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Abstract

Purpose: To characterize the molecular genetic profiles of grade 3 invasive ductal carcinomas of
no special type using high-resolution microarray-based comparative genomic hybridization
(aCGH) and to identify recurrent amplicons harboring putative therapeutic targets associated
with luminal, HER-2, and basal-like tumor phenotypes.
Experimental Design: Ninety-five grade 3 invasive ductal carcinomas of no special type were
classified into luminal, HER-2, and basal-like subgroups using a previously validated immunohistochemical panel. Tumor samples were microdissected and subjected to aCGH using a tiling path
32K BAC array platform. Selected regions of recurrent amplification were validated by means of
in situ hybridization. Expression of genes pertaining to selected amplicons was investigated using
quantitative real-time PCR and gene silencing was done using previously validated short hairpin
RNA constructs.
Results: We show that basal-like and HER-2 tumors are characterized by ‘‘sawtooth’’ and
‘‘firestorm’’ genetic patterns, respectively, whereas luminal cancers were more heterogeneous.
Apart from confirming known amplifications associated with basal-like (1q21, 10p, and 12p),
luminal (8p12, 11q13, and 11q14), and HER-2 (17q12) cancers, we identified previously unreported recurrent amplifications associated with each molecular subgroup: 19q12 in basal-like,
1q32.1 in luminal, and 14q12 in HER-2 cancers. PPM1D gene amplification (17q23.2) was
found in 20% and 8% of HER-2 and luminal cancers, respectively. Silencing of PPM1D by
short hairpin RNA resulted in selective loss of viability in tumor cell lines harboring the
17q23.2 amplification.
Conclusions: Our results show the power of aCGH analysis in unraveling the genetic profiles of
specific subgroups of cancer and for the identification of novel therapeutic targets.
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Tumor histologic grade remains one of the most powerful
prognostic factors for breast cancer. In recent years, further
prognostic information has been gleaned from expression
profiling studies of invasive breast cancers where different
breast cancer molecular subtypes (1) with distinct biological
features and clinical outcome (2) have been identified.
Nonetheless, even the ‘‘poor prognosis’’ molecular subtypes
are significantly associated with high histologic grade. Hence,
high-grade (grade 3) breast cancer as a whole continues to
represent one of the most therapeutically challenging entities in
clinical practice.
It is clear that despite the overall association with poor outcome, grade 3 breast cancers are composed of clinically, histologically, genetically, and transcriptomically distinct subgroups
that encompass the molecular subtypes (basal-like, luminal,
and HER-2 positive) described in the pioneering studies of
Perou et al. (1, 2). Nielsen et al. (3) subsequently showed that
a prognostically significant (3 – 5) surrogate panel of four
immunohistochemical markers (estrogen receptor, epidermal
growth factor receptor, HER-2, and cytokeratin 5/6) could be
used to identify these molecular subgroups with a sensitivity
of 76% and a specificity of 100% for the identification of
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molecular genetic profiles of grade 3 IDC-NST using a
combination of high-resolution microarray-based CGH
(aCGH) and in situ hybridization and (b) to identify recurrent
amplicons harboring putative therapeutic targets associated
with luminal, HER-2, and basal-like tumor phenotypes as
defined by the criteria of Nielsen et al. (3). Unlike previous
studies, we endeavored to define the molecular genetic features
of grade 3 IDC-NST classified into the molecular subgroups
(1 – 3) using a validated immunohistochemical surrogate (3),
which is amenable to be applied for the classification of
archival, formalin-fixed breast cancers.

Translational Relevance
Therapeutic approaches for the management of grade 3
invasive ductal carcinomas of no special type (IDC-NST)
remain inadequate and additional therapeutic options are
required. We analyzed 95 grade 3 IDC-NST, classified into
the molecular subgroups (basal-like, HER-2, and luminal),
using high-resolution microarray-based comparative genomic hybridization. Our analysis provided insights into the
pattern of aberrations and type of genomic instability in
each molecular subgroup of grade 3 IDC-NSTand identified
subgroup-specific recurrent amplifications harboring putative therapeutic targets.The amplicon17q23.2 was found in
20% and 8% of HER-2 and luminal cancers, respectively.
Using RNA interference, we show that expression of
PPM1D, one of the genes pertaining to this amplicon, is required for the survival of cells harboring 17q23.2 amplification, suggesting that PPM1D may constitute a therapeutic
target for subsets of HER-2 and luminal cancers. Our results
show that this approach could facilitate the identification of
new therapeutic targets for subgroups of breast cancer
patients.

