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Abstract
Resistance to the HER-2 targeting drug trastuzumab is observed clinically, but the lack
of suitable experimental models hampers studies of resistance mechanisms. We characterized
a HER-2 positive carcinoma cell line (JIMT-1) derived from a 62-year-old breast cancer
patient, clinically resistant to trastuzumab. m-FISH revealed a complex hyperdiploid
karyotype with numerous marker chromosomes and unbalanced translocations. CGH revealed
numerous regions of copy number aberration (CNA). Further analysis by a-CGH identified 27
regions of CNA (16 amplified, 11 deleted). 38% of the genes in the amplified regions were
overexpressed, compared to only 9% in regions of normal copy number ratios (CNR).
Accordingly, 26% of the genes in the deleted regions were underexpressed, compared to 10%
in regions of normal CNR. Most amplified and overexpressed genes were located on
chromosome 1 as well as on 8q, 12q14.1, 17q11-q21, and 20q13. In 17q11-q21 we identified
two separate amplicons, the HER-2 amplicon, and a previously unreported amplicon at
17q21.31. Several aberrant genes are implicated in cancer development (e.g. JUN, CDK4 and
SLUG protooncogenes, and the drug/hormone metabolizing genes GSTM1 and CYP24). We
conclude that cytogenetic and expression profiling of JIMT-1 revealed several new features
that needs further characterization, which may shed light on the trastuzumab resistance.
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Introduction
Breast cancer arises due to a series of recurrent alterations in the genome of the
normal epithelial cell. The importance of these gene and chromosome alterations in the
development and progression of solid tumors have been extensively characterized in the
literature. For example, amplification of the HER-2 oncogene and overexpression of its
concomitant protein is associated with an increased risk of relapse and death. According to
some studies it is also associated with an altered response to hormonal and cytotoxic therapies
[1]. The HER-2 oncogene is amplified and overexpressed in ~20% of all human breast
cancers [1]. The gene encodes a 185-kD transmembrane tyrosine kinase receptor. The finding
that monoclonal antibodies against this receptor can inhibit growth in cancer cells that
overexpress the HER-2 receptor on the cell surface is considered a major discovery in breast
cancer therapy [2]. This led to the development of a humanized monoclonal HER-2 antibody,
trastuzumab, which has a profound growth-inhibitory effect in metastatic breast cancer [3, 4].
Trastuzumab (Herceptin®) is currently used widely as treatment for metastatic breast cancer.
It is effective alone, and especially in combination with taxanes or vinorelbine, in 60-80% of
HER-2 positive tumors [5]. However, for the remaining patients Herceptin® has no beneficial
effect, even though the HER-2 gene is amplified and the protein is overexpressed, in the
primary tumor as well as in the metastasis [6]. The development of primary resistance to
trastuzumab must therefore be influenced by other, currently unknown factors. Identification
of molecular markers of potential resistance mechanisms could be useful to distinguish
potentially non-responding patients even before the start of Herceptin® treatment. New drugs
that might be given alone or in combination with trastuzumab in order to circumvent the
resistance, may potentially be developed based on the knowledge of such resistance
mechanisms.
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At present, the lack of suitable experimental model systems, impede studies of
trastuzumab resistance. Here we characterize a novel cell line derived from a breast cancer
patient with a Herceptin® resistant tumor by multicolor fluorescent in situ hybridization (mFISH), comparative genomic hybridization (CGH), microarray based CGH (a-CGH), and
gene expression pattern by c-DNA microarray.
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Materials and Methods

The JIMT-1 cell line and xenograft
The clinical history of the patient from which the cell line and xenografts were derived has
been described elsewhere [7]. Briefly, a 62 year old woman, initially diagnosed with a grade
III invasive ductal breast cancer (stage T2N1M0) underwent surgery with radical mastectomy
and axillary lymph node evacuation. Metastases were found in 1 of 12 lymph nodes
examined. The patient was recruited to a randomized adjuvant trastuzumab therapy trial,
where she received a combination of trastuzumab (4mg/kg initiation dose, continued with
2mg/kg) and vinorelbine (25mg/m2), followed by three courses of standard dose CEF
(cyclophosphamide 600mg/m2, epirubicin 60mg/m2, 5-fluorouracil 600mg/m2, three weekly
i.v.) and post-operative radiation therapy (50Gy). Only two weeks after the completion of
radio therapy the patient presented an ipsilateral pleural effusion containing carcinoma cells.
The disease progressed although therapy for distant metastatic disease was initiated, and a
palliative pleural puncture was clinically necessary. The material for cell culture was obtained
from this second aspirate. The patient died twelve weeks after first diagnosis of distant
metastasis. Approval to use cancer cells for culture and experimental studies was obtained
from the patient and the local ethical committee prior to the study. The resulting cell line,
designated JIMT-1, showed continuous growth, and can recover from cryopreservation (FBS
90%/DMSO 10%). In order to test xenograft tumor formation, approximately 3-5 million
trypsinized JIMT-1 cells in PBS were injected subcutaneously into nude mice.
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Genetic and phenotypic characterization
The primary breast tumor from the patient and formalin-fixed paraffin-embedded JIMT-1
xenografts has been studied by immunohistochemistry (IHC) for estrogen receptor (ER),
progesterone receptor (PgR), HER-2, Ki67, pan-cytokeratin, and TP53 previously [7].
Fluorescence and chromogenic in situ hybridization (FISH and CISH, respectively) were
carried out to study the amplification of known breast cancer oncogenes. The hybridization
protocols and the digoxigenin-labeled genomic BAC and PAC probes for HER-2, EGFR,
TOPOIIα, c-MYC, CCND1, and 20q13 have been characterized in our previous studies [6, 8,
9]. Denaturating high performance liquid chromatography (DHPLC) was carried out to detect
mutations in the p53 gene (exons 5-9) as described elsewhere [10]. DNA flow cytometry was
carried out according to an established protocol [11].

