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Abstract. Background/Aim: Abnormalities in the cyclin
DI1-CDK4/6 complex have been implicated in breast
cancer proliferation and resistance to treatment. Recently,
new drugs have been developed to target CDK4/6.
Meanwhile, liquid biopsy has received great interest in
oncology. In this study, we analyzed cyclin DI gene
(CCND1) copy number variation (CNV) in circulating
tumor DNA (ctDNA) from luminal B breast cancer patients.
Patients and Methods: This study included 31 patients with
luminal B breast cancer who underwent resection. We
analyzed CCNDI CNV in ctDNA by digital droplet PCR.
Results: Of the 31 luminal B breast cancers, CCNDI CNV
was positive in 5 cases. Patients with CCNDI CNV
positivity had significantly shorter recurrence-free survival
than patients with negative CCNDI CNV. Conclusion:
CCNDI1 CNV in ctDNA was associated with poor prognosis
in patients with luminal B breast cancer. This biomarker
could be a useful prognostic factor.

Breast cancer is broadly classified into subtypes according
to the presence or absence of hormone receptors and HER2.
Hormone receptor-positive breast cancers are further
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categorized into luminal A (low Ki67) and luminal B (high
Ki67) according to their proliferative potential. Luminal B
breast cancer has a poor prognosis without adjuvant therapy
(1). Abnormalities in the cyclin D1-CDK4/6 complex, which
regulates the G1 to S phase of the cell cycle, have been
implicated in the growth of breast cancer and its resistance
to treatment. In particular, luminal B breast cancer has been
reported to have amplified cyclin D1 gene (CCNDI)
compared with other subtypes (2), but a means to easily
assess cyclin D1 expression in a clinical setting has not yet
been established. The U.S. Food and Drug Administration
officially approved palbociclib CDK4/6 inhibitor in 2017 for
hormone receptor-positive and HER2-negative unresectable
and recurrent breast cancer, and in combination with
aromatase inhibitor (letrozole), it was shown to significantly
improved progression-free survival (PFS) and prolong
overall survival (OS) (3, 4). CDK4/6 inhibitors represent an
option for patients with unresectable or recurrent luminal B
breast cancer who have a poor prognosis, and their
therapeutic efficacy is expected to improve in clinical
practice. However, a marker targeting the cyclin D1-CDK4/6
complex for effective administration of the drug is yet to be
identified.

Liquid biopsy is a peripheral blood-based molecular
diagnosis approach that avoids the need for an invasive
tumor biopsy, in which the genomic profiling provides
information on driver mutations, therapeutic resistance, and
treatment response, and has gained increasing attention in
oncology (5). In clinical practice, predictive markers for
therapeutic response have been established for many cancer
types, and in the case of breast cancer, Carcinoembryonic
antigen (CEA) and carbohydrate antigen (CA) 15-3 are used.
Several reports indicated that the concentration of tumor-
derived circulating tumor DNA (ctDNA) is more reflective
of disease status than these existing markers (6, 7).

CCNDI is known as one of the most frequently altered
genes and is associated with hyperactive PI3K/mTOR
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Table 1. Analysis of CCND1 CNV in ctDNA of 31 patients in cohort 1 and one healthy volunteer.