Materials and Methods

basal-like cancers. Recent comparative genomic hybridization
(CGH) profiling studies have concentrated on defining genomic
signatures for different breast cancer subgroups, with the aim
of identifying common subtype-specific alterations (6 – 8). The
results of these studies have suggested that basal-like tumors
display complex genomic profiles and less frequently harbor
amplifications (7), whereas luminal cancers more often show
focal, high-level amplifications (7). These studies have also
shown that deletions of the whole arm of 16q seem to be more
frequently found in grade 1 luminal A breast cancers (9 – 12),
whereas the majority of basal-like and HER-2 cancers (which are
usually of high histologic grade) lack this genetic aberration.
There is now increasing evidence suggesting that grade 3 and
1 breast cancers are clinically and genetically distinct entities
and that progression from grade 1 to 3 breast cancer is an
uncommon biological phenomenon (9, 10, 12). In fact, concurrent presence of grade 1 and 3 areas in the same specimen is
seen in <10% of cases (13).
Current therapeutic approaches in the management of grade
3 breast cancer remain inadequate, particularly with regard to
basal-like breast cancers that are usually of a high-grade triplenegative (estrogen receptor, progesterone receptor, and HER-2
negative) phenotype. Furthermore, even in the context of
HER-2-amplified tumors, a significant proportion of patients
either are de novo resistant or develop resistance to trastuzumab
over time (14). Surprisingly, although the aforementioned
studies have undoubtedly helped in cataloguing the molecular
genetic and gene expression profiles of breast cancers, very few
functionally validated therapeutic targets have emerged from
them (8, 15). This may be related to low platform resolution (6,
7, 16), heterogeneity of samples analyzed with regard to grade
and histologic type (6 – 8, 16), and the fact that many studies
have used non-microdissected tissue (6 – 8).
Here, we have focused on the analysis of microdissected
grade 3 invasive ductal carcinomas of no special type (IDCNST). The aims of this study were 2-fold: (a) to characterize the
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Sample cohort. A series of grade 3 IDC-NST cases were retrieved
from University Hospital La Paz and University of Munster. This project
has been approved by the local research ethics committees of the
authors’ institutions. aCGH was done in 100 consecutive fresh/frozen
samples of grade 3 IDC-NST from this combined series.
All cases were reviewed by three pathologists (S.M.R-P., H.B., and
J.S.R-F.), and representative areas of 91 cases, where adequate
representative paraffin blocks were available, were included in a tissue
microarray (TMA-1) containing 1 mm replicate cores from each case.
These cases were used to validate selected amplifications found in the
aCGH analysis.
An independent cohort (TMA-2) was used in form of a second tissue
microarray containing 120 grade 3 IDC-NST. These samples were
obtained from consecutive patients who were diagnosed and treated at
the Royal Marsden Hospital, with therapeutic surgery followed by
anthracycline-based adjuvant chemotherapy. All patients with estrogen
receptor-positive tumors also received adjuvant endocrine therapy.
Details of both cohorts are provided in Supplementary Table S1.
DNA extraction. Representative frozen sections (8 Am thick) of 104
grade 3 tumors were cut, mounted onto Superfrost glass slides, stained
with nuclear fast red, and microdissected with a sterile needle under a
stereomicroscope to obtain a percentage of tumor cells >75% as
described previously (17). Genomic DNA was extracted as described
previously (17). The concentration of the DNA was measured with
Picogreen according to the manufacturer’s instructions (Invitrogen).
aCGH. The aCGH platform used for this study was constructed at
the Breakthrough Breast Cancer Research Centre and comprises
f32,000 BAC clones tiled across the genome. Labeling, hybridization,
washes, image acquisition, data normalization, and filtering were
carried out as described previously (17). This type of BAC array
platform has been shown to be as robust as and to have comparable
resolution with high-density oligonucleotide arrays (18, 19). A final
data set of 30,606 clones with unambiguous mapping information
according to the March 2006 build (hg18) of the human genome9 was
used. Data were smoothed using a local polynomial adaptive weights
smoothing (AWS) procedure for regression problems with additive
errors (17). Thresholds for defining genomic gains and losses were
obtained using data from unamplified female versus female and female
versus male genomic DNA as described previously (17). Smoothed log2
ratio values less than -0.08 were categorized as losses, those >0.08 as
gains, and those in between as unchanged. Amplifications were defined
as smoothed log2 ratio values >0.4. Data processing and analysis was
carried out in R 2.0.110 and BioConductor 1.511 using modified
versions of the packages aCGH, marray, and AWS. Threshold data for
each clone was also used for categorical analysis using a Fisher’s exact

9
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test adjusted for multiple testing using the step-down permutation
procedure maxT, providing strong control of the family-wise type I error
rate (17, 20). A false discovery rate-adjusted P < 0.05 was considered
significant. Details of the 100 cases hybridized are described in
Supplementary Table S1. Cluster analysis was done using the hclust
function in R2.1.0 using AWS-smoothed ratios according to the Ward’s
method (20). Tumors were classified according to their pattern of
genomic alterations, ‘‘simplex,’’ ‘‘sawtooth,’’ and ‘‘firestorm,’’ as
described (21).
Immunohistochemistry. Sections (4 Am thick) of the tumors were
subjected to a panel of immunohistochemical markers. Antibodies,
antigen retrieval methods, and cutoffs are described in Supplementary
Table S2. All markers were scored by at least two observers blinded to
the results of the aCGH analysis. Tumors were classified into HER-2,
luminal, and basal-like subgroups using the criteria of Nielsen et al. (3).
Fluorescence and chromogenic in situ hybridization. Chromogenic
in situ hybridization (CISH) for HER-2, CCND1, and EGFR was done
using the ready-to-use digoxigenin-labeled SpotLight gene amplification
probes (Invitrogen) and fluorescence in situ hybridization analysis with
BAC RP11-372I05 (CCNE1) was done using in-house, biotin-labeled
probes as described previously (22). Pretreatment, digestion, and
hybridizations were done as described by Lambros et al. (22). For
CISH and fluorescence in situ hybridization analysis, at least 60
nonoverlapping nuclei of morphologically unequivocal neoplastic cells
were analyzed. Cases were considered amplified by CISH if >50% of
neoplastic cells harbored large signal clusters or >5 signals/nucleus.
CISH and fluorescence in situ hybridization analysis were carried out
with observers blinded to the results of aCGH analysis.
Quantitative real-time PCR. Representative frozen sections (8 Am
thick) of 55 of 95 grade 3 tumors classified as basal-like, luminal, or
HER-2 and subjected to aCGH analysis (no material was available for
40 cases) were microdissected as described above to obtain a percentage
of tumor cells >75% (17). RNA was extracted using Trizol according to
the manufacturer’s instructions (Invitrogen) and quantified using the
Agilent 2100 Bioanalyzer with RNA Nano LabChip kits (Agilent
Biosystems). First-strand synthesis was done as described previously
(23) and quantitative real-time PCR was done using TaqMan chemistry
on the ABI Prism 7900HT (Applied Biosystems) using the standard
curve method. Assays were purchased from Applied Biosystems, except
for TBP, which was designed as described previously (23). Each gene of
interest was normalized to the geometric mean of the three references
(TBP, TFRC, and MRPL19; Assay-on-Demand ID: Hs00174609_m1TFRC, Hs00608522_g1-MRPL19, and Hs00186230_m1-PPM1D).
Statistical analysis. Statistical analysis of tissue microarray data
(immunohistochemistry and CISH) was done with SPSS package
(version 11.5). Fisher’s exact and m2 tests were done with a two-tailed
P value; 95% confidence intervals were employed for all tests.
Cell lines. Cell lines representative of the HER-2 subtype (BT474,
MDA-MB-361, and ZR-75.30), luminal subtype (MCF-7, CAMA1,
T47D, KPL-1, MCF-3B, and ZR-75.1), basal-like subtype (MDA-MB231) and HeLa were obtained from the American Type Culture
Collection and maintained as described previously (16).
Plasmids. Cells were transfected with a previously validated
pSUPER plasmid known to silence PPM1D expression (24) and an
additional plasmid expressing the blasticidin resistance gene (pEFBsd;
Invitrogen) in a molar ratio of 10:1. Transfections were carried out
using Lipofectamine 2000 (Invitrogen) or FuGene (Roche) according to
the manufacturers’ instructions. Silencing of PPM1D following stable
transfection with pSUPER-PPM1D short hairpin RNA has been shown
previously (24).
Sulforhodamine B colorimetric assay for cytotoxicity. Sulforhodamine
B colorimetric assay for cytotoxicity (25) using short hairpin RNAmediated PPM1D knockdown and a small-molecule PPM1D inhibitor
(CCT007093) were done as described previously (24). Briefly, cells
were transfected with a pSUPER plasmid and an additional plasmid
expressing the blasticidin resistance gene (pEFBsd; Invitrogen) in a
molar ratio of 10:1. Cells were plated in 6-well plates 24 h after
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transfection. Blasticidin selection (5 Ag/mL) was initiated 48 h posttransfection and replenished every 3 days. For chemical inhibition of
PPM1D, cells were plated in 6-well plates and treated with CCT007093.
Medium and inhibitor were replenished every 3 days. Cells were fixed
in 3.3% TCA after 14 days and viable cells were quantified using the
sulforhodamine B assay as described previously (25). Experiments were
done in triplicate.
Antibodies. Total protein lysates (100 Ag) were separated by SDSPAGE according to standard protocols, and immunoblotting was
carried out using primary antibodies directed against PPM1D as
described previously (24), anti-TP53 (Neomarkers), anti-p38 rabbit
polyclonal antibody (Cell Signaling), anti-ERBB2/Neu (Santa Cruz
Biotechnology), and anti-h-tubulin (Sigma). Western blots were
scanned and quantitated using PDQuest and Quantity One software
(Bio-Rad). Background was subtracted and the intensity of PPM1D was
compared relative with that of h-tubulin.

