46

more than 70 bp, fragments with a BamHI digestion site were
determined as target candidates, since the fragments ampli-
fied by SMART RACE-PCR included BamHI recognition site
at the 5 end of exon 12 of the RET gene. All fragments in
Figure 1A-D that could be recognized as a band were con-
firmed to be digested with BamHI. As shown in lanes 24 of
Figure 1A and C, PCR products looked like smears without
clear and intense bands when adaptor concentration was high
(2-10 uM). PCR products with 0.2-1 uM of SMART adaptor
revealed an obvious and intense band of more than 70bp
compared with the bands at other higher concentrations
(lanes 5-7, Fig. 1A and C, indicated by asterisks), though the
sizes of these target candidate fragments differed somewhat
among various concentrations of SMART adaptor. Treatment
with 0.1 uM of SMART adaptor showed that amplified bands
of more than 70 bp in length were observed only infrequently
(lane 8, Fig. 1A, C).
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Addition timing of SMART adaptor

When ¢DNA was synthesized in the presence of SMART
adaptor (2-10 uM), electrophoretic images of PCR products
were similar to those in the case of addition of adaptor after
completion of the cDNA synthesis (compare lanes 2—4 in
Fig. 1B and D with lanes 2—4 in Fig. 1A and C). When cDNA
was prepared in the presence of a lower concentration (0.2~
1uM) of SMART adaptor, the electrophoretic patterns dif-
fered from those where adaptor was added after completion
of cDNA synthesis (compare lanes 5-7 in Fig. 1B and D with
lanes 5-7 in Fig. 1A and C, respectively). Namely, weak bands
of more than 70bp were observed (lanes 5-7, Fig. 1B, D).
Although treatment with 0.1uM of SMART adaptor occa-
sionally produced clear and intense bands (lane 8, Fig. 1B,
indicated by an arrow), amplified bands of more than 70 bpin
length were rarely observed (lane 8, Fig. 1D).
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FIG.1. Effects of concentration and addition timing of SMART adaptor on improved SMART RACE-PCR amplification. (A,
B) SMART RACE-PCR products with total RNA from specimen with RET/PTCI. (C, D) SMART RACE-PCR products with
total RNA from specimen with RET/PTC3. (E, F) SMART RACE-PCR products with total RNA that revealed no detectable
expression of the RET gene tyrosine kinase domain. (A, C, E) reveal RACE-PCR products when various concentrations of
SMART adaptor were added after completion of cDNA synthesis (lane 2, 10 uM; lane 3, 5 uM; lane 4, 2 yM; lane 5, 1 UM lane
6,0.4uM; lane 7, 0.2 uM; lane 8, 0. 1 uM). Lane 1 indicates pUC19-Mspl digest for DNA size marker. (B, D, F) indicate RACE-
PCR products when cDNA was synthesized in the presence of SMART adaptor. The asterisks and arrow indicate clear and
intense candidate fragments measuring more than 70bp. PCR, polymerase chain reaction; RACE, 5 rapid amplification of
c¢DNA ends; SMART, switching mechanism at 5 end of RNA transcript.
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When RNA extracted from archival samples with no de-
tectable expression of RET gene TK domain was used, several
weak bands were observed regardless of the addition timing
of SMART adaptor. However, few bands (more than 70bp)
were found in the cases of 0.1, 0.2, or 0.4M of SMART
adaptor (lanes 6-8, Fig. 1E, F). Not all weak bands in Figure 1E
and F could be digested with BamHI. No bands were observed
when H,O was used as template for RACE-PCR. In addition,
SMART RACE-PCR without reverse transcription produced
no amplified bands whatsoever.

Incubation time

We examined the effects of incubation time after addition of
adaptor on amplification by SMART RACE-PCR using RNA
from specimens with RET/PTCI1. After SMART adaptor was
added to ¢cDNA solution to give a final concentration of
0.2 uM, the reaction was incubated for various durations at
42°C. Among target candidate bands of about 90bp (lanes
2-6, Fig. 2, indicated by asterisks) found in SMART RACE-
PCR products until 45 minutes of incubation time, a case
treated for 45 minutes revealed the most intense band (lane 6,
Fig. 2). Incubation for 60 minutes resulted in a larger intense
target candidate band (lane 7, Fig. 2) than did other incubation
times. In the case of 90-minute incubation (lane 8, Fig. 2), the
larger candidate band disappeared and a weak 90bp candi-
date band reappeared (indicated by an asterisk).

We next examined how efficiently cDNA fragments of
the target gene can be isolated by this improved SMART
RACE method. Target candidate bands of about 100 bp (lane
7, Fig. 1A) and 90bp (lane 7, Fig. 1C) in the second PCR
products were eluted from 8% acrylamide gel and cloned onto
a pUC118 plasmid vector. Plasmid DNA with a longer in-
sert than 70bp was sequenced. As shown in Table 2, all 36
screened colonies proved to be plasmid DNA harboring
RET/PTC1 fragments of 97 bp in length. RET/PTC3 fragments
with a length of 89 bp were also detected in 35 out of 36 col-
onies, as shown in Table 2. This suggests that almost all can-
didate fragments amplified by the improved SMART RACE
method are actually target cDNA fragments.

RET/PTC8 in thyroid cancer tissue
from A-bomb survivors

RNA was extracted from unbuffered formalin-fixed,
paraffin-embedded papillary thyroid cancer tissue specimens
from 64 subjects exposed to A-bomb radiation, and BCR gene
expression was detected in 52 of the 64 cases. Among these
52 cases, 11 showed expression of RET gene TK domain, of
which 9 cases had RET/PTCI or RET/PTC3, as shown in
Table 3. Two papillary thyroid cancer cases showing no
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FIG. 2. Effect of incubation time on improved SMART
RACE-PCR amplification. The reaction was incubated for
various times at 37°C after SMART adaptor was added to
¢DNA solution to give a final concentration of 0.05 M (lane
2, 0 minute; lane 3, 10 minutes; lane 4, 20 minutes; lane 5,
30 minutes; lane 6, 45 minutes; lane 7, 60 minutes; lane 8, 90
minutes). Lane 1 indicates pUC19-Mspl digest for DNA size
marker. The asterisks indicate fragments of about 90bp with
BamHI recognition site.

RET/PTC1 or RET/PTC3 rearrangement were examined for
type of rearrangement using this improved SMART RACE
method. The target band in the second PCR products (Fig. 3A,
indicated by an arrow) was eluted and cloned into a cloning
vector. Since 23 out of 24 white colonies contained plasmid
DNA with BamHI site and a longer insert than about 70bp,
plasmid DNA in the 23 colonies was sequenced. The se-
quencing of the portion upstream of RET exon 12 found in all
clones was identical to the 5 part of the kinectin 1 gene, whose
insert length was 93bp (Fig. 3B). As shown in Figure 3C,
the band corresponding to RET/PTC8 was also detected in the
papillary thyroid cancer specimen from the same A-bomb
survivor by RT-PCR. Further, the improved SMART RACE
method enabled us to identify a novel rearrangement of the
RET gene in papillary thyroid cancer of another A-bomb sur-
vivor. This new type of RET/PTC, whose partner gene is acyl
coenzyme A binding domain 5 (ACBD5) located on chromo-
some 10p, is now being analyzed for its tumorigenicity. Ex-
pression of the ACBDS5-RET fusion gene was confirmed in
RNA from the cancer specimens by RT-PCR (Fig. 3C).

Discussion

RACE reaction with RNA extracted from fresh tissues or
cells can be easily and successfully performed using the
SMART RACE kit (Clontech). On the other hand, as far as
we know, there are thus far no reports on RACE with
RNA extracted from archival unbuffered formalin-fixed,

TABLE 2. ACCURACY OF TARGET CDNA FRAGMENT AMPLIFIED BY IMPROVED SWITCHING MECHANISM
AT 5 EnD oF RNA TrANscCRIPT 5 Rarip AMPLIFICATION OF CDNA Enps METHOD

No. of screened white

No. of BamHI-positive

No. of confirmation

color colonies colonies by sequencing Efficiency (%)
No 1° 36 36 36 100
No 2° 36 36 35°¢ 97

*Thyroid cancer with RET/PTCI.
*Thyroid cancer with RET/PTC3.
“One clone failed to perform sequencing.

—199—



48

HAMATANI ET AL.

TaBLe 3. NuMmBER OF Casis ExroseDp To AToMIC BomB RADIATION 1IN THIS STUDY

Total tested BCR positive RET-TK positive

RET/PTC1 positive

RET/PTCS positive ACBDS5-RET positive

64 52 11

9? 1 1

2One case carried both RET/PTC1 and RET/PTC3.
TK, tyrosine kinase.

paraffin-embedded tissue samples. We succeeded in identi-
fication and isolation of a partner gene of rearranged RET
using RNA extracted from archival unbuffered formalin-fixed
and paraffin-embedded thyroid cancer tissue specimens by
improved SMART RACE method. A series of experiments
from cDNA synthesis to PCR was conducted at least three
times. Similar electrophoresis patterns could be reproduced,
though the sizes of the target bands differed somewhat. Size
differences of amplified fragments between experiments may
largely have been due to degradation of RNA extracted from
archival samples, since such a phenomenon was not observed
when ¢cDNA was prepared with the random primer (9 mer)
using intact RNA from fresh samples (data not shown).

