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Liver metastasis is a fatal step in the progression of
colorectal cancer (CRC); however, the epigenetic evo-
lution of this process is largely unknown. To decipher
the epigenetic alterations during the development of
liver metastasis, the DNA methylation status of 12
genes, including 5 classical CpG island methylator
phenotype (CIMP) markers, was analyzed in 62 liver
metastases and in 78 primary CRCs (53 stage I-1II; 25
stage IV). Genome-wide methylation analysis was also
performed in stage HII CRCs and in paired primary
and liver metastatic cancers. Methylation frequencies
of MGMT and TIMP3 increased progressively from
stage I-III CRCs to liver metastasis (P = 0.043 and P =
0.028, respectively). The CIMP-positive cases showed
significantly earlier recurrence of disease than did CIMP-
negative cases with liver metastasis (P = 0.030), whereas
no such difference was found in stage I-II CRCs. Genome-
wide analysis revealed that more genes were methylated
in stage HII CRCs than in paired stage IV samples (P =
0.008). Hierarchical cluster analysis showed that stage I-II
CRCs and stage IV CRCs were clustered into two distinct
subgroups, whereas most paired primary and metastatic
cancers showed similar methylation profiles. This analy-
sis revealed distinct methylation profiles between stage
HIII CRCs and stage IV CRCs, which may reflect differences

in epigenetic evolution during progression of the disease.
In addition, most methylation status in stage IV CRCs
seems to be established before metastasis. (4m J Pathol
2011, 1781835-1846; DOI: 10.1016/j.ajpath.2010.12.045)

Colorectal cancer (CRC) is one of the most aggressive
types of cancer, and it occurs at a high incidence in most
countries.’ Despite several advances in diagnosis and
treatment of CRC, the overall survival rate has changed little
in the past decade. A major reason is the high occurrence
of distant metastasis, the liver being the most common site.
As many as 25% of patients with CRC present with liver
metastases at the time of diagnosis, and approximately
50% of patients who undergo radical resection for primary
CRC are affected by metastatic disease in the liver in the
first couple of years after surgery, probably owing to the
existence of micrometastasis when the primary tumor is
resected.?® Although there have been recent advances in
chemotherapy of colorectal liver metastasis, treatment op-
tions for patients with advanced disease are limited to only
a subset of cases because not all patients are eligible for
curative surgical resection, which makes the prognosis of
this disease poor.*® A multidisciplinary effort is required to
elucidate better means to overcome the current limitations
of surgical, chemotherapeutic, and radiotherapeutic inter-
vention.® Therefore, understanding the molecular mecha-
nisms underlying metastasis in CRC is important and may,
in turn, foster the development of potent therapeutic strate-
gies to combat this disease.
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Cancer progression to metastasis has been thought to
occur through clonal genomic and epigenetic' evolu-
tion.6~® Liver metastasis from primary CRC involves a
multistep process that is tightly regulated and may re-
quire a cancer cell to express genes associated with
proteolysis of local extracellular matrix attachments, ad-
hesive alterations, angiogenesis, viable vascular dissem-
ination, distant embolization, and survival in a new envi-
ronment.® 10 In this context, a variety of molecular factors
have been investigated. Matrix metalloproteinase 7 is
involved in proteolysis of the extracellular matrix.’” Os-
teopontin mediates anchorage-independent growth, cell
adhesion, and cell invasion.'®'® Vascular endothelial
growth factor is a well-known angiogenic factor that stim-
ulates endothelial migration, proliferation, proteolytic ac-
tivity, and capillary morphogenesis.’ The expression of
these genes is linked to advancing tumor stage, making
them potential markers for assessing the risk of liver
metastasis.'® However, not all of these genetic alterations
occur during the process of liver metastasis, with other
molecular mechanisms potentially being involved 816

DNA hypermethylation, an important epigenetic mech-
anism, has been reported in many cancers. It can affect
multiple cellular processes, including proliferation and
apoptosis, by silencing tumor suppressor genes.'” '8 To
date, studies have demonstrated that various genes are
hypermethylated and associated with tumor progres-
sion 891376 A high frequency of p716/INK4A methylation
has been suggested in stage IV CRC."® Hypermethylation
of tissue inhibitor of metalloproteinase 3 (TIMP3), which
encodes for an extracellular matrix—bound protein, in breast
cancer is associated with high tumor grade and lymph node
metastasis.?® Aberrant promoter methylation of RASSFTA
has been linked to progression of nasopharyngeal carci-
noma.2" Recent studies suggested that a subset of CRCs
has a unique hypermethylation phenotype, termed CpG
island methylator phenotype (CIMP).22 Tumors affected by
this phenotype are characterized by a high degree of con-
cordant CpG island methylation and exhibit characteristic
clinicopathologic and molecular features.?>2* However,
only a limited number of genes have been examined in this
respect in paired primary and metastatic tumors, and no
data are available regarding the global profile of DNA meth-
ylation during the process of liver metastasis.

In this study, we examined global DNA methylation status
in stage I-ll CRCs and in paired primary and metastatic
tumors using a methylated CpG island amplification mi-
croarray (MCAM) approach; this technique provides repro-
ducible results with a high validation rate and successfully
detects genes that are methylated in cancerous tis-
sues.?> 2 Several genes, including five classical CIMP
markers, were further examined by guantitative DNA meth-
ylation analysis in CRCs and liver metastases. We found
characteristic methylation profiles for stage -l CRCs and
stage IV CRCs, which likely reflects different pathologic
processes underlying stage IV CRCs compared with stage
|-l CRCs. The DNA methylation pattern along a genome is
generally inherited faithfully during mitosis, with it potentially
being subject to evolution by natural selection during ac-
quisition of the metastatic phenotype. This study sheds light
on the underlying mechanisms associated with epigenetic

Table 1. Backgrounds of Cases with Stage I-1II CRCs, Stage IV
CRCs, and Liver Metastases

Stage I-Ill  Stage IV Liver
CRC CRC metastasis
(n=53) (h=25) (n=262)
Age, mean = SD, 64792 62184 628=x98
years
Sex, No. (%)
Female 21 (40) 6 (24) 18 (29)
Male 32 (60) 19 (76) 44 (71)
Tumor location,
No. (%)*
Proximal 17 (32) 12 (48) 21(34)
Distal 36 (68) 13 (62) 41 (66)
Stage, No. (%)
I 6(11) NA NA
Il 25 (47) NA NA
il 22 (42) NA NA
Pathology, No. (%)t
Well 4(8) 2(8) 3(6)
Moderately 46 (87) 21(84) 44 (86)
Poorly 3(6) 2(8) 4(8)
Metastasis period,
No. (%)
Synchronous NA NA 25 (40)
Metachronous NA NA 37 (60)

NA, not applicable.

*Proximal primary tumors were located in the cecum and the ascend-
ing and transverse colon; distal primary tumors were located in the de-
scending and sigmoid colon and the rectum.

tPathologic findings are available in only 51 cases of liver metastasis.

regulation and provides evidence to clarify the nature of
epigenetic evolution during progression to metastasis.

Material and Methods

Tissue Samples

We collected 78 primary CRC (53 stage I-lil and 25 stage
IV) and 62 liver metastasis tissue samples from patients
who underwent surgical resection at the Aichi Cancer
Center Central Hospital, Nagoya, Japan, between Janu-
ary 1, 2006, and December 31, 2008. Tumors were se-
lected solely on the basis of availability during the period.
Samples and clinical data were collected after appropri-
ate approval of the Aichi Cancer Center review board
was received and written informed consent had been
obtained from all the patients. The backgrounds of ex-
amined cases are given in Table 1. Pathologic TNM clas-
sification was determined according to the criteria of the
International Union Against Cancer.3% Tissue samples
were flash frozen and stored at —80°C untit analyses. The
specimens examined showed a high proportion (>80%)
of cancer cells without definite evidence of necrosis.
Genomic DNA was extracted using a standard phenol-
chloroform method. Regarding the metastasis period,
synchronous liver metastasis was defined as metastasis
that occurred within 6 months of resection of the primary
CRC; metachronous liver metastasis was defined as me-
tastasis that was noted more than 6 months after resec-
tion of the primary CRC.%"
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Table 2. Primer Sets for Pyrosequencing Methylation Analysis, MSP, and RT-PCR

