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Background: High-resolution computed tomography (HRCT) of lung adenocarcinoma at
early stage shows pure ground-glass opacity (GGO) and most cases of pure GGO remain
stable during follow-up. There is no. consensus on the strategy for follow-up. Identification of
the molecular mechanisms that are associated with the natural history of lung adenocarci-
noma should provide useful information.

Methods: Twenty-three lung adenocarcinomas that were followed-up for more than 6 months
pre-operatively by HRCT were included in this study. Patterns of radiological changes during
the follow-up period were classified into three groups; type 1, pure GGO without consolida-
tion; type 2, appearance or increase in consolidation within pure GGO; type 3; consolidation
without pure GGO. Mutational analysis of the epidermal growth factor receptor (EGFR) and
K-ras genes and immunohistochemical staining of p53 protein were performed.

Results: EGFR mutations were found in 17 cases (74%), and there was no K-ras mutation;
Positive staining of p53 was found in 8 cases (35%). As for radiological findings during the
follow-up period, the frequencies of EGFR mutations and positive p53 staining were 67 and
0% intype 1 (n=9), 89 and 44% in type 2 (n=9) and 60 and 80% in type 3 (n=15).
Conclusions: EGFR mutations were frequently found in lung adenocarcinoma with GGO on
HRCT in this study. Inactivation of p53 may be associated with the appearance of central
consolidation within pure GGO on HRCT which reflects invasive features and may be useful
as a molecular marker during the follow-up of pure GGO.
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INTRODUCTION

Due to recent: advances in computed tomography (CT)
imaging and the prevalence of lung cancer screening with
the use of helical CT; the frequency of small and early lung
cancers which are invisible on chest X-ray is increasing in
Japan (1). Most pure ground-glass opacity (GGO) lesions
detected by helical CTF are stable in size during the follow-up
period and are pathologically: atypical adenomatous hyper-
plasia (AAH) or bronchioloalveolar carcinoma (BAC), which
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shows [epidic growth without invasion (2). ‘Although the
prognosis ‘after surgical resection is excellent (2), some
lesions with pure: GGO progress rapidly: (3). Although inten-
sive and careful follow-up is required tor pure GGO; it
remains unknown how long and how often these should be
followed.

A hypothesis: of multistage  carcinogenesis: of lung
adenocarcinoma was proposed, but it is still:unclear how
the lesion progresses over time: in terms of radiological,
pathological ‘and molecular characteristics. Since it is
technically. and: ethically difficult: to: obtain tissue samples
from these lesions; most studies that have sought to reveal
the natural history of lung adenocarcinoma were based on
radiological findings during the pre-operative follow-up
period (3=0): None of:them examined: the molecular
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markers that arc associated with: the natural history of lung
adenocarcinoma,

Recently, somatic mutations of the epidermal growth
factor receptor (EGFR) gene were reported in lung adenocar-
cinoma (7,8). " They have also been found in AAH and BAC
(9,10): Our previous'study revealed that EGFR mutations
occur in the early stage of lung adenocarcinoma, such as
AAH and BAC; suggesting that they play an important role
in disecase progression, whereas: AAH with Keras mutations
stays indolent (10). Consequently,; we hypothesized that
these two mutually exclusive mutations might determine the
natural history of pure GGO lesions:

Identification of the molecular mechanisms that affect the
biological behavior of GGO lesions may offer usetul infor-
mation for determining the appropriate follow-up strategy for
pure GGO lesions. We examined the radiological changes
and genetic aberrations for: lesions that were followed-up pre-
operatively to clarify the molecular markers that are dssoci=
ated with the natural history of pure GGO.

PATIENTS AND METHODS

This is a retrospective cohort study. This study was approved
by the: institutional review board (date of IRB approval: 30
September 2005). First, we selected patients with. more than
6 months interval between their first visit to the hospital and
the date of the operation by using the National Cancer
Center Hospital Thoracic Surgery: Division Database; which
isan clectronic prospective database for surgical records. All
charts of listed patients were reviewed to obtain further clini-
cal.and pathological information and to select appropriate
cases that fulfilled all the following criteria; surgical cases
from January - 2000:to December 2004; pathological diagno-
sis of primary lung adenocarcinoma and cases that were
followed-up for > 6 months before the operation using high-
resolution CT (HRCT). The aim of this study is to clarify
the natural history: of lung adenocarcinoma in view of radio-
logical, pathological and molecular findings, so we excluded
other potential etiologies for GGO such as"AAH; inféction,
respiratory bronchiolitis which had been followed up for >6
months using HRET and then surgically resected. We also
excluded mucinous BAC and mucin-producing adenocarci=
noma ot the lung. Twenty-three cases were included in
the study. Ten patients were followed up because of
pure GGO lesion with its size of 15 mm orless, to which
surgical resection would not be indicated until radiological
changes such as increase in'size or attenuation; appearance
of “consolidation were observed.  Other reasons were
diagnosis of inflammation on HRCT at the initial presen=
tation (n'=4), the previous: history of lung surgery in
the contralateral side (n = 4). other malignancy under
treatiment (n.=2) and patient’s request for further follow-up
(n=3): The median follow-up interval between the initial
and last HRCT scan before the operation was 18 (6-62)
months.

RADIOLOGICAL DIAGNOSIS

CT was performed on helical or 'multidetector scanners
(X-Vigor, TCT-900S units or Aquilion V-detector; Toshiba
Medical Systems; Tokyo, Japan) as described previously
(1.1,12). The helical technique in 14 examinations consisted
of 10.0-mm collimation for individual scans of the entire
lung [120.kV (peak).. 150 mA] and reconstruction using a
standard algorithm. Additional thin-section CT images at the
level of the lesion were obtained using 2.0-mm collimation,
a 20-cm-field of view, 120 kVp and 200 mA per rotation,
1.0-s gantry rotation and a high spatial frequency reconstruc-
tion-algorithm. The remaining 32 examinations were evalu-
ated on a multidetector CT scanner using axial 2.0-mm x 4
modes (four images per gantry rotation}, 120 kVp; 200 mA,
and 0.5-s scanning time. Thin section CT images were
obtained using 2.0-mm sections reconstructed at 2.0-mm
intervals using a high spatial frequency algorithm and were
retrospectively retargeted to each lung with a 20-cm field of
view. In 17 examinations, nonionic iodinated  contrast
material was administered intravenously. The scans were
viewed on standard mediastinal window setting (window
Tevel, 70 H; window width, 400 H) and lung window sefting
(window level, =600 H; window width, 1500--2000 H):

GGO and consolidation were defined based on our pre-
vious study (13). A GGO appearance on HRCT corresponds
to lepidic growth of cancer cells along alveolar walls (BAC
features), whereas the proportion of consolidation:is a predic-
tor of pathological invasiveness (13). Patterns of radiological
changes during the follow-up period were classified into
three types (Fig: 1): type I, pure GGO without consolidation
during the follow-up period; type 2, appearance or increase
in consolidation within pure GGO during the follow-up
period; type 3, consolidation without pure GGO: during the
follow-up period. A board-certified general thoracic surgeon
who was:unaware of clinical and experimental information
(K.S:) diagnosed the findings:

A board-certified clinician who was unaware of clinical
and experimental information (H.K:) encircled: the lesion
using the segmented line selection tool in Image J software
and measured the largest diameter and perpendicular size of

Type 1

Type 2

Type 3

o0

Figure 1, Schema of patterns of radiological changes during the follow-up
periad in this study.




the lesion (14). Corresponding slices in the initial and last
HRCT examination were used. Tumor doubling time (TDT)
was calculated using the formula proposed by Schwarts (15).

MUTATIONAL ANALYSIS

Seven methanol-fixed and 16 formalin-fixed archives were
used for mutational analysis of exons 18, 19 and 21 of the
EGER gene and exon 2 of the K-ras genc. Tumor DNA was
purified: by laser-captured: microdissection (16). Information
on primer sequences is available on request. Polymerase
chain reactions and dircct sequencing were performed as
described previously (10): Peripheral: lung tissue without
cancer cells was used as a'reference.

PATHOLOGICAL. DIAGNOSIS: AND. IMMUNOHISTOCHEMICAL: STUDY

The pathological diagnosis of lung adenocarcinoma was
categorized into four types according to the proposal by
Ebright et al. (17): adenocarcinoma without BAC features,
adenocarcinoma. with BAC features (AwBF), BAC with
focal invasion (BwEl) and pure BAC (PBAC).

Immunohistochemical staining of p53 was performed
using a mouse primary antibody (1:100 dilution; clone DO7,
Dako A’S. Glostrup, Denmark) and the avidin biotin
complex method as described previously (18). A board-
certified pathologist (K. T.) who was unaware of clinical and
experimental ‘information evaluated: staining according to our
previous criteria; +, when the proportion of tumor cells with
definitely brownish nuclear staining was >20%; 4+, when
stained tumor cells were scattered,; representing <20% of the
tumor cells; —. when p53-positive cells were completely
absent or seen only occasionally (19).

