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Abstract

CCND1 is located on 11q13. Increased CCNDI copy number (CN) in breast cancer (BC) is associated with high histo-
pathological grade, high proliferation, and Luminal B subtype. In this study of CCND1 in primary BCs and corresponding
axillary lymph node metastases (LNM),we examine associations between CCND! CN in primary BCs and proliferation
status, molecular subtype, and prognosis. Furthermore, we studied associations between CCNDI CN and CNs of FGFRI and
ZNF703, both of which are located on 8p12. Fluorescence in situ hybridization probes for CCNDI and chromosome 11
centromere were used on tissue microarrays comprising 526 BCs and 123 LNM. We assessed associations between CCND1
CN and tumour characteristics using Pearson’s X2 test, and estimated cumulative risks of death from BC and hazard ratios
in analysis of prognosis. We found CCND1 CN >4 <6 in 45 (8.6%) tumours, and > 6 in 42 (8.0%). CCNDI CN (> 6) was
seen in all molecular subtypes, most frequently in Luminal B (HER27) (20/126; 16%). Increased CCNDI CN was associated
with high histopathological grade, high Ki-67, and high mitotic count, but not prognosis. CCND1 CN > 6 was accompanied
by CN increase of FGFRI in 6/40 cases (15.0%) and ZNF703 in 5/38 cases (13.2%). Three cases showed CN increase of all
three genes. High CCND1 CN was most frequent in Luminal B (HER2™) tumours. Good correlation between CCND1 CNs
in BCs and LNM was observed. Despite associations between high CCNDI CN and aggressive tumour characteristics, the
prognostic impact of CCNDI CN remains unresolved.
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Introduction

Breast cancer (BC) is the most prevalent cancer type and
the leading cause of cancer-related death among women
worldwide [1]. It is also highly heterogeneous and the need
for individually-tailored treatment strategies has become
increasingly apparent as the short- and long-term effects of
current treatment regimens emerge [2]. There is therefore
a need for new prognostic biomarkers that can contribute
to further fine-tune our approach to BC diagnostics and
treatment.
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CCNDI is located on the long arm of chromosome 11
at 11q13.3 and encodes cyclin D1 protein [3]. Cyclin D1
is involved in cell cycle progression by inducing G1-S
transition through activation of cyclin-dependent kinases,
Cdk4 and Cdk6 [4, 5]. Cyclin D1 may also impact steroid
hormone receptors, activating the oestrogen receptor (ER)
[6, 7], and inhibiting the androgen receptor in breast epi-
thelium [8]. While Cyclin D1 overexpression is reported in
approximately 50% of BCs [9, 10], the frequency of CCND1
amplification is between 9-15% [9, 11-13]. CCND1 ampli-
fication is associated with increased risk of recurrence [9,
12, 13] and reduced chemosensitivity in BC [11]. There is
also an association between CCND1 amplification and high
proliferation, high histopathological grade [9, 12], and the
Luminal B subtype [9]. CCND1 amplified BCs may also
show concurrent amplification of Fibroblast growth factor
receptor 1 (FGFRI) [14], and/or Zinc finger protein 703
(ZNF703) [15], both of which are located at 8p11.23.

Using fluorescence in situ hybridization (FISH), we
studied CCND1 copy number (CN) in tissue microarrays
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(TMA) from formalin-fixed, paraffin-embedded BC tissue
(FFPE) from primary BCs and their corresponding axillary
lymph node metastases. The main aim was to investigate
associations between CCNDI CN alterations in primary
BC tumours and proliferation status, molecular subtype,
and prognosis. A secondary aim was to study CCNDI CN
in corresponding axillary lymph node metastases. Further-
more, previous studies have shown that there may be an
association between amplifications in specific regions of
chromosome 8 and chromosome 11 [15, 16]. Therefore, we
also aimed to see if there was an association between CNs
of CCNDI, FGFRI and ZNF703. The latter two genes are
located on chromosome 8 and have previously been studied
by our group in the same series of patients [17, 18]. In these
studies, we found that FGFR1 and ZNF703 CN increase was
associated with high histopathological grade, proliferation,
and the Luminal B subtype. ZNF703 CN increase was also
associated with a poor prognosis.

