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1. Introduction

The identification of prognostic and predictive markers 
in colorectal cancer (CRC) pathogenesis is of great 
importance for developing new therapeutic strategies. 
CRC typically develops over decades and involves 
multiple genetic and epigenetic alterations in cancer-

related genes during carcinogenesis. One of the most 
common epigenetic alterations is aberrant methylation 
of cytosine-guanine (CpG) islands that encompass 
the promoter and transcription start site. Aberrant 
methylation of these sites can be accompanied by 
transcriptional repression. A variety of tumor suppressor 
genes such as Rb, CDKN2A/p16, MGMT, p14ARF, and 
HLTF are aberrantly methylated in CRC (1). 
 Previously, we performed restriction landmark 
genomic scanning to identify novel genomic regions 
of mouse skin tumor-specific differentially methylated 
regions (DMRs), and found 14 DMRs that were highly 
conserved between mouse and human (2-5). Among 
these, we focused on retinoic acid receptor-related orphan 
receptor α (RORA), which is frequently downregulated in 
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CRC and is correlated with tumor progression (6). 
 ROR alpha, -beta, and -gamma are evolutionarily 
related transcription factors that belong to the steroid 
hormone receptor superfamily. ROR was cloned by 
virtue of its strong homology with the retinoic acid 
receptor. RORA generates four isoforms (RORA1–4), 
which differ in their N-terminal region and demonstrate 
distinct transactivation properties (7). Notably, only two 
of the four isoforms, RORA1 and RORA4, are actually 
transcribed (8). Although some putative ligands have 
been proposed for RORA, the nature of RORA ligands 
remains elusive (9,10). 
 Previous reports have demonstrated significantly 
lower RORA mRNA and protein levels in CRC samples 
compared with normal mucosa. Furthermore, an inverse 
correlation was found between RORA protein levels 
and progression in CRC patients (6). The functional 
significance of RORA in CRC was proposed to be 
RORA inhibition of canonical Wnt/β-catenin signaling 
to suppress CRC cell growth through protein kinase Cα-
dependent phosphorylation (11), and RORA enhancement 
of p53 stability and transactivation ability to increase 
apoptosis (12). Several studies have described the 
possible mechanism through which RORA contributes 
to human disorders. For example, RORA stimulates 
transcription of the NF-kB inhibitor IkB (13), and RORA 
regulates hypoxia-inducible factor 1 transcription (14). 
A study in the human hepatoma HepG2 cell line showed 
that RORA directly upregulates secreted protein, acidic, 
cysteine-rich (SPARC), which is associated with a highly 
aggressive tumor phenotype, and behaves as a tumor 
suppressor in several specific cancer types (15). All these 
studies have implicated RORA as a functional tumor 
suppressor. However, whether these findings could 
be used in clinical applications, such as a prognostic 
biomarker, for evaluation of therapy, or as an indication 
for treatment, remains unclear. 
 In the present study, we investigated the methylation 
status of the RORA promoter in CRC patient samples 
compared with adjacent normal tissues. In sharp contrast 
to previous studies obtained from gene and protein 
expression analyses, our results suggested that the RORA1 
promoter may be hypermethylated in early, favorable 
stages in CRC and subsequently hypomethylated as 
cancer becomes more advanced. Furthermore, our results 
indicate a significant correlation between the RORA1 
promoter methylation status and the CRC stage. Thus, 
hypomethylation of the RORA1 promoter may be of 
great diagnostic value for determining an indication for 
postoperative chemotherapy for advanced CRC.

2. Materials and Methods

2.1. Human surgical specimens and cell lines

CRC specimens and adjacent normal mucosa were 
obtained from 43 patients who underwent a curative 

operation at Nihon University School of Medicine. The 
study was approved by the Institutional Review Board, 
and informed consent was obtained from all patients. 
All tumors were pathologically diagnosed CRC and 
staged according to the TMN staging system; two 
patients were Stage I, 17 were Stage II, 16 were Stage 
III, and eight were Stage IV. CRC cell lines (Caco2, 
colo205, HT29, HCT116) and a breast cancer cell line 
(MCF7) were obtained from the RIKEN BioResource 
Center (Tsukuba, Japan). CRC cell lines were grown 
in RPMI1640 containing 10% fetal bovine serum, and 
MCF7 cells were grown in DMEM containing 5% fetal 
bovine serum. Cultures were maintained in a humidified 
atmosphere with 5% CO2 at 37°C.

