ADP-ribose) polymerase and Annexin V-FITC staining. 
Flow cytometric analysis revealed that momilactone B resulted 
in G1 arrest in cell cycle progression, which was associated 
with the dephosphorylation of retinoblastoma protein (pRB) 
and enhanced binding of pRB with the E2F transcription 
factor family proteins. Treatment with momilactone B also 
increased the expression of cyclin-dependent kinase (Cdk) 

inhibitor p21Waf1/Cip1 in a p53-independent manner, without 
any noticeable changes in G1 cyclins and cyclin-dependent 
kinases (Cdks), except a slight decrease in cyclin E. Moreover, 
in vitro kinase assay indicated that momilactone B signifi-
cantly decreased Cdk4- and Cdk6-associated kinase activities 
through a notably increased binding of p21 to Cdk4 and Cdk6. 
Our results demonstrated that momilactone B caused G1 cell 
cycle arrest and apoptosis in U937 cells through the induction 
of p21 expression, inhibition of Cdk/cyclin-associated kinase 
activities, and reduced phosphorylation of pRB, which may be 
related to anticancer activity.

Introduction

Impaired deregulated cell cycle progression and induction of 
apoptosis are the primary characteristics of cancer cells due 
to an imbalance between proliferation and cell death. In terms 
of cell cycle regulation, the cyclin-dependent kinases (Cdks) 
are the key regulators of eukaryotic cell cycle progression in 
cooperation with various endogenous cyclins and Cdks (1,2). 
An alteration in the cooperation may lead to increased or 
decreased cell growth and proliferation followed by differen-
tiation and/or cell death by apoptosis (3,4). Therefore, the key 
regulators of cell cycle progression and apoptotic induction 
may be important molecular targets for therapeutic interven-
tion, and inhibition of cell cycle regulation may be particularly 
useful in the treatment of diseases caused by uncontrolled cell 
proliferation, such as cancer.

In general, passage through G1 into the S phase is 
regulated by the activities of D-type cyclin- and cyclin 
E-associated Cdks. D-type cyclins bind to existing Cdk4 and 
Cdk6, forming active complexes. The complexes in turn phos-
phorylate the retinoblastoma susceptibility protein (pRB). The 
hyperphosphorylated pRB dissociates from the E2F/DP1/pRB 
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complex, which was bound to the E2F responsive genes, effec-
tively ‘blocking' them from transcription and activating E2F. 
The activation of E2F results in the transcription of various 
genes, such as cyclin E, cyclin A and DNA polymerase (5,6). 
The accumulation of cyclin E is highly periodic, peaking 
during the late G1 and declining in the S phase, forming the 
cyclin E/Cdk2 complex, which pushes the cell from the G1 
to the S phase and initiates G2/M transition (7,8). The activa-
tion of cyclin A/Cdk2 following that of cyclin E/Cdk2 is also 
essential for S phase progression. In addition, cyclin B/Cdc2 
complex activation causes the breakdown of the nuclear 
envelope and the initiation of prophase and, subsequently, its 
deactivation causes the cell to exit mitosis (8,9).

Phytoalexins are low-molecular-weight compounds that 
are synthesized by, and accumulated in plants after their 
exposure to microorganisms (10,11). Among them, momilac-
tone B, a terpenoid phytoalexin commonly biosynthesized 
from geranylgeranyl diphosphate, was originally isolated from 
rice (Oryza sativa L.) hulls as a growth inhibitor involved in 
seed dormancy (12,13). Although this compound has been 
studied as an allelochemical of rice (14,15), several reports 
have revealed that momilactone B exhibits several biological 
activities as a potential herbicidal agent (16,17). More recently, 
momilactone B has been shown to be a novel potential chemo-
therapeutic agent to induce apoptosis in solid human tumors 
and blood cancer cells (18,19). However, the anticancer effects 
of momilactone B have not been well investigated.

In the course of our screening for novel modulators of cell 
cycle progression and apoptotic induction as anticancer drug 
candidates, the present study was designed to investigate the 
cellular mechanisms of momilactone B-mediated antipro-
liferative activity in human monocytic leukemia U937 cells. 
Accordingly, in the present study, we found that momilac-
tone B induced cell cycle arrest at the G1 phase and apoptotic 
cell death in U937 cells.

