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studies on large tumor cohorts have proven informative in determin
ing clinicopathological correlations and in drawing conclusions on the
significance of genetic alterations (5, 9). The number of genetic events
involved in breast cancer genesis has steadily increased over the past
years, consequently raising the level of heterogeneity. This motivated

us to test for the clinicopathological significance of DNA amplifica
tion in a data set exceeding 1000 breast tumors. Such a goal can only
be achieved by using classical molecular genetic methods, such as
Southern blouing. The restriction, however, in using this approach is
that one will miss a number of events for which probes are not
available. As a consequence, the resulting image presenting the asso
ciation between breast cancer progression and DNA amplification will
be incomplete.

Because little or no molecular probes are available to test for the
new amplification sites detected by comparative genomic hybridiza
tion, we thought that a study of DNA amplification at all sites
analyzable by Southern blotting would still yield valuable informa
tion. To this end, we studied, by Southern blotting, a cohort of 1875
breast tumor DNAs for DNA amplification with 26 probes corre
sponding to genes or loci mapping at 15 distinct chromosomal re
gions. Genes or genetic markers tested were selected either because
they corresponded to genes or loci known to be amplified or suscep
tible to copy number gains or because they corresponded to genes
involved in cellular proliferation. We present herein the incidence of
DNA amplification at individual loci, and we searched for preferential
coamplifications as well as correlations linking these genetic aberra
tions to specific clinicopathological traits.

MATERIALS AND METHODS

Tumor Samples and Clinical Material. Breast tumor samples were col
lected at surgery in the Val d'Aurelle-Paul Lamarque Cancer Center in Mont
pellier or at the First Department of Gynecology and Obstetrics of the General
Hospital in Vienna. Samples were snap-frozen in liquid nitrogen and stored at
â€”80Â°Cbefore processing. All clinical data were registered. compiled, and
standardized according to the WHO histological typing of breast tumors.

Detailed descriptions of the breast tumor series are given in Table I.
Preparation of Southern Blots and Hybridization. Southern blots were

prepared at GÃ©nÃ©thon(Evry/Seine, France) on automated Marks II robots as

described by BellannÃ©-Chantelot (10). Hybridization conditions were as de

scribed previously (6).
DNA Amplification Analysis. Southern blots were routinely hybridized

with two to three probes at a time (depending on the restriction patterns of the
respective genes). This allowed us to cohybridize the tested gene with an
internal reference probe. The amplification of the target gene was determined
after a careful cross-check involving all three reference probes used.

Quantification of Hybridization Signals. This was done using the Bio
image Image Analysis system from Millipore. Briefly, it was performed as
follows: digital images of the autoradiograms were acquired using a charge
coupled device camera, and images were scanned and quantified. Density
ratios of the target probe and the reference probes were determined in each
lane. Ratios were normalized by calculating a mean value of several normal
DNAs. Ratios exceeding 2 were considered amplified.

Probes. Probes used in this study are described in Table 2.
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ABSTRACT

DNA amplification is frequent in breast cancer and has been associated
with specific clinicopathological parameters and/or worsened course of
the disease. In the present work, we were interested in further defining the
association linking the occurrence of DNA amplification to the emergence
of specific breast tumor phenotype. To this aim, we studied by Southern
blotting a total of 1875 breast tumor DNAs with 26 probes mapping at 15

distinct chromosomal localizations. Of the 26 loci tested, 11 loci showed

elevated levels of amplification, 9 loci showed occasional and/or low level
of DNA copy number increase, and 6 led showed very rare or no varia
lion. This allowed us to define six amplified domains mapping at Spl2,
8q24,11q13,12q13,17q12,and 20q13.2,respectively.Over 60% of the
tumors analyzed presented at least one amplification at one of these
localizations. Amplifications often covered large regions ofDNA and bore
complex patterns involving coamplificatlon of several colocalized mark
era. Statistical analysis revealed correlations associating DNA amplifica
tion with breast tumor phenotype, as well as sets of preferential coampli

fications. Based on these correlations, we defined three subsets of breast
cancer according to their patterns of DNA amplification. The first subset
(group A) was organized around the amplifications at 11q13 and/or Spl2

and was predominantly composed of estrogen receptor-positive tumors
and presented a large proportion of lobular cancers. The second subset
(group B) was organized around the amplifications of ERBB2 and/or

MYC. These tumors were mostly estrogen receptor-negative and of the

ductal invasive type. The third subset (group C) corresponded to tumors

in which no amplification was detected in the present screen. Tumors in
this group were largely dipleid and of low histopathological grading.

