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Abstract: Compound K (280-betaD-glucopyranosyR0(S)-protopanaxadiol, CK), an
intestinal bacterial metabolitef ginseng protopanaxadiol saponins, has been shown to
inhibit cell growth in a variety o€ancers However, the mechanisnase not completely
understood, especially in colorectal cancer (CROJenograft tumor model was uséust

to examine the antCRC effect of CKin viva. Then,multiple in vitro assays were applied
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to investigate the anticancer effects of CK including antiproliferation, apoptosis and cell
cycle distribution. In addition, a gPCR array and western dnatlysiswere executed to
screen and validate the molecules and pathways involV&te observedthat CK
significantly inhibited the growth of HGI16tumorsin anathymic nudemousexenogratft
model. CK significantly inhibited theroliferation of humanCRC cell lines HCF116,
SW-480 and HT-29 in a dose and timedependent mannewWe also observed th&K
induced cell apoptosis and arrested the cell cycle in the G1 ph&keT-116 cells The
processes were related to the upregulation of p53/p21, Fep®¥3pl5and Smad3, and
downregulationof cdc25A, CDK4/6 and cyclin D1/3rhe major regulated targets of CK
werecyclin dependent inhibitors, including p21, p27, and pliteseresults indicate that
CK inhibits transcriptional activation of multiple tumpromoting pathways IrCRC,
suggestinghat CK could ben active compounith the prevention or treatment of CRC.

Keywords: colorectal cancerginsenoside compound K xenograft cell cycle arrest
p53/p21

1. Introduction

Colorectal cancer (CRCjs currently one of the most prevalent maligmées in the United
Stateq 1,2], makingit a major public health concern. Though significant advances have been achieved
in early diagnosis and therapy throughout the last few decades, CRC remains the second leading caus
of cancer related deaths among émman men and the third among American worfg. In fact, the
prevalence is rising/et thefive-year survival rate is still poor. Around 50% of patients with advanced
disease develop recurrent complications and die soon afterfrddince numerou€RC patients
with advancedlisease fail to respond well to current treatment regimenglaping more effective
and safer chemopreventive or chemotherapeyproachess urgently needed to reduce mortality and
obtain better outcomd$)]. In this regardthe evaluationof dietary supplements, which might prevent
carcinogenesis and inhibit the growbh CRC, has generated intense interest and achieved some
promising succeds,8].

Health benefits derived from plants have been investigated for yearsskorde, ginseng has been
one of the most popularly consumed traditional medicines for thousands of years in Asian countries
such as Korea, Japan a@tina. Ginseng has been showrptssessliverse pharmacological effects
which appear to be mediated pogdinantly by saponins, group of triterpenoid saponinsSome
metabolites of ginsenosideésngormed by enteric bacteria have shown beneficial activities, including
anti-cancer potential9i 11]. Compound K (28D-betaD-glucopyranosyR0(S)-protopanaxadiql CK)
is the main metabolite of protopanaxaeigbe ginseng saponins synthesized by intestinal bacteria
after oral administration of ginserj@2]. CK is believed to be absorbed from the intesfih&14].

Several reports suggest that CK can inhibit tleewgn of various tumor cells, such as hepat¢pirizl 6],

lung carcinoma[17], colorectal carcinomg1819], and glioma[20] cells by inhibiting cell
proliferation and inducing apoptosis. CK has also been shown to enhance the efficacy of anticancer
drugs in sme drugresistant cancer cell&1]].
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It has beershownthat overproliferation and loss of cell cycle regulation are the main factors
involved inCRC growth and progressidi22]. Some regulators of cell growth, including extracellular
signatregulated knases (ERKS), celtycle regulators and the tumor suppressor gene p53, have been
found to be deregulated in the progression of colon cd2@¢t3]. Although the anticancguotential
of CK hasbeen documented in multiple types of tumor cells, the detaiechanismincluding the
effects of CK on cell cycle regulation in CRC cells, has not been examined. In addition, whether CK
can inhibitCRCgrowthin vivo hasrarelybeen reportef4].

In the present study, wiest observedhat CK significantly inhilied tuma growth in a xenograft
model of CRC. We alsoinvestigated the effects of CK on celioliferationand apoptosis in human
CRC cell lines Subsequentlywe demonstrated that CK arrests the cell cycle at the G1 phase in
HCT-116 cancer cells. Thesbservationsndicated that CK inhibitedcancercell growth by inducing
apoptosis and cell cycle arrest. Our studieggesthat multiple pathways restraining cell growtiere
upregulated by CK, including transcriptional activation of the ATM/p23 FoxO3p27/pl5 and
TGFb pat hways, wh idohhe antitkmerleffectobCKt r i but e