2.2. Bisulfite treatment and promoter methylation 
analysis

Genomic DNA was extracted with a QIAamp DNA 
Mini Kit (Qiagen, Valencia, CA) according to the 
manufacturer's instructions. All primers were designed 
using Methprimer (http://www.urogene.org/methprimer/
index1.html) or Methyl Primer Express Software v1.0 
(Applied Biosystems, Foster City, CA) and purchased 
from Operon Biotechnology (Tokyo, Japan). Bisulfite 
modification was performed by the sodium bisulfite 
method with the EZ DNA Methylation Kit (Zymo 
Research, Orange, CA). The bisulfite-treated genomic 
DNA was amplified with HotStar Taq Polymerase 
(Qiagen) (15 min at 94°C followed by 45 cycles of 20 s 
at 94°C, 30 s at 56°C, and 1 min at 72°C, with a 3-min 
final extension at 72°C). For MassARRAY EpiTYPER, 
the reverse primer has a T7 promoter tag for in vitro 
transcription (5′-cagtaatacgactcacta tagggagaaggct-3′), 
and the forward primer was tagged with a 10-mer to 
balance the Tm (5′-aggaagagag-3′). The primer sequences 
for RORA were as follows: Rora-1F: aggaagagagTTGT
AGAAAAATTAAAGTTAGGGGG and Rora-1R: cagt
aatacgactcactatagggagaaggctCAAACAAAACTATTCC
AACACCAACA, Tm 56°C; Rora-4F: aggaagagagTGT
TGGTGTTGGAATAGTTTTGT and Rora-4R: cagtaata
cgactcactatagggagaaggctTTTTTTAATACCATAAAATT
ACTCTAA, Tm 56°C (Operon). The PCR products were 
analyzed by gel electrophoresis and then examined by 
Sequenom MassARRAY quantitative analysis using the 
Mass ARRAY Compact System (Sequenom, San Diego, 
CA), as described previously (2,16). The bisulfite-
treated DNA was also directly sequenced on an Applied 
Biosystems 3130xl Genetic Analyzer using a BigDye 
Terminator v3.1 Cycle Sequencing Kit according to the 
manufacturer's instructions (Applied Biosystems).

2.3. Quantitative PCR

The mRNA expression levels were analyzed by 
quantitative PCR (qPCR). Total RNA was extracted 
using TRIzol Reagent (Invitrogen, Carlsbad, CA) 
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promoter in 43 paired CRCs and their adjacent 
normal mucosa. As shown in (Figure 4A), we defined 
hypermethylation as an average percent methylation 
of the entire target region of 38% or more, whereas 
hypomethylation was defined as less than 38%. Aberrant 
hypermethylation of the RORA1 promoter was found in 
16 of 43 CRC cases (37%). This finding was consistent 
with a previous study in which downregulation of 
RORA mRNA expression was frequently observed in 
CRCs (6). Three of the four CRC cell lines, Caco2, 
HT29, and HCT116, showed significantly increased 
RORA1 promoter methylation compared with the 
MCF7 breast cancer cell line. To validate the RORA1 
promoter methylation data obtained from MassARRAY 
EpiTYPER, additional direct bisulfite sequencing 
analysis was performed using representative examples 
of the same samples. Consistent with the MassARRAY 
EpiTYPER data, direct bisulfite sequencing analysis 
clearly detected methylated cytosines in CRC samples. 
Representative examples of the paired samples of N9 
and T9, and N11 and T11 are shown in (Figure 4B). 
Importantly, hypermethylation of N11 (normal mucosa), 
which was adjacent to T11 (tumor tissue), was also 
consistent with the MassARRAY EpiTYPER data 
showing peaks for both methylated cytosines and uracils 
at similar levels as T9.

