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Fig. 2. SNP6.0 data. (a) Plots of the SNP6.0 data displayed in ChAS 1.0.1 showing the log2 ratio plot of copy number state,
allele difference plot, and loss of heterozygosity (LOH) segment (purple box) (P, patient; M, mother; and F, father). (b) The allele
difference graph represents the genotypes for each individual single nucleotide polymorphism (SNP). Dots with a value of 1, —1,
and 0 represent SNPs with AA, BB, and AB genotypes, respectively. A vertical dashed line indicates the CUL7 locus. (¢} The LOH
segment plot indicates nine LOH regions on chromosome 6. iUPD6-1 and iUPD6-2 denote the regions of uniparental isodisomy
(red box). hUPD6-1 and hUPDG6-2 denote the regions of uniparental heterodisomy (blue box). The genotypes on chromosome 6
indicate maternal heterodisomy or isodisomy in the affected offspring [only the uniparental disomy (UPD) markers are displayed].

Table 1. Examination of SNPs from a patient/father/mother trio®

hUPD6-1 iUPD6-1 hUPD6-2 iUPD6-2
Genotype of trio iUPD AA/BB/AB 0 534 0 318
(patient/father/ BB/AA/AB 0 576 3 304
mother) ; AA/BB/AA 178 543 605 272
UPD or iUPD BB/AA/BB 196 506 563 262
Share genotype iUPD or hUPD AA/AA 2,812 5,897 9,716 3,009
(patient/mother) BB/BB 2,799 5,785 9,557 2,919
hUPD AB/AB 1,699 19 6,384 12
Total of share genotype 7,310 11,701 25,657 5,940
Share genotype rate (%) 99.82 78.20 99.89 73.31
Total SNP probe 7,323 14,963 25,684 8,103
Start SNP rs4959515 rs9370869 rs3354209 rs9384189
Start position 110,391 16,290,223 65,799,990 150,518,012
End SNP rs9477050  rs9453156 rs7765984 rs6931065
End position 16,287,166 65,796,893 150,617,779 170,759,956
Size (bp) 16,176,776 49,506,671 84,717,790 20,241,945
Cytoband p25.3-p22.3 p22.3-q12 gl2-g25.1 q25.1-q27

hUPD, uniparental heterodisomy; iUPD, uniparental isodisomy; iUPD or hUPD, UPD could not be defined as isodisomy or

heterodisomy; SNP, single nucleotide polymorphism.

a8Each row contains information on each matUPDG inheritance block identified by trio haplotype analysis.
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both the X chromosome and chromosome 6
showed maternal iUPD. This case also was notable
for IUGR and growth retardation at 8 months of
age (15). The fifth case was a fetus with IUGR
at 29 weeks of pregnancy from a 45-year-old
patient. The case was ascertained as trisomy 6
mosaicism in cultured chorionic villi but disomy
in amniocytes; analysis of DNA markers in
amniocytes and parental samples revealed mat-
iUPD6 in disomy cells (16). The sixth case was a
male infant with molybdenum cofactor deficiency
who showed developmental delay. SNP analysis
with the trio revealed that at least 6p21.1-6p24.3
were mat-iUPD6, but not another region were
remain unclear (17). The seventh case was a
patient with cleft lip and palate, and showed
a complete maternal hUPD on chromosome 6
(mat-hUPD6). This case had no notable TUGR
in the serial ultrasound examination (18). Taken
together, IUGR and growth retardation were found
in the cases with mat-iUPD6 (12, 13, 15-17),
while these were not found in cases with mat-
hUPD6 (14, 18). The IUGR and growth retardation
in cases of mat-iUPD6 may be the result of
homozygosity of chromosome 6. On the basis of
these reports, no clear maternal imprinting effect
of chromosome 6 can be established; however,
recently, a complete gain of methylation phenotype
at insulin-like growth factor 2 receptor was shown
in patients with growth restriction (19).

The patient with homozygous mutation in CUL7
and matUPD6 had clinical features compatible
with 3M syndrome. However, the patient dis-
played certain features that have not been previ-
ously reported among patients with CUL7 muta-
tions such as mild mental retardation, inguinal
hernia, hydrocele testis, and mild ventricular
enlargement (7, §, 20). Mild mental retarda-
tion is an especially characteristic phenotype in
our case because most patients with 3M syn-
drome have normal intelligence. It is difficult
to determine whether matUPD6 had a signifi-
cant role in the development of certain feature in
our case.

Here we report a case of 3M syndrome with
a homozygous mutation that resulted from mater-
nal iUPD, including the CUL7 gene. Although
complete paternal or maternal UPD for chromo-
some 6 has previously been reported, this is the
first report of a patient with 3M syndrome who
has a mixture of mat-hUPD6 and mat-iUPD6
regions. Our results emphasize that UPD should
be considered possible mechanism for developing
the autosomal recessive disorders including 3M
syndrome.
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Abstract

length of CNA of breast cancers.

Background: It has been postulated that ionizing radiation induces breast cancers among atomic bomb (A-bomb)
survivors. We have reported a higher incidence of HER2 and C-MYC oncogene amplification in breast cancers from
A-bomb survivors. The purpose of this study was to clarify the effect of A-bomb radiation exposure on genomic
instability (GIN), which is an important hallmark of carcinogenesis, in archival formalin-fixed paraffin-embedded
(FFPE) tissues of breast cancer by using microarray-comparative genomic hybridization (aCGH).

Methods: Tumor DNA was extracted from FFPE tissues of invasive ductal cancers from 15 survivors who were
exposed at 1.5 km or less from the hypocenter and 13 calendar year-matched non-exposed patients followed by
aCGH analysis using a high-density oligonucleotide microarray. The total length of copy number aberrations (CNA)
was used as an indicator of GIN, and correlation with clinicopathological factors were statistically tested.

Results: The mean of the derivative log ratio spread (DLRSpread), which estimates the noise by calculating the
spread of log ratio differences between consecutive probes for all chromosomes, was 0.54 (range, 0.26 to 1.05). The
concordance of results between aCGH and fluorescence in situ hybridization (FISH) for HER2 gene amplification
was 88%. The incidence of HER2 amplification and histological grade was significantly higher in the A-bomb
survivors than control group (P = 0.04, respectively). The total length of CNA tended to be larger in the A-bomb
survivors (P = 0.15). Correlation analysis of CNA and clinicopathological factors revealed that DLRSpread was
negatively correlated with that significantly (P = 0.034, r = -0.40). Multivariate analysis with covariance revealed that
the exposure to A-bomb was a significant (P = 0.005) independent factor which was associated with larger total

Conclusions: Thus, archival FFPE tissues from A-bomb survivors are useful for genome-wide aCGH analysis. Our
results suggested that A-bomb radiation may affect the increased amount of CNA as a hallmark of GIN and,
subsequently, be associated with a higher histologic grade in breast cancer found in A-bomb survivors.

Keywords: breast cancer, atomic bomb survivors, radiation, genomic instability, CGH, microarray

Background

Genomic instability (GIN) is an important hallmark of
an enhanced carcinogenic process in human. Although
there are various forms of GIN, many cancer cells show
higher rates of chromosomal instability, which means
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changes in chromosome structure and number, com-
pared with normal cells [1]. Recent cytogenetic analysis
revealed that there were equal numbers of cytogenetic
aberrations in solid cancers and hematological malig-
nancies [2]. Several previous studies have reported the
association between chromosome instability and GIN/
clinical phenotypes in breast cancers. Fridlyand et al. [3]
categorized three breast tumor subtypes based on copy
number aberrations (CNA) in tumor DNA, which
includes DNA copy number gains and losses, and

© 2011 Oikawa et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http//creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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suggested that these aberrations were related to shorter
telomeres and the deregulation of the retinoblastoma
(RB) gene pathway using an analysis of array compara-
tive genomic hybridization (aCGH). Andre et al. [4]
divided 106 breast cancers into three subtypes by the
clustering method with the aCGH data and observed a
correlation between cytogenetic subtypes and clinico-
pathologic characteristics, histological grade and intrin-
sic subtypes [5]. Hu et al. [6] and Melchor et al. [7]
classified breast cancers by immunohistochemical stain-
ing pattern and found that triple-negative or basal-like
subtype, which had the highest GIN among these sub-
types, had the highest overall frequencies of CNA. Loo
et al. [8] showed a correlation between fractional allelic
loss and tumor size, mitotic rate and DNA content.

