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Abstract

Uridine-cytidine kinase 2 is an enzyme that is overexpressed in abnormal cell growth and its

implication is considered a hallmark of cancer. Due to the selective expression of UCK2 in

cancer cells, a selective inhibition of this key enzyme necessitates the discovery of its poten-

tial inhibitors for cancer chemotherapy. The present study was carried out to demonstrate

the potentials of natural phytochemicals from the rhizome of Alpinia mutica to inhibit UCK2

useful for colorectal cancer. Here, we employed the used of in vitro to investigate the effec-

tiveness of natural UCK2 inhibitors to cause HT-29 cell death. Extracts, flavokawain B, and

alpinetin compound from the rhizome of Alpinia mutica was used in the study. The study

demonstrated that the expression of UCK2 mRNA were substantially reduced in treated HT-

29 cells. In addition, downregulation in expression of 18S ribosomal RNA was also observed

in all treated HT-29 cells. This was confirmed by fluorescence imaging to measure the level

of expression of 18S ribosomal RNA in live cell images. The study suggests the possibility of

MDM2 protein was downregulated and its suppression subsequently activates the expres-

sion of p53 during inhibition of UCK2 enzyme. The expression of p53 is directly linked to a

blockage of cell cycle progression at G0/G1 phase and upregulates Bax, cytochrome c, and

caspase 3 while Bcl2 was deregulated. In this respect, apoptosis induction and DNA frag-

mentation were observed in treated HT-29 cells. Initial results from in vitro studies have

shown the ability of the bioactive compounds of flavokawain B and alpinetin to target UCK2

enzyme specifically, inducing cell cycle arrest and subsequently leading to cancer cell
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death, possibly through interfering the MDM2-p53 signalling pathway. These phenomena

have proven that the bioactive compounds could be useful for future therapeutic use in

colon cancer.

Introduction

Uridine-cytidine kinase 2 (UCK2) is an enzyme that catalyses the conversion of uridine and

cytidine to their monophosphate form of uridine and cytidine in an alternative salvage path-

way of pyrimidine biosynthesis [1]. A formation of 5’-triphosphate form of uridine and cyti-

dine nucleosides are an essential requirement in gene replication. Overexpression of this

enzyme have been implicated in several cancers and it is therefore considered a hallmark of

cancer. The selective expression and non-immunogenicity of human UCK2 may, however rep-

resent a potential target for anticancer drug development [2].

Tumour suppressor protein, p53, prevents cancer development by eliminating cells with

mutagenic alterations or potential for neoplastic transformation or blocking their cell cycle

permanently or by transient DNA repair [3–5]. p53 is regulated by human double minute 2

(MDM2), an E3 ubiquitin ligase that targets and binds to p53 promoting ubiquitination and

degradation of the protein [6,7]. Overexpression of MDM2 leads to inactivation of p53 tumour

protein, thereby diminishing its tumour suppressor function [8]. Nonetheless, MDM2 is in

turn regulated by ribosomal proteins (RPs) that binds and suppress the MDM2 E3 ubiquitin

ligase activity resulting in the stabilization and activation of p53 [9]. These ribosomal proteins

are found in stoichiometric amounts in the ribosome, thus, they are abundantly expressed in

metabolically active cells undergoing protein synthesis [9,10]. The RPs are produced via a

complex process comprising transcription, modification, processing of ribosomal RNA

(rRNA) and subsequent production of these RPs [6]. Transcription of ribosomal DNA

(rDNA) genes by RNA polymerase I produce the 47s rRNA precursor, and the modification

and processing of this transcript, thus generate the mature 18S, 5.8S, and 28S rRNA. The

rRNAs are assembled with the RPs to form 60S and 40S subunit of the mature ribosome

[11,12]. The subunit of 60S contains 28S, 5.8S and 5S rRNAs, whilst the 40S subunit contains

mainly 18S rRNA [13]. In response to the instability of ribosomal biogenesis such as the deple-

tion of nucleotides, many RPs are released from the nucleolus and block MDM2 that targets

p53 for degradation, this leads to p53 induction and cell cycle arrest [14].

In spite of the historical research in the area of cancer and its therapeutic targets, research

in cancer has neglected the importance of UCK2 enzyme and its major role in the metabolic

pathway of ribonucleotides biosynthesis required in gene synthesis as well as being a potential

target for chemotherapy. Safety aspects in the use of newly marketed chemotherapeutic agents

currently undergoing clinical trials against different types of cancer have been a worrisome

due to severe adverse effects often accompanied with their use. Due to the serious side effects

as evidenced by the use of synthetic ribonucleoside analogues, effective anticancer drugs of the

natural origin, having less potential side effect in patients would then be highly desirable. To

date, there has not been a single study conducted on any natural bioactive compound targeting

the UCK2 enzyme. At this time of writing, no inhibitor from natural origin of this enzyme

have been reported. This is the first report study of natural compounds that have the ability to

inhibit the UCK2 enzyme.

Our laboratory has recently shown that phytocompounds flavokawain B (FKB) and alpine-

tin (APN) obtained from the rhizome of Alpinia mutica inhibits UCK2 enzyme In Silico [15].
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We therefore tend to investigate further the mechanism by which FKB and APN inhibit

growth of colorectal cancer through inhibition of UCK2 enzyme in human HT-29 cells.

Materials and Methods

Cell culture and propagation

The HT-29, HepaRG and Vero cell lines used in this study was obtained from American Type

Culture Collections (ATCC) and was propagated in the laboratory of MAKNA Cancer

Research of the Institute of Bioscience, Universiti Putra Malaysia. The cell line was sub-cul-

tured in Dulbecco’s modified eagle’s medium (DMEM) media (Sigma-Aldrich, St. Louis, MO,

USA) supplemented with 10% fetal bovine serum (FBS) (PAA, Freibug, Germany) and 1% 100

IU penicillin and 100 μg.mL-1 streptomycin (Sigma, USA). The starting culture was at 1 × 104

cells.mL-1 and maintained at a temperature of 37˚C in a humidified incubator containing 5%

CO2. Cultures were continuously maintained by routine harvesting of cells at 70%–80% con-

fluence using 0.05% trypsin-EDTA (Sigma-Aldrich, St. Louis, MO, USA).

Extracts and phytocompounds from the rhizome of A. mutica

Crude hexane and chloroform extract, FKB and APN used in this investigation were obtained

from the rhizome of Alpinia mutica [15]. The rhizomes (Voucher No. SK 3095/16) were

obtained from the garden of the Institute of Bioscience, Universiti Putra Malaysia. A stock

solution of both crude hexane and chloroform were prepared at a concentration of 10 mg in

50 μL dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA), while FKB and APN

were prepared at a concentration of 400 μM in 50 μL DMSO and the final concentration of

DMSO will be 0.1% (v/v).

Cell viability study

The effect of crude extracts and phytocompounds on HT-29 cells was examined using MTT

assay. Briefly, cells were seeded in 96-well microplate at a density of 0.5 × 104 cells/mL. Cells

were treated after 24 h incubation at different concentrations in serial dilution with either

crude extracts (200, 100, 50, 25, 12.5, and 6.25 μg/mL) or the phytocompounds (400 μM,

200 μM, 100 μM, 50 μM, 25 μM and 12.5 μM) for 72 h, respectively. 5-fluorouracil (400 μM,

200 μM, 100 μM, 50 μM, 25 μM and 12.5 μM) was used as a positive control while 0.1% (v/v)

DMSO was used as negative control. After 72 h incubation, 20 μL of MTT stock solution (5

mg/mL) was added to each well and 100 μL of DMSO was added to each well after 4 h incuba-

tion in the dark. The amount of purple formazan formed was measured colorimetrically at 570

nm. Cell viability was expressed as the percentage of amount of viable cells to that of the

amount of the total cell population and the potency of testing drugs to inhibit cell growth by

50% was expressed as IC50. The cell viability assay was carried out in three independent

experiments.

