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Abstract

Copy number variation (CNV) is a polymorphism in the human genome involving DNA 

fragments larger than 1kb. CNV sites provide hot-spots of somatic alterations in cancers. 

Herein, we examined somatic alterations at sites of CNV in DNA from 20 invasive breast 

cancers using a Comparative Genomic Hybridization array specifically designed to 

detect the genome-wide CNV status of around 412,000 sites. Somatic copy number 

alterations (CNAs) were detected in 39.9% of the CNV probes examined. The most 

frequently altered regions were gains of 1q21-22 (90%), 8q21-24 (85%), 1q44 (85%) 

and 3q11 (85%) or losses of 16q22-24 (80%). Gene ontology analyses of genes within 

the CNA fragments revealed that cascades related to transcription and RNA metabolism 

correlated significantly with HER2-positivity and menopausal status. Thirteen of 20 

tumors showed CNAs in more than 35% of sites examined and a high prevalence of 

CNAs correlated significantly with estrogen receptor (ER)-negativity, progesterone 

receptor (PgR)-negativity, higher nuclear grade (NG) and higher Ki-67 labeling index. 

Finally, when CNA fragments were categorized according to their size, CNAs smaller 

than 10kb correlated significantly with ER-positivity and lower NG, whereas CNAs 

exceeding 10Mb correlated with higher NG, ER-negativity and a higher Ki-67 labeling 

index. These findings were confirmed by quantitative-PCR of representative DNA 

fragments in 72 additional breast cancers. Thus, present studies suggest that most CNAs 

are caused by gain or loss of large chromosomal fragments and correlate with NG and 

several malignant features, whereas solitary CNAs of less than 10kb could be involved 

in ER-positive breast carcinogenesis.
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Abbreviation used:

CGH: Comparative genomic hybridization, CIN: chromosomal instability, CNA: copy 

number alteration, CNV: copy number variation, ER: estrogen receptor, FDR: false 

discovery rate, FFPE: formalin-fixed paraffin embedded, GO: gene ontology, HE: 

hematoxylin eosin, HG: histological grade, IHC: immunohistochemistry, NG: nuclear 

grade, PBL: peripheral blood lymphocyte, PgR: progesterone receptor, Q-PCR: 

quantitative PCR, TNM: tumor-node-metastasis, WHO: world health organization,
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1 INTRODUCTION

Genomic instability is one the forces driving cancer development and progression (1).  

Microsatellite instability in specific types of cancer triggered by loss of function of DNA 

mismatch repair enzymes causes deletions or insertions of mono-nucleotide to tetra-

nucleotide repeats in the human genome, some of which inactivate tumor suppressor 

genes, thereby endowing cancer cells with malignant features. Chromosomal instability 

triggered mainly by dysfunction of the chromosomal segregation apparatus in mitosis is 

more frequently observed than other genomic instabilities in human solid cancers and 

causes aneuploidy and large chromosomal alterations in the human genome, some of 

which activate groups of oncogenes, inactivate groups of tumor suppressor genes, and 

lead to imbalanced expressions of a large number of genes and thereby promote 

malignancy and/or confer individual features of cancer cells, including drug resistance 

(2). 

Copy number variation (CNV) is a relatively newly identified polymorphism in 

the human genome employing DNA fragments larger than 1kb (3). CNVs are present in 

the genomes of healthy individuals as polymorphisms. It has been shown that some of 

CNVs are associated with susceptibilities to various human diseases (4). In cancer, 

CNVs provide hot spots for somatic alterations, called copy number alterations (CNAs). 

Furthermore, chromosomal aneuploidy or gain/loss of large chromosomal fragments in 

cancer cells causes alterations of copy number at the sites of CNVs, which are also 

categorized CNAs. CNAs at the specific chromosomal regions showing association with 

the development and progression of certain tumors often include oncogenes or tumor 

suppressor genes (5-8). 
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Breast cancer is one of the malignancies associated with high morbidity in 

women in Japan as well as many other developed countries (9). While many 

therapeutic approaches to breast cancer have been developed and the prognosis has 

been greatly improved, personalized treatments and precision medicine based on the 

specific features of individual tumors are required to obtain better outcomes. For this 

purpose, several techniques, such as expression profiling of multiple-genes, have been 

developed for predicting outcomes or the risk of recurrence (10, 11). However, these 

tests are used only in limited clinical situations due to their laborious procedures and 

high cost.

Previous studies demonstrated that several CNVs are associated with breast 

cancer risk, including copy gains of the APOBEC3B on chromosomal region 22q13.1, 

the GSTM1 on 1p13.3, and the RAD51C on 17q22 (12,13). In breast cancer, gain and 

loss of chromosomal region were analyzed using conventional CGH array and several 

hot spots of somatic alterations were reported (14,15). However, somatic CNAs at the 

sites of CNV have not been adequately analyzed in breast cancer. In the present study, 

we examined CNAs in 20 cases with invasive carcinoma of the breast using an array 

CGH specifically designed to detect changes at CNV sites and evaluated the clinico-

pathological significance of the CNAs. The findings obtained by CNV array analysis 

were confirmed by Q-PCR analysis of the representative DNA fragments using 72 cases 

of independent invasive breast cancer. These results would provide a basic information 

for considering possible prognostic markers of invasive breast cancer.