Annealing No. of
Gene* Primerst temperature (°C) CpGs Sequencing primers
Primer sequences for
pyrosequencing analysis
RASSF1A (+268 ~ +565) F: 5'-GGGGGAGTTTGAGTTTATTGA-3’ 55 3 5'-GATTTTATTTGGGG~3'
R: 5'-biotin-CTACCCCTTAACTACCCCTTCC-3'
CDH1 (+9 ~ +116) F: 5'-GGAATTGTAAAGTATTTGTGAGTTT-3’ 55 2 5'-GGAAGTTAGTTTAGATTTTA-3’
R: 5'-U-TCCAAAAACCCATAACTAACC-3’
MGMT (—357 ~ —200) F: 5'-TTGGTAAATTAAGGTATAGAGTTTT-3' 60/57/54/51 3 5'~GGAAGTTGGGAAGG-3'
R: 5'-biotin-AAACAATCTACGCATCCT-3’
TIMP3 (+540 ~ +798) F: 5 -TTTTGGTTTGGGTTAGAGATAT-3’ 55 2 5'~-GTTTTTTTTTTGGAG-3'
R: 5'-U-CCCCCTCAAACCAATAAC-3’
hMLH1T (=105 ~ +152) F: 5'-TTGATTGGTATTTAAGTTGTTTAATT-3' 58/56/64/52 2 5'-AGTTATAGTTGAAGGAAGAA-3'
R: 5'-biotin-CCAATTCTCAATCATCTCTTTAATA-3'
MINT1 F: 5'-GGTTTTTTGTTAGYGTTTGTATTT-3' 55 3 5'-TTTAGTAAAAATTTTTTGGG-3'
R: 5'-biotin-ATTAATCCCTCTCCCCTCTAAACTT-3'
MINT2 F: 5'-AGTGTTAGAAAAATGTGTTG-3’ 50/48/46/44 2 5'~-GAATTTTAGTATTTAAGTT-3’
R: 5'-biotin-CTACAATTAAACATCAATTATAT-3'
MINT31 F: 5'-TGGTTTTAGTAAAGTGAGGG-3’ 55 3 5'-TGGTGATGGAGGTTATT-3'
R: 5'-biotin-AACCTAATAAATCACTCAATTC-3'
P16 (+263 ~ +95) F: 5'-GGTTGTTTTYGGTTGGTGTTTT-3’ 58/56/54/52 2 5'-GGAGTTAATAGTATTTTT-3'
R: 5'-biotin-ACCCTATCCCTCAAATCCTCTAAAA-3'
ANK1 (+211 ~ +370) F: 5'-TGAGGTGAGTTAGTTAGTTTTAGTTG-3' 60 2 5'-TTTTTTAAGTTTTTAAGGTT-3’
R: 5'-U-AATAACCCCCTCCTAACATCTC-3'
UPK3A (—274 ~ —203) F: 5'-U-~AGGGTTGTTTTGGTTTGGGTATA-3' 68/66/64/62 2 5'-AACAAAACCTTCTCCAAC-3’
R: 5'-AATCCCACCRAACAAAACCTTCT-3'
CYBRD1 (+439 ~ +565) F: 5'-U-TTTGGGGYGGGATAGAGTTG-3' 58 3 5'~AAARATTAACCAAATAAAAC-3’
R: 5'~CRCCRCAAAAAATTAACCA-3'
ARAF (=1 ~+153) F: 5'-U-AGGAGGYGGATTTTGTGAGGAAATA-3' 58 2 5'-CCATCCTAAAACTAAACTTT-3’
R: 5'-ACCCAAACRCAACCATCCT-3’
Primer Sequences for MSP
ANK1
Methylated (—205 ~ —37) F: 5'-TTCGGGGTAATTAGGGGTTC-3’ 68/66/64/62 NA NA
R: 5'-CCTTATCGACCCCAAAAACG-3’
Unmethylated (—207 ~ +19) F: 5'-ATTTTGGGGTAATTAGGGGTTT-3' 68/66/64/62 NA NA
R: 5'-CAAACTCACCACAACCTCTACAA-3’
CYBRD1
Methylated (—40 ~ +132) F: 5'-TAGTTTTAAGAAGTCGACGTTTC-3’ 62/60/58/55 NA NA
R: 5'-AAAACCGACGAACAATACCG-3’
Unmethylated (—52 ~ +132) F: 5'-GTAGGTGGAGATAGTTTTAAGAAGTTG-3' 62/60/58/55 NA NA
R: 5'-AAAAACCAACAAACAATACCA-3'
Primer Sequences for RT-PCR
UPK3A F: 5'-TCGGCTGCCTGCGGT-3' 55 NA
R: 5'-AGAGAGGCTTTTCCAAGGCC-3'

F, forward; R, reverse; NA, not applicable.

“The primer location relative to the transcription start site (obtained from the University of California at Santa Cruz Genome Database, version hg17, May

2004) of each gene is indicated in parentheses.

U indicates the universal primer sequence: biotin-GGGACACCGCTGATCGTTTA.

Cell Lines

Six colon cell lines (SW48, SW480, L.S174T, SW1083,
RKO, and Lovo) and one hepatocellular carcinoma cell
line (Huh7) were used for the study. The colon cell lines
were obtained from the American Type Culture Collection
(Rockville, MD) or the Japanese Collection of Research
Bioresources (Osaka, Japan) and were cultured accord-
ing to the relevant instructions. Huh7 was the kind gift of
Dr. Tetsuro Suzuki (National Institute of Infectious Dis-
eases, Tokyo, Japan). Cell lines were grown in Dulbe-
cco’s modified Eagle’s medium (Sigma-Aldrich, St. Louis,
MO) supplemented with 10% fetal bovine serum (Invitro-
gen, Carlsbad, CA) and antibiotic-antimycotic (Invitro-
gen) at 37°C in a humidified incubator with 5% CO,. Cells
were treated with 5-aza-2'-deoxycytidine (Sigma-Aldrich;
1 umol/L for 72 hours) as described previously.?®

Quantitative RT-PCR Analyses

Total RNA was isolated using TRIzol (Invitrogen). Two mi-
crograms of RNA was reverse transcribed using Moloney
murine leukemia virus (Promega, Madison, WI). Quantitative
TagMan and SYBR Green RT-PCR (Applied Biosystems,

Foster City, CA) were performed in triplicate for the target
genes of interest. Primer sequences are shown in Table 2.

DNA Methylation Analysis

We performed bisulfite treatment as reported previ-
ously.?® Briefly, 2 ug of genomic DNA was incubated with
3M sodium bisulfite (pH 5.0) for 16 hours at 50°C. DNA
was purified using the Wizard DNA purification resin (Pro-
mega, Milano, ltaly) and was resuspended in 30 ul of
diluted water. Conventional methylation-specific PCR
(MSP) was performed for the ankyrin 1 gene (ANK7) and
cytochrome b reductase 1 gene (CYBRDT1). The PCR
products were visualized on 3% agarose gels stained
with ethidium bromide. The MSP products were subse-
quently confirmed by bisulfite sequencing analysis. DNA
methylation levels were also measured via a quantitative
method using pyroseguencing technology, with 12 meth-
ylation markers, including 5 classical CIMP markers (P16,
hMLHT, MINT1, MINT2, and MINT31), being assessed
(Pyrosequencing AB, Uppsala, Sweden).?® The PCR
conditions and the main and sequencing primers for am-
plification of the 12 genes assessed are given in Table 2.
Each assay included positive controls (samples after Sssl
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treatment; New England Biolabs, Ipswich, MA) and neg-
ative controls (samples after whole genome amplification
using GenomiPhi V2; GE Healthcare, Piscataway, NJ),
with mixing experiments to rule out bias and repeated
experiments to assess reproducibility. Optimization of an-
nealing temperature for PCR amplification was used to
overcome PCR bias.?® The methylation levels at different
C sites, as measured by pyrosequencing, were averaged
to represent the degree of methylation in each sample for
each gene. Methylation status was analyzed as a contin-
uous variable (methylation level) and as a categorical
variable (methylation positive or negative). Genes with
methylation levels greater than 15% were considered
methylation positive because lower values could not be
easily distinguished from background.?8-32

MCAM Analysis

The MCAM analysis was performed using DNA from eight
stage I-ll CRCs and nine stage IV CRCs, along with their
paired liver metastases and corresponding normal colon
mucosa samples (controls). The backgrounds of cases ex-
amined by MCAM analysis are shown in Supplemental Ta-
ble S1 at http.//ajp.amjpathol.org. A detailed protocol for
MCAM analysis has been described previously.?>2®
Herein, we used a human custom promoter array (G4413A;
Agilent Technologies, Santa Clara, CA) containing 15,134
probes corresponding to 6157 unique genes, which we had
initially validated by the MCAM method in a previous
study.?528 After hybridization and washing according to the
manufacturer’s protocol, arrays were scanned using an Agi-
lent scanner and were analyzed using Feature Extraction
software; then, data normalization was performed using a
linear per-array algorithm according to the manufacturer’s
protocol (Agilent Technologies). To determine the criteria
for the identification of hypermethylated loci, five selected
genes [p16, O-6-methyiguanine-DNA methyltransferase
(MGMT), ARAF, CYBRD1, and uroplakin 3A (UPKS3A)]
were subsequently assessed by pyrosequencing analy-
sis in primary CRC and metastasis samples (genes with
methylation levels >15% were considered methylation
positive). A high concordance was observed between
the methylation status as determined by MCAM and py-
rosequencing analyses (specificity, 98.8%; sensitivity,
66.7%; and false discovery rate, 0.067; data not shown),
as has been demonstrated in previous studies.2®26-28
Thus, we considered a signal ratio greater than 2.0 via
MCAM analysis to be methylation positive.

Hierarchical Clustering Analysis

Cluster analysis was performed using an agglomerative
hierarchical clustering algorithm. 2833 For specimen cluster-
ing, pairwise similarity measures among specimens were
calculated using statistical software [Cluster 3.0 (http://rana.
Ibl.gov/EisenSoftware.htm) or Minitab 15 (Custom Solutions,
Summerville, SC)] based on DNA methylation intensity mea-
surements obtained across all genes assessed.