and the RNeasy Mini Kit (Qiagen). RNA integrity 
and quality were assessed using an Agilent 2100 
Bioanalyzer with an RNA 6000 Nano Kit (Agilent 
Technologies, Santa Clara, CA) according to the 
manufacturer's protocol. Single-stranded cDNA was 
synthesized from total RNA using the PrimeScript 
RT reagent Kit (Takara Bio, Tokyo, Japan). The 
generated cDNA was amplified on a Thermal Cycler Dice 
Real-Time System (Takara Bio) using SYBR Premix 
Ex Taq (Takara). The primer sequences and annealing 
temperatures for RORA1 were as follows: HA057856-F: 
5′-CAGAGCTATTCCAGCACCAGCA-3′ and HA057856-R: 
5′-GGATTCCTGATGATTTGTCTCCAC-3′ (Takara Bio), 
Tm 63°C. The expression level of glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) was measured using 
GAPDH-F: 5′-GCACCGTCAAGGCTGAGAA-3′ and 
GAPDH-R: 5′-TGGTGAAGACGCCAGTGGA-3′ primers at 
an annealing temperature of 60°C. GAPDH was amplified 
as a control to normalize the amount of input cDNA. 
The experiments were performed in triplicate.

2.4. Statistical analysis

Data collected from each experiment were statistically 
analyzed with the Pearson chi-square test and the 
ANOVA test. p values of less than 0.05 were considered 
to indicate statistical significance.

3. Results

3.1. Frequent methylation of the RORA1 promoter in 
colorectal tissue compared with RORA4

To determine the methylation status of the RORA 
promoter in CRC, we used the Sequenom MassARRAY 
method and 43 fresh-frozen CRC surgical specimens, 
adjacent normal mucosa, four CRC cell lines, and 
a breast cancer cell line. Among the four different 
RORA isoforms, only RORA1 and RORA4 are actually 
transcribed, whereas the level of RORA2 and RORA3 
are undetectable in normal tissue (8). Therefore, we 
focused our investigation on the methylation status of 
the RORA1 and RORA4 promoter regions. Methylation 
of the RORA1 promoter was frequently observed in 
CRC samples and CRC cells (Figure 1). Comparing the 
epigrams of RORA1 and RORA4, methylation of the 
RORA1 promoter was more frequently observed than 
that of RORA4 (Figure 2 and Figure 3). These results 
suggested that methylation of the RORA1 promoter, 
but not the RORA4 promoter, may occur as a distinct 
alteration in CRC. This finding prompted us to further 
analyze the methylation status of RORA1 in CRC.

3.2. Aberrant hypermethylation of the RORA1 promoter 
in CRC

We then evaluated the methylation rate of the RORA1 

Figure 1. DNA methylation of the RORA1 promoter region.  
The EpiTYPER program from Sequenom MassARRAY 
analysis presents the results of the percent of DNA methylation 
of the RORA1 promoter region as an epigram. The epigram 
shows the percentage of DNA methylation at each CpG site of 
the target region. Different colors indicate relative methylation 
changes in 10% increments. The yellow circle indicates 100% 
methylation, and the red circle is 0% methylation at each CpG 
site. The number of CpG sites, target sequence length, and 
sample names are included in each epigram. T, primary tumor 
from a CRC patient; N, adjacent normal mucosa.
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Figure 2. The rate of DNA methylation of the RORA1 promoter in all CRC cases obtained from Sequenom MassARRAY 
analysis.

