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Increased EZH?2 expression during
the adenoma-carcinoma sequence in colorectal cancer
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Abstract. The adenoma-carcinoma sequence, the sequential
mutation and deletion of various genes by which colorectal
cancer progresses, is a well-established and accepted concept
of colorectal cancer carcinogenesis. Proteins of the polycomb
repressive complex 2 (PRC2) function as transcriptional
repressors by trimethylating histone H3 at lysine 27; the
activity of this complex is essential for cell proliferation
and differentiation. The histone methyltransferase enhancer
of zeste homolog 2 (EZH2), an essential component of
PRC2, is associated with the transcriptional repression of
tumor suppressor genes. EZH2 expression has previously
been reported to increase with the progression of pancreatic
intraductal papillary mucinous neoplasm. Thus, we
hypothesized that EZH?2 expression also increases during
the adenoma-carcinoma sequence of colorectal cancer. The
present study investigated changes in EZH2 expression
during the colorectal adenoma-carcinoma sequence. A
total of 47 patients with colorectal adenoma, 20 patients
with carcinoma in adenoma and 43 patients with colorectal
carcinoma who underwent surgical or endoscopic resection
were enrolled in this study. Non-cancerous tissue from the
clinical specimens was also examined. The association
between EZH2 expression, pathology and expression of
tumor suppressor genes during colorectal carcinogenesis
were analyzed. Each specimen was immunohistochemically
stained for EZH2, proliferation marker protein Ki-67
(Ki-67), cyclin-dependent kinase inhibitor (CDKN) 1A (p21),
CDKNIB (p27) and CDKN2A (p16). Total RNA was extracted
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from formalin-fixed paraffin-embedded blocks and reverse
transcription-quantitative polymerase chain reaction analysis
of these genes was performed. Ki-67 and EZH?2 expression
scores increased significantly during the progression of
normal mucosa to adenoma and carcinoma (P=0.009), and
EZH?2 expression score was positively associated with Ki-67
expression score (P=0.02). Conversely, p21 mRNA and
protein expression decreased significantly, whereas expression
of p27 and pl6 did not change significantly. During the
carcinogenesis sequence from normal mucosa to adenoma and
carcinoma, EZH?2 expression increased and p21 expression
decreased significantly. EZH2 may therefore contribute to
the development of colorectal cancer from adenoma via
suppression of p21.

Introduction

Colorectal cancer (CRC) is the third most common type of
cancer and the fourth mostcommon cause of cancer-associated
mortality worldwide (1). In recent years, the overall effects
of the environment, lifestyle factors (2), and inherited and
acquired genetic/epigenetic alterations (3-5) on CRC, and the
interactions between them have been clarified. Dysplastic
adenomas are the most common form of premalignant
precursor lesions (6). Fearon and Vogelstein (7) first
suggested the concept of the adenoma-carcinoma sequence as
a genetic model for colorectal tumorigenesis; they proposed
that colorectal carcinoma develops from adenoma through
a series of genetic events, including genetic mutation and
the loss of tumor suppressor genes. However, the epigenetic
mechanism of tumorigenesis in colorectal carcinoma remains
unclear.

Polycomb group proteins are global repressors of gene
expression that bring about transcriptional suppression
epigenetically through the formation of polycomb repressor
complexes (PRCs), including PRC1 and PRC2 (8,9).
Enhancer of zeste homolog 2 (EZH?2) is a catalytic subunit
of PRC2 (10-13). In addition to EZH2, PRC2 contains the
non-catalytic subunits embryonic ectoderm development
and suppressor of zeste 12. EZH?2 serves as a histone
lysine methyltransferase that mediates the trimethylation of
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lysine 27 of histone H3 (H3K27) to silence expression of
PRC2-target genes involved in lineage differentiation (14,15).
EZH?2 is overexpressed in several types of cancer and its
expression is associated with aggressiveness and poor
prognosis in breast, prostate and ovarian cancer, and cholan-
giocarcinoma (16-21). Previously, EZH?2 was reported to be
associated with accelerated cell proliferation and malignant
progression in pancreatic intraductal papillary mucinous
neoplasm and pancreatic cancer via the gene silencing
of cyclin-dependent kinase inhibitor (CDKN) 1B (p27)
expression (22), and in melanoma and pancreatic cancer via
repression of CDKNI1A (p21) (23,24). However, the role of
EZH2 in the progression of colorectal cancer has not yet
been investigated. Thus, the purpose of the present study
was to examine the role of alterations in EZH?2 expression in
colorectal cancer progression.