Atomic bomb (A-bomb) survivors who were exposed
at young ages have already reached cancer-prone age.
An increased risk of cancer has continued for decades,
and the incidence of certain types of cancer is still
higher in A-bomb survivors than in control populations
[9-14]. It has been postulated that ionizing radiation
induces breast cancers among A-bomb survivors. Our
recent study demonstrated an association of HER2 and
C-MYC oncogene amplification in breast cancers among
A-bomb survivors with radiation exposure [15]. Onco-
gene amplification is thought to be associated with GIN
and a main characteristic of solid tumors [16]. It is con-
ceivable that radiation from the A-bomb 65 years ago
may have induced a higher level of GIN in A-bomb sur-
vivors as a long-lasting health effect which is associated
with the development of oncogene amplifications and
subsequent carcinogenesis. However, the crucial
mechanisms that can account for a radiation effect indu-
cing GIN on the whole genome of breast cancers in A-
bomb survivors remains elusive.

The rapid progress of technological innovation in bio-
medical science has enabled CGH analysis to be per-
formed with higher resolution using high density
oligonucleotide microarrays [17]. However, utilizing for-
malin-fixed paraffin-embedded (FFPE) archival tissue for
the aCGH, which is the most common form of tissue
preservation in routine practice, remains challenging.
The main obstacle is DNA degradation, such as cross-
linking between nucleic acid strands, DNA adducts with
histones or nucleic acid binding proteins, and breaking
and depurination of DNA. Recently, a one-step chemical
labeling method, called the Universal Linkage System
(ULS), has been put into production. This method yields
precise, robust and high-quality aCGH data by labeling
DNA with fluorescent dyes at the N7 position of gua-
nine without enzymatic reaction, which is subject to
perturbation by degraded DNA [18-20].

In the present study, we analyzed FFPE archival breast
cancer tissues from A-bomb survivors by aCGH using a
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high density oligonucleotide microarray and ULS label-
ing to determine the effect of A-bomb radiation on
genomic alterations during breast carcinogenesis. This
study revealed a higher incidence of CNA in breast can-
cer tissue from A-bomb survivors than in tissue from
calendar year-matched control patients, suggesting a
role for GIN during breast carcinogenesis in A-bomb
survivors. To the best of our knowledge, this is the first
report of an aCGH analysis with solid tumors from A-
bomb survivors.

Methods

Tumor samples and clinical information

All samples were FFPE tissues. An A-bomb survivor was
defined in the present study as a person who received
the “Atomic Bomb Survivor’s Health Handbook” pro-
duced by Nagasaki city authorities since the establish-
ment of the Atomic Bomb Survivors’ Medical
Treatment Law in April 1957. Our previous report has
already identified 35 breast cancers from A-bomb survi-
vors exposed at or less than 1.5 km from the hypocenter
in pathological records collected from 1961 to 1999 at
the Nagasaki University Hospital [15]. The estimated
doses in Nagasaki survivors who were not shielded at
the time of explosion were 924.7 centigrays (cGy) at 1
km and 120.7 ¢Gy at 1.5 km from the hypocenter [21].
Simultaneously, we have already analyzed HER2 and C-
MYC gene amplification by FISH method with FFPE
samples and revealed that 26 out of 35 cases show clear
hybridization signals for HER2 and/or C-MYC gene
amplification. In this study, 15 (mean age: 58.0 years,
range: 45.4-82.8 years) out of 26 cases are available for
aCGH analysis because there is a limit to the amount of
tissues. As control subjects, 13 cases of invasive ductal
carcinoma from calendar year-matched patients
(matched on date of both diagnosis and birth; mean age:
55.5 years, range: 43.0-69.1 years), who did not receive
“Health Handbook” according to the Atomic Bomb Sur-
vivors’ Medical Treatment Law, were also analyzed. All
clinicopathologic information including exposure dis-
tance, diagnosis, the modified Bloom-Richardson histo-
logic grading, had been determined in our previous
study [15]. Clinicopathological findings of these samples
are provided in Additional file 1, Table S1. All experi-
mental procedures for this study were approved by
Committee for the Ethical Issues on Human Genome
and Gene Analysis at Nagasaki University (Protocol No.
0305150036-2).

DNA extraction

Tumor DNA was extracted from FFPE archival tissues,
as reported previously [22]. Briefly, using ten 10 pm-
thick sections, tumor areas containing more than 70%
tumor cells, identified by a guide slide stained with
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hematoxylin and eosin, were microdissected from each
FFPE block. Paraffin removal was performed in 80%
xylene and tissues were washed twice with absolute
ethanol, and deparaffinized tissue pieces were spun
down. After drying, pellets were resuspended in 360 pL
of buffer ATL (QIAmp DNA Mini Kit, Quiagen, Ger-
many) and incubated at 95°C for 15 minutes, followed
by cooling to room temperature. Samples were immedi-
ately digested with proteinase K for three days at 56°C
in a rotation oven with periodic mixing and addition of
fresh proteinase K every 24 hours. DNA was collected
using the QIAmp DNA Mini Kit according to the man-
ufacturer’s instructions. Specifically, 400 pL of buffer AL
(equal volume to sample suspension) was added to the
sample and incubated at 70°C for 10 minutes. 400 pL of
absolute ethanol was then added. The sample solution
was then placed into the spin column and centrifuged
for 1 minute at 8000 x g. The spin column was washed
twice with 500 pL of buffer AW1 by centrifugation at
8000 x g for one minute and then washed with buffer
AW2 by centrifugation at 14,000 x g for three minutes.
The DNA was finally eluted with 55 pL buffer AE.
Extracted DNA was quantified on a NanoDrop ND-
1000 spectrophotometer (NanoDrop Technologies, Wil-
mington, DE, USA).

aCGH analysis

The Genomic DNA ULS Labeling Kit (Agilent technolo-
gies, USA) was used to chemically label 500 ng of tumor
DNA from samples and from reference female genomic
DNA (Promega, USA) with Cy5 or Cy3 dye for 30 min-
utes at 85°C, respectively, followed by purification using
Agilent-KREApure™ columns. Because ULS method
labeled DNA with fluorescent dyes directly without any
amplification steps or enzymatic reaction, this method is
suitable for aCGH analysis using degraded DNA such as
from FFPE blocks [18-20]. Dye-flip analyses were con-
ducted on 6 of 28 samples, where samples were labeled
with Cy3 and references were labeled with Cy5. Purified,
labeled samples were then combined and mixed with
human Cot-1 DNA (Invitrogen, USA), Agilent 10x
Blocking Agent and Agilent 2x Hybridization Solution.
Prior to array hybridization, hybridization mixtures were
denatured at 95°C for 3 minutes and incubated at 37°C
for 30 minutes. Agilent CGHblock was added and sam-
ples were hybridized to the SurePrint G3 Human CGH 8
x 60 K Microarray, which contains 8 identical arrays con-
sisting of ~63,000 in situ synthesized 60-mer oligonu-
cleotide probes that span coding and noncoding
sequences with an average spatial resolution of ~54 kb.
Hybridization was carried out at 65°C for 40 hours before
washing in Agilent Oligo aCGH Wash Buffer 1 at room
temperature for 5 minutes, followed by washing in Agi-
lent Oligo aCGH Wash Buffer 2 at 37°C for 1 minute.
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Scanning and image analysis were done on an Agilent
DNA Microarray Scanner. Feature Extraction Software
(version 9.5) was used for data extraction from raw
microarray image files. Agilent Genomic Workbench
(version 5.0) was used to visualize, detect and analyze
chromosomal patterns using an ADM-2 algorithm with
the threshold set to 5.5. A copy number gain was
defined as a log 2 ratio > 0.25 and a copy number loss
was defined as a log 2 ratio < -0.25.