INTRODUCTION

Breast cancer progression gradually builds up on the accumulation
of genetic alterations, among which DNA amplifications seem to play
a prevalent role (1, 2). Gathering data obtained by classical molecular
genetics as well as molecular cytogenetics, it is apparent that 19
chromosomal arms may harbor 1 or more regions of DNA amplifi
cations (1â€”4).We and others have proposed that amplification of
certain genes or chromosomal regions may define phenotypic subsets
of breast cancers (2, 5). The different clinicopathological correlations
shown by ERBB2 and CCNDJ amplifications support this hypothesis.
Indeed, ERBB2 amplification strongly correlates with steroid recep
tor-negative tumors (6, 7), whereas that of CCNDJ correlates with the
expression of ERs,3 thus suggesting that these events respectively
define distinct subsets of breast tumors (5, 8). Breast cancer is char
acterized by a high level of phenotypic heterogeneity; therefore,
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No. oftumors%Histological

typeLDCa103165.7ILCa18111.5Invasive

carcinomas withoutother32620.8specificationOther

typesâ€•312No
availabletyping30616.3SBR

grade11007.4266849.5358243.1Lymph

nodestatus@'Nâ€”72851.9N+67448.1Steroid

receptorsER
> 10fmol/mgprotein124069.4ER
< 10 fmol/mgprotein54830.6PR
> 10 fmol/mgprotein106659.8PR
< 10 fmol/mgprotein71840.2DNA

ploidycDiploid18148.9Nondiploid18951.1Tumor

size<20
mm24439.9>20mm36860.1Age

of thepatient<50
yrs43928.4>5oyrs110771.6

Table 2 List, description. and origin of the different probes used in thisstudyReferenceGene

Origin Type and characteristicsno.20q

13 Dr. 0. P. Kallioniemi I .3-kb EcoRl subclone of34cosmid
RMC2OCOOIAK72

Our laboratoryPCRFGFR2JBEK
Dr. Jaye 0.86-kbcDNACCNDI
Dr. Arnold I-kb genomic clone20CCND2
Dr. Gaudray 2-kb cDNA38CCND3
Dr. Gaudray 0.4-kb cDNAaCCNA
Dr. Blanchard 2.2-kb cDNAaCCNE
Dr. Sewing I.2-kb cDNA39CDK2
Dr. Sardet 2.0-kbcDNACDK4
Dr. Peters 0.9-kb cDNA40CHOP
Dr. Fomace I.0-kb cDNA41Dl

1597 Dr. Jeffreys42EMS!
Dr. Schuuring I.0-kb cDNA27E2FS
Dr. Sardet I .6-kb cDNA43ERBB2
Dr. Gaudray 1.6-kb cDNA44ERBB3
Dr. Kraus 0.65-kb cDNA45FGFRI/FLG
Dr. Bimbaum 0.75-kb cDNA20GARP
Dr. Birnbaum 2.5-kb genomic42pGFK
Dr. PÃ©busque I .0-kb genomicIlGLJ
Dr. Gaudray 4.3-kb genomic14MDM2
Our laboratory 0.9-kb cDNA9MOS
Dr. Van Dc Woude 2.5-kb genomic46MYC
Dr. Croce 0.9-kb cDNA47MYCN
Dr. Alt 2.0-kb cDNA48NDF
Dr. Yarden I .9-kb cDNA49SAS
Dr. Meltzer 0.5-kb genomic15SEA

3.2-kb27a

A. Courseaux. P. Szepetowski, and P. Gaudray. unpublished observations.

DNA AMPLIFICATION IN BREAST CANCER

Table I Description of the breast tumor cohort studied
Tumors were classified according to commonly used disease parameters.

(E2F5),8q24 (MYC), l0q26 (FGFR2), llql3 (D11S97,CCNDI,
EMSI, and GARP), l2q13 (MDM2), l7q12 (ERBB2), and 20q13
(RMC2OCOO1)] showed copy number gains in more than 4.0% of the
cases (Table 3). However, only 10 probes (FGFRI, pGFK1, MYC,

Dl 1597, CCNDJ, EMSI, GARP, MDM2, ERBB2, and RMC2OCOOI)
consistently showed elevated levels of amplification (3â€”20-foldam
plification, with more than 60% of the amplified tumors presenting
levels exceeding 5-fold amplification). Combining elevated levels of
amplification and frequency of occurrence as selection criteria, we
selected six significantly amplified regions mapping at 8pl2, 8q24,
11q13, 12q13, 17q12, and 20ql3, respectively. Sixty (60%) of the
tumor DNAs analyzed here showed at least one of these loci ampli
fled. Gains detected with MOS (8ql2) and E2F5 (8q22) never ex
ceeded 5-fold. However, changes detected with these probes gave
interesting information on variations involving the long arm of chro
mosome 8 and were therefore integrated in further analyses. FGFR2
(10q24)wasexcludedbecauseofgenerallylowlevelsofgains,
despite some rare tumors bearing 10-fold amplifications. CDK4-SAS,
both colocalized at 12q13, were excluded as well; amplifications
occurred in only 2.0% of the tumors and were in the 2â€”5-foldrange,
with some exceptions presenting 10-fold amplification. Finally, only
marginal variations (2â€”3-foldgains) were observed with probes to
CCND2 (l2pl3), CCND3 (6p2l), CCNE, and AKT2 (19ql2).