2 MATRIALS AND METHODS 
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2.1 Tissue samples

We investigated 20 fresh frozen and 72 formalin-fixed paraffin embedded (FFPE) 

primary tumors of invasive ductal carcinoma from breast cancer patients who had 

undergone surgery at the Department of Breast and Endocrine Surgery of Juntendo 

University, Tokyo, during the period from 2006 through 2016. We excluded patients 

given systemic chemotherapy prior to surgery. Informed consent was obtained from all 

study participants prior to surgery, in accordance with the ethics board requirements of 

Juntendo University and the Institute of Medical Science, the University of Tokyo. The 

clinical characteristics of the 20 and 72 cases are summarized in supplementary Table 1. 

The median age at diagnosis was 64 (range: 36-82) years for cases analyzed by CNV 

array analysis and 61 (range 33-89) years for cases analyzed by Q-PCR analysis. Tissue 

samples were intraoperatively excised from the centers of surgical tumor specimens, and 

then immediately frozen and stored at −80°C. All samples were diagnosed and classified 

according to the World Health Organization (WHO) grading system and the General 

Rules for Clinical and Pathological Recording of Breast Cancer established by the 

Japanese Breast Cancer Society (16). Tumor content in 92breast cancers was determined 

on the basis of histopathological analysis done by DM.

2.2 DNA isolation

Genomic DNA from breast cancer tissue and peripheral blood lymphocytes (PBL) was 

extracted from tumor tissue samples employing an AllPrep DNA/RNA/Protein Mini Kit 

(QIAGEN, Hilden, Germany), whereas normal DNA was obtained from peripheral 

blood cells of the corresponding patient using a QIAamp DNA Blood Mini Kit 

(QIAGEN) according to the manufacturer’s protocol. Genomic DNA from FFPE 
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specimens of breast cancer was carried out using QIAamp DNA FFPE Tissue Kit 

(QIAGEN).

2.3 Array-based comparative genomic hybridization

Genomic DNA extracted from tissue samples or peripheral blood was analyzed 

employing a SurePrint G3 Human CNV Microarray Kit, 2x400K (Agilent Technologies, 

Santa Clara, CA, USA) in accordance with the suggestion by CNV Laboratory, DNA 

Chip Research Institute (Yokohama, Japan).

 

2.4 Immunohistochemistry (IHC)

FFPE specimens from the 92 patients were examined. Tissue sections were 

deparaffinized and then hydrated through graded alcohols and xylene. Antigen retrieval 

was performed with citrate buffer at pH6.0 in an autoclave at 121°C for 10 min. 

Endogenous peroxidase was blocked with 3% hydrogen peroxide for 10 min. After 

rinsing and blocking with 5% normal donkey serum, the sections were incubated 

overnight at 4°C with primary antibody. The sections were washed and incubated for 2 

hours at 4°C with Dako EnVision™+ Dual Link System-HRP (DAKO, Hamburg, 

Germany). Diaminobenzidine (DAKO EnVision kit/HRP (DAB)) was used for detection 

of protein. The sections were finally counterstained with hematoxylin. On IHC, estrogen 

receptor (ER) status and progesterone receptor (PgR) status were assessed semi-

quantitatively and reported as positive when more than 1% of the nuclei of cancer cells 

showed staining. HER2 was determined as positive if strong staining of the complete 

membrane in >10% of tumor cells was observed. Details of antibodies are as follows: 

ER: rabbit monoclonal, clone SP1 (Ventana, Tucson AZ, USA), PgR: rabbit monoclonal, 
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clone 1E2 (Ventana), HER2: rabbit monoclonal, clone 4B5 (Ventana). For Ki67 staining, 

monoclonal antibody (MIB-1, Dako, Denmark) (1:400) was used and the cells positive 

for nuclear Ki67 were counted in at least 500 cancer cells in one hot spot on each sample. 

2.5 Pathological grading

Histopathological examination was performed on the basis of hematoxylin-eosin (HE) 

staining of each tumor tissue by DM. Nuclear grade (NG) of cancer cells is evaluated on 

the basis of a combination of nuclear atypia and mitotic counts. According to the 

intensity of atypia, NG is classified into 3 categories, NG 1, 2, and 3. This grading system 

has been shown to correlate with the outcomes of Japanese breast cancer patients (17). 

Histological grade (HG) is evaluated employing a combination of the degree of 

architectural atypia, nuclear atypia and the number of mitotic figures. This grading 

system has three categories, HG1, 2, and 3.