Statistical Analysis

All statistical analyses were performed using a software
program [GraphPad Prism version 4.0 (GraphPad Soft-
ware, San Diego, CA) or STATA version 11 (StataCorp
LP, College Station, TX)]. Differences in clinicopathologic
variables were analyzed using Fisher’s exact test. Differ-
ences in DNA methylation were calculated using the U-
test or the Kruskal-Wallis test. All reported P values were
two sided, and P < 0.05 was considered statistically
significant. Relapse-free survival (RFS) was calculated
starting from the date of the surgical procedure to the
date of finding new liver metastatic lesions or local recur-
rences from primary CRC. Survival curves were gener-
ated via the Kaplan-Meier method, and the log-rank test
was used for statistical analysis. A multivariate analysis
using the Cox proportional hazards model was per-
formed for estimation of hazard ratio. The factors consid-
ered in the multivariate model included stage and CIMP
status, which were marginally (P < 0.1) or statistically
(P < 0.05) significant by Fisher’s exact test, in addition to
age and sex. All the variables for the multivariate analysis
were categorical variables. Patients were observed until
the incidence of recurrence after surgery or until Septem-
ber 2008, whichever came first. There were 14 and 26
recurrent cases in stage I-1ll CRCs and liver metastases,
respectively. Median follow-up was 22 months in stage
I-IIl CRCs and 14 months in liver metastases.

Results

Quantitative Methylation Analysis of Nine
Candidate Genes in Stage I-lll CRCs, Stage IV
CRCs, and Liver Metastases

DNA methylation status was examined by pyrosequenc-
ing analysis in 53 stage I-lIl CRCs, 25 stage IV CRCs,
and 62 liver metastases (Figure 1 and Table 3). There
were no significant differences in terms of age, sex, and
tumor location among the three study groups. We exam-
ined DNA methylation of five classical CIMP markers
because it remains to be understood how CIMP affects
the process of liver metastasis despite numerous studies
showing its characteristic clinicopathologic and molecu-
lar features.?®2% In addition, we examined the DNA meth-
ylation status of MGMT, RASSF1A, TIMP3, and E-cadherin
(CDH1) because methylation of each of these genes has
already been studied in metastatic CRCs. 93485

The median DNA methylation level seems to be similar
among the three groups (Figure 1). No evidence of sub-
stantial DNA methylation of CDH7 was seen with any of
the three groups or with normal colon mucosae. We
found that a subset of stage IV CRCs and of liver metas-
tases cases showed a prominently high level of DNA
methylation (>80%) in MGMT. In addition, some liver
metastases showed increased DNA methylation of
TIMP3, which encodes an inhibitor of the matrix metallo-
proteinases.

The frequency of positive cases with DNA methylation
of the five classical CIMP markers and RASSF1A was not
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Figure 1. DNA methylation status of nine genes (p16, bMLH1, MINTI, MINT2, MINT31, CDF1, RASSF1A, MGMT, and TIMP3) in 53 stage -1l CRCs (I-1ID), 25
stage IV CRCs (IV), and 62 liver metastases (Mets) and corresponding normal colonic mucosae. The y axis indicates the level of DNA methylation of each gene,
as measured by bisulfite pyrosequencing—based methylation analysis. Each dot represents the methylation level of the indicated gene in each sample from either
primary CRCs of a differing stage or liver metastases. Horizontal lines denote median methylation levels in each group.

observed to be different among the three groups (Table
3). In contrast, DNA methylation—positive cases of MGMT
were more frequent in stage IV CRCs (40.0%) and in liver
metastases (42.4%) than in stage I-Ill CRCs (20.1%: P =

0.043; Table 3). In addition, we found that DNA methyla-
tion—positive cases of TIMP3 were significantly more fre-
quent in liver metastases (15.5%) than in either stage I-1li
CRCs (3.8%) or stage IV CRCs (0%; P = 0.028). These

Table 3. Frequency of DNA Methylation and CIMP Status in Stage I-1II CRCs, Stage IV CRCs, and Liver Metastases

Normal tissue Stage -l CRC Stage IV CRC Liver metastases P value*
DNA methylation status
CIMP markers
P16 0/53 (0) 7/53(13.2) 3/25 (12.0) 7/62 (11.3) 0.943
hMLH1 0/53 (0) 3/53 (5.6) 2/25(8.0) 1/62 (1.6) 0.233
MINT1 0/53 (0) 9/53 (17) 4/25 (16.0) 13/62 (21.0) 0.843
MINT2 0/53 (0) 12/53 (22.6) 7/25 (28.0) 6/62 (9.7) 0.060
MINT31 0/53 (0) 30/53 (56.6) 13/25 (52.0) 37/62 (59.7) 0.810
Candidate genes
MGMT 9/53 (17.0) 11/53 (20.1) 10/25 (40.0) 25/59 (42.4) 0.043
RASSF1A 22/64 (34.4) 21/51(41.2) 13/23 (56.5) 23/53 (43.4) 0.448
TIMP3 0/8 (0) 2/53 (3.8) 0/23 (0) 9/58 (15.5) 0.028
CDH1 0/8 (0) 0/53 (0) 0/23 (0) 0/59 (0) NA
Identified genes :
UPK3A 0/8 (0) 0/53 (0) 0/25 (0) 5/59 (8.5) 0.044
CIMP status
CIMP positive 0/53 (0) 12/53 (22.6) 7/25 (28.0) 15/62 (24.2) 0.871

Data are given as number with methylation/total number, with hypermethylation-positive percentages in parentheses.

NA, not available.

*DNA methylation frequencies were statistically analyzed between stage I-11l CRCs, stage IV CRCs, and liver metastases.
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data suggest that DNA methylation in a subset of genes
progressively increased during the metastatic process in
CRC.

Relationship between CIMP Status and Disease
Outcome in Stage I-lIl CRCs and Liver
Metastases

Samples with simultaneous methylation of at least two of
the five classical CIMP markers were considered CIMP
positive.?® Using this criterion, 12 stage |-l CRCs
(22.6%), 7 stage IV CRCs (28.0%), and 15 liver metasta-
ses (24.2%) were classified as CIMP positive. There was
no difference in relation to the frequency of CIMP-positive
cases among the three groups (Table 3).

Several previous studies have demonstrated that CIMP
confers variable prognostic effects in CRC.36-42 We next
analyzed the relationship between CIMP status and out-
come measurements in patients with stage I-Ill CRCs
and liver metastases (Figure 2). No association was
found between CIMP status and RFS in stage -l CRCs
(P = 0.23). In contrast, in the case of liver metastases,
CIMP-positive tumors showed significantly earlier recur-
rence of liver metastasis than did CIMP-negative tumors
after treatment (P = 0.030). Incidence of recurrence was
marginally associated with the stage of tumors in stage
I-lll CRCs (P = 0.063) and was significantly associated
with CIMP status in liver metastases (P = 0.036), factors
that were further analyzed by multivariate analysis. A
multivariate analysis using the Cox proportional haz-
ards model showed that clinical stage affected the
incidence of recurrence in stage |-lll CRCs (hazard
ratio = 3.10; 95% confidence interval = 1.04-9.26; P =
0.042; Table 4), whereas CIMP is an independent fac-
tor for determining recurrence in liver metastases (haz-
ard ratio = 2.64; 95% confidence interval = 1.18-5.94;
P =0.019; Table 4). These different outcomes of CIMP-
positive tumors in stage |-lll CRCs and liver metasta-
ses raise the possibility that different sets of DNA meth-
ylation targets exist in stage |-l CRCs, stage IV CRCs,
and liver metastases. To clarify this possibility, we con-
ducted genome-wide DNA methylation analysis in
stage |-l CRCs and in paired stage IV primary tumors
and liver metastases.

Time {month)

Genome-Wide DNA Methylation Analysis in
Stage I-lll CRCs and in Paired Stage IV Primary
and Liver Metastatic Tumors

To examine genome-wide DNA methylation status ac-
cording to CRC stage, a microarray-based profiling ap-
proach, MCAM, was performed in eight stage |-Ill CRCs
and in nine paired stage IV primary and liver metastatic
tumors. The backgrounds of the samples used are shown
in Supplemental Table S1 at http:/ajp.amjpathol.org. Ini-
tial validation of the MCAM data showed that a high
concordance was observed between the methylation sta-
tus determined by this technique and pyrosequencing
analysis (specificity, 98.8%; sensitivity, 66.7%; and false
discovery rate, 0.067; see Materials and Methods), as has
been demonstrated in previous studies.26:28:2°

The MCAM analysis revealed that an average of
1213 genes (19.7%), 826 genes (13.4%) and 784
genes (12.7%) were methylated in stage I-lll CRCs,
stage IV primary CRCs, and liver metastases, respec-
tively (Figure 3A). The number of methylated genes in
stage -1l CRCs was significantly larger than that in the
other two groups (P = 0.008).