Materials and methods

Cell culture, momilactone B treatment and 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. 
Human leukemia U937 cells were purchased from the American 
Type Culture Collection (Rockville, MD, USA) and cultured 
in RPMI-1640 medium (Invitrogen Corp., Carlsbad, CA, USA) 
and supplemented with 10% (v/v) fetal bovine serum (FBS; 
Gibco-BRL, Grand Island, NY, USA), 1 mM L-glutamine, 
100 U/ml penicillin and 100 mg/ml streptomycin at 37˚C in a 
humidified atmosphere of 95% air and 5% CO2. Momilactone 
B (Fig. 1) was kindly provided by Professor Chung of the 
Department of Applied Life Science, Konkuk University 
College of Life and Environmental Science (Seoul, Korea) 
and dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich 
Chemical Co., St. Louis, MO, USA) to a stock concentration 
(10 mg/ml), and stored at -80˚C until use. The DMSO concen-
tration did not exceed 0.05%. An MTT (Sigma-Aldrich) assay 
was performed to determine cell viability. Briefly, cells were 
seeded in 6-well culture plates at a density of 1x105 cells/well 
and incubated for 24 h. Thereafter, momilactone B at various 
concentrations up to 2 µg/ml, as indicated, was added to the 
medium for 48 h to evaluate the dose-dependent effect of 
momilactone B on cell viability. After incubation, 400 µg/ml 

of MTT solution was added and incubation was carried out for 
1 h. The medium was then aspirated, and the dark blue crystal 
product was extracted with DMSO. Colorimetric change was 
read on a microtiter plate reader with a 570-nm filter and a 
reference wavelength of 430 nm.

Cell cycle analysis. The cell cycle distribution at each phase 
of the cell cycle was assessed according to the percentage 
of cells with DNA content using the propidium iodide 
(PI; Sigma-Aldrich) staining technique. Briefly, cells were 
washed twice with ice-cold phosphate-buffered saline (PBS), 
harvested, fixed with ice-cold PBS in 70% ethanol, and then 
stored at 4˚C for 24 h. For flow cytometric analysis, the cells 
were incubated with 0.1 mg/ml RNase A (Sigma-Aldrich) 
for 30 min at 37˚C, stained with 50 µg/ml PI for 30 min on 
ice, and then measured using a FACSCalibur flow cytometer 
(Becton-Dickinson, San Diego, CA, USA) with CellQuest 
software (20).

DNA fragmentation assay. For the detection of DNA frag-
mentation, cells were lysed in a solution [10 mM Tris-HCl 
pH 7.4, 150 mM NaCl, 5 mM ethylenediaminetetraacetic 
acid (EDTA) and 0.5% Triton X-100] at room temperature for 
20 min. The lysates were vortexed and cleared by centrifuga-
tion at 14,000 rpm for 20 min. The DNA in the supernatant 
was extracted using a 25:24:1 (v/v/v) equal volume of neutral 
phenol:chloroform:isoamyl alcohol and analyzed electropho-
retically on 1.0% agarose gels containing 0.1 µg/ml ethidium 
bromide (EtBr) (both from Sigma-Aldrich).

Morphological observation of nuclear change. After being 
cultured with various concentrations of momilactone B for 
48 h, cells were washed with PBS and fixed with 3.7% para-
formaldehyde in PBS for 10 min at room temperature. Fixed 
cells were washed with PBS, and stained with 4,6-diamidino-
2-phenylindole (DAPI; Sigma-Aldrich) solution for 10 min at 
room temperature. The cells were analyzed using a fluores-
cence microscope (Carl Zeiss, Germany).

Assessment of apoptosis by flow cytometry. To assess the 
induced cell apoptosis rate quantitatively, f luorescein-
conjugated Annexin V (Annexin V-FITC) staining assay 
was performed according to the manufacturer's protocol 
(BD Biosciences Pharmingen, San Jose, CA, USA). Briefly, 
cells were stained with 5 µl Annexin V-FITC and 5 µl PI in each 
sample. After incubation for 15 min at room temperature in the 

Figure 1. Chemical structure of momilactone B.
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dark, the degree of apoptosis was quantified as a percentage of 
the Annexin V-positive and PI-negative cells by flow cytom-
etry (21).