Patterns of Amplification at 8p12, 11q13, and 12q13. There has

been increasing evidence showing that DNA amplification can en
compass large regions of the genome. As a consequence, patterns of
amplification can be complex and involve several genes. Such pat
terns have been described in breast cancer at 11q13 (12, 13) and in
glioblastoma and soft tissue sarcoma at l2ql3 (14â€”16).In addition,
there remains doubt as to whether FGFRJ was the sole gene involved
in the amplification at 8pl2 in breast tumors (17, 18). To address this,
we used several probes to analyze amplifications affecting 8pi 2,
11q13,and l2ql3.

We tested amplification at 8pl2 with two probes: FGFRJ, which
until now was the only candidate gene mapping in this region, and
pGFK1, which is a noncoding probe subcloned from a YAC clone
mapping 1 Mb centromeric to FGFRJ (17). Whereas FGFRI was

Total no. of tumors 1875

aHistologicaltypesweredeterminedaccordingto theWHOguidelines,andabbrevi
ations are as follows: LDC,invasive ductal carcinoma; ELC,invasive lobular carcinoma;
Other types, a pool of intraductal, intralobular, colloid, papillary, and medullary carcino
mas.

@ lymphnodestatuswasdividedintotwosubclasses:absenceof metastatic
node (Nâ€”)and one or more than one invaded node (N+).

C DNA ploidy was classified as follows: diploid, tumors with 2N peaks or tumors with

2N + a proliferation peak at 4N; nondiploid, aneuploid and tetraploid tumors.

Statistics and Data Analysis. Clinical and molecular data associated with
each patient were pooled in a computer-assisted data base, which we routinely
run under Paradox for DOS from Borland software. Statistical analyses were
performed with the Epilnfo 3.0 software package from CDC (Atlanta, GA) for
classical @2.Tests for data stratification were done with Knowledge Seeker 3.0
from Angoss Software (11).

RESULTS

Incidence of DNA Amplification in our Breast Tumor Series.
We tested 26 probes corresponding to genes or loci mapping at 15
different chromosomal subregions for DNA amplification on a total of
1875 breast tumor DNAs. Genes or genetic markers to be tested were
chosen according to the following criteria: (a) they corresponded to
genes reported as being amplified in breast cancer (AK72, CCNDJ,
CCNE, ERBB2, EMSJ, FGFRJ, FGFR2, MDM2, and RMC2OCOO1);
(b) they were colocalized with amplified genes and susceptible to be
amplified as well (Dl 1597, GARP, pGFK1, GU, SAS, and SEA); and
(c) genes acting as positive cell cycle regulators (CCNA, CCND2,

CCND3, CDK2, CDK4, and E2FS) or related to oncogenes (ERBB3,
HRG/NDF, MOS, and NMYC). All tumor DNAs were not analyzed
with every probe. On average, a core of 1100â€”1200tumors were
tested with the majority of the probes, with the exception of CDK2
and AKT2, whose importance turned out to be marginal, or E2F5,
which was included recently in the study and for which 450 DNAs
were tested. Frequencies of amplifications ranged from 0 (CCNA and
CDK2) to 15.9% (ERBB2). Thirteen probes defining nine chromo
somal subregions [8pl2 (FGFRJ and pGFK1), 8ql2 (MOS), 8q22
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DNA AMPLIFICATION IN BREAST CANCER

Table 3 Frequencies and average levels of amplification of the 26 genes or !oci tested in this study

Amplification
levelsa

NAb
NAb
2â€”3
NAb
5â€”10
5â€”10
2â€”5
2â€”4
2â€”10
2â€”5'
2â€”5
3â€”15

3â€”15
3â€”15
3â€”15
2â€”3
3â€”10
2_Sc
2_Sc
2â€”3
NAb
NAb
3â€”20

2â€”S
NAb
3â€”10

Chromosomal
Probes tested localization Status No.

