Cell Cycle 13:8, 1299-1305; April 15,2014; © 2014 Landes Bioscience

REPORT

Multi-gene fluorescence in situ hybridization
to detect cell cycle gene copy number aberrations
in young breast cancer patients

Chunyan Li'%, Jingchao Bai'f, Xiaomeng Hao', Sheng Zhang', Yunhui Hu', Xiaobei Zhang', Weiping Yuan?, Linping Hu?,
Tao Cheng?, Anders Zetterberg?, Mong-Hong Lee**, and J Zhang '*

'Key Laboratory of Breast Cancer Prevention and Therapy; Tianjin Medical University; Ministry of Education; Tianjin Medical University Cancer Institute and Hospital; National
Clinical Research Center of Cancer; Tianjin, People’s Republic of China; ?Beijing Union Medical College Institute of Hematology and Blood Diseases Hospital; Chinese Academy
of Medical Sciences; Tianjin, People’s Republic of China; *Clinical Pathology Department of the Karolinska Hospital; Karolinska Institute; Solna, Sweden; “Department of
Molecular and Cellular Oncology; The University of Texas MD Anderson Cancer Center; Houston, TX USA; Program in Cancer Biology; The University of Texas Graduate School
of Biomedical Sciences at Houston; Houston, TX USA; Program in Genes and Development; The University of Texas Graduate School of Biomedical Sciences at Houston;
Houston, TX USA

These authors contributed equally to this work.

Keywords: breast cancer, Rbl, CCND1, c-Myc, CHEK2, survival analysis

Breast cancer is a disease of cell cycle, and the dysfunction of cell cycle checkpoints plays a vital role in the occurrence
and development of breast cancer. We employed multi-gene fluorescence in situ hybridization (M-FISH) to investigate
gene copy number aberrations (CNAs) of 4 genes (Rb1, CHEK2, c-Myc, CCND1) that are involved in the regulation of cell
cycle, in order to analyze the impact of gene aberrations on prognosis in the young breast cancer patients. Gene copy
number aberrations of these 4 genes were more frequently observed in young breast cancer patients when compared
with the older group. Further, these CNAs were more frequently seen in Luminal B type, Her2 overexpression, and triple-
negative breast cancer (TNBC) type in young breast cancer patients. The variations of CCND1, Rb1, and CHEK2 were
significantly correlated with poor survival in the young breast cancer patient group, while the amplification of c-Myc was
not obviously correlated with poor survival in young breast cancer patients. Thus, gene copy number aberrations (CNAs)
of cell cycle-regulated genes can serve as an important tool for prognosis in young breast cancer patients.

Introduction

Breast cancer is the primary cause for female cancer death in
the world. In 2008, breast cancer patients account for 23% of
newly diagnosed cancer (about 1380000) and 13% of the total
cancer deaths (about 458400)." Although the portion of the
young patients in breast cancer is small, about 1.9%, the recur-
rence and metastasis risk is high, and prognosis is poor.! Many
factors are proposed to correlate with the adverse prognosis of
the young breast cancer, such as tumor size at first diagnosis,
high tumor stage and grade, lymph node infiltration, overexpres-
sion of HER2, expression deletion of estrogen and progesterone
receptors, etc.” After correction for stage, tumor characteris-
tics, and treatment, age remains an independent risk factor for
breast cancer death in women <35 years of age.” There is no uni-
fied standard of age defining the young breast cancer research
at present, but some researchers define it as <40 y.* The latest
researches show that in patients aged <35 vy, the risk of death
rose by 5% for every 1-year reduction in age, whereas there was

no significant change in death risk with age in patients aged
35-50 y.’> Therefore, the breast cancer patients with age <35 were
selected in our research.

Breast cancer is a complicated disease with multi-gene aber-
rations, and molecular classification can guide clinicians for
better treatment and prognosis. Gene CNAs (copy number
aberrations) are related to the breast cancer molecular classi-
fication and the gene instability, playing an important role in
breast cancer occurrence and development. There are numer-
ous CNAs, including those commonly known classic genes
in breast cancer copy number mutation screening, which are
closely correlated with the prognosis such as CCND1 and MYC
gene amplification.® The copy number profiling is very useful
for clinical decision in terms of cancer therapy.® In addition to
studying CCND1 and c-Myc,® we further selected CHEK?2, and
Rb1, which are involved in negative cell cycle regulation, for this
research. The Rbl protein, a G /S gate keeper, can prevent G,
entry into S phase in order to avoid the duplication of damaged
DNA,”# which ensures high fidelity of genetic material. CHEK2
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Figure 1. Kaplan-Meier curves of disease-free survival and overall survival in the young breast cancer group transcription of pl15, p21, and

(n=196) and the old breast cancer group (n = 227). DFS (disease-free survival) is defined as from the first opera- p27, which are CDK inhibi-

tion to the first finding of local recurrence (including chest wall, local lymph node, contralateral breast) or dis-
tant metastasis. OS (overall survival) is defined as from first operation to the death caused by breast cancer or

5y until the end of following-up.