CLINICAL INFORMATION

Patient charts were reviewed to obtain clinical information.
Patients who bad quit smoking at least | year before the
operation were defined as former smokers (20). Multiple
lung cancers were discriminated from pulmonary metastases
by applying the criteria proposed by Martini and Melamed
(21). The TNM staging system revised in 1997 was adopted
(22). All cases were cTINOMO and pTINOMO. Surgical pro-
cedures were lobectomy in 11 cases, segmentectomy in 4
cases and wide wedge resection in § cases.. The median
follow-up period after the operation was 2 (9-65) months:
Recurrence in the niediastinum was observed 12 months
after the operation in one case with metachronous multiple
lung cancers. The other 22 cases were alive without
recurrence.

RESULTS

The 23 lesions are summarized in Table 1, and representative
cases are shown in Figs: 2=5. Increase in'size of 2'mm or
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more during follow-up period was observed in 10 cases
(1 case was type 1,5 were type 2 and 4 were type 3) and
decrease in size of 2 mm or more was observed in one case
of type 2 radiological classifications. The 8 men and 15
women had a median age of 66 years (37-77). Three were
current smokers, 6 were former smokers and 14 were never
smokers. There were seven cases of multiple lung cancers
(metachronous in two cases and synchronous in five cases)
and two cases were type 1, four were type 2 and lone was
type 3. Patients with type 3 radiological classification tended
to have shorter interval between the initial and: last HRCT
examination and TDT of less than-24 months (Table 1).
EGFR mutations were found in' 17 cases (74%}), and all
were  somatic: mutations. (Table 2). There was no K-ras
miitation in any of the 23 cascs. Immunohistochemical stain-
ing of p53 was positive in eight cases (35%). Staining pat-
terns: were diffuse in all ‘cases. Positive staining was

Table 1. Summary of elinical. pathological and radiological results

Radiological findings

Type | Type 2 Type 3

Age, years

Median 59 69 0§

Range 40-:73 53-77 37-74
Sex

Female 7 [ 2

Male 2 3 3
Snioking history,

Never () 4 4

Former/ourrent 3 5 1
Histological disgnosis

PBAC 3 2

BWFI 6 7 3

AwBE 0 0 2
Size*; em

Median 1.4 1.6 LG

Range 0.6=1.8 0.8=-2.8 1:53=2.3
Interval**; nionths

Median 20 16 12

Range 6-32 862 6-28
DT

0<TDT <24 3 3 4

24 < TDT 2 4 I

TDT < OF¥x 4 2 [¢

PBAC. pure bronchiolo-alveolar carcinoma; BwEL BAC with focal
mvasion: AwBF, adenocarcinoma with BAC features: TDT, tumor doubling
time: HRCT, high-reselution computed tomography,

*Size at the fast HRCT exantination.

F*Intérval hetween the initial and last HRCT examination:

#+%Reduction’ in volune during the follow-up period:
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Figure 2. (Left: initial high-resolution computed tomography (HRCT):

right: last HRCT: type: U radiological indingy 66-year-old female; never:

smoker; 28-nronth interval: pure: bronchioloalveolar carcinoma. with del
L747-T751.

W

Figure 3. (Left: initial HRCT. right::last HRCT; type: 2 radiological
ar-old female, never smoker. 1 -month interval; BEWEwith

observed both in the periphery of the lesion where cancer
cells are lining along the alveolar walls and:central areas
where cancer cells are invading into the stroma.

The relationships between radiological findings; EGFR
mutations and p53: staining are shown in Table 3. EGER
mutations were found in 67% of Type 1, 89% of Type 2 and
60% of Type 3. There was no trend. between EGFR
mutations and patterns of radiological changes during the
follow-up period. The frequency of EGFR mutations was
above 60% in all groups. The frequency of p53-positive wag
44% in'type 2 and 80%: in type 3, in contrast to 0% in type
. There was a trend: between positive p53 immunohisto-
chiemistry and patterns of radiological changes during the
follow-up period.

DISCUSSION

Several studies have been conducted to reveal the natural
history of lung adenocarcinoma based on radiological find-
ings during the pre-operative follow-up period (3-6). Most
of them were: based on the screening with low-dose CT,
conventional CT: with a 10 mm interval, whichiwas not
appropriate for a detailed and precise analysis of radiological
findings. No study has ever examined molecular markers: To
clarify the natural history of lung adenocarcinoma in view of

B

Figure 4. (A) (left: initial HRCT; right: fast HRCT: type 2 radiological
finding) 59-year-old male, former smoker. 62-month: interval; BAC with
focal invasion with:del E746-A 750, (B) Immunohistochemical:staining of’
p33in the same case as i (A). p33 immunohistochemical staining showed
reactivity in'most tumor niuclei, but not i normal alveolar cells (hematoxy-
Tim'and ¢osin staining: origingl magnification” % 100).

Figure 5: (Left: initial HRCT: right; last HRCT: type 3 radiological
finding) 37-year-old male, never simoker: 6-month interval: adenocarcinoma
with BAC: features with wild type.

radiological, pathological and molecular findings, we exam-
ined selected cases of patients who were followed-up for at
least 6 months using HRCT pre-operatively and investigated
the: molecular. markers that. may be associated: with the
pattern of radiological changes during the follow-up period.
Biological behaviors of pure GGO may be determined by
cither- initial aberrations of multistage carcinogenesis or
additional aberrations during its progression. Since: we




Table 2. EGFR mutations detected in'the present study

Exons Aming acids Niicleotides No:of patients
Exon 19 del E746=A750 del2235-2249 i

del E746:A750 del 2236-2250 6

del E746-T751insS . del2236-2251 = 'insT 1 1 h

del L747-T751 del 2239-2253 3

Substitution of G for 6
T at nucleotide 2573

Exon21 [.858R

EGFR; epiderimal growth factor récéptor.

Table 3. EGFR mutations! intmunohistochemical staining ot p53-and
patterns of radiological changes during the follow-up period

Naimber - EGFR Deletions in - "LSS8R . Positive

niutation Exoni19 p53 IHC
Type 1 9 67% 4 2 0%
Type 2 9 §9% 5 3 4495
Type 3 5 60% 2 i 80%

IHC. innmmunohistochenmistry.

previously demonstrated ithat both EGER and  K:ras
mutations were early events in lung adenocarcinoma (10),
we examined whether these mutations were associated with
the natural history of pure GGO.

We detected EGFR mutations in 17 cases (74%), Such a
high incidence of EGER mutations was probably due to the
fact that all of the lesions in our study were AwBF, which
frequently harbor EGFR mutations (20). We consistently
observed EGFR mutations in most of the lesions with a
GGO appearance (78% in types | and 2);

We classified lung adenocarcinoma in terms of the pattern
of radiological changes during the follow-up period into
three types and investigated differences between them from
a molecular perspective. In our study, we should consider
that the patterns of radiological changes during the follow-up
period may not be distinct from each other; but rather they
might be a transient finding in multistage carcinogenesis of'
Iung adenocarcinoma.. Lesions with a type 1 radiological
classification might progress to type 2 and eventually type 3
during a long follow-up. The frequent EGFR mutations in
type 1 (67%) suggested that they play a role in initiation
(Table 3). However; EGER mutations failed to distinguish
the radiological classifications from cach other. in contrast to
our hypothesis, and this suggested that such mutations have
little association with the progressive behavior of pure GGO.

There was no case of positive p53 staining in type l'in
our study, in contrast to type 2 (44%) and type 3 .(80%).
Our result suggests that the inactivation of p53 might be
associated: with the appcarance of consolidation within a
pure:GGO lesion on HRCT which reflects invasive features
of the Iesion: Therefore, pS3 should be a usetul biomarker
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for determining the follow-up strategy for pure GGO lesions.
The detection of serum p53 auto-antibodies, e g. might
complement a radiological follow-up, prevent the unnecess-
ary exposure to X-rays and even precede HRCT findings to
determine the appropriate timing for surgical intervention
without delay (23,24). Previous study by others also demon-
strated that among lung AwBF, the frequency of positive p53
staining was low in' PBAC, whereas it increased in accord-
ance with invasive features and they concluded that p353
played an important role in the progression of lung adendcar-
cinoma, although their study did not take into account peri-
odic:changes (19).

Since lung nodules that are stable for 2 years-are con-
sidered to be benign, we defined a TDT cut-off value of 2
years in:Table 1'(25); However, we have to be careful when
applying TDT to lesions with GGO, in which cancer cells
grow in a lepidic fashion without filling alveolar spaces. In
addition, some lung adenocarcinomas: retract the surrounding
structures and shrink in size during their progression, which
makes: it difficult to interpret TDT (3).