2.6 Array CGH analysis

The array CGH data were analyzed with R statistical computing software (version 3.0.2, 

http://www.r-project.org), and the hidden Markov model was applied, with the 

segmental maximum posteriori approach (18). We started by excluding the chromosome 

Y data and calculated the copy number ratio of cancer DNA to normal DNA. Copy 

number ratios were then categorized into six states with initial mean ratios of 0.50, 0.75, 

1.00, 1.25, 1.50 and 2.00 with a standard deviation of 0.1. Two states, those with copy 

number ratios of 0.5 and 0.75, were defined as copy number loss, while those of 1.25, 

1.50, and 2.00 states were defined as copy number gain. Sample No.10 showed 

extremely rare copy number loss, and the estimates of two copy number states (initial 
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values of 0.75 and 1.00) approached 1.00 (0.9783 and 0.9998, respectively). We defined 

these two states as representing a normal copy number for this sample. Correlations with 

clinicopathological features were calculated with the Fisher’s exact test or the Wilcoxon 

rank-sum test. Gene ontology (GO) analysis was performed employing the Database for 

Annotation, Visualization and Integrated Discovery (DAVID, 

http://david.abcc.ncifcrf.gov/). 

2.7 Quantitative real-time PCR (Q-PCR)

Q-PCR was carried out using CFX Connect Real-Time PCR Detection System (Bio-Rad, 

Hercules, CA, USA). All reactions were set up using PowerUp SYBR Green Master Mix 

(Applied Biosystems, Foster City, CA, USA) for total volumes of 10 µl which contained 

50 ng of genomic DNA, 300 nM of each specific forward and reverse primers. Thermal 

cycling was performed as follows: 120 sec at 95 °C for initial denaturation, followed by 

40 cycles with 15 sec at 95 °C and 60 sec at 60 °C. GAPDH was used as reference gene 

for normalization of gene copy.

2.8 Next generation sequencing

The yield and quality of genomic DNA were determined using Picogreen (Invitrogen) 

and further visually inspected by agarose gel electrophoresis. Targeted sequencing of 

genes of interests was performed after capture with a custom SureSelect capture reagent 

designed using the SureDesign tool (Agilent Technologies). Target-enriched libraries 

were sequenced on the Illumina HiSeq 2500 sequencing platform as described 

previously (19). 
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2.9 Statistical analysis

All statistical analyses were performed with programming language R. Differences with 

a P-value <0.05 were considered to be statistically significant. In the gene ontology (GO) 

analysis, Benjamini–Hochberg false discovery rates (FDR) <30% were considered to be 

statistically significant.

3 Results

3.1 Somatic CNAs detected in 20 breast cancers

To examine genome-wide CNAs in 20 breast cancers we used the CGH array 

specifically designed to detect changes at the sites of known CNV covering the human 

genome with more than 412,000 probes. Since CNVs are highly polymorphic between 

individuals, we analyzed CNAs in DNA from cancer and PBC of the same patients in 

each case. Average ratio of tumor content in 20 breast cancers was 80.2% with maximum 

rate of 91.5% and minimum rate of 70.7%, which was used to adjust the copy number 

in each tumor when necessary. Somatic CNAs were detected in 39.9% of the probes 

examined (Supplementary Figure 1). The most frequently altered regions were 

chromosomal fragments 1q21-22 (90%) and 8q21-24 (85%). In addition, gains at 1q44 

(85%), and 3q11 (85%), as well as losses at 16q22-24 (80%) and 17p13 (75%), were 

frequently detected, as previously reported by investigators employing conventional 

CGH analyses. When we focused on 3 CNVs, APOBEC3B, GSTM1 and RAD51C, 

whose copy gain in germline DNA was shown to be associated with increased risk of 

breast cancer (12, 13), loss rather than a gain of copy number was observed in 55%, 35% 

and 40% of tumors, respectively. 
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To validate the results of CNV array analysis, we examined DNA sequences of 

the specific genes located within the regions showing gain/loss of chromosomal 

fragments by the next generation sequencing, and then copy number was estimated by 

comparing the numbers of sequencing read with those from PBL DNA. These analyses 

exhibited an increased amount of DNA at the ASH1L gene on 1q22 in 85% and at the 

MYC on 8q24 in 75% of tumors, whereas there was a decreased amount of DNA at the 

CDH1 on 16q22 in 70% and at the TP53 on 17p13 in 80% of tumors. These results are 

comparable to those by the present CNV array analysis in the incidence of copy gain of 

90% at 1q21-22 and 85% at 8q21-24 and the incidence of copy loss of 80% at 16q22-24 

and 75% at 17p13 (Supplementary Table 2), suggesting that CNV array analysis is 

sufficiently quantitative for further studies. Then, to validate the results in a larger 

number of breast cancer specimens, wen examined CNAs of the 4 DNA fragments 

described above using 70 additional breast cancer DNA samples from FFPE specimens. 