A control

c-Myc amplification CHEK2 deletion

Figure 2. Gene status in breast tumor cells examined by M-FISH, (A) M-FISH signals in con-
trol human diploid fibroblast-like (HDF) cells, representative young breast cancer patient, and
representative old breast cancer patient. The control group demonstrates FISH images of the
4-color probes in the HDF (human diploid fibroblast-like) cells. FISH images for representative
image of a young patient and an old patient are presented. Orange signal, gene Rb1; green
signal, gene CHEK?2; red signal, gene C-myc; blue signal, gene CCND1 (B) Representative gene
alteration found in young/old breast tumor cells examined by M-FISH. Representative FISH
images for each type of alternation were indicated. Arrowheads indicated color probe of each
alteration. Orange signal, gene Rb1; green signal, gene CHEK2; red signal, gene C-myc; blue
signal, gene CCND1.

protein can inhibit CDC25C phosphorylation to prevent cell

tors and negative regulators of
cell cycle progression, thereby
facilitating cell proliferation.
Cyclin D1 (CCNDI) is one
of the prime regulating proteins of G /S-
phase conversion, and CCNDI gene ampli-
fication in breast cancer correlates with poor
prognosis.'>!¢

Here we employed the multi-gene fluo-
rescence in situ hybridization (M-FISH) to
analyze the copy number aberrations of these
4 genes, and to correlate the aberrations with
prognosis in the young breast cancer patients.

Results

We analyzed the survival status of 196
young breast cancer patients (age <35) and
227 old patients (age 265). We showed that
the 5-y disease free survival (DFS) of the
young patients is poorer than that of the old
(the young 5-DFS: 67.3%; the old 5-DFS:
78.9%), and that there is a significant dif-
ference between them (Fig. 1) (P = 0.049).
Interestingly, there is a poor prognosis trend
in the young group among 5-y overall survival
(OS) when compared with the old group (the
young 5-OS: 77.6%; the old 5-OS: 84.1%),
but the statistical significance is not obvious
(P=0.074).

After analyzing the characteristics of
molecular classification of the 2 groups, we
found that the percentage of Luminal A type
in the young patient group is smaller than
the old group with statistical significance
(x> = 4.901, P = 0.027) (Tablel). In contrast,
the percentage of TNBC type is larger in the
young patient group when compared with

proliferation. Meanwhile, CHEK2 protein can stabilize p53  the old (x* = 5.250, P = 0.022). However, the rate differences of
protein, which, in turn, causes G, phase arrest for further DNA  Luminal B type (x* = 0.207, P = 0.649) and HER2 overexpres-
repair.”'’ As an important oncogene, overexpression of c-Myc  sion type (x* = 0.002, P = 0.960) between the two groups are not

is frequently found in many tumors. c-Myc expression leads to  significantly different (Table 1).
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old breast tumor cells examined by
M-FISH were demonstrated to indi- Figure 3. DFS and OS of young and old breast cancer patients with gene CCND1 amplification. Kaplan-
cate the accuracy of the technique. Meier analysis of disease-free survival and overall survival in the young breast cancer group and the old
Arrowheads clearly indicated each breast cancer group with CCDN1 amplification.

alteration in representative young or
old breast cancer patients (Fig. 2B).