Cytogenetic analyses
The JIMT-1 cells were harvested (trypsinized) after exposure to colcemid for 4 hours,
followed by a hypotonic shock in 0.05M KCl, and fixation in methanol/acetic acid. m-FISH
was carried out according to the manufacturer’s instructions (X-Cyte kit, MetaSystems Gmbh,
Altlusheim, Germany) [12]. CGH was performed as previously described [12-14]. DNA
genotyping analysis to confirm the identity of JIMT-1 cells was based on the PowerPlex 1.2
genotyping kit (Promega, Madison, WI, USA).

Preparation and printing of cDNA microarrays.
Arrays containing 27,498 human cDNA probes were produced by the SWEGENE DNA
microarray resource center, Department of Oncology, Lund University, SwedenI. Out of these
probes 17,517 represent unique UniGene clusters according to UniGene Build 160. Printed
probes were prepared from human cDNA clones (Research Genetics, Huntsville, AL, USA)
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by vector-specific PCR amplification. All PCR products were verified by agarose gel
electrophoresis and purified by size-exclusion filtration. After purification, PCR products
were recovered in water, adjusted to 50% DMSO, and printed on amino-silane-coated glass
slides (UltraGAPS; Corning, Acton, MA, USA) using a MicroGrid2 robot (BioRobotics,
Cambridgeshire, UK) equipped with MicroSpot2500 pins (BioRobotics).

Copy number and expression analysis on cDNA microarrays
For CGH experiments on c-DNA arrays, 6µg of genomic DNA from the JIMT-1 cell line,
xenograft, and normal control was labeled with Cy3-dUTP or Cy5-dUTP by random priming
at 37ºC overnight. Labeled DNAs were purified using the CyScribe GFX Purification Kit
(Amersham Biosciences, Buckinghamshire, UK) according to the manufacturer’s instructions.
Test and reference DNAs were, along with Cot-1 DNA, yeast t-RNA, poly dA and poly dT,
hybridized in 40 µl of Universal Hybridization Solution (Corning) onto the arrays in a CMTHybridization Chamber (Corning) and submerged in a water bath at 42°C for 72 h.
Pre-hybridization treatment of arrays and hybridization were performed according to
instructions provided with the Universal Microarray Hybridization Kit (Corning). Arrays were
then washed according to Pronto!™ Microarray Reagent Systems (Corning). Each a-CGH
experiment was verified using dye-swap hybridizations.
For the gene expression analysis, a standard reference RNA (Universal Human Reference
RNA; Stratagene, La Jolla, CA, USA) was used. A second gene expression analysis was
carried out using RNA from a pool of HER-2 amplified but trastuzumab-sensitive breast
cancer cell lines (CAMA-1,

MDA-361, SK-BR-3, EFM-192, UACC-893, UACC-812,

MDA-453, ZR-75-30, and BT-474; grown under conditions recommended for each line).
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From each cell line and reference, 20µg of total RNA was indirectly labeled
with Cy5-dUTP and Cy3-dUTP respectively, (Amersham Biosciences), and then hybridized
overnight onto the array as otherwise described above.

cDNA microarray data acquisition
For a-CGH as well as for expression analysis, a confocal laser scanner (Agilent technologies,
Palo Alto, CA, USA) was used to measure captured fluorescence intensities on the arrays
after hybridization. Image analysis was performed with Gene Pix Pro 4.0 (Axon Instruments,
Wheatherford, TX, USA), and the quantified data matrix was loaded into Bio Array Software
Environment BASEII [15]. Background corrections of Cy3 and Cy5 intensities were
calculated using the median feature and median local background intensities provided in the
quantified data matrix. Within arrays, intensity ratios for individual probes were calculated as
background corrected intensity of test sample divided by background corrected intensity of
reference sample. Probes with a signal-to-noise ratio (SNR) < 2 in either of the two channels,
or with a spot diameter < 40 nm were excluded from further analysis and regarded as missing
values. Arrays were normalized using a BASE implementation of the pin-based LOWESS
algorithm [16, 17]. The mean value from the two corresponding dye-swap experiments was
used for further analysis. Mapping information regarding clone locations and cytogenetic
banding were retrieved from the UCSC genome browserIII (July 2003 freeze) and UniGene
build 160 at NCBIIV.