NMYC 2p2l Gene 1/1875
CCNA 4q24â€”q31 Gene 0/703
CCND3 6p2l Gene 22/1176
HRG/NDF 8p11_p12 Gene 4/1008
FGFRI/FLG 8pl2 Gene 154/1461
pGFK 1 8p1 2 Anonymous 133/1364
MOS 8ql2 Gene 109/1552
E2F5 8q22 Gene 19/448
MYC 8q24 Gene 88/715
FGFR2JBEK l0q26 Gene 60/1368
SEA llql3 Gene 39/1090
DIIS97 llql3 Anonymous 143/1302
CCNDJ I lq 13 Gene 168/1298
EMSI llql3 Gene 128/1222
GARP llql3 Anonymous 118/1280
CCND2 l2pl3 Gene 32/1176
MDM2 l2q13 Gene 94/1619
CDK4 12q13 Gene 27/1326
SAS l2q13 Gene 27/1326
GLI l2q13 Gene 10/1326
CDK2 I2q I3 Gene 0/462
ERBB3 12ql3 Gene 1/1365
ERBB2 l7q12 Gene 298/1875
CCNE l9ql2 Gene 14/1087
AKT2 19q12 Gene 4/462
RMC2OCOOI 20q13 Anonymous 82/1358

a Amplification levels correspond to ranges of amplification observed.

b NA. no assessment.

c Most amplified tumors corresponded to a 2â€”S-fold range; however, 7 tumors presented 5â€”10-fold amplification.

%

0.05
0.0
I.9
0.4

10.5
13.8
7.0
4.2

12.3
4.4
3.6

11.0
13.0
10.5
9.2
2.7

5.8
2.0
2.0
I.0
0.0
0.7

15.9
1.2
0.8
6.0

amplified in 10.5% of the tumor DNAs tested, pGFK1 showed am
plification in 13.8% of the tumor DNAs tested. This suggested that
there may be another gene in the vicinity of pGFK1 that, in addition
to FGFRJ, could be driving the amplification at 8pI2. In the vast
majority of the cases, FGFRJ and pGFK1 were amplified concomi
tandy, but both loci could show amplification on their own. For
instance, 18 tumors presented amplification of FGFRJ alone, and 44

tumors presented amplification of pGFKI in the absence of the
former. This made us determined to keep both localizations in further
analyses. The situation at I 1q13 has already been extensively de
scribed, and the probes tested in this study were selected according to
known pics of amplifications (13). Amplification frequencies for the
4 probes ranged from 9.2â€”I3.0% (Table 2), and, overall, 236 of 1184
(19.9%) were found amplified with at least 1 of the 4 probes tested.
Our data clearly revealed the existence of four distinct amplicons
defined by Dl 1597, CCNDJ, EMSJ, and GARP, respectively, from
the most centromenc to the most telomeric, as shown by the existence
of tumors in which the amplification was restricted to only one of
these markers (Fig. 1). However, amplification frequently encom
passed 2 or 3 markers, and in 33 tumors, all 4 markers tested, thus
suggesting the coselection of several genes during the amplification of
the region. CCNDJ contributed to about 65.6% (155 of 236) of all
11q13 amplifications and was often found coamplifled with other
markers, be it neighboring markers, such as Dl 1597 or EMSI, or
distant markers (GARP). Noticeably, amplifications could bear corn
plex structures, showing patch-like patterns (Fig. 1, last S lines).

Amplification patterns at 12q 13 were simpler. Several candidate
genes were tested in this region, and two subregions of amplification
could be defined: the first around MDM2, and the second around
CDK4-SAS. MDM2 has been shown to map 1â€”1.5Mb telomeric to
CDK4-SAS, both of which colocalize in a 25-kb interval (19). Am
plification of MDM2 was most frequent, because 74 of 81 tumors
showing amplification at l2ql3 were amplified for MDM2. Moreover,
54 tumors presented amplification of MDM2 alone, in the absence of
copy number gain at CDK4-SAS. Coamplification of MDM2 and
CDK4-SAS was observed in 20 tumors, and a gradient of amplification
with higher levels of amplification at MDM2 compared to CDK4-SAS

could be observed. The reverse (higher amplification levels at CDK4-
SAS than at MDM2) was also observed in three tumors. CDK4-SAS
were found amplified in absence of MDM2 in seven tumors. Finally,
amplification was found to extend on the centromeric side, encom
passing GLJ. Interestingly, one tumor was found with both MDM2 and
GLI amplified, whereas SAS-CDK4 were not (Fig. 2).