Among the 4 genes tested, there were 411 abnormal gene
events out of 423 breast cancer cases. There are 259 gene varia-
tion events in the young patients (age < 35), with the ratio of
63.0%), and 152 cases in the old (age = 65), with the ratio of
37.0% (Table 2). In the 4 genes, mutation of Rbl, CHEK2,
and c-Myc gene is frequently observed in young patients, and
the difference is statistically significant. However, the CCND1
amplification can be observed in 2 groups (Table 2). Further
correlating breast cancer subtypes with CNAs in young breast
cancer patients, we found that the CNAs are frequently observed
in Luminal B type (28%), HER2 overexpression (46%), and
TNBC type (56%) (Table 3). In contrast, the CNAs in Luminal
A type of young breast cancer is only 19%. Comparing breast
cancer subtypes with CNAs in old and young breast cancer
patients did not demonstrate that the percentage of CNAs in
each subtype of the old group was higher than the young group.
Also, CNAs in the Her-2 overexpression subtype were not sig-
nificantly different among these two groups, which suggests that
the genomic instability of this subtype is prevalent irrespective of
the age difference. Together, this result demonstrates that CNAs
are more prevalent in the young cancer group than the old group.

The survival analysis based on CNAs of the 2 groups was
investigated. CCNDL1 gene amplification correlated with poor
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Table 1. Distribution of molecular subtypes in the young and old breast
cancer patients

Young Old
N % N %
Luminal A type 48 24.5 78 344
Luminal B type 95 48.5 105 46.3
Her-2 overexpression type 17 8.7 20 8.8
TNBC type 36 184 24 10.6
Total 196 100 227 100

survival in the young patient group, as demonstrated by 5-y
disease free survival rate (5-DFS) and the 5-y overall survival
rate (5-OS) (Fig. 3). However, this observation is not statisti-
cally significant in the old breast cancer patient group (Fig. 3).
Interestingly, c-Myc gene amplification did not correlate with
poor survival in young patient group, while this is significantly
correlated in older patient group (Fig. 4). CHEK2 deletion criti-
cally correlated with poor survival in both age groups (Fig. 5),
while RB1 deletion correlated with poor survival only in young
patient group, but not in old patient group (Fig. 6).
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Table 2. The gene amplification and deletion events in breast cancer patients

Young Group Old Group
Positive n Negative n Positive n Negative n
Rb1 deletion* 61 135 23 204 0.000
CHEK2 deletion* 91 105 44 183 0.000
CCND1 amplification® 46 150 52 175 0.891
c-Myc amplification*® 56 140 30 197 0.000

*In all the gene mutation events, the following are excluded: 3 Rb1 amplification cases (1 old, 2 young), 1 CHEK2 amplification case (1 young), 2 CCND1

deletion case (1 old, 1 young), 2 c-Myc deletion cases (1 old, 1 young).
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Figure 4. DFS and OS of young and old breast cancer patients with gene c-Myc amplification. Kaplan- breast cancer group, suggesting that
Meier analysis of disease-free survival and overall survival in the young breast cancer group and the old the aberrations of these genes can be
breast cancer group with c-Myc amplification.v used as prognosis markers for young

Discussion

Recently, breast cancer morbidity has been rising annually,
and the number of young patients has been increasing year by
year. The prognosis of young breast cancer patients is worse than
that of the old."” However, the mechanism behind this phenom-
enon is not well-characterized. Here we showed that the 5-DFS
of the young group is apparently worse than the old, but there is
no obvious difference between the two in 5-OS, which is consis-
tent with some reports of a Chinese young breast cancer study.'®
The malignant characteristic of the primary tumor, easy local
recurrence, and metastasis may contribute to the poor progno-
sis of the young breast cancer; however, there is no molecular
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breast cancer. RB1 is frequently lost

in TNBC? and is involved in epithe-
lial-mesenchymal transition.”? This also provides insights into
the poor survival of the young breast cancer group. If CCND1
gene testing will be applied in the clinics in the future, targeting
Cyclin D1 expression,? such as using microRNA miR-338-3p,**
will be a good strategy for the young breast cancer patients with
CCNDI1 gene amplification. The Rbl gene deletions in breast
ductal carcinoma in situ are closely related with breast cancer
invasiveness and recurrence. In the multivariate analysis, the rela-
tion between Rbl deletion and adverse prognosis has been docu-
mented.?® Here we showed that Rbl gene deletion in the young
breast cancer is more frequent than the old group, which may be
one of the reasons to explain the poor prognosis of young breast
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cancer patients when compared with old
group. The Chk2/hCdsl protein phos-
phorylates Cdc25C to inactivate Cdc25C
activity, suggesting that it arrests cells
in G, in response to DNA damage. In
addition, Chk2/hCds1 stabilizes the p53
tumor suppressor protein, leading to cell
cycle arrest in response to DNA damage,’
while CHEK?2 gene deletion will acceler-
ate G,/S-phase progression. Some studies
show that CHEK2 mutation is the inde-
pendent risk factor of the breast cancer
poor prognosis,”’” which is consistent with
our research results.