As shown in Supplementary Table 3, copy gains of 1q22 and 8p24 were detected in 90% 

and 69%, respectively, whereas copy losses of 16q22 and 17p13 were detected in 79% 

and 76%, respectively, providing highly comparable results with those in 20 breast 

cancers. These results strongly suggest that CNAs of chromosomal fragments detected 

in a high prevalence by CNV array analysis are common features observed in breast 

cancer. By CNV array analysis, 13 of 20 tumors showed a high prevalence of CNAs, 

exceeding 35%, wherein the prevalence of CNAs is defined by the number of probes 

showing CNAs out of the total number of probes examined. Tumors No.3 with a triple 

negative subtype and No.6 with HER2-positive subtype showed the highest prevalence 

of CNAs, 60.3% and 60.2%, respectively. In contrast, only two tumors (No.10 and 

No.20) had the CNA prevalence of less than 15% (Figure 1), both of which showed an 
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ER-positive, PgR-positive and HER2-negative state with the Ki-67 labeling index being 

less than 20%, suggesting a relatively low-grade malignancy. Representative 

histopathological features of tumors with the highest and the lowest rate of aberrant 

CNAs were demonstrated in Figure 2. Q-PCR analysis of 18 DNA fragments in 72 

additional breast cancers showed that the incidence of CNAs varies from 10% to 56% 

and that 44 out of 72 (61%) tumors showed the incidence of higher than 35% 

(Supplementary Table 4). The highest tumor with CNAs incidence of 56% was that with 

HER2-positive subtype, whereas the lowest tumor with CNAs incidence of 10% was 

that with ER-positive, PgR-positive and HER2-negative state with the Ki-67 labeling 

index of less than 20%, again supporting the finding by CNV array analysis of 20 breast 

cancers.

3.2 Pathological significance of CNAs in breast cancer

To evaluate possible correlations between CNAs and clinicopathological features of 

breast cancer, we categorized the 20 tumors by 11 clinicopathological parameters. These 

include patients’ age at diagnosis of breast cancer, pre or post-menopausal status, pT, 

lymphnode metastasis, nuclear grade, histological grade, lymphovascular invasion, 

status of estrogen receptor, progesterone receptor and HER2 and ki67 labeling index 

(Table 1). First, we examined correlations of clinicopathological features with CNA 

fragments. Then, we focused on genes located within the DNA fragments showing 

CNAs and examined the correlations of each of these genes with clinicopathological 

features. As shown in Table 1, CNAs of a large number of genes, including 161 genes 

showed significant correlations (p<0.001) with higher NG of tumors (NG1 or 2 in 3 

tumors vs NG3 in 17 tumors). CNAs of 52, 35 and 35 genes also showed highly 
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significant correlations (p<0.001) with ER negativity (positive in 14 tumors vs negative 

in 6 tumors), PgR negativity (positive in 11 tumors vs negative in 9 tumors) and higher 

Ki67 labeling indexes (<20% in 12 tumors vs >20% in 8 tumors), respectively. On the 

other hand, fewer than 10 genes showed highly significant correlations with age, pT, 

lymph node metastasis, histological grade, lymphovascular invasion, or HER2 positivity.

Next, we performed GO analyses of the genes showing highly significant 

correlations with each clinicopathological feature (p <0.01). The GO terms that are 

annotated to the list of genes showing statistically significant associations with each 

clinicopathogical feature in Table 1 (p <0.01) were examined (Supplementary Tables 5 

and 6). A GO term, cell activation, was annotated with statistical significance (p<0.001 

and FDR<30%) in 6 genes, including the GP6C, LYN, BAX, PRKDC, TPD52, KIR3DL1, 

showing copy number gain in patients less than 50 years of age. Similarly, 3 GO terms, 

transcription, DNA-dependent regulation of transcription and regulation of RNA 

metabolic process are annotated to 14-15 genes showing copy number gain in tumors 

with HER-2 positivity, whereas 4 GO terms, transcription, regulation of transcription, 

DNA-dependent regulation of transcription and regulation of RNA metabolic process, 

are annotated in 48-64 genes showing copy number loss in the postmenopausal tumors.

3-3 Pathological features of tumors with high CNA prevalence

We next analyzed the clinicopathological features of tumors showing a high 

prevalence of CNAs exceeding 35%. As shown in Table 2, high CNA prevalence was 

observed mainly in tumors with higher NG, ER-negativity, PgR-negativity, and a Ki-

67 labeling index exceeding 20%, as demonstrated in previous studies using 

conventional array CGH analyses. On the other hand, menopause, pT stage, lymph 
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node metastasis, HG, lymphovascular invasion, as well as status of HER2 and the 

TP53 mutation, did not show significant correlation with aberrant CNVs. Q-PCR 

analysis of 18 DNA fragments in 72 additional tumors of breast cancer confirmed most 

of the results above except for the TP53 mutation, because the incidence of the TP53 

mutation was significantly higher in CNAs (+) tumors than that in tumors with CNAs 

(-) (p=0.006) (Supplementary Table 7). 

To extract the clinicopathological features that are specifically found in the 

present study using a CNV-oriented CGH array, we next categorized the CNAs on the 

basis of the lengths of fragments showing CNAs. We set 5 length ranges of 1kb-10kb, 

10kb-100kb, 100kb-1Mb, 1Mb-10Mb and >10Mb and the numbers of CNA fragments 

showing gain, loss, or both detected in each length category for each tumor were 

independently counted. All the combinations showing statistical significance (P<0.05) 

were summarized in Table 3. Higher NG, ER-negativity and a higher Ki-67 labeling 

index correlated significantly with higher CNA prevalence in fragments of more than 

10Mb. In addition, tumors with higher NG showed a significantly higher prevalence of 

CNA in fragments of 10kb-100kb, and 100kb-1Mb, whereas menopausal status and 

lymphvascular invasion showed significant correlation with higher CNA prevalence in 

fragments of 100kb-1Mb and 1kb-10kb, respectively. 