B

SMART adaptor

We found that the SMART RACE method enabled isolation
of 5 upstream fragments in target cONA with RNA extracted
from archival formalin-fixed, paraffin-embedded tissue spec-
imens by adjusting the concentration and the timing of the
addition of SMART adaptor. The optimal concentration of
SMART adaptor (ultimately around 0.2 M) was lower than
that in conventional SMART RACE with oligo (dT) using in-
tact RNA (9). This finding was contrary to our expectation
that a higher concentration of adaptor would be required
because of degradation of the RNA extracted from archival
formalin-fixed and paraffin-embedded tissue. Since a large
amount of SMART adaptor brought in by cDNA used as a
PCR template has a GGG sequence at the 3’ end, this adaptor
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FIG. 3. Identification of RET/PTC8 in papillary thyroid cancer from one A-bomb survivor. (A) Second PCR products of
RNA extracted from an archival formalin-fixed, paraffin-embedded papillary thyroid cancer specimen from an A-bomb
survivor (arrows indicate the target band in the second PCR products). (B) Sequence of RET/PTC8 isolated by this improved
SMART RACE method. (C) Expression of RET/PTC8 (RT-PCR product) in papillary thyroid cancer in the A-bomb survivor.
Lanes 2-8 indicate RT-PCR products from RNA in papillary thyroid cancer specimens of A-bomb survivors. Lanes 2, 3, and 7
show no detectable expression of RET tyrosine kinase domain; lane 4, RET/PTCS; lane 5, ACBD5-RET; lanes 6 and 8,
RET/PTCI; lane 9, HyO for negative control; lane 10, cell line TPC1 harboring RET/PTCI; lane 11, genomic DNA plus 77
base-synthesized nucleotides (PTC8-oligo77) for positive control of RET/PTCS; lane 12, genomic DNA plus 77 base-
synthesized nucleotides (ACBD-RET-0ligo77) for positive control of ACBD5-RET. Lane 1 indicates pUC19-Mspl digest for
DNA size marker. A-bomb, atomic bomb; RT, reverse transcription.
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may cause nonspecific amplification by the first PCR. As a
result, specific and efficient RT-PCR may be hindered. Fur-
ther, when ¢cDNA in the presence of SMART adaptor was
prepared with random primers (9 mer) using RNA extracted
from archival tissue specimens, we could not obtain the clear
and intense target candidate bands observed in the case
of addition of adaptor after completion of cDNA synthesis
(Fig. 1A and C vs. 1B and D). However, when cDNA was
prepared with random primers using intact total RNA, target
candidate bands could be detected regardless of the timing of
adding SMART adaptor (data not shown). This suggests that
when degraded RNA was used, a larger amount of short
¢DNA primed with SMART adaptor may be produced, pos-
sibly interfering with specific PCR amplification.

In addition to the concentration and the timing of the
addition of SMART adaptor, length of incubation time was
also an important factor for efficient amplification by our
SMART RACE-PCR: optimal incubation time was rela-
tively long (45-60 minutes) despite addition of adaptor
after cDNA synthesis completion. Thus, although amplifi-
cation efficiency by SMART RACE-PCR largely depended
on concentration of SMART adaptor, timing of adaptor
addition, and incubation time when ¢cDNA was prepared
with random primer using RNA extracted from archival
formalin-fixed and paraffin-embedded tissue specimens,
unlike SMART RACE with intact RNA, we found that the
improved SMART RACE method achieved successful iso-
lation of 5 upstream fragments in target cDNA with RNA
extracted from archival unbuffered formalin-fixed, paraffin-
embedded tissue specimens.

A rare rearrangement of the RET gene, RET/PTCS, previ-
ously identified in papillary thyroid cancers in children from
areas contaminated by the Chernobyl accident (12), was de-
tected in papillary thyroid cancer of one A-bomb survivor
exposed to more than 2Gy of radiation. Further, a novel
rearrangement of the RET gene (ACBDS5-RET fusion gene)
was identified in papillary thyroid cancer of another A-bomb
survivor exposed to more than 1.5Gy. It is interesting to
note that a rare RET/PTC8 rearrangement and a novel
ACBD5-RET fusion gene were identified in papillary thyroid
cancers in A-bomb survivors exposed to a relatively high
radiation dose.

Since this improved SMART RACE method achieves ef-
fective amplification of the unknown 5 upstream region
of certain genes with even 10ng of total RNA extracted from
archival formalin-fixed and paraffin-embedded tissue
specimens, the method is expected to prove useful in mo-
lecular analyses using archival tissue samples of limited
quantity.
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Abstract

Background Triple negative (TN) breast cancer is defined
as a subtype that is negative for estrogen receptor (ER),
progesterone receptor (PgR), and human epidermal growth
factorreceptor 2 (HER2). To clarify the characteristics of TN
breast cancer, surveillance data of the Registration Com-
mittee of the Japanese Breast Cancer Society were analyzed.
Method Of 14,748 cases registered in 2004, 11,705
(79.4%) were examined for ER, PgR, and HER2. Of these,
the most prevalent (53.8%) was a hormone-responsive

H. Iwase - J. Kurebayashi - H. Tsuda - T. Ohta - M. Kurosumi -
K. Miyamoto

Member of the Research Group,

Japanese Breast Cancer Society, Tokyo, Japan

H. Iwase (B<) - Y. Yamamoto

Department of Breast and Endocrine Surgery,
Kumamoto University, 1-1-1 Honjo,
Kumamoto 860-8556, Japan

e-mail: hiwase @kumamoto-u.ac.jp

Y. Yamamoto
e-mail: ys-yama@triton.ocn.ne.jp

J. Kurebayashi

Department of Breast and Thyroid Surgery,
Kawasaki Medical University, Okayama, Japan
e-mail: kure@med.kawasaki-m.ac.jp

H. Tsuda

Pathology Section, Clinical Laboratory Division,
National Cancer Center Hospital, Tokyo, Japan
e-mail: hstsuda@ncc.go.jp

T. Ohta

Division of Breast and Endocrine Surgery,

Department of Surgery, St. Marianna University School
of Medicine, Kawasaki, Japan

e-mail: to@marianna-u.ac.jp

Published online: 23 May 2009

subtype with ER positive/PgR positive/HER2 negative,
followed by TN subtype (15.5%).

Results  The proportion of postmenopausal patients was
relatively high in the TN subtype. This cancer was diag-
nosed at a slightly advanced stage and with more cases
positive for lymph node metastases than other subtypes.
Morphologically, the TN subtype was more frequently
classified as solid-tubular carcinoma. Mucinous, tubular, or
secretary carcinomas were frequently found in the hormone
receptor positive/HER2 negative subtype, while squamous
cell carcinoma, spindle cell carcinoma, and metaplastic
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carcinoma with bone/cartilage metaplasia were very fre-
quently found in the TN group. Apocrine carcinoma was
also found very frequently in the TN group. Selection of
chemotherapy was not based on receptor subtypes, but was
determined by the degree of tumor progression.
Conclusions  Although TN types are similar to basal-like
breast tumor, as determined by gene profiling, their diag-
nosis needs verification by determination of the level of
epidermal growth factor receptor or cytokeratin 5/6
expression. TN type should be examined further for
immunohistochemical features and analyzed for prognostic
details in this cohort.

Keywords Triple negative tumor - Breast cancer -
Surveillance data

Introduction

Triple negative (TN) breast cancer represents a subtype
that is negative for the three main prognostic/predictive
receptors for breast cancer, namely, estrogen receptor (ER),
progesterone receptor (PgR), and HER2 (human epidermal
growth factor receptor type 2) [1]. ER and/or PgR positive
cancer, which means hormone receptor (HR)-positive
cancer, usuaily responds to endocrine therapy. Cancers
scored immunohistochemically as 34 or 2+ and that are
‘fluorescence in situ hybridization’ (FISH)-positive are
regarded as HER2-positive and are targets for treatment
with trastuzumab and other agents aimed at HER2. How-
ever, currently no targeted therapeutic agents have been
identified specifically for TN breast cancer, and the only
option at present is conventional systemic chemotherapy.
In this context, it is essential to be familiar with the bio-
logical features of TN breast cancer in order to develop the
best therapeutic strategy [1-3].

An alternative approach to subtyping breast cancers has
been developed by Sgrlie et al. [4, 5], who classified breast
cancer into four or more intrinsic subtypes on the basis of
gene profiling acquired from microarray analyses of a large
number of breast cancer tissue specimens. In their classi-
fication, the first was calied a basal-like subtype; it shared
some characteristics with basement membrane cells and
had a high proliferative capability [6]. The second was the
HER2 (ErbB2) subtype, in which HER2 and related genes
were overexpressed and ER-related genes were under
expressed. This subtype was also relatively highly prolif-
erative and expected to respond to trastuzumab. The third
subtype had normal epithelium (normal-like subtype), but
its other significant features have yet to be established. The
fourth was called the luminal subtype, which expressed
various amounts of ER-related genes that could be further
subclassified into luminal A or B. If a connection can be
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found between the intrinsic subtypes and ‘classic’ breast
cancer subtypes based on receptor status, the correlation is
best understood by contrasting the basal-like subtype to TN
breast cancer, as the former is positive for cytokeratin 5/6
or epidermal growth factor receptor (EGFR) (HER1).