Clinicopathological Correlations. To determinepotentialassoci
ations between the amplification of a specific locus or of a set of
several loci and breast tumor phenotypic traits, we searched for
correlations with clinicopathological parameters. f values were cal
culated for all the amplified loci, and significant results are shown in
Table 4. Some loci showed associations with several parameters. To
give a comprehensive picture of the data, we present correlations
ordered from left to right according to decreasing values of y@.In
doing so, we graded results according to decreasing levels of associ
ation. Loci colocalizing to the same chromosomal region presented
identical or at best very similar trends. This was apparent for the four
11q13 markers that presented a strong positive correlation with ERs
and/or PRs. However, differences could be seen in second- or third
line correlations with CCNDJ, EMSI, or GARP showing association
with carcinoma of lobular type, whereas Dl 1597 was correlated with
nodal invasion (Table 4). Steroid receptor status frequently correlated
positively or negatively with DNA amplification. In addition to the
markers at 11q13, amplifications of FGFRI, pGFKI, and MDM2
presented a statistically significant association with ER+ tumors,
whereas ERBB2 amplification correlated with ERâ€”(Table 4). MYC
and MOS also showed some correlation with ER status, but it ranked
second next to aneuploidy (Table 3). It can be noted that RMC2OCOO1
was an exception, because it did not reveal any association or trend
with steroid receptor levels. Instead, it was found to correlate with
nodal status and age of the patient. These data suggested that associ
ation of DNA amplifications to steroid receptor levels may help define
different phenotypic subsets of breast tumors.

Groups of Preferential Coamplifications. To furtherdefine tu
mor subgroups, we searched for preferential coamplifications. Like
wise analyzing clinicopathological correlations, f values were cal
culated for each tested locus, and results were ordered according to
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Fig. 1. Patterns of amplification at llql3 in breast
tumors. The physical map of the region analyzed is shown.
Genes or markers indicated in bold characters correspond
to those tested in this study. Dark lines below indicate the
different profiles of amplification observed, and the num
berof occurrencesis shownon the right.Numbersshown
here correspond to tumors for which data was available for
all the markers tested. Thus, numbers may not be identical
to those shown in Table 2.

decreasing level of significance (Table 5). Logically strongest asso
ciations were observed between markers belonging to the same am
plified region (such as the four markers at llql3 or the three markers
at l2ql3) or markers mapping to the same chromosome (e.g. , MYC,
E2F5, MOS, and FGFRJ). However, a highly significant degree of
association was found between amplifications occurring on different
chromosomes. Most significant associations were observed between
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amplifications at 8pl 2 (FGFRJ and/or pGFK1) and at 1lq 13
(CCNDJ, EMSJ, D11S97, or GARP; Table 5). It is interesting to note
that correlations were strongest between FGFRJ (at 8pl2) and
CCNDJ or EMSJ (at 11q13), whereas the two other 11q13 markers,
Dl 1597 or GARP, showed lower f values (Table 5). Other frequent
coamplifications, as determined by statistical correlations, were
RMC2OCOO1 (20q13) associated with CCNDJ and ERBB2 associated
with CDK4-SAS-MDM2 (12q13) as well as RMC2OCOOI and MDM2
(Table 5). These results show the existence of sets of amplifications
preferentially occurring concomitantly, suggesting a network-like
structure organized around the amplifications of 11q13 and ERBB2,
respectively (Fig. 3). Tumors bearing either I 1q13 or ERBB2 ampli
fications not only differ in their genetic patterns, they can also be
distinguished by their clinicopathological characteristics. ERBB2 tu
mors were predominantly of the ductal invasive type and ERâ€”,
whereas those presenting an amplification at 1lq 13 were ER + and
showed a high proportion of invasive lobular carcinomas (Table 4;
Fig. 3).

DISCUSSION

Breast cancer is a heterogeneous disease at both the phenotypic and
the genomic levels. Over the past S years, there has been a wealth of
data showing the existence of multiple and complex sets of genetic

alterations associated with tumor development and progression (1, 2).
A number of the anomalies detected in breast cancer have been
repeatedly shown to correlate with specific disease markers (1 , 2).
This suggested that the phenotypic heterogeneity of breast cancer may
find its source in its genomic complexity and, thus, that more detailed
knowledge on the patterns of genetic alterations observed in somatic
tumors would yield valuable information for breast cancer typing. The

Patterns of amplification

U...
53 1 18 2 4 3

q

Fig. 2. Patterns ofamplification at l2q13. The map ofthe region analyzed, the different
profiles of amplification, and their respective number of occurrences are shown. Numbers
shownherecorrespondto tumorsforwhichdatawasavailableforall themarkerstested.
Thus, numbers may not be identical to those shown in Table 2.
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Table 4 CoamplijIcations observedfor each gene or locus
Correlations between distinct amplification events were calculated and ranked according to their level of statistical significance as

of the gene or locus, the P value, and (in parentheses) the x@level.determined
by the2 value. Results show thenameCorrelated

amplifications
Geneor

locus tested Localization 1 2345FGRI/FLG

8pl2 pGFK1 MOS CCNDI
P <l0_6(200) <lO_6(68) <l0@(S3)EMS! l0@(S3)Other

1hjl3 markers
<10(29â€”13)pGFKI

8p12 FGRI/FLG MOS EMSJ
P <l0_6(200) <lO_6(70) lO_6(49)CCNDI l0@(29)Other

I l@l3 markers
<l0(20â€”12)MOS

8q I2 MYC FGRI/FLG E2FS
P <l0_6(ll0) <l0_6(73) <l0_6(54)MDM2 <l0@(22)EMS!.l0@(20)E2F5