On the other hand, when we focused on lengths of less than 10kb, tumors with ER-

positivity were identified to correlate with higher prevalence of gain and loss of CNA 

fragments, which is a unique finding only obtained by this CNV-oriented array CGH. 

This is in sharp contrast with the results that ER-negativity was associated with a 

significantly high prevalence of loss or gain + loss of fragments with lengths of more 

than 10Mb. The median number of fragments with less than 10kb detected in 20 
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tumors was 124. Thus, to further investigate the significance of shorter CNA fragments 

of less than 10kb in breast tumorigenesis, we examined the correlation between the 

clinicopathological parameters and the number of CNA fragments of less than 10kb in 

20 tumors. As shown in Table 4, the tumors with high numbers of CNA fragments of 

less than 10kb showed significant correlations with lower NG (NG1 or 2, p=0.030) and 

ER-positivity (p=0.0043). Q-PCR analysis of 5 fragments exhibiting short CNAs of 

less than 10kb in the CNV array analysis revealed that the tumors with lower NG or 

ER-positivity preferentially gave higher incidence of CNAs in 72 additional breast 

cancers (Supplementary Table 8), again providing supporting information to the 

findings by CNV array analysis of 20 breast cancers.   

4. DISCUSSION

The aims of this study are 1) providing an overview of somatic CNAs at the sites of 

CNVs in breast cancer, 2) understanding the clinicopathological features of CNAs on 

the basis of relevant genes, and 3) identifying possibly novel cascades of breast 

carcinogenesis triggered by CNAs. For this purpose, we examined CNAs of the DNA 

in 20 invasive breast cancers in comparison with DNA from PBL from the same 

patients using CNV-oriented CGH array in more than 412,000 sites, because CNVs are 

highly polymorphic between individuals. Copy numbers were also adjusted by tumor 

content in each case. In addition, since CNV regions are known to be vulnerable to 

systematic signal bias or noise due to its complex cross-hybridization and strong signal 

intensity, we validated the results of CNV array by two independent approaches; 1) 

comparison of the number of sequencing read by the next generation sequencing 
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analysis of specific genes and 2) Q-PCR of the relevant DNA fragments. Co-incident 

results between the CNV array and next generation sequencing was shown in 

Supplementary Table 2 as described in Results. Q-PCR assay was then performed as 

another approach to validate 3 DNA fragments on chromosomal loci 17q12, 1p36.3 

and 3q26.3 detected as short CNAs of less than 10kb by this CNV array analysis. As 

shown in Supplementary Figure 1, marked copy gain of a DNA fragment on 

chromosome 17q12 in tumor 12 detected by CNV array was confirmed by Q-PCR 

analysis as a significantly increased DNA signal. Furthermore, 6 samples of tumor 

DNA exhibiting a copy gain of 1p36.3 by CNV array gave increased signals and 3 

samples showing copy loss of 3q26.3 by CNV array gave decreased signals in Q-PCR 

analysis. Additional supportive evidence was obtained that 2 of 2 tumors showing copy 

gain of the HER2 gene by CNV array gave 3+ signals in HER2 assay as shown in 

Supplementary Table 9A. Thus, we concluded that the CNV array which we used in 

this study provided highly quantitative results that were comparable to other 

quantitative approaches. In this connection, Q-PCR analysis of the HER2 gene also 

exhibited quantitative results which were well correlated with protein expression of 

HER2 by IHC (Supplementary Table 9B).

Initial screening of CNVs in 20 breast cancers revealed that somatic CNAs were 

present in 39.9% of the CNV sites examined. As shown in Supplementary Fig.1, most 

of the CNAs were detected on the continuous DNA fragments showing gains or losses 

of chromosomal regions, suggesting that most findings obtained from the analysis of 

these CNAs are based on the gross chromosomal abnormality and are essentially the 

same as those obtained by conventional CGH array analysis . In fact, we identified 

frequent gains of 1q21-22, 8q21-24, 1q44, and 3q11 and losses of 16q22-24 and 17p13, 
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all of which had already been reported previously by conventional CGH analyses (Figure 

1) (14,15). We confirmed that these chromosomal loci also provided hot spots of CNAs 

by Q-PCR analyses of 72 additional breast cancers (Supplementary Table 3). On the 

other hand, these somatic alterations of copy number may be independent of germline 

susceptibility to breast cancer, because polymorphic copy gain of the APOBEC3B, 

GSTM1 and RAD51C are shown to be associated with an increased risk of breast cancer, 

whereas not gain but loss of these loci were observed at a high incidence in 20 breast 

cancer examined.   

Then, we picked up aberrant CNA fragments and corresponding genes within 

the fragments showing statistical significance with several clinicopathological features 

of breast cancer. It is noteworthy that the largest number of genes (161 genes) correlated 

with nuclear grade, 1 or 2 vs 3 (p<0.01 or p<0.001), whereas no gene showed significant 

correlation between nuclear grade 1 vs 2 or 3, suggesting that nuclear grade 3 is a 

distinctive phenotype.