RT-PCR of mRNA expression

Total RNA from treated HT-29 cells was extracted using Aurum total RNA mini kit (Bio-rad,

Hercules, CA, US) according to the manufacturer’s instructions. The total RNA was quantified

using a nanodrop BioSpectrometer (Eppendorf, Hamburg, Germany). First strand cDNA was

synthesised from total RNA using RevertAid cDNA synthesis kit (Thermo Scientific, Wal-

tham, MA, US) according to the manufacturer’s instructions. Briefly, approximately 1 μg total

RNA, random hexamer, 5× reaction buffer, RNase inhibitor, 10 mM dNTP, and RevertAid

were mixed together. The total of 20 μL reaction volume was made with nuclease-free water
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and gently centrifuged. The mixture was incubated for 5 min at 25˚C followed by 60 min at

42˚C using a DNA thermal cycler (Eppindorf, Hamburg, Germany). The reaction was termi-

nated for 5 min at 70˚C to inactivate the reverse transcriptase and placed on ice at 4˚C. A total

of 20 μL reaction volume containing cDNA template was amplified using Exprime Taq premix

(Genet Bio, Daejeon, Korea) according to the manufacturer’s instructions. The primer

sequences used for PCR amplification are forward: 5’-GCGAACCATGGCCGGGGACAGCGAG-
3’ and reverse: 5’-ACAGTATGTACAGATGAGCAGTGCC-3’ for UCK2, while GAPDH for-

ward: 5'-TCCACCACCCTGTTGCTGTA-3’, and reverse 5'-ACCACAGTCCATGCCATCAC-
3'was used as loading control.

Fluorescence imaging of 18S RNA expression

SmartFlare RNA detection probe (SFST18S Hu-Cy5, Merck Millipore, Darmstadt, Germany)

was used to measure the level of 18S RNA expression in HT-29 cells. Briefly, 196 μL each con-

taining 2 × 103 HT 29 cells were seeded in black 96-well microplate with clear bottom. After 24

h of incubation, HT-29 cells were treated with either crude extracts or phytocompounds at

IC50 concentration, while DMSO at 0.1% (v/v) was used as a control. After 48 h post treatment,

4 μL (SmartFlare reagent 1:20 in sterile PBS) of the target SmartFlare probe was added to the

treated HT-29 cells, while 4 μL of each scramble and uptake SmartFlare probe control was

added to untreated HT-29 cells. Cells were incubated overnight (at least 16 h) at 37˚C in a

humidified incubator containing 5% CO2.

Cell staining

Just before imaging, cell culture medium was gently removed and cells were washed with PBS

for 3 consecutive times to ensure complete media removal. 200 μL of acridine orange (AO) in

PBS from 1% stock concentration of AO (PromoKine, Heidelberg, Germany) was added into

each well containing HT-29 cells and incubate at 37˚C in a humidified incubator containing

5% CO2 for 15 min. The AO solution was removed, washed twice with PBS and immediately

observed under fluorescence microscope. The fluorescent intensity was measured from the

bottom using Zen lite (Carl Zeiss, Oberkochen, Germany). Cy5 fluorescence was measured

with an excitation of 650 nm and an emission 670 nm, while AO was measured with an excita-

tion of 493 nm and an emission 526 nm.

Cell cycle analysis

The cell cycle analysis was performed using BD Cyclestest Plus DNA Kit (BD Biosciences, San

Jose, CA, US) according to manufacturer’s instructions. Briefly, HT 29 cells was seeded in

6-well plate at a density of 5 × 105 cells in each well and incubate at overnight 37˚C in a humid-

ified incubator containing 5% CO2 to allow adherence to the plate. The next day, cells were

treated at different concentrations with 12.5, 25, and 50 μM of FKB and allowed to incubate

for 72 h. On d 3, cells were harvested, washed with PBS and resuspended in buffer solution.

The cells were centrifuged at room temperature for 5 min at 300 ×g and supernatant was care-

fully removed. 250 μL of solution A was added to each tube, mixed by gentle tapping and

allowed to incubate for 10 min at room temperature. 200 μL of solution B was added to same

tubes, mixed by gentle tapping and allowed to incubate for another 10 min at room tempera-

ture. 200 μL of ice cold solution C was added to the same tubes, mixed by gentle tapping and

allowed to incubate in the dark on ice for another 10 min. HT-29 cells were directly analysed

using BD flow cytometer (BD Biosciences, San Jose, CA, US).

Suppression of MDM2 Bound to p53 Probably Attributed to the 18S rRNA Synthesis via UCK2 Inhibition

PLOS ONE | DOI:10.1371/journal.pone.0170233 January 19, 2017 4 / 19



DNA fragmentation analysis

Briefly, DNA from treated HT-29 cells was extracted using Apoptotic DNA Ladder Kit

(Roche, Basel, Switzerland) according to the manufacturer’s protocol. Approximately 10 μL of

the extracted DNA was run on 1% gel electrophoresis and visualized under Gel Doc (Bio-rad,

Hercules, CA, US).

Extraction of total protein

Total protein was extracted from lysed HT-29 cells in an appropriate volume of ProteoJET

mammalian cell lysis reagent (Fermentas, Burlington, ON, Canada). Cells were centrifuged at

22,000 ×g for 15 min and the supernatant was carefully collected, aliquots in PCR tubes and

stored at −80˚C until use. The total protein concentration in the cell lysate was estimated using

Bradford reagent (Bio-Rad Laboratories, Hercules, CA, USA).

Western blot analysis

A mixture of protein sample (25 μg) was separated by electrophoresis (Bio-rad, Hercules, CA,

US) on an SDS-polyacrylamide gel followed by transfer of the separated proteins into a polyvi-

nylidene difluoride membrane (Bio-rad, Hercules, CA, US) using semi-dry transblot Turbo

(Bio-rad, Hercules, CA, US). The membrane was incubated for 1 h with 5% non-fat dry milk

(Bio-rad, Hercules, CA, US) in TBS-T (20mM Tris-HCl (pH 7.5), 500mM NaCl, 0.05% Tween

20) to block nonspecific binding. Following incubation, membrane was washed with TBS-T

and incubated for 2 h at room temperature with a labelled primary antibody. The target pro-

teins were finally detected after labelling with horseradish peroxidase-conjugated IgG using

ECL chemilumminescence in ChemiDoc (Bio-rad, Hercules, CA, US). The antibodies used in

this investigation are: rabbit anti-UCK2 (Abnova, Taipei, Taiwan), mouse anti-β-Actin, rabbit

anti-Bcl2, rabbit anti-Bax, rabbit anti-caspase-3 (Santa Cruz, Dallas, TX, US), rabbit anti-

MDM2 (Acris, Herford, Germany), mouse anti-p53, mouse anti-Cyt c, horseradish peroxi-

dase-conjugated Goat anti-mouse IgG, horseradish peroxidase-conjugated Donkey anti-

mouse IgG (Biolegend, San Diego, CA, US).

Statistical analysis

Results were expressed as mean ± SD for at least three replicate analyses for each sample. Sta-

tistical analysis was performed using GraphPad Prism 5.0. Analyses of variance were per-

formed, followed by Dunnett’s and Bonferroni’s test for multiple comparison, whilst p values

greater than 0.05 were considered significant.

Results

Crude extracts and bioactive compounds of FKB and APN inhibits

proliferation of HT-29 cells

The MTT colorimetric assay was used to measure the percentage cell viability of HT-29 cells

treated either with the crude extracts or phytocompounds after 72 h incubation. The results

showed that both hexane and chloroform extracts inhibit 50% cell proliferation at IC50 values

of 21.05 μg/mL and 19.09 μg/mL, respectively (Fig 1A). On the other hand, HT-29 cells treated

with FKB and APN showed 50% inhibition of cell proliferation at IC50 values of 27.68 μM

(7.86 μg/mL) and 44.2 μM (11.17 μg/mL) respectively (Fig 1B). During this investigation,

5-Fluorouracil (5FU) was used as positive control in the study. HepaRG and Vero cells were

later used in this study to determine if the bioactive compounds, FKB and APN have any effect
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towards normal cells. The results showed that treatment with FKB inhibit cell growth at IC50

values of 102.3 μM (29.03 μg/mL) and 189.08 (53.7 μg/mL) for the mammalian liver and kid-

ney cells, respectively. Furthermore, cells treated with APN showed cell growth inhibition at

IC50 values of 337.04 μM (140.80 μg/mL) and>400 μM (>113.6 μg/mL) for the liver and kid-

ney cells, respectively (Fig 1C and 1D).