Sample Copies/20 pl Measurements STD Theoretical values (n=2) Judgement
Well
CNV CNV Max CNV Min CNV CNV Max CNV Min
DP_9266_PC 4,898.83 1.85 1.93 1.76 0.088 2.00 2.12 1.88 -
DP_9266_001 10,754.23 2.12 2.20 2.04 0.080 2.00 2.08 1.92 -
DP_9266_002 17,246.60 1.96 2.03 1.89 0.071 2.00 2.07 1.93 -
DP_9266_003 13,311.32 2.08 2.15 2.00 0.073 2.00 2.07 1.93 -
DP_9266_004 4,847.20 221 234 2.09 0.123 2.00 2.12 1.88 -
DP_9266_005 5233543 2.13 2.19 2.06 0.062 2.00 2.04 1.96 +
DP_9266_006 2,811.21 2.24 241 2.08 0.163 2.00 2.16 1.84 -
DP_9266_007 16,211.05 2.07 2.14 2.00 0.068 2.00 2.07 1.93 -
DP_9266_008 1,495.09 1.91 2.08 1.74 0.171 2.00 222 1.78 -
DP_9266_009 1,325.44 2.33 2.56 2.10 0.228 2.00 2.24 1.76 -
DP_9266_010 8,825.88 1.87 1.96 1.78 0.088 2.00 2.09 191 -
DP_9266_011 6,210.95 2.08 2.18 1.98 0.100 2.00 2.11 1.89 -
DP_9266_012 19,625.38 2.32 2.39 225 0.072 2.00 2.06 1.94 +
DP_9266_013 3,792.76 2.06 2.17 1.94 0.112 2.00 2.14 1.86 -
DP_9266_014 13,012.01 2.14 222 2.07 0.074 2.00 2.08 1.92 -
DP_9266_015 4.,566.87 2.29 241 2.17 0.117 2.00 2.13 1.87 +
DP_9266_016 3.996.89 2.11 222 1.99 0.116 2.00 2.14 1.86 -
DP_9266_017 3,197.14 221 235 2.08 0.135 2.00 2.15 1.85 -
DP_9266_018 192.96 2.06 3.06 1.06 0.997 2.00 2.61 1.39 -
DP_9266_019 1,098.80 2.16 2.44 1.88 0.277 2.00 2.26 1.74 -
DP_9266_020 10,522.56 2.34 245 2.23 0.108 2.00 2.08 1.92 +
DP_9266_021 1,374.76 2.29 2.52 2.06 0.230 2.00 2.23 1.77 -
DP_9266_022 1,438.16 225 2.49 201 0.237 2.00 2.23 1.77 -
DP_9266_023 6.421.60 2.15 2.26 2.04 0.109 2.00 2.11 1.89 -
DP_9266_024 2,045.56 2.28 2.46 2.09 0.187 2.00 2.19 1.81 -
DP_9266_026 3,890.36 2.08 221 1.94 0.137 2.00 2.14 1.86 -
DP_9266_027 3,336.82 2.19 2.35 2.03 0.162 2.00 2.15 1.85 -
DP_9266_029 1,701.41 2.36 2.57 2.14 0.217 2.00 221 1.79 -
DP_9266_030 2,793.95 2.63 2.82 244 0.191 2.00 2.16 1.84 +
DP_9266_031 5,021.58 2.13 2.24 2.02 0.107 2.00 2.12 1.88 -
DP_9266_032 4,352.73 2.19 231 2.07 0.119 2.00 2.13 1.87 -
DP_9266_033 10,706.77 2.00 2.07 1.92 0.073 2.00 2.08 1.92 -

pathway, which was shown to lead to hormonal therapy
resistance in the BOLERO-2 next generation research
subgroup and The Cancer Genome Atlas network (8). By
confirming the relationship between CCNDI in ctDNA and
CCNDI in tumor tissue, we aimed to validate whether
CCNDI in ctDNA can be used as a therapeutic or prognostic
marker. Several studies focused on the mutation and
concentration of ESR/ and PIK3CA in breast cancer (9, 10),
but there are no reports on CCNDI copy number variation
(CNV) in both tissue and ctDNA in primary breast cancer.
In this study, we first evaluated the association between
CCNDI CNV in ctDNA and the prognosis of patients with
luminal B breast cancer (Cohort 1). Next, we assessed
whether CCNDI CNV in ctDNA reflected the biological
characteristics of the lesion (Cohort 2).
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Patients and Methods

Patients. We first evaluated the relationship between the CNV of
CCND1 in ctDNA and prognosis (Cohort 1) in 31 patients with luminal
B breast cancer who underwent resection at Kyushu University
Hospital (Fukuoka, Japan) between September 2006 and March 2009.

Next, we assessed whether CCNDI CNV in ctDNA from
peripheral blood reflected the biological characteristics of the
tumor tissues (Cohort 2) in 15 patients with luminal B breast
cancer who underwent resection at Kyushu University Hospital
between January and June 2017. Tumor subtypes were identified
using immunohistochemical (IHC) staining on tissue acquired by
surgical resection. Estrogen receptor (ER)-positive or progesterone
receptor (PR)-positive tissues were defined as tumors with =1% of
tumour cells staining positive for ER or PR, respectively, as
previously reported (11). Tumor specimens were defined as HER2-
positive when HER2 THC staining was scored as 3+ according to
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Table II. Clinicopathological characteristics of patients in Cohort 1.

Number of patients (%)
Age
Years, range (median) 27-79 (55)
Sex
Female 30 97
Male 1 3
pStage
1 11 355
11 18 58
11 2 6.5
v 0 0
Nuclear grade
1 16 51.6
2 5 16.1
3 9 29
Unknown 1 32
Lymphatic invasion
Negative 21 67.7
Positive 10 323
Vascular invasion
Negative 31 100
Positive 0 0
Recurrence (15Y)
Negative 27 87
Positive (local) 2 6.5
Positive (distant) 2 6.5
Death
Yes 3 9.7
No 28 90.3

standard criteria (12) or when HER2 gene amplification was
detected using fluorescence in situ hybridization. Cancer specimens
were defined as luminal B when the Ki67 status was high (>20%)
or the PR status was low (<20%) in ER-positive disease. The
clinicopathological information of patients was collected
retrospectively from the electronic medical records, including
patient outcome and OS. The patients were treated according to the
National Comprehensive Cancer Network Guidelines for the
treatment of breast cancer (13), and the Clinical Practice Guidelines
for Breast Cancer of the Japanese Breast Cancer Society (14).