Materials and Methods
Study Population

In 1956-1959, a population-based study for the early clini-
cal detection of BC was carried out in the county of Nord-
Trgndelag, Norway [19]. In total, 25,727 women born
between 1886—-1928 were invited, and of these, 1379 were
diagnosed BC during follow-up from 1961-2008. Patients

were identified through linkage with the Cancer Registry
of Norway, and information on date and cause of death was
obtained from the Norwegian Cause of Death Registry. Of
the 1379 incident cases, 909 were previously successfully
reclassified into molecular subtypes [20]. In the present
study, FISH was carried out on TMAs mainly containing
tumour tissue diagnosed in the 1980s or later (n =552).
Of these, 13 were excluded due to insufficient amounts of
tumour tissue, and 13 were excluded due to unsuccessful
FISH. Thus, 526 tumours were included for assessment of
CCND1 and chromosome 11 enumeration probe (CEP11)
CN in the primary tumours (Fig. 1). Of these, 177 had lymph
node metastases. Tissue from lymph node metastases was
available in TMAs for 132 cases, and of these, four were
excluded due to insufficient tumour tissue, and five were
excluded due to unsuccessful FISH. Thus, CCNDI and
CEP11 CN in lymph node metastases was registered for
123 cases.

Specimen Characteristics

The primary tumours were previously reclassified into his-
topathological type and grade [20, 21]. From each case,
three 1 mm in diameter tissue cores from the periphery of
the primary tumour, and three 1 mm cores from the lymph
node metastases were assembled in tissue microarrays. Pri-
mary tumours were then reclassified into molecular sub-
types using immunohistochemistry (IHC) and chromogenic
in situ hybridization (CISH) (Table 1). IHC was used for

Fig. 1 Overview of the back-
ground population and cases
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Table 1 Molecular subtyping algorithm

Molecular subtype Subtyping algorithm

ER* and/or PR*, HER2", Ki67 < 15%
ER* and/or PR*, HER2™, Ki67 > 15%
ER* and/or PR*, HER2"

ER-, PR™, HER2*

ER™, PR™, HER2™, CK5™ and EGFR™
ER™, PR™, HER2", CK5* and/or EGFR*

Luminal A

Luminal B (HER27)
Luminal B (HER2")
HER?2 type

5 negative phenotype
Basal phenotype

ER oestrogen receptor, PR progesterone receptor, HER2 Human epi-
dermal growth factor receptor 2, CK5 cytokeratin 5, and EGFR epi-
dermal growth factor receptor

assessment of ER, PR, Ki67, CK5 and EGFR, and Both
CISH and IHC were used for assessment of HER2 [20]. In
the previous ZNF703 and FGFRI studies, FISH was used
to target the two genes and the chromosome 8 centromere,
as previously described [17, 18].

In the present study, FISH was carried out in accordance
with the manufacturer’s guidelines, using Dako Histology
FISH Accessory Kit K 579911. The TMA-slides (4 um)
were de-waxed and rehydrated, boiled in a microwave oven
for 10 min in Pre-Treatment Solution, and cooled for 15 min.
Slides were then washed in Wash Buffer (2 X 3 min), and
protein digested with Pepsin Solution for 30 min at 37 °C.
The slides were washed in Wash buffer (2 X 3 min) and dehy-
drated in ethanol for 2 min at each concentration (70, 80
and 95%). The slides were then air-dried for 15 min at room
temperature. CCND1 (3 pL, Empire Genomics) and chromo-
some enumeration probe 11 (CEP11) (1 pL, Abbott/VYSIS)
FISH probes were mixed with hybridization buffer (9 pL,
Empire Genomics) and placed on the TMA slides. The
slides were coverslipped and sealed with coverslip sealant
(Dako) before denaturation at 83 °C for 3 min. Hybridization
was done overnight at 37 °C in a DAKO Hybridizer. After
hybridization, the slides were rinsed in 0.4xSSC/0.3%NP-40
for 2 min at 72 °C, in 2xSSC/0.1%NP-40 for 15 s at room
temperature, and then air-dried for 15 min at 37 °C. DAPI
(15 pL, VYSIS. Abbott no 06J50-001) was applied to the
slides before coverslipping.

Scoring and Reporting

CCNDI and CEP11 CNs were counted in a fluorescence
microscope (Nikon Eclipse 90i). All available tissue cyl-
inders were examined, and CCND] and CEP11 CN in 20
non-overlapping, well-preserved tumour cell nuclei were
recorded. We calculated mean CCNDI and mean CEP11
CN per tumour cell nucleus for each case. To distinguish
between low-level CN gain and potential gene amplification,
we separated the cases into three subgroups based on mean
CCNDI CN in the primary tumours: mean CCNDI CN < 4;

mean >4 < 6; and mean > 6. In the analyses and discussion,
mean CN > 6 was regarded as high CN. The same categories
were applied to CEP11 CN (<4; >4 < 6; and > 6). These cut-
offs are based on HER2 guidelines [22], and have been used
in previous studies of other genes by our group [17, 18, 23,
24]. The study was conducted according to the REMARK
criteria for tumour marker reporting [25].