2. Resultsand Discussion

2.1 Compound Knhibits Tumor Growth in aXenograftModel ofHumanColorectal CancerCells
in Vivo

Since there has been limitedvivo evidence that CK could suppress colon cancer cell growth, we
first investigated the anticancer activity of CK using a xenograft model of HiGThuman colorectal
cancer cells. Briefly, exponentially growing firefly luciferasgged HCT116 cells were inoculad
into the flanks of athymic nude mica € 5/group; 1x 10° cells/site). Beginning on day 1, animals
were also administered with CK at 15 or 30 mg/kg (body weight) or vehicle intraperitoneally (IP)
every day. Tumor growth was measured by xenogeny biaksoence imaging on a weekly basis.
Representative xenogen imaging results/ieg Oi 4 are shown irFigure JA. Quantitative analysis of
the imaging data is also presented (FiguBg RAverage tumor size at indicated time points as assessed
by imaging signalntensities (in photons/secaed/steradian) is summarized in FigurB.IThe data
showed that the CK treatment group exhibited significantly decreased xenogeny imaging signals
compared with the control group. Quantitative analysis revealed that CKicagtly inhibited
xenograft tumor growth from the 3rd week after CK administratiop € 0.01); the higher dose
(30 mg/kg) of CK treatment exhibited a stronger antitumor effect than the lower dosag(k§)
group & p < 0.05), although residual tumoremained. CK, therefore, was significantly capable of
suppressing tumor growth vivo.
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Figure 1. Compound K (CK)nhibits tumor growth in a xenograft model of colon cancer.
(A) HCT-116tumor growth was monitored using Xenogen bioluminescence imaging on a
weekly basis. Representative Xenogen imaging resultseek 0 and week dre shown

(B) Quantitative analysis of Xenogen bioluminescence imaging. Average tumor sizes
at the indicated timepoints are represented with imaging signal intensities
(in photas/second/chtsteradian).i{ = 5, * p < 0.01, compared with control; g¢< 0.05,
compared with the 15 mg/kg group)
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2.2 CKInhibits HCTF116 SW480 and HT29 Cell Viability

To investigate the growth inhibitory effects of CK, human colorectal canceliredl HCT116,
SW-480, and HT29 were treated with different concentrations (10, 20, 30, 40 asd/»@f CK for
the indicated time (24, 48 or 72 h). Cell viability was assessed by the MTS assay. As shown in
Figure AiC, the cell viabilities of HCT116, SW-480, and HT29 decreased in a desand
time-dependent manner by doses greater thanN@* p < 0.01). HCT-116 cells showed a greater
sensitivity to CK treatment at 20 or 830 doses than the other two cell lines. HCI6 expressn of
the wildtype B3 geneversusits deleton or mutaion in SW-480 and HT29 cells, could contribute to
the differences between different cell lin@&ased ornthe observatiothat HCT-116 appeared more
sensitive to CK than the other two cell lines, it was selected totigats anticancer mechanisms in
the subsequent assays.
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Figure 2. Compound K (CK)nhibits HCT-116, SW480 and HF29 colorectal cancer cell
viability. Cell survival was determined by MTS assay and calculated as a ratio of the
control. CK inhibited HCT116 cell A), SW-480 cell 8), and C) HT-29 cell proliferation

in a time and concentratiodependent manner. Data are presented as mean +SD from at
least triplicate wells ahthree independent experime(ite < 0.01, compared with contrpl
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2.3 CK PromotesApoptosis in HCTL16 Cells

AnnexinV/PI staining assays were employed to investigate whether CK could inducel HECT
cell apoptosis, since other ginseng extracts have been shown to induce apoptosis in colorectal cance
cells. In this assay, HGT16 @lls were treated with indicated graded concentratio@is5QLe M) of
CK for 72 h. Apoptotic cells were determined by flow cytometry using Annexin V/PI double labeling.
The fraction of early apoptotic cells (AnnexinRITC positive) was increased in a dafependent
manner at doses greater than €@ (4.77%, 9.5% and 20.8%, Figuré&B the fractions of late
apoptotic or necrotic cells were also markedly increased compared to [B@le) treated cells
(12.9%, 33.8% and 59.5%, Figuré)3 Figure 3Bshowed hat CK significantly promoted both early
and late stages of apoptosis in HCI6 cells (*p < 0.01) at concentrations greater thare84Q

Figure 3. Compound K (CK)romotes early and late apoptosis in HCI6 cells.(A) CK
(301 50 €M) induced significant @ncentratiorrelated apoptosis both early and late in
HCT-116 cells compared to the control groyp) Bar plot of Ckinduced apoptosis in
HCT-116 cells at 72 h (0 < 0.01, compared with contrpl Data are presented as a
percentage of total cells couni&idependent assays calculated.
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2.4. CK ArrestsCell Cycle at the GPhase in HCTL16 Cells

To identify the effect of CK on the cell cycle of HEILL6 cells, we determined the cell cycle
distribution of the cells treated with vehiabe different graded concentrations of CKO{50 €M) for
48 h using PI staining. As shown in Figure A CK induced significant G1 cell cycle arrest in a
dosedependent manner at concentrations greater thamM3® p < 0.01), with a G1 cell percentage of
43.6%, 60.3%, and 83.5% compared to the control at 25T5% FACS data in Figure 4 lacked cells
with subG1 levels of DNA (thus apoptotic), while data in Figure 3 did show a substantial fraction of
apoptotic cells.