Results
Breast cancer molecular classification. Using the immunohistochemical panel described by Nielsen et al. (3), of the 104
microdissected grade 3 IDC-NST, 45 were of luminal, 25 of
basal-like, 25 of HER-2, and 9 of indeterminate phenotype.
Details of the aCGH and tissue microarray cohorts, used to
validate the results of the aCGH findings, are summarized in
Table 1, Supplementary Table S1, and Supplementary Fig. S1.
The 95 cases classified into the molecular subgroups were
subjected to aCGH. Of the 9 cases of indeterminate phenotype,
sufficient DNA was obtained from 5 cases (Supplementary
Fig. S2). Given the heterogeneity of tumors of indeterminate
phenotype and the small sample size, these samples were not
included in subsequent analysis. Full details of both tissue
microarray cohorts are described in Supplementary Table S1.
Genetic profiling of grade 3 tumors. In the cohort of 95 grade
3 IDC-NST, the most prevalent recurrent genetic aberrations
included gains of 1q (60%) and 8q (75%) and losses of 1p
(60%), 8p (60%), and 17p (60%; Fig. 1A). The most prevalent
amplifications affected 1q, 8q, and 17q. The pattern and
prevalence of genetic aberrations in these cases when classified
according to the criteria of Nielsen et al. (3) are shown in
Fig. 1B and C. Selected genomic aberrations were validated by
fluorescence in situ hybridization/CISH. In brief, amplifications
of HER-2, CCND1, and EGFR were validated in all but one case
(Supplementary Fig. S1). Noteworthy, amplification of ESR1
was found in only 1 of 95 cases, in line with recently reported
results (26 – 28).
Basal-like, luminal, and HER-2 tumors have distinct genetic
patterns. Using the criteria recently defined by Hicks et al.
(21), 15 of 95 (16%) had a ‘‘simplex’’ pattern characterized by
low-level whole-arm gains and losses, 40 of 95 (42%) of cases
had a complex ‘‘sawtooth’’ pattern, with multiple gains and
losses across the entire genome, and 40 of 95 (42%) had a
‘‘firestorm’’ pattern of genomic alterations defined by resembling the ‘‘simplex’’ type with at least one localized region of
clustered, relatively narrow peaks of amplification, with each
cluster confined to a single chromosome arm. A statistically
significant correlation between molecular subtype and pattern
of genetic aberrations was observed (Table 2): 72% of basal-like
cancers displayed a ‘‘sawtooth’’ pattern, whereas 88% of HER-2
tumors harbored a ‘‘firestorm’’ pattern. As expected, given the
high histologic grade, the majority of luminal cancers displayed either ‘‘sawtooth’’ (42%) or firestorm (33%) patterns.
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Table 1. Clinicopathologic characteristics of 69 grade 3 tumors used for aCGH analysis with clinical data
available used for aCGH from the University Hospital La Paz series
Basal-like
Samples (n )
Age, median (range)
Lymph node status (% positive)
Stage (pT)
1
2
3
4
Size (mm), median (range)

Luminal

HER-2

14
52.5 (30-70)
42.9

37
55 (31-81)
65.7

18
49.5 (30-80)
44.4

28.6
71.4
0
0
23.5 (17.0-38.0)

45.9
45.9
5.4
2.8
22.0 (12.0-8.00)

44.4
44.4
5.6
5.6
22.5 (15.0-70.0)

NOTE: Clinicopathologic characteristics of grade 3 IDC-NST subjected to aCGH analysis. Note that in 26 cancers no clinical data were available
due to anonymization.