Reverse transcription-polymerase chain reaction (RT-PCR) 
analysis. The mRNA expression of cell cycle-regulated genes 
was examined using RT-PCR. Total RNA was extracted from 
the cells using TRIzol reagent (Invitrogen). Single-stranded 
cDNAs were synthesized with oligo(dT) primers in a reac-
tion, starting with 2 µg of total RNA using M-MLV reverse 
transcriptase (Promega, Madison, WI, USA) according to the 
manufacturer's protocol. PCR amplification was carried out in 
a 25 µl total volume containing 2 µl cDNA, 200 µM each dNTP, 
0.25 units Taq polymerase and 1 µM of each primer (Table I). 
Reaction conditions were optimized as follows: activation at 
95˚C for 5 min, followed by 30-35 cycles at 94˚C for 45 sec, 
55-64˚C for 45 sec and 72˚C for 1 min. PCR products were 
resolved electrophoretically on a 1.0% agarose gel and visual-
ized by staining with EtBr.

Immunoprecipitation and western blot analysis. To prepare 
the whole cell extract, the cells were washed with PBS and 
suspended in a protein lysis buffer [25 mM Tris-Cl (pH 7.5), 
250 mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 0.1 mM 
sodium orthovanadate, 2 mg/ml leupeptin, 100 mg/ml phenyl-
methylsulfonyl fluoride and proteinase inhibitors]. The protein 
content was determined with a Bio-Rad protein assay reagent 
(Bio-Rad Laboratories, Hercules, CA, USA) using bovine 
serum albumin as the standard, following the procedure 
described by the manufacturer. For immunoprecipitation, 
500 µg protein equivalent of the cell lysate was incubated with 
an indicated antibody in extraction buffer for 1 h at 4˚C. The 

immuno-complex was collected on protein G/A-Sepharose 
beads (Sigma-Aldrich). For the western blot analysis, equal 
amounts of cell lysate and immunoprecipitated proteins 
were separated by electrophoresis on sodium dodecyl sulfate 
(SDS)-polyacrylamide gels and transferred to nitrocellulose 
membranes (Schleicher & Schuell, Keene, NH, USA) by 
electroblotting. Each membrane was probed with the appro-
priate primary antibody for 1 h, incubated with the diluted 
enzyme-linked secondary antibody, and then visualized 
by enhanced chemiluminescence (ECL; Amersham Co., 
Arlington Heights, IL, USA) according to the recommended 
procedure. Antibodies against poly(ADP-ribose) polymerase 
(PARP), cyclin D1, cyclin E, Cdk2, Cdk4, Cdk6, pRB, E2F-1, 
E2F-4, p16, p21 and p27 were purchased from Santa Cruz 
Biotechnology, Inc. (Santa Cruz, CA, USA). Antibody against 
actin was obtained from Sigma-Aldrich. Peroxidase-labeled 
goat anti-rabbit immunoglobulin and FITC-conjugated 
donkey anti-rabbit IgG were purchased from Amersham Co. 
and Sigma-Aldrich, respectively.

Immune-complex kinase assay. Cell lysates from untreated 
and momilactone B-treated cells were incubated with the 
primary antibody for 1 h at 4˚C. Immune-complexes were 
collected on protein A-Sepharose beads and resuspended 
in kinase assay mixture containing [λ-32P]ATP (ICN 
Biochemicals, Irvine, CA, USA) and histone H1 (Sigma-
Aldrich) as substrate. After incubation at 37˚C for 30 min, 
the reaction was stopped by the addition of the same amount 
of 2X SDS sample buffer. After boiling and spinning, the 
samples were separated on 10% SDS-polyacrylamide gels and 
dried, and bands were detected by autoradiography.

Statistical analysis. The experiments were repeated three 
times, and the results are expressed as means ± standard devia-
tion (SD). A one-way analysis of variance (ANOVA) followed 
by Dunnett's t-test was applied to assess the statistical signifi-
cance of the difference among the study groups. A value of 
p<0.05 was considered to be statistically significant.