Next, GO analysis of these genes was performed to elucidate the biological 

significance of aberrant CNAs in each phenotype. As shown in Supplementary Tables 5 

and 6, copy number gain of 6 genes, including the GP6C, LYN, BAX, PRKDC, TPD52 

and KIR3DL1, showed highly significant correlation with patients aged less than 50 

years old. Accelerated glycolysis with enhanced activity of glucose-6-phosphatase and 

activation of LYN tyrosine kinase, TPD52 oncoprotein, and an immune inhibitory 

natural killer (NK) cell receptor, KIR3DL1, were reported in breast cancer, although 

their specific roles in early onset breast cancer is not reported (20-23). Imbalanced 

expression of BAX, a member of BCL2 pro-apoptotic protein family, is also shown to 

be involved in breast cancer (24). The PRKDC encodes the catalytic subunit of the DNA-
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dependent protein kinase and is involved in DNA double-strand break repair and 

recombination in cooperation with Ku70/Ku80 proteins (25). Since BRCA1/2, causal 

genes of hereditary breast and ovarian cancer, are also involved in the repair of DNA 

double-strand break, imbalanced expression of PRKDC might play a role in early onset 

of breast carcinogenesis.

On the other hand, HER2-positive and post-menopausal breast cancer showed 

a significant correlation with gain of 14 to 15 genes and loss of 48-64 genes, respectively.  

As shown in Supplementary Table 5, most of them were transcription factors and 

annotated to “transcription”, “regulation of transcription”, “DNA-dependent regulation 

of transcription” and “regulation of RNA metabolic process.” Since numerous genes, 

especially a large family of zinc-finger proteins, were identified probably due to their 

clustered location on the chromosomal region 19q13, identification of pathobiological 

significance of each gene would be difficult. However, it is interesting that gain of the 

SOX5 gene on chromosomal regions 12p12.1 was also picked up in HER2-positive 

tumor because SOX5 is known to be involved in cell proliferation, invasion and 

epithelial mesenchymal transition of breast cancer cells, although possible involvement 

in HER2(+) breast cancer has not yet been reported (26). Similarly, it would be 

interesting that loss of tumor suppressor-like genes, the death effector domain containing 

2 (DEDD2) and the RB transcriptional corepressor like 1(RBL1) genes were identified 

in postmenopausal breast cancer (27, 28). Although these findings were obtained by 

CNV array analysis of only 3 out of 20 breast cancers showing HER2 positive phenotype, 

supporting evidence was obtained by Q-PCR analysis of 69 additional breast cancers. 

As shown in Supplementary Table 10, CNAs of 3 genes listed in Supplementary Table 

6 were preferentially observed in 11 tumors with HER2-positive phenotype in 
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comparison with 58 tumors with HER2-negative phenotype (p=0.008). These results 

suggest that molecular pathways related to these 4 GO terms, including transcriptional 

regulations and RNA metabolism, are involved in carcinogenesis of HER2 positive 

breast cancer. The prevalence of CNAs in these tumors by CNV analysis varied from 

6% to 60% and tumors and were categorized into 2 groups; 13 tumors showed a high 

prevalence (≥35%) of CNAs, whereas 7 tumors had a low prevalence (35%>) of CNAs 

(Table 2).  Comparison of clinicopathological features between these 2 groups of 

tumors demonstrated that higher NG, ER negativity and an elevated Ki67 labeling index 

correlated significantly with a high prevalence of CNAs, again coincident with the 

results of previous studies using conventional CGH array (Table 2) (14, 15). Miyaguchi 

et al. reported correlations between CNA length and aberrant gene expressions found in 

the CNAs in hepatocellular carcinoma and colorectal cancer (29). Our results would also 

support that long CNA is associated with more malignant features of breast cancer. 

Furthermore, tumors with high prevalence of CNAs with gross chromosomal 

abnormality appeared to be caused by chromosomal instability (CIN), which is known 

to accelerate the proliferation of aneuploid tumor cells (30). Several studies have 

demonstrated high incidence of CIN in solid tumors (2, 31, 32), including breast cancers 

(15, 33-39). Endesfelder et al. reported the correlation between CIN and ER-negativity 

in young breast cancer patients and hypothesized that CIN might be characteristic of 

younger-onset ER negative breast cancer (40). Our data also supports the importance of 

CIN in breast carcinogenesis. In this connection, it is well known that the mutation of 

the TP53 gene causes chromosomal instability of tumors. Although, we could not find 

significant correlation between the TP53 mutation and the prevalence of CNAs in the 

analysis of 20 tumors by CNV array, we found significant correlation between them in 
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a Q-PCR analysis of 69 tumors  (Table 2 and Supplementary Table 7). (41) 

In the present study, employing the CGH array which exclusively targets 

established CNV sites, we were able to detect short spike-like CNAs of less than 10kb., 

which could not be detected by conventional CGH array analysis. Our preliminary 

analysis suggests that these short CNAs of less than 10kb are detected in not only breast 

cancer but also several other cancers, including cholangiocarcinoma, oral squamous cell 

carcinoma, and bladder carcinoma, when examined by the same CNV array platform. 