Qur study has several limitations, such. as: the small
number of patients, the short follow-up between the initial
and last HRCT examination and possible inter-observer
variability of HRCT findings. Furthermore, the results may
have: been biased since we only considered surgically
resected cases and we have no data on genetic aberrations
for pure GGO that is stable and followed-up without surgical
resection. Although K-ras mutations are frequently found in
mucinous BAC or mucin-producing adenocarcinoma of the
tung (26). we found no K-ras mutation in this study. The
progression of multistage carcinogenesis in lung adenocarci=
noma with K ras mutations remains unclear.

It is important that we understand multistage carcinogen-
esis of lung adenocarcinoma to identify molecular bio-
markers which can discriminate pure GGO lesions which
progress from: those which stay indolent. We found that the
inactivation of p53 might be associated with the appearance
of central consolidation within pure GGO on HRCT in this
study. These markers should offer useful information for
determining the appropriate strategy regarding the interval
and duration of follow-up for pure GGO lesions detected by
helical CT.
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Abstract

Several genes that encode PR (PRDI-BF1 and RIZ) domain
proteins (PRDM) have been linked to human cancers. To
explore the role of the PR domain family genes in breast
carcinogenesis, we examined the expression profiles of 16
members of the PRDM gene family in a panel of breast cancer
cell lines and primary breast cancer specimens using semi-
quantitative real-time PCR. We found that PRDMI14 mRNA is
overexpressed in about two thirds of breast cancers; moreover,
immunohistochemical analysis showed that expression of
PRDM14 protein is also up-regulated. Analysis of the gene
copy number revealed that PRDMI4 is a target of gene
amplification on chromosome 8q13, which is a region where
gene amplification has frequently been detected in various
human tumors. Introduction of PRDMI4 into cancer cells
enhanced cell growth and reduced their sensitivity to
chemotherapeutic drugs. Conversely, knockdown of PRDMI14
by siRNA induced apoptosis in breast cancer cells and
increased their sensitivity to chemotherapeutic drugs, sug-
gesting that up-regulated expression of PRDMI4 may play an
important role in the proliferation of breast cancer cells. That
little or no expression of PRDMI4 is seen in noncancerous
tissues suggests that PRDMI4 could be an ideal therapeutic
target for the treatment of breast cancer. [Cancer Res 2007;
67(20):9649-57]

Introduction

In the past few years, much progress has been made toward a
better understanding of the molecular mechanisms involved in
breast cancer. Among these are mechanisms by which gene
expression is regulated, including the reversible modification of
core histones through acetylation, phosphorylation, or methylation
(1). The methylation of lysine residues on histone tails is catalyzed
by enzymes containing a conserved Su(var)3-9, Enhancer-of-zeste
and Trithorax (SET) domain. Such histone methyltransferases
control epigenetic inheritance through transfer of methyl groups
from the methyl donor S-adenosylmethionine to basic residues on

Note: Supplementary data for this article are available at Cancer Research Online
(http://cancerres.aacrjournals.org/).
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histones (2). Methylation events driven by these enzymes have, in
some cases, been implicated in gene silencing and carcinogenesis.
For instance, up-regulated expression of one of the polycomb group
genes, EZH2, which encodes a protein with H3-K27 histone
methyltransferase activity, is associated with a high cell prolifer-
ation rate and aggressive breast cancers (3). The expression of
SMYD3, which also contains a SET domain, also is up-regulated in
human breast cancer (4), and the variable number of tandem
repeats polymorphism in the SMYD3 gene promoter region is
associated with an increased risk of breast cancer (5, 6).

The PRDI-BF1 and RIZ homologous (PR) domain proteins
(PRDM) are a subclass of the SET domain proteins that was first
noted in the homologous region shared by RIZ1/PRDM2 and
BLIMP1/PRDM1 (7) and also show homology with SET domain
proteins related to known histone methyltransferases (8, 9).
Although the role of PRDMs in modulating transcription remains
unclear, recent studies indicate that they do play a role in
tumorigenesis. For instance, both RIZ1/PRDM2, which encodes a
Rb-binding protein, and BLIMP1/PRDMI, which encodes a c-Myc
transcription repressor and promotes B-lymphocyte maturation
(7, 10-13), induce growth arrest and exhibit proapoptotic activities
(12, 14). In addition, the MDSI-EVI1/PRDM3 gene is commonly
mutated in myeloid leukemia (15), whereas the PMF1/PRDM4 gene
is located at a tumor suppressor locus on 12q23-q24 (16), and its
overexpression inhibits DNA synthesis (17). Finally, expression of
both PRDM5 and RIZ1/PRDM2 is commonly silenced through CpG
island promoter DNA methylation in several cancer types including
breast, ovarian, and liver cancers (18, 19).

In the present study, we examined the expression profile of PR
domain family genes in breast cancers. We found that among the
16 members, PRDM14 is frequently overexpressed and is amplified
in breast cancer. Our data suggest that PRDM14 could harbor an
oncogenic property and function as a novel molecular target in the
treatment of these tumors.

Materials and Methods

Cell lines and specimens. Seven breast cancer cell lines (MCF7, MB231,
MB435, MB436, MB468, SKBr-3, and T47D), 7 gastric cancer cell lines
(MKN7, MKN28, MKN74, AZ521, Katolll, JRST, and SNU638), and 15 ovarian
cancer cell lines (SKOV-3, OVCA-3, PA-1, Caov-3, MH, KURA, AMOC-2,
MCAS, KF, KFr, HTBOA, TOV-21G, SW626, TOV-112D, and OV-90) were
obtained from the American Type Culture Collection or the Japanese
Collection of Research Bioresources. All cell lines were cultured in appro-
priate medium supplemented with 10% fetal bovine serum and incubated
under a 5% CO, atmosphere at 37°C. In addition, 55 breast cancer
specimens and 8 breast tissue samples from areas adjacent to tumors were
obtained from Sapporo Medical University Hospital at surgery and stored
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at —80°C. In accordance with institutional guidelines, all patients gave
informed consent before collection of the specimens. Genomic DNA was
extracted using the phenol/chloroform method. Total RNA was extracted
from cell lines using Trizol (Life Technologies, Inc.) according to the
manufacturer’s instructions.

Real-time PCR. The reverse transcriptase reaction was carried out with
5 pg of total RNA using a SuperScript II First-Strand Synthesis System
(Invitrogen, Inc.) with random primers. Relative real-time PCR for detection
of gene expression levels was carried out using an ABI PRISM 7900HT
Sequence Detection System (Applied Biosystems). Primers and probes were
purchased from Applied Biosystems. The reaction mixture (total volume
20 pL) contained ~ 10 ng of cDNA, primers, and probes at final concen-
trations of 300 and 200 nmol/L, respectively, as well as commercial reagents
(Universal Master Mix, Applied Biosystems). Relative levels of gene expres-
sion were quantified using the AACt method, which results in a ratio of
target gene expression to equally expressed housekeeping genes. For cali-
bration, the ratio in a sample of normal breast tissue from an area adjacent
to the tumor was determined. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was chosen as the housekeeping gene. The primer/probe sets
used were as follows: PRDM1, Hs00153357; PRDM2, Hs00210612; PRDM3,
Hs00602795; PRDM4, Hs00183764; PRDM5, Hs00218855; PRDM6,
Hs01373000; PRDM?7, Hs00364862; PRDMS, Hs00220274; PRDM9,
Hs00360639; PRDMI0, Hs00360651; PRDMI11, Hs00220293; PRDM12,
Hs00222080; PRDM13, Hs00222082; PRDMI14, Hs00225842; PRDMI5,
Hs00411330; PRDM16, Hs00223161_Al; CEACAM6, Hs00366002_m1; CEA-

CAM?7, Hs00185152_m1; CCDC3, Hs00230222_ml; PEGI0, Hs00248288_s1;
POT1, Hs00209984_m1; GATA3, Hs00231122_m1; IGFBP7, Hs00266026_m1;
1D4, SEMA3B, Hs00190328_m1.

Analysis of DNA copy numbers in breast cancers. Real-time PCR to
determine genomic DNA copy numbers was carried out using an ABI
PRISM 7900HT Sequence Detection System (Applied Biosystems); informa-
tion on the PCR primers is available on request. The AACt method of
relative quantification using real-time quantitative PCR with SYBR Green I
detection was adapted and optimized to estimate the copy numbers of five
genes. In addition, the 2744 method of relative quantification (described
in detail in ref. 20) was adapted to estimate the copy numbers of five genes.
This method, which enabled us to estimate gene copy numbers in unknown
samples, had two main prerequisites. The first was the existence of at least
one calibrator consisting of template DNA with a known copy number of
each of the studied genes. The second was the need to have a housekeeping
gene whose copy number was the same in all samples. This enables
normalization of the quantitative data. In this work, albumin was used as
the calibrator, whereas GAPDH served as the housekeeping gene in all
experiments. For quantitative PCR carried out with genomic DNA, we used
a cutoff ratio of 2.2 to define genomic amplification.