Results

Momilactone B inhibits cell viability and induces G1 phase 
arrest in U937 cells. To determine the inhibitory effect of 
momilactone B on the proliferation of U937 cells, we treated 
the cells with various concentrations of momilactone B for 
48 h and measured cell viability using the MTT assay. As 
shown in Fig. 2A, momilactone B concentration-dependently 
led to a reduction in cell viability of U937 cells. We next 
investigated whether momilactone B targets cell cycle regula-
tion in U937 cells using flow cytometric analysis. Compared 
with the untreated control, momilactone B-treated cells were 
accumulated in the G1 phase of the cell cycle in a concentra-
tion-dependent manner (Fig. 2B), which was accompanied by 
a decrease in the number of cells in the S and G2/M phases. 
Collectively, the data appear to suggest that momilactone B 
arrests cells in the G1 phase and thus inhibits them from 
entering the S and G2/M phases.

Momilactone B induces apoptosis in U937 cells. To deter-
mine whether the decrease in cell viability and G1 arrest were 

Table I. Gene-specific primers for RT-PCR.

Name Primer sequences

Cyclin D1 Sense 5'-TGG ATG CTG GAG GTC TGC GAG GAA-3'
 Antisense 5'-GGC TTC GAT CTG CTC CTG GCA GGC-3'

Cyclin E Sense 5'-AGT TCT CGG CTC GCT CCA GGA AGA-3'
 Antisense 5'-TCT TGT GTC GCC ATA TAC CGG TCA-3'

Cdk2 Sense 5'-GCT TTC TGC CAT TCT CAT CG-3'
 Antisense 5'-GTC CCC AGA GTC CGA AAG AT-3'

Cdk4 Sense 5'-ACG GGT GTA AGT GCC ATC TG-3'
 Antisense 5'-TGG TGT CGG TGC CTA TGG GA-3'

Cdk6 Sense 5'-CGA ATG CGT GGC GGA GAT C-3'
 Antisense 5'-CCA CTG AGG TTA GAG CCA TC-3'

p16 Sense 5'-CGG AAG GTC CCT CAG ACA TC-3'
 Antisense 5'-TCA TGA AGT CGA CAG CTT CCG-3'

p21 Sense 5'-CTC AGA GGA GGC GCC ATG-3'
 Antisense 5'-GGG CGG ATT AGG GCT TCC-3'

p27 Sense 5'-AAG CAC TGC CGG GAT ATG GA-3'
 Antisense 5'-AAC CCA GCC TGA TTG TCT GAC-3'

GAPDH Sense 5'-CGG AGT CAA CGG ATT TGG TCG TAT-3'
 Antisense 5'-AGC CTT CTC CAT GGT GGT GAA GAC-3'
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associated with induction of apoptosis, we assessed the apop-
tosis parameters of U937 cells in response to momilactone B 
treatment. As shown in Fig. 3A, the nuclear structure of the 
control cells remained intact, whereas nuclear chromatin 

condensation and fragmentation, characteristics of apop-
tosis, were increased in a concentration-dependent manner 
in cells treated with momilactone B, which was associated 
with increased DNA fragmentation (Fig. 3B). Under the same 

Figure 2. Momilactone B inhibits cell viability and induces G1 arrest in U937 cells. (A) Cells were treated with the indicated concentrations of momilactone B 
for 48 h. Cell viability was determined by MTT assay. The data are expressed as means ± SD of three independent experiments. Statistical significance was 
determined by the Student' t-test (*p<0.05 vs. untreated control). (B) After treatment with momilactone B for 48 h, cells were harvested and 10,000 events were 
analyzed for each sample. DNA content is represented on the x-axis and the number of cells counted is represented on the y-axis. Each point represents the 
mean of two independent experiments.