Crude extracts containing bioactive phytocompounds responsible in

downregulating the expression of UCK 2 enzyme

The level of UCK2 mRNA expressed in treated HT-29 cells was determined to examine if the

crude extracts and the bioactive compounds of FKB and APN downregulate the activity of

UCK2 enzyme. RT-PCR analysis showed significant decrease in the level of UCK2 mRNA in a

dose dependent manner comparatively to DMSO as a control. The chloroform extract how-

ever, showed more preference to UCK2 activity in a dose dependent manner, but the intensity

of the band obtained increased slightly at IC75. On the contrary, substantial decrease in the

UCK2 mRNA expression in HT-29 cells treated with either FKB or APN compounds was

observed in a dose dependent manner as compared to DMSO as control, strongly suggesting

that UCK2 activity may possibly be inhibited (Fig 2A). To further substantiate our findings,

Western blot analysis was used to investigate the expression of UCK2 proteins in HT-29 cells

after 72 h of treatment with either the crude extracts or FKB and APN compounds. The study

showed that the crude hexane extract at IC50 and IC75 concentrations is able to downregulate

UCK2 protein levels in HT-29 cells, whilst similar expression of downregulation of UCK2 was

also observed in HT-29 cells treated with chloroform extract. Similarly, levels of UCK2 protein

expressed was downregulated after 72 h treatment with either FKB or APN. The analysis

Fig 1. Percentage cell viability of HT-29 cells treated with (A) Different crude extract from the rhizome of

Alpinia mutica at different concentrations (μg/mL) for 72 hrs (B) FKB and APN at different concentrations (μM)

for 72 hrs (C) HepaRG cells treated with FKB and APN at different concentrations ((μM) for 72 hrs (D) Vero

cells treated with FKB and APN at different concentrations (μM) for 72 hrs. MTT assay was used to determine

the IC50 of the tested crude extract and phytocompounds.

doi:10.1371/journal.pone.0170233.g001

Suppression of MDM2 Bound to p53 Probably Attributed to the 18S rRNA Synthesis via UCK2 Inhibition

PLOS ONE | DOI:10.1371/journal.pone.0170233 January 19, 2017 6 / 19



Fig 2. (A) Expression of UCK2 mRNA in HT-29 cells analysed in 1% agarose gel. (a)Levels of UCK2 mRNA

expression in cells treated with increasing concentration of crude hexane (IC25: 10.52, IC50: 21.05, and

IC75:42.1 μg/mL) and chloroform (IC25: 9.5, IC50: 19.09, and IC75:38.18 μg/mL) extracts; (b) Levels of UCK2

mRNA expressed in cells treated with FKB at 12.5 (3.55 μg/mL), 25 (7.1 μg/mL), and 50 μM (14.2 μg/mL); (c)

Levels of UCK2 mRNA expressed in cells treated with APN at a concentration of 12.5 (3.37 μg/mL), 25

(6.75 μg/mL), and 50 μM (13.5 μg/mL). The housekeeping gene, GAPDH was used as loading control. C,

Untreated control; D, DMSO used as negative control at a final concentration of 0.1%. (B) Western blot

analysis of UCK2 protein expressed in HT-29 cells. (a) Levels of UCK2 protein expression in cells treated with

increasing concentration of crude hexane (IC25: 10.52, IC50: 21.05, and IC75:42.1 μg/mL) and chloroform

(IC25: 9.5, IC50: 19.09, and IC75:38.18 μg/mL) extracts. (b) Levels of UCK2 protein expressed in cells treated

Suppression of MDM2 Bound to p53 Probably Attributed to the 18S rRNA Synthesis via UCK2 Inhibition
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showed that FKB and APN were able to inhibit the expression of UCK2 protein most likely at

50 μM (Fig 2B).

Crude extracts containing the bioactive phytocompounds downregulates

expression of 18S RNA in live cell images

Live cell imaging detection of 18S RNA in treated and non-treated HT-29 cells using Smart-

Flare Cy5-18S nanoprobe was used to determine whether downregulation of UCK2 enzyme

could possibly interfere with synthesis of 18S RNA. HT-29 cells were treated initially with

Cy5-Uptake probes (probe that quenched on inside the cell) and Cy5-Scramble probes (probe

does not recognise any RNA sequence inside the cell) in order to ensure the effectiveness of

the SmartFlare probes used in the analysis. The Cy5-Uptake control probe provides more

intense fluorescence compared to the Cy5-Scramble control probe after an overnight incuba-

tion (Fig 3A). Consequently, treated HT-29 cells containing Cy5-18S probe examined under

fluorescence microscopy showed micrographs of gradually decreased in the synthesis of 18S

RNA at IC50 concentration (Fig 3B). Comparatively, the fluorescent intensity of Cy5-18S

probe in HT-29 cells treated with either the crude extracts or FKB and APN compounds was

intensively reduced when comparatively compared to the DMSO as a control. This strongly

indicates that the Cy5-18S probe has the capability to recognise 18S RNA inside the HT-29

with FKB at a concentration of 12.5 (3.55 μg/mL), 25 (7.1 μg/mL), and 50 μM (14.2 μg/mL). (c) Levels of UCK2

protein expressed in cells treated with APN at a concentration of 12.5 (3.37 μg/mL), 25 (6.75 μg/mL), and

50 μM (13.5 μg/mL). (C) Levels of UCK2 protein expression quantified from western blotting analysis using

Bio-rad Image Lab software in HT-29 cells treated with (a) Crude hexane and chloroform extract, and (b)

Bioactive compounds of FKB and APN;. DC: DMSO treated control at a final concentration of 0.1%. Data are

expressed as Mean±SD; ns: non-significant; *p<0.05; ns: non-significant compared to the DMSO control.

doi:10.1371/journal.pone.0170233.g002

Fig 3. (A) Live cell imaging of the controls of HT-29 cells with SmartFlare Cy5-Uptake, Cy5-Scramble or Cy5-

18S probes, imaged using fluorescence microscope in exposure settings at 20×magnification. (a) Uptake

probe used as positive control that quenched on inside the cell. (b) Scramble probe used as negative control

where the probe is not able to recognize any RNA sequence inside the cell nucleus. (c) Cells with 18S probe

after 48 h of 0.1% (v/v) DMSO treatment as negative control. (B) Live cell imaging of HT-29 cells with

SmartFlare Cy5-18S probes, and imaged using fluorescence microscope in exposure settings at 20×
magnification. Cells with 18S probe after 48h treatment with crude extract of (d) hexane extract (21.05 μg/

mL), (e) chloroform extract (19.09 μg/mL), (f) FKB (8.47 μg/mL), and (g) APN (13.12 μg/mL).

doi:10.1371/journal.pone.0170233.g003

Suppression of MDM2 Bound to p53 Probably Attributed to the 18S rRNA Synthesis via UCK2 Inhibition

PLOS ONE | DOI:10.1371/journal.pone.0170233 January 19, 2017 8 / 19



cells after overnight incubation with the probes. This reduction in 18S rRNA synthesis after

treatment of HT-29 cells with either crude extracts or FKB and APN compounds denotes the

reduction to the biosynthesis of nucleotides of the cell’s nucleus.