Importantly, CNAs are often seen in
Luminal B type, HER2 overexpression,
and TNBC type, but not in Luminal
A type of young breast cancer. This
observation suggests that we could use
the CNAs to further stratify the young
cancer patients for prognosis purposes.
Further study of the young breast can-
cer, especially mechanistic analysis about
these CNAs will be critical to explain
the young breast cancer pathogenesis, to
improve poor prognosis, and to explore
new therapeutic strategies. The gene
indexes described above can assist young
breast cancer clinical pathologic diagnosis
and will be used as the molecule testing
index for prognosis evaluation, which can
facilitate individual therapeutic plans.

Many studies showed that the young
breast cancer has a close relationship
with tumor pathologic type and molec-
ular classification.®?® Breast cancer is a
multi-gene disease, and gene research is
essential to understand further the mech-
anism. The commonly used FISH is to
test HER-2 amplification status in breast
cancer. Here, M-FISH in our study has
examined 4 genes related to breast cancer
cell cycle regulation, and we found that
the gene mutation rates can correlate with
poor prognosis in young breast cancer. It
can be a tool for assisting accurate prog-

Table 3. Cancer subtypes with CNAs in breast cancer patients

CNA** (young group) CNA** (old group)
Positive Negative Positive Negative P
Luminal A type * 37 (19%) 154 (81%) 26 (8%) 284 (91%) 0.000
Luminal B type* 105 (28%) 271 (72%) 61(15%) 358(85%) 0.000
Her2 overexpression type| 31 (46%) 37 (54%) 27(34%) 53 (66%) 0.142
TNBC type 81 (56%) 63 (44%) 35(36%) 61(64%) 0.003

(1) **CNA: Copy number aberrations; (2) Luminal A type*: the followings are excluded: 1 Rb1 amplifica-
tion event in the young breast cancer positive group, 1 Rb1 amplification event and 1 CCND1 deletion
event in the old breast cancer positive group. TNBC type*: the followings are excluded: 1 Rb1 amplifica-
tion event, 1 CHEK2 amplification event, 1 CCND1 and 1 C-myc deletion events in the young positive;
1 C¢-myc deletion event in the old positive group.
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Figure 5. DFS and OS of young and old breast cancer patients with gene CHK2 deletion. Kaplan-
Meier analysis of disease-free survival and overall survival in the young breast cancer group and the
old breast cancer group with CHK2 deletion.

nosis, facilitating the search of new therapeutic targets as well as
the decision of individual therapeutic plans, and ultimately helps
prolong survival of the young breast cancer patients.

Materials and Methods

Prime reagents and instruments

Plasmid Purification Kit: American (QIAGEN Corp.); plas-
mid DNA (BAC Clone), DNA Polymerase I, human co--DNA,
SSPE (American Invitrogen Corp); EcoR1, ssDNA, tRNA

www.landesbioscience.com

(American Sigma Corp); green dUTP (Abbott Molecular Corp);
PromoFluor-415-aadUTP  (blue), PromoFluor-555-aadUTP
(orange), PromoFluor-590-aadUTP (red) (Germany PromoKine
Corp); DAPI (Chroma Corp); ThermoBrite™ orthotopic hybrid-
ization instrument (NatureGene Corp); multi-color fluorescence
microscope Axiom Imager Z2 type connected with high-resolu-
tion CCD (Charge-Coupled Device) camera (Zeiss Corp).

Patient samples

This research selected 221 young female breast cancer patients
(age < 35) and 347 old female breast cancer patients (age = 65)
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and/or PR-positive/ HER2-negative/
Ki-67-low [< 14%]); Luminal B (ER
and/or PR-positive/ HER2-negative/

e eday, «“,
ben
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any Ki-67/HER2
amplified); HER2  overexpression
(HER2 overexpressed or amplified/ER
and PR absent); “TNBC” (ER and PR
absent/HER2-negative).

Disease-free  survival (DFS) s

L

overexpressed  or

defined as from the first operation to
the first finding of local recurrence

4I0 GIO
(including chest wall, local lymph node,
contralateral breast), or distant metasta-
sis. Overall survival (OS) is defined as

from first operation to the death caused
i T by breast cancer or 5 y until the end of
following-up.