These results suggest that the short CNVs would play a role in breast and other 

carcinogenesis. Interestingly, we found that these short CNAs with gain or loss of less 

than 10kb fragments were observed at a significantly higher rate in breast cancer with 

ER-positivity and with nuclear grade 1 or 2 in the CNV array analysis of 20 breast 

cancers as well as in Q-PCR analysis of 72 breast cancers (Table 4 and Supplementary 

Table 8). 

While large continuous CNAs are suggested to link with CIN mechanistically, 

the molecular basis as well as the function of the short CNAs has not yet been elucidated. 

The spike-like short CNAs would be generated by specific structural instabilities of 

DNA sequences functioning as cis-acting factors. Alternatively, some enzymes that 

serve to maintain the accurate replication or repair of specific CNVs might be 

dysregulated in cancer cells, functioning instead as trans-acting factors to generate short 

CNAs. It is well known that microsatellite sequences consisting of 1 to 4 nucleotide 

repeats trigger replication errors of DNA when mismatch repair function is abrogated in 

cancer cells (1). Alu repetitive sequences are also shown to be often present at the 

boundary of deleted or inserted DNA fragments in several genetic disorders and cancer 

cells (42-44). In contrast, neither the boundary sequences of the short CNAs of less than 
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10kb, nor trans-acting factors or some enzymatic dysfunction leading to CNAs in cancer 

cells have been identified yet. The present study would be the first report to suggest that 

spike-like CNAs would trigger ER-positive breast carcinogenesis through activating or 

inactivating a limited number of oncogenes or tumor suppressor genes on the DNA 

fragments, respectively, through allelic imbalance and resultant expression imbalance of 

genes that promote ER-related pathways. Further investigation would be required to 

elucidate the novel cascade as well as the underlying mechanisms of tumorigenesis 

associated with short CNAs in breast cancer. 
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Table 1. The number of genes within the CNA fragments showing significant 
correlations with clinicopathological features.

† Defined by the tumor-node-metastasis (TNM) pathological classification
P-values were calculated with Fisher’s exact test

Number of genes
Clinicopathological features

No. of cases in
each group p<0.05 p<0.01 p<0.001

Age (years) <50 vs. ≧50 7:13 1463 244 3

Menopause pre vs. post 7:13 592 417 17

pT† Ⅰ vs. Ⅱ 16:4 287 117 0

Lymph node 
metastasis

0 vs. ≧1 9:11 882 212 6

Nuclear grade 1 vs. 2 or 3 18:2 38 0 0

1 or 2 vs. 3 3:17 1726 512 161

Histological grade Ⅰvs. Ⅱ or Ⅲ 17:3 513 55 1

Ⅰor Ⅱ vs. Ⅲ 6:14 1233 262 20

Lymphovascular 
invasion

+ vs. – 7:13 630 78 0

Estrogen receptor + vs. – 14:6 1829 527 52

Progesterone receptor + vs. – 11:9 2005 590 35

HER2 0, 1+, 2+ vs. 3+ 17:3 1677 327 8

Ki67 labeling index <20% vs. ≧20% 12:8 1040 355 35
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Table 2. Correlations between the rate of aberrant CN probes and clinical features

Rate of 
aberrant CN 

probes
Clinical features

<35% ≧35%

p-
value

Age (years) <50 6 7
≧50 1 6

0.154

Menopause pre 1 6
post 6 7

0.154

pT stage T1 2 2
T2 5 11

0.482

Lymph node metastasis 0 4 7
≧1 3 6

0.888

Nuclear grade 1 2 0
2 5 10
3 0 3

0.031*

Histological grade Ⅰ 1 2
Ⅱ 5 6
Ⅲ 1 5

0.260

Lymphovascular 
invasion

－ 5 8

＋ 2 5
0.658

Estrogen receptor ＋ 7 7
－ 0 6

0.032*

Progesterone receptor ＋ 6 5
－ 1 8

0.043*

HER2 － 7 10
＋ 0 3

0.168

<20% 7 5
Ki67 labeling index

≧20% 0 8
0.007*

TP53 mutation status WT 1 5
mutation 6 8

0.260

P-values calculated with chi-squared test.  * Statistically significant 
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Table 3. Clinical features correlating significantly with the prevalence of CNA regions 
in each length category 

Clinical features CNA length CN 
status

Median 
number of 

CNA regions

p-value

ER ＋ 1-10k gain+loss 76.5 0.034
－ 21.5

NG 1 10-100k loss 4.5 0.026
2or3 30

NG 1 10-100k gain+loss 14 0.021
2or3 76.5

NG 1 100k-1M gain 15.5 0.042
2or3 84.5

NG 1 100k-1M loss 8 0.021
2or3 76.5

Menopausal 
status

Pre 100k-1M loss 43 0.037

Post 179
NG 1 100k-1M gain+loss 23.5 0.042

2or3 169
Lymphovascular 

invasion
- 1-10M loss 21 0.045

+ 118
NG 1or2 >10M gain 7 0.034

3 19
ER ＋ >10M loss 5.5 0.016

－ 19.5
Ki67 labeling 

index
<20 >10M loss 5.5 0.024

≧20 19.5
ER ＋ >10M gain+loss 14.5 0.011

－ 36.5
NG 1or2 >10M gain+loss 15 0.032

3 39
Ki67 labeling 

index
<20 >10M gain+loss 14.5 0.041

≧20 34
P-values calculated with Wilcoxon rank-sum test
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Table 4. Clinico-pathological features and the number of CNA fragments shorter than 
10kb