Statistical Analyses

We used Pearson’s X2 test to compare proportions of patient
and tumour characteristics across the different categories
of CCNDI CN and CCNDI/CEP11 ratio in the primary
tumours and lymph node metastases. We estimated cumu-
lative incidence of BC death five and ten years after the
primary diagnosis, considering death from other causes a
competing event. We used Gray’s test to test for equality
between cumulative incidence curves. We estimated hazard
ratios (HR) of death from BC with 95% confidence intervals
(CI) according to CCND1 CN status for all BC cases, cen-
soring at time of death from other causes. A separate Cox
regression analysis was done for Luminal A and Luminal B
(HER2-) cases combined. We also estimated HRs of death
by any cause (overall survival) with 95% CI for all BC cases.
In the Cox regression analyses, mean CCNDI1 CN <4 was
used as reference. Adjustments were made for age, stage,
histopathological grade and Ki67 status. No clear violations
of proportionality were observed in log-minus-log plots. All
statistical tests were two-sided and statistical significance
was assessed at the 5% level. We used Stata version 17 (Stata
Corp., College Station, TX, USA) in the statistical analyses.

Results

The mean age at diagnosis was 75.2 years (range 41-96),
and mean follow-up after diagnosis was 9.1 years (Table 2).
In the study population, 35.4% had died of BC by the end
of follow-up, and 54.2% had died from other causes. Thus,
most cases were followed until death. The distribution of
stage of disease was as follows: 250 patients (47.5%) were
stage 1, 222 (42.2%) stage 11, 29 (5.5%) stage 111, and 23
(4.4%) were stage IV. Information regarding stage was miss-
ing for two patients.

CCND1 and CEP11 Copy Numbers in Primary
Tumours

CCNDI copy CN increase (mean >4) was observed in
87 cases (16.6%). We found mean CCNDI CN >4 <6 in
45 cases (8.6%), and mean CN > 6 in 42 cases (8.0%)., In
tumours with CN increase, CN increase was observed in
most tumour cells (Fig. 2). Nine cases (2%) had mean
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Table 2 Patient and tumour characteristics