Defects in 18S rRNA synthesis induced by crude extracts, FKB and APN

compounds may have distinctive correlation to the suppression of MDM2

bound to p53

The above parameter was investigated using Western blotting of proteins in HT-29 cells

treated at various concentrations (IC25, IC50, and IC75) of bioactive crude extracts to examine

the levels of MDM2 and p53 protein expressions after 72 h treatment. The analysis demon-

strated that the expression MDM2 protein was substantially downregulated in a dose depen-

dent manner compared with control. Concurrently, expression of p53 protein was clearly

observed to increase in a dose dependent manner compared to control (Fig 4A and 4B). In

respect of these results, expression of MDM2 protein treated with FKB at 25 μM (7.1 μg/ mL)

or APN at 25 μM (6.75 μg/ mL) was found to be substantially downregulated compared with

DMSO treated control and was further undetected after 24 h incubation when using FKB and

36 h when using of APN. Meanwhile, expression of p53 protein was clearly expressed with

increased to the protein levels in a time dependent manner compared to DMSO as a control

(Fig 4A and 4B). The above results seem to suggest the expression p53 in treated HT-29 cells,

whether with crude extracts or FKB and APN compounds, increased in a time dependent

manner with subsequent decreased in MDM2 expression. The increased in p53 expression of

Fig 4. Levels of MDM2 and p53 proteins expressed in HT-29 cells. (A) Level of proteins in cells treated

with (a) crude hexane (IC25: 10.52, IC50: 21.05, and IC75:42.1 μg/mL) and chloroform (IC25: 9.5, IC50: 19.09,

and IC75:38.18 μg/mL) extracts. (b) 25 μM (7.1 μg/ mL) of FKB at different time interval. (c) 25 μM (6.75 μg/

mL) of APN at different time interval. (B) Level of MDM2 and p53 protein expression quantified from western

blotting analysis using Bio-rad Image Lab software in HT 29 cells treated with (a) Hexane and chloroform

extracts (b) FKB, and (c) APN. Data are expressed as Mean±SD; ns: non-significant; *p<0.05; **p<0.01;

***p<0.01; ns: non-significant compared to the DMSO control. DC: DMSO used as negative control at a final

concentration of 0.1%.

doi:10.1371/journal.pone.0170233.g004
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treated HT-29 cells is well correlated with initial findings that implicates apoptosis and subse-

quently to cell death of HT-29 cells.

Stabilization of p53 induced p53-dependent mitochondrial pathway in

HT-29 cells

Western blot analysis was performed in this investigation to examine levels of related proteins

which may be implicated in the apoptotic signalling pathway, leading to cell death. As shown

in Fig 5A, HT-29 cells treated with the bioactive crude extract substantially downregulate

expression of Bcl-2 in a dose dependent manner. On the contrary, expression of Bax at signifi-

cant amount was observed in HT-29 cell treated with chloroform extract at a concentration of

IC50 (19.09 μg/mL) and IC75 (38.18 μg/mL). In addition, Cyt c expression and caspase-3 cleav-

age was further observed to increase in a dose dependent manner after 72 h treatment with

crude extracts. On the other hand, HT-29 cells treated with FKB in increasing concentration

substantially downregulate the expression of Bcl-2 while Bax expression was upregulated in a

dose dependent manner. In addition, Cyt c expression and caspase-3 cleavage was also

observed to increase substantially in a dose dependent manner after 72 h treatment with FKB.

Further to this, the study revealed that APN also induced the expression of Bax but downregu-

late the expression of Bcl-2 in a dose dependent manner. The levels of Cyt c expression and

caspase-3 cleavage was also found to increase. This, confirms apoptosis induction was trig-

gered by both bioactive compounds during treatment of HT-29 cells.

Fig 5. Levels of protein expression involved in mitochondrial apoptotic signalling pathway in HT-29

cells after 72 h incubation. (A) Levels of protein expressed in cells treated with (a) crude hexane (IC25:

10.52, IC50: 21.05, and IC75:42.1 μg/mL) and chloroform (IC25: 9.5, IC50: 19.09, and IC75:38.18 μg/mL)

extracts. (b) FKB at a concentration of 12.5 (3.55 μg/mL), 25 (7.1 μg/mL), and 50 μM (14.2 μg/mL) and (c)

APN at a concentration of 12.5 (3.37 μg/mL), 25 (6.75 μg/mL), and 50 μM (13.5 μg/mL). (B) Levels of protein

expression quantified from western blotting analysis using Bio-rad Image Lab software in HT-29 cells treated

with (a) Hexane and chloroform extracts (b) FKB, and (c) APN. Data are expressed as Mean±SD; ns: non-

significant; *p<0.05; **p<0.01; ***p<0.001 ns: non-significant compared to the DMSO control. DC: DMSO

treated control at a final concentration of 0.1%.

doi:10.1371/journal.pone.0170233.g005
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Stabilization of p53 induced cell cycle arrest in HT-29 cells

The present findings clearly suggest that accumulation of p53 is primarily caused by the sup-

pression of MDM2 through the disruption of ribosomal biogenesis in the cell’s nucleus. To

further verify this, the consequence of p53 suprainduction induction on cell cycle progression

of treated HT-29 cells was examined. Cell cycle analysis was performed to examine the HT-29

cell cycle progression treated with either FKB or APN compound. This study showed that HT-

29 cells treated at different concentrations of FKB after 72 h induced the accumulation of dead

cells at subG0/G1 phase in a dose dependent manner concurrently to DMSO treated control

with significantly decreased in treated HT-29 cells at G0/G1 and S phase being observed (Fig

6A). On the other hand, HT-29 cells treated at different concentrations of APN blocked cell

cycle progression at G0/G1 phase in a dose dependent manner, compared to DMSO treated

control. Further to this, increased percentage of HT-29 cells were also found to accumulate at

G2/M phase when treated at different concentrations of APN (Fig 6B).

Bioactive compounds of FKB and APN induced apoptosis in turn

triggering DNA fragmentation in treated HT-29 cells

DNA laddering was performed to further verify and confirm apoptosis induction HT-29 cells

treated with either FKB or APN. Fig 7 showed DNA fragmentation after 72 h incubation at dif-

ferent concentrations with either FKB or APN. DNA fragmentation was obvious in cells

treated with FKB in a dose dependent manner compared to DMSO treated cells concurrently.

Furthermore, HT-29 cells treated with APN showed clear evidence of apoptosis induction

after treatment with 25 and 50 μM concentrations compared to DMSO treated control. The

Fig 6. Cell cycle analysis examined using flow cytometry on HT-29 cells after 72 h treatment. (A) Cells

treated with (a) DMSO at the final concentration of 0.1%. (b) FKB at a concentration of 12.5 (3.55 μg/mL), (c)

25 (7.1 μg/mL), (d) 50 μM (14.2 μg/mL), and (e) Percentage of cell cycle distribution in different phases. (B)

Cells treated with (a) DMSO at the final concentration of 0.1%. (b) APN at 12.5 (3.37 μg/mL), (c) 25 (6.75 μg/

mL), (d) 50 μM (13.5 μg/mL) concentrations, and (e) Percentage of cell cycle distribution in different phases.

G0/G1, G2+M, and S are cell phases, respectively; subG0/G1 refers to cell death due to DNA fragmentation.

Data are expressed as Mean±SD of three independent experiments, *p<0.001, ns: non-significant compared

to the normal control.

doi:10.1371/journal.pone.0170233.g006
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appearance of ladder-like bands suggest the possibility of DNA fragmentations to occur when

both bioactive compounds of FKB and APN were used to treat HT-29 cells. The appearance of

the bands substantially becomes prominent as incubation increased to 72 h, suggesting it is

time-dependant.

Discussion

Interest in the search for potential natural anticancer for treatment has led to the discovery of

UCK2 inhibitors from the rhizome of Alpinia mutica. Previous literatures have reported that

the isolated bioactive compounds from the rhizome possess strong anticancer activities, but

Fig 7. DNA fragmentation analysed in 1% agarose gel after 72 h incubation with different

concentration of either FKB or APN. MW: DNA marker; DC: DMSO treated control; all concentrations are

in μM.

doi:10.1371/journal.pone.0170233.g007
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none to date have been considered for further development into chemotherapeutic agents.

The current investigation provided insight to the isolated compounds, FKB and APN as poten-

tial UCK2 inhibitors for future treatment of colon cancer.