Unsupervised hierarchical clustering analysis of CRCs
and liver metastases using the methylation status of 1564
genes, which were methylated in more than two cases of
stage I-Il CRCs, stage IV primary CRCs, or liver metas-
tases, indicated two major subgroups: one was com-
posed of stage I-lll CRCs and another of paired primary
and metastatic tumors (Figure 3B). Among the nine
paired stage IV tumors, five (cases 3, 5, 6, 7, and 8)
showed highly similar methylation profiles (similarity, 85%
to 96%), with another (case 4) showing similar methyl-
ation profiles (similarity, 65%) between primary tumors
and liver metastases (Figure 3B). A distinctly different
methylation profile was observed in case 1 between pri-
mary tumor and liver metastasis. In this case, the primary
tumor was observed to be CIMP positive and the meta-
static tumor was less methylated and was deemed to be
CIMP negative (see Supplemental Table S1 at http://ajp.
amjpathol.org). Sampling from different places in the tu-
mor in this case showed consistent results in terms of
methylation status (data not shown). Notably, CIMP-pos-
itive cases fell into one cluster of each stage (cases 2 and
7 of stage I-ll, primary tumors 1 and 3, and liver metas-
tasis 3 of stage IV) (Figure 3B). These data are consistent
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Table 4. Analyses of Recurrent Factors for Stage I-1II CRC and Liver Metastasis

Stage I-Ill CRC (n = 53)

Liver metastasis (n = 62)

Value* P value Value* P value
Fisher's Exact Test

Age, years 0.333 1.000
<60 3/17 (18) 2/6 (33)
=60 12/36 (33) 24/56 (43)

Sex 0.227 0.065
Male 9/24 (38) 17/35 (49)
Female 6/29 (21) 9/27 (33)

Stage 0.063 NA
land It 5/30 (17) NA
I 10/23 (43) NA

Tumor location 0.736 NA
Proximal 3/13 (23) NA
Distal 12/40 (30) NA

Metastasis time NA 0.203
Synchronous NA 13/37 (35)
Metachronous NA 13/25 (62)

No. of metastatic lesions NA 0.442
=3 NA 16/34 (47)
<3 NA 10/28 (36)

CIMP 0.722 0.036
Positive 11/41 (27) 16/47 (34)
Versus negative 4/12 (33) 10/15 (67)

Multivariate Analysis®
Age: <60 versus =60 years 1.55(0.39-6.15) 0.532 0.75(0.17-3.24) 0.702
Sex: male versus female 0.74 (0.24-2.25) 0.594 0.43(0.18-1.00) 0.051

Stage: Ill versus | and i
CIMP: positive versus negative

3.10 (1.04-9.26)
1.05 (0.33-3.39)

0.042 NA NA
0.931 2.64(1.18-5.94) 0.019

NA, not applicable.

*For Fisher's exact test, values are given as number of recurrences/total number (percentage); for multivariate analysis, values are given as hazard ratio

(95% confidence interval).

tMultivariate analysis of recurrent factors by Cox proportional hazards model for stage |-ll CRCs and liver metastasis.

with the previous MCAM analysis in CRC, which showed
a distinct cluster of CIMP-positive CRCs from other CRC
clusters.?®

To assess whether sets of genes are commonly meth-
ylated across multiple cases in primary tumors or liver
metastases, silencing of which may foster liver metasta-
sis, we analyzed the methylated genes identified by
MCAM analysis. Most of the methylated genes that were
commonly methylated across multiple cases (ie, >4
cases) were found to be simultaneously methylated in
primary tumors and liver metastases (Figure 3C). In con-
trast, most of the specific methylation targets in either
primary CRCs or liver metastases were found in only one
or two cases, suggesting that DNA methylation of a few
genes is commonly associated with liver metastasis or
that DNA methylation in such specific target genes might
be a stochastic event during metastasis (Figure 3C).

Among the specifically hypermethylated genes in
liver metastases, as determined by MCAM analysis, we
confirmed that UPK3A was specifically methylated in
these tissues by pyrosequencing analysis, as was
found for TIMP3 (Figure 1, Figure 3D, and Table 3).
DNA methylation of this gene was inversely correlated
with gene expression levels (Figure 3E). In addition,
DNA methylation inhibitor, 5-aza-2'-deoxycytidine, reac-
tivated UPK3BA gene expression along with DNA de-
methylation, suggesting that DNA methylation of the
UPKBA promoter is the primary mechanism underlying
silencing of this gene (Figure 3E). Taken together, these

data indicate that the methylation profiles of primary and
metastatic tumors were similar in most cases and that
specific targets of DNA methylation in either primary
CRCs or liver metastases might be associated with the
metastatic process.

Comparison of Frequently Methylated Genes in
Stage HiIl CRCs and Stage IV CRCs

Next, we analyzed which genes were frequently methyl-
ated in multiple cases of stage I-lll CRCs and stage IV
CRCs. Unsupervised hierarchical clustering analysis us-
ing the methylation status of 630 genes, which were
methylated in more than half of the samples in either
stage I-Ill CRCs or stage IV CRCs, showed that stage
|-l CRCs and stage IV CRCs were clustered into two
subgroups (Figure 4A; see Supplemental Table S2 at
http://ajp.amjpathol.org). This is consistent with the results
of hierarchical clustering analysis using 1564 genes (Fig-
ure 3B). Of the 630 genes analyzed, 290 (46.0%) were
frequently methylated in stage I-lll CRCs and stage IV
CRCs, suggesting that hypermethylation of these genes
was involved in the transition from early-stage to pro-
gressed CRC. In addition, distinct targets were detected
in stage I-1ll CRCs and stage IV CRCs [291 genes
(46.2%) in stage I-11l CRCs and 49 genes (7.8%) in stage
IV CRCs], indicating that frequent methylation targets
were different between stage |-Ill CRCs and stage IV

- 140 -



1842 Juetal
AJP April 2011, Vol. 178, No. 4

A

o

1,564 genes
1500+ 45,3 l
]
8 1250 1 .
g ?;63.5-
3 1000 1 £
g 2
£ 7501 E 81.84
] 1)
E
B 500 4
o 1004 H
= HROOOCDTHERXD YPORG OO PQ Ay f T
E 250 Ny EE 2O EEEBESEBESBEBES
-4 Ef"“‘“"”"“"g@gn.u.&ﬁﬁgé',ﬁ&Eﬁiﬁiﬁ
o4
0 ¥ 1 1
Stage Mt Stage IV Mets Stage -l CRCs Paired Stage IV primary CRCs and Mets

CRCs  CRCs

o
g
o
g
m

™ Primary stage IV
& Both Prmary and Liver-Meis
3 Meds

b3

8
&
L

g

ind

8

Nurmber of
meihyisted genes
Expression

.,

methylation level (%}
g

10 . AT 3 ‘. . .0:0.
k) ¥ ¥ T
Normal - v Mets
CRCs CRCs

o It O W

«

Methylation
Methylation
o 88

Cl DAC
Huh?

UPK3A

Fraction of
gach fissue {%)
&
o

o »-
| o |
100 bp

Figure 3. The MCAM analysis in stage I-I1I CRCs and paired stage IV CRCs and liver metastases. A: Box and whisker analysis of the number of methylated genes
in stage I-111 CRCs and in paired stage IV CRCs and liver metastases (Mets). The median is marked by a bold line inside the box, whose ends denote the upper
and lower quartiles. Error bars represent 5 and 95 percentile values. DNA methylation levels were statistically analyzed between stage I-1II CRCs, stage IV CRCs,
and liver metastases. *P = 0.008. B: Dendrogram overview of unsupervised hierarchical cluster analysis using DNA methylation data from 1564 genes assessed
via MCAM analysis. I-1II, Prim, and Met followed by a number indicate each case of stage I-1II CRC, stage IV primary CRC, and liver metastasis, respectively; #,
CIMP-positive tumor. C: Number of genes (y axis) that were commonly methylated in x number of cases, where x is the axis in stage IV primary tumor (black),
liver metastasis (white), or both primary and liver metastasis (gray) (top), and the fraction of each tissue that has commonly methylated genes in x number of
cases (bottom). D: DNA methylation status of the UPK34 gene in 53 stage I-I11 CRCs, 25 stage IV CRCs, and 62 liver metastases (top) and a schematic diagram
of the promoter of the UPK3A gene (bottom). The transcription start site (arrow) and the location of exon 1 (black box) are indicated. Black arrowheads
indicate the regions analyzed by pyrosequencing. Scatterplot represents the same as in Figure 1. E: Gene expression (top left) and DNA methylation (bottom
left) of UPK34 were measured by quantitative PCR and pyrosequencing analysis in six cell lines, respectively. After treatment with 5-aza-2'-deoxycytidine (1
umol/L), UPK3A was reactivated (top right) with a decreased level of DNA methylation (top right). Ctrl, cells treated with distilled water. Relative values of
mRNA expression for the UPK3A gene to glyceraldehyde-3-phosphate dehydrogenase are shown on the y axis (top). Error bars denote SDs from experiments
in triplicate.

CRCs, which may be associated with the different patho- revealed that ANK7 showed a higher level of DNA meth-
logic features of the two groups. ylation in stage IV CRCs than in stage I-lll CRCs (P =

Based on the results of the MCAM assay, along with 0.002; Figure 4C), whereas CYBRD1 showed a higher
annotation analysis and characterization of target genes, DNA methylation level in stage I-1ll CRCs than in stage IV

two representative genes, ANK7 and CYBRD1, which CRCs (P = 0.048; Figure 4C).
have a typical CpG island containing two Xmal recogni-
tion sites closely located at the transcription start site of

the genes, were selected and further examined by pyro- Discussion

sequencing analysis. Because CpG contents around the

transcription start sites of the ANK7 and CYBRD1 genes Cancer metastasis is a complex process involving
are extensively high, we designed primers downstream many biological steps, presumably requiring significant
of exon 1 for both genes (Figure 4B). We further designed changes in gene expression.® Several studies have sug-
MSP assays encompassing the transcription start sites gested a contribution of epigenetic abnormalities during
and found that methylation status determined using the the process of CRC metastasis'®®**4% however, ge-
pyrosequencing and MSP assays were concordant (see nome-wide epigenetic alterations have not so far been
Supplemental Figure S1 at hitp://ajp.amjpathol.org). Con- studied in this context. In this study, we comprehensively
sistent with the MCAM data, pyrosequencing analysis examined methylation status in primary CRCs and liver
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same as Figure 1. DNA methylation levels were statistically analyzed between stage I-III CRCs and stage IV CRCs. *P < 0.05.

metastases to decipher the contribution of aberrant DNA
methylation to liver metastasis. Frequencies of DNA
methylation in the present study, which were assessed by
pyrosequencing analysis, were a little lower than were
those in the previous studies using MSP or combined
bisulfite restriction analysis.??3%4445 The differences in
the methylation status might be due to the different tech-
nology used for methylation analysis.