The study conformed to the principles of the Declaration of
Helsinki and was approved by the institutional review board of
Kyushu University Hospital (no. 2020-591). Before surgery, patients
provided comprehensive written consent, which stated that their
medical information could be used for research purposes.

Samples. Patient blood samples (5 ml) were collected immediately
before undergoing resection. In Cohort 1, blood samples were
centrifuged at 3,000xg for 5 min to separate the serum, and the
supernatant was collected and stored at —80°C until further use. In
Cohort 2, blood samples were centrifuged at 1,600xg for 20 min. The
supernatant was then centrifuged at 12,000xg for 10 min to separate
the plasma, and the supernatant was collected and stored at —80°C until
further use. In addition, we recruited one healthy volunteer who had
no underlying disease and undertook venous puncture for collection
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Figure 1. Prognostic value of CCNDI CNV expression in ctDNA.
Kaplan-Meier curves showing estimated RFS for CCNDI CNV
expression in ctDNA. p-Value indicates the significance of the difference
between the two groups.

Table III. Clinicopathological characteristics of 15 patients in Cohort 2.

Number of patients (%)
Age
Years, range (median) 38-84 (58.3)
Sex
Female 15 100
Male 0 0
pStage
1 5 333
1T 7 46.7
1 3 20
v 0 0
Nuclear grade
1 5 333
2 3 20
3 7 46.7
Unknown 32
Lymphatic invasion
Negative 10 66.7
Positive 5 333
Vascular invasion
Negative 14 933
Positive 1 6.7

of a blood sample. Formalin-fixed paraffin-embedded (FFPE) tumor
tissues and frozen tissues were also collected after surgery.

DNA preparation from tissue samples and blood samples. DNA was
extracted from each frozen tissue sample using an AllPrep DNA/RNA
Mini Kit (Qiagen, Hilden, Germany). The DNA concentration was
determined by a NanoDrop 2000 spectrophotometer (Thermo
Scientific, Waltham, MA, USA) and DNA samples were confirmed
to be >20 ng/pl in concentration. ctDNA was extracted using a
QIAamp Circulating Nucleic Acid Kit (Qiagen) from plasma.
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Figure 2. Relationship between CCND1 CNV in plasma ctDNA, CCNDI CNV in tissue, and tissue IHC. Cases that were positive for CCNDI CNV
in ctDNA (*) tended to be strongly positive for cyclin DI protein and had high expression of Ki67.

Digital droplet PCR for CCNDI copy number variation analysis.
Digital droplet PCR (ddPCR) was performed to measure CCNDI
CNV in the DNA extracted from tissues and plasma using a QX200
Droplet Digital PCR System (Bio-Rad, Hercules, CA, USA)
according to the manufacturer’s protocols. CN determination was
performed as follows: From the results of ddPCR, the proximal
curve to the input was drawn, and the theoretical value at CN=2 was
calculated from the proximal curve. If the minimum value of the
measured value was greater than the maximum value of the
theoretical value, it was judged to be positive (Table I).

IHC staining. Anti-cyclin D1 antibody (monoclonal rabbit, SP4;
Nichirei Bioscience, Tokyo, Japan) was used according to the
manufacturer’s protocol. Cyclin D1 positivity was defined as cyclin
D1 expression in =10% of tumour cells (15). Furthermore, =50%
cyclin D1 expression was considered to be strongly positive.

Statistical analysis. Logistic regression was used to compare
continuous variables and 2 tests were performed to compare
categorical variables between CCNDI-positive and -negative
groups. The survival endpoint was recurrence-free survival (RFS),
which was defined as the time from surgery to recurrence, including
both local relapse and metastatic disease. A survival curve was
generated using the Kaplan-Meier method and compared with the
log-rank test. A p-value of <0.05 was considered statistically
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significant. Statistical analysis was performed using JMP 16 (SAS
Institute, Cary, NC, USA).