The study of cell viability in the present investigation verified the ability of the bioactive

compounds to inhibit 50% of HT-29 cells at low concentrations. A previous study had

reported that FKB inhibited proliferation of HCT 116 cells at an IC50 of 25 μM [16], which is

consistent with the present finding. Moreover, FKB has been shown to inhibit 50% cell growth

of SK-LMS-1 and 143B cells at a very low concentration of 2.2 μM (1.25 μg/mL) and 1.97 μM

(3.5 μg/mL), respectively [17,18]. These IC50 values are, however 6 fold lower than that

observed in colorectal cancer (HT-29 and HCT 116 cells), which in fact, is within acceptable

concentration limits. In one related study, inhibition of two breast cancer cells by FKB at an

IC50 of 12.3 and 33.8 μM in MDA-MB231 and MCF-7, respectively were reported [19]. APN

on the other hand, have been previously reported to inhibit HCT 116 cells at an IC50 of

39.6 μg/mL [20]. This value is about 2 fold higher than that observed in the current findings.

Apart from the above, the present finding revealed that FKB is also cytotoxic towards nor-

mal liver and kidney cells tested on human HepaRG and Vero cells, respectively. The IC50 was

determined to be 102.3 μM (29.03 μg/mL) and 189.08 (53.7 μg/mL) for the liver and kidney

cells, respectively. These results, suggest that FKB is hepatotoxic and nephrotoxic towards nor-

mal liver and kidney cells. Earlier, Zhou and coworker, 2010, have shown that, the hepatocellu-

lar toxicity of FKB is the result of oxidative stress induced by the compound leading to the

depletion of glutathione (GSH) both in vitro and in vivo. Thus, IκB kinase (IKK) activity is

inhibited, leading to the blockage of NF-κB transcription, in turn, to the constitutive TNF-α-

independent activation of mitogen-activated protein kinase (MAPK) signalling pathway.

However, it was observed that replenishment with exogenous GSH normalizes both TNF-α-

dependent NF-κB and MAPK signalling pathway, thus prevents normal liver and kidney cells

from being damaged [21]. Indeed, this approach could be useful when using the FKB com-

pound in treating cancer patients.

RT-PCR analysis was used to determine levels of UCK2 mRNA expressions in HT-29 cells.

Quantification of UCK2 mRNA expressions in HT 1080, NUGC 3, NCI H630, AZ 521, DLD

1, MCF 7, and BxPC 3 cells have previously been reported elsewhere using this technique

[22,23]. In this present study, levels of UCK2 mRNA expression were quantified in HT-29 cells

using a similar protocol technique reported previously. The results demonstrated clearly that

downregulation of UCK2 mRNA expressions were conclusive in all HT-29 treated cells with

either the extracts or bioactive compounds of FKB and APN. Apparently, this is consistent

with the western blotting analysis of UCK2 protein expressed in HT-29 cells treated with the

bioactive compounds of FKB and APN initially. Statistically, there is significantly decreased to

the levels UCK2 protein expressed in HT-29 cells after 72 h treatment with 25 and 50 μM of

FKB, while, significant decreased was observed only at 50 μM of APN S1 Fig.

DMSO has been shown to greatly reduce synthesis of 18S rRNA in HL-60 leukemia cells

[24]. Hence, DMSO at a final concentration of 0.1%, used as a vehicle, was examined if it had

any effect on mRNA expression in HT-29 cell. The results from this investigation shows that

neither changes in the levels of UCK2 nor 18S rRNA mRNA expressions were observed in

0.1% DMSO.

Nucleotides and nucleoside triphosphates such as guanine, guanosine 5’-triphosphate, and

adenosine 5’-triphosphate have been shown to play a major role in rRNA synthesis inhibition

[25,26]. The results of the RT-PCR and western blot analysis obtained in this investigation

seem to support that downregulation of UCK2 mRNA expression consequently reduced syn-

thesis of 18S rRNA in treated HT-29 cells. This may further suggest that the depletion of nucle-

otide biosynthesis through the inhibition of UCK2 may possibly lead towards downregulation
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of 18S rRNA mRNA expression in treated HT-29 cells with either the extracts or bioactive

compounds of FKB and APN.

Defects in ribosomal biogenesis have previously been shown to activate p53 signaling path-

way [27,28]. The MDM2-p53 signaling pathway has been an important regulator of cellular

homeostatic [6]. In response to nucleolar stress via instability of ribosomal biogenesis, ribo-

somal proteins (RPs) such as RPS7 find their way and bind to MDM2 and block MDM2-me-

diated p53 ubiquitination and degradation, hence, p53 is activated which in turn induced cell

cycle arrest and apoptosis induction [14]. Studies have shown that a selective inhibition in 18S

rRNA synthesis activates the p53 signalling pathway [28]. In relation to this, the current inves-

tigation indicates clearly here that the inhibition of 18S rRNA at transcription level induced by

either the bioactive crude extracts or bioactive compounds of FKB and APN, stabilizes p53

through interference with MDM2-p53 signalling. This is possible through RPS7 bound to

MDM2 since the mature 40S subunit of ribosomes contains 18S rRNA [27]. Depletion in

MDM2 expression has previously shown to contribute to the accumulation of p53 protein

[29–31]. In order to determine if activation of p53 is MDM2-dependent inactivation, levels of

MDM2 and p53 expressed in treated HT-29 cells were investigated at different time interval.

The results showed that MDM2 protein expression was significantly downregulated with con-

comitant increased in p53 protein expression in a time-dependant manner following treat-

ment with either the crude extract or the bioactive compounds of FKB and APN. The results

of this investigation suggest clearly that the activation and stabilization of p53 is, in fact

MDM2-dependent inactivation.

Many studies have previously shown that increase in the expression of p53 protein upregu-

late the expression of p53 downstream protein, MDM2, indicating intact p53 signalling [31–

34]. In response to agent inducing stress, MDM2 play a crucial role in the stabilisation and

activation of p53 signalling by increasing expression of protein synthesis via disrupting the

MDM2-p53 interaction, this explains as to why MDM2 is overexpressed, thus indicates an

intact p53 downstream signalling [33]. Similarly, p53 stabilisation have also been demon-

strated in cancer cells expressing R273H mutant p53 such as HT-29 following treatment with

various agents. The induction of cell death of cancer expressing R273H mutant p53 is either by

restoring the wild-type p53 activity leading to its stabilisation [35–42] or by restoring

sequence-specific DNA binding of mutant p53 [43,44], or by depleting mutant p53 with mini-

mal effect on the wild-type p53 [45–51]. In the present study, the ability of the bioactive com-

pounds of FKB and APN to specifically influence the disruption of MDM2-p53 complex,

thereby causing direct activation of p53, which is essential in triggering cell cycle arrest and

apoptosis in HT-29 cells was demonstrated. Although, we have shown that the ability of FKB

and APN to cause depletion of MDM2 protein play an important role in the stabilisation and

activation of p53 signalling in HT-29 cells expressing R273H mutant p53. However, an insight

into the molecular mechanism underlying restoration of wild-type p53 activity in the present

study is still not clear.

Western blot analysis of protein expression suggests that the bioactive compounds of FKB

and APN induced p53 dependent apoptosis in treated HT-29 cells. Previous report has shown

that caspase-9 and Apaf-1, which are basic proteins involved in mitochondrial pathway of apo-

ptosis are found to be the essential downstream components of p53 in Myc-induced cell death

[52]. The proapoptotic Bax protein, however, usually accumulates in the mitochondria in

response to the death signals [53]. Moreover, the Bax gene promoter contains motifs with

homology to p53-binding site and was earlier shown to response to p53 upon binding [54].