Methylation frequencies of MGMT and TIMP3 were
progressively increased during the metastatic process in
CRC. MGMT is a DNA repair gene that is frequently
methylated in CRC and is correlated with G to A transition
mutations in cancer-related genes, such as KRAS, TP53,
and PIK3CA.*%=° MGMT hypermethylation has been re-
ported to occur during the very early steps of colorectal
carcinogenesis.®? In this study, we showed that the meth-
ylation frequency of MGMT is significantly increased from
stage It CRC to stage IV CRC and liver metastasis,

suggesting that hypermethylation of MGMT may also
contribute to disease progression. TIMP3 is a natural
inhibitor for matrix metalloproteinase and is involved in
the degradation of extracellular matrix.*° Attenuated ex-
pression of TIMP3 protein is related to the infiltration and
metastasis of CRC.®' The present data are consistent
with a major role for TIMP3 in CRC metastasis, supporting
the idea that silencing of TIMP3 in tumor cells might
confer potency for metastasis to other organs. In addition
to these two genes, we newly identified UPK3A as being
methylated only in liver metastases in the present study.
UPKB3A encodes for a member of the uroplakin family, a
group of transmembrane proteins that form complexes
on the apical surface of the bladder epithelium.®? Loss of
expression of uroplakin 3 is associated with aggressive
bladder cancer.®® These data indicate that silencing of
UPKS3A by DNA methylation may contribute to the estab-
lishment of liver metastasis during the progression of
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CRC. In addition, our results have profound implications
for screening and diagnosis of liver metastasis:in:CRC.
The aberrant DNA methylation of TIMP3, MGMT, and
UPKB3A could serve as informative markers of liver me-
tastasis and could be applicable to the samples obtained
from less invasive procedures, such as serum.>* A larger
study is needed to validate these three genes as useful
diagnostic markers for liver metastasis.

Several studies have demonstrated variable prognos-
tic effects with respect to the impact of DNA methylation
in CRC.36-41.55-58 gy dies showed CIMP as a predictor
of better prognosis in CRCs.3"%6 Another study exam-
ined CIMP in stage IV CRCs treated with 5-fluorouracil—
based chemotherapy and found that CIMP predicts poor
prognosis.®® Recent studies showed that worse outcome
of CIMP-positive tumors is driven by BRAF muta-
tion.37-38.40 However, despite the numerous studies in
CRCs, the relative contributions of these parameters to
survival outcome need to be further investigated to un-
derstand the effects and interactions of these variables.>®

In this study, there was no difference in CIMP fre-
guency among stage -1l CRCs, stage IV CRCs, and liver
metastases, suggesting that CIMP is not a predictor of
liver metastasis. However, in relation to the prognostic
potential of CIMP status, CIMP-positive cases showed
significantly earlier recurrence than did CIMP-negative
cases when liver metastases were assessed, whereas
there was no difference in RFS between CIMP-positive
and CIMP-negative stage I-Ill CRCs. In the present co-
hort, we found on a preliminary basis that frequencies of
BRAF mutation at codon 600, which was assessed by
pyrosequencing analysis,?® are 3 of 77 (4%) and 1 of 54
(2%) in stage |-V CRCs and liver metastases, respec-
tively. This low incidence of BRAF mutation in this cohort
did not affect the analysis for RFS (data not shown). One
plausible explanation for the inconsistent links to out-
come regarding CIMP status between different stages in
the present study may due to an existence of certain sets
of hypermethylated genes between stage |-l CRCs and
stage IV CRCs. Indeed, the global MCAM analysis re-
vealed distinctly altered methylation profiles between
stage I-lll CRCs and stage IV CRCs. The number of
methylation targets in stage IV CRCs is smaller than that
observed in stage I-lll CRCs. Given the paradigm con-
cept of progression to metastasis occurring through step-
wise genetic and epigenetic evolution, this result is some-
what unexpected. A conceivable hypothesis is that
tumors with high degrees of methylation are more likely to
inactivate genes critical for tumor progression and me-
tastasis.

More than 60% of cases showed similar methylation
profiles between paired stage IV primary tumors and liver
metastases. Although we found a few genes differentially
methylated between primary stage IV tumors and liver
metastases, in which aberrant methylation might occur
after metastasis during expansion of the clone in the liver,
these data suggest that most methylation changes in
these tumors may be established before progression to
liver metastasis.

Recent experimental and conceptual models are be-
ginning to address the genetic basis for cancer metas-

tasis.’® Cancer metastasis has been explained by at
least two models, namely, a progression model and an
initiating model.®9-%2 |n the progression model, meta-
static capacity is acquired during cancer progression in
a subpopulation of cells through sequential genetic mu-
tations or epigenetic alterations, whereas in the initiation
model, cells with metastatic potential are determined by
early mutational events.®'® Because DNA methylation is
generally inherited stably, methylation profiles may reflect
a signature of tumor evolution. Distinct methylation pro-
files in stage |-l CRCs and stage IV CRCs are partially
explained by the initiating model, where metastatic po-
tential is determined by characteristic epigenetic events
in each tumor cell.’®62 |n the paired primary CRCs and
liver metastases, one case was CIMP positive based on
analysis of the primary lesion but CIMP negative when the
metastatic lesion was assessed. This also seems to be
consistent with the initiation model in which progenitor
cells with different CIMP statuses coexist in a tumor and
may develop independently. In this case, cells with met-
astatic potential are CIMP negative and a minor popula-
tion in a primary tumor. Taken together, the global epi-
genetic analysis supports the initiating model in many
CRCs. Although the underlying biological complexity of
cancer suggests that both initiating and progression
models probably contribute to liver metastasis, cancer
metastasis potential is not necessarily acquired during
progression.

In conclusion, we demonstrated significant implica-
tions for epigenetic alterations in stage -lll CRCs, stage
IV CRCs, and liver metastases using genome-wide meth-
ylation profiling and comprehensive quantitative methyl-
ation analysis. Although the genome-wide DNA methyl-
ation analyses were performed in a discrete cohort, we
showed that DNA methylation profiles may evolve differ-
ently in stage -1l CRCs and stage IV CRCs, which likely
reflects different pathologic processes. Larger studies
might be desired to clarify that stage IV CRCs and stage
I-lll CRCs have a fundamental difference in terms of
epigenetic evolution. These results have strong implica-
tions for early detection, screening, and diagnosis of
highly metastatic CRCs using differentially methylated
genes between stage I-1ll CRCs and stage IV CRCs.
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ARTICLE INFO ABSTRACT

Article history:

Phytochemical compounds and histone deacetylase (HDAC) inhibitors are emerging as a new generation of
anticancer agents with limited toxicity in cancer patients. We investigated the impact of luteolin, a dietary
flavonoid, on survival, migration, invasion of cancer cells in vitro, and tumor growth in vivo. Luteolin (25-
200 uM) decreased the viability of human cancer cell lines originating from the lung (LNM35), colon (HT29),
liver (HepG2) and breast (MCF7/6 and MDA-MB231-1833). Luteolin effectively increased the sub-G1
(apoptotic) fraction of cells through caspase-3 and -7 dependent pathways. We provide evidence that luteolin
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fgﬁg(;;djbreast cancer at sub-lethal/non-toxic concentrations inhibited the invasive potential of LNM35, MCF-7/6 and MDA-MB231-
Luteolin 1833 cancer cells using Matrigel as well as the chick heart and Oris invasion assays. Moreover, we
Viability demonstrate for the first time that luteolin is a potent HDAC inhibitor that potentiates the cytotoxicity of
Invasion cisplatin in LNM35 cells and decreases the growth of LNM35 tumor xenografts in athymic mice after
Caspase-3 intraperitoneal injection (20 mg/kg/day for 18 days) Thus, luteolin, in combination with standard anticancer

Histones H3/H4

drugs such as cisplatin, may be a promising HDAC inhibitor for the treatment of lung cancer.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Cancer is a leading cause of death worldwide with about 20,000
global cancer deaths per day in 2007. Lung cancer is the most common
form of cancer with the highest mortality rates in the world and breast
cancer is the most common cancer seen in women accounting for
more than 1.5 million new cases diagnosed in 2010 and an estimated
1 million deaths each year worldwide (Parkin et al., 2005).

Despite advances in the molecular biology of cancer, improved
diagnosis and new targeted therapies, cures for most types of cancer
remain elusive. To improve cancer patient survival, we need to
develop new cytotoxic compounds with selective molecular targeting.
Herbal treatments are used in cancer therapy, and several plant-
derived compounds have been successfully tried in the clinic. These
include vinca alcaloids such as vinblastine (Velban), vincristine
(Oncovin), and vinorelbine (Navelbine); topoisomerase 1 and II
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inhibitors topotecan (Hycamtin), irinotecan (Camptosar), etoposide
(VP-16; VePesid), teniposide (VM-26; Vumon); and taxanes pacli-
taxel (Taxol), docetaxel (Taxotere) (Coseri, 2009).