Interestingly, 25% of luminal cancers displayed a ‘‘simplex’’
pattern, characterized by gains of 1q and deletions of 16q,
which are often found in luminal A cancers (6, 7).
Unsupervised hierarchical clustering using AWS-smoothed
data provided additional support for the associations between
basal-like cancers and ‘‘sawtooth’’ genetic profiles and HER-2
phenotype and ‘‘firestorm’’ genetic patterns (Fig. 2A). One
cluster was entirely composed of tumors with a ‘‘sawtooth’’
pattern and significantly enriched for basal-like cancers (P <
0.0001, Fisher’s exact test). A second cluster composed of
tumors predominantly of ‘‘firestorm’’ pattern was significantly
enriched for HER-2 cancers (P < 0.0001, Fisher’s exact test).
The remaining three clusters were predominately populated
by tumors of luminal phenotype (Fig. 2A). It should be noted
that given the lack of publicly available microdissected breast
cancers subjected to tiling path aCGH analysis to cross validate
our findings, this heat map should be perceived as hypothesisgenerating and not as a class discovery exercise.
Progression from grade 1 to 3 IDC-NST cannot be ruled out in
tumors of luminal phenotype. Loss of the whole arm of
chromosome 16q has been shown to be found in >85% of
grade 1 IDC-NST and <20% of their grade 3 counterparts (9 –
11). These data have been interpreted as evidence to suggest
that grade 3 cancers are not the results of progression of grade 1
breast cancers (9 – 12, 29, 30). However, more recent studies
have suggested that this model could be more complex and that
there could be a group of grade 3 breast cancers progressing
through grades, with subsequent accumulation of gains, losses,
and amplifications in the higher-grade lesions (13, 29, 30). In
the present study, loss of the entire chromosome 16q, as
described in low-grade breast cancers, was observed in 30% of
all our grade 3 cancers (Fig. 1A). Interestingly, loss of the whole
arm was more frequently found in grade 3 IDC-NST luminal
cancers than in nonluminal cancers (44% versus 22%; P =
0.0049, Fisher’s exact test, Fig. 2B). Taken together, our results
suggest that progression from low-grade to high-grade IDC-NST cannot be ruled out in 44% of tumors of luminal phenotype, whereas, in basal-like and HER-2-amplified cancers, 16q
deletions are significantly less frequent, suggesting that the
possibility of progression from low-grade to high-grade breast
cancers in these groups is less likely.
Genomic profiles of basal-like tumors. The most prevalent
alterations (>50%) found in basal-like tumors were whole-arm

Clin Cancer Res 2009;15(8) April 15, 2009

gains of 1q, 6p, 8q, and 10p and losses of 1p, 4p, 5q, 8p, 10q,
15q, and Xp (Fig. 1B; Supplementary Table S3). Recurrent highlevel gains/amplifications were found on 1q21, 3q25, 8q24,
12p13, and 19q12 (Fig. 1B and C; Supplementary Table S4).
Using a multi-Fisher’s exact test with P values adjusted for
multiple comparisons (17, 20), we were able to identify the
differences in the genetic profiles between basal-like and nonbasal-like (luminal and HER-2) tumors.
Chromosomal regions differentially associated with basallike phenotype are illustrated in Fig. 2C and summarized in
Table 3 and Supplementary Tables S3 to S7. When compared
with non-basal-like tumors, basal-like cancers were characterized by losses of 2q27.3, 4p16.1, 5q, 7p15, 10q25, 12q, 15q13,
and 16p and gains of 1p12, 2p22, 6p22-p21, 7q11-q23, 9p24p13, 10p15-p11, 10q11, and 12p13 and high-level gains/
amplifications of 1q21.1, 3q25.1-q25.2, 8q24.21-8q24.23,
9p24.2-p22.3, 10p15.3-p15.2, 12p13.33-12p13.31, 12p13.2,
12p13.11, 12p12.1, 12p11.23-p11.22, 12p11.21, 19q12, and
19q13.2.
By comparing each tumor subgroup in a pair-wise fashion,
we found that losses of 15q14-q21 and gains of 10p15 were
preferentially found in basal-like breast cancers when compared
with HER-2 tumors. Compared with luminal cancers, basal-like
breast cancers more frequently harbored losses of 4p16-p15,
5q, 7p15-p12, 10q25, 12q23-q24, and 16p13-p12 and gains of
6p24-q21, 7q31-q33, 9p25-p21, 10p15-p21, 10q11-q21, and
12p13 and high-level gains/amplifications of 1q21.1, 8q24.21q24.23, 10p14, 12p13.31, 12p12.1, 12p11.23-p11.22, and
19q12. Comparing our data with those of recently reported
whole-genome aCGH studies (7, 8), novel high-level gains/
amplifications associated with basal-like phenotype were found
on 3q25.1, 9p24, and 19q13. Moreover, 12p13 amplification,
reported previously to be specifically associated with basal-like
breast cancer of medullary type (31), is also found in grade 3
IDC-NST of basal-like phenotype.
Genomic profiles of luminal tumors. The most prevalent
alterations (>50%) found in luminal tumors were whole-arm
gains of 1q, 8q, and 20q and losses of 1p, 8p, 11q, 16q, and
17p. Recurrent high-level gains/amplifications were found on
1q31.3-q32.3, 8p11.21, 8q21-q24, 11q13-q14, and 17q21-q25
(Fig. 1B and C; Supplementary Table S8).
Compared with nonluminal tumors, luminal cancers were
characterized by gains of 5q, 11q13, 16p12, and 20q and
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amplifications of 1q32.1, 1q32.2, 8p12, 11q13.2, and
11q13.4-q14.1 (Fig. 2B). Compared with basal-like breast
cancers, luminal tumors preferentially harbored gains of
5q11.2-q12.1, 8q24.23-q24.3, 12q21.2, and 20q11.23, losses
of 6q22.33-q24.1, 11q23.1-q23.3, and 11q24.1-q24.2, and
amplification of 11q13.2-q13.3. Compared with HER-2

tumors, luminal cancers were characterized by high-level
gains/amplification of 8p12.
Genomic profiles of HER-2 tumors. HER-2 tumors were
characterized by a high frequency (>50%) of gains of 1q, 8q,
and 17q and losses of 1p, 8p, and 17p and focal loss of 17q22.
Recurrent high-level gains/amplifications were identified on