Total study Mean CCNDI copy number CCND1/CEP11 ratio
population >
<4 >4to<6 >6 p value <2 >2 p value (x°)
(8]
N (%) 526 439 (83.5) 45(8.6) 42(8.0) 456 (86.7) 70 (13.3)
Mean age at diagnosis, years (SD) 75.2 (8.3) 75.5(8.3) 73.7(6.8) 74.4(9.5) 75.6 (8.2) 73.8(8.9)
Mean follow-up, years (SD) 9.1 (7.1) 9.1(7.2) 8.7(5.8) 9.7(7.6) 9.1(7.2) 9.4(.7)
Deaths from BC (%) 186 (35.4) 154 (35.1) 19(42.2) 13 (31.0) 161 (35.3) 25(35.7)
Deaths from other causes (%) 285 (54.2) 240(54.7) 23 (51.1) 22(52.4) 248 (54.4) 37 (52.9)
Histologic grade (%)
I 55 (10.5) 52(119) 1Q2.2) 2 (4.8) 0.007 52(11.4) 3@4.3) 0.13
)i 303 (57.6) 260(59.2) 24(53.3) 19 (45.2) 263 (57.7) 40(57.1)
1 168 (31.9) 127 (28.9) 20(44.4) 21 (50.0) 141 (30.9) 27 (38.6)
Lymph node metastasis (%)
Yes 177 (33.7) 143 (32.6) 20(444) 14 (33.3) 0.37 148 (32.5) 29 (41.4) 0.16
No 233 (44.3) 196 (44.7) 17 (37.8) 20 (47.6) 206 (45.2) 27 (38.6)
Unknown histology 116 (22.1) 100 (22.8) 8 (17.8) 8 (19.1) 102 (22.4) 14 (20.0)
Tumor size (%)
<2cm 251 (47.7) 207 (47.2) 22(48.9) 22(52.4) 0.72 213 (46.7) 38(54.3) 0.14
>2cm,<5cm 94 (17.9) 76 (17.3) 9(20.0) 9(21.4) 79(17.3) 15(21.4)
>5cm 10 (1.9) 1023) O 0 10 (2.2) 0
Uncertain, but>2 cm 64 (12.2) 56 (12.8) 3 (6.7) 5(11.9) 60 (13.2) 4(5.7)
Uncertain 107 (20.3)  90(20.5) 11(244) 6(14.3) 94 (20.6) 13 (18.6)
Stage (%)
| 250 (47.5) 209 (47.6) 18 (40.0) 23 (54.8) 0.74 216 (47.4) 34(48.6) 0.41
I 222 (42.2) 183 (41.7) 23 (51.1) 16(38.1) 190 (41.7) 32 (45.7)
1 29 (5.5) 26 (5.9) 1.2 2 (4.8) 27 (5.9) 229
v 23 (4.4) 20 (4.6) 2(4.4) 1(2.4) 22 (4.8) 1(1.4)
Uncertain 2(0.4) 1(0.2) 12.2) 0 1(0.22) 1(1.4)
ER (%)
ER- 75 (14.3) 62 (14.1) 7(15.6) 6(14.3) 097 700154 5(.1) 0.066
ER + 449 (85.4) 375(85.4) 38(84.4) 36(85.7) 384 (84.2) 65(92.9)
Unknown 2(0.4) 2(0.5) 0 0 2(0.4) 0
Molecular subtype (%)
Luminal A 284 (54.0) 253 (57.6) 16(35.6) 15(35.7) 0.002 253 (55.5) 31(44.3) 0.02
Luminal B (HER2-) 126 (24.0)  89(20.3) 17(37.8) 20 (47.6) 99 (21.7) 27 (38.6)
Luminal B (HER2 +) 41(7.8) 35 (8.0) 5(1.1) 124 34 (7.5) 7 (10.0)
HER2 type 25 (4.8) 19 (4.3) 3(6.7) 3(7.1) 22 (4.8) 34.3)
5 negative phenotype 12 (2.3) 11 (2.5) 0 1(2.4) 11 (2.4) 1(1.4)
Basal phenotype 38 (7.2) 32 (7.3) 4(8.9) 2(4.8) 37 (8.1) 1(1.4)
Histological subtype (%)
Ductal carcinoma 363 (69.0) 304 (69.3) 34(75.6) 25(59.5) 0.056 317 (69.5) 46 (65.7) 0.14
Lobular carcinoma 71 (13.5) 58(13.2) 5(11.1)  8(19.1) 60 (13.2) 11(15.7)
Tubular carcinoma 1(0.2) 1(0.2) 0 0 1(0.2) 0
Mucinous carcinoma 25 (4.8) 24 (5.5) 0 124 23 (5.0) 2(2.9)
Medullary carcinoma 13 (2.5) 7 (1.6) 12.2) 5(11.9) 8 (1.8) 5(7.1)
Papillary carcinoma 24 (4.6) 21 (4.8) 2(4.4) 1(24) 22 (4.8) 2(2.9)
Metaplastic carcinoma 9(1.7) 8 (1.8) 12.2) 0 9(2.0) 0
Other 20 (3.8) 16 (3.6) 2(4.4) 2 (4.8) 16 3.5) 4.7
Ki67 high/low (%)
Ki67<15% 320 (60.8) 286 (65.2) 17 (37.8) 17 (40.5) <0.0001 287 (62.9) 33 (47.1) 0.012
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Table 2 (continued)
Total study Mean CCNDI copy number CCND1/CEP11 ratio
population 2
<4 >4to<6 =6 p value <2 >2 p value (%)
(V8]
Ki67>15% 206(39.2)  153(34.9) 28(62.2) 25(59.5) 169 (37.1) 37 (52.9)
Mitoses/10 HPF, median (IQR p25, p75) 5 (1, 12) 4(1,100 9(2,17) 8.5(3,20) 45(1,11) 8(2,17)
Mitoses/10 HPF, quartiles (%)
<1 143 (27.2) 127 (28.9) 10(22.2) 6(14.3) 0.006 130 (28.5) 13 (18.6) 0.03
>1,<5 137 (26.1) 121 (27.6) 8(17.8) 8 (19.1) 123 (27.0) 14 (20.0)
>5,<12 125(23.8) 104 (23.7) 11(24.4) 10(23.8) 107 (23.5) 18 (25.7)
>12 121 (23.0) 87(19.8) 16(35.6) 18(42.9) 96 (21.1) 25(35.7)

SD standard deviation, BC breast cancer, HER2 human epidermal growth factor receptor 2

CEP11 CN >4 <6, and three (0.6%) had mean CEP11
CN > 6. Of the 42 cases with mean CCNDI CN > 6, none
had mean CEP11 CN > 6. Thus, high CCNDI CN was
not accompanied by an increase in CEP11 CN (Table 3).
Seventy cases (13.3%) had CCND1/CEP11 ratio > 2.

CCND1 and Molecular and Histopathological
Subtypes, Histopathological Grade,
and Proliferation

High mean CCNDI CN (mean > 6) was seen among all
molecular subtypes. The highest proportion of cases
with high mean CCNDI CN was seen among Luminal
B (HER27) cases (20/126; 16%). High CCNDI CN was
seen among all histopathological subtypes except tubular
and metaplastic carcinomas. However, the study popu-
lation only included one case of tubular carcinoma and
nine cases of metaplastic carcinomas (Table 2). The high-
est proportion of cases with high CCNDI CN was seen
among medullary carcinomas (5/13; 38%). The propor-
tion of cases with histopathological grade 3 tumours was
higher among cases with mean CCNDI CN > 6, compared
to cases with mean CN <4 (50% vs. 29%, p=0.007).