Over the last years, there is growing interest in phytochemical
compounds with anticancer potential and low toxicity. Flavonoids
belong to a vast group of polyphenolic compounds that are widely
distributed in plant-derived foods. They contribute to the flavour and
colour of fruits and vegetables. The six major sub-classes of flavonoids
comprise flavones (e.g., apigenin and luteolin), flavonols (e.g.,
quercetin and myricetin), flavanones (e.g., naringenin and hesperi-
din), catechins or flavanols (e.g., epicatechin and gallocatechin),
anthocyanidins (e.g., cyanidin and pelargonidin), and isoflavones
(e.g., genistein and daidzein).

Interest in the potential health benefits of flavonoids has increased
owing to their potent antioxidant and free-radical scavenging activities
observed in vitro. However, epidemiological studies exploring the role of
flavonoids in human health have been inconclusive, and so further
studies are warranted (Ross and Kasum, 2002; Strick et al., 2000).

Luteolin, 3',4’,5,7-tetrahydroxyflavone, is a common flavonoid
found in fruits, vegetables, and medicinal herbs. Plants rich in luteolin
have been used in Chinese traditional medicine for treating various
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diseases such as hypertension, inflammatory disorders, and cancer. In
the present study, we investigated the effect of luteolin on human
lung, colon, liver and breast cancer cell survival and apoptosis,
migration, invasion, tumor growth, and acetylation levels of histones
H3 and H4.

2. Materials and methods
2.1. Cell culture and reagents

Human lung cancer cells LNM35 (NSCLC) (Kozaki et al., 2000) were
maintained in RPMI 1640 (Invitrogen, Cergy Pontoise, France), human
colorectal cancer cells HT29, human hepatoma cells HepG2 and breast
MDA-MB-213-1833 cells were maintained in DMEM (Invitrogen,
Cergy Pontoise, France). Human breast cancer cells MCF-7/6 were
maintained in 50:50 DMEM/HAMF12 media (Invitrogen, Merelbeke,
Belgium). All media were supplemented with 10% fetal bovine serum
(Roche Molecular Biochemicals, Meylan, France). Luteolin was
purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France).

2.2. Cellular viability

Cells were seeded at a density of 5000 cells/well into 96-well
plates. After 24 h, cells were treated for 24h with increasing
concentrations of luteolin (1-200 pM), in triplicate. Control cultures
were treated with 0.1% DMSO. The effect of luteolin on cell viability
was determined using a CellTiter-Glo Luminescent Cell Viability assay
(Promega Corporation, Madison), based on quantification of ATP,
which signals the presence of metabolically active cells. The
luminescent signal was measured using the GLOMAX Luminometer
system. Data were presented as proportional viability (%) by
comparing the treated group with the untreated cells, the viability
of which is assumed to be 100%.

2.3. Detection of sub-G1 cells

LNM35 cells (1x 10°) were plated and cultured at 37 °C on 100-mm
Petri dishes in RPMI supplemented with 10% FBS. After 24 h, cells were
treated with 50 uM luteolin or 0.1% DMSO for 24 h in RPMI 10% FBS. For
flow cytometric analysis, adherent and floating cells were combined,
washed once with PBS, and fixed overnight at 4 °C in 70% ethanol.
Subsequently cells were washed with PBS, incubated for 30 min at37 °C
with 1 pg/ml RNase A, stained with propidium iodide and analyzed for
relative DNA content using a FACScan flow cytometer (FACSCalibur;
Becton Dickinson, Le Pont de Claix, France). About 10,000 cells were
recorded per assay.

2.4. Caspase 3/7 activity

LNM35 cells were seeded at the density of 5000 cells/well into
96-well plate and treated with 50 uM luteolin for 24 h, in triplicate.
Caspase-3/7 activity was measured using a luminescent Caspase-Glo
3/7 assay kit following the manufacturer's instructions (Promega
Corporation, Madison, USA). Caspase reagent was added and the
plate was mixed using an orbital shaker and incubated for 2.5 h at
room temperature. Luminescence was measured using a GLOMAX
Luminometer system.

2.5. HDAC assay and histone acetylation levels

To determine the HDAC inhibitory activity of luteolin, we used a
colorimetric HDAC Activity Assay Kit (Millipore/Upstate, USA) and
followed the manufacturer's instructions with some modifications.
Acetyl-conjugated histone H3 and H4 peptides (the substrate) were
incubated with Hela nuclear extract (rich in histone deacetylase
activity; 10 pg total proteins) in the absence or presence of 50 uM or

100 pM luteolin or 100 pM Trichostatin A (used as positive control of
HDAC inhibition) for 6 or 24 h. After incubation with anti-acetyl HRP
antibody for 1 h and washing, the level of acetylation of the substrate
was detected at 450 nm on an ELISA plate reader. The experiments
were repeated in triplicates. For Western blotting anti-acetylated H3
(K14) or H4 (K5) (Millipore/Upstate, USA) were used.

2.6. Wound healing migration assay

LNM35 cells were grown in six-well tissue culture dishes until
confluence. Cultures were incubated for 10 min with Moscona buffer.
A scrape was made through the confluent monolayer with a plastic
pipette tip of 1 mm diameter. Afterwards, the dishes were washed
twice and incubated at 37 °C in fresh RPMI containing 10% fetal calf
serum in the presence or absence of the indicated concentrations of
luteolin (1-10 pM). At the bottom side of each dish, two arbitrary
places were marked where the width of the wound was measured
with an inverted microscope (objective x4). Wound closure was
expressed as the averagedS.EM of the difference between the
measurements at time zero and the 2-24 h time period considered.

2.7. Matrigel, chick heart and Oris invasion assays

The invasiveness of the lung cancer cells LNM35 treated with
luteolin (1 and 10 pM) was tested using BD Matrigel Invasion
Chamber (8-um pore size; BD Biosciences). Cells (1x10° cells in
0.5 mL of media and the indicated concentration of luteolin) were
seeded into the upper chambers of the system, the bottom wells in the
system were filled with RPMI supplemented with 10% fetal bovine
serum as a chemo-attractant and then incubated at 37 °C for 24 h.
Non-penetrating cells were removed from the upper surface of the
filter with a cotton swab. Cells that have migrated through the
Matrigel were fixed with 4% formaldehyde, stained with DAPI and
counted in 25 random fields under a microscope. For quantification,
the assay was carried out in duplicate and repeated three times.

For chick heart invasion assays, a drop of MCF-7/6, LNM35 or
HepG2 cell suspensions was confronted overnight on top of semi-
solid agar medium with precultured heart fragments (diameter
0.4 mm) isolated from 9-day-old chick embryos. Suspension cultures
were treated with luteolin (1-10 uM) for 8 days in 1.5 ml culture
medium, in a gyratory shaker at 120 rpm under a controlled
atmosphere containing 10% CO, in air. Cells were fixed in Bouin-
Hollande's solution and embedded in paraffin for histologic determi-
nation of cell invasiveness. Consecutive sections were stained with
haematoxilin-eosin. For each experimental condition, at least two
confrontations were examined. Invasion was scored as follows: grade
0, only heart tissue is found and no confronting cells can be observed;
grade 1, the confronting test cells are attached to the precultured
heart fragments and do not occupy the heart tissue; grade 2,
occupation of the precultured heart fragments is limited to the
outer fibroblast-like and myoblast cell layers; grade 3, the confronting
cells have occupied the precultured heart fragments, but have left
more than half of the original amount of heart tissue intact; grade 4,
the confronting cells have occupied more than half of the original
volume of the precultured heart fragments.

The Oris™ Cell Invasion Assay (AMS Biotechnology, Abingdon, UK)
was used to investigate the impact of luteolin on LNM35, MCF7/6
and MDA-MB-231-1833 cell invasion in vitro within a 3-dimensional
extracellular matrix comprised of a basement membrane extract (BME)
of the murine Engelbreth-Holm-Swarm tumor. Cells were seeded at
100,000 cells/well and allowed to attach overnight onto plates coated
with BME solution. Once the cells.formed a confluent monolayer, the
silicone stoppers were removed and the cells treated with luteolin
(1 and 10 pM). Following 48 h invasion, cells were labeled with Calcein
AM (Invitrogen), and images were acquired, in the absence of the
mask, by use of an Olympus fluorescence microscope.
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2.8. Tumor growth assay

Six-week-old athymic NMRI female nude mice (nu/nu, Elevage
Janvier, France) were housed in filtered-air laminar flow cabinets and
handled under aseptic conditions. Procedures involving animals and
their care were conducted in conformity with Institutional guidelines
that are in compliance with the Faculty of Medicine & Health Sciences,
national and international laws and policies (EEC Council Directive
86/609, O] L 358, 1, December 12, 1987; and NIH Guide for Care and
Use of Laboratory Animals, NIH Publication No. 85-23, 1985). LNM35
cells (1x 10° cells) were injected subcutaneously into the lateral flank
of the nude mice. One week after inoculation, when tumors had
reached the volume of approximately 100 mm?, animals (six in each
group) were treated for 18 days with luteolin (20 mg/kg/day, ip) or
carrier solution. Tumor dimensions were measured with calipers
every 3 days. Tumor volume (V) was calculated using the formula:
V=0.4xaxb? with "a" being the length and "b" the width of the
tumor. After sacrifice, the tumors were excised and weighed.
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2.9. Statistical analysis

Results were expressed as means & S.E.M. The difference between
experimental and control values was assessed by ANOVA followed by
Dunnett post-hoc multiple comparison test. Tumour growth was
analyzed using the unpaired Student's t-test. P<0.05 indicates a
significant difference.