The number of CNA
fragments<10kb Clinical features

<124 ≧124

p-
value

Age (years) <50 7 6
≧50 3 4

0.639

Menopause pre 3 4
post 7 6

0.639

pT stage T1 1 3
T2 9 7

0.264

0 4 7Lymph node 
metastasis ≧1 6 3

0.178

Nuclear grade 1or2 7 10
3 3 0

0.060*

Histological grade Ⅰ 1 2
Ⅱ 6 5
Ⅲ 3 3

0.769

－ 5 8Lymphovascular 
invasion ＋ 5 2

0.160

Estrogen receptor ＋ 5 9
－ 5 1

0.049*

＋ 6 7Progesterone 
receptor － 4 3

0.639

HER2 － 8 9
＋ 2 1

0.531

<20% 5 7
Ki67 labeling index

≧20% 5 3
0.361

P-values calculated with chi-squared test *Statistically significant
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Figure legends

Figure 1. Schematic representation of a prevalence of copy number alterations (CNAs) 

in each tumor detected by CNV array analysis in 20 breast cancers. Prevalence of CNA 

varies from 6.6% (No. 10) to 60.3% (No. 3). Perpendicular numbers indicate IDs of 

breast cancer patients. Black, hatched, and white bars indicate a prevalence of a copy 

gain, copy loss and without alterations, respectively.  

Figure 2. Representative histopathological features of breast cancer with lower and 

higher CNAs. A. Breast tumor No. 10 is a low-grade carcinoma (nuclear grade 1, 

histological grade II) with CNAs of 6.6% showing an ER-positive, PgR-positive and 

HER2 negative state with the Ki-67 labeling index being less than 20%. B. Breast tumor 

No.3 is a high-grade carcinoma (nuclear grade 3, histological grade III) with CNAs of 

60.3% showing a triple negative subtype with high proliferative activity (Ki-67 labeling 

index >20%).
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LIST OF THE SUPPORTING INFORMATION

Supplementary Table 1. Clinicopathological characteristics of the 20 and 72 patients 

from breast cancer examined by CNV array and Q-PCR, respectively.

Supplementary Table 2. Comparison of the results by CNV array analysis and the next 

generation sequencing analysis of the corresponding genes in 20 breast cancers.

Supplementary Table 3. Comparison of the results by CNV array analysis in 20 breast 

cancers and those by PCR analysis of the same genes in 72 breast cancers.

Supplementary Table 4. Incidence of CNAs in 72 breast cancers by Q-PCR analysis.

Supplementary Table 5. Gene Ontology (GO) analysis of the genes within the CNA 

fragments showing significant correlation with clinicopathological features. 

Supplementary Table 6. List of the genes in gene ontology (GO) analysis showing 

significant correlation with clinicopathological features. 

Supplementary Table 7. Correlations between the incidence of CNAs and clinico-

pathological features of 72 breast cancers.

Supplementary Table 8. Correlation of the presence of CNAs fragments shorter than 

10kb with nuclear grade (A) or estrogen receptor status (B) in 72 breast cancers. 
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Supplementary Table 9. Comparison of copy number and protein expression of HER2 

in CNV array analysis and Q-PCR analysis.  

Supplementary Table 10. Correlation of HER2 status with copy gain of genes 

annotated to transcriptional regulation or RNA metabolic process.

Supplementary Figure 1.  

Schematic representation of copy number alterations (CNAs) of each chromosome 

detected by CNV array analysis.

Supplementary Figure 2.

Validation of the short CNAs by quantitative PCR analysis. 

Supplementary Figure 3.
CNAs at the HER2 gene locus detected by quantitative PCR analysis.
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Figure 1. Schematic representation of a prevalence of copy number alterations (CNAs) in each tumor 
detected by CNV array analysis in 20 breast cancers. Prevalence of CNA varies from 6.6% (No. 10) to 60.3% 

(No. 3). Perpendicular numbers indicate IDs of breast cancer patients. Black, hatched, and white bars 
indicate a prevalence of a copy gain, copy loss and without alterations, respectively.   
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Figure 2. Representative histopathological features of breast cancer with lower and higher CNAs. A. Breast 
tumor No. 10 is a low-grade carcinoma (nuclear grade 1, histological grade II) with CNAs of 6.6% showing 
an ER-positive, PgR-positive and HER2 negative state with the Ki-67 labeling index being less than 20%. B. 
Breast tumor No.3 is a high-grade carcinoma (nuclear grade 3, histological grade III) with CNAs of 60.3% 

showing a triple negative subtype with high proliferative activity (Ki-67 labeling index >20%). 
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