Fig. 1. Genomic alterations in 95 grade 3 IDC-NST breast cancers. The proportion of tumors in which each clone is altered (green columns, gains or amplifications; red
columns, losses) is plotted (Yaxis) for each BAC clone according to genomic location (X axis).Vertical dotted lines, chromosome centromeres. A, 95 grade 3 IDC-NST (gains,
losses, and amplifications). B, frequency of gains and losses according to the molecular subgroups: basal-like, luminal, and HER-2. C, frequency of amplifications according to
the molecular subgroups: basal-like, luminal, and HER-2.
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Table 2. Correlation between genomic pattern
(21) and molecular phenotype (3) of 95 grade 3
IDC-NST
Genomic pattern

Luminal (%)

Basal (%)

Simplex
25
Complex sawtooth
42
Complex firestorm
33
P = 0.0001 (Fisher’s 3  3

16
72
12
test)

Her2 (%)
0
12
88

7p15, 7p14, 8q21-q24, 11q13.2-q13.3, 14q11.1-q11.2, 14q12q13.1, and 14q23.2-q23.3 and multiple loci on 17q, 19q13.41,
21q22.3, and 22q11 (Fig. 1B and C; Supplementary Table S9).
All cases classified as HER-2 cancers were shown to harbor
HER-2 gene amplification at 17q12 by aCGH, which was
confirmed by CISH (Supplementary Table S1).
Compared with non-HER-2 tumors, HER-2 cancers were
found to harbor gains of 17q11.2, 17q12-q21.2, and 17q21.32q21.33, losses of 17q22, and amplifications of 14q12-q13.1,
14q23.1-q23.3, 17q12, 17q21.32-q22, 17q23.1-q23.2, and
17q23.2 (Fig. 2D). Compared with basal-like tumors, HER-2
cancers had differential gains of 17q, loss of 9p21.3, and
amplification of 17q12-q21.2 and 17q23.2. HER-2 tumors
more frequently displayed gains of 17q11-q12 and 17q21, loss
of 17q22, and amplifications of 17q12-q21.2, 17q21.32q21.33, and 17q23.2 when directly compared with luminal
tumors. Novel amplifications associated with HER-2 phenotype
were found on 14q12-q13.1, 14q23.2-q23.3, 17q21.32-q22,
and 17q23.1-q23.2 (Supplementary Table S6 and S7).
17q23.2 is frequently amplified in HER-2 and luminal
cancers. By performing a Fisher’s test between the phenotypic
groups as defined by the criteria of Nielsen et al. (3), we
identified amplification of 17q23.2 as significantly associated
with tumors of HER-2 and luminal phenotype (inversely
associated with basal-like phenotype). This amplification maps
to 55.503 to 57.374 kb and was found in 8% (8 of 95) of grade
3 IDC-NST: 7% of luminal, 20% of HER-2, and 0% of basal-like
cancers (P = 0.033, m2 test; Fig. 3A). This region encompasses
several known genes: TBX2, TBX4, CA4, C17orf64, APPBP2,
INTS2, LOC388407, USP32, BRIP1, PPM1D, NACA2, and
BCAS3. Analysis of publicly available data retrieved from Neve
et al. (16) and Adelaide et al. (8) showed that of all genes
mapping to the smallest region of amplification for which
expression data were available, the only genes whose expression
was significantly correlated with gene amplification were
PPM1D, BCAS3, USP32, and BRIP1. No correlations between
17q23.2 amplification gene amplification and p53 immunohistochemical expression were found (P > 0.1, Fisher’s exact
test; Supplementary Table S1).
Previous studies have suggested that the likeliest oncogenes
driving this amplicon would be RPS6KB1, TBX2, and PPM1D
(32). Here, we show that RPS6KB1 does not map to the
smallest region of overlap of 17q23.2 amplicon. Furthermore,
TBX2 expression levels failed to correlate with gene amplification in two independent data sets (7, 8, 16). On the
other hand, PPM1D has been shown to have oncogenic
properties (32 – 34), has expression levels that correlate with
gene copy number, and localizes to the smallest region of
amplification.