Fig.2 (A)
sue (X400 magnification). (B) Fluorescence in situ hybridiza-
tion for CCNDI and CEPI11 showing increased copy number
of CCNDI (red) and 2—4 copies of CEP11 (green)

HES-stained tissue section from tumour tis-

There was an association between increased CCND 1
CN and proliferation. Of the cases with mean CN >4 <6,
28/45 (62%) were Ki67 high (> 15% Ki67 positive cells),
and with mean CN > 6, 25/42 (59.5%) were Ki67 high,
compared to 153/439 (35%) among cases with mean
CN <4 (p<0.0001). Mitotic counts were higher among
cases with mean CCNDI CN > 6, compared to cases with
mean CN <4 (43% vs. 20% in the upper quartile, respec-
tively, p=0.006).

CCND1/CEP11 ratio > 2 was seen among all molecular
subtypes. The highest proportion of cases with ratio >2
was seen among Luminal B (HER27) cases (27/126; 21%).
Ratio >2 was seen among all histopathological subtypes
except tubular and metaplastic carcinomas. The highest
proportion of cases with ratio >2 was seen among medul-
lary carcinomas (5/13; 38%). There was no clear association
between CCND1/CEP11 ratio and histopathological grade.

There was an association between CCND1/CEP11 ratio
and proliferation. Of cases with ratio >2, 37 (53%) were
Ki67 high, whereas 169 (37%) cases with ratio <2 were
Ki67 high (p=0.012). Mitotic counts were also higher
among cases with ratio > 2, compared to cases with ratio <2
(36% vs. 21% in the upper quartile, p=0.03).

Table3 CCNDI and CEP11 copy number in primary tumors

Mean CCND1 copy number (%)

<4 >4<6 >6 Total p value (xz)

Mean

CEP11

copy

number

(%)
<4 436 (99.3) 40 (88.9) 38(90.5) 514 p<0.0001
>4<6 2(0.5) 3(6.7) 4.(9.5) 9
>6 1(0.2) 2(4.4) 0 3
Total 439 45 42 526
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CCND1, FGFR1 and ZNF703

Among the 526 patients included in this study, FGFRI and
ZNF703 CN status was also available for 507 cases [17,
18]. For 495 patients, copy number of all three markers
was available. Of the 507 cases with CCNDI and FGFRI
copy number status available, 40 patients had high CCNDI
CN (mean > 6). Six of the 40 cases (15.0%) also had mean
FGFRI CN > 6, and of these, two were histopathological
grade 2 and four were grade 3. Furthermore, five of the six
cases with high CCNDI and FGFRI CNs were Ki67 high
and four had mitotic counts in the upper quartile. One case
was Luminal A, and five were Luminal B (HER27). Of the
507 cases with CCNDI and ZNF703 copy number status
available, 38 had high CCNDI CN. Five of the 38 cases
(13.2%) also had mean ZNF703 CN > 6 (Table 4) and of
these, one tumour was histopathological grade 2 and four
were grade 3. Furthermore, three of the five were Ki67 high
and three had mitotic counts in the upper quartile. One case
was Luminal A, three were Luminal B (HER27), and one
was HER?2 type. Three patients had tumours with high CNs
of all three genes. These three tumours were histopathologi-
cal grade 3, Luminal B (HER27), had high Ki67 levels and
mitotic counts in the upper quartile.

CCND1 in Lymph Node Metastases

High mean CCNDI CN (mean > 6) in the primary tumour
was most often also followed by a concurrent CN increase in
the corresponding lymph node metastasis. Of the 123 cases
with available lymph node metastases, 11 (9%) had high
mean CCND]I CN in their primary tumours (Table 5), and all
but one also had high mean CN in the corresponding lymph
node metastasis.

Table5 CCNDI mean copy number in primary tumors and corre-
sponding lymph node metastases

Mean CCNDI1, primary tumors

<4 >4,<6 >6 Total

Mean CCNDI,

lymph nodes
<4 94 (97.9) 6 (37.5) 1 9.1 101
>4,<6 221D 6 (37.5) 0 8
>6 0 4(25.0) 10 (90.9) 14
Total 96 16 11 123
CCND1 and Prognosis

There was no association between high CCNDI CN, and a
poor prognosis. After 10 years of follow-up, the cumula-
tive incidence of death from BC was 31% (95% CI 19-47)
among cases with mean CN > 6, 38% (95% CI 26-54)
for mean CN >4 <6, and 29% (95% CI 25-34) for mean
CN <4 (Fig. 3). In the Cox regression analyses using mean
CCNDI CN < 4 as the reference, we found that the rate of
death from BC was similar for cases with mean CCND1
CN>6 (HR 0.82 (95% CI 0.5-1.4), Table 6).