Statistical analysis

The total length of the CNA, which is the sum of each
segment gained or lost, was used as an indicator of
GIN. To determine the effect of each clinicopathological
factor on the natural logarithm of GIN, Student’s
(Welch’s) t-test or analysis of variance and the signifi-
cance test of Pearson’s correlation coefficient were per-
formed. Means and proportions of each
clinicopathological factor were compared between A-
bomb survivors and control using t-tests, Fishers exact
tests and Cochran-Armitage tests. We evaluated the
impact of A-bomb exposure, age at the time of diagno-
sis, storage time, histological grade according to the
modified Bloom-Richardson histologic grading system
[23], derivative log ratio spread (DLRSpread), which esti-
mates the log ratio noise by calculating the spread of log
ratio differences between consecutive probes along all
chromosomes, HER2 amplification and C-MYC amplifi-
cation determined by FISH on GIN using analysis of
covariance which is a technique that combines the fea-
tures of analysis of variance and regression. Our model
was

6

Yy =i+ ) Be(Xe — Xe.) + &5
k=1

where Yj; is the natural logarithm of GIN of the jth
observation in the ith class and 4; represents the popu-
lation means of the A-bomb exposure classes, B is the
regression coefficient of ¥ on X, ¢;; is the residual.
Here, Xj is the variable which represents age at the time
of diagnosis, DLRSpread, HER2 amplification, C-MYC
amplification, histological grade and storage time.

Effects were considered statistically significant when
P-values were less than 0.05. The CORR, TTEST, FREQ
and GLM procedures in the SAS system (version 9.1.3)
was utilized for calculation.

Results

Results of aCGH analysis

The mean of the DLRSpread was 0.54 (range, 0.26 to
1.05) (Additional file 1, Table S1). As a quality assess-
ment measure, we examined the concordance of the
dye-flip analysis and the correlation between aCGH and
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FISH results concerning HER2 and C-MYC oncogene
amplification. In the 6 samples with dye-flip analyses,
the mean of the concordance rate of each paired sample
was 76.0% (range, 43.2% to 96.1%) (Additional file 2,
Table S2). The concordance rate of each paired sample
was defined as the ratio of length of copy number aber-
rant region in one dye combination to the dye-flipped
combination in each sample. To confirm the validity of
aCGH results using FFPE samples, we compared the
results of amplification status of HER2 and C-MYC in
the aCGH and FISH results. HER2 was amplified in 9 of
25 samples, in which showed clear hybridization signals
in the FISH analysis. In 7 of these 9 samples, the log 2
ratio for the probe sets (A_14_ P121276, A_14 P114826
and triplicate of A_16_P20643178) corresponding to the
HER-2 gene was > 0.25, which met our criteria for a
gain based on aCGH results. The sensitivity, specificity
and overall accuracy for the HER2 gene were 77.8%,
93.8% and 88%, respectively (Additional file 3, Figure
S1). Whereas C-MYC was amplified in 11 of 23 samples,
in which showed clear hybridization signals in the FISH
analysis, only two of these 11 samples showed a gain for
the probe sets (A_14_P128991, A_14 P138867 and
A_14_P137636) corresponding to the C-MYC gene
based on aCGH results. The sensitivity, specificity and
overall accuracy for the C-MYC gene were 18%, 75%
and 48%, respectively (Additional file 4, Figure S2).

In our detection setting, the ADM-2 algorithm with the
threshold set to 5.5, CNA were detected in all samples.
The mean of the total number of site and the length of
CNA were 10.29 (range, 1 to 28) and 105,400,874 bp
(range, 607,921 bp to 525,839,497), respectively (Addi-
tional file 1, Table S1), and these values varied from case
to case (Additional file 5, Figure S3).

Correlation between GIN and clinicopathological findings
The results of comparisons of clinicopathological pro-
files of breast cancer between A-bomb survivors and
control are shown in Table 1. Proportions of histological
grade and the incidence of HER2 amplification were sig-
nificantly higher in A-bomb survivors than in controls
(P = 0.04, P = 0.04, respectively), which is consistent
with our data published previously [15]. The total length
and number of CNA tended to be larger in the A-bomb
survivors (P = 0.15, P = 0.16, respectively).

The correlations between the total length of CNA and
histological subtypes, histological grade, status of axillary
lymph node metastasis, status of estrogen receptor (ER),
HER2/C-MYC amplifications determined by FISH, age
at the time of diagnosis, tumor size, age of samples,
DLRSpread, age of the time at the A-bomb exposure,
the exposure distance from the hypocenter and time
between age at diagnosis and age at exposure were
tested (Table 2, Table 3). Among these factors,
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DLRSpread was negatively correlated with the total
length of CNA significantly (P = 0.034, r = -0.40) and
age at the time of diagnosis, age of samples tended to
be correlated with that negatively (P = 0.055, r = -0.37)
and positively (P = 0.064, r = 0.35), respectively. Nota-
bly, among A-bomb survivors, latent period from irra-
diation was inversely correlated with the total length of
CNA, indicating an involvement of GIN in the case of
breast cancer which showed early onset from an initia-
tion event by A-bomb exposure.

The multivariate analysis using analysis of covariance
revealed that the status of A-bomb exposure was the
most significant factor for the total length of CNA even
excluding the effect of HER2 and C-MYC amplification,
histological grade, age at the time of diagnosis, age of
samples and DLRSpread (Figure 1, Table 4). Analysis of
covariance-adjusted difference in means between the A-
bomb exposed group and the unexposed group is
63,151,697 (95%CI, 18,291,298 to 151,682,068; P =
0.005) for GIN.

Discussion

Ionizing radiation is an established risk factor for breast
cancers [24-27]. Several epidemiologic reports have sug-
gested that an increased risk of cancer has continued for
decades after exposure, and that a higher risk of certain
types of cancers still persists in A-bomb survivors
[9-14]. Thus, a long-lasting health effect is considered to
be a contributing factor in tumorigenesis in A-bomb
survivors. We have recently demonstrated an association
of oncogene amplification in breast cancers among A-
bomb survivors with radiation exposure [15], which can
be regarded as being the results of positive selection
during breast carcinogenesis. This finding suggests that
A-bomb radiation may affect the development of onco-
gene amplification by inducing a higher level of GIN in
breast cancers found in survivors. The current study
was carried out to further confirm the enhanced GIN in
A-bomb radiation-associated breast cancers using the
aCGH method. The aCGH method is a quite useful
technique to detect the DNA CNA as an indicator of
GIN, which represents chromosomal loss and gain
caused by radiation-induced DNA double-strand breaks
[16]. Unger et al. [28] found DNA CNA pattern which
is characteristic of radiation-induced papillary thyroid
cancer in residents living in the vicinity of Chernobyl
using the aCGH method.

Tissue samples from A-bomb survivors are considered
to be extremely valuable biological materials with which
to analyze the radiation signature or radiation-associated
human health effects, particularly in low-dose and late
exposures. The molecular analyses of carcinogenesis in
A-bomb survivors require clinical data of individuals
and biological materials with pathologic data of tumors.
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Table 1 Comparisons of clinicopathological factors of breast cancers between A-bomb survivor and control.
Clinicopathological profile A-bomb survivors {n = 15) Control (n = 13) P-value
Mean age of onset (years old) 580 (526, 63.4)" 555 (49.7, 61.4) 051"
Mean tumor size (cm) 247 (20.7, 28.8) 36.2 (20.2, 52.3) 0.15"
Histological subtype
Papillo-tubular 9 0.29?
Solid-tubular 1
Scirrhous 5
Histological grade
I 1 3 0.04”
I 7
ili 3
Lymph node metastasis
Positive 8 5 0.60?
Negative 4
Unknown 3 4
ER status
Positive 7 8 026"
Negative 8 5
PgR status
Positive 7 8 0437
Negative 8 5
HER2 amplification (FISH)
Positive 2 0.04%
Negative 5 11
No signal 3 0
C-MYC amplification (FISH)
Positive 2 0.09%
Negative 5 7
No signal 1 4
Mean total length of CNA (bp) 64,032,415 23,924,175 0.15"
(29,443,979, 139,238,660) (6,936,445, 82,515,771)
Mean number of CNA 122 (84, 16.0) 8.08 (30, 13.1) 0.16"