8q22 MOS MYC FGRI/FLG
P <l0_6(54) <l0@(2l)0.005(8)MYC

8q24 MOS E2FS ERBB2
P <l0_6(llO) <l0@(2l) 0.002(9.7)FGFRI0.02(5)D1IS97

llql3 Otherllql3markers FGR!/FLG MOS
P < lO_6 (400â€”200) < l0@ (27) < l0@ (IS)MDM2 0.002 (9.3)20q13 0.02(7.5)CCNDI

I lq I3 Other I lq I3 markers FGRI/FLG MOS
P <l0_6(400@200) <10@(S3) <10@(l7)20q

13
0.0004(14)MDM20.025(4.9)EMS!

I lq 13 Other I lq I3 markers FGRI/FLG MOS
P <l06(400@l20) <l0@(53) <l0@(l9)20q

13
0.014(6)GARP

I 1q13 Other I 1q13 markers FGRI/FLG MDM2
P <10_6 (200â€”ISO) 0.002 (10) 0.02 (5.5)MOS 0.03 (4.5)20q13 0.03(4)MDM2

12q 13 SAS-CDK4 MOS ERBB2
P < lO_6 (290) < l0@ (46) 0.003 (8.7)Dl

1S97
0.008 (9.3)20ql3 0.04(6.2)SAS

I2q I3 MDM2 ERBB2 20q I3
P 10_6 (280) 0.001 (14) 0.01(8.5)ERBB2

I7q I2 SAS-CDK4 MYCMDM2P
0.001 (13.6) 0.002 (10) 0.004(8.7)RMC2OCOOI

20q13 CCNDI Other I lq I3 markers SAS-CDK4
P <l0@ (14.5) 0.006 (7.6) 0.01 (6.2)FGFR! 0.02 (5.5)MDM2 0.04 (4.8)

Gene or
locus testedChromosomallocalizationCorrelation ICorrelation 2Correlation 3Correlation4FGFRI8pl2ER+P0.01

(6)pGFKI8pl2PR+ER+P0.006

(7.7)0.03(4.6)MOS8ql2AneuploidyAge
(>50yrs)PR+P0.0008

(12.2)0.02 (5.6)0.05(3.8)MYC8q24AneuploidyER
Positive lymph node(N+)P0.0015

(10.7)0.008 (7)0.02(5.1)DI
15971 1q13ER+PR+Positive lymph node(N+)P0.0004

(14)0.007 (7)0.03(4.3)CCNDI

PI
1q13ER+

< l0@ (28)PR+ 0.002 (10)Lobular
invasive type

0.02(5.4)EMS!

PI
1q13ER+

<l0@ (11.8)PR+ 0.04 (4)Lobular
invasive type

0.05 (3.8)Positive
lymph node (N+)
0.05(3.5)GARPI

1q13ER+Lobular invasivetypeP0.002
(9.5)0.02(4.7)MDM2I

2qI3ER+PR+AneuploidyP0.02
(5.6)0.03 (4.3)0.05(3.5)ERBB2

P17q12ER <10@ (54)PR@ (25)Ductal
invasive type

@ (21.2)Aneuploidy 0.0003(16)RMC2OCOOI20q13Age
(<SO yrs)Positive lymph node(N+)P0.004

(8.8)0.008 (6.8)

DNA AMPLIFICATION IN BREAST CANCER

present study, in which we screened a total of 1875 breast tumors for
DNA amplification with 26 probes representing 15 chromosomal
sites, was undertaken in an attempt to lay the basis for a map of DNA
amplification in breast cancer.

Amplification was frequently encountered and involved a large
number of loci. Of the 26 probes, 6 never or rarely showed copy
number changes, I I showed low levels in 1â€”5%,and 9 showed
elevated levels of amplification in 5â€”16%of the tumors. It is notice
able that CCNE and FGFR2 did not belong to the highly and fre
quently amplified genes. This is in contrast to reported data, and this
may be related to differences in the composition of the tumor series
respectively tested (20, 21). Using this selection criterion, we selected
six consistently amplified regions: 8pi2, 8q24, I 1q13, l2ql3, 17ql2,
and 20q13. Taken together, 60% of the tumor DNAs tested presented

at least one amplification. Amplification involving these regions in
breast cancer has been reported previously and analyzed on an mdi
vidual basis (5, 6, 20, 22â€”24).Our results present an integrated study
on all six regions combined in the same tumor cohort.