Results

The clinicopathological characteristics of Cohort 1, including
age at diagnosis, pathological stage, histological characteristics,
and outcomes, are listed in Table II. The mean age of the
patients was 55 years (range=27-79 years) and one man (3%)
was included. Most patients had clinical stage I (35.5%) or 11
(58.0%) disease and all had no vascular invasion. Of 31
patients, 27 (87%) were recurrence-free and four (13%) had
local or distant recurrence. Five (16%) patients were CCND1
CNV-positive. Three (11%) of the 27 recurrence-free cases
were CNV-positive. In addition, two (50%) of four recurrent
cases showed CNYV positivity. A prognostic analysis with the
endpoint of RFS showed that RFS was significantly lower in
CCNDI CNV-positive cases compared with negative cases
(p=0.0359) (Figure 1).

The clinicopathological characteristics of patients in Cohort
2, including age at diagnosis, pathological stage, and
histological characteristics, are listed in Table III. The mean age
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Figure 3. Cyclin D1 expression in breast carcinomas analyzed by immunohistochemistry (magnification, x200; bar, 100um). (a—c) Haematoxylin-
eosin staining shows tumors. (d) Cyclin DI expression was strongly positive. (e) Cyclin D1 expression was moderately positive. (f) Cyclin D1 was

not expressed.

of the patients was 58.3 years (range=38-84 years) and all were
female. Most patients had clinical stage I (33.3%) or II (46.7%)
disease. The relationship between the CNV of CCNDI in
plasma ctDNA, CNV of CCNDI in tissue, and tissue IHC are
shown in Figure 2. There were three positive cases. Of the 15
luminal B breast cancer patients, 11 (73%) were cyclin DI-
positive by IHC (Figure 3). Cases that were positive for CCND1
CNV in ctDNA tended to be strongly positive for cyclin D1
protein by IHC and had high expression of Ki67. However,
there was no match for CCNDI CNV in ctDNA and tissue.

Discussion

To the best of our knowledge, this is the first report to show
that it is possible to measure CCNDI CNV in ctDNA and
blood from patients with luminal B breast cancer. Analysis
of CCNDI CNV in ctDNA and the nature of the lesions was
also performed but did not match the tissue CCNDI CNV.
ctDNA in blood samples can offer essential advantages
over tissue biopsies, including minimal invasiveness, access
to tissue, use of preserved samples, and tumor heterogeneity,
and as a result, is used to guide treatment decisions more
quickly. ctDNA detection research is of great significance to
the early diagnosis, prognostic evaluation, disease
monitoring, and individualized treatment of breast cancer (7).
Cyclin D1 over-expression occurs in half of all breast
cancers (8, 16-18). In particular, it has been reported that
CCND] is amplified in luminal B breast cancer (2). The
prognostic utility of associated proteins has great potential,
with over-expression associated with favorable prognosis
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Figure 4. Prognostic value of CCND1 mRNA expression in the Kaplan-
Meier plotter (kmplot.com). Kaplan-Meier curve showing estimated RFS
for CCNDI mRNA expression in luminal B breast cancer patients (n=904).

(19, 20) and gene amplification signifying poor prognosis
(21). This study showed that RFS was significantly lower in
cases that were positive for CCNDI CNV compared with
those that were negative. The threshold for determining the
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increase or decrease in copy number is difficult because it
varies depending on various factors such as sample quality
and quantity, and the combination of target and reference
probes. In the present study, we generated an approximate
curve from the ddPCR results and calculated theoretical
values from the curve, and then used them as the basis for
determining the increase or decrease in copy number.

When verified at the mRNA level using the Kaplan-Meier
plotter, high CCNDI mRNA expression was significantly
correlated with shorter RFS among luminal B breast cancer
patients (Figure 4). In the BOLERO-2 study, genetic
alternations in the PI3K/mTOR pathway and cell-cycle
control genes (CCNDI, CDK4, CDK6, and CDKN2A) and
amplification of CCNDI had minimal benefit on the
progression-free survival gain with mTOR inhibitor
(everolimus) (8), which supported our study data.

The concordance trend of ctDNA and tissue CCNDI CNV
in this study is shown in Figure 2. However, in a study without
breast cancer by Nakamura et al. (GOZILA study), ctDNA-
based testing demonstrated 97%-100% concordance with tissue-
based testing for identifying actionable mutations (22). In a
study of breast cancer by Turner et al. (plasmaMATCH trial),
there was 98%-100% concordance (23). Although the difference
between primary and metastatic lesions may affect the result,
further studies on ctDNA for primary breast cancer are needed.

This study has some limitations. First the sample size was
small because we focused on a limited population. Second,
it included only retrospectively collected cases. Increasingly,
however, disease-tracking markers targeting the cyclin D1-
CDK4/6 complex will be required for effective drug
administration. This study suggests that the use of ctDNA
may enable minimally invasive and real-time monitoring. In
conclusion, we were able to detect CCNDI CNV in ctDNA
from patients with luminal B breast cancer. Positive CCND]
CNV may be associated with worse survival.
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