Figure 3. Induction of apoptosis by momilactone B in U937 cells. Cells were treated with the indicated concentrations of momilactone B for 48 h. (A) Cells 
were fixed, stained with DAPI solution, and examined by fluorescence microscopy (x400). (B) DNA fragmentation was examined by 1.0% agarose gel 
electrophoresis of genomic DNA, followed by EtBr staining. (C) Cell lysates were resolved on SDS-polyacrylamide gels and subjected to western blotting. 
The proteins were visualized using the anti-PARP antibody and an ECL detection system. Actin was used as an internal control. (D) To quantify the degree of 
apoptosis induced by momilactone B, the cells were stained with Annexin V, and the percentages of apoptotic cells were then analyzed using flow cytometric 
analysis. Each point represents the means ± SD of three independent experiments. Statistical significance was determined using the Student's t-test (*p<0.05 
vs. untreated control). DAPI, 4,6-diamidino-2-phenylindole; EtBr, ethidium bromide.
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conditions, cleavage of the pro-form PARP protein (116 kDa) 
to the inactive form (85 kDa), which is an activated caspase-3 
substrate, was also present (Fig. 3C). Furthermore, to measure 
apoptotic cell death upon momilactone B treatment, we 
stained cells for Annexin V and found that the percentages of 
apoptotic cells increased from ~2.2 to 19.8% and 21.7% after 
treatment with 1.5 µg/ml and 2.0 µg/ml of momilactone B, 
respectively, for 48 h. These results indicate that the inhibition 
of cell viability and G1 phase arrest of the cell cycle observed 
in response to momilactone B was associated with the induc-
tion of apoptosis.

Effects of momilactone B on the expression of G1 phase-
associated cyclins and Cdks in U937 cells. To examine the 
molecular mechanisms of G1 arrest in U937 cells treated with 
momilactone B, we determined the expression of G1 phase 
regulators using RT-PCR and western blot analyses. As 
illustrated in Fig. 4, momilactone B partially suppressed the 
expression of cyclin E proteins; however, momilactone B did 
not significantly affect the levels of cyclin D1, Cdk2, Cdk4, 
and Cdk6 at both the transcriptional and translational levels.

Momilactone B downregulates pRB phosphorylation and 
increases the binding of pRB with E2Fs in U937 cells. Since 
the Rb gene product pRB is an important checkpoint protein in 
the G1 phase of the cell cycle, we next determined the kinetics 
between the phosphorylation of pRB and the transcription 
factors, E2Fs, in momilactone B-treated cells. As indicated 
in Fig. 5A, momilactone B changed the hyperphosphorylated 
form to a hypophosphorylated form of pRB and these changes 
occurred in a concentration-dependent manner, whereas the 
levels of E2F-1 and E2F-4 expression remained unchanged. 
Furthermore, co-immunoprecipitation analysis indicated that 
the association between pRB and E2F-1/E2F-4 was very low 
in the untreated control cells; however, a strong increase in 

the association between pRB and E2F-1 as well as E2F-4 was 
observed in the momilactone B-treated U937 cells (Fig. 5B).

Figure 4. Effects of momilactone B on the levels of G1-associated cyclins and Cdks in U937 cells. (A) After treatment with various concentrations of 
momilactone B for 48 h, total RNAs were isolated and reverse-transcribed. The resulting cDNAs were then subjected to PCR with the indicated primers, 
and the reaction products were separated on 1.0% agarose gel and visualized by EtBr staining. (B) The cell lysates were prepared, and equal amounts of total 
cell lysates were subjected to SDS-polyacrylamide gel electrophoresis, transferred and probed with the indicated antibodies. Glyceraldehyde-3'-phosphate 
dehydrogenase (GAPDH) and actin were used as internal controls for the RT-PCR and western blot assays, respectively. Cdks, cyclin-dependent kinases; EtBr, 
ethidium bromide; RT-PCR, reverse transcription-polymerase chain reaction. 