This proapoptotic Bax protein is critical in increasing permeability of mitochondrial mem-

branes, thus implicated in the release of cytochrome c, which in turn, initiates a cascade of cas-

pase activation leading to cell death [55]. Apparently, the present findings, clearly
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demonstrated that Bcl-2 expression was statistically downregulated, whilst Bax, and Cyt c
expression were upregulated. Though, showing statically non-significant to the levels of c-Cas-

pase 3 in HT-29 cells treated with FKB, the levels of Cyt c in HT-29 cells treated with APN,

however, together with the western blotting profile demonstrated both proteins mentioned

were upregulated at dose dependent manner. In this respect, it therefore could be suggested

that the induction of apoptosis triggered by the bioactive compounds of FKB and APN is

p53-dependent towards the HT 29 colon cancer cells.

Previous study conducted had shown that FKB induced cell cycle arrest at G2/M phase in

HCT116 [16], SK-LMS-1 and ECC-1 [17], 143B and SaOS-2 [18], and MDA-MB231 and

MCF-7 [19]. On the contrary, findings in this current investigation seem to suggest that

increasing dead cells accumulated at subG0/G1 phase instead, rather than blocking cell pro-

gression at G2/M phase. Cell cycle arrest at G2/M phase in this current study is almost unde-

tectable. Accumulation of dead cells at the subG0/G1 phase is often regarded as a marker of

apoptosis, characterized by loss of DNA content as a result of fragmentation to their genetic

DNA [56]. This is clearly observed as shown in the DNA fragmentation analysis of cells treated

HT-29 cells. This DNA fragmentation phenomenon was obvious in HT-29 cells treated with

either FKB or APN. HT-29 cells were further examined under fluorescence microscope for

confirmation of apoptosis. Morphological changes clearly observed in HT-29 treated cells con-

firmed apoptosis comparatively to intact and healthy nuclear structure used as control S2 and

S3 Figs.

The results obtained in this current investigation suggest the possibility of p53 activation

prior to the triggering of apoptosis in treated HT-29 cells by FKB and APN compounds. This

activation of p53 is in fact governed by the inhibition of the UCK2 enzyme and cell cycle arrest,

in turn, creating events related towards activating a cascade of related proapoptotic proteins

primarily involved in the signalling of mitochondrial pathway of apoptosis induction. All these

have been attributed to the abilities of FKB and APN compounds in targeting specifically to

the UCK2 enzyme. This study has revealed, for the first time, the capabilities of FKB and APN

in the selective targeting of proteins implicated in arresting cancer cells from proliferating. The

key to this selective targeting is the selective inhibition of the UCK2 enzyme, which has proven

to be the main targeted protein in this cancer therapeutic.

The current investigation further revealed a descriptive declined in the 18S RNA biosynthe-

sis, concomitantly implicating cell cycle arrest being encountered when UCK2 enzyme was

inhibited. This correlation in the declined of 18S RNA biosynthesis to the cell cycle arrest sug-

gest a strong possibility of nucleotide synthesis inhibition, which supports the suggestion of

DNA breakdown, resulting towards DNA fragmentation as cellular signalling in triggering

apoptosis inductions continues. The aftermath, is cell death of the cancer cells undergoing

treatment, which reaffirms a strong possibility in using FKB and APN compounds as the

future cancer therapeutics for colon cancer.

Conclusion

In conclusion, we have shown for the first time that FKB and APN act as potential UCK2

inhibitors in vitro. The ability of the crude extracts to inhibit the UCK2 enzyme denotes possi-

ble presence of compounds in the extracts that are able to bind towards binding sites of the

enzyme. These compounds may possibly possess stereochemistry and molecular structures

near similar or parallel to FKB or APN. Likewise, the presence of these compounds that mim-

ics parallel mechanism of action to FKB and APN in inhibiting the UCK2 enzyme, which sub-

sequently induces apoptosis in a similar manner to suggest strongly that it may be possibly be

this presence of FKB and APN compounds in the extracts that contributed to the anticancer

Suppression of MDM2 Bound to p53 Probably Attributed to the 18S rRNA Synthesis via UCK2 Inhibition

PLOS ONE | DOI:10.1371/journal.pone.0170233 January 19, 2017 15 / 19



properties of the crude extracts. The results obtained in using FKB and APN have clearly dem-

onstrated the ability of these compounds in inhibiting this key enzyme responsible for the bio-

synthesis of 18S RNA. This inhibition using FKB and APN to the UCK2 enzyme may provide

useful information as drug leads for future development of anticancer compounds. In addi-

tion, inhibition of the UCK2 enzyme activity by FKB and APN exhibited a strong correlation

to the MDM2-p52 signalling pathway, in which current investigations have demonstrated the

ability of FKB and APN in the destruction of the MDM2-p53 complex, in turn, being the cause

of the activation of p53, which is essential in triggering cell cycle arrest and apoptosis induction

in the cancer cells. Incidentally, the ability of FKB and APN compounds in targeting UCK2

specifically perhaps induces cell cycle arrest initially and later apoptosis induction via direct

intervention to the MDM2-p53 pathway. The current results substantially have potential

proven beyond doubt, FKB and APN have the potential to be compounds useful for future

cancer therapeutic usage that warrants further development towards human clinical trials.

Supporting Information

S1 Fig. Expression of UCK2 mRNA in HT-29 cells analysed in 1% agarose gel. (A)Levels of

UCK2 mRNA expression in cells treated with increasing concentration of crude hexane (IC25:

10.52, IC50: 21.05, and IC75:42.1 μg/mL) and chloroform (IC25: 9.5, IC50: 19.09, and

IC75:38.18 μg/mL) extracts; (B) Levels of UCK2 mRNA expressed in cells treated with FKB at

12.5 (3.55 μg/mL), 25 (7.1 μg/mL), and 50 μM (14.2 μg/mL); (C) Levels of UCK2 mRNA

expressed in cells treated with APN at a concentration of 12.5 (3.37 μg/mL), 25 (6.75 μg/mL),

and 50 μM (13.5 μg/mL). The housekeeping gene, GAPDH was used as loading control. C,

Untreated control; D, DMSO used as negative control at a final concentration of 0.1%.

(TIF)

S2 Fig. Morphological examination of HT-29 cells treated with crude hexane extract at

IC25: 10.52, IC50: 21.05, and IC75:42.1 μg/mL. Cells were stained with AO and imaged using

fluorescence microscope in exposure settings at 20× magnification. DC: DMSO treated control

at a final concentration of 0.1%.

(TIF)

S3 Fig. Morphological examination of HT-29 cells treated with crude chloroform extract

(IC25: 10.52, IC50: 21.05, and IC75:42.1 μg/mL), FKB at 12.5 (3.55 μg/mL), 25 (7.1 μg/mL),

and 50 μM (14.2 μg/mL); APN at a concentration of 12.5 (3.37 μg/mL), 25 (6.75 μg/mL),

and 50 μM (13.5 μg/mL). Cells were stained with AO and imaged using fluorescence micro-

scope in exposure settings at 20× magnification. DC: DMSO treated control at a final concen-

tration of 0.1%.

(TIF)

Acknowledgments

The authors gratefully acknowledge the costs of publication covered by the Research Manage-

ment Centre of the Universiti Putra Malaysia.

Author Contributions

Conceptualization: IM.

Formal analysis: IM.

Funding acquisition: ABA.

Suppression of MDM2 Bound to p53 Probably Attributed to the 18S rRNA Synthesis via UCK2 Inhibition

PLOS ONE | DOI:10.1371/journal.pone.0170233 January 19, 2017 16 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170233.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170233.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170233.s003


Investigation: IM.

Methodology: IM ABA.

Project administration: ABA.

Resources: RA RR SKY MBB PW ICE.

Supervision: ABA RA NKK.

Validation: IM ABA NKK.

Writing – original draft: IM ABA.

Writing – review & editing: ABA.