1: 95% confidence interval, CNA: copy number aberrations
1): t-test, 2): x>test, 3): Cochran-Armitage test, 4): Fisher's exact test

Our database, which consist of two independent data-
bases: a clinical database providing exposure distance on
Nagasaki survivors registered at our institute which was
established in 1972 and a pathological database by the
Nagasaki Tumor Tissue Registry (NTTR) which was
established in 1974, allow us to obtain FFPE archival tis-
sue samples resected from A-bomb survivors. For the
genomic analyses, we confirmed the utility of FFPE
archival tissue with FISH methods to detect gene ampli-
fication despite DNA degradation caused by fixation and
long storage. In the present study, we conducted an
aCGH analysis using tumor DNA extracted from FFPE
archival breast cancer samples from A-bomb survivors.
To our knowledge, this is the first attempt to perform
an aCGH analysis with solid tumors from A-bomb sur-
vivors. The samples used in this study were very old,
with ranges 14 to 43 years (with a mean of 25 years) in
storage. The DLRSpread obtained was 0.26 to 1.05, with

a mean of 0.54, which indicated the relatively lower
quality of this experiment compared with that expected
with DNA from fresh frozen tissue or peripheral blood
lymphocyte. However, the status of HER2 oncogene
amplification based on aCGH result was highly concor-
dant with the results of FISH that the sensitivity, specifi-
city and accuracy were 77.8%, 93.8% and 88%,
respectively, which were comparable to the results from
former aCGH studies with FFPE archival tissue [29,30].
By contrast, the concordance was low for the status of
C-MYC oncogene amplification between the results
from aCGH and FISH, with the sensitivity, specificity
and accuracy being 18%, 75% and 48%, respectively.
This discordance, especially in sensitivity, may result
from the use of only three probes on the C-MYC gene
and a smaller change in amplification at the region
including C-MYC than the HER2 gene. Our results sug-
gest that the 60Kx8 CGH array is a reliable technology
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Table 2 Comparisons of total length of copy number aberrations (CNA) by clinicopathological factor of breast cancers.

Clinicopathological factor Total (N = 28) Mean total length of P-value
n (%) CNA (bp)
Histological subtype
Papillo-tubular 13 (46) 27,487,678 054"
Solid-tubular 3(11) 41,158,092
Scirrhous 12 (43) 61,520,542
Histological grade
! 4(14) 49,011,523 0322
il 12 (43) 47,158,730
I 12 (43) 32,711,871
Axillary lymph node metastasis
Positive 13 (62) 30,993,870 030¥
Negative 8 (38) 59,602,019
ER status
Positive 14 (50) 53,249,555 043
Negative 14 (50) 30,863,969
HER2 ampilification (FISH)
Positive 9 (36) 28,970,829 075%
Negative 16 (64) 37,017,451
C-MYC ampilification (FISH)
Positive 11 (48) 38,698,059 046”
Negative 12 (52) 22102472

1): analysis of variance, 2): Jonckheere-Terpstra trend test, 3): t-test

to identify gene copy number aberration with definite
changes.

Our aCGH analysis showed a great deal of variety in
its amount and pattern of genomic alterations from case
to case. In comparison with previous reports on breast
cancers from general population, mean number of CNA
in our cases seemed to be relatively small (mean: 12.2,
range: 2-28) but recurrently affected regions (8q24.3,
17q12, 19p13.11, 1q21.2-q22: Additional file 5, Figure
S3) found in our cases were concordant [4,7,31-33].
However, direct comparisons of the current results with
published results in aCGH are practically difficult

because the results of aCGH analyses are greatly influ-
enced by the array design and type of samples (e.g.,
fresh frozen or FFPE). A previous study of an aCGH
analysis of radiation-induced and spontaneous rat mam-
mary carcinoma indicated that the frequency of carci-
noma having any CNA and the number of CNA in
radiation-induced carcinoma were significantly greater
than that observed in the spontaneous carcinoma [34].
Another study of an aCGH analysis of premenopausal
breast cancers in the residents from a nuclear fallout-
contaminated area in Belarus did not show any signifi-
cant differences or tendencies in the average number of

Table 3 Correlation analyses between clinicopathological factors and total length of copy number aberrations in

breast cancers.

Mean total length of
copy number aberrations (bp)

Clinical factors All cases A-bomb survivors (n = 15)
(n = 28)
r¢ P-value* r* P-value*
Age at the time of diagnosis -037 0.055 -0.59 0.021
Tumor size (cm) 0.042 0.83 -0.25 037
Storage time (years) 035 0.064 049 0.067
DLRSpread -040 0.034 -0.38 0.16
Age of the time of exposure to the A-bomb™* -0.31 0.25
Exposure distance from the hypocenter (km)** 0.11 0.70
Time between age at diagnosis and exposure (year)** -0.52 0.047

*Pearson’s correlation coefficient. **Only among A-bomb survivors
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Total length of copy number
aberrations (log Mb)

Figure 1 Relationship between genomic instability and affecting clinical factors. Blue and green plots indicate atomic bomb survivors and
control patients, respectively. Blue and Green plane represent regression plane of each group. X-axis; years of sample storage time. Y-axis;
derivative log ratio spread (DLRSpread). Z-axis; natural logarithm of total number of copy number aberrations.
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total DNA CNA compared with matched control cases
from Western New York, even though breast cancer
from Belarus had significantly more average number of
gains [35]. These discrepancies may result from differ-
ences in the experimental models, since the former is a
study of a simplified animal cancer model and the latter

is an observational study of human cancer affected by
many etiological factors. But the present study endorsed
the former result with a tendency for breast cancer in
A-bomb survivors to have a higher number of CNA (P
= 0.16, Table 1, Additional file 1, Table S1). Further-
more, mean total length of CNA were also larger, if not
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Table 4 Multivariate analyses with covariance in total
length of copy number aberrations in breast cancers.

Source of Variation DF* Mean Squares F-value P-value*

A-bomb exposure 1 20.59 1162 0.005
HER2 amplification (FISH) 1 0.65 037 0.556
C-MYC amplification (FISH) 1 414 234 0.152
Histological Grade 1 1.06 0.60 0454
Age at the time of diagnosis 1 235 132 0.272
Storage time (years) 1 878 4.96 0.046
DLRSpread 1 377 213 0.170

*Degrees of Freedom

significantly, in the A-bomb survivors than control
group (P = 0.15, Table 1, Additional file 1, Table S1).
Herein, we assumed the total length of CNA as an indi-
cator of GIN because the amount of CNA represents
the consequences of double-strand breaks, abnormal
DNA damage repairs and gross rearrangements of chro-
mosomes [1,16], and a consecutive changes of probes is
considered to be much more important than a change
of only one probe in such experimental model using
high density probes and relatively noisy data. Since high
histological grade, ER negative expression, early age of
onset and HER2 amplification were reported to be cor-
related with higher incidence of genomic aberrations
[4], we examined the correlation between the total
length of CNA and clinicopathological factors, followed
by multivariate analysis using analysis of covariance to
evaluate the impact (effect) of A-bomb exposure, age at
the time of diagnosis, HER2 and C-MYC amplification,
histological grade, storage time, and DLRSpread on
GIN, which have shown that the status of A-bomb
exposure showed a significant correlation after the
exclusion of confounding factor by the multivariate ana-
lysis (Table 4). Thus, we have demonstrated that breast
cancers in A-bomb survivors harbored significant GIN
independently of the effect of other clinicopathological
factors.

Conclusions

The present study indicated that archival FFPE tissues
from A-bomb survivors are useful for genome-wide
aCGH analysis and A-bomb radiation exposure induced
GIN not only at the region of the HER2 and C-MYC
oncogenes but throughout the whole genome in breast
cancers by aCGH. The crucial mechanisms that can
account for the continuously higher incidence of breast
cancers in A-bomb survivors for decades remain to be
determined. Further research on the molecular mechan-
isms to induce a long-lasting GIN in the breast tissue
from survivors can contribute to an understanding of
radiation-associated carcinogenesis.
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Additional material

Additional file 1: Table S1. Summary of clinicopathological factors
and aCGH Analysis.