We had already described the patterns of amplification at 11q13,
showing the existence of four distinct amplicons (13). The present
study thus confirms our previous findings and brings further insight
into the structure of the respective amplification units. These are
represented by Dl 1597, CCNDJ, EMSJ, and GARP, respectively.
Although each amplicon can arise on its own, coamplification of two
or three (to a lesser extent, four) markers was frequently encountered

(149of236).WhereastheidentityofthegenesselectedintheDl1597
and GARP amplicons remain to be determined, expression patterns
and biological functions clearly identify CCNDJ and EMSJ in the

Table S Clinicopathological correlations observedfor DNA amplifications at different genes or loci
Correlations were calculated and ordered according to the level of statistical significance as determined by the x2 value. Results show the clinicopathological parameter and its

associated P value and (in parentheses) x2 level.
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p<1O@

p<107 c@@@GFK1

formation of both central amplification units (25â€”27).Indeed, over
expression of CCNDJ is known to accelerate the G1 phase and
G,-S-phase transition, and cyclin Dl driven by the MMTV long
terminal repeat transgenic mice show mammary carcinoma develop
ment (28, 29). CCNDJ is present in over 60% of all 11q13 amplifi
cations we observed, thus making it a major contributor to 1lq 13
amplification, but it cannot be considered as the sole genetic deter

minant to be selected. The large number of cases showing coampli
fication of several markers is noteworthy and suggests complex mech
anisms of coselection, and it will be interesting to gain knowledge of
the function of the genes involved.

Amplifications at 12q13 in breast tumors, as in soft tissue sarcomas
or glioblastomas, involve two distinct amplification units (14â€”16).
These are represented by MDM2 and CDK4-SAS, respectively. The
physical map of this region, recently established by Elkahloun et a!.
(19), shows that CDK4 and SAS colocalize in a 25-kb restriction
fragment and that MDM2 maps 1â€”1.5Mb telomeric to CDK4-SAS. In
keeping with observations made in soft tissue sarcomas, MDM2 is
amplified on its own, like CDK4-SAS, but coamplification of all three
markers together is also common. Interestingly, Elkahloun et a!. (19)
show by fluorescence in situ hybridization analysis that in cell lines
presenting coamplification of MDM2 and CDK4-SAS, the 1.5-Mb
interval is excluded from the amplification, thus implicating internal
rearrangements during the amplification process.

At 8pl2, patterns of amplification are in favor of the existence of
two cores, one defined by FGFRI (20), and a second localized in the
vicinity of the anonymous marker pGFK1 (17). The NDF/HGL gene,
which has been mapped telomeric to FGFRJ in the 3â€”4-Mbrange
(30), was rarely found to be amplified and was thus considered as
outside the amplification domain.

Our data demonstrate that amplifications in breast cancer do not
only result from the selection of a single target gene. Rather, these
could be the effect of coselections involving several genetic determi

nants. This leads to amplifications covering large regions of DNA and
bearing complex patterns. We observed patch-like structures, and this
suggested the occurrence of deep internal rearrangements. Complex
amplification patterns have recently been described at l7q12 (31, 32)
and 20ql3 (33). At l7ql2, it has long been considered that amplifi
cations resulted from the selection of the sole ERBB2 gene. The recent
isolation by Tomasetto et a!. (32) of four genes colocalized and
frequently coamplified with ERBB2 and overexpressed in late-stage
breast cancer is direct evidence of a coselection mechanism in am
plifications occurring at 17q12. Amplifications at 20ql2â€”13have also
been shown to include three distinct amplicons (33). The first was
described by Tanner et a!. (34), who localized it into a 1.5-Mb region
of overlap mapping at 20q13.2. Fluorescence in situ hybridization
studies indicated that it could be best represented by the RMC2OCOO1
cosmid, from which we subcloned a I-kb probe suitable for Southern
blotting analysis. Two additional amplicons were detected in the
20q1 1â€”ql2range, and candidate genes were isolated (33, 35).

Our primary goal was to verify whether it was possible to charac
terize specific tumor subsets according to their patterns of amplifica
tions. To this end, we searched for correlations with clinicopatholog
ical parameters and for correlations between different amplifications.