The basal-like subtype accounts for 15-20% of breast
cancers, irrespective of the method of analysis or ethnic
group [6]. However, premenopausal African—American
patients have a significantly higher incidence of this sub-
type compared to other patients [7]. It is well known that
the pathological and biological characteristics of breast
cancer are significantly worse in young African—American
patients and that they show a clinically poor prognosis. In
contrast, the basal-like subtype is relatively uncommon in
breast cancers diagnosed in Japanese women; in 793 breast
cancer patients, only 8% were this genetic subtype [8]. A
significant overlap has been repeatedly demonstrated
between the biological and clinical characteristics of spo-
radic TN breast cancers and basal-like subtypes, and breast
carcinomas arising in BRCA1 mutation carriers [5].

In the receptor subtype determination, there is an
ongoing debate on how to determine what to take as the
cutoff value for deciding the positive/negative expression
levels of hormone receptors. For example, there is no
agreement at present on whether ‘negative’ should be
based on: (1) no expression, (2) a score of 0 or 2 on the
Allred Score [9], which takes into account the number of
positive cells and the intensity of staining for the receptor
in question, or (3) the proportion of receptor-positive cells
less than 10% [10].

The purpose of this study was to disclose clinicopatho-
logical features of TN breast cancer. With the support of
the Registration Committee of the Japanese Breast Cancer
Society, we analyzed about 11,000 cases registered in 2004
in order to classify them by receptor subtypes based on
expression levels of ER/PgR/HER2 and to analyze the
clinicopathological characteristics of TN tumors.

Materials and methods
Basic data of patients

Comprehensive data on breast cancer patients diagnosed in
Japan in 2004 were registered by the Registration Com-
mittee of the Japanese Breast Cancer Society, who reported
the final registry data in 2008, although patient outcome
data have not been published yet. The registrations were
made by 352 institutions and included 14,749 cases. The
data collected were: age, clinicopathological features of the
tumor including size, presence of lymph node metastases,
and receptor status (ER, PgR, and HER2), surgical tech-
niques, and regimens of chemotherapy.
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Fig. 1 Breast cancer surveillance data reported by the Japanese
Breast Cancer Society

Individual participating institutions determined ER,
PgR, and HER2 status by their own in-house method, as
well as the other criteria for the registration. In 2004 the
status of ER and PgR was being determined by the
immunohistochemical (IHC) technique using monoclonal
antibodies. Additionally, the cutoff level was mainly
adopted to a score of between 2 and 3 on the Allred Score
{9], or 10% as a staining proportion [10]. Tumors that were
immunohistochemically scored as 34, or scored 2+ with
FISH-positive, were regarded as HER2-positive in a
majority of individual participating institutions.

Subanalysis of receptors

Subanalysis was performed by permission of the Regis-
tration Committee and the Board of the Japanese Breast
Cancer Society. Status of ER, PgR, and Her2 had been
determined in 11,705 cases (79.4% of all registered cases),
of which 1,819 cases (15.5%) were registered as negative
for any one of ER/PgR/HER2. The most prevalent subtype
was ER+/PgR+/HER2— (53.8%), followed by TN breast
cancer (15.5%) (Fig. 1).

Receptor subtypes were divided according to their ER/
PgR/HER?2 profiles: the HR+/HER2— subtype was posi-
tive for ER and/or PgR and negative for HER2; the HR+/
HER2+ subtype was positive for ER and/or PgR and
positive for HER2; the HR —/HER2+ subtype was negative
for both ER and PgR and positive for HER2; the triple
negative (TN) subtype was negative for all three receptors,
ER, PgR, and HER2 (Table 1)

Statistical processing

Fischer’s exact test was used to compare various preva-
lence rates among the groups. Unpaired ¢ test was

less than 0.01 when multiple comparisons were required
between four groups.

Results
Patient backgrounds

The relative proportions of the four cancer subtypes were:
HR+/HER2— subtype, 68.7%; HR+/HER2+ subtype,
7.6%; HR~/HER?2 subtype, 8.3%; and TN subtype, 15.4%.
There was no difference in mean age between the groups.
The incidence of bilateral breast cancer was significantly
lower in HER2-positive subtypes than in HER2-negative
subtypes (P = 0.040). The proportion of premenopausal
patients was significantly greater in HR-positive groups
(i.e., HR4+/HER2— and HR-+/HER2+ subtypes) than in
the HR-negative groups (i.e., HR—/HER2+ or TN sub-
type) (P < 0.001). There were no significant differences
between subtypes with respect of family history of breast
cancer, height, body weight, or body mass index (BMI)
(Table 2). Regarding disease stage, 37.2% of the HR+/
HER2~ subtype were diagnosed at stage I, indicating
relatively early initiation of therapy, whereas the preva-
lence of stage I at diagnosis in HER2 was only 14.2%,
which meant these patients received their first treatment at
the slightly advanced stages of II-IV (Fig. 2).

Clinical findings

HR-+/HER2~ subtype was detected at an earlier stage than
the other subtypes, that is, when the tumor was somewhat
smaller in diameter, and compared advantageously in the
incidence of node metastases especially with the ER—/
HER?2+ subtype. There was a tendency for the incidence of
distant metastases to be higher in the HER2-positive groups
(ie., ER+/HER2+ and ER—/HER2+ subtypes) and for
breast-conserving therapy to be less frequently performed in
patients with the HR—/HER2+ subtype (Table 2).

@ Springer

—204—



Breast Cancer

Table 2 Patient background and clinicopathological data

Receptor subtype

HR+/HER2— HR-+/HER2+ HER2 TN
Number of patients (%) 8,039 (68.7) 892 (7.6) 977 (8.3) 1,797 (15.4)
Age median (range) 56 (NR-100) 54 (23-93) 56 (22-95) 57.5 (NR-94)
Ratio of bilateral breast cancer (%) 6.6° 59" 48" 6.2°
Incidence of breast cancer family history (%) 8.6 8.4 24.1 28.1
Ratio of premenopausal patients (%) 37.1° 38.8° 24.1¢ 28.1¢
Height (cm) mean & SD 1543 £ 6.3 1549 + 6.1 1540 £ 6.2 153.8 + 63
Weight (kg) mean = SD 547+ 90 54.5 + 8.8 539+ 8.6 542 £9.0
BMI mean =+ SD 23.0 £ 3.7 227 +35 227 £33 229 35
Tumor size (¢cm) mean = SD 2.6 £ 2.1° 32+22 3.5+ 2.6 34 +£27
Incidence of positive lymph node involvement (%) 20.6 349 385 322
Incidence of distant metastasis (%) 25 5.6 5.6 3.2
Incidence of breast-conserving surgery (%) 53.9 41.3 35.1 45.0

NR no record

* HER?2 positive versus "HER2 negative according to ratio of bilateral breast cancer; P = 0.040, Fisher’s exact probability test
¢ Hormone receptor-positive group versus Shormone receptor-negative group according to the ratio of premenopausal patients; P < 0.0001,

Fisher’s exact probability test

¢ HR-+/HER2— subtype versus "IN subtype according to tumor size; P < 0.00001, standard f test of mean and standard deviation (SD)

(%) S
- = Triple Negative

60 - -
"~ HRJHER2+
- HR+/HER2+
a0 - HR+/HER2-
30 -
20 -
10 -
0 -

Fig. 2 Stage at diagnosis by receptor subtype

Pathological findings

From a viewpoint of morphologic classification, whereas
scirrhous carcinoma was most frequently found in ER+4/
HER2— subtype, solid-tubular carcinoma prevailed in TN
breast cancer (Fig. 3). As to breast cancers of special types,
mucinous carcinoma occurred rarely in the TN group, but
was quite frequent among ER+/HER2— subtype patients
(Fig. 4a). Invasive lobular carcinoma was found reasonably
frequently in the HR+/HER2~ type (Fig. 4b). Tubular and
secretary carcinomas were mostly found in patients with a
HR+-/HER2— subtype (Fig. 4¢).
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Triple
Negative

HR+/HER2- HR+/HER2+ HR-/HER2+

B Ductal carcinoma in situ (DCIS)
Papilio-tubular carcinoma

# Solid-tubular carcinoma
Scirrhous carcinoma

Fig. 3 DCIS and histological subtypes of invasive ductal carcinoma
(IDC) by receptor subtype

Medullary carcinomas were observed frequently in the
TN group (Fig. 4d). Squamous cell carcinoma, spindle cell
carcinoma, or metaplastic carcinoma with bone/cartilage
metaplasia was likewise very common in patients in the TN
subtype (Fig. 4¢). This group also included the highest
percentages of apocrine carcinomas (Fig. 4f).