Additional file 2: Table S2. Result of dye-flip analysis.

Additional file 3: Figure S1. Chromosomal view of chromosome 17
and comparison of the results from FISH and aCGH analyses on
HER2 oncogene. Log?2 ratio values for all oligonucleotide probes are
plotted as a function of their chromosomal position. Each point
represents a single probe and the blue vertical line indicates the position
of the HER2 oncogene. Aberration calls identified by ADM-2 algorithm
are shown.

Additional file 4: Figure 52. Chromosomal view of chromosome 8
and comparison of the results from FISH and aCGH analyses on C-
MYC ongcogene. Log?2 ratio values for all oligonucleotide probes are
plotted as a function of their chromosomal position. Each point
represents a single probe and the blue vertical line indicates the position
of the C-MYC oncogene. Aberration calls identified by ADM-2 algorithm
are shown.

Additional file 5: Figure S3. Graphic display of whole genomic
aberrations in atomic bomb survivors (upper panel) and control
patients (lower panel). The panels to the right of each chromosome
shows the frequency of gains, indicated by the red bars ranging from
0% to 100%, and losses, indicated by the green bars ranging from 0% to
100%.
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DOWN-REGULATION OF ABCC11 PROTEIN (MRP8) IN HUMAN
BREAST CANCER

N. Sosonkina', M. Nakashima’, T. Ohta’, N. Niikawa', D. Starenki”
!Research Institute of Personalized Health Science, Health Sciences University of Hokkaido, Tobetsu,
Hokkaido 061-0293, Japan
Departments of Molecular Pathology, Nagasaki University Graduate School of Biomedical Science,
Nagasaki 852-8523, Japan

Aim: To investigate the expression of ABCC11 (MRPS) protein in normal breast tissue, and examine the difference in ABCCI11 mRNA
and protein expression between normal breast and breast cancer tissues taking into account 4BCC11 genotype (a functional SNP,
rs17822931) and estrogen receptor (ER) status. Methods: Sections of paraffin-embedded normal and malignant tissues from
10 patients with invasive ductal carcinoma were used for immunohistochemical analysis. DNA and RNA were extracted from the
same sections and used for genotyping and 4BCC11 transcript expression measurement by quantitative RT-PCR. Results: A strong
expression of ABCC11 was found in epithelial and myoepithelial cells of normal breast lobules and ducts in individuals with different
ABCC11 genotypes. A predominant decrease of ABCC11 expression was observed in malignant tissue compared to normal beast
specimen (8 of 10 cases), despite four out of ten tumors showed the elevated 4BCC11 mRNA level as compared to the normal coun-
terpart. Neither ABCC11 mRNA nor protein expression in normal or cancerous tissue correlated with ER status. Conclusion: The
expression of ABCC11 protein appears to be decreased in most BC. The effect of ABCC11 protein on breast cancer chemosensitivity
is likely to be more complex than that which can be directly inferred from 4BCC11 genotype and mRNA expression level in the tumor.

Key Words: ABCC11 mRNA expression, MRPS§ expression, normal breast, breast cancer.

Human ATP-binding cassette (ABC) transport
proteins have an essential function of extruding toxins
from cells [1]. Namely this function brings ABC trans-
porters into the focus of the studies of multidrug re-
sistance of tumor cells. Starting withthe ABCB1 gene
product, MDR1, several other transporters have been
shown to cause anti-cancer drug resistance in cell
culture through an increased efflux and decreased
intracellular accumulation of chemotherapeutic agent
[2]. Most ABC transporters associated with tumor
resistance belong to the ABCC subfamily.

The ABCC11 gene product (also known as MRP8)
is one of nine multidrug resistances (MDR)-associated
proteins of the ABCC subfamily. ABCC11 substrates
include cyclic nucleotides, monoanionic bile acids,
steroid sulfates, estradiol 17-pB-D-glucuronide [3—4].
ABCC11 has been proved to confer resistance to che-
motherapeutic drugs 5-fluorouracil (5-FU) [5] and
pemetrexed (MTA, Alimta) [6].

Profiling of MDR proteins expression in cancer
cells is an important direction in exploring of drug
resistance mechanisms and discovering biomarkers
of a particular tumor type. Breast cancer (BC), as the
most common type of non-skin cancer in women and
the fifth most common cause of cancer death, involves
an intense research effort in this regard. Apart from
MDR1 [7], no evidence has been reported yet on the
relationship of ABC transporters with drug resistance
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Abbreviations used: BC — breast cancer; ER — estrogen receptor;
FFPE — formalin-fixed paraffin-embedded; MPR — multidrug resis-
tance protein; SNP — single nucleotide polymorphism.

of BC cells. At the same time, MDR genes transcripts,
including ABCC 11 mRNA, have been shown to be over-
expressed in BC [8-9]. Elevated expression levels
of ABCCT1 in estrogen receptor (ER)a-positive, as com-
pared to ERa-negative BC, were reported by Honorat
et al. [10]. The authors also observed the regulation
of the ABCC 11expression by estrogen in MCF7 breast
cancer cell line [10]. However, no studies addressing
differential ABCC 11 expression in normal and cancerous
breast tissues have been done so far. Similarly, nothing
currently is known about the ABCC11 protein expres-
sionin normal breast tissue in comparison to the tumor.

Thiswork was set out to examine the ABCC11 tran-
script and ABCC11 protein expression in BC and
matched normal breast specimensin 10women inrela-
tion with ER status. We also analyzed ABCC 11 expres-
sion levels with regard to a functional SNP (rs17822931)
inthe ABCC 11 gene that apparently affects the trans-
port activity of the protein [11-14].

MATERIALS AND METHODS

Samples. The study protocol was approved by the
Committee for the Ethical Issues of Human Genome
and Gene Analysis of Health Sciences University of Hok-
kaido. A total of 10 BC and normal mammary gland
specimens which were located away from the tumor
of the same patient were selected from pathological
archives of the Department of Molecular Pathology,
Atomic Bomb Disease Institute, Nagasaki University,
Japan. Clinicopathological information on BC samples
including ER status (positive/negative, as a part of rou-
tine pathological diagnosis of BC) was obtained from
patients’ records. Serial 5 um sections of normal tissue
and BC surgical specimen mounted on microscope
slides were available for the study. Sections of all speci-
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mens were stained with hematoxylin and eosin and re-
analyzed by an experienced pathologist to confirm that
each BC specimen contained cancerous tissue, and
each normal breast sample was free of malignant tissue.

DNA extraction and genotyping. DNA was ex-
tracted from paraffin-embedded sections with DEXPAT
reagent (TaKaRa Bio Inc., Otsu, Japan) according
to the manufacturer’s protocol. DNA was further pre-
cipitated with ethanol, reconstituted in TE buffer and
2 ul was used as a template in genotyping reactions.
The samples were genotyped by TagMan™ assay using
the reagents, primers and probes (Applied Biosystems
by Life Technologies, Foster City, CA, USA) and thermal
cycling conditions described in our recent work [15].
The assays were run in a Rotor-Gene Q (QIAGEN,
Tokyo, Japan). Four replicates of each sample were
analyzed. Genotypes were assessed by automated
allelic discrimination analysis and by comparison with
external controls with known genotypes.

Quantitative real-time (qRT)-PCR. RNA was
extracted from FFPE sections mounted on micro-
scope slides with RNeasy FFPE kit (QIAGEN, Tokyo,
Japan) according to the manufacturer’s protocol with
additional 3 min incubations at 50 °C after adding
of 1 ml of xylene, and before the first centrifugation
step. cDNA was then synthesized using SuperScript
First-Strand Synthesis System for RT-PCR (Invitrogen,
Carlsbad, CA, USA). Three independent reverse-
transcription reactions were done for each sample,
and the content of each of the three tubes was used
as an individual template in triplicate gRT-PCR. Com-
mercially available TagMan® Gene Expression Assays
(Applied Biosystems by Life Technologies, Foster City,
CA, USA) were used to analyze the target (ABCC 11 and
ESR1) and reference cDNAs (MRLP19, TBP, TFRC).
The respective assay IDs are listed in Table.