3. Results

3.1. Effect of luteolin on cell viability, apoptosis, and caspase-3/7
activation

As shown in Fig. 1, exposure of LNM35, HT29, HepG2, MCF7/6 and
MDA-MB231-1833 cells to luteolin (1-200 pM) for 24 h decreased
cellular viability in a concentration-dependent manner. The 1Csq
concentrations at 24 h were approximately 65, 60, and 90 uM for
LNM35, HepG2, and MCF7/6 respectively, and more than 200 pM for
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Fig. 1. Inhibition of cellular viability by luteolin. Exponentially growing LNM35, HT29, HepG2, MCF7/6 and MDA-MB231-1833 cells were treated for 24 h with vehicle (0.1% DMSO) or
the indicated concentrations of luteolin and their viability was evaluated. All experiments were repeated at least three times. Columns, mean; bars, S.E.M. *Significantly different at

P<0.05, **Significantly different at P<0.01.
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Fig. 2. Induction of caspase-mediated apoptosis by luteolin. Human lung cancer LNM35 cells were treated for 24 h with vehicle (0.1% DMSO) or 50 pM luteolin. A) LNM35 cells were
treated with luteolin and then grown in fresh medium for the determination of sub-G1 fraction by fluorescence-activated cell sorting analysis. B) Induction of caspase-3/7 activity by
luteolin was determined using the Caspase-Glo 3/7 Assay. The relative caspase 3/7 activity was normalized to the number of cells per well and expressed as fold induction compared

with the control group. *Significantly different at P<0.05.

HT29, and MDA-MB231-1833 cells. LNM35 cells showed the highest
sensitivity to the cytotoxic effects of luteolin, and death of all cells was
observed after 48 h with 100 pM luteolin (not shown).

FACS analysis was performed to determine whether the effect of
luteolin was due to apoptosis. Treatment of LNM35 cells for 24 h with
50 UM luteolin was associated with induction of apoptosis from 3.4%
(for control 0.1% DMSO) to 20.4% for luteolin-treated cells (Fig. 2, left).
These results suggest that LNM35 cells underwent apoptosis upon
treatment with luteolin. Activation of caspase-3 is a penultimate step
in apoptotic cell death pathways. The relative activity of caspases 3/7
was analyzed in LNM35 cells treated for 24 h with 50 pM luteolin, and
normalized to the number of cells per well. As shown in Fig. 2 (right),
caspase 3/7 activity increased 4-fold in LNM35 cells treated with
luteolin (P<0.05).

3.2. Luteolin impairs cancer cell invasion

Cancer progression is associated with abrogation of the normal
controls that limit cell migration and invasion, eventually leading to
metastasis. The ability of luteolin to reduce cellular migration was
investigated using a classic in vitro wound healing model. Luteolin was
found to be effective in reducing cellular migration in the LNM35 cells in
a dose- and time-dependent manner. However, this inhibition was not
statistically significant (Fig. 3A). Most interestingly, luteolin impaired
the invasion of LNM35 cells in Matrigel invasion assay (Fig. 3B). The
inhibition of migration and Matrigel invasion seen following exposure of
cells to low concentrations of luteolin (1 and 10 uM) occurred without
reduction of cell viability (Fig. 1). Next, the invasiveness of LNM35,
HepG2 and MCF-7/6 cancer cell lines was assessed in the chick heart
invasion model (Fig. 3C). Histologic analysis of confronting cultures
between LNM35, HepG2 and MCF-7/6 cancer cell aggregates and
precultured heart fragments revealed that only MCF-7/6 cells sponta-
neously invaded into the chick heart tissue whereas no cellular adhesion
or invasiveness could be observed in the chick heart fragments with the
LNM35 (Nguyen et al., 2006) or HepG2 cells (data not shown). The effect
of luteolin on invasion of MCF-7/6 cells into chick heart fragments was
examined after 8 days of incubation. Fig. 3C shows that 1 pM luteolin
slightly reduced the invasion of MCF-7/6 cell into the heart tissue
(grade 3). At 10 uM luteolin, only a few MCF-7/6 cells could be observed
in or around the heart tissue (grade 2). The abrogation of the MCF-7/6
invasive potential by 10 pM luteolin in chick heart fragments occurred in
the absence of any detectable toxic effect on the heart tissue, confirming
the specificity of the effect towards the cancer cells. Finally, we
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Fig. 3. Dose-response effect of luteolin on cellular migration and invasion. A) Wounds were
introduced in LNM35 confluent monolayers cultured in the presence or absence (control) of
luteolin (1 and 10 puM). The mean distance that cells travelled from the edge of the scraped
area for 2, 4, 6 and 24 h at 37 °C was measured in a blinded fashion, using an inverted
microscope (4x magnifications). Data are means = S.E.M of two independent experiments,
B) LNM35 cells were incubated for 24 h in the presence or absence of luteolin (1 and 10 pM).
Cells that invaded into Matrigel were scored. Columns, mean; bars, S.E.M. C) Effect of luteolin
on the penetration of MCF-7/6 breast cancer cells into cultured embryonic heart fragments.
A representative experiment showing the invasion of MCF-7/6 cells cultured for 8 days into
the host tissue in the presence or absence (control) of luteolin (1 and 10 uM) is presented.
Light micrographs of paraffin sections stained with H&E. D) MDA-MB-213-1833 cells were
incubated for 48 h in the presence or absence of luteolin (1 and 10 uM) onto an Oris cell
invasion assay plate. Cell invasion images were acquired by fluorescence microscope.
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Fig. 3 (continued).

investigated the effect of 1 and 10 yM luteolin on the invasiveness of the
LNM35, MCF-7/6 and MDA-MB231-1833 cells using Oris invasion assay.
In this system, LNM35 and MCF-7/6 cells are not invasive in contrast to
the highly invasive MDA-MB231-1833 clone (Fig. 3C). Again, luteolin
reduced the invasiveness of these cells in a concentration-dependent
manner (Fig. 3C). We can conclude that luteolin significantly reduced
the invasive potential of lung cancer- (LNM35) and breast cancer-
derived cells (MCF-7/6 and MDA-MB231-1833) cells.

3.3. Effect of luteolin on tumor growth and on cisplatin anticancer
activity

The anticancer activity of luteolin was investigated in athymic
mice inoculated with highly tumorigenic LNM35 human lung cancer
cells. As shown in Fig. 4A, intraperitoneal administration of luteolin
reduced the growth of LNM35 human tumor xenografts by 46% at day
18. Treatment with 20 mg/kg/day was well tolerated by the mice.
There was no loss of body weight or other manifest sign of toxicity
following luteolin administration. Our data encouraged us to
investigate the potential of luteolin to enhance the cytotoxicity of
cisplatin on LNM35 cells in vitro (Fig. 4B). Interestingly, low
concentrations of luteolin (10 uM) potentiated the cytotoxic effect
of cisplatin (25 pM) as shown in Fig. 4B.

3.4. Luteolin inhibits HDAC activity and induces acetylation of histones
H3 and H4

In this study, we have examined the in vitro HDAC inhibitory effect
of luteolin, resulting in an increased histone acetylation in cells. Using
an in vitro HDAC assay, we have found that incubation of acetyl-

conjugated H3 or H4 with Hela nuclear extracts, which is a rich source
of HDACs, completely abolished the H3 or H4 acetylation levels (Fig. 5,
left panels, light grey bar). The addition of 100 uM of either luteolin
(thin dashed bar) or TSA (positive control, dark grey bar) for 6 h,
but not 50 pM luteolin (thick dashed bar), significantly inhibited
HDAC activities present in the Hela nuclear extract on both H3 and
H4-acetylated substrates and resulted in a recovery of the acetylation
levels. In other words, the HDAC inhibition is detected by an increase
in the acetylation levels. Thus, addition of 100 M luteolin for 6 h to
H3-acetylated substrates and Hela nuclear extract inhibited HDAC
activity to a similar extent (18-20% inhibition), as the positive control
(100 uM TSA) (Fig. 5, upper panel, left). This HDAC inhibitory effect
was more pronounced on the acetyl-conjugated H4 compared to the
acetyl-conjugated H3. The HDAC inhibition of the acetyl-conjugated
H4 was about 30% and 50% upon the addition of 100 pM of luteolin or
TSA, respectively (lower panel, left). In contrast, 50 uM of luteolin had
no effect on acetylated H4. However, 24 h incubation resulted in an
inhibition of HDAC activity even at 50 pM luteolin as shown by the
increase in the acetylation levels (thick dashed bars) with both H3 and
H4-acetylated. This HDAC inhibitory effect was about 30% with 50 yM
and 80% with 100 uM luteolin on H3 acetyl-conjugated substrates
(upper panel, left). Less pronounced, but still significant was the
inhibition of HDAC detected when acetyl-conjugated H4 was used as a
substrate (lower panel, left) within 24 h incubation. Thus, addition of
luteolin inhibited both H3 and H4 HDAC activities in Hela nuclear
extracts.