References
1. Lane AN, Fan TW-M. Regulation of mammalian nucleotide metabolism and biosynthesis. Nucleic Acids

Res. 2015; 43: 2466–85. doi: 10.1093/nar/gkv047 PMID: 25628363

2. Smith AJT, Li Y, Houk KN. Quantum mechanics/molecular mechanics investigation of the mechanism

of phosphate transfer in human uridine-cytidine kinase 2. Org Biomol Chem. 2009; 7: 2716–2724. doi:

10.1039/b901429b PMID: 19532987

3. Bensaad K, Tsuruta A, Selak MA, Vidal MNC, Nakano K, Bartrons R, et al. TIGAR, a p53-Inducible

Regulator of Glycolysis and Apoptosis. Cell. 2006; 126: 107–120. doi: 10.1016/j.cell.2006.05.036

PMID: 16839880

4. Haupt S, Berger M, Goldberg Z, Haupt Y. Apoptosis—the p53 network. J Cell Sci. 2003; 116: 4077–

4085. doi: 10.1242/jcs.00739 PMID: 12972501

5. Moll UM, Marchenko N, Zhang X-K. p53 and Nur77/TR3—transcription factors that directly target mito-

chondria for cell death induction. Oncogene. 2006; 25: 4725–4743. doi: 10.1038/sj.onc.1209601 PMID:

16892086

6. Deisenroth C, Zhang Y. Ribosome biogenesis surveillance: probing the ribosomal protein-Mdm2-p53

pathway. Oncogene. 2010; 29: 4253–4260. doi: 10.1038/onc.2010.189 PMID: 20498634

7. Harris SL, Levine AJ. The p53 pathway: positive and negative feedback loops. Oncogene. 2005; 24:

2899–2908. doi: 10.1038/sj.onc.1208615 PMID: 15838523

8. Zhang Y, Wang J, Yuan Y, Zhang W, Guan W, Wu Z. Negative Regulation of HDM2 by Ribosomal Pro-

tein L26 Attenuates p53 Degradation. Nucleic Acids Res. 2010; 38: 6544–6554. doi: 10.1093/nar/

gkq536 PMID: 20542919

9. Kim T-H, Leslie P, Zhang Y. Ribosomal proteins as unrevealed caretakers for cellular stress and geno-

mic instability. Oncotarget. 2014; 5: 860–71. doi: 10.18632/oncotarget.1784 PMID: 24658219

10. Stelzl U, Connell S, Nierhaus KH, Wittmann-Liebold B. Ribosomal Proteins: Role in Ribosomal Func-

tions. Encyclopedia of life sciences. Nature Publishing Group; 2001. pp. 1–12.

11. Donati G, Montanaro L, Derenzini M. Ribosome Biogenesis and Control of Cell Proliferation: p53 Is Not

Alone. Cancer Res. 2012; 72: 1602–1607. doi: 10.1158/0008-5472.CAN-11-3992 PMID: 22282659

12. Hayashi Y, Kuroda T, Kishimoto H, Wang C, Iwama A, Kimura K. Downregulation of rRNA transcription

triggers cell differentiation. PLoS One. 2014; 9.

13. Robledo S, Idol RA, Crimmins DL, Ladenson JH, Mason PJ, Bessler M. The role of human ribosomal

proteins in the maturation of rRNA and ribosome production. RNA. 2008; 14: 1918–29. doi: 10.1261/

rna.1132008 PMID: 18697920

14. Zhang Y, Lu H. Signaling to p53: Ribosomal Proteins Find Their Way. Cancer Cell. 2009; 16: 369–377.

doi: 10.1016/j.ccr.2009.09.024 PMID: 19878869

15. Malami I, Abdul A, Abdullah R, Bt Kassim N, Waziri P, Christopher Etti I. In Silico Discovery of Potential

Uridine-Cytidine Kinase 2 Inhibitors from the Rhizome of Alpinia mutica. Molecules. 2016; 21: 417. doi:

10.3390/molecules21040417 PMID: 27070566

16. Kuo YF, Su YZ, Tseng YH, Wang SY, Wang HM, Chueh PJ. Flavokawain B, a novel chalcone from Alpi-

nia pricei Hayata with potent apoptotic activity: Involvement of ROS and GADD153 upstream of mito-

chondria-dependent apoptosis in HCT116 cells. Free Radic Biol Med. 2010; 49: 214–226. doi: 10.1016/

j.freeradbiomed.2010.04.005 PMID: 20398749

17. Eskander RN, Randall LM, Sakai T, Guo Y, Hoang B, Zi X. Flavokawain B, a novel, naturally occurring

chalcone, exhibits robust apoptotic effects and induces G2/M arrest of a uterine leiomyosarcoma cell

Suppression of MDM2 Bound to p53 Probably Attributed to the 18S rRNA Synthesis via UCK2 Inhibition

PLOS ONE | DOI:10.1371/journal.pone.0170233 January 19, 2017 17 / 19

http://dx.doi.org/10.1093/nar/gkv047
http://www.ncbi.nlm.nih.gov/pubmed/25628363
http://dx.doi.org/10.1039/b901429b
http://www.ncbi.nlm.nih.gov/pubmed/19532987
http://dx.doi.org/10.1016/j.cell.2006.05.036
http://www.ncbi.nlm.nih.gov/pubmed/16839880
http://dx.doi.org/10.1242/jcs.00739
http://www.ncbi.nlm.nih.gov/pubmed/12972501
http://dx.doi.org/10.1038/sj.onc.1209601
http://www.ncbi.nlm.nih.gov/pubmed/16892086
http://dx.doi.org/10.1038/onc.2010.189
http://www.ncbi.nlm.nih.gov/pubmed/20498634
http://dx.doi.org/10.1038/sj.onc.1208615
http://www.ncbi.nlm.nih.gov/pubmed/15838523
http://dx.doi.org/10.1093/nar/gkq536
http://dx.doi.org/10.1093/nar/gkq536
http://www.ncbi.nlm.nih.gov/pubmed/20542919
http://dx.doi.org/10.18632/oncotarget.1784
http://www.ncbi.nlm.nih.gov/pubmed/24658219
http://dx.doi.org/10.1158/0008-5472.CAN-11-3992
http://www.ncbi.nlm.nih.gov/pubmed/22282659
http://dx.doi.org/10.1261/rna.1132008
http://dx.doi.org/10.1261/rna.1132008
http://www.ncbi.nlm.nih.gov/pubmed/18697920
http://dx.doi.org/10.1016/j.ccr.2009.09.024
http://www.ncbi.nlm.nih.gov/pubmed/19878869
http://dx.doi.org/10.3390/molecules21040417
http://www.ncbi.nlm.nih.gov/pubmed/27070566
http://dx.doi.org/10.1016/j.freeradbiomed.2010.04.005
http://dx.doi.org/10.1016/j.freeradbiomed.2010.04.005
http://www.ncbi.nlm.nih.gov/pubmed/20398749


linejog. J Obstet Gynaecol Res. 2012; 38: 1086–1094. doi: 10.1111/j.1447-0756.2011.01841.x PMID:

22540374

18. Ji T, Lin C, Krill LS, Eskander R, Guo Y, Zi X, et al. Flavokawain B, a kava chalcone, inhibits growth of

human osteosarcoma cells through G2/M cell cycle arrest and apoptosis. Mol Cancer. Molecular Can-

cer; 2013; 12: 55. doi: 10.1186/1476-4598-12-55 PMID: 23764122

19. Abu N, Akhtar MN, Yeap SK, Lim KL, Ho WY, Abdullah MP, et al. Flavokawain B induced cytotoxicity in

two breast cancer cell lines, MCF-7 and MDA-MB231 and inhibited the metastatic potential of MDA-

MB231 via the regulation of several tyrosine kinases In vitro. BMC Complement Altern Med. 2016; 16:

86. doi: 10.1186/s12906-016-1046-8 PMID: 26922065

20. Malek SNA, Phang CW, Ibrahim H, Wahab NA, Sim KS. Phytochemical and cytotoxic investigations of

Alpinia mutica rhizomes. Molecules. 2011; 16: 583–589. doi: 10.3390/molecules16010583 PMID:

21240148

21. Zhou P, Gross S, Liu J-H, Yu B-Y, Feng L-L, Nolta J, et al. Flavokawain B, the hepatotoxic constituent

from kava root, induces GSH-sensitive oxidative stress through modulation of IKK/NF-kappaB and

MAPK signaling pathways. FASEB J. 2010; 24: 4722–4732. doi: 10.1096/fj.10-163311 PMID: 20696856

22. Kadohira M, Matsuda A, Sasaki T. A CRUCIAL ROLE OF URIDINE / CYTIDINE KINASE 2 IN ANTITU-

MOR ACTIVITY OF 30-ETHYNYL NUCLEOSIDES. Daigo Murata, Yoshio Endo, Tohru Obata, Kazuki

Sakamoto, Yasuhiro Syouji, ABSTRACT : 2004; 32: 1178–1182.