Patients and methods

Patients. Between April 2009 and March 2013, 209 patients
with colorectal adenoma or carcinoma in adenoma
(CIA) were treated endoscopically in the Department of
Gastroenterology and Hepatology, Graduate School of
Medical Sciences, Kumamoto University (Kumamoto,
Japan), and 33 patients with colorectal adenoma and
18 patients with CIA underwent surgical resection at the
Department of Gastroenterological Surgery, Graduate
School of Medical Sciences, Kumamoto University.
Between April 2013 and March 2014, 43 patients with
early colorectal carcinoma underwent surgical resection at
the Department of Gastroenterological Surgery, Graduate
School of Medical Sciences, Kumamoto University. Only the
patients who provided written informed consent for the use
of their resected tissues for the current study were enrolled.
A total of 110 patients were enrolled in the current study,
including 70 with adenoma lesions, 22 with CIA lesions, and
43 with carcinoma lesions. Certain patients had more than
two adenoma lesions. A total of 42 lesions were resected
endoscopically and 68 lesions were resected surgically. The
clinicopathological features of the 110 patients are summa-
rized in Table I. The average age was 67.7 years (range,
34-88), 62 patients were male and 48 patients were female.

The present study protocol was approved by the institu-
tional review board of Kumamoto University Hospital. The
study was conducted in compliance with the Declaration of
Helsinki and all patients provided written informed consent
for the use of their resected tissues for clinical study.

Immunohistochemical (IHC) staining. IHC staining was
performed on 4 ym sections obtained from formalin-fixed (at
36°C, 10% formalin, 48 h) paraffin-embedded blocks. Sections
were pretreated through autoclaving (15 min, at 121°C)
in Histofine antigen retrieval solution (pH 9.0) (Nichirei
Biosciences, Inc., Tokyo, Japan) for EZH?2 and proliferation
marker protein Ki-67 (Ki-67) IHC, or through microwaving
for 20 min in Histofine antigen retrieval (pH 9.0) for CDKN2A
(pl16), p21, and p27. Endogenous peroxidase activity was
blocked for 5 min at room temperature using 3% hydrogen
peroxidase, and the sections were incubated with diluted
antibodies overnight at 4°C. EnVision* solution (Dako; Agilent
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Technologies, Inc., Santa Clara, CA, USA) was then applied
for 30 min at room temperature. The reaction products were
visualized with a diaminobenzidine solution followed by
counterstaining with Mayer's hematoxylin for 5 min at room
temperature. The following primary antibodies were used:
Mouse monoclonal antibody (mAb) against EZH2 (1:50 dilu-
tion; cat. no. 612666; BD Biosciences, San Jose, CA, USA);
mouse mAb against Ki-67 (1:100 dilution; cat. no. M7240;
Dako; Agilent Technologies, Inc.), rabbit polyclonal Ab against
p16 (1:50 dilution; cat. no. 4824; CST Biological Reagents
Company Limited, Shanghai, China), rabbit mAb against
p21 (1:50 dilution; cat. no. sc-397; Santa Cruz Biotechnology,
Dallas, TX, USA); and mouse mAb against p27 (1:150 dilu-
tion; cat. no. 610241; BD Biosciences, San Jose, CA, USA). The
following secondary antibodies were used: anti-mouse IgG
goat antibody (cat. no. K4001; Dako; Agilent Technologies,
Inc.) for EZH2, Ki-67 and p27 and anti-rabbit IgG goat anti-
body (cat. no. K4003; Dako; Agilent Technologies, Inc.) for p16
and p21, applied for 30 min at room temperature. Chromogenic
reaction was visualized with a diaminobenzidine solution (cat.
no. 349-00903; Wako Pure Chemical Industries, Ltd., Osaka,
Japan). Positive controls for immunostaining were performed
using pancreatic intraductal papillary mucinous neoplasm
tissue and negative controls were prepared by omission of
the primary antibody. We evaluated THC staining using
OLYMPUS DP27 microscope (confocal type laser scan) and
we examined 5 fields (magnification, x100) using DP2-BSW
(ver. 2.1, Olympus Life Science). IHC analysis was conducted
using a dual scoring system of staining intensity and staining
extent. The staining intensity was defined as 0, 1 or 2, denoting
negative, weak, or strong staining, respectively. The staining
extent was defined as the percentage of cancer cells that were
positively stained. THC score was calculated as the product
of the staining intensity and staining extent by 2 researchers,
M.O. and Y.S.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). Total RNA was successfully extracted from
32 selected lesions (4 normal lesions, 12 adenomas, 9 CIA
lesions and 7 carcinomas). Formalin-fixed paraffin-embedded
blocks were sectioned into 3-5 serial 10-ym slices. Randomly
selected lesions were macrodissected by comparison with
hematoxylin and eosin staining (5 min at room temperature).
Total RNA was extracted using an RNeasy FFPE kit (Qiagen
Sciences, Inc., Gaithersburg, MD, USA) according to the
manufacturer's protocol and converted to cDNA by reverse
transcription using Oligo(dT),,.,s primer (cat. no. 18418-012),
random primer (cat. no. 48190-011), 10 mM dNTP mix (cat.
no. 18427-088), SuperScript™III Reverse Transcriptase (cat.
no. 18080-085) and RNaseOUT™ Recombinant Ribonuclease
Inhibitor (cat. no. 10777-019; all purchased from Invitrogen;
Thermo Fisher Scientific, Inc., Waltham, MA, USA). Random
Hexamers Annealing was performed for 5 min at 25°C,cDNA
synthesis for 60 min at 50°C and termination reaction for
15 min at 70°C. To determine the mRNA expression levels of
EZH2, p27, p21 and pl6, a qPCR assay was performed using
a LightCycler 480 system (Roche Applied Diagnostics, Basel,
Switzerland) under the following reaction conditions: Initial
denaturation at 95°C for 10 min, 10 sec at 95°C, 30 sec at
60°C, 1 sec at 72°C and 10 sec at 40°C using LightCycler 480
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Table I. Clinicopathological characteristics of patients.
Tissue type