Clin Cancer Res 2009;15(8) April 15, 2009

Quantitative real-time PCR done with RNA extracted from
microdissected primary tumor samples from our series
(Fig. 3B) revealed a significant correlation between high
levels of PPM1D expression and amplification at 17q23.2
(P = 0.0002, Mann-Whitney U test). PPM1D expression was
significantly lower in basal-like cancers when compared with
luminal and HER-2 cancers (P = 0.0175, two-tailed unpaired
t test, heteroscedastic; Supplementary Table S1). No correlations between PPM1D mRNA expression and p53 immunohistochemical expression were found in primary breast cancers
(P > 0.1, two-tailed unpaired t test, heteroscedastic; Supplementary Table S1).
PPM1D is one of the amplicon drivers of 17q23.2 and a
putative therapeutic target for a subgroup of luminal and HER-2
cancers. Given that 17q23.2 was one of the most commonly
amplified regions in HER-2-positive cancers (20%) and also
found in luminal tumors (8%) and the fact that PPM1D has
been shown to have oncogenic properties (33, 34) and to be
a protein amenable to targeting with small-molecule inhibitors (24), we investigated whether PPM1D would be one of
the drivers of the 17q23.2 amplicon. PPM1D encodes a
serine/threonine phosphatase and has been described previously as an oncogene and potential therapeutic target (24).
Given the expression of PPM1D in primary breast cancers
harboring the 17q23.2 amplification (Fig. 3B), we tested
whether PPM1D would be consistently overexpressed when
amplified in 11 breast cancer cell lines (Figs. 3C and D and
4A). Quantitative real-time PCR analysis of these cell lines
showed a strong correlation between PPM1D gene amplification and PPM1D mRNA levels (P = 0.002, Mann-Whitney
U test; Fig. 4A). In fact, the lowest levels of PPM1D
expression in PPM1D-amplified cell lines (from BT474 cells)
were two times higher than the highest levels of PPM1D
mRNA in cells not harboring this amplification (ZR-75.1;
Fig. 4A). In addition, cell lines harboring PPM1D amplification expressed significantly higher levels of PPM1D protein
as defined by densitometric analysis of Western blots
(P < 0.004, Mann-Whitney U test; Fig. 4B; Supplementary
Fig. S3).
We next interrogated whether PPM1D expression is required
for tumor cell viability in cells harboring amplification of
this gene. Cell lines were initially assessed for expression of
PPM1D, HER-2, p53, and p38 proteins by Western blotting
(Fig. 4B). Then, we silenced PPM1D in in vitro models of
HER-2 (BT474 and ZR-75.30) and luminal (MCF-7, KPL-1,
and MCF-3B) tumors harboring the 17q23.2 amplification
(35) by transfection of a previously validated short hairpin
RNA-expressing plasmid (24). PPM1D silencing resulted in
significantly greater loss of viability in PPM1D-amplified and
overexpressing cells (BT474, MCF-7, KPL-1, MCF-3B, and
ZR-75.30) when compared with cells harboring normal copy
numbers of PPM1D (MDA-MB-231, MDA-MB-361, T47D,
CAMA1, ZR-75.1, and HeLa; Fig. 4C). We next tested whether
PPM1D phosphatase activity would be required for the
survival of cells harboring PPM1D amplification by treating
these cells and nonamplified cell lines with the PPM1D
inhibitor CCT007093 (Fig. 4D; ref. 24). PPM1D-amplified cell
lines (BT474, MCF-7, KPL-1, MCF-3B, and ZR-75.30) displayed a significantly increased sensitivity to CCT007093
compared with cells harboring normal copy numbers of
PPM1D (MDA-MB-231, MDA-MB-361, T47D, CAMA1,
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ZR-75.1, and HeLa). These results provide strong circumstantial evidence to suggest that PPM1D is one of the drivers of the
17q23.2 amplicon and may constitute a therapeutic target for
breast cancers of luminal and HER-2 phenotype harboring this
amplification.

Discussion
Here, we employed tiling path BAC arrays to characterize the
genetic profiles of grade 3 IDC-NST. Although more recent
technologies, such as oligonucleotide arrays and molecular

Fig. 2. Unsupervised and supervised
analysis of copy number aberrations in
relation to breast cancer molecular
subgroups. A, heat map of aCGH data for
grade 3 IDC-NST. Rows, AWS-smoothed
data as gains (blue), losses (red), or no
change (white) for each BAC clone in
genome order. Note the presence of a
cluster significantly enriched for tumors of
basal-like phenotype and ‘‘sawtooth’’
genetic profiles (CL1) and another
significantly enriched for tumors of HER-2
phenotype and ‘‘firestorm’’genetic profile
(CL2). B, multi-Fisher’s comparison
between luminal and nonluminal grade 3
IDC-NST. C, multi-Fisher’s comparison
between basal-like and non-basal-like grade
3 IDC-NST. D, multi-Fisher’s comparison
between HER-2 and non-HER-2 grade 3
IDC-NST. B to D, multi-Fisher’s exact tests
are carried out on the segmented values for
each clone, and those with a permutation
corrected P < 0.05 are plotted (inverse log
P value; Yaxis) according to genomic
location (X axis). Bottom, clones with a
significant nonadjusted P < 0.05 (Yaxis)
before correction for multiple testing plotted
according to the genomic position (X axis).
Negative values, P values associated with
loss of a region. For adjusted P values, see
SupplementaryTable S3.
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Table 3. Regions of amplification associated with tumor phenotype
Basal
Chromosome
1
1
1
3
3
3
6
6
8
8
9
9
10
10
11
11
12
12
12
12
12
12
12
12
12
17
19
19
19

Start (Mb)
142.8
143.9
146.33
152.71
170.14
170.66
44.01
44.12
128.34
131.21
4.12
6.84
0.17
1.47
68.77
69.34
1.72
2.98
4.47
9.14
11.69
13.45
21.89
26.33
30.97
34.78
33.86
34.64
45.12

End (Mb)
143.33
144.96
147.04
154.22
170.84
170.31
44.17
44.22
128.89
137.02
5.34
15.06
0.91
3.34
69.3
70.01
2.52
3.79
6.1
9.28
12.26
13.75
25.69
28.29
31.38
35.52
34.13
34.91
45.53

Cytoband
q21.1
q21.1
q21.1
q25.1-q25.2
q26.2
q26.2
p21.1
p21.1
q24.21
q24.21-q24.23
p24.2-p24.1
p24.1-p22.3
p15.3
p15.3-p15.2
q13.2-q13.3
q13.3
p13.33
p13.33-p13.32
p13.32-p13.31
p13.31
p13.2
p13.1
p12.1
p11.23-p11.22
p11.21
q12-q21.1
q12
q12
q13.2

Basal (%)

Non-basal (%)

Adjusted
Fisher’s P

20
20
20
12
12
12
16
12
50
36
12
12
12
12
0
0
12
12
12
16
12
12
16
16
12
0
12
16
12

3
1
3
0
0
0
14
0
21
11
0
0
0
0
20
20
0
0
0
0
0
0
1
1
0
36
0
1
0

0.02
0.01
0.02
0.03
0.03
0.03
0.03
0.03
0.02
0.02
0.03
0.03
0.03
0.03
0.02
0.03
0.03
0.01
0.03
0.01
0.03
0.03
<0.0272
<0.0277
0.03
<0.0157
0.03
0.03
0.03

Luminal (%)

Nonluminal (%)

11
11
15
20
24
16
16
22
18
15
20
28

0
0
0
4
6
2
4
4
2
0
2
0

HER-2 (%)

Non-HER-2 (%)

12
12
12
100
13
20
20
20

0
0
0
0
0
3
4
4

Luminal
Chromosome
1
1
1
1
8
8
10
11
11
11
12
17

Start (Mb)
199.22
200.7
202.28
207.55
37.56
37.92
8.12
69.69
69.98
74.18
27.93
45.02