Table. Gene Expression Assays used as primers for quantitative RT-PCR

Gene symbol Assay ID
ABCC11 Hs01090769_m1
ESR1 Hs00174860_m1
MRLP19 Hs00608522_m1
TBP Hs00427621_m1
TFRC Hs00951083 m1

Note: Assays were purchased from Applied Biosystems by Life Technolo-
gies (Foster City, CA, USA).

MRLP19, TBP and TFRC were selected as refer-
ence genes for normalization according to Drury et al.
[16], who found these to be particularly suitable for
gene expression analysis in FFPE material. To meet
another important condition for gRT-PCR of FFPE
samples [17], expression assays for all genes were
selected to amplify the target as close to the 3’ end
as possible. To comply with the MIQE Guidelines [18],
each set of primers was tested for efficacy using se-
rial dilutions of a control cDNA sample. Reaction was
performed in TagMan® Universal PCR Master Mix
(Applied Biosystems by Life Technologies, Foster City,
CA, USA) under the following thermal profile: after the
initial incubation at 50 2C for 2 min followed by 95 °C for
10 min, reaction was cycled 55 times at 95 °C for 15 sec
and at 60 2C for 1 min in a Rotor-Gene Q machine. Geo-

metrical mean of the relative concentrations of ABC-
C1t1and ESR1 against each of MRLP19, TBP, and TFRC
was used as the expression index in further analysis.

Antibodies. The ERa was detected in human
breast tissues with a mouse monoclonal antibody
NCL-ER-6F11 (Novocastra Laboratories, Newcastle,
UK) diluted 1:80. ABCC11 was detected with rabbit
polyclonal antibody provided by Dr. K.Yoshiura at the
dilution of 1:100. For the immunofluorescent detection
ofthe proteins, we used secondary anti-mouse —-Alexa
Fluor 594 and anti-rabbit —Alexa Fluor 488 (Invitrogen,
Carlsbad, CA, USA) conjugates at 1:200 dilution. All
antibodies were diluted in 1% BSA (Sigma, St Louis,
MO, USA) in 0.01M PBS.

Immunohistochemical double labeling for
ER and ABCC11. Sections of paraffin-embedded tis-
sues were mounted on aminoalkylsilane-coated slides,
deparaffinized, and rehydrated. The sections were se-
quentiallyincubated in four changes of boiling 0.01 M ci-
trate buffer, pH 6.0, 5 min each, 2% hydrogen peroxide
at room temperature for 15 min, three changes of PBS,
5 min each, and in 5% BSA blocking solution at room
temperature for 20 min. Then the slides were washed
in PBS for 10 min and incubated overnightat4 °Cinthe
mixture of primary anti-ER and anti-ABCC11 antibodies
diluted as described above. After incubation the sec-
tions were washed in three changes of PBS, 10 min
each, followed by 30 min incubation at room tempera-
ture with the mixture of the secondary antibodies. The
slides were thenrinsed in four changes of PBS, covered
with Vectashield H-1200/DAPI mounting media (Vector
Laboratories, Burlingame, CA, USA) and analyzed under
aBiorevo BZ-9000 (Keyence Corp., Woodcliff Lake, NJ,
USA) fluorescent microscope. The three-colorimages
were acquired, merged and processed to remove haze
and adjust the background using the built-in software.
Green fluorescence intensity (ABCC11) was measured
in the images and normalized to blue fluorescence in-
tensity (nuclei) using Image-Pro software (v.4.5, Media
Cybernetics, Bethesda, MD, USA).

RESULTS

Localization of ABCC11 in normal breast tis-
sue. The localization of the ABCC 11 protein product
in normal breast lobules and terminal ducts was
determined by immunochistochemistry. The high
level of ABCC11 expression was seen in all 10 speci-
mens (Fig. 1, TN-10N). As shown in Fig. 1-3N, the
ABCC11 protein was detected within the layer of both
luminal epithelial (Fig.1-3N, hollow arrow) and basal
myoepithelial cells (Fig. 1-3N, solid arrow). Of note,
normal mammary cells appear to express ABCC11 re-
gardless of the rs178829931 genotype or ER status.

Expression of ABCC11 mRNA. We compared
ABCC 11 transcript levels in normal breast tissues and
intumors. As shown in Fig. 2, the increased ABCC 11 ex-
pression in cancerous tissue was seen in 4 of 10 pa-
tients (Patients 1, 6, 7, and 10). In six patients, the
decreased expression as compared to normal breast
was observed. The changes in ABCC11 expression
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were irrelevant to the tumor ER status (the obtained
ER staining results perfectly corresponded to those
in patients’ medical records in all cases) or 538G > A
(rs178829931) polymorphism. Moreover, no correla-
tion was found between ABCC 17 and ESR 1 expression
intumors (Pearson’s correlation coefficient, r=0.175)
or in normal breast tissue (r=-0.182).

Expression of ABCC11 in BC. IHC analysis revealed
an evident decrease in ABCC11 expression in tumor tis-
suesin 8 patients as compared to the normal counterpart
(Fig. 1, 1C-5C, 7C, 9C, and 10C). The quantification
of green fluorescence intensity revealed 1.8- to 6.7-fold
decrease of the signal (Fig. 3). ABCC11 levels in the
remaining two BC samples were comparable to those
in normal tissue (Fig. 1, 6C, 8C), 1.17- to 1.39-fold sig-
nal fading (see Fig. 3). Thus, none of examined tumor
samples showed ABCC11 over-expression as compared
to normal breast. Interestingly, inthree BC samplesavery
low protein expression was detected despite the high
mRNA levels (Fig. 1, 1C, 9C, and 10C).

DISCUSSION

In the present study we found a predominant
decrease of the ABCC11 product, ABCC11 protein,
expression in BC as compared to the normal breast
tissue of the same patient, and such decrease did not
correlate with ABCC11 mRNA level. Only two of ten
BC specimens displayed ABCC11 expression similar
to that in the normal tissue.

The function of ABCC-subfamily transporters and
theirrole in tumor resistance are intensively investigat-
ed. ABCC11 mRNA expression data are also available
from rather numerous BC analyses. Several studies
reported ABCC 11 mRNA over-expression in BC tissue
and BC celllines [8-9, 19-20]. Park etal. [19] observed
the increased expression of ABCC17 in BC patients
with residual disease compared to those who achieved
a complete response, although the authors did not
include ABCC11 in their optimal molecular prognosti-
cator of BC response to neoadjuvant chemotherapy.
Honorat et al. [10] pointed at the possibility of estrogen
involvement in the regulation of ABCC 17 expression.
On the other hand, estrogen-responsive genes have
been implicated in acquired resistance to tamoxifen
or aromatase inhibitors [21]. Taken together, the
existing knowledge on ABCC11 expression in BC indi-
cates that this protein may play a role in the regulation
of chemotherapy response.

Most studies of tumor resistance are performed
using cell cultures. However, the origin of cells used
to establish cell lines does not represent all tumor types
and the conditions of cell culturing appear to limit trans-
lational application of the results obtained in cell lines.
Our results show that in a real tissue, ABCC 11 mRNA
level poorly correlates with protein expression. This find-
ing emphasizes the importance of parallel examination
of ABCC11 mRNA and protein product in normal and
malignant breast tissue. As we demonstrated, surgical
samples stored as FFPE tissues could be successfully
used for such an analysis.