Variable Adenoma (n=47) Carcinoma in adenoma (n=20) Carcinoma (n=43) P-value
Sex 0.23
Male 22 14 26

Female 25 6 17
Age, years® 69+9.57 66x18.4 71.5x13.7 0.44
Location 0.77
C/A/T/D/S/R® 8/12/4/5/8/10 2/4/2/1/5/6 3/6/6/5/9/14
Tumor depth

Tis/T1 - - 23/20
Tumor diameter, mm®* 27.5+22.5 20+23.1 46+25.9 0.51

“Data are presented as the mean + standard deviation. Tis, tumor in situ
colon; S, sigmoid colon; R, rectum.

.°C, cecum; A, ascending colon; T, transverse colon; D, descending

Table II. Primer sequences for polymerase chain reaction analysis.

Primer
Gene Forward Reverse
EZH2 GACTGGCGAAGAGCTGTTTT TVTTTVGATGCCGACATACTT
p21 GGCAGACCAGCATGACAGATT GCGGATTAGGGCTTCCTCTT
pl6 TCGTGCTGATGCTACTGAGG ATCTATGCGGGCATGGTTAC
p27 GAGGTGGAGAGGGGCAGC TTCGGGGAACCGTCTGAAAC

EZH2,enhancer of zeste homolog 2; p16, cyclin-dependent kinase inhibitor 2A; p21, cyclin-dependent kinase inhibitor 1A; p27,cyclin-dependent

kinase inhibitor 1B.

Probe Master (cat. no. 04-887-301-001, Roche Life Science,
Basel, Switzerland) and the 2249 method was used (25).
Probes and primers were designed using the Roche probe
library system (Table II). 3-actin was used as a reference.

Statistical analysis. All statistical analysis was performed
using JMP® 10.0 software (SAS Institute Inc., Cary, NC, USA).
P<0.05 was considered to indicate a statistically significant
difference. Data are presented as the mean + standard devia-
tion and analysis was performed 5 times per experiment. In
comparison of clinicopathological variables between tissue
types, x> test and Fisher's exact test were used. In comparison
of EZH2, Ki-67, p21 expression score, unpaired Student's t-test
was used. In evaluation of association between EZH2, Ki-67
and p21, Pearson's product-moment correlation coefficient was
used. Following univariate analysis, variables with a P<0.05
were selected for multivariate analysis.

Results

EZH?2 expression increases with increased cell proliferative
activity. Carcinoma and adenoma cells are often present in the
same lesion (Fig. 1); this is regarded as theoretical proof of the
adenoma-carcinoma sequence.