Selection of chemotherapeutic regimens

Two main chemotherapeutic regimens were administered:
(1) anthracycline-containing regimens (ACR), which
included: doxorubicin plus cyclophosphamide (AC),
epirubicin plus C (EC), C plus A plus 5-fluorouracil (CAF)
and CEF, and (2) taxane (paclitaxel or docetaxel)-containing
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Fig. 4 a Incidence of mucinous carcinoma by receptor subtype. b Inci-
dence of invasive lobular carcinoma by receptor subtype. ¢ Incidence of
tubular or secretary carcinomas by receptor subtype. d Incidence of

Table 3 Chemotherapy according to receptor subtype

medullary carcinoma by receptor subtype. e Incidence of metastatic
carcinoma by receptor subtype. f Incidence of apocrine carcinoma by
receptor subtype

Subtype

HR-+/HER2-— HR+/HER2-+ HR—/HER2+ TN
Number of cases 8,039 892 977 1,797
Node positive cases (%) 20.6 349 38.5 322
Number of patients treated by chemotherapy 3,913 696 940 1,563
Incidence of patients treated by ACR (%) 283 45.0 53.7 49.5
Incidence of patients treated by taxanes (%) 16.9 29.9 36.7 29.2
Incidence of neoadjuvant chemotherapy (%) 25.0 33.9 27.2 250

ACR anthracycline-containing regimen

regimens. In one patient there was a possibility that these
two main regimens might have been administered con-
comitantly. ACR was administered to 28.3% of HR+/
HER2— subtype tumors and taxane-based regimens to
16.9%. However, the incidence of axillary lymph nodes
metastases was 20.6% in this subtype, which was smaller
compared to other subtypes. In the other three subtype
groups, as shown in Table 3, patients invariably received
ACR or taxane regimens. Although the incidence of neo-
adjuvant chemotherapy was almost identical in each sub-
type group, the HR+/HER2+ group tended to be treated

with this type of chemotherapy a little more frequently
(Table 3).

Discussion

Of 14,749 breast cancer cases in Japan in 2004, 11,705
(79.4%) were examined for their ER, PgR, and HER2
status. TN tumors, defined as negative for all three recep-

tors, accounted for 15.5% (1,819 cases). This was the
largest collection of data on the prevalence rate of TN
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tumors in Japan and was gathered from a large patient
sample. Although there were no restrictions placed on the
various centers for the methods they used for determining
the presence of the receptors, or the criteria employed for
their definition, we assumed that most cases had been
examined using immunohistochemistry, since this tech-
nique for the detection of the receptors was in widespread
use in 2004. 1t is possible that the hormone receptor status
of some cases in this current study were incorrectly
determined, because the definition criteria had not been
established at that time in 2004. Most Japanese institutions
regarded O or 2 on the Allred score as negative; others used
a cutoff value of 10% for the determination of ER/PgR.
Currently, the criteria for HER2 positivity are: 3+ with the
THC method, or 2+ with the IHC method and positive with
the FISH method. However, in 2004, a tumor was defined
as positive for HER2 if the IHC method resulted in 3+
alone, or in 2+ 3+.

Hence, in the present analyses, there were no strict
criteria in place for the determination of ER, PgR, or
HER?2, leaving each institution to apply its own criteria.
Now, however, it is considered that standardized analytical
methods and definition criteria have been adopted nation-
wide, so that future analyses will be more reliable. Nev-
ertheless, despite this limitation, we consider that the
results of this population study are clinically very signifi-
cant because of the large number of cases (over 11,000)
and participating institutions (over 350).

The basal-like subtype accounts for 15-20% of breast
cancers, irrespective of the method of analysis or ethnic
group [6]. However, premenopausal African-American
patients have a significantly higher incidence of this
subtype compared to other patients [7, 11]. It is well
known that the pathological and biological characteristics
of breast cancer are significantly worse in young African—
American patients and that they show a clinically poor
prognosis. Therefore, the high incidence of basal-like
subtype in young African-American patients correlates
with the high histological grade of the tumors and the
poor prognosis of the disease in this specific patient
subgroup. On the other hand, it has been reported that this
basal-like subtype is comparatively rare in Japanese
women, with an incidence of only 8% documented in a
recent study of 793 breast cancer cases in Japan [8]. We
were interested in a possible familial nature of TN
tumors, because of suggestions of a link to BRCAI]
mutation. In the present study, however, we could not find
any evidence of a family history of breast cancer in this
subtype or that it affected younger women than other
subtypes. This may have been due to the fact that various
subtypes of breast cancer are included in the definition of
‘TN,” although the basal-like subtype is thought to
comprise 40-80% of cases {7, 12].
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On the other hand, HR+/HER2— subtype tumors tended
to be smaller and the patients freer of lymph node metas-
tases at the time of diagnosis, while the HER2 subtypes
were often positive for regional or distant lymph node
metastases. This finding indicates the HR+/HER2— sub-
type tends to be detected at an earlier stage than the HR—/
HER2+ subtype, which was characteristically diagnosed at
an advanced stage. However, even if these tumors were
both detected at an early stage, the difference in outcome
would not be affected since HER2-positive tumors progress
more rapidly.

Regarding histological subtypes, scirrhous carcinoma
and solid-tubular carcinoma tended to be found more fre-
quently in the HR4/HER2— and the TN subtypes,
respectively. Although invasive lobular carcinoma was also
found in the TN type, its true incidence is unclear as it is
rarely difficult to distinguish from scirrhous carcinoma.
This TN subgroup also included many cases of medullary
and metaplastic carcinomas. Spindle cell and squamous
cell carcinomas of the TN tumors showed metaplasia
derived from invasive ductal carcinoma and exhibited
characteristics of basal-like tumors [12]. However, med-
ullary and apocrine carcinomas, which were included in the
metaplastic carcinomas, have a better prognosis than the
common type and, among TN breast cancers, should be
regarded as different from the more common basal-like
breast cancer.

There was no apparent correlation between the choice of
chemotherapeutic regimen and tumor receptor subtype,
both an anthracycline-containing regimen (ACR) and tax-
anes were used depending on the degree of progression.
Neoadjuvant therapy was used in 27.2 and 25% of HR—/
HER2+ and TN tumors, respectively, indicating that in
2004 this therapy was being used in large resectable
tumors.

In conclusion, we analyzed data from a large number of
breast cancer cases registered by the Japanese Breast
Cancer Society in order to characterize and advance our
understanding of the TN subtype of breast cancer. The
present study demonstrated that it was important to estab-
lish standard analytical methods and criteria for detection
of ER, PgR, and HER2 and that in particular it was nec-
essary to define TN breast cancer more carefully. In the
future, we need to follow up the prognosis and response to
chemotherapy in these TN breast cancer cases in an attempt
to characterize the subtype in more detail [2]. TN breast
cancer simulates basal-like tumor, which has been classi-
fied from gene profiles. The basal-like type of TN breast
cancer is diagnosed by IHC methods based on the
expression of EGFR and cytokeratin 5/6. We are looking
into further analyzing the cases from the 2004 registry from
the perspectives of immunohistochemistry, prognosis, and
use of adjuvant chemotherapy.
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The presence of frequent methylation of CpG islands (CGIs),
designated as the CpG island methylator phenotype in some can-
cers, is associated with distinct clinicopatholegical characteristics,
including gene amplification, in individual tumor types. Amplifi-
cation of HER2 in human breast cancers is an important prog-
nostic and therapeutic target, but an association between HER2
amplification and frequent CGI methylation is unknown. To clar-
ify the association, we here quantified methylation levels of pro-
moter CGIs of 11 genes, which are unlikely to confer growth
advantage to cells, in 63 human breast cancers. The number of
methylated genes in a cancer did not obey a bimedal distribution,
and the 63 cancers were classified into those with frequent meth-
ylation (n = 16), moderate methylation (n = 26) and no methyl-
ation (r = 21). The incidence of HER2 amplification was
significantly higher in the cancers with frequent methylation (11
of 16) than in those with no methylation (2 of 21, P = 0.001). Also,
the number of methylated genes correlated with the degree of
HER? amplification (r = 0.411, P = 0.002). Correlation analysis
with clinicopathological characteristics and methylation of
CDKNZA, BRCAI and CDHI revealed that frequent methylation
had significant correlation with higher nuclear grades
(P = 0.001). These showed that frequent methylation had a strong
association with HER2 amplification in breast cancers and sug-
gested that frequent methylation can be a determinant of various
characteristics in a fraction of human breast cancers.

Introduction

Aberrant DNA methylation is deeply involved in the development and
progressxon of human cancers (1-4). Methylation of CpG islands
(CGls) in promoter regions is a major mechanism for inactivation
of tumor suppressor genes. At the same time, maintenance of appro-
priate DNA methylation levels is known to be important for mainte~
nance of genome integrity. DNA hypomethylation can lead to
genomic instability and increased tumor incidence in mice (5,6) and
is associated with loss of heterozygosity in human cancers (7,8). On
the other hand, aberrant DNA methylation precedes loss of heterozy-
gosity in human liver cancers (9).