Immunohistochemical and immunocytochemical analyses of
PRDM14. Formalin-fixed, paraffin-embedded sections of human breast
carcinomas in 10 mmol/L sodium citrate were heated in a microwave oven
at maximum power for 15 min and then at a reduced power for 15 min to
achieve antigen recovery. After they were blocked in a 5% solution of bovine
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Figure 2. Quantitative analysis of PRDM14 expression in various tumors and normal tissues. Y-axis, levels of PRDM14 expression normalized to GAPDH. Tissue
types are shown below the columns. Columns, mean of triplicates; bars, SE. DCIS, ductal carcinoma in situ.

serum albumin in PBS also containing 0.5% Tween 20, the sections were
incubated with rabbit anti-human PRDMI4 antibody (1:100 dilution;
Abcam) overnight at 4°C. The sections were then developed using
EnVision-Plus reagents (DAKO Corp.), with 3,3-diaminobenzidine serving
as the chromogen, and counterstained with hematoxylin, after which
microscopic images were captured digitally. The results of PRDM14
immunostaining in breast cancers were scored independently by two
pathologists (H.H. and M.S.) blinded to the protocol who concurred in the
scoring.

For immunofluorescent staining of PRDM14, cells were fixed in 3.7%
formalin solution for 10 min at 25°C, washed with PBS, and then incubated
overnight with rabbit anti-human PRDM14 (ABGENT). The nuclei were
stained with Vectashield mounting medium with 4',6-diamidino-2-phenyl-
indole (DAPI; Vector Laboratories, Inc.).

Fluorescence in situ hybridization. Formalin-fixed paraffin-embedded
tissues were used for fluorescence in situ hybridization (FISH) analysis.
BAC clones (RP11-152C15) containing the genomic sequences of the
8q.13.3 amplicon were purchased from Invitrogen. BAC probe was
labeled using the Nick Translation method, hybridized at 37°C for 16 h,
and then incubated with anti-digoxigenin-Cy3. Nuclei were stained with
DAPI. Signals were detected using a fluorescence microscope (Leica
CW-4000).

Colony formation and cell growth assay. Cells (1 X 10°) were
transfected with 5 pg of pCMV-PRDM14 or pCMV-Tag2A expression vector
using a Nucleofector Electroporation System (Amaxa). They were then
plated in 60-mm culture dishes, selected for 14 days in medium containing
G418, and stained with Giemsa. Experiments were carried out in triplicate
and colonies were counted using NIH IMAGE software.

Anchorage-independent growth assays were done as previously described
(21). MCF10A breast epithelial cells were transfected with mutant H-ras,
PRDM14, or mutant Ha-ras + PRDMI14. A layer of 1% agar in McCoy's
medium was poured and allowed to solidify. Transfected cells (1 x 10%)
were suspended in a 0.36% bactoagar supplemented with McCoy’s 5A
medium and overlaid on the agar in triplicate wells. After 3 weeks, images of
the colonies were captured with an Olympus IX71 microscope using the
Metaview software (Universal Imaging Corp., Molecular Devices).

To assess cell growth, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) assays were carried out using SKBr-3 cells stably
expressing PRDM14; cells transfected with pCMV-Tag2 and thus stably
expressing Flag-tag served as a control. The cells (1 X 10") were plated
in 96-well plates and incubated with 50 pmol/L cis-diammine-dichlor-
oplatinum (CDDP), 50 pmol/L etoposide (VP-16), 1 mmol/L docetaxel, or
200 ng/mL Adriamycin. After 48 h, cell viability was assessed in MTT
assays.

Gene expression profile in SKBr-3 cells stably expressing PRDMI14.
Microarray experiments were carried out using the Agilent Whole Human
Oligo Microarray 41K platform (Agilent Technologies). Total RNA was
extracted with RNAeasy (Qiagen) from two clones stably expressing
PRDM14 and used as a template for synthesis of Cy5-labeled cDNA probes.
Total RNA from SKBr-3 cells stably expressing pCMV-Tag2 vector also was
labeled with Cy-3 and served as a control. The hybridized slides were
scanned with a Microarray Scanner (Agilent Technologies).

Knockdown of PRDM14. For PRDM14 knockdown studies, 1 X 10° PA-1
cells plated in 60-mm plates were transfected using an Amaxa electro-
poration system (Amaxa). siRNA was designed by B-Bridge International,
Inc. Three siRNA sequences that target PRDMI14 were 5-CCAGUGAAGU-
GAAGACCUATT-3 (siPRDM14-1F) and 5-UAGGUCUUCACUUCACUGGTT-
3’ (siPRDM14-1R), 5-GGACAAGGGCGAUAGGAAATT-3' (siPRDM14-2F) and
5-UUUCCUAUCGCCCUUGUCCTT-3' (siPRDM14-2R), and 5-GGGAAAAU-
CUUCUCAGAUCTT-3’ (siPRDM14-3F) and 5-GAUCUGAGAAGAUUUUCC-
CTT-3' (siPRDM14-3R). The sequences of the three control siRNA oligos
used were 5-ATCCGCGCGATAGTACGTA-3’ (siRNA-control-1), 5“TTACGC-
GTAGCGTAATACG-3' (siRNA-control-2), and 5-TATTCGCGCGTA-
TAGCGGT-3' (siRNA-control-3). Cells were harvested after 48 h and the
RNA was isolated using an RNAEasy extraction kit (Qiagen). Cell growth
was assessed by counting the numbers of cells. In some instances, the cells
were treated with 50 pmol/L CDDP or 1 mmol/L docetaxel 48 h after
transfection. After treatment with siRNA and/or drugs, the cells were
harvested, fixed in 70% ethanol, incubated with 2 mg/mL RNase, and
stained in 50 pg/mL propidium iodide solution. Approximately 5 x 10°
stained cells were then analyzed with a Becton Dickinson FACScan flow
cytometer.
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Statistics. The 'statistical analysis was carried out using StatView
software (SAS Institute, Inc.). Fisher’s exact test (two-sided) was used to
determine the association between PRDMI4 methylation and clinicopath-
ologic features. P < 0.05 was considered significant.

Results

Expression profile of PR domain family genes in breast
cancers.  We- initially - carried ‘out. quantitative real-time PCR
analysis of PRDMI: to. PRDMI6- in a panel of primary breast
cancers to characterize the expression profile of PR domain family
genes (Fig: 14 and B). We found that expression of PRDM5 was
down-regulated in breast cancer; which is consistent with results
previously reported (18), whereas we frequently noted over-
expression: of PRDM14. To examine the expression of PRDMI4 in
more detail, we determined the relative levels of PRDM expression
in a panel of 55 primary breast cancer specimens and 7 cell lines
(Fig. 2). We found that 3 of 4 (75.0%) ductal carcinoma in situ, 33
of 51.(64.7%) invasive tumors, and 4 of 7 (57.1%) breast cancer cell
lines showed levels of PRDMI4 that were >5-fold higher than in
noncancerous. breast tissues.. Moreover, immunohistochemical
analysis of PRDMI4 protein ‘expression with an anti-PRDM14
antibody (Supplementary Fig. S1) revealed strong staining within
the cancers but not in noncancerous stromal and ductal cells
(Fig. 3). We also found that expression of PRDMI4 was. often up-
regulated in gastric and ovarian cancers (Fig, 2).

Correlation between overexpression and amplification of

PRDM14. PRDM]14 is located on chromosome 8q in region 8q13.3, -

where gene amplification has frequently been observed in human
tumors including those of the breast (22, 23). Therefore, to learn
whether overexpression of PRDMI4 is associated with gene
amplification, we used quantitative real-time PCR to determine
the gene copy numbers in the region spanning 8q13-8q24 in 23

tumiors expressing various levels of PRDMI14 mRNA. We found that,
indeed, the copy numbers of PRDMI4 gene were relatively high in
tumors that overexpressed PRDMI4 mRNA (Fig 44 and B).

To determine whether other genes in the 8q,13.3 amplicon are
also up-regulated in tumors, we examined expression of eight genes
in a panel of breast cancer specimens; some of which showed gene
amplification whereas others did not (Fig. 4C). Only low levels of
expression. were detected for SLCO5AI, SULFI, TRAMI, LACTB2,
XKRY, and EYAI in breast cancers despite amplification. By con-
trast; expression of NCOA2 was high regardless of gene amplifica-
tion, indicating that NCOA2 expression is regulated by molecular
mechanisms other than amplification.

When we correlated expression of PRDMI4 within the tumors
with the clinical data obtained from these patients, we found no
correlation between the levels of PRDMI4 expression and any of
the clinicopathologic characteristics of the: patients, which likely
reflects the small number of samples analyzed (data not shown).