Figure 3. The rate of DNA methylation of the RORA4 promoter in all CRC cases obtained from Sequenom MassARRAY 
analysis.
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3.3. Downregulation of RORA1 expression in CRCs

To determine whether alteration in RORA1 expression 
is associated with promoter methylation, we used qPCR 

to evaluate the level of RORA1 mRNA in four CRC cell 
lines and the breast cancer cell line, as well as the 30 
CRC surgical specimens and adjacent normal mucosa 
tissue for which RNA was available. RORA1 expression 

Figure 4. Promoter methylation of RORA1 in CRC. (A) The y-axis represents the average methylation levels for the entire 
354-bp target region of the bisulfite-treated fragment amplified by Rora-1F and Rora-1R primers. Error bars indicate the standard 
deviation of the mean. The black dashed line shows the average methylation levels for the entire target region of RORA1. (B) 
Histogram of bisulfite sequencing analysis depicting the methylation status of CpG sites. Blue arrows indicate the positions of 
methylated cytosine residues. Red arrows indicate the uracil residues converted from unmethylated cytosines by the bisulfite 
treatment. T, primary tumor from a CRC patient; N, adjacent normal mucosa.

Figure 5. RORA1 mRNA levels in CRC cells and tumor tissues. Quantitative real-time PCR was performed to measure the 
expression of RORA1 mRNA. The expression level was normalized to GAPDH expression. The y-axis represents the normalized 
value determined by the standard curve of each gene. The expression level was calculated as the mean of three independent 
experiments. Error bars indicate the standard deviation of the mean. (A) The relative expression of RORA1 mRNA is shown as a 
histogram, and the methylation status of each cell line is shown below the graph. (B) Relative expression of RORA1 in primary CRC 
and adjacent normal mucosa is shown as a histogram. T, primary tumor from a CRC patient; N, adjacent normal mucosa.
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was downregulated in the CRC cell lines (Caco2, 
colo205, HT29, HCT116) compared with the MCF7 
breast cancer cell line (Figure 5A). Of note, although 
colo205 cells showed hypomethylation of the RORA1 
promoter, RORA1 expression remained downregulated. 
Furthermore, low levels of RORA1 expression were 
detected in almost every primary CRC compared with 
the adjacent normal mucosa, although we showed with 
MassARRY EpiTYPER that only 37% of the CRC 
samples were methylated (Figure 4B).

3.4. 3.4. Inverse correlation between methylation of the 
RORA1 promoter and the clinical stage of CRC

Because promoter hypermethylation of RORA1 was 
likely not correlated with its expression, we next 
assessed whether the methylation status of RORA1 
could be another prognostic indicator of CRC that 
is independent of gene expression. For this purpose, 
the 43 CRC patients were divided into two groups 
according to clinicopathological stage: 19 patients were 
grouped in favorable stages (stages I and II) and 24 
patients in unfavorable stages (stages III and IV). We 
detected a significant difference between the two groups 
with respect to the methylation status of the RORA1 
promoter (p = 0.014) (Table 1). This result indicated that 
unfavorable, later stages of CRC were associated with 
decreased methylation of the RORA1 promoter compared 
with favorable, earlier stages of CRC.

4. Discussion

Our study showed that the promoter region of 
RORA1 was hypermethylated in CRC patients, and 
the methylation status of this gene was significantly 
associated with the clinical CRC stage. These results 
suggest that the methylation status of the RORA1 
promoter may constitute a useful biomarker to determine 
an indication for postoperative therapy such as adjuvant 
chemotherapy in highly advanced CRC patients.
 We performed MassARRAY EpiTYPER analysis to 
quantitatively determine the methylation level at CpG 
sites in the RORA1 promoter, which has been identified 
as a conserved tumor-specific DMR in a mouse model. 
A previous study showed that RORA expression is 
frequently inactivated in breast, prostate, and ovarian 
cancer. Notably, RORA is located in the middle of 
FRA15A, a common fragile site in chromosome 