Probe making

The gene probes are designed by the
UCSC gene browsing database (hetp://
genome.ucsc.edu), and all the probes are
bacterial artificial chromosomes (BACs)

plasmid DNA. The plasmid purification
kit was used to extract DNA, and after
digestion by EcoR1, the DNA is precipi-

40 60

tated. The purified and separated DNA
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Figure 6. DFS and OS of young and old breast cancer patients with gene Rb deletion. Kaplan-Meier
analysis of disease-free survival and overall survival in the young breast cancer group and the old
breast cancer group with Rb deletion.

is labeled by fluorescein with nick trans-
lation. There are 4 fluoresceins used in
this research: PromoFluor-415-aadUTDP

with definite pathological diagnosis by Tianjin Medical
University Cancer Institute and Hospital from January 2006 to
December 2007. Six young and 15 old cases were excluded for
incised biopsy in other hospitals or treated with new adjuvant
chemotherapy. There are 19 young patients who failed to follow
up, 57 old cases who did not have thermotherapy because of age
or health factors, and 48 cases who failed to follow up (the deaths
unrelated with breast cancer revisited in 5 y are regarded as failed
to follow up). Therefore, there are 196 young cases and 227 old
cases in this research. The excised tumor paraffin pathologic
specimens and pathologic testing results are selected from the 2
groups. All the patients are documented from diagnosis and fol-
lowed-up by telephone, letter, or at a follow-up clinic every quar-
ter in the first 2 years and semi-annually after. The breast cancer
death is regarded as the following-up end, and the cutting-off
time is 5 y from first diagnosis.

In the research, a cutoff of a minimum of 1% of invasive
tumor cells positive for ER/PgR for a specimen to be consid-
ered positive;? the expression of Her-2 is tested by immunohis-
tochemistry and FISH; Her-2 is regarded as positive when the
immunohistochemistry result is +++ (> 10% cells with strong
staining of complete membranes), and it needs further test by
FISH when the result is ++ (> 10% cells with weak but complete
membrane staining). The molecular classification bases on the
breast cancer consensus by St. Gallen 2011:*° Luminal A (ER

1304 Cell Cycle

(blue), PromoFluor-555-aadUTP

(orange), PromoFluor-590-aadUTP (red), green dUTP (green).
Four aimed genes were labeled with 4 fluoresceins separately,
which are made into 4-color probes.

Specimen preparation and FISH testing

Paraffin specimens were dewaxed and hydrated in the 100%,
85%, and 70% gradient ethanol for 5 min separately. After con-
ventional preprocessing, the specimens are digested in 0.25 mg/
ml gastric enzyme and 0.01 M HCL solution at 37 °C for 10 min;
they are refixed by 0.4% formaldehyde, dehydrated by 70%,
85%, 100% gradient ethanol for 5 min separately; dried in room
temperature. The prepared specimens, hybridized with 4-color
probe, were processed for 48 h at 47 °C. After hybridization, the
specimens are washed by 47% and 55% saline sodium phosphate
EDTA (SSPE) separately, dehydrated by gradient ethanol, and
dried at room temperature. Then 8 pl 4,6-diamidino-2-pheny-
lindole (DAPI) is added to counterstain the specimens, followed
by fluorescence microscopy.

Image acquisition and analysis

The Zeiss Axioplan2 laser scanning confocal microscope
(LSCM) was used to acquire image for analyzing. The microscope
is connected with the high-resolution CCD camera and computer
equipped with Axio Vision analyzing software. After hybridiza-
tion, the specimens were observed and images acquired under
Zeiss Axioplan2 LSCM. The view field was selected under DAPI
image, and the location position is recorded. Photos were taken

Volume 13 Issue 8

©2014 Landes Bioscience. Do not distribute.



simultaneously for the DAPI, Green™, Orange™, Alexa594™, and
CYTMS staining using x630 objective lens. Many view fields are
selected to acquire image separately in each case to get at least 200
complete interphase nuclei with no overlapping to analyze. The
exact copy number in nucleus of every gene is recorded. When
the copy number in over 20% nucleus of each section exceeds the
DNA ploidy number, it is regarded as gene amplification; and
when the copy number in over 30% nucleus is under the ploidy
number, it is regarded as gene deletion.
Statistic analyses

The SPSS17.0 statistic software and Graphpad 5.0 are applied

significant. Kaplan—Meier survival analysis was applied to the
prognosis survival analysis. The significance test was performed
using the log-rank test.
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