Role of PRDM14 in cell growth and resistance to: chemo-
therapeutic drugs. To obtain information about the function of
PRDM14, we examined the effects of its overexpression in breast
cancer cells. As shown in Fig. 54, PRDM14 was localized in the
nucleus, which is consistent with the fact that it has'a PR domain
and that it plays a role in gene regulation, To assess the effect of
PRDM14 on cell growth, we carried out colony formation: assays
after transfecting MCF7 and SKBr-3 cells, which express only low
levels of endogenous PRDM14, with pCMV-PRDM14 or pCMV-
Tag2A. Following transfection, cells expressing PRDM14: showed
markedly higher numbers of colonies than cells expressing Flag-tag
(a result that was confirmed in three independent experiments;
Fig. 5B). In addition, anchorage-independent growth assays using
two independent clones stably expressing PRDM14 revealed that
overexpression of PRDM14 enhances the ability of cells to grow
without first attaching to a substrate (Supplementary Fig. S2).

PRDM14 mRNA high

Case 96 Case 106

PRDM14 mRNA low

Figure 3. Representative results of immunohistochemical
staining of PRDM14 in breast cancer tissues. Left, breast
cancer specimens. expressing high levels of PRDM14

mRANA (cdses 97 and 96); right, specimens expressing low
or negligible levels of PRDM14 mRNA (cases 15 and 106).
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Figure 4. Amplification of PRDM14 in breast cancers. A, relative copy numbers of five genes located around the PRDM14 locus and the relative expression levels
of PRDM14. The loci examined are shown on the top. Expression of PRDM14 was significantly higher in tumors with gene amplification than in those without
amplification (P = 0.014). B, FISH analysis. Validation of 8q13.3 amplification was carried out using FISH analysis in three representative specimens using a probe
located at 8q13.3. C, expression profile of the 8q13.3 amplicon in breast cancers. Real-time PCR was carried out for eight genes located in the 8q13.3 region.
The expression level of each gene in the indicated samples is shown according to a pseudocolor gradient relative to the expression in normal breast epithelium.

@, amplification; O, no amplification. Sample numbers are shown on the left.

Apparently, overexpression of PRDM14 leads to increased breast
cancer cell growth.

We then assessed the capacity of PRDM14 to mediate resistance
to chemotherapeutic drugs by treating stable PRDM14 trans-
fectants with CDDP, VP-16, Adriamycin, or docetaxel. As shown in
Fig. 5C, cells stably expressing PRDM14 were significantly more
resistant to the drugs than cells expressing Flag-tag.

Identification of genes regulated by PRDM14. Because
PRDMs are involved in the regulation of gene transcription, we
next used a microarray to examine the effect of overexpressing
PRDM14 on gene expression and compiled a list of PRDM14-
responsive genes. These genes were defined as exhibiting a >3-fold
up-regulation or 2-fold down-regulation in the presence of PRDM14
(PRDM14-transfected SKBr-3/pCMV-Tag2-transfected SKBr-3 ra-
tio). We found that overexpression of PRDM14 led to up-regulation
of 116 genes and down-regulation of 107 genes in both the SK-P8
and SK-P9 clones (Supplementary Tables S1 and S2). These results

were confirmed by real-time PCR, which showed that the
expression levels of CEACAM6, CEACAM7, CCDC3, PEGI0, POTI,
and GATA3 were all significantly higher in cells stably expressing
PRDM14 than in cells expressing pCMV-Tag2. Conversely, expres-
sion of IGFBP7, ID4, and SEMA3B was significantly down-regulated
in SKBr-3 cells stably expressing PRDM14 (Fig. 5D).

Enhancement of Ha-ras-induced transformation of MCF10A
cells by PRDM14. To assess the effect of overexpression of
PRDM14 in untransformed cells, we evaluated the capacity of
PRDM14 to induce transformation of MCF10A breast epithelial
cells. As previously observed (21), transfection of MCF10A cells
with activated H-ras induced cell proliferation and colony
formation in soft agar. By contrast, introduction of PRDM14 into
MCF10A cells did not induce proliferation, but it did enhance the
growth induced by activated Ha-ras (Fig. 64 and B). Thus, PRDM14
seems to act in concert with a growth signal to facilitate cellular
transformation.
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PRDM]I4. For this experiment, we first determined the optimal
conditions for introduction of the siRNA using an Amaxa electro-
poration system with a vector encoding green fluorescent protein.
By adjusting the conditions, we were ultimately able to express

Down-regulation of PRDMI4 suppresses cell growth. To
further investigate the functional consequences of aberrant
expression of PRDMI4, we knocked down PRDMI4 expression
using siRNA in PA-1 cells, which constitutively express high levels of
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Figure 5. Oncogenic activity of PRDM14. A, immunofluorescence analysis of PRDM14 in breast cancer cells. SKBr-3 cells were transfected with pCMV-Tag2A

or pCMV-PRDM14 and then labeled with anti-PRDM14 antibody. The nucleus was stained with DAPI. B, overexpression of PRDM14 enhances colony growth of
breast cancer cells. MCF7 and SKBr-3 cells were transfected with either pCMV-Tag2A (control plasmid encoding Flag-tag) or pPCMV-PRDM14 and then selected by
incubation with 0.7 mg/mL G418. After 14 d, plates were stained with Giemsa solution and the colonies were counted. C, ectopic expression of PRDM14

reduces the sensitivity of SKBr-3 cells to chemotherapeutic drugs. Two clones [SKBr-3-PRDM14-8 (P-8) and SKBr-3-PRDM14-9 (P-9)] showing stable expression
of PRDM14 driven by the CMV promoter were established. The cells were then treated with 50 pmol/L. CDDP, 50 pmol/L VP-16, 0.2 mg Adriamycin, or 1 umol/L
docetaxel for 48 h, after which cell viability was assessed by MTT assays. Columns, mean from three independent experiments; bars, SE; *, P < 0.01, versus control
[SKBr-3-pCMV-Tag2A (V)]. D, real-time PCR analysis confirming the results of the microarray analysis. Expression of putative PRDM14 target genes was examined
using cDNA from two clones stably expressing PRDM14 (P-8 and P-9). One clone stably expressing Flag-tag served as a control (V).
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express high levels of PRDM14, were transfected with control or PRDM14-targeted siRNA (si-control and siPRDM14, respectively). After 48 h; the cells were
harvested and expression of PRDM14 was assessed by quantitative real-time PCR. D, knockdown of PRDM14 suppresses cell growth. PA-1 and SK-P8 cells treated
with either si-control or siPRDM14 were grown for 48 or 96 h, after which cell numbers were counted. Columns, mean from three independent experiments;
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green fluorescent protein in ~ 80% of cells (data not shown). Under CDDP and docetaxel. The apoptotic effects: of down-regulating
those - optimized conditions, introduction of a mixture of three PRDM14 and of the two chemotherapeutic drugs were additive,
siRNA ‘oligos. targeting PRDMI4 in PA-1 cells resulted in an 85% however, suggesting they act via independent pathways.
reduction in PRDMI4 mRNA levels, as compared with cells

transfected: with ‘control siRNA (Fig. 6C). When we then tested . :

whether knocking down PRDMI4 would affect cell growth, we Discussion

found that cell numbers were significantly diminished by transfec- In the present study, we analyzed the expression profiles of PR
tion with PRDMI4 siRNA, as compared with transfection with domain family genes in a panel of breast cancers. Our results
control siRNA (Fig. 6D). Down-regulation of PRDM14 in SKBr-3 cells indicate that expression of PRDMs in malignant breast tumors
overexpressing the gene also reduced cell growth (Fig. 6D) differs from that in normal breast tissues. For instance, we found
Expression of two PRDMI4 target genes, CEACAM6 and GATA3; that PRDM5 was down-regulated in breast tumors, which is
was also down-regulated in PA-1 cells transfected with PRDMI4 consistent with the earlier finding that PRDM5 is methylated in
siRNA (Supplementary Fig. S34). Conversely, expression of IGFBP7 - breast cancers (18) and confirms that our high-throughput
was up-regulated when PRDMI4 was knocked down. Finally, we approach  was reliable enough for valid characterization of the
examined the effect of knocking down PRDM14 on the sensitivity of = gene expression profile. In addition; we found that although there
cells to chemotherapeutic drugs. We found that PRDMI4 knock- - is little or no expression of PRDMI4 in noncancerous tissues, it was
down induced apoptosis in PA-1 cells (Supplementary Fig. S3B) and frequently overexpressed in human breast cancer tissues and that
also increased the susceptibility of cells to apoptosis induced by  this up-regulation is associated with gene ampilification, Our results
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are consistent with the report by Hu et al. (24) showing that
PRDM14 is expressed in breast cancer but not in normal breast
epithelium. That overexpression of PRDM14 was observed in 75.0%
of ductal carcinoma in situ and 64.7% of invasive breast tumors
suggests that its amplification may occur at a relatively early stage
of tumorigenesis. Moreover, our finding that overexpression of
PRDMI4 significantly increases the growth of breast cancer cells

- whereas knocking down PRDMI4 reduces their growth and induces
apoptosis: suggests: that PRDM14 could be a useful therapeutic
target for treating primary breast cancers.