Similar results were seen in analyses of death from any
causes. In the Cox regression analyses using mean CCND1
CN <4 as the reference, the rate of death was similar
for cases with mean CCNDI CN >6 (HR 0.86 (95% CI
0.6-1.2)) (Table 6).

In the Cox regression analysis restricted to Luminal
A and Luminal B (HER27) cases (n=410) using mean
CCNDI CN <4 as the reference, the rate of death from
BC was similar for cases with mean CCNDI CN > 6 (HR
0.95 (95% CI1 0.51-1.78), Table 6).

Table4 CCNDI, FGFRI
and ZNF703 copy numbers in

Mean CCND1/tamour cell (%)

primary tumours <4 >4,<6 >6 Total p value (xz)
Mean FGFRI1/tumor cell (%)
<4 378 (89.2) 29 (67.4) 30 (75.0) 437 <0.0001
>4,<6 22(5.2) 4(9.3) 4(10.0) 30
>6 24 (5.7) 10(233)  6(15.0) 40
Total 424 43 40 507
Mean ZNF703/tumor cell (%)
<4 385 (90.6) 26 (59.1) 30 (79.0) 441 <0.0001
>4,<6 20 (4.7) 9 (20.5) 3(7.9 32
>6 20 (4.7) 9 (20.5) 5(13.2) 34
Total 425 44 38 507
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Table 6 Absolute and relative
risk of death from breast cancer
and overall survival according

Mean CCNDI copy number

<4

>4<6

to mean CCND1 copy number

in primary tumours Breast cancer specific death, all cases

Cum. risk after 5 years (%) (95% CI)

Cum. risk after 10 years (%) (95% CI)

HR, unadjusted (95% CI)

HR adjusted for age (95% CI)

HR adjusted for stage (95% CI)

HR adjusted for grade (95% CI)

HR adjusted for Ki67 (95% CI)

HR adjusted for age, stage, grade, Ki67 (95% CI)
Overall survival, all cases

HR, unadjusted (95% CI)

HR adjusted for age (95% CI)

HR adjusted for stage (95% CI)

HR adjusted for grade (95% CI)

HR adjusted for Ki67 (95% CI)

HR adjusted for age, stage, grade, Ki67 (95% CI)

Breast cancer specific death,
Luminal A and Luminal B (HER27) cases

HR, unadjusted (95% CI)

HR adjusted for age (95% CI)

HR adjusted for stage (95% CI)

HR adjusted for grade (95% CI)

HR adjusted for age, stage, grade (95% CI)

19.8 (16.4-23.9) 26.7 (16.1-42.2)
29.3(25.3-33.8) 37.8(25.5-53.5)

1.0
1.0
1.0
1,0
1.0
1.0

1.0
1.0
1.0
1.0
1.0
1.0

1.0
1.0
1.0
1.0
1.0

1.21 (0.76-1.97)
1.21 (0.75-1.96)
1.14 (0.70-1.86)
1.11 (0.68-1.79)
1.01 (0.62-1.65)
0.97 (0.59-1.61)

1.12 (0.81-1.54)
1.06 (0.77-1.46)
1.13 (0.82-1.57)
1.06 (0.77-1.47)
1.07 (0.77-1.48)

1.26 (0.70-2.30)
1.27 (0.70-2.31)
1.31 (0.72-2.39)
1.14 (0.62-2.09)
1.25 (0.68-2.29)

16.7 (8.3-31.8)

31.0(19.3-47.3)
0.82 (0.46-1.44)
0.85 (0.48-1.51)
0.99 (0.56-1.75)
0.75 (0.42-1.32)
0.67 (0.37-1.18)
0.79 (0.44-1.44)

0.86 (0.61-1.22)
0.91 (0.64-1.30)
0.93 (0.65-1.31)
0.83 (0.59-1.17)
0.81 (0.57-1.15)

0.95 (0.51-1.78)
1.04 (0.55-1.96)
1.09 (0.58-2.05)
0.85 (0.45-1.61)
1.01 (0.52-1.97)

CI confidence interval, HR hazard ratio, HER2 Human epidermal growth factor receptor 2

@ Springer



74

Journal of Mammary Gland Biology and Neoplasia (2022) 27:67-77

Discussion

In this study, we found that 42 (8.0%) of the cases had
high mean CCND1 CN (mean > 6). The largest proportion
of cases with high CCNDI CN was found among medul-
lary carcinomas and Luminal B (HER27) tumours. There
was an association between high CCNDI CN, and high
histopathological grade and proliferation, but no associa-
tion with a poor prognosis. There was good concordance
between CCNDI CN increase in the primary tumours
and in the corresponding lymph node metastases. Of the
primary BCs with high CCNDI CN for which FGFRI
CN status was available, 15.0% also had high FGFRI
CN. Similarly, 13.2% has high ZNF703 CN. Three cases
showed high CN of all three genes.