Figure 5. Induction of hypophosphorylation of pRB and enhanced asso-
ciation of pRB and E2Fs by momilactone B in U937 cells. (A) Following 
treatment with various concentrations of momilactone B for 48 h, the total 
cell lysates were prepared and separated by electrophoresis on an 8 or 
10% SDS-polyacrylamide gel. Western blotting was then performed using 
anti-pRB, anti-E2F-1 and anti-E2F-4 antibodies. Actin was used as an internal 
control. (B) Cells were incubated without or with 1 µg/ml momilactone B 
(MB) for 48 h, and then equal amounts of proteins were immunoprecipi-
tated with the anti-E2F-1 or anti-E2F-4 antibody. Immuno-complexes were 
separated by 8% SDS-polyacrylamide gel electrophoresis, transferred to a 
nitrocellulose membrane, and probed with the anti-pRB antibody. Proteins 
were detected by ECL detection. IP, immunoprecipitation; pRB, retinoblas-
toma protein; ECL, enhanced chemiluminescence.
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Momilactone B induces Cdk inhibitor p21 expression in U937 
cells. Since Cdk activity is highly regulated by association with 
Cdk inhibitors, we next examined the possible upregulation 
of these gene products in the U937 cells. As shown in Fig. 6, 
the levels of Cdk inhibitor p21 were markedly increased at 
the transcriptional and translational levels in a concentration-
dependent manner, whereas the levels of other Cdk inhibitors, 
such as p16 and p27, were not altered following the same 
treatment. As the p53 gene is deleted in U937 cells (22), it is 
most likely that the induction of p21 by momilactone B was 
mediated in a p53-independent manner.

Momilactone B inhibits Cdks-associated kinase activity 
through association of p21 with Cdks in U937 cells. Since 
momilactone B treatment perturbed the G1 phase of the 
cell cycle, and the kinase activity of Cdk4 and Cdk6 plays 
an essential role in G1 to S phase transition, the possible 
effects of momilactone B on the modulation of their kinase 
activities were evaluated using histone H1 as the substrate. 
As presented in Fig. 7A, for the control cells, the high activity 
of the phosphorylated form of Cdk4 demonstrated the high 
level of histone H1 phosphorylation; however, the level of 
H1 phosphorylation was greatly reduced for Cdk4 in the 

momilactone B-treated cells. There was also a reduction in 
Cdk6-associated kinase activity during momilactone B treat-
ment in a concentration-dependent manner. To further define 
the nature of G1 arrest following momilactone B treatment, 
we finally aimed to ascertain whether the p21 protein induced 
by momilactone B treatment was associated with Cdks. As 
shown in Fig. 7B, the association between p21 and Cdk4 
or Cdk6 was almost undetectable in the untreated cells by 
co-immunoprecipitation analysis; however, treatment of cells 
with momilactone B resulted in a significant increase in the 
binding of these Cdks with p21.

Discussion

In the present study, we showed that momilactone B inhibited 
the proliferation of U937 cells by increasing the level of p21 
expression and decreasing the phosphorylation of pRB, which 
in turn inhibited Cdk activity, and ultimately arrested the cell 
cycle at the G1 phase and induced apoptosis.

Cancer cells are characterized by the deregulation of the 
cell cycle and the activation of signal transduction for abnormal 
proliferation. In cell cycle regulation, cyclins and Cdks play 
important roles through the formation of the cyclin/Cdk 
complex and Cdk inhibitors (1,2). As cells progress through 
the G1 to the S phase, cyclin/Cdk complexes, such as cyclin D/
Cdk4/6 and cyclin E/Cdk2 complexes, are sequentially acti-
vated along with phosphorylated pRB family proteins, such 
as pRB, p107 and p130, referred to as ‘pocket proteins', which 
bind viral oncoproteins and cellular factors, such as the E2F 
family of transcription factors, including E2F proteins and 
two DP proteins (DP1 and DP2) (5,6). Among the pRB family 
proteins, pRB is the major negative regulator of cell division, 

Figure 6. Effects of momilactone B on the levels of Cdk inhibitors in U937 
cells. (A) Total RNAs were isolated and reverse-transcribed and resulting 
cDNAs were then subjected to PCR. The reaction products were subjected 
to electrophoresis on a 1.0% agarose gel and visualized by EtBr staining. 
(B) Following incubation with momilactone B under the same conditions, 
the cell lysates were prepared, and equal amounts of total cell lysates were 
subjected to SDS-polyacrylamide gel electrophoresis, transferred, and then 
probed with antibodies against p16, p21 and p27. GAPDH and actin were 
used as internal controls for the RT-PCR and western blot assays, respec-
tively. EtBr, ethidium bromide; GAPDH, glyceraldehyde-3'-phosphate 
dehydrogenase.