This comprehensive study, which included  analyses of mole-
cular genetics, gene transcription, and functional characterization
of PRDM14, provides compelling evidence that amplification: of
PRDM14 is. involved 'in breast carcinogenesis. Amplification: of
regions of chromosome 8q is frequently detected in malignant
tumors,” including tumors - of the breast (25),. which are often
associated with amplification of the 8q24 region where c-myc is
situated (26). Studies have suggested that several other candidate
oncogenes are also located on chromosome 8q (27-29). The 8¢13
region, where PRDMI4 is located, is known to be amplified in
breast cancer (22, 23). Given  that there is often a correlation
between: copy number and expression level; it is not surprising
that breast cancer tissue in which we detected increased: copy
numbers. of PRDMI4 gene also showed significantly higher levels
of the transcript (P = 0.014). On the other hand, we noted several
cases in which the PRDMI4 copy number was increased, but the
level of its expression was not, implying the presence of other
oncogenes within the 8ql3 amplicon. Conversely, we detected
high levels' of PRDMI4 mRNA in several cases despite the fact
that: PRDMI4 copy number was not increased, implying gene
amplification is not the only cause of PRDMI4 overexpression and
that further study will be necessary.

We also found several genes situated near PRDMI4, including
SLCO5AI, SULFI, TRAMI, LACTB2; XKR9, and EYAI, which were not
up-regulated in a subset of tumors showing 8q13-8q24 amplifica-
tion. In addition, our finding that expression of NCOA2 was high
regardless of gene amplification indicates that NCOA2 expression is
regulated by molecular mechanisms other than gene amplification.
And given that NCOA2 is involved in estrogen receptor-mediated
gene transcription, it would be interesting to know whether up-
regulation of both PRDMI4 and NCOAZ2 is a significant factor in the
development and progression of breast cancer.

The molecular: mechanism by which PRDM14 enhances. cell
growth remains unknown. PRDM14 contains a PR domain that is

likely a derivative of SET domain, which is involved in methylation
of lysine. residues on the histone tail, and affects. chromatin
structure’ and gene expression (1). To date, two histone methyl-
transferases, EZH2 and SMYD3, have been shown to have
oncogenic properties (30, 31). It is noteworthy in that regard that
our microarray analysis revealed that in SKBr-3 cells stably
expressing PRDM14, there was up-regulated expression of a variety
of ‘genes known to be involved in breast cancer, including
carcinoembryonic antigen family genes such as CEACAM6 (32)
and CEACAM7 (33); POT1, a component of telomerase that binds
to: the single-stranded form of human telomeric. DNA ‘and
facilitates telomerase activity by disrupting the G-quadruplex
(34); GATAS3, a transcription activator highly expressed in breast
cancer (35); and PEGI0, an imprinted gene up-regulated by c-myc
and associated with cell proliferation (36). Moreover, a number
of genes associated with growth suppression and differentiation
(37-39) ‘were down-regulated by PRDMI4. Taken together, our
findings indicate that up-regulated levels of PRDM14 in malignant
breast tumors enhance tumior cell growth and provide them with
a survival advantage.- The mechanism' by which this is achieved
remains o be determined, however. Clarification of the role
played by PRDM14 in the regulation of gene expression should
shed . light on whether or not the genes up-regulated or down-
regulated in SKBr-3 cells overexpressing PRDM14 are direct targets
of PRDM14.

In summary, we have shown that PRDMI4 is: frequently
overexpressed in breast cancers:and that its overexpression is
often associated with gene amplification.’ Ectopic expression. of
PRDM14 enhances cell growth and. reduces. the susceptibility of
tumor cells to chemotherapeutic drugs. That there is little or no
expression of PRDMI4 in normal tissues suggests that inhibition
of PRDM14 activity could represent a novel approach to: the
treatment of breast cancer:
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PRDM5 Identified as a Target of Epigenetic Silencing in
Colorectal and Gastric Cancer

Yoshiyuki Watanabe,"® MinoruToyota,"*® Yutaka Kondo,” Hiromu Suzuki,>® Takashi Imai,"*
Mutsumi Ohe-Toyota,! Reo Maruyama,? Masanori Nojima,? Yasushi Sasaki,! Yoshitaka Sekido,”
Hiroyoshi Hiratsuka,* Yasuhisa Shinomura,? Kohzoh Imai,2 Fumio ltoh,® and Takashi Tokino' :

Abstract Purpose: PR (PRDI-BF1 and RIZ). domain proteins (PRDM):are a subfamily of the kruppel-like
zinc finger gene products that play key roles during cell differentiation and malignant transforma-
tion. The aim of the present study was to begin to examine the involvement of epigenetic alteration
of PRDM expression in gastric and colorectal cancer.

Experimental Design: We used real-time PCR to assess expression of PRDM1-17. In addition,
we used bisulfite PCR to assess DNA methylation and chromatin immunoprecipitation to assess
histone madification in colorectal and gastric cancer cell lines lacking PRDM5 expression.
Results: Among the 17 PRDM family genes tested, we found that PRDMS is the most frequently
silenced in colorectal and gastric cancer cell lines. Silencing of PRDM5 was mediated by either
DNA methylation or trimethylation of Lys?” of histone H3. Introduction of PRDM5 into cancer
cells suppressed cell growth, sugdesting that it acts as a tumor suppressor in gastrointestinal
cancers. Methylation of PRDMb5 was detected in 6.6% (4 of 61) of primary. colorectal and
50.0% (39 of 78) of primaty gastric cancers but not in noncancerous tissue samples collected
from areas adjacent to the tumors.

Conclusions: Our data suggest that epigenetic alteration of PRDMS5 (e.g.; methylation of its
5/-CpG island or trimethylation of Lys?” of histone H3) likely plays a key role in the progression
of gastrointestinal cancers and may be a useful molecular marker.

Epigenetic inactivation of tumor suppressor genes is frequently
associated with the development and progression of human
cancers (1, 2). One such epigenetic change is cytosine
methylation, which leads to recruitment of transcriptional
repressors and chromatin modification. During the develop-
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ment and progression of gastrointestinal cancer, genes involved
in. cell: cycle regulation. (3, 4), apoptosis (5,:6), DNA repair
(7, 8), immune function (9), and signal transduction (10-12)
are all silenced by aberrant methylation of the 5"-regions of
CpG islands. Recent studies also have shown that gene silencing
by DNA methylation is linked to histone modification. For
example,: deacetylation of histones H3 and H4 and dimethy-
lation of lysine (K) 9 residues of histone H3 play important
roles in DNA methylation - mediated gene silencing (13-15).
Another histone modification involved in gene silencing: is
methylation of Lys?” of histone H3 (H3K27). This reaction
is often catalyzed by the histone methyltransferase EZH2 (16),
overexpression of which has been linked to various cancers,
including cancers of the prostate, breast, and stomach (17-19).
Little is known about the role of H3K27 methylation in cancer-
related gene silencing, however.

PR (PRDI-BF1 and RIZ) domain proteins: (PRDM) are a
subfamily of the kruppel-like zin¢ finger gene products and play
key roles during cell differentiation and malignant trans-
formation, PRDM1/BLIMP1 was originally identified as a tran-
script that was rapidly induced during the differentiation of
B lymphocytes into immunoglobulin secretory cells; its expres-
sion is characteristic of late' B and plasma cell lines (20, 21),
and it is' mutated in diffuse large B-cell lymphoma. (22).
PRDM2/RIZ1 has histone methyltransferase activity (23), and
its aberrant methylation has been reported in various types of
cancers (24, 25). PRDM3/EVI1 and PRDMI16/MEL1 are
associated with translocation in hematopoietic malignancies
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Fig.1. Analysis of PRDM gene expression. A, heat map showing expression profiles of PRDM1-17 in normal colon, normal stomach, and three cancer cell lines. Levels of
PRDM expression are normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). B, expression of PRDMS in a panel of colorectal and gastric cancer cell lines.
Using real-time PCR, expression of PRDM5 was analyzed in specimens from four normal tissues (colon, stomach, pancreas, and liver), eight colorectal cancer cell lines, and six
gastric cancer cell lines. In eight cell lines that expressed PRDM5 at barely detectable levels, expression after treatment with 5-aza-dC also is shown.

(26, 27), and aberrant methylation and silencing of PRDM5
have been detected in both breast and liver tumors (28).
In the present study, therefore, we used quantitative real-
time PCR to examine the expression profile of 17 PRDM
family genes in panels of gastric and colorectal cancer cell
lines and primary cancer specimens. Taken together, our
results suggest that epigenetic silencing of PRDM5 is a fre-
quent event in gastrointestinal cancer, particularly in gastric
cancer, and could be a useful molecular target for diagnosis
and therapy.