The presence of frequent methylation of CGIs in a cancer was first
described in colorectal cancers and designated as the CpG island
methylator phenotype (CDMP) (10). Depending upon tumor tissue

Abbreviations: CGI, CpG island; CIMP, CpG island methylator phenotype;
ESR, estrogen receptor; PCR, polymerase chain reaction; PGR, progesterone
receptor.

types, the presence of frequent CGls methylation, or CIMP, can be
clearly observed and is associated with distinct clinicopathological
features. For example, by careful selection of marker genes and their
quantitative methylation analysis, CIMP in colorectal cancers was
shown to be strongly associated with BRAF mutations (11). In neu-
roblastomas, both in Japan and Germany, CIMP was observed as
a distinct entity associated with poor prognosis and MYCN amplifica-
tion (12,13). Remarkably, all the cases with MYCN amplification had
frequent methylation, with only one exception. Cases with CIMP but
without MYCN amplification had a better prognosis than those that
had both and a worse prognosis than those that had neither. This
complete containment of tumors with MYCN amplification within
CIMP-positive tumors suggested that CIMP could precede gene am-
plification or that at least the presence of frequent aberrant DNA
methylation was associated with gene amplification.

Gene amplification of HER2, which is a member of the epidermal
growth factor receptor family (14), is very important in human breast
cancers. Initially, HER2 amplification was found to be present in 15—
30% of newly diagnosed breast cancer cases and to be associated with
increased metastatic potential and decreased overall survival (15).
Suppression of HER2 activity was shown to have antitamor activity,
and antibodies against HER2 were developed as a therapeutic agent
against breast cancers. Now, it is well known that a humanized anti-
body against HER2, such as trastuzumab, is very effective against
breast cancers with HER2 amplification (16,17). Nevertheless, in-
ducers of HER2 amplification remain unknown.

In this study, we aimed to clarify whether or not the presence of
frequent CGI methylation was associated with HER2 amplification in
human breast cancers. For this end, from the genes silenced in human
cancers (18,19), we selected genes whose silencing is unlikely to
confer growth advantage and avoided selection bias of cells with
methylation. Also, we performed quantitative methylation analysis
of their putative nucleosome-depleted regions (20), which are most
resistant to DNA methylation (21). Association between frequent CGI
methylation and clinicopathological characteristics, including silenc-
ing of three tumor-suppressor genes (CDKN2A, BRCA1 and CDHI),
was also analyzed.

Materials and methods

Patients and tissue samples

Sixty-three breast cancer tissue specimens were obtained from patients who
underwent mastectomy or breast-conserving surgery (stage I 22 cases; stage Il
26 cases; stage I 15 cases and stage IV O case). Informed consent was
obtained from all the patients, and analysis was approved by the institutional
review boards. Cancer tissues were frozen after resection and stored at —80°C
until extraction of genomic DNA. High-molecular weight DNA was extracted
by the phenol—chloroform method. Histological types were evaluated accord-
ing to the criteria of the Japanese Breast Cancer Society (22).

Bisulfite modification and quantitative methylation-specific polymerase chain
reaction

Completely methylated DNA and completely unmethylated DNA were pre-
pared by methylating genomic DNA with SssI methylase (New England Biol-
abs, Beverly, MA) and amplifying genomic DNA with the GenomiPhi
amplification system (GE Healthcare, Buckinghamshbire, UK), respectively.
Bisulfite modification was performed using 1 pg of BamHI-digested genomic
DNA as described previously (23). The modified DNA was suspended in 40 pl
of Tris-EDTA buffer, and an aliquot of 1 ul was used for polymerase chain
reaction (PCR) with a primer set specific to methylated or unmethylated se-
quences (supplementary Table 1 is available at Carcinogenesis Online). Using
the completely methylated DNA and completely unmethylated DNA, an an-
nealing temperature specific for each primer set was determined. Real-time
PCR was performed using SYBR® Green 1 (BioWhittaker Molecular Appli-
cations, Rockland, ME) and an iCycler Thermal Cycler (Bio-Rad Laboratories,
Hercules, CA). The number of DNA molecules with methylated sequences and
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Fig. 1. Methylation levels in the 63 breast cancer samples. The numbers of DNA molecules methylated and unmethylated in promoter CGIs were obtained by
quantitative methylation-specific PCR, and a methylation level was calculated as a fraction of methylated DNA molecules among the total DNA molecules.
Some cancers had no methylation and the others had various levels of methylation. The methylation level in cancers was considered to represent the fraction of
cancer cells in a sample and less occasionally the fraction of cells with methylation among cancer cells. We confirmed that we detected dense methylation

of promoter CGls by sequencing the quantitative methylation-specific PCR products obtained using primers specific to methylated DNA molecules

(suppplementary Figure 3 is available at Carcinogenesis Online).

that with unmethylated sequences in a test sample were measured by compar-
ing its amplification with those of standard samples that contained 10-10°
DNA molecules. The standard samples were prepared by cloning PCR prod-
ucts of methylated and unmethylated sequences into the pGEM-T Easy vector
(Promega, Madison, WI) or by purifying their PCR products using the Wizard
SV Gel and PCR clean-up system (Promega). The ‘methylation level’ was

calculated as the fraction of methylated DNA molecules among the total
DNA molecules.

Fluorescence in situ hybridization analysis of the HER2 amplification

Fluorescence in situ hybridization was performed using a PathVysion kit
(Abbot Molecular, Des Plaines, IL) with our modification (24). The HER2 locus
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and centromere of chromosome 17 (CEP17) were labeled by SpectrumOrange
and SpectrumGreen fluorescence, respectively, and nuclei were counterstained
with 4’, 6-diamidino-2-phenylindole. HER2 and CEP17 signals were counted
in 60 nuclei under a fluorescence microscope. Cancers with HER2:CEP17 ratio
>2 were determined as HER2 amplification positive.

Analysis of 30ST2 expression on cell growth

MCF7 Tet-Off cell line was purchased from Clontech Laboratories (Mountain
View, CA). Full-length 30ST2 complementary DNA, cloned from human
mammary epithelial cells, was inserted into the multiple cloning site of
pTRE2hyg vector (Clontech Laboratories). The MCF7 Tet-Off cell line was
transfected with the vector, and a stable clone was obtained by selection using
hygromycin. Growth curves were analyzed by counting the cell numbers
for the parental cell line, stable clones ransfected with 30ST2-expressing
vector and with empty vector (without doxycycline). Overexpression of
30ST2 complementary DNA was confirmed by real-time reverse transcription—
PCR analysis.

Sequencing analysis of quantitative methylation-specific PCR products
Quantitative methylation-specific PCR products of seven genes, 30572, FLNc,
GREM1, THBD, PCDHI0, XT3 and LOC346978, were cloned into pGEM-T
Easy Vector (Promega). For each sample, ~10 clones were cycle sequenced
using T7 primer, 5'-TAATACGACTCACTATAGGG-3' and an Applied Bio-
systems 310 sequencer (Applied Biosystems, Foster City, CA).

Statistical analysis

Increasing or decreasing trends in no methylation, moderate methylation and
then frequent methylation cancers were analyzed by the Mantel-Haenszel chi-
square test, Differences between the frequent methylation HER2-positive can-

cers and moderate methylation (or no methylation) HER2-positive cancers
were analyzed by the chi-square test. Correlation between the degree of
HER?2 amplification and the number of methylated genes was analyzed using
Pearson's correlation coefficient. All the analyses were performed using SPSS
(SPSS, Chicago, IL).

Results

Quantitative methylation analysis of breast cancers

From 20 and 14 genes that were methylated in human breast
and gastric cancers, respectively (18,19), we selected 11 genes
(LOC346978, 30ST2, GREMI, XT3, PCDHI0, FLNc, THBD,
COE2, CLDN3, F2R and AK5) and quantified their methylation levels
in 63 breast cancers. These genes, except for 30572 and CLDN3,
were not expressed in normal human mammary epithelial cells
(18,19,25,26), and their silencing was unlikely to confer growth ad-
vantage to cells. Also, introduction of 30872 complementary DNA
into MCF7 cells did not cause growth suppression (supplementary
Figure 1 is available at Carcinogenesis Online), and its silencing
was unlikely to confer growth advantage. Therefore, the majority of
the 11 genes were considered to be suitable to detect the presence of
a cellular environment that tends to induce methylation of promoter
CGls. We also analyzed methylation of three tumor suppressor genes
(CDKN2A, BRCAI and CDHI) for clinicopathological analysis.
Quantitative methylation analyses of the 14 genes showed that
some cancers had no methylation and the others had various levels
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Fig. 2. Methylation profile of the 11 marker genes and three tumor suppressor genes in 63 breast cancers. Methylation in each sample was scored as positive
or negative using two different cutoff values, and the 63 samples were aligned by the number of methylated CGIs. Methylation-positive samples using 10 and 20%

as cutoff values are shown by gray and black boxes, respectively.
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of methylation (Figure 1). Such distribution of methylation levels was
typically observed for FLNc, THBD, CLDN3, F2R and CDKN2A. The
presence of such distribution confirmed previous findings that cancer
samples could essentially be classified into two groups: cancers with
methylation of a specific gene and those without (11,19,27). Counting
cancer cells in the tissue section samples showed that two samples
with least cancer cells contained cancer cells with fractions of
19.8 £ 5.2% and 22.9 + 0.3% (mean = SD). Based on these data,
we adopted two cutoff values 10 and 20% to score each cancer sample
as positive or negative. When overall distribution of methylation was
examined, similar patterns of cancers with methylation were observed
using the two cutoff values (Figure 2). Using either value, the number
of methylated genes in a cancer did not obey bimodal distribution
and looked quite similar (Figure 3). Therefore, we adopted a cutoff
value of 20% to score individual cancers as positive or negative for
methylation.