First, IHC staining and RT-qPCR were performed for
EZH2. EZH2 expression was detected in the nuclei of colorectal
adenomas, CIA lesions and colorectal adenocarcinomas
(Fig. 2A). IHC staining was used to analyze EZH?2 expression.
The THC score increased parallel to pathological changes among
normal tissue, adenoma and carcinoma. The expression of EZH2
was significantly higher in colorectal adenomas compared with
that of normal lesions (P<0.0001), and also higher in CIA lesions
compared with colorectal adenomas (P=0.0006); however,
no significant association was identified in EZH2 expression
between CIA and colorectal carcinomas (Fig. 2B).

Ki-67 expression associates with EZH2 expression.
Proliferative activity was assessed using Ki-67 immunos-
taining. Ki-67 expression was also observed in the nuclei of
all tissue types (Fig. 3A). The IHC score of Ki-67 gradually
increased along with the pathological change from normal
tissue to adenoma and carcinoma. The expression of Ki-67
was significantly higher in colorectal adenomas compared
with that of normal lesions (P=0.01; Fig. 3B). Although no
significant association was identified in Ki-67 expression
between colorectal adenomas and CIA lesions, expression was
significantly higher in colorectal carcinomas compared with
adenoma lesions (P=0.0009; Fig. 3B). There was a significant
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Figure 1. Hematoxylin and eosin staining of colorectal adenoma and carcinoma (magnification, x100). As presented, carcinoma is often mixed with adenoma

in the same lesion.
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Figure 2. EZH2 expression increases as colorectal cancer progresses. (A) Immunohistochemical staining of EZH2 in the indicated tissues, suggesting
colorectal cancer progression (magnification, x100). (B) IHC score of EZH2 in the progression of colorectal cancer. The staining intensity was defined as 0,
1 or 2, denoting negative, weak, or strong staining, respectively. IHC score was calculated as the product of the staining intensity and staining extent. EZH2,

enhancer of zeste homolog 2; CIA, carcinoma in adenoma.

positive association identified between EZH2 and Ki-67
expression (P=0.02; Fig. 3C). Therefore, the proliferative
activity of the cell increased during the disease progression
of colorectal adenocarcinomas, particularly during the change
from normal to adenoma, and it is likely that EZH2 serves a

notable role in the adenoma-carcinoma sequence of colorectal
adenocarcinoma.

Tumor suppressor p21 is downregulated with the progression
of colorectal carcinomas. EZH2 has been reported to promote
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Figure 3. Increased cell proliferation activity during colorectal cancer progression. (A) Immunohistochemistry of Ki-67 at the indicated degree of colorectal
cancer progression (magnification, x100). (B) IHC score of Ki-67 in the progression of colorectal cancer. The staining intensity was defined as 0, 1 or 2,
denoting negative, weak, or strong staining, respectively. IHC score was calculated as the product of the staining intensity and staining extent. (C) The associa-
tion between EZH2 and Ki-67 expression. The R?value was obtained using Pearson's product-moment correlation coefficient. CIA, carcinoma in adenoma;
EZH2, enhancer of zeste homolog 2; Ki-67, proliferation marker protein Ki-67.
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Figure 4. p21 expression is decreased in the progression of colorectal cancer. (A) Immunohistochemistry of p21 in various lesions of colorectal cancer progres-
sion (magnification, x100). (B) p21 protein expression scores in the progression of colorectal cancer. (C) p21 expression in the progression of colorectal cancer
at the mRNA level. (D) The association between p21 and EZH2 expression. The R?value was obtained using Pearson's product-moment correlation coefficient.
CIA, carcinoma in adenoma; EZH2, enhancer of zeste homolog 2; p21, cyclin-dependent kinase inhibitor 1A.

cellular proliferation via downregulation of tumor suppressor ~ were performed (Fig. 4). Whereas p21 exhibited strong nuclear
proteins, including p27, p21, and p16 (22-25). To assess the localization in normal tissue, its expression was downregulated
mechanism of this accelerated cell proliferation during the in adenomas, CIA lesions and carcinomas (Fig. 4A). The IHC
adenoma-carcinoma sequence of colorectal cancer, IHC  score was significantly lower in adenomas compared with that of
staining and qPCR analyses of p27, p21, and pl6 expression  normal tissue (Fig. 4B). Similarly, p21 expression at the mRNA
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level tended to be significantly lower in adenomas, CIA lesions,
and carcinomas compared with in normal lesions (Fig. 4C).
EZH?2 and p21 expression was identified to be significantly
inversely associated (Fig. 4D). However, the expression of p27
and pl16 did not change significantly during the progression of
colorectal carcinoma (data not shown). Thus, the downregula-
tion of p21 appears to be an important factor in accelerated cell
proliferation during colorectal cancer progression.