Figure 4. Compound K (CK)induces G1 dekcycle arrest in HCTL16 cells. Data are
presented as a fraction of total cells coun{@dd. CK induces G1 cell cycle arrest in a
concentratiorrelated manner (B) Bar plot of Ckinduced G1 cell redistribution.
* p<0.01, compared with contro8 depedent assays calculated.

A 0 M 10 UM

%G1=255 ] %G1=29.4
o %S =453 _ | %S = 46.6
%G2/M = 28.6 " %G2/M = 21.6

0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K
PE-A PE-A



Int. J. Mol. Sci2013 14 2986

Figure 4. Cont

A

20 uM 30 uM
%G1=326/ _ | %G1 =436
w0 ] . %S =42.4 %S=330 B
%G2M =250, . %G2/M = 23. 1001 QoM

% o10uM
G 2 0l @20uM
J e J 9§ @30uM
0 T T T T T 0 T om PR LR T f g’ i B40uM
0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K E 60
PEA PEA o
o |50 M
= *
40 uM 50 uM 2 i
= %G1=603 =« %G1=835 &

%S =245
%G2IM=11.8] o

%S =5.27
%G2/M = 8.29 201

G1 S G2/M

s, I

p T T T T T T
0 50K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K
PE-A PE-A

2.5. CK InducesGeneExpressionChanges andPathwaysActivationInvolved in GICell Cycle Arrest

Since CK inhibited G1 cell cycle progression, we next examined the effect of CK on the expression
of cell cyclerelated genes and signaling pathways. We use&Therofiler PCR array of the human
cell cycle and cell signal transduction PCR array plate to test the effects of CK on the target genes in
HCT-116 cells. HCT116 lls were treated with vehicle or 2 CK for 6, 12, or 24 h. A large
number of cell cycleelated genes werdownregulated or upregulatedmpared to vehicle treated
controls As shown inFigure 5AB, CK significantly downregulated the expression of several
CDKslcyclins, as well as BCL2, E4, GTSE1 and PCNAp(< 0.05). In contrast, CK sigicantly
upregulated the expressions of P24, p15PN28 CKS1B, TP53, GADD45A and DIRASP < 0.05).
Most of the genes showed a thtbependent effect within 24 bf CK exposure. In the cell signal
transduction pathways ar, CK modulated the expression of genes related to important pathways,
including the p53, TG, P11 3 K/ AKT, atNr&nscBptiona levehs BhBwn in Figure 5C.

Figure 5. Compound K (CK, 3@M) promotes changes in several cell cydkated genes.

(A) Selected downregulated genes involved in G1 cell cycle transit are stR)v@elected
upregulated genes involved in G1 cell cycle transit are sh@WCK induces changes in
genes related taell signal transduction. Genes were grouped based on aygakgy
categories. Data arpresented as mean * SD; gene expression was normalized using
b-actin as a control and calculated by $h&®method(p < 0.05 compared with contrjl
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2.6. CK Induces GZXell CycleArrest in HCT116 Cells byActivation ofMultiple Pathways
Including ATM/p5321 and FoxO3#27/p15

To furthe clarify the molecular mechanisms induced by CK that drive G1 arrest inl46Tells,
we analyzed the protein expression of several potential mediators in lysates from cells treated with
vehicle or CK (30 and 46M) for 48 h. The results showed that QiCieased p53 in a desependent
manner in HCTL16 cells Figure 6). Levels of p2l1, a cyclin dependent kinase inhibitor, were
marginally increased. Ataxia telangiectasia mutated (ATM), which acts as an upstream regulator and
co-regulator of p53 in cell cye processing, was also slightly increased along with p53. It should be
noted that p27 and p15 were increased markedly, which suggests tivaduciéd G1 cell cycle arrest
is not ATM/p53p21 dependenCK also increased FoxO3a and Smad3, upstream regulaitq@21,
p27 and pl5. These molecules are the main targets in PI3K/Akt andbTGPp at hway s
transductionln agreement with the previous PCR array results, this suggests that CK may also drive
HCT-116 cell cycle arrest at the G1 phase by modulatiegPt3K/Akt and TGFbh p at.iCdc2a y s
and cdc25A, the effectors of p53/p2iere shown to be downregulated after CK expodurérief, the
present results suggest that CK induces G1 cell cycle arrest riiH&EGells through a complex regulatory
network inwlving multiple pathways, including ATM/p§321, PI3K/Akt,andfGFb, among ot he

Figure 6. Compound K (CK) induces protein expression related to the G1 cell cycle.
Western blots of ATM, p53, p21, p27, pl5, CDK4A&lin D1/D3, FOX0O3a, Smad3,
chk2, cdc2 cdc25A a n dactin in HCT116 cellsareshown after treatment with CK for

48 h. Band intensity values are presented as a ratio afe@scontrol and quarfied by
Image J 1.45 software.