Then, the 63 cancers were classified by the frequency of CGI meth-
ylation. To avoid biases due to a cutoff number of methylated genes, we
classified the cancers into three groups, those with no methylation,
moderate methylation and frequent methylation, using two different
cutoff numbers for frequent methylation. Using a cutoff number of three
methylated genes or more, 16, 26 and 21 cases were classified into
cancers with frequent methylation, moderate methylation and no meth-
ylation, respectively. Using a cutoff number of four methylated genes or
more, 8, 34 and 21 cases were classified into those with frequent meth-
ylation, moderate methylation and no methylation, respectively.

Association between frequent CGI methylation and the HER2
amplification

The presence of HER2 amplification was analyzed by fluorescence
in sity hybridization, and 24 of 63 (38%) cancers had HER2 amplifi-
cation (supplementary Figure 2 is available at Carcinogenesis
Online). The extent of amplification ranged from 2.0- to 16.8-fold.
Using a cutoff number of three for frequent methylation, the fractions

25
Cut off value ; 20 %

20
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Number of cancers

0 1 2 3 4 5 [ 7
Number of methylated genes

20
Cut off value ; 10 %

15
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Number of cancers

0 1 2 3 4 5 6 7
Number of methylated genes

Fig. 3. Distribution of the number of methylated genes in a cancer. Similar
distribution patterns were observed using two different cutoff values. The
distribution was not bimodal, and involvement of multiple mechanisms in
frequent methylation in breast cancers was suggested.

Frequent CGI methylation and HER2 amplification in breast cancers

of cancers with HER2 amplification were 11/16, 11/26 and 2/21 in
cancers with frequent methylation, moderate methylation and no
methylation, respectively (Figure 4A). Using a cutoff number of four,
it was 6/8, 16/34 and 2/21, respectively (Figure 4B).

When correlation between the degree of CGI methylation and frac-
tion of cancers with HER2 amplification was examined by trend anal-
ysis, a highly significant increasing trend was observed from cancers
with no methylation, to those with moderate methylation and then to
those with frequent methylation (P < 0.001 for both of cutoff num-
bers). When cancers with frequent methylation and those with no
methylation were compared, the former had a significantly higher
fraction (P = 0.003 and 0.001 for cutoff numbers of four and three,
respectively). Also, the degree of HER2 amplification showed a
correlation with the number of methylated genes (correlation
coefficient = 0.411, P = 0.002) (Figure 5 and supplementary Table 2
is available at Carcinogenesis Online). This demonstrated that fre-
quent CGI methylation had an association with HER2 amplification.
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Fig. 4. The comelation between the degree of frequent methylation and
HER?2 amplification. Two different cutoff numbers were used to define
frequent methylation. These analyses adopted a cutoff value of 20% for
methylation-positive. (A) Frequent methylation was defined as cancers with
methylation of three or more genes. (B) Frequent methylation was defined as
cancers with methylation of four or more genes. Whichever cutoff number
was used, a clear increasing trend of HER2-positive cancers in no
methylation, moderate methylation and then frequent methylation groups
was observed (P < 0.001 for both of the two cutoff numbers). Closed and
open boxes represent cancers with and without HER2 amplification,
respectively. '
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between frequent CGI methylation and other
including methylation of tumor

Association
clinicopathological features,
suppressor genes

The correlation between frequent CGI methylation and methylation of
three tumor suppressor genes, CDKN2A, CDHI and BRCAIl, was
analyzed (Table I). However, none of the three genes showed any
correlation (P = 0.557, 0.157 and 0.232, respectively). Regarding
other clinicopathological characteristics, the degree of frequent CGI
methylation correlated with higher nuclear grades (P = 0.001). The
degree of frequent CGI methylation tended to show correlations with
advanced pathological stage (P = 0.068) and post-menopausal status
(P = 0.044). However, no association was observed with lymph node
metastasis and negative expression of estrogen receptor (ESR) or pro-
gesterone receptor (PGR).

Discussion

The present study demonstrated for the first time that frequent CGI
methylation in breast cancers had a highly significant association with
HER?2 amplification. Regarding DNA methylation and HER2 over-
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Fig. 5. The correlation between the number of methylated genes and degree
of HER2 amplification. The degree of HER2 amplification showed a strong
correlation with the number of methylated genes (correlation coefficient =
0411, P = 0.002).

Table L. Association between frequent CGI methylation and
clinicopathological features, including methylation of tumor suppressor
genes

No Moderate  Frequent P value

methylation methylation methylation
CDKN2A methylation (/) 2/19 0/26 1715 0.557
BRCAI methylation (++/—) 1/20 0/26 0/16 0.232
CDHI methylation (-+/—) 0/21 0/26 /15 0.157
Menopausal (pre/post) 12/9 9/17 4/12 0.044
Stage (I/II/IIT) 9/11/1 9/8/9 41115 0.068
Lymph node metastasis 6/15 13/13 /9 0.308
(positive/negative)
ESR (positive/negative) 15/6 14/12 11/5 0.779
PGR (positive/negative) 17/4 14/12 9 0.100
Nuclear grade (1/2/3) 4/1017 217 0/2/14 0.001

Frequent methylation was defined as breast cancers with methylation of three
or more genes. Increasing or decreasing trends were tested by Mantel—
Haenszel chi-square.
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expression, Fiegl ef al. (28) previously found that methylation levels
of four genes (CDH13, PGR, HSD17B4 and MYODI) and one gene
(BRCA1I), which were selected from 35 genes, correlated with HER2
expression positively and inversely, respectively (P = 0.01-0.04).
Methylation levels of individual genes in cancers are affected by
the content of cancer cells, and, also, the correlation observed in the
study was considered to be due to interaction between a function of an
individual gene and HER2 overexpression. In contrast, here, we fo-
cused on the abnormality in epigenetic regulation in cancers. To es-
timate its degree, we used marker genes that were unlikely to confer
growth advantages even if methylated, scored their methylation as
positive or negative and integrated the information from the 11 marker
genes into the frequency of methylation in a cancer sample. The
cancers were classified into three groups, namely those with frequent
methylation, moderate methylation and no methylation. As a result,
a very strong association between frequent methylation and HER2
amplification (P < 0.001) was demonstrated. Also, the degree of
frequent methylation showed a clear correlation with the degree of
HER?2 amplification. BRCAI methylation did not correlate with the
degree of frequent methylation or HER2 amplification (P = 0.806).

The association between frequent methylation and HER2 amplifi-
cation has clinical implications. It is known that HER2 amplification
status can show a discrepancy between primary and metastatic sites in
a small fraction of patients (29). There is a possibility that HER2-
negative breast cancers at initial diagnosis change into HER2 positive
at their recurrence and that the presence of frequent methylation at the
initial diagnosis can be used to predict such cases. Since accurate
detection of HER2-positive cancers is very important to implement
appropriate treatment, including trastuzumab (17), future studies to
predict the HER2 amplification status using frequent methylation and
to clarify the mechanism of the association are warranted. Also, the
effect of frequent methylation on long-term survival is important. So
far, only 5 of 63 cases suffered from recurrence (one frequent meth-
ylation, three moderate methylation and one no methylation cases),
and the effect cannot be statistically analyzed. Since the association
between HER2 amplification and poor survival (without trastuzumab)
is well established, the effect of frequent methylation on long-term
survival seems worth being analyzed in the future.

Some breast cancers with HER2 amplification belonged to the
moderate methylation or no methylation groups although the majority
of cancers with HER2 amplification belonged to the frequent meth-
ylation group. This was in contrast with the case of neuroblastomas,
where all the neuroblastomas with MYCN amplification had frequent
methylation, CIMP, with only one exception (12,13). Therefore, the
relationship between frequent methylation and HER2 amplification in
breast cancers seems more complex than the relationship between
CIMP and MYCN amplification in neuroblastomas. Not only frequent
methylation could lead to HER2 amplification through chromosomal
instability (9), which was our initial expectation, but also HER2 am-
plification could lead to frequent methylation or they might have
comumon inducers.

The degree of frequent methylation also correlated with higher
nuclear grades. It also tended to show association with advanced
stages and post-menopausal status. It has been reported that CDHI
methylation was associated with negative ESR and PGR expressions
(P = 0.06 and 0.09, respectively) and that frequent methylation of
seven tumor suppressor genes was associated with poor differentiation
(30). It has also been reported that PGR expression was negatively
associated with ESRI, TGFBR2, PPTGS2 and CDH13 methylation
(P = 0.01-0.04) (31) and that ESR and PGR expressions were pos-
itively and negatively associated with HIN-1/RASSFIA and RIL/
CDH 13 methylation, respectively (32). Taken together, the frequent
methylation in breast cancers was weakly associated with advanced
stages, negative PGR and ESR expressions and poor differentiation
(higher nuclear grades). Nevertheless, the correlation between fre-
quent methylation and HER2 amplification was much stronger than
these associations in our study. It was considered that quantitative
analysis of marker genes was advantageous to clarify the strong
association.