15q22.2 (8). Common fragile sites are highly unstable, 
and recombinogenic regions of the genome involve 
sister chromatid exchange, translocations, deletions, 
intrachromosomal gene amplification, and integration 
of DNA from tumor-associated viruses. Thus, RORA 
may behave as a tumor suppressor as described in the 
"two-hit" hypothesis, and promoter hypermethylation 
or a loss-of-function mutation coupled with loss of 
heterozygosity at the same locus may result in loss 
of tumor suppressive function. We assessed whether 
RORA1 promoter methylation could play a causal 
role in RORA1 gene silencing in CRCs. To the best of 
our knowledge, this is the first report describing the 
methylation status of the RORA1 promoter in CRCs. 
 Consistent with a previous study, lower expression 
of RORA1 was observed in CRCs compared with 
adjacent normal mucosa. Interestingly, RORA1 was 
clearly downregulated in CRC cell lines compared with 
the MCF7 breast cancer cell line. Our study shows a 
slight discrepancy with a previous study that reported 
that RORA expression is frequently downregulated in 
breast cancer cell lines, including the MCF7 cell line, 
compared with the normal breast epithelium cell line 
MCF12F (8). This conflicting result may be due to the 
different primer sets used in each group. The previous 
study used primers that were designed to amplify a 
common region to detect all four isoforms of RORA, 
whereas we designed specific primers to amplify only 
RORA1. 
 CRC is well-known to result from multiple steps 
of genetic and epigenetic alterations that lead to the 
transformation of normal colonic epithelium to colon 
adenocarcinoma. Given the potential for functional 
involvement of RORA in canonical Wnt/β-catenin 
signaling, which is a genetic gatekeeper for CRC 
tumorigenesis, the increased methylation of RORA1 
and thus downregulation of expression may be 
required in an earlier step of the adenoma-carcinoma 
sequence. However, the "trigger" and mechanism that 
decrease RORA1 methylation as CRC progresses are 
unknown. Regarding epigenetic alterations during CRC 
development, RORA1 should be recognized not as part of 
the conventional two-hit model of "loss of heterozygosity 
(LOH) and methylation", but as an atypical tumor 
suppressor. Interestingly, a recent study using genome-
wide single nucleotide polymorphism linkage arrays 
identified chromosome 15q22 as a novel CRC 
susceptibility locus (17). Additionally, an earlier linkage 

Table 1. Correlation between RORA1 methylation status and clinical CRC stage

Items

Favorable CRC (n = 19)
Unfavorable CRC (n = 24)

hypermethylation

9
7

hypomethylation

10
17

CRC, colorectal cancer.

RORA1 methylation
p-value

0.014
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study of autism spectrum disorder also demonstrated 
that chromosome 15q is an "epigenetic hotspot" or 
region that is susceptible to genomic imprinting that 
confers a risk for this disorder (18). As RORA is 
located on chromosome 15q, RORA gene expression 
likely involves a complex regulatory mechanism for 
expression, similar to that observed for loss of imprinting 
of insulin-like growth factor 2, a marker of the CpG 
island methylator phenotype in CRC (19-21). Indeed, a 
recent study revealed that RORA protein is destabilized 
by methyltransferase-mediated monomethylation of 
zeste homolog 2 (22), which is frequently overexpressed 
in CRC (23,24). Taken together, we speculate that in 
favorable, early stages of CRC, RORA1 expression is 
downregulated by methylation of CpG islands in the 
promoter region, and as CRC becomes advanced, along 
with accumulating genetic and epigenetic alterations 
in chromosome 15q, the methylation status of the 
RORA1 promoter may become hypomethylated. RORA1 
hypomethylation is consistent with the observation of 
global hypomethylation in CRC from the discovery of 
large hypomethylated blocks in CRC that corresponds 
to more than half the genome (25,26). Additionally, 
decreasing RORA1 expression may be no longer 
dependent on promoter hypermethylation but may be 
related to histone modification and/or posttranscriptional 
degradation in unfavorable CRC. Determining the 
acetylation and methylation of histone H3 at lysines 9 
and 4, respectively, and methylation at lysine 9 in RORA 
promoter regions may provide mechanistic insight into 
the downregulation of RORA1 expression in unfavorable, 
later stages of CRC.
 In conclusion, we speculate that the methylation 
status of the RORA promoter may have important 
implications for prognosis of CRC that is independent 
of RORA expression. Identification of a useful marker 
for predicting the benefit of adjuvant chemotherapy 
for CRC patients is important. Therefore, we propose 
that hypomethylation of RORA1 may be an attractive 
prognostic factor to identify patients with advanced 
CRC who require postoperative chemotherapy.
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