23. Shimamoto Y, Kazuno H, Murakami Y, Azuma A, Koizumi K, Matsuda A, et al. Cellular and Biochemical

Mechanisms of the Resistance of Human Cancer Cells to a New Anticancer Ribo -nucleoside, TAS-

106. 2002; 445–452.

24. Schwartz EL, Nilson L. Multiple mechanisms for the inhibition of rRNA synthesis during HL-60 leukemia

cell differentiation. J Cell Physiol. 1988; 136: 526–30. doi: 10.1002/jcp.1041360319 PMID: 3170648

25. Huang M, Ji Y, Itahana K, Zhang Y, Mitchell B. Guanine nucleotide depletion inhibits pre-ribosomal

RNA synthesis and causes nucleolar disruption. Leuk Res. 2008; 32: 131–141. doi: 10.1016/j.leukres.

2007.03.025 PMID: 17462731

26. Grummt I, Grummt F. Control of nucleolar RNA synthesis by the intracellular pool sizes of ATP and

GTP. Cell. 1976; 7: 447–453. PMID: 947552

27. Fumagalli S, Ivanenkov VV, Teng T, Thomas G. Suprainduction of p53 by disruption of 40S and 60S

ribosome biogenesis leads to the activation of a novel G2/M checkpoint. Genes Dev. 2012; 26: 1028–

1040. doi: 10.1101/gad.189951.112 PMID: 22588717

28. Hölzel M, Orban M, Hochstatter J, Rohrmoser M, Harasim T, Malamoussi A, et al. Defects in 18 S or 28

S rRNA processing activate the p53 pathway. J Biol Chem. 2010; 285: 6364–6370. doi: 10.1074/jbc.

M109.054734 PMID: 20056613

29. Ma Y, Yuan R, Meng Q, Goldberg ID, Rosen EM, Fan S. P53-independent down-regulation of Mdm2 in

human cancer cells treated with adriamycin. Mol Cell Biol Res Commun. 2000; 3: 122–8. doi: 10.1006/

mcbr.2000.0201 PMID: 10775510

30. Rong JJ, Hu R, Qi Q, Gu HY, Zhao Q, Wang J, et al. Gambogic acid down-regulates MDM2 oncogene

and induces p21Waf1/CIP1 expression independent of p53. Cancer Lett. 2009; 284: 102–112. doi: 10.

1016/j.canlet.2009.04.011 PMID: 19428175

31. Lai CY, Tsai AC, Chen MC, Chang LH, Sun HL, Chang YL, et al. Aciculatin induces p53-dependent apo-

ptosis via MDM2 depletion in human cancer cells in vitro and in vivo. PLoS One. 2012; 7.

32. Kaeser MD, Pebernard S, Iggo RD. Regulation of p53 Stability and Function in HCT116 Colon Cancer

Cells *. 2004; 279: 7598–7605.

33. Tovar C, Rosinski J, Filipovic Z, Higgins B, Kolinsky K, Hilton H, et al. Small-molecule MDM2 antago-

nists reveal aberrant p53 signaling in cancer: implications for therapy. Proc Natl Acad Sci U S A. 2006;

103: 1888–1893. doi: 10.1073/pnas.0507493103 PMID: 16443686

34. Ayroldi E, Petrillo MG, Bastianelli A, Marchetti MC, Ronchetti S, Nocentini G, et al. L-GILZ binds p53

and MDM2 and suppresses tumor growth through p53 activation in human cancer cells. Cell Death Dif-

fer. 2015; 22: 118–30. doi: 10.1038/cdd.2014.129 PMID: 25168242

35. Tang X, Zhu Y, Han L, Kim AL, Kopelovich L, Bickers DR, et al. CP-31398 restores mutant p53 tumor

suppressor function and inhibits UVB-induced skin carcinogenesis in mice. J Clin Invest. 2007; 117:

3753–3764. PMID: 18060030

36. Zache N, Lambert JMR, Rökaeus N, Shen J, Hainaut P, Bergman J, et al. Mutant p53 targeting by the

low molecular weight compound STIMA-1. Mol Oncol. 2008; 2: 70–80. doi: 10.1016/j.molonc.2008.02.

004 PMID: 19383329

37. Bykov VJN, Issaeva N, Shilov A, Hultcrantz M, Pugacheva E, Chumakov P, et al. Restoration of the

tumor suppressor function to mutant p53 by a low-molecular-weight compound. Nat Med. 2002; 8: 282–

288. doi: 10.1038/nm0302-282 PMID: 11875500

Suppression of MDM2 Bound to p53 Probably Attributed to the 18S rRNA Synthesis via UCK2 Inhibition

PLOS ONE | DOI:10.1371/journal.pone.0170233 January 19, 2017 18 / 19

http://dx.doi.org/10.1111/j.1447-0756.2011.01841.x
http://www.ncbi.nlm.nih.gov/pubmed/22540374
http://dx.doi.org/10.1186/1476-4598-12-55
http://www.ncbi.nlm.nih.gov/pubmed/23764122
http://dx.doi.org/10.1186/s12906-016-1046-8
http://www.ncbi.nlm.nih.gov/pubmed/26922065
http://dx.doi.org/10.3390/molecules16010583
http://www.ncbi.nlm.nih.gov/pubmed/21240148
http://dx.doi.org/10.1096/fj.10-163311
http://www.ncbi.nlm.nih.gov/pubmed/20696856
http://dx.doi.org/10.1002/jcp.1041360319
http://www.ncbi.nlm.nih.gov/pubmed/3170648
http://dx.doi.org/10.1016/j.leukres.2007.03.025
http://dx.doi.org/10.1016/j.leukres.2007.03.025
http://www.ncbi.nlm.nih.gov/pubmed/17462731
http://www.ncbi.nlm.nih.gov/pubmed/947552
http://dx.doi.org/10.1101/gad.189951.112
http://www.ncbi.nlm.nih.gov/pubmed/22588717
http://dx.doi.org/10.1074/jbc.M109.054734
http://dx.doi.org/10.1074/jbc.M109.054734
http://www.ncbi.nlm.nih.gov/pubmed/20056613
http://dx.doi.org/10.1006/mcbr.2000.0201
http://dx.doi.org/10.1006/mcbr.2000.0201
http://www.ncbi.nlm.nih.gov/pubmed/10775510
http://dx.doi.org/10.1016/j.canlet.2009.04.011
http://dx.doi.org/10.1016/j.canlet.2009.04.011
http://www.ncbi.nlm.nih.gov/pubmed/19428175
http://dx.doi.org/10.1073/pnas.0507493103
http://www.ncbi.nlm.nih.gov/pubmed/16443686
http://dx.doi.org/10.1038/cdd.2014.129
http://www.ncbi.nlm.nih.gov/pubmed/25168242
http://www.ncbi.nlm.nih.gov/pubmed/18060030
http://dx.doi.org/10.1016/j.molonc.2008.02.004
http://dx.doi.org/10.1016/j.molonc.2008.02.004
http://www.ncbi.nlm.nih.gov/pubmed/19383329
http://dx.doi.org/10.1038/nm0302-282
http://www.ncbi.nlm.nih.gov/pubmed/11875500


38. Bykov VJN, Issaeva N, Zache N, Shilov A, Hultcrantz M, Bergman J, et al. Reactivation of mutant p53

and induction of apoptosis in human tumor cells by maleimide analogs. J Biol Chem. 2005; 280: 30384–

30391. doi: 10.1074/jbc.M501664200 PMID: 15998635
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