The cutoff value of methylation levels to score cancer samples as
positive or negative for methylation was determined based upon the
fraction of cancer cells in two samples with their smallest contents
(20%). To count methylation in a fraction of cancer cells, we also
tested a cutoff value, 10%, but quite similar results were obtained
(Figure 3). Regarding the cutoff number for frequent methylation,
we tried three and four but observed a highly significant association
using both numbers (Figure 4). This excluded a possibility that
a false-positive association between frequent methylation and HER2
amplification was observed due to arbitrary cutoff values or numbers.
Also, we confirmed that we detected dense methylation of promoter
CGls by our gquantitative methylation-specific PCR analysis by se-
quencing the PCR products. Almost all the CpG sites in the products
were densely methylated (supplementary Figure 3 is available at
Carcinogenesis Online). Finally, we confirmed that the methylation
detected in cancer tissues originated from cancer cells. Methylation
levels of nine genes that showed high methylation levels (>10%) in
some cancer samples were measured in 11 pairs of non-cancerous
breast and cancer tissues (supplementary Figure 4 is available at
Carcinogenesis Online). The methylation levels of all the genes were
elevated only in cancer tissues, and the methylation we detected was
considered to originate from cancer cells.

In summary, frequent methylation in breast cancers had a strong
association with HER2 amplification.

Supplementary material

Supplementary Tables 1 and 2 and Figures 1-4 can be found at http://
carcin.oxfordjounals.org/
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Background: Since many thyroid cancer tissue samples from atomic bomb (A-bomb) survivors have been
preserved for several decades as unbuffered formalin-fixed, paraffin-embedded specimens, molecular onco-
logical analysis of such archival specimens is indispensable for clarifying the mechanisms of thyroid carcino-
genesis in A-bomb survivors. Although RET gene rearrangements are the most important targets, it is a difficult
task to examine all of the 13 known types of RET gene rearrangements with the use of the limited quantity of
RNA that has been extracted from invaluable paraffin-embedded tissue specimens of A-bomb survivors. In this
study, we established an improved 5 rapid amplification of cDNA ends (RACE) method using a small amount
of RNA extracted from archival thyroid cancer tissue specimens.

Methods: Three archival thyroid cancer tissue specimens from three different patients were used as in-house
controls to determine the conditions for an improved switching mechanism at 5 end of RNA transcript
(SMART™) RACE method; one tissue specimen with RET/PTCI rearrangement and one with RET/PTC3 re-
arrangement were used as positive samples. One other specimen, used as a negative sample, revealed no
detectable expression of the RET gene tyrosine kinase domain.

Results: We established a 5 RACE method using an amount of RNA as small as 10 ng extracted from long-term
preserved, unbuffered formalin-fixed, paraffin-embedded thyroid cancer tissue by application of SMART
technology. This improved SMART RACE method not only identified common RET gene rearrangements, but
also isolated a clone containing a 93-bp insert of rare RTE/PTC8 in RNA extracted from formalin-fixed, paraffin-
embedded thyroid cancer specimens from one A-bomb survivor who had been exposed to a high radiation dose.
In addition, in the papillary thyroid cancer of another high-dose A-bomb survivor, this method detected one
novel type of RET gene rearrangement whose partner gene is acyl coenzyme A binding domain 5, located on
chromosome 10p.

Conclusion: We conclude that our improved SMART RACE method is expected to prove useful in molecular
analyses using archival formalin-fixed, paraffin-embedded tissue samples of limited quantity.

Background Since many thyroid cancer tissue samples from atomic
bomb (A-bomb) survivors have been preserved for a long time

MOLECULAR ONCOLOGICAL ANALYSES of archival tissue as unbuffered formalin-fixed, paraffin-embedded specimens,
specimens are indispensable, especially for studies of ~analysis of such archival specimens is indispensable for clari-

rare cancers or cancers associated with uncommon past fying the characteristics of thyroid carcinogenesis in A-bomb
events, such as radiation exposures in Thorotrast treatment, survivors. RET gene rearrangements are thought to play an
nuclear power plant accidents, and atomic bombings. In re-  initial and critical role in papillary thyroid cancer develop-
cent years, application of new molecular techniques, includ-  ment, although wide variations in the prevalence of such re-
ing polymerase chain reaction (PCR) in the use of archival arrangements, ranging from 3% to 70%, have been observed in
tissue samples, is anticipated to advance the understanding of ~ different geographic areas (2-4). To date, at least 13 rear-
the molecular mechanisms of these cancers (1). ranged forms of the RET gene (RET/PTC 1-9, PCM1-RET,

"Department of Radiobiology/Molecular Epidemiology, Radiation Effects Research Foundation, Hiroshima, Japan.
2Translational Research Center, Saitama Medical University, International Medical Center, Saitama, Hidaka, Japan.
SGeriatric Health Service Facility Hidamari, Hiroshima, Japan.
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ELKS-RET, ARFP-RET, and HOOK3-RET) have been identi-
fied, of which RET/PTC1 and RET/PTC3 are by far the most
frequent, from papillary thyroid cancers in patients both with
and without radiation-exposure history (3,5-7). Analysis of
RET gene rearrangements is one of the most important issues
in molecular thyroid cancer research among A-bomb survi-
vors. However, it is a difficult task to examine all types of RET
rearrangements because of the limited quantity of paraffin-
embedded tissue specimens from A-bomb survivors; namely,
itis almostimpossible to investigate all 13 rearranged forms of
the RET gene using such limited amounts of RNA.

Clontech’s (Mountain View, CA) switching mechanism at 5’
end of RNA transcript (SMART™) technology is based on the
terminal transferase activity of reverse transcriptase, which
adds a few additional nucleotides, primarily deoxycytidine, to
the 3’ end of cDNA, creating an extended template at the 5’ end
in combination with a SMART oligonucleotide (8). Therefore,
PCR amplification of cDNA using a set of adaptor-specific
primer and gene-specific primer will produce the cDNA that
contains the complete 5’ end of mRNA (9).

We improved and established the 5 rapid amplification of
cDNA ends (RACE) method (10) using a very small amount of
RNA extracted from unbuffered paraffin-embedded thyroid
cancer tissue by application of SMART technology. In addi-
tion to the analysis of common RET gene rearrangements, this
method succeeded in detecting not only rare RET gene re-
arrangements but also one RET gene rearrangement that has
not yet been reported.

Materials and Methods
Tissue

All cancer tissue specimens used for this study were pre-
pared from archival unbuffered formalin-fixed, paraffin-
embedded blocks. Three thyroid cancer tissue specimens from
three different patients were used as in-house controls to
determine the conditions for an improved SMART RACE
method; one tissue specimen with RET/PTCI rearrangement
and one with RET/PTC3 rearrangement were used as positive
samples. One other specimen, used as a negative sample, re-
vealed no detectable expression of the RET gene tyrosine ki-
nase (TK) domain. The control samples had been preserved at
room temperature for 19-21 years. Papillary thyroid cancer
specimens from A-bomb survivors, preserved at room tem-
perature for 20-50 years, were collected after approval from
the Human Investigation Committee and the Ethics Com-
mittee for Genome Research at the Radiation Effects Research
Foundation (RERF). After deparaffinization of 5 ym sections
by Hemo-De (Fujisawa Yakuhin Kogyo, Osaka, Japan) and
staining with methyl green (Sigma-Aldrich, St. Louis, MO),
cancerous regions were isolated using disposable scalpels. All
cancerous regions from two to four successive tissue sections
were combined for RNA extraction.

RNA extraction

RNA was isolated from dissected tissue using the High Pure
RNA Paraffin kit according to the manufacture’s instructions
(Roche Diagnostics, Manheim, Germany), with some modifi-
cations. Briefly, dissected tissue was digested with proteinase
K at 55°C overnight, followed by DNase I treatment. After the
lysate was purified by High Pure filter, RNA was eluted twice
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with 100 gL, of RNase-free water. RNA was then precipitated
by ethanol in the presence of 2 uL. of ethachinmate (Nippon
Gene, Tokyo, Japan) as a carrier and resuspended in 30 uL of
RNase-free water.

c¢DNA synthesis

To enhance template activity of RNA extracted from ar-
chival unbuffered formalin-fixed, paraffin-embedded tissue
specimens, total RNA was first heated in 10mM of citrate
buffer (pH 4.0) at 70°C for 45 minutes and then precipitated by
ethanol (11). Then, 100ng of total RNA and 50 pmol/uL of
random primers (9 mer) were heated in 11 uL. of RNase-free
water at 65°C for 10 minutes and chilled in ice water. A
mixture consisting of 4 uL of 5x reverse transcription (RT)
buffer, 2 yuL of 20mM DTT, 1 4L of 10 mM dNTPs, and 1 uL of
RNase Inhibitor (20 U/uL; TaKaRa, Tokyo, Japan) was added
to the RNA solution and incubated at room temperature for 5
minutes. After addition of 1 uL of Rever Tra Ace (100 U/uL;
Toyobo, Osaka, Japan), the reaction mixture was incubated at
42°C for 45 minutes.