The cases in this study came from a large, well-
described cohort of Norwegian BC patients with unusually
long-term follow-up. Since BC recurrence and death can
occur decades after the primary diagnosis, long follow-up
is of great value in studies of prognostic markers. The
cases in this study were identified and followed through
linkage with high quality, national registries [26, 27]. His-
topathological typing and grading were done by two expe-
rienced pathologists, and molecular subtyping was done
using the same algorithm, antibodies and cut-off levels
for all cases [20]. Contrary to multigene assays, an in situ
method such as FISH is readily available in most labora-
tories, and when applied to tissue microarrays, offers us
the opportunity to study individual biomarkers in large
numbers of samples at a relatively low cost. More impor-
tantly, FISH ensures that only invasive tumour cells are
included for assessment. However, using FISH on tissue
sections, may result in signal truncation loss and conse-
quently, an underestimation of CNs compared to analysis
of whole nuclei [28, 29]. The cases were diagnosed over a
time span of several decades, and preanalytical conditions
will have varied, possibly affecting the number of cases
suited for FISH analysis, however few cases were excluded
for our series due to unsuccessful FISH. Similarly, treat-
ment protocols varied over time and information on indi-
vidual treatment was unavailable to us. Patients diagnosed
early in the study period would have received surgery only
which would have been the standard treatment at the time
of diagnosis. Others diagnosed later may not have qualified
for further treatment due to their age at diagnosis. This
allows us to study the effect of our findings on long-term
outcome in a population of patients with few other treat-
ment interventions beyond surgery. In the analyses, some
subgroups were small, and therefore the results should be
interpreted accordingly.

We found high CCNDI CN (mean > 6) in 8% of BCs.
This is similar to findings in a number of other CCNDI CN
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studies [9, 12, 13]. However, a study using next generation
sequencing found CCND1 amplification in 15% of patients
[11]. There are no established guidelines for the assess-
ment of CCNDI CN, and our choice of cut-off values was
based on HER2 guidelines [22] and previous studies by
our group [17, 18, 23, 24]. For HER2, the use of HER2/
CEP17 ratio for clinical decision-making has been the
subject of some debate. However, it has been shown that
CEP17 enumeration may be of value in a small number of
cases exhibiting chromosome 17 aneusomy in which gene
CN alone may falsely under- or overestimate amplifica-
tion status [29]. Due to the uncertainty truncation artefacts
confers on studies of gene loss, we did not estimate gene
deletion in this study. We found that CCND1 CN increase
was rarely accompanied by increase in CEP11 CN, and
thus the use of ratio in addition to CCNDI mean CN in
the analyses may not provide additional information. We
did not include CCNDI1/CEP11 ratio in our analyses of
prognosis.

Similar to other studies, we found an association between
CCNDI amplification, and high histopathological grade,
high proliferation [9, 12] and the Luminal B subtype [9].
This is in agreement with Curtis et al., who described a
high-risk oestrogen receptor positive 11q13/14 subgroup
of BC comprising a number of genes exhibiting high CN
aberrations, including CCND/ [30] In the present study,
while high CCNDI CN was most frequent in the Luminal
B (HER27)subtype (20/126 cases), it was also observed
among Luminal A tumours (15/284 cases). Only seven cases
showed high CN among the remaining molecular subtypes.

Several studies have shown that high CCNDI CN is
associated with risk of recurrence [9, 12, 31],while others
demonstrate an association with disease specific survival
[32, 33], but not relapse free survival. We found no associa-
tion between CCND1 amplification and risk of death from
BC. While the proportions of cases with high CCNDI CN
are similar across studies, including our own, differences
in patient populations may explain the varying results. Our
patient series comprised women with a relatively high mean
age compared to other studies [9, 32]. Methodological issues
such as varying cut-off levels in the interpretation of CN
may also account for differing results.