Finally, we investigated the effect of 50 and 100 uM luteolin on the
H3 and H4 histone acetylation levels using western blot analysis and
selective antibodies directed against acetylated histones H3 (K14) and
H4 (K5). As shown in Fig. 5 (right panels), luteolin clearly increased
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Fig. 4. Impact of luteolin on the tumorigenicity and toxicity of cisplatin in human lung
LNM35 tumor xenografts and on monolayers. A) Nude mice were xenografted
subcutaneously with human lung LNM35 cancer cells (10° cells per animal) and
treated with luteolin (20 mg/kg/day, intraperitoneal injections) or control carrier
solution alone, for 18 days. Data points represent the means+ S.E.M of 6 to 7 mice per
group. *Significantly different at P<0.05. B) LNM35 cells were incubated in the presence
or absence of luteolin (10 M), cisplatin (10-25 uM) or with combined luteolin (10 uM)
and cisplatin {10-25puM) treatment for 24 h. Cell viability was measured. All
experiments were repeated at least three times. Columns, mean; bars, S.E.M.

the acetylation levels of histones H3 and H4 upon 24 h treatment,
especially at the higher concentration (100 pM). This increase is
consistent with the in vitro HDAC assay shown in the left panels.
Taken together, these findings provide biochemical and molecular
evidence for the potential of luteolin as a novel HDAC inhibitor.

4. Discussion

Luteolin (3',4’,5,7-tetrahydroxyflavone), a member of the flavo-
noid family found in various fruits and vegetables, including carrots,
peppers, celery, olive oil, peppermint, thyme, rosemary and oregano,
exhibits a diverse repertoire of pharmacological actions, including
anti-inflammatory, antioxidant, antimicrobial and anti-proliferative
effects (Chiu and Lin, 2008). A potent anticancer effect has already
been shown for luteolin in several studies. Luteolin is probably also a
safe molecule for potential clinical use in cancer therapy.

In the present study, we have presented several cellular and
molecular mechanisms supporting the antitumor effects of luteolin in
a series of human cancer cells originating from lung, breast, colon, and
liver tumors. These are i) luteolin cytotoxicity through inhibition of
cancer cell survival and induction of apoptosis associated with robust
caspase-3 and -7 activation; ii) inhibition of cancer cell invasion in the
Matrigel, chick heart fragments and Oris assays; iii) HDAC inhibition
by luteolin, suggesting that this dietary flavonoid play important roles
in gene expression and tumor regulation; iv) inhibition of Akt
activation by luteolin in LNM35 cells in a time- and concentration-
dependent manner (Unpublished data); v) cooperation of luteolin

with the DNA damaging agent cisplatin to induce additive toxicity in
cancer cells in vitro; and vi) antitumor activity against LMN35 cancer
cell xenografts in vivo.

We demonstrate that intraperitoneal administration of luteolin
(20 mg/kg) as a single agent for 3 weeks reduced LNM35 tumor
growth by 46%. Our findings are in agreement with other animal
studies showing that luteolin is able to diminish the growth of tumor
xenografts induced by prostate cancer cells LNCaP, HAK-1B hepatoma
cells, and LLC Lewis lung carcinoma cells (Chiu and Lin, 2008; Kim et
al., 2006; Selvendiran et al., 2006). In contrast, luteolin (40 mg/kg
body weight) alone failed to reduce the growth of the HCT116 tumors,
but reinforced the effect of cisplatin (Shi et al., 2007). Cisplatin is a
major chemotherapeutic agent for the treatment of bladder, ovarian
and lung cancers (Ferraldeschi et al., 2007). The mechanism of action
of cisplatin involves covalent binding to purine DNA bases, which
leads primarily to cellular apoptosis. However, in the present study
the anticancer effect of luteolin is mainly due to the inhibition of
histone deacetylase. It is plausible; therefore, that luteolin and
cisplatin in combination exert additive or synergistic cytotoxic and
antitumor responses in cancer cells through interplay between the
components of the DNA damage and repair signaling pathways and
gene expression linked to apoptosis. Consistent with this statement,
our study demonstrates that luteolin potentiates the growth inhib-
itory effect of cisplatin on LNM35 lung cancer cells in vitro so that co-
treatment with cisplatin and luteolin is an option that is worthy of
further investigation in vivo.

As well as the effect on cell viability, we also investigated other
cancer cell-related dysfunctions such as migration and invasion. A
recent study indicates that luteolin (5-40 M) exerts inhibitory
effects on HGF-induced HepG2 hepatoma cell migration and invasion
of Matrigel in Boyden chemotaxis chambers probably through the
suppression of the c-Met receptor as well as ERK1/2 and Akt
phosphorylation (Lee et al., 2006). In the present study we provide
evidence that Iuteolin, in concentrations that are not cytotoxic to the
cells, exert an inhibitory effect on the invasive phenotype of LNM35
and MCF7/6 and MDA-MB231-1833 cancer cells. We hypothesize;
therefore, that luteolin is able to counter both the locally invasive and
metastasizing behaviour of tumor cells. As metastasis is the major
cause of death in cancer patients, the development of new treatment
regimens that reduce tumor dissemination is highly important in
cancer therapy.

Earlier reports showed that luteolin sensitized cancer cells to
therapeutic cytotoxic agents through suppression of critical survival
pathways, including phosphatidylinositol 3’-kinase (PI3K)/Akt, nu-
clear factor kappa B (NF-«B), STAT3, as well as through stimulation of
apoptosis and cell death pathways mediated by the p53 tumor
suppressor (Bagli et al., 2004; Ju et al., 2007; Lee et al, 2005;
Selvendiran et al., 2006; Shi et al., 2007; Xavier et al., 2009). Recently,
it has been demonstrated that peroxiredoxin and prohibitin, which
are implicated in ROS metabolism and apoptosis, are associated with
the anticancer effects of luteolin (Yoo et al.,, 2009), and that protein
kinase Ce and c-Src are targets of luteolin (Byun et al,, 2010).

The levels of histone acetylation/deacetylation play important
regulatory roles in gene expression and tumor progression. This is
accomplished by the actions of histone acetyltrasferases (HATs), which
acetylate the lysine residues in core histones leading to a more
transcriptionally active chromatin, and by histone deacetylases
(HDACs), which remove the acetyl groups from the lysine residues
leading to the formation of a transcriptionally silenced chromatin (Selvi
and Kunduy, 2009; Shahbazian and Grunstein, 2007; Thiagalingam et al,
2003; Yang and Seto, 2007). Inhibition of HDACs can thus result in
hyperacetylation of histones and increased transcriptional activity.
Consequently, HDAC inhibitors have emerged as important mole-
cules that can reverse gene silencing. They modulate a wide variety
of cellular functions, including cell differentiation, cell cycle pro-
gression, apoptosis, and angiogenesis. Many HDAC inhibitors have
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shown promise as potential chemopreventive agents in in vitro
studies as well as in animal models (Al-Janadi et al, 2008;
Balasubramanian et al,, 2009; Drummond et al., 2005; Monneret,
2007; Santini et al,, 2007; Witt and Lindemann, 2009). In addition,
some of these HDAC inhibitors such as suberoylanilide hydroxamic
acic (SAHA), valproic acid, and depsipeptide are currently being
tested as anticancer agents in clinical trials and show promising
results in patients with leukaemias and solid tumors (Luu et al.,
2008; Munster et al., 2009). There are now 11 HDAC inhibitors in
clinical trial, including inhibitors with a broad spectrum of HDAC
isoforms as well as inhibitors with isoform selectivity. However, the
exact mechanism by which HDAC inhibitors cause cell death is still
unclear and the specific roles of individual HDAC enzymes as
therapeutic targets have not yet been established. A very recently
published article demonstrates that the inhibition of histone

deacetylases slows down replication forks, activates dormant
origins, and induces DNA damage (Conti et al, 2010). In this
study, we show for the first time that luteolin is a potent HDAC
inhibitor in vitro targeting the acetylation of histones H3 and H4.
These results are in line with other studies demonstrating that
luteolin binds to both histones H3 and H4 (Shoulars et al., 2005).
Further studies are needed to determine whether luteolin is a
selective or a general HDCA inhibitor.

It has been demonstrated that histone deacetylase inhibitors
require caspase activity to induce apoptosis in lung and prostate
carcinoma cells (Sonnemann et al., 2006). This might explain the link
between the HDAC inhibitory activity of luteolin, the activation of
caspase 3/7 and its ability to induce cell death. We suggest that
luteolin inhibits histone deacetylases, which can then lead to the
activation of caspase 3/7 causing DNA fragmentation and cell death.
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This could also occur through a more indirect pathway where HDAC
inhibition leads to increased acetylation levels, which in turn may also
lead to activation of various genes including caspases.

In conclusion, our data indicate that luteolin induced cancer cell
death at least in part via caspase-3/7-dependent mechanisms. We also
found that luteolin exerts potent histone deacetylase inhibition and
growth inhibition of highly aggressive LNM35 human lung cancer
xenografts in nude mice. Furthermore, luteolin is able to sensitize
LNM35 cancer cells to the cytotoxic effects of the DNA damaging agent
cisplatin and to reduce the invasiveness of cancer cells.

Further investigations using the LNM35 xenografts model are
warranted to determine the therapeutic potential of luteolin, other
flavonoids and recognized histone deacetylase inhibitors in the
management of lung cancer, in combination with the standard
anticancer drug cisplatin, or other agents targeting DNA integrity or
oncogenic signaling pathways involved in cancer cell survival and
tumor angiogenesis.
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