Improved SMART RACE

After 1yl of various concentrations of SMART adaptor
(SMART II A oligonucleotide; Clontech) was added to 20 uL
of cDNA solution, the mixture was further incubated at 42°C
for 60 minutes and heated at 70°C for 15 minutes to inactivate
reverse transcriptase. SMART RACE-PCR was performed in
a 25puL volume containing 1xPCR buffer; 200 M each of
dATP, dCTP, dGTP, and dTTP; 3mM of MgCly; 0.4 uM of
each primer (SMART adaptor-specific primer, S-RACE 1, 5'-
AAGCAGTGGTAACAACGCAGAGTA-3'; exon 12 of RET
gene-specific primer, RET-Ex12PRY, 5-TCCGAGGGAATTC
CCACTTT-3); 0.5U of FastStart Taq DNA polymerase con-
taining a thermostable proof-reading protein (Roche Diag-
nostics); and 2 uL. of SMART adaptor-treated cDNA. PCR was
carried out on a DNA Engine using the following cycle con-
ditions: at 95°C for 3 minutes; 45 cycles at 95°C for 30 seconds,
at 60°C for 30 seconds, and at 72°C for 45 seconds; and a final
extension at 72°C for 5 minutes. The first PCR products were
diluted at 1000- to 10,000-fold in water, and 1 uL of diluted
samples was used as a template for semi-nested SMART
RACE-PCR with SMART adaptor and nested primer (RET
gene-specific primer, RET-Ex12A4; Table 1). The second PCR
conditions were as described in the first PCR, with the ex-
ception of annealing temperature (66°C instead of 60°C) and
number of cycles (25 cycles instead of 45 cycles).

Cloning and sequencing of cDNA fragmerits

Five microliters of second SMART RACE-PCR products
was electrophoresed on an 8% acrylamide gel and viewed
with ethidium bromide. Target candidate bands were deter-
mined by BamHI (TaKaRa) digestion of aliquots of second
SMART RACE-PCR products, because the fragments ampli-
fied by SMART RACE-PCR included a BamHI recognition site
located at the 5 end of exon 12 of the RET gene. Target can-
didate cDNA fragments derived from 50 uL of second SMART
RACE-PCR products were eluted from 8% acrylamide gel and
cloned into Hincll-digested and dephosphorylated pUC118
vector using TaKaRa Blunting Kination Ligation kit (TaKaRa).
Plasmid DNA containing a longer insert than 70bp was
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TaBLE 1. PRiMERs AND OLIGONUCLEOTIDES USED FOR DETECTION OF MRNA EXPRESSION
BY REVERSE TRANSCRIPTION-POLYMERASE CHAIN REACTION
Annealing
Primer name Sequence temperature
BCR BCR-52 5-GGTGGGCGACCTCTTCCAGA-3 (20 mer) 58°C
BCR-A2 5-TCCACGAAGGCCCGGTACAC-3' (20mer)
Kinase domain of RET RET-Ex1255 5-GAGCAGGGTACACCACGGTGG-3' (21 mer) 60°C
RET-Ex13A2 5-CTCACTCGGGGAGGCGTTCT-3' (20 mer)
RET/PTC1 PTC1S14 5-AACCGCGACCTGCGCAAAGC-3' (20 mer) 58°C
RET-Ex12A 5-GAGGGAATTCCCACTTTGGA-3' (20 mer)
RET/PTC3 PTC3/4-12 5-ACCCAAAAGCAGACCTTGGA-3' (20 mer) 56°C
RET-Ex12A4 5-GAGGGAATTCCCACTTTGGA-3 (20 mer)
RET/PTCS8 PTC8S1 5-GAGTGATCTTITCTAGCAAAACACA-3' (24 mer) 58°C
RET-Ex12A4 5-GAGGGAATTCCCACTTTGGA-3' (20 mer)
PTC8-oligo77 5-AAGAGAGGGAGAGTGATCTTTCTAGCAAAA
CACAGCTGTTACAGGAGGATCCAAAGT
GGGAATTCCCTCAAGCCGAA-3 (77 mer)
ACBD5-RET ACBD5S1 5-ACATTGCAGACTGCTCCTCA-3" (20 mer) 58°C
RET-Ex12A4 5-GAGGGAATTCCCACTTTGGA-3' (20 mer)
ACBD5-RET-oligo77 5-TCAACATCAACATTGCAGACTGCTCCTCAG

CCCACCTCACAGGAGGATCCAAAGTGGG

AATTCCCTCGGAAGAACTT-3' (77 mer)

sequenced using DNA sequencer CEQ8000 (Beckman Coul-
ter, Fullerton, CA), because the total length of the SMART
adaptor and the 5’ portion of exon 12 of RET was 55bp.

Detection of RET/PTC8 expression in papillary thyroid
cancer from A-bomb survivors by RT-PCR

Amplification of the BCR gene as an internal control by
RT-PCR was at first conducted for examination of availabil-
ity of RNA extracted from archival tissue samples. The cDNA
derived from 10ng of total RNA was used as a template for
RT-PCR. RT-PCR for detection of RET/PTC8 and ACBDS5-
RET was performed in a 25 uL. volume of solution contain-
ing 1xPCR buffer; 200 uM each of dATP, dCTP, dGTP, and
dTTP; MgSO, (3.5 mM for RET/PTC8 and 3.0 mM for ACBDS5-
RET); 0.4uM of each primer (PTC8S1, RET-Ex12A4 for
RET/PTC8; ACBD5S1, RET-Ex12A4 for ACBD5-RET); and
05U of Platinum Taq DNA polymerase High Fidelity (In-
vitrogen, Carlsbad, CA). PCR conditions consisted of initial
denaturation (95°C for 3 minutes), followed by 40 cycles
(denaturation at 95°C for 30 seconds, annealing at 58°C for 30
seconds, and extension at 68°C for 45 seconds), and final ex-
tension at 68°C for 5 minutes. To detect expression of BCR, the
TK domain of the RET gene, RET/PTC1, and RET/PTC3, RT-
PCR was conducted using Platinum Taq DNA polymerase
(Invitrogen) in the presence of 1xPCR buffer; 200 uM each of
dATP, dCTP, dGTP, and dTTP; 2.5mM MgCl, (2.0mM for
RET/PTC3); and 0.4 uM of each primer at 40 cycles for BCR,
RET/PTC1, and RET/PTC3, and 36 cycles for the TK domain.
Reaction conditions were as described in RET/PTCS, except
for extension temperature (72°C instead of 68°C). Primer sets
and annealing temperatures are summarized in Table 1. RT-
PCR products of RET/PTC8 and ACBDS-RET were confirmed
to be actual products by sequencing after cloning of corre-
sponding bands into a cloning vector.

RT-PCR products other than RET/PTC8 and ACBD5-RET
were confirmed to be actual products by digestion of restric-
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tion enzymes, BamHI for RET/PTC1 and RET/PTC3, Alul for
BCR (TaKaRa), and Haelll (New England Biolabs, Beverly,
MA) for the RET gene TK domain, which existed within each
amplified target fragment. For positive control of RT-PCR on
the BCR gene, the RET gene TK domain and RET/PTCI,
c¢DNA derived from a human thyroid cell line (TPC1) with
RET/PTC1 rearrangement was used as a template. For posi-
tive control of RT-PCR on RET/PTC8 and ACBD5-RET, a
mixture of 77 base-synthesized nucleotides (PTC8-oligo77
for RET/PTC8 and ACBD5-RET-oligo77 for ACBD5-RET,
respectively) and genomic DNA at a molar ratio of 1:1
was used as a template. For negative control, H,O was used as
a template. No amplification of RNA without RT was ob-
served.

Resuits »
Concentration of SMART adaptor

All ¢<DNA syntheses in this study were performed with
random primer (9mer), since RNA extracted from archi-
val formalin-fixed, paraffin-embedded thyroid cancer tissue
specimens was invariably degraded to some degree. Using
RNA prepared from each of two in-house controls harboring
RET/PTC1 and RET/PTC3 rearrangements, first we exam-
ined the effects of concentration of SMART adaptor on the
amplification efficiency by SMART RACE-PCR with gene-
specific and adaptor-specific primers. One microliter of vari-
ous concentrations of SMART adaptor was added to the
reaction mixture immediately after cDNA synthesis had been
completed. The mixture was further incubated at 42°C for
60 minutes in the presence of SMART adaptor. Since the total
length of the SMART adaptor and the 5’ portion of exon 12 of
RET is 55 bp, the length of amplified target fragments requires
more than 70 bp to identify the counterpart gene. In addition,
it is important to conduct cloning of obvious and intense
fragments for successful isolation and identification of the
counterpart gene. Therefore, among clear-cut fragments of