Ortiz et al. found that the influence of CCNDI amplifica-
tion on risk of recurrence was restricted to tumours with high
amplification (defined as > 10 copies of the gene). In our study
population, 13 of the 42 patients with high CN had > 10 copies.
Cox regression analysis comparing this subgroup to patients
without CN increase (mean < 4) identified no association with
prognosis. CCNDI amplification has been shown to be asso-
ciated with Cyclin D1 protein expression, and the prognos-
tic influence of the protein may be subtype specific [9]. To
clarify the potential prognostic impact of CCNDI CN increase
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it would be of value to study a larger BC cohort with clinical
data on disease free survival in addition to disease specific
survival, enabling subtype specific prognostic analyses of the
role of CCND1 in BC progression and prognosis. Furthermore,
a correlation of data from in situ analysis of CCNDI CN and
cyclin D1 protein expression by IHC in the prognostic analyses
could be of interest.

Some BCs exhibiting CCNDI amplification show con-
comitant amplification of genes located on chromosome 8§,
such as FGFRI [14] and ZNF703 [15]. FGFRI and ZNF703
are both located on 8p11.23 [3], but amplification of one of
the two genes is not necessarily accompanied by amplifica-
tion of the other [34]. FGFRI encodes Fibroblast growth
factor receptor 1 which is involved in the regulation of cell
proliferation, differentiation, and survival [35]. ZNF703
encodes Zinc finger protein 703 which regulates cell adhe-
sion, migration and proliferation, and the cellular response
to estradiol stimulus [36].

Amplification of FGFRI has been found in 8% to 15% of
BCs [17, 37, 38] and, in similarity to CCND], it is associ-
ated with the Luminal B subtype of BC [17, 39]. FGFRI
amplification is associated with proliferation and a poor
prognosis [16, 40], especially in ER positive BC [17, 37,
41]. ZNF703 amplification and overexpression are associ-
ated with high proliferation [18, 36, 42, 43] and the Luminal
B subtype [36, 42, 44, 45]. In luminal tumours, ZNF703
amplification and overexpression is associated with a poor
prognosis [36, 42].

In our study, six of 40 patients (15.0%) with high CCND1
CN also had mean FGFRI CN > 6. Of these, five were Lumi-
nal B (HER27) and one was Luminal A, five were Ki67
high and four had high mitotic counts. Five of the 38 cases
(13.2%) with high CCND1 CN also had high ZNF703 CN.
Of these, one was histopathological grade 2 and four were
histopathological grade 3. One was Luminal A, three were
Luminal B (HER27), and one was HER?2 type. Furthermore,
three were Ki67 high and three had high mitotic counts. Our
findings confirm that these three genes are associated with
highly proliferative, oestrogen receptor-positive BC.

There were 123 cases with lymph node metastases. There
was complete agreement with regard to CCND1 copy num-
ber in 110 cases. Thirteen cases had discrepant results. Only
one case showed high CN in the primary tumour and normal
CN in the lymph node metastasis. There may be a biological
explanation for this but equally, the explanation may lie in
the method. Tissue microarrays are small samples of larger
tumour masses and tumour heterogeneity could explain the
discrepant results [46]. In this study the number of cases
with lymph node metastases and CCND1 status may be too
low to enable us to draw reliable conclusions.

Amplification of CCNDI and FGFRI and/or ZNF703
can occur due to translocation, or to other genetic changes
[34]. CCNDI CN increase can therefore result from different

molecular events, potentially involving other genes, thus
complicating the assessment of the prognostic impact of
CCNDI CN increase alone [34]. Amplification of chromo-
somal regions 8p12 and 11q13 are frequent in BC and are
often associated with oestrogen receptor positive tumours
[47]. It has been shown that tumours coamplified for FGFRI
and CCND] are associated with an especially poor prognosis
[48]. Kwek et al. suggested that genes located on the 8p12
amplicon including FGFRI and ZNF703, and CCND1 on
11q13, cooperate with each other in major oncogenic path-
ways but that the numbers of genes involved in these path-
ways and the complexity of their cross-talk remains to be
clarified [49]. Therefore, a study of the potential prognostic
influence of coamplification would be of great value. Thus,
multigene assays in large cohorts may be necessary to clarify
the potential role of CCND1 as a prognostic marker.

Breast tumorigenesis is strongly dependent on the
oestrogen-ER signaling pathway and consequently endo-
crine treatment has been the treatment of choice for ER-
positive BC for decades. However, approximately 30% of
patients develop endocrine resistance [50]. Both CCNDI
and FGFRI have been shown to be associated with endo-
crine resistance [51-55]. Thus, a deeper understanding of
the roles these genes play in BC with regard to endocrine
resistance should be of clinical relevance.

Conclusion

High CCNDI CN occurs across all molecular subtypes,
but most frequently in the Luminal B (HER27) subtype.
It is associated with aggressive tumour features such as
high histopathological grade, and high proliferation. There
was good correlation between primary tumours and axil-
lary lymph node metastases with regard to CCNDI CN.
The prognostic value of high CCND1 copy number in BC
tumours remains unresolved.
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