End (Mb)
199.76
201.43
203.58
208.1
37.71
38.19
8.86
69.9
70.2
77.29
28.2
46.38

Cytoband
q32.1
q32.1
q32.1
q32.2
p12
p12
p14
q13.3
q13.4
q13.4-q14.1
p11.22
q21.33

Adjusted
Fisher’s P
0.04
0.04
<0.0355
0.04
0.03
0.04
0.05
0.02
0.02
<0.0418
0.05
<0.0465

HER-2
Chromosome
14
14
14
17
17
17
17
17

Start (Mb)
29.03
31.2
64
35.5
42.83
44
55.5
59.2

End (Mb)
30.48
32.09
64.42
35.89
43.79
47.68
57.37
59.5

Cytoband
q12
q12-q13.1
q23.2-q23.3
q21.1-q21.2
q21.32
q21.32-q22
q23.1-q23.2
q23.3

Adjusted
Fisher’s P
0.03
0.03
0.03
<0.0001
<0.0272
<0.0272
<0.0464
0.05

NOTE: Regions of amplification associated with molecular subtype in a series of 95 grade 3 IDC-NST. Summary of the regions of chromosomal
high-level gains/amplifications significantly associated with basal-like, luminal, and HER-2 tumors. Genes mapping to these regions are
summarized in Supplementary Table S6. Percentages are frequency of alterations.
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inversion probe arrays, are better suited for the identification
of small alterations (e.g., microdeletions) and have a higher
theoretical resolution, tiling path BAC arrays represent a robust
and sensitive platform for the detection of recurrent gains,
losses, and amplifications (refs. 18, 19 and references therein).
Using this method, we show that the molecular phenotype
of grade 3 IDC-NST correlates with the genomic pattern and
the type of genetic aberration. In fact, HER-2 cancers more
frequently harbored a ‘‘firestorm’’/amplifier pattern and basallike cancers more often showed a complex ‘‘sawtooth’’ pattern.
It is possible that these differences reflect the type of genomic
instability or the type of DNA repair dysfunction associated

with each phenotypic group and also the distinct mechanisms
of evolution and progression of these tumors. In fact, the
molecular genetic characteristics of basal-like cancers identified
in this study are remarkably similar to those described for
tumors arising in BRCA1 mutation carriers, gains of 3q, 10p,
and 12p and losses of 4q, 5p, and 5q (36). Interestingly, we
(37) and others (38) have recently shown that sporadic basallike cancers and BRCA1 cancers have striking similarities in
terms of their morphologic, immunohistochemical, and transcriptomic features and that sporadic basal-like cancers may
have a dysfunctional BRCA1 pathway (37). Taken together,
these data suggest that the type of genomic instability found

Fig. 3. 17q23.2 amplification in primary breast cancers and breast cancer cell lines. A, representative chromosome 17 plots of primary grade 3 IDC-NST with 17q23.2
amplification. log2 ratios are plotted (X axis) against each clone according to genomic location (Yaxis). Horizontal dotted line, centromere. AWS-smoothed ratios are
co-plotted (blue). Gray box, common region of amplification at 17q23.2. B, quantitative real-time PCR of PPM1D in 55 microdissected primary tumor samples, showing
significant association of PPM1D mRNA overexpression and gene amplification. C, representative chromosome 17 plots of breast cancer cell lines harboring 17q23.2
amplification. log2 ratios are plotted (X axis) against each clone according to genomic location (Yaxis). Horizontal dotted line, centromere. AWS-smoothed ratios are
co-plotted (blue). Gray box, common region of amplification at 17q23.2. D, representative chromosome 17 plots of breast cancer cell lines lacking 17q23.2 amplification.
log2 ratios are plotted (X axis) against each clone according to genomic location (Yaxis). Horizontal dotted line, centromere. AWS-smoothed ratios are co-plotted (blue).
Gray box, absence of 17q23.2 amplification.
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Fig. 4. PPM1D expression is required for the survival of breast cancer cells harboring 17q23.2 amplification and PPM1D overexpression. A, quantitative real-time PCR of
PPM1D in 11breast cancer cell lines showing a significant association between PPM1D mRNA overexpression and gene amplification. B, PPM1D, HER-2, p53, p38, and
h-tubulin (loading control) expression of breast cancer cell lines byWestern blot analysis. HeLa (control, PPM1D not amplified), MDA-MB-361 (HER-2 amplified, PPM1D not
amplified), ZR-75.1 (luminal, PPM1D not amplified), CAMA1 (luminal, PPM1D not amplified),T47D (luminal, PPM1D not amplified), MDA-MB-231 (basal-like, PPM1D not
amplified), MCF-7 (luminal, PPM1D amplified), KPL-1 (luminal, PPM1D amplified), MCF-3B (luminal, PPM1D amplified), BT474 (HER-2 amplified, PPM1D amplified), and
ZR-75.30 (HER-2 amplified, PPM1D amplified). C, cell survival in breast cancer cell lines after short hairpin RNA-mediated silencing of PPM1D expression using a previously
validated pSUPER-PPM1D (24). Cells were transfected with either pSUPER-PPM1D or pSUPER-control and also a plasmid encoding blasticidin resistance. Blasticidin selection
was initiated 48 h post-transfection and replenished every 3 days. After 14 days, viable cells were quantified using the sulforhodamine B colorimetric assay for cytotoxicity.
Survival fraction is relative to the pSUPER-control. D, PPM1D inhibitor (CCT007093) 14-day sulforhodamine B colorimetric assay for cytotoxicity of 11breast cancer cell lines
with SF50 inhibitor concentrations (right). Cells harboring PPM1D gene amplification and mRNA overexpression (red curves) showed significantly increased sensitivity to
CT007093 compared with cell lines lacking PPM1D gene amplification and overexpression (black curves).

in sporadic basal-like cancers may be similar to that observed
in BRCA1 cancers and that these cancers may progress through
similar genetic pathways. However, the pattern, type, and
complexity of genetic changes are not only different between
distinct molecular subgroups of breast cancer but also that
within each group there is a significant degree of heterogeneity
at the genetic level. For instance, luminal cancers were a mixture
of ‘‘simplex,’’ complex amplifier, and ‘‘sawtooth.’’ It should
be noted, however, that several recurrent genomic aberrations
(loss of 8p, 11q, and 17p and gain of 3q, 5p, and 8q)
were found in grade 3 IDC-NST regardless of the tumor
phenotype. These regions, which have been shown to be rarely
altered in grade 1 IDC-NST (10, 11), may be associated with
the development of grade 3 breast cancers regardless of
phenotype.