Materials and Methods

Cell line and specimens. Eight colorectal (CaCo2, RKO, SW48,
DLD1, LoVo, Colo320, HT29, and SW480) and six gastric cancer cell
lines (MKN7, MKN45, MKN74, AZ521, NUGC4, and SNU638) were
obtained from the Japanese Collection of Research Bioresources or the
American Type Culture Collection. In addition, samples of 61 primary
colorectal and 78 primary gastric cancers and 44 samples of stomach
mucosa collected from areas adjacent to tumors were obtained from
the Department of Surgery, Sapporo Keiyukai Hospital and the Division
of Gastroenterology and Hepatology, Department of Internal Medicine,
St. Marianna University School of Medicine Hospital after acquisition
of informed consent from each patient. All cell lines were cultured
in the appropriate medium. DNA was extracted using the phenol-
chloroform method, and total RNA was extracted using Isogen (Nippon
Gene) according to the manufacturer’s instructions. To assess restora-
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tion of PRDM5 expression, cell lines were incubated for 72 h with
2 pmol/L 5-aza-2"-deoxycytidine (5-aza-dC; Sigma), a methyltransferase
inhibitor. The cells were then harvested, and total RNA was extracted for
further analysis.

Reverse transcription-PCR. First-strand ¢cDNA was prepared by
reverse transcription of 5 pug samples of total RNA using SuperScript
111 reverse transcriptase (Invitrogen). The primer sequences used
were 5-ATGTGGGAGGTTCGTGGGAGTAAG-3" (PRDMS5-forward)
and 5-TTTCTGCCCGCTGTTGATTGTCT-3" (PRDM5-reverse). The
PCR protocol for reverse transcription-PCR was 95°C for 5 min,
followed by 35 cycles of 1 min at 95°C, 1 min at 55°C, and 1 min
at 72°C, and then a 7-min final extension at 72°C. Controls con-
sisted of RNA treated identically but without the addition of reverse
transcriptase. The integrity of the cDNA was confirmed by amplifying
glyceraldehyde-3-phosphate dehydrogenase as described previously
(29). Samples (10 pL) of the amplified products were subjected
to 2.5% agarose gel electrophoresis and stained with ethidium
bromide.

Real-time quantitative reverse transcription-PCR was carried out using
Tagman Gene Expression Assays [PRDM1, Hs00153357_m1; PRDM2,
Hs01030716_m1; PRDM3, Hs00602795_m1; PRDM4, Hs000973632_m1;
PRDM5, Hs00218855_m1; PRDMG6, Hs01372996_m1; PRDM7,
Hs00364862_m1; PRDM8, Hs00220274_m1; PRDM9, Hs00360639_m1;
PRDM10, Hs00999748_m1; PRDM11, Hs00220293_ml; PRDM12,
Hs00222080_m1; PRDM13, Hs00222082_m1; PRDM14, Hs01119056_m1;
PRDM15, Hs01562117_m1; PRDM16, Hs00223161_m1; PRDM17,
Hs01119928_gl; EZH2, Hs_00544830_ml; and glyceraldehyde-3-
phosphate dehydrogenase, Hs_00266705_gl (Applied Biosystems)]
with a 7900HT Fast Real-time PCR System (Applied Biosystems)
according to the manufacturer’s instructions. ‘SDS2.1 software
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Fig.1 Continued. C, bisulfite sequence analysis of PRDMS in the indicated colorectal and gastric cancer cell lines. Ten clones were sequenced for each cell line. White and

black circles; unmethylated and methylated alleles, respectively.

(Applied ‘Biosystems) was used to do comparative AC, analysis.
Glyceraldehyde-3-phosphate dehydrogenase served as an endogenous
control.

Combined bisulfite restriction analysis and bisulfite sequencing.
Genomic DNA was initially treated with sodium bisulfite (Sigma)
as described previously (30). Combined bisulfite restriction analysis
(COBRA), a semiquantitative methylation assay, was then carried
out as described previously (31). Touchdown PCR was then carried
out as follows. After denaturing at 94°C for 3 min, the cyding
protocol entailed 3 cycles of 94°C for 30 s, 58°C for 30 s, and
72°C for 30 s; 4 cycles of 94°C for 30 s, 56°C for 30 s, and 72°C
for 30's; 5 cycles of 94°C for 30's, 54°C for 30's, and 72°C for 30 s;
and 26 cycles of 94°C for 30 s, 52°C for 30 s, and 72°C for 30 s.
Primers were designed based on the nucleotide sequence obtained
from Genbank. The primers used for COBRA were 5-GGITYGGAT:
TYGTITITGTTAT-3" (forward) and 5-CCRCATTTAAAACCCTAAAA-
TCA-3" (reverse; PRDMS5. GM1:R). The PCR products were digested
with  the restriction ‘endonuclease Hinf (TaKaRa). and precipitated
with ethanol, after which the resultant. DNA fragments were sub-
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jected to 2.5% agarose gel electrophoresis and: stained with: ethidium
bromide:

To sequence: the - bisulfite. PCR products, amplified  fragments
were cloned: into pcDNA2.1" vector using a TOPO-TA cloning kit
(Invitrogen). The primer sequences used were 5-GGTTYGGAT-
TYGTTITIGTTAT-3 (forward) and 5-AAACAAACRAAACTCCCTCACA-
3’ (reverse). The cycle sequencing reaction was then carried out
using a BigDye terminator kit (Applied Biosystems), and the DNA
was sequenced. using an. ABI.:3100 automated sequencer (Applied
Biosystems).

Chromatin immunoprecipitation analysis,  Chromatin _immunopre-
cipitation (ChIP) analysis was carried out as described previously (32).
Briefly, cells were harvested and their proteins were cross-linked
to DNA by incubation in 1.0% formaldehyde for 10 min at 37°C.
The formaldehyde-fixed cells were allowed to settle on ice for 10 min
and then spun down by brief centrifugation, after which. the '
supernatant was carefully aspirated. The cells were then washed
with ice-cold PBS containing: protease  inhibitors: and resuspended
in lysis. buffer [1% SDS, 10 mmol/L EDTA, 50 mmol/L Tris-HCI
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(pH8.0) and protease" inhibitor]. The nucleoprotein' complexes
were sonicated to reduce the size of the DNA fragments to 200 to
1,000 bp and immunoprecipitated for 16 h at 4°C with 10 L
anti-K9 acetylated histone H3, anti-K9 dimethylated histone H3;
anti-K27 monomethylated histone H3,:or anti-K27 - trimethylated
histone H3: (all from Upstate  Biotechnology)' oranti-histone' H3
antibody (as an internal control; Abcam). The resultant immune
complexes were  collected using protein' G-Sepharose beads, after
which the' DNA' was purified by phenol-chloroform  extraction,
precipitated with ethanol and resuspended: in distilled water. Approx-
imately' '1:100 of . the precipitated DNA was used for PCR, and
1:100of the solution before adding antibody was used as an
internal. control- of the quantitative accuracy of the’ DNA. Quan-
titative: PCR- (qPCR) - was: carried out usingthe. following primers:
PRDMS5;: 5-CCTTCCCTGCCGGTTTCT-3" (PRDM5-CHIP-forward), 5~
AGGCGGCACATCGAAATTT-3"  (PRDMS5-CHIP-reverse); and 5-TC-
TACCCTGGCACCC-3 (PRDMS5-qPCR ‘probe); p21;, GCCAACT:
CATTCTCCAAGTAAAAAA (p21-ChIP-forward), . GTGCGCTGGACA-
CATTICC: (p21-ChIP-reverse), and CCAGATITGTGGCICACT: (p21-
qPCR probe); p16, GGGCGGATTTCTTITTAACAGA  (p16-ChIP-for-
ward), CGCETGCCAGCAAAGG: {p16-ChiP-reverse), and TGAACG-
CACTCAAAC (p16-qPCR probe); and  RASSF1, GGACCCICTT:
CCTCTAGCACAGT - (RASSF1-ChiP-forward),  GCACCACGCGGAGA-
TACC (RASSF1-ChIP-reverse), and TGGCCTCCAGAAAC (RASSF1-gPCR-
probe).

Colony formation assays. - Cells (1 x 10°) were plated in 100-mm
culture dishes for 24 h before transfection with the expression vector
pcDNA3.1-PRDMS5 or empty. vector (5 ug each) using a Cell Line
Nucleofector kit R and V (Amaxa) and a Nucleofector I electroporation
device (Amaxa) according to the manufacturer’s instructions. After
transfection, cells were selected for 14 days in medium containing
0.6 mg/mL G418 and stained with Giemsa. The resultant colonies were
then stained with erystal violet, ‘and cells were counted in triplicate
cultures using NIH Image software.