The latter analysis was performed to determine the existence of sets of
preferential coamplifications. The statistical analysis showed that ER
status could constitute an important and possibly pivotal phenotypic
trait, because 8 of 12 markers correlated either positively or negatively
with ER. According to these results, breast tumors may be split along
ER status: ER+ cancers preferentially presented amplifications at
11q13, 8pl2, and MDM2, whereas ERâ€” tumors showed amplified
ERBB2 and/or MYC genes. We considered second- and third-line
correlations of great informative value, because they further defined
phenotypic characteristics associated with the respective sets of anom
alies. Indeed, three of four markers of I 1q13 amplification showed
association with carcinomas of invasive lobular type. It is worth
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Fig. 3. Correlations observed between the amplifications of different markers. lines indicate the existence of a correlative link and its corresponding P value. Correlative links
observed suggest a network-like structure with ERBB2tumors corresponding predominantly to ERâ€”tumors and ductal invasive cancers, and CCND! corresponding to ER+ and lobular
cancer.

p=OO1 p<104

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/19/4360/2862403/cr0570194360.pdf by guest on 19 M

ay 2023



DNA AMPLIFICATION IN BREAST CANCER

noting that this is specific to these markers, because FGFRJ and
MDM2, which are both correlated with ER+, do not present any trend
with histological type. In addition, llql3 amplification is more tightly
associated with ER+ status than 8pl2 markers or MDM2. This would

tend to put I 1q13 amplification apart. The associations with ER
positivity and breast cancer of lobular type may be related to the
regulation of the CCNDJ gene and its physiological role in the
formation of the mammary gland. It has indeed been shown that
female mice homozygous for impairment of the ccndl gene present
incomplete mammary gland development due to a lack of lobular
terminal differentiation (36). Furthermore, it has been recently shown
that the CCNDJ gene has been shown to be under control of the ER
in MCF7 breast cancer cells (37).

ERBB2 amplifications may be placed at the other end of the
spectrum, because it was strongly correlated with loss of the ER. It is

to be noted that it was prevalent in invasive ductal carcinomas and
rare in lobular cancer. These results suggest that 11q13 and ERBB2
amplifications correspond to very different, possibly opposing, phe
notypic groups. This is in agreement with some of our previous
observations (5). However, this scheme leaves out markers not show
ing direct correlation with ER status. Correlations linking amplifica

tion of different markers to each other helped to clear the picture.

Amplification of markers at 11q13 correlated to that of markers at
8pl2, thus substantiating the possibility of them belonging to a similar
subset. In addition to 8pl2, amplification at I 1q13 was correlated to
that of RMC2OCOO1 (20q13). This latter event did not show any
association with ER, rather, it correlated to lymph node invasion and

age of the patient. Similar types of association were observed around

the amplification of ERBB2. ERBB2 amplification was correlated with
amplification of MYC as well as with that of SAS and MDM2 (12q13).
Because both ERBB2 and MYC show association with loss of ER and
aneuploidy, they may be classified into the same subset. This does not
apply to MDM2, which correlated to ER+, but because MDM2
showed also correlation with 20q 13, we propose that it represents a
junction point between the ERBB2 and the I 1q13 subset. This led us
to sketch up a tentative scheme of DNA amplifications in breast
tumors (Fig. 3) presenting a network organized around 11q13 on the
ER+ end and ERBB2 on the ERâ€”side. SAS and MDM2 amplifica
tions, due to their correlations with both ERBB2 and 20ql3.2, occupy

a central position. Copy number variations involving MYC, E2FS, and
MOS showed a tight association, strongly suggesting frequent gains of
8q. Because FGFRJ-pGFKI were also correlated with MOS and
E2FS, these gains may even extend to 8p.

This leads us to propose the existence of three groups of breast
tumors defined according to their patterns of DNA amplifications. The
first (group A) is organized around the amplifications at 11q13
(Dl 1597, CCNDJ, EMS!, and GARP) as well as frequently coampli
fled regions such as 8pl2 (FGFRJ and pGFK1) and 20q13.2
(RMC2OCOO1). These tumors are predominantly ER+ and show a
high frequency of lobular cancer (20â€”24% compared to 10% overall).

The second (group B) is composed of tumors presenting ERBB2
and/or MYC amplifications. Phenotypically, these corresponded
mostly to ERâ€”and ductal invasive tumors (95% compared to 80%).
As mentioned earlier, the amplification at 12q13 (SAS-MDM2) could
belong to both groups and may thus represent a connecting point. The
third group corresponded to tumors in which no amplifications were
observed by Southern blotting. We called this subset group C, al
though non-A/non-B would be more exact. It is worth noting that this
subset corresponded to less evolved and a larger proportion of diploid
tumors. Furthermore, invasive lobular carcinomas were about twice as
frequent in nonamplified tumors compared to amplified ones. It will
be interesting to verify whether these three tumor subsets bear differ
ent meanings in terms of clinical outcome. Moreover, it is clear that

the Southern blotting approach gives a partial picture of quantitative
anomalies affecting breast tumor genomes. A comparative genomic
hybridzation study of tumors selected according to the patterns de
fined here should prove informative in determining the sets of anom
alies in each group.
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