Clin Cancer Res 2009;15(8) April 15, 2009

There has been controversy whether progression from grade
1 to 3 occurs in IDC-NST. Loss of the whole 16q arm has
been shown to be preferentially found in grade 1 breast
cancer (60-85% of cases versus 20-30% in grade 3 tumors;
refs. 9 – 12) and has led to the hypothesis that progression
from grade 1 to 3 cancers is an unlikely biological
phenomenon. More recent studies have suggested, however,
that a substantial proportion of grade 3 IDC-NST may stem
from grade 1 breast cancers due to the accumulation of
additional genetic changes (29, 30). In the present study, we
observed a relatively low prevalence of 16q losses across all
grade 3 IDC-NST, but 16q whole-arm loss was significantly
more prevalent in grade 3 luminal (44%) when compared
with nonluminal (22%) cancers (P = 0.00494, Fisher’s exact
test). Based on these findings, we cannot rule out progression
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from low-grade to high-grade IDC-NST, particularly in those
of luminal phenotype.
Amplification of 17q23.2, including PPM1D, was found in
20% of HER-2 cancers and 8% of luminal tumors. Here, we
show that PPM1D (WIP1) is consistently overexpressed when
amplified in grade 3 IDC-NST. PPM1D encodes a member of
the PPM serine/threonine phosphatase family, which has been
shown to have oncogenic properties (24). PPM1D activation
results in a negative regulation of p53 function and other tumor
suppressor pathways most likely by selective inactivation of p38
kinase (39, 40). Furthermore, PPM1D also participates in the
regulation of DNA repair via an interaction with UNG
glycosylase (41), progesterone receptor function (42), and the
regulation of CHK1, CHK2, and ATM kinases, which control
DNA repair and cell cycle (43 – 47). PPM1D overexpression has
been shown to recapitulate the antiapoptotic effects of TP53
inactivating mutation in vitro and increases tumorigenicity in
murine models in vivo (33, 34). Recent studies have shown that
inactivation of p38 due to PPM1D gene amplification and
expression contributes to the development of human cancers
by suppressing p53 activation (34). As PPM1D mRNA
expression levels were significantly higher in primary IDCNST and breast cancer cell lines harboring PPM1D gene
amplification, and this gene has been shown to be a candidate
oncogene, we investigated whether the survival of luminal and
HER-2-amplified cell line models harboring 17q23.2 gene
amplification would be dependent on PPM1D signalling. We
showed here that PPM1D silencing by a previously validated
short hairpin RNA construct and the small-molecule inhibitor
CCT007093 (24) is selectively lethal to cells harboring PPM1D
amplification, indicating that the survival of cancer cells
harboring 17q23.2 amplification is dependent on PPM1D
expression and phosphatase activity. In contrast with previous
reports (35, 48), however, our study suggests that PPM1D
expression may be required for the survival of PPM1Damplified cancer cells regardless of TP53 status, given that
BT474 cells harbor a TP53 gene mutation (codon 285 G-to-A,
Glu-to-Lys; ref. 49). This discrepancy may be explained by the
fact that we used a long-term (14-day) cell viability assay rather
than a short-term (5-day) assay described in previous reports
(35, 48). Of interest, 37.5% of PPM1D-amplified primary
tumors were positive for p53 expression by immunohistochemistry, which may suggest the presence of inactivating TP53
mutations. Our findings suggest that PPM1D is one of the
drivers of the 17q23.2 amplicon and that PPM1D is a possible

therapeutic target for the subgroup of PPM1D-amplified
luminal and HER-2 cancers.
Taken together, our results suggest that PPM1D gene
amplification, like HER-2 gene amplification, may constitute
a predictive marker for future clinical and preclinical studies
testing the efficacy of PPM1D inhibitors. Indeed, from a
clinical perspective, apart from its prognostic value, which is
often equivocal, the most important characteristic of any
therapeutic target should be its value as a predictive marker
for a specific therapy. For example, although the prognostic
significance of EGFR amplification in non-small lung cell
carcinoma remains controversial, its presence has nonetheless
been significantly associated with improved disease control
and survival outcome in patients with non-small lung cell
carcinoma following combined treatment with the antiepidermal growth factor receptor monoclonal antibody
cetuximab and chemotherapy (50).
In conclusion, grade 3 IDC-NST constitute a heterogeneous
group of tumors at the genetic level. Basal-like and HER-2
tumors, as defined by a classification system applicable to
archival formalin-fixed material (3), preferentially display
‘‘sawtooth’’ and ‘‘firestorm’’ genetic patterns, respectively, and
infrequently harbor 16q deletions, suggesting that the majority
of these tumors are unlikely to evolve from grade 1 breast
cancers. On the other hand, based on our data, we cannot rule
out progression from grade 1 to 3 breast cancers in 20 of 45
(44%) of tumors of luminal phenotype. Amplification and
overexpression of the PPM1D gene was found to be associated
with luminal and HER-2 cancers. In vitro analysis suggests that
PPM1D expression and phosphatase activity are required for the
survival of breast cancer cells harboring amplification of
17q23.2. Hence, PPM1D may constitute a therapeutic target
for luminal and HER-2 cancers harboring amplification of this
gene. Our findings warrant further studies to define the
functional significance of amplicons identified in this study in
the respective molecular subtypes of breast cancer to which they
pertain. Moreover, our results highlight the possibility of
enriching the therapeutic armamentarium for the management
of breast cancer patients by extending the functional classification of high-grade breast cancer beyond estrogen receptor and
HER-2 status.
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