N __C

10

Fig. 1. Expression of ABCC11 and ERa in normal mammary (N,
left column) and breast cancer (C, right column) tissues of 10 pa-
tients. The ABCC11 protein (green) and the ESR1 protein (red)
were detected on 5 um FFPE sections and merged as described
in Materials and Methods. The DAPI counterstaining of the nuclei
appears in blue. The genotype at rs17822931 of each patient
is indicated on the right of each normal-cancer image pair



45

Experimental Oncology 33, 42-46, 2011 (March)

1 & ABCC11
- 2,54 . O ESR1
g 204 o
QU
S ©
351,54
<
£ 3 RS o
58 * .
a 8 1y0 T T T O T T T T T T
= J1 2 8 4 5 6 7 8 10
s Patient
s 05 *
2 1o * o ¢ o

0,0- o ¢ °

Fig. 2. Expression of ABCC11 and ESR1 transcripts in normal
mammary tissue and breast cancer tissue of 10 patients. Expres-
sion was measured by gRT-PCR, and the geometrical mean
of ABCC11 and ESR1 relative concentrations against three refer-
ence genes was used as an estimate of gene expression level.
Black diamonds represent the ratio of ABCC 771 mRNA expression
levelin BC to thatin normalftissue. Circles represent the changes
in ESRT mRNA expression
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Fig. 3. Down-regulation of ABCC11 protein in BC tissues. The
relative intensity of green signal was determined in normal and
malignant tissue images as described in Materials and Methods.
The decrease of ABCC11 fluorescence intensity from normal (N)
to cancer (C) tissue was observed in each patient irrespectively
of ER status or genotype

To better understand the role of ABCC11 in BC, the
knowledge of protein localization in normal mammary
glandis essential. Our experiments employingimmuno-
histochemical staining demonstrated that ABCC11 is ex-
pressed in epithelial and myoepithelial cells of breast lob-
ules and ducts. The presence of ABCC11 in epithelial cells
of normal terminal ductlobular unit (TDLU), the structural
and functional unit of the breast, implies the involvement
of this transporter in secretion function of the mammary
gland, and is consistent with the finding that the volume
of colostrum secretion depends on ABCC11 genotype
at rs17822931 [12]. Of interest is the observation that
ABCC11 is expressed also in myoepithelial cells which
do not express ERa [22]. Our examination of ABCC11 lo-
calization may suggest that the protein participates not
only in apocrine secretion, but also in metabolite trans-
port into the stroma embedding ducts and lobules.

Transport activity of ABCC11 is strongly affected
by a SNP at nucleotide 538 (538G > A, rs17822931)
of ABCC11 [14]. This SNP determines human earwax
type, and associates with some functions of apocrine
glands. Individuals with the AA genotype are character-
ized by the reduced cerumenous secretion [14] and
a nearly complete loss of axillary odor [11] as compared

to those homozygous or heterozygous for wild-type
G allele. However, as the results reported here reveal,
the ABCC11 polymorphism does not seem to influence
the localization of the ABCC11 protein in the mammary
gland. The ABCC11 expression pattern was similar in the
mammary glands of different ABCC 11 genotype carriers,
suggesting that non-functional ABCC11 isnot degraded
but incorporated into the cellular membrane. Similar
observations were previously made in the sweat glands
[11]. Although ABCC11 expression in normal breast
or BCis independent of rs17822931, functional studies
ofthe ABCC11 SNP are potentially useful. This could beil-
lustrated by the study of the ABCC11 role in lung cancer
cellresistance to MTA, in which ABCC 11 expression level
did not correlate with ICs, for MTA; yet ABCC 11 genotype
affected chemosensitivity [6].

Inconclusion, the expression of ABCC11 proteinwhich
localizes in epithelial and myoepithelial cells of normal
breast lobules and ducts is likely to be decreased in the
majority of BC or it may be comparable to that in normal
tissue in some cases. ltremainsto be elucidated whether
ABCC11 loss or retention in BC is functionally relevant
to tumor development or may affect clinical course and
prognosis. Therefore, further studies of ABCC11 expres-
sion in BC are warranted to determine its usefulness for
decision making on BC therapy protocol.
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Mutations affecting components
of the SWI/SNF complex cause
Coffin-Siris syndrome

Yoshinori Tsurusaki!, Nobuhiko Okamoto?, Hirofumi Ohashi?,
Tomoki Kosho?, Yoko Imai®, Yumiko Hibi-Ko®, Tadashi Kaname®,
Kenji Naritomi®, Hiroshi Kawame”8, Keiko Wakui4,

Yoshimitsu Fukushima?, Tomomi Homma?®, Mitsuhiro Katol®,
Yoko Hiraki!!, Takanori Yamagata'2, Shoji Yano!?, Seiji Mizuno'4,
Satoru Sakazume!®, Takuma Ishii'>!6, Toshiro Nagail5,

Masaaki Shiina!?, Kazuhiro Ogatal?, Tohru Ohta'?,

Norio Niikawa!®, Satoko Miyatakel, Ippei Okadal,

Takeshi Mizuguchi!, Hiroshi Doi', Hirotomo Saitsu!,

Noriko Miyake! & Naomichi Matsumoto!

By exome sequencing, we found de novo SMARCBT mutations
in two of five individuals with typical Coffin-Siris syndrome
(CSS), a rare autosomal dominant anomaly syndrome.

As SMARCBT encodes a subunit of the SWltch/Sucrose
NonFermenting (SWI/SNF) complex, we screened 15 other
genes encoding subunits of this complex in 23 individuals
with CSS. Twenty affected individuals (87%) each had a
germline mutation in one of six SWI/SNF subunit genes,
including SMARCB1, SMARCA4, SMARCA2, SMARCEI,
ARID1A and ARID1B.

Chromatin remodeling factors regulate the gene accessibility and
expression by dynamic alteration of chromatin structure. SWI/SNF
complexes have important roles in lineage specification, maintenance
of stem cell pluripotency and tumorigenesis'~. These complexes are
composed of evolutionarily conserved core subunits and variant sub-
units. Brahma-associated factor (BAF) and Polybromo BAF (PBAF)
complexes constitute two major subclasses!=>. It has been suggested
that the BAF complex is similar to the yeast SWI/SNF complex and
that the PBAF complex is more like the chromatin remodelling
complex (RSC) in yeast, which is required for cell cycle progression
through mitosis®. However, several subunits that are common

to both BAF and PBAF complexes are predicted to be related to the
regulation of lineage- and tissue-specific gene expression?.

Coffin-Siris syndrome (MIM 135900) is a rare congenital anomaly
syndrome characterized by growth deficiency, intellectual disability,
microcephaly, coarse facial features and hypoplastic nail of the fifth
finger and/or toe (Fig. 1 and Supplementary Table 1)”. The majority
of affected individuals represent sporadic cases, which is compatible
with an autosomal dominant inheritance mechanism. The genetic
cause for this syndrome has not been elucidated.

To identify the genetic basis of CSS, we performed whole-exome
sequencing of five typical affected individuals (Supplementary
Methods). Taking into account our model that assumes that an abnor-
mality in a causal gene would be shared in two or more subjects,
51 variants were identified as candidates (Supplementary Table 2).
Allthe variants were also examined by Sanger sequencing of PCR prod-
ucts amplified using genomic DNA from the five affected individuals
and their parents. Nine variants were found to be false positives,
40 were inherited from either the father or mother, and 2 de novo hetero-
zygous mutations of SMARCB1 were found in 2 affected individuals
(c.1130G>A (p.Arg377His) and ¢.1091_1093del AGA (p.Lys364del))
(Table 1, Supplementary Fig. 1 and Supplementary Methods).
Two de novo coding-sequence mutations occurring within a spe-
cific gene is an extremely unlikely event®, supporting the idea that
SMARCBI is a causative gene in CSS. Next, we screened SMARCBI
in 23 individuals with CSS by high-resolution melting analysis® and
identified the mutation encoding the p.Lys364del alteration in two
additional individuals, including one of Arab descent (subject 22)
(Table 1 and Supplementary Fig. 1). As the mutation detection rate
was relatively low (4 of 23, only 17.4%), we screened 15 additional
genes encoding other SWI/SNF subunits (Supplementary Table 3).
Unexpectedly, four other subunits, SMARCA4 (also known as BRG1),
SMARCEI, ARIDIA and ARIDIB were also found to be mutated
(Table 1 and Supplementary Figs. 2-5). In subject 10, a, ¢.2144C>T
mutation in ARIDIB (encoding p.Pro715Leu) was found in addition
to the c.5632delG mutation in ARIDIB. RT-PCR products that were
amplified from total RNA from this subject’s lymphoblastoid cells
were cloned into the pCR4-TOPO vector. The two mutations were
present on different alleles, according to sequencing of clones con-
taining each allele (data not shown). As the ¢.5632delG mutation is
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very likely to be deleterious (as it results in a truncated protein), the
¢.2144C>T mutation is likely to be a rare polymorphism. Of note,
subject 12, who presented an atypical facial appearance and indis-
tinct hypoplastic nails, had two interstitial deletions at 6q25.3-q27
involving ARIDIB, as detected by a SNP array
(Supplementary Fig. 6 and Supplementary
Methods). Furthermore, subject 14 was found