Next, as p21 is a well-known transcriptional target of
pS3 (26), p53 expression was assessed via IHC staining.
Although the THC score of p53 significantly increased with the
pathological change from normal to adenoma and carcinoma,
no significant association was identified between p21, and p53
expression (data not shown).

Discussion

The present study demonstrated that increased EZH?2 expres-
sion was associated with the progression of colorectal cancer;
concomitantly, expression of the tumor suppressor protein p21
was decreased.

Tumorigenesis is a multi-step process associated with
genetic and epigenetic alterations. In 1990, Fearon et al and
Vogelstein et al reviewed the genetic model for colorectal
tumorigenesis (7,27). Allelic losses of chromosome 5q, which
is associated with the gene for familial adenomatous polyp-
osis, have been observed in ~30% of colorectal adenomas in
patients without polyposis (28,29), suggesting that this allelic
loss is an early event in colorectal tumor progression. In addi-
tion, Vogelstein et al (27) revealed that mutations in RAS were
observed in intermediate and late adenoma, whereas allelic
loss of chromosome 17p, which was associated with the TP53
gene, was observed in late adenoma carcinoma. These allelic
losses induce other alterations, including tumor suppressor
gene hypomethylation (7), which has also been identified to
occur early in colorectal tumorigenesis; in one study, ~1/3 of
the DNA regions had lost methyl groups, even in extremely
small adenomas (27). Thus, genetic and epigenetic alterations
occur in the early stage of colorectal tumorigenesis. In the
present study, EZH2 expression was increased in adenomas,
suggesting that EZH?2 expression is an early event in colorectal
tumorigenesis. This finding suggests that EZH?2 overexpres-
sion may be involved in epigenetic alterations that occur early
in the progression from normal epithelial cells to adenoma.

In the present study, of the tumor suppressor proteins p27,
p21 and pl6, only p21 was expressed at higher levels in normal
tissue than in cancerous tissue; its expression was inversely
associated with EZH2 expression and no significant association
was identified between p21 expression and p53 expression.
Moreover, expression of EZH2 correlated with the expression
of Ki-67. p21 is a mediator of p53 tumor suppressor activity
and inhibits cell-cycle progression by inhibiting the activity of
cyclin-dependent kinase-cyclin complexes and proliferating cell
nuclear antigen (30). It has been reported that p21 is stimulated by
multiple pathways that are independent of p53 (30). The findings
of the present study suggest that EZH2-mediated acceleration
of cell proliferation via downregulation of p21 may serve an
essential role in the progression of normal cells to adenoma, and
that p21 is regulated not by p53 but by EZH2 in the progression
of colorectal cancer. A reduction in the expression of p21 has
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been associated with the progression of colorectal cancer (31,32).
Bukholm and Mesland (31) reported an association between
reduced/absent p21 expression, and the development of
metastases and mortality owing to cancer disease. Furthermore,
Pasz-Walczak et al (32) reported an inverse correlation between
p21 expression and clinical stage. In addition, Hubaux et al (33)
revealed that inhibiting EZH2 using short hairpin RNA
increased p21 protein levels in small cell lung cancer (33) and
pancreatic ductal adenocarcinoma (34). It was proposed that the
mechanism underlying the regulation of p21 expression by EZH2
may involve downregulation of runt-related transcription factor
3 (RUNX3), a transactivator of p21, by EZH2 via trimethylation
of H3K27 in the promoter region (35). Chi et al (36) revealed
that RUNX3 suppresses cell growth by inducing p21 expression
in gastric cancer. However, Kodach et al (37) reported that
knockdown of EZH?2 did not result in RUNX3 re-expression
in colorectal cancer cell lines. The authors demonstrated that
the downregulation of RUNX3 was associated with RUNX3
DNA methylation and that knockdown of EZH?2 prevented the
re-silencing of RUNX3 following the removal of demethylating
agents (37). Thus, further studies are required to clarify the
association between EZH?2 and p21 expression.

A notable limitation of the present study is the small
number of samples due to the single-institutional study design.
In particular, CIA samples were relatively rare compared with
adenomas or carcinomas. Further studies including a larger
number of samples are therefore required. In conclusion, the
results of the present study suggest that EZH2 upregulation
serves an important role in the progression of colorectal cancer
via p21 downregulation.
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