Figure 7. Inhibition of Cdk kinase activity and increased association of p21 
with Cdks by momilactone B in U937 cells. (A) Following treatment with 
1 µg/ml momilactone B for 48 h, total cell lysates were prepared and immu-
noprecipitated with the anti-Cdk4 or anti-Cdk6 antibody, and kinase activity 
was assayed using histone H1 as substrate. (B) The total cell lysates were 
prepared and immunoprecipitated with the anti-Cdk4 or anti-Cdk6 antibody, 
separated on 12% SDS-polyacrylamide gels, and transferred onto nitrocel-
lulose membranes. Western blot analyses were probed with the anti-p21 
antibody and an ECL detection system. Cdks, cyclin-dependent kinases; 
ECL, enhanced chemiluminescence; IP, immunoprecipitation.
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and pRb hyperphosphorylation is a hallmark of the G1 to S 
transition in the cell cycle. The hyperphosphorylated pRB 
releases the E2F/DP complex, which, in turn, stimulates the 
transcription of numerous genes whose products are required 
for the G1 to S transition and S phase progression (5,6). 
Therefore, when decreased levels of either protein or the 
association between respective binding partners are observed, 
a concomitant decrease in the degree of pRB phosphorylation 
would be expected. In the present study, hyperphosphorylation 
of the pRB family was inhibited by momilactone B (Fig. 5A), 
which markedly increased the binding of pRB to E2F tran-
scription factors such as E2F-1 and E2F-4 (Fig. 5B). The data 
indicate that momilactone B inhibits the phosphorylation of 
pRB, and that this inhibition represses the transcriptional 
activity of E2Fs for S phase entry by promoting the binding 
of pRB with E2Fs.

There are two families of Cdk inhibitors, the Cip/Kip 
(p21, p27 and p57) and INK4 (p16, p15, p18 and p19) families, 
both of which bind to cyclin/Cdk complexes and inhibit their 
kinase activities (23,24). Therefore, we examined the effects 
of momilactone B on several of these cell cycle regulatory 
molecules with western blot analysis and in vitro kinase assay. 
The present results, which reveal that momilactone B arrests 
the cell cycle in the G1 phase, were correlated with the upregu-
lation of Cdk inhibitor p21 at both the transcriptional and 
translational levels (Fig. 6) without significantly affecting the 
levels of G1-associated cyclins and Cdks. Although p16 and 
p27 are reported to be upregulated in response to various anti-
proliferative signals (25,26), they were consistently unaltered 
in the U937 cells. We also determined Cdk4- and Cdk6-
associated kinase activities using their immunoprecipitates 
and histone H1 as substrates. The results from the immuno-
complex kinase assays demonstrated that momilactone B 
downregulates both Cdk4- and Cdk6-associated activities, 
rather than altering the protein levels (Fig. 7A). In addition, 
co-immunoprecipitation analysis indicated that treatment of 
cells with momilactone B resulted in a significant increase in 
the binding of Cdk4 and Cdk6 with p21, indicating that the 
inhibition of Cdk kinase activity may involve the binding of 
the Cdk inhibitor protein p21 to the cyclin/Cdk complexes. 
Taken together, these results indicate that momilactone B 
treatment inhibited cyclin D/Cdk4/6 kinase activities, which 
led to a reduction in the level of pRB phosphorylation and 
thereby, G1 cell cycle arrest in U937 cells. In addition, the 
momilactone B-induced reduction in the cyclin/Cdk kinase 
activities may be due to the upregulation of Cdk inhibitor p21. 
Although the ability of p21 is known to be induced through 
tumor suppressor gene p53-dependent and -independent path-
ways (27,28), the momilactone B-induced upregulation of p21 
in U937 cells appears to be independent of p53 since the U937 
cell line is a p53-null leukemia cell line (22).

In conclusion, the present study demonstrated that momi-
lactone B induces G1 phase arrest and apoptosis in U937 cells. 
The G1 cell cycle arrest was mediated by inhibiting pRB phos-
phorylation and enhanced complex formation between pRB 
and the transcription factor E2Fs. Treatment with momilac-
tone B resulted in the inhibition of Cdk4/6 kinase activity as 
well as enhanced binding with p21 and Cdk4/6 accompanied 
by p53-independent induction of the Cdk inhibitor, p21. These 
novel phenomena have not been previously described and 

suggest that momilactone B may have significant potential for 
development as a cancer treatment.
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