Luciferase assay. - Three constructs (P1-P3) that covered different
sized regions upstream of PRDMS5 were created. All three were
amplified by PCR and cloned into pCR2.1 TOPO  (Invitrogen).
After verification: of the sequences, the fragments were ligated
into pGL3-Basic. vector (Promega), and cells (5 x 10% cells in
24-well plates) were transfected using LipofectAMINE 2000
(Invitrogen). A pGL3-Basic vector without the insert served as a
negative  control. . Forty-eight hours after  transfection, luciferase
activities were measured using - a Dual-Luciferase Reporter Assay
System (Promega).

Knockdown of EZH2 by RNA interference. We designed two
retroviral vectors (RNAi-Ready pSIREN-RetroQQ Vector, BD Bio-
sciences) encoding a small hairpin RNA directed against EZH2
in SW480 cells (target sequences, 5-ATATGACTGCTICCTACAT-3'
and  5-CATGTAGACAGGTGTATGA-3Y). Both constructs reduced
EZH2 expression by ~90%. As controls, we used small hairpin
RNAs for the luciferase (Luc) gene synthesized by BD Biosciences
or small hairpin RNA vector without the hairpin oligonucleotides
(mock). Expression of EZH2 was examined - using real-time
PCR; after: which two’ independent clones were used for further
studies.

Immunohistochemical _analysis. . Tissue ' sections were - deparaffi-
nized, soaked in 10 mmol/L sodium citrate buffer, and boiled in
an electronic oven for 15 min at 500 W to retrieve cell antigens.
The sections were then immunohistochemically stained using the
streptavidin-biotin peroxidase method (Universal DakoCytomation
LSAB kit, DAKO) with primary antibodies against EZH2 (mouse
anti-Fzh2 monoclonal antibody, Cell Signaling Technology, Inc.)
and PRDM5 - (rabbit polyclonal antibody, Abgent). Briefly, the
sections were blocked in 3% H,05 for 5 min and then incubated
overnight with primary antibody at 4°C. The samples were then
washed with TBS buffer and incubated with secondary antibody: for
30 min.
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Results

Epigenetic silencing : of . PRDM5 . in: colorectal - and - gastric
cancer cell lines. - To examine the expression: profile of PRDM
family  genes; we initially carried out real-time: PCR. using
c¢DNA  from: normal  colon and stomach tissues, two
colorectal cancer cell lines (RKO and SW48), and:a gastric
cancer cell line: (SW638). As can be seen in Fig. 1A, we
detected - expression- of PRDM1I,- PRDM2, PRDM3; .PRDM4
PDM10, PRDM15, PRDM16, and: PRDM17 in both: normal
tissues ‘and. cancer cell lines; conversely, we detected: little or
no expression. of PRDM7, PRDM9, PRDM12, PRDM13, and
PRDM14 in either normal tissue or cancer cell lines. On the
other “hand, we detected expression ‘of PRDMS, PRDMS;
PRDMS, and PRDMI11 in normal tissues but that expression
was down-regulated in at least two of the three cancer: cell
lines - tested.” To: further evaluate expression  of  these  five
PRDM genes, we carried out real-time PCR in a larger panel
of normal tissues and colorectal ‘and gastric cancer cell lines
(Fig. 1B; Supplementary Fig. S1}). We detected eéxpression of
PRDM5 in normal colon, stomach, liver, ‘and - pancreatic
tissue ‘and ‘in six of the cell lines tested. Little ‘or no
expression was detected in eight cell lines. Treating those
eight cell lines with the methyltransferase inhibitor 5-aza-dC
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PRDMS5:-P1

PRDMS-P2
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pGL3-PRDMS5/pGL3-basic
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PLIP2:PS PLP25:P3 P1:PZPY
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Fig. 2. CpG island of PRDMb5 and its promoter activity in colorectal and gastric
cancer cell lines. 4, regions analyzed by COBRA, bisulfite sequencing, and

ChIP assays (horizontal bars). Plasmid constructs containing various lengths of the
5'-flanking region of the PRDM5 gene were cloned into pGL3-Basic vector and
used for liciferase assays; B, luciferase assays carried out using the four cell lines
shown below the columns.Values for luciferase activity were normalized by the
activity in cells transfected with pGL3-Basic vector with no insert. Columns, mean
(n.=3); bars, SD:
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restored PRDM5 expression in five. In addition, levels of
PRDM6, PRDM8, PRDM11, and PRDM16 expression were
lower in a subset of cancer cell lines than in normal tissues,
but their expression was not restored by treatment with 5-
aza-dC, indicating that DNA methylation is likely not the
primary mechanism by which these genes were silenced
(Supplementary Fig. S1).

Aberrant DNA methylation of PRDM5 is associated with gene
silencing. We next used bisulfite sequencing to assess the
methylation of the 5-CpG island of PRDM5 in a panel of
cancer cell lines and normal tissues (Figs. 1C and 2A). Although
normal stomach tissue and MKN45 cells showed very little
methylation, dense methylation in the region around the
transcription start site was detected in SW48, SNU638, MKN74,
and MKN?7 cells, which expressed little or no PRDM5. SW480
cells showed relatively sparse methylation, and LoVo cells
showed very little methylation.

We then used luciferase assays to compare the PRDM5
promoter activity in cell lines that did (MKN45) or did not
(SW480, MKN74, and SNUG638) express PRDM5. Three
different constructs were created that covered different sized
regions upstream from the transcription start site (Fig. 2A).
Promoter activity was detected in all of the cell lines tested,
regardless of gene expression, with most of the luciferase
activity residing in the construct that contained the largest
sequence (-205 to -502 bp; Fig. 2B). Thus, the silencing of
PRDMS5 does not seem to reflect the absence of a transcriptional
regulator.

Trimethylation of H3K27 is involved in silencing PRDMS5 in
SW480 cells. Although SW480 cells express PRDMS5 at only
barely detectable levels, bisulfite sequencing revealed only
sparse methylation (Fig. 1C). In addition, treatment with
5-aza-dC did not restore PRDM5 expression in SW480 cells.
To determine whether another epigenetic mechanism, histone
modification, was involved in silencing PRDM5 in SW480
cells, we examined the acetylation and methylation status
of histone H3 on PRDM5 promoter activity (Fig. 3A and B).
Acetylation of histone H3K9 was well correlated with gene
expression in p16, p21, and RASSF1 cells, which is consistent
with earlier reports (29, 32). By contrast, dimethylation of
H3K9 and monomethylation of H3K27 were inversely related
to gene expression. In MKN7 cells, where PRDM5 expression
was restored by 5-aza-dC treatment, levels of histone H3K9
acetylation were reduced, whereas levels of H3K9 dimethyla-
tion and H3K27 monomethylation were increased. Interest-
ingly, we observed elevated levels of H3K27 trimethylation in
SW480 cells, which suggests an alternative mechanism for
silencing PRDM5 expression there. Because trimethylation of
H3K27 is catalyzed by EZH2, one of the polycomb repressor
complex 2 proteins, we examined the effect of knocking down
EZH2 on expression of PRDM5 in SW480 cells. We found that
PRDM5 gene expression was restored in SW480 cells when
EZH2 was stably knocked down by either of two different
small hairpin RNA constructs targeting EZH2 (data were
averaged and shown in Fig. 4A), which suggests trimethylation
of H3K27 plays a key role in silencing PRDMS5 expression in
SW4380 cells.

Because overexpression of EZH2 has been seen previously
in cancer (17-19), we also carried out an immunohisto-
chemical analysis of EZH2 expression in a panel of primary
gastric cancers. We found that 9 of the 10 specimens tested
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Fig. 3. The role of histone modification in the silencing of PRDMb. A, reverse
transcription-PCR analysis of p16, RASSF2, p21, PRDM5, and glyceraldehyde-3-
phosphate dehydrogenase expression in SW480 and MKN7 cells. NC, negative
control, PCR without template. B, histone modification at active and silenced loci in
cancers. ChIP/gPCR was used to study histone H3 modification in multiple genes
in colon (SW480) and gastric (MKN7) cancer cells. Ratios of the DNA precipitated
by anti-acetylated or anti-methylated H3 antibodies over that precipitated by
anti-histone H3 antibody were used to calculate the relative precipitated enrichment
(Yaxis). ChIP/qPCR experiments were done at least twice, and the duplicates
were highly concordant (R = 0.97). Antibodies used are shown on the left.

The genes examined are shown below the columns. The cell lines used are shown
on the top.

expressed higher levels of EZH2 than adjacent noncancer-
ous stomach tissues (Fig. 4B), which suggests that over-
expression of EZH2 is a frequent event in gastrointestinal
cancer that is not always associated with down-regulation
of PRDMS5.

Expression of exogenous PRDMS5 suppresses cell growth in
gastric cancer lines. We next used colony formation assays
to determine whether PRDM5 has tumor suppressor acti-
vity (Fig. 5). When PRDM5 was introduced to two gastric
cancer cell lines that do not otherwise express the gene,
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