~ BRIEF COMMUNICATIONS

Figure 1 Photographs of individuals with Coffin-Siris syndrome. The
faces (left) and hypoplastic-to-absent nail of the fifth finger or toe (right)
of affected individuals are shown with the color-coded names of the
corresponding mutated genes. The green arrow indicates the absence

of the distal phalanx in the fifth toe. No obvious hypoplastic nails were
observed in subjects 12 or 19. Consent for all the photographs was
obtained from the families of the affected individuals.

in mice!?. However, in humans, abnormalities in both SMARCA4 and
SMARCA2 are found in CSS, indicating that the in-frame partial deletion
of the gene encoding BRM in subject 19 has a specific mutational effect
different from that of simple inactivation in mice. These data support the
idea that abnormalities in the BRG1-BAF and BRM-BAF complexes can
cause the abnormal neurological development in CSS.

All the mutated genes found in CSS, except for SMARCEI, have been
reported to be associated with tumorigenesis"2. Among the 23 subjects
with CSS, only subject 3 with an ARID1A mutation presented with hepato-
blastoma. To our knowledge, haploinsufficiency and/or homozygous
inactivation of ARID1A have been found in several types of cancer but
not in hepatoblastoma. Malignancies were not detected in any of the
other subjects with CSS examined here. It remains to be seen whether
malignancies are robustly associated with CSS.

Given the fact that all the mutations in ARIDIA and ARIDIB in
CSS were predicted to cause protein truncation, we proposed that
haploinsufficiency of these two genes must be able to cause CSS.
cDNA analysis of lymphoblastoid cell lines from subjects 1, 6 and 23
indicated that the mutated transcripts were subject to nonsense-
mediated mRNA decay (Supplementary Fig. 8). In subject 10, the
ARID1B mutation associated with the creation of a premature stop
codon in the last exon did not result in nonsense-mediated mRNA
decay as expected (Supplementary Fig. 8).

In regard to the other mutated genes, germline heterozygous trun-
cation mutations in SMARCBI and SMARCA4 have been reported

Table 1 Mutations in individuals with Coffin-Siris syndrome

to have an interstitial deletion of SMARCA2 Control allele
by a SNP array (Supplementary Fig. 7 and  Subject ID Gene Mutation Alteration Type frequency?
Supplementary Methods), No other copy- 4 SMARCB1 c.1091_1093del AGA p.Lys364de! De novo 0/502
number Changes involving genes encoding 11 SMARCB1 c.1130G>A p.Arg377His De novo 0/500
SWI/SNF complex components were found 21 SMARCBI ~ ¢.1091_1093del AGA p.Lys364del NC 01502
in subjects 2, 14 or 18 by array analysis. The 22 SMARCBI ~ ¢.1091_1093del AGA  p.Lys364del NC 0/502
overall mutation detection rate was 87%. In  © SMARCA4  ¢.1636_1638del AAG  p.Lys546del De novo 0/350
total, 20 of the 23 subj ects had a mutation 7 SMARCA4 c.2576C>T p.Thr859Met De novo 0/368
affecting one of the six SWI/SNE subunits. 5 SMARCA4  ¢.2653C>T p.Arg885Cys De novo 0/368
Mutations in CSS were identified in the BAF- 16 SMARCA4  ¢.2761C>T p.Leu921Phe De novo 0/368
speciﬁc subunits ARIDIA and ARIDIB but not 25 SMARCA4 ¢.3032T>C p.Met1011Thr NC 0/372
. R R 17 SMARCA4 c.3469C>G p.Argl157Gly De novo 0/368
in PBAF-specific subunits (BRD7, ARID2and SMARCA2  Partial deletion De novo -
PBRM1) (Supplementary Table 3). In addi- SMARCEI  c.218A>G p.Tyr730Cys De novo 0/368
tion, mutations were identified in SMARCA4 4 ARIDIA c.31_56del p.Serl1Alafs*91 NC 0/330
(BRGI) as well as in SMARCA2 (BRM) ¢ ARIDIA  c.2758C>T p.GIN920* NC 01376
(Supplementary Table 3). The BRG1 and ARIDIA c.4003C>T p.Argl335* De novo _
BRM proteins are mutually exclusive catalytic 1 ARIDIB  c.1678_1688del p.lle560Glyfs*89 De novo -
ATP subunits in mammalian SWI/SNF com- 15 ARIDIB ¢.1903C>T p.GIN635* De novo -
plexes. Of note, the majority of heterozygous 23 ARIDIB ¢.3304C>T p.Argl102* De novo _
Smarca4-null mice survive with susceptibility 10 ARID1B c.2144C>T p.Pro715Leu NC 0/368
to neoplasia, with a minority dying after birth 10 ARID1B c.5632del G p.Asp1878Metfs*96  NC 0/374
because of exencephaly, whereas homozygous 12 ARIDI1B Microdeletion NC -

Smarca2-null mice are viable and fertile. In
Smarca2-null mice, Brgl is upregulated, sug-
gesting that Brgl can functionally replace Brm

NC, not confirmed because parental samples were unavailable.

2The numbers indicate the observed allele frequency (alleles harboring the change/total tested alleles) in Japanese controls. None of the
mutations was found in dbSNP132, the 1000 Genomes database or the National Heart, Lung, and Bloed Institute (NHLB1) GO
exomesequencing project database. —, not tested.
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in individuals with rhabdoid tumor predisposition syndromes 1
(RTPS1; MIM 609322) and 2 (RTPS2; MIM 613325)'112, and vari-
ous types of SMARCBI mutations (missense, in-frame deletion, non-
sense and splice site) have been found in the germline of individuals
with familial and sporadic schwannomatosis (MIM 162091)!>14,
Furthermore, mice with heterozygous knockout of Smarca4 or

" Smarchl were prone to tumor development?. All the mutations

in SMARCA4 and SMARCBI in individuals with CSS were non-
truncating (either missense or in-frame deletions), implying that
they exert gain-of-function or dominant-negative effects (excluding
haploinsufficiency as a cause). It is noteworthy that comparable
germline mutations in SMARCBI have such different phenotypic
consequences in their association with the phenotypes of CSS and
schwannomatosis. The SMARCBI mutations in CSS and those in
schwannomatosis are indeed different according to the Human Gene
Mutation Database. With regard to the SMARCA2 interstitial deletion
in CSS, the change maintained the coding sequence reading frame
but removed exons 20-27 that encode the HELICc domain. RT-PCR
analysis confirmed the deletion of exons 20-27 at the cDNA level
(Supplementary Fig. 7). These data suggest the importance of the
HELICc domain in the SMARCA?2 protein.

The various types of mutations in the genes encoding different
SWI/SNF components resulted in similar CSS phenotypes. This
suggests that the SWI/SNF complexes coordinately regulate chro-
matin structure and gene expression. This is the first report, to our
knowledge, of germline mutations in SWI/SNF complex genes asso-
ciated with a multiple congenital anomaly syndrome, highlighting
new biological aspects of SWI/SNF complexes in humans. Similarly,
genes encoding SNF2-related proteins, which are implicated as
chromatin remodeling factors outside of SWI/SNF complexes,
are mutated in different syndromes, including in o-thalassaemia/
mental retardation syndrome X-linked (ATRX; ATRX mutations)
and in coloboma, heart defect, atresia choanae, retarded growth and
development, genital abnormality and ear abnormality (CHARGE)
syndrome (CHD? haploinsufficiency)®. We expect that more muta-
tions affecting chromatin remodeling factors will be found in dif-
ferent human diseases.

URLs. Human Gene Mutation Database, https://portal.biobase-inter
national.com/cgi-bin/portal/login.cgi.

Note: Supplementary information is available on the Nature Genetics website.
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