Identification of regions of amplification or deletion
Regions of amplifications and deletions in the a-CGH data were defined as a ratio >2.0 or
<0.5, respectively, in at least three adjacent c-DNA clones. Amplified regions were then
extended to include neighboring genes with a ratio >1.5 [18]. With technical flaws in
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consideration we also extended the regions, allowing one or two genes with a ratio below 1.5
if the next gene had a ratio >1.5, or not more than three genes below 1.5 if the next gene had a
ratio >2.0. In the same way we extended deleted regions to include neighboring genes with a
ratio <0.67 (1/1.5), allowing not more than two genes with a ratio above 0.67 if the next gene
had a ratio <0.67, or not more than three genes above 0.67 if the next gene had a ratio <0.5.

Establishment of statistical correlation between a-CGH and expression analysis
We employed a leave-one-out method based on Spearman correlation, to produce a list of
genes contributing the most to the correlation between a-CGH and expression ratios. For each
of the genes we calculated the difference between the Spearman correlation coefficient with
and without the gene, sorted the differences, and excluded the one contributing most to the
positive correlation. The excluded gene was ranked as number one. By repeating this
procedure for the remaining set of genes we found the second one on the list, etc.
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Results

JIMT-1 cells grow as an adherent monolayer to confluence in 7-10 days and have the
appearance of medium-sized epitheloid cells with variable nuclear size. The cells can recover
from cryopreservation and reach the original growth rate in 2 weeks. Injection of JIMT-1 cells
subcutaneously into nu/nmri nude mice lead to formation of xenograft tumors in ~90% of the
animals tested. Histopathologically the xenograft tumors represent a high-grade
adenocarcinoma. The PowerPlex genotype of JIMT-1 cells (Amelogenin: X; CS1P0: 12,13;
D13S317: 8,13; D16S539: 11; D5S818: 12,13,14; D7S820: 12; TH01: 7, TPOX: 8; vWA: 18)
matched with that obtained from the primary tumor tissue of the patient, and showed no
resemblance with any of the cell lines reported in the ATCC cell line databaseV.

Genetic and phenotypic characterization
In order to reveal the susceptibility to trastuzumab therapy, the primary tumor of the patient
was screened for amplification of the HER-2 gene and overexpression of its concomitant
protein by CISH and IHC, respectively. The tumor displayed a 3+ overexpression by IHC,
and was shown to be amplified by CISH. Gene amplification (approximately 20-30
copies/cell) was found by FISH in the pleural metastatic cells and in the JIMT-1 cells after 10
passages. Gene amplification of HER-2 was found also in the xenograft tumors by CISH [7].
IHC of the primary breast tumor and a JIMT-1 xenograft showed no staining for
ER and PgR, but strong immunopositivity for p53. Abundant Ki-67 labeling evidenced a high
cell proliferation rate. The epithelial origin of the JIMT-1 cells was confirmed by a strongly
positive pan-cytokeratin immunostaining.
FISH analysis of genes commonly amplified in breast cancer (other than HER-2)
revealed amplification of 20q13, whereas no amplification was found in EGFR, TOPOIIα, c-
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MYC, and CCND1. A point mutation was found in the p53 gene (exon 7) by DHPLC analysis.
The results are summarized in Table 1.

Cytogenetic characterization by m-FISH and CGH.
Cytogenetic analysis with m-FISH revealed a complex hyperdiploid karyotype with numerous
chromosome aberrations. On average, there were 52-57 chromosomes, which is in line with
the DNA flow cytometry DNA-index of 1.35. Several complex translocations occurred,
implicating chromosomes 1, 8, 12, and 17 as being frequently involved in genetic
recombination (Fig. 1; Table 2).
Chromosomal CGH of the JIMT-1 cell line and xenograft revealed copy number
gains at 1p31-p32, 1q23-q25, 1q41-q42, 5p11-p13, 6p, 8q, 9q22-qter, 11p11-p15.2, 12q13q14, 17q12-q22, 18p11.21-pter, 20q, and losses at 1p11-p13, 4p11-p15.3, 4q33-qter, 5q14,
7q21-q32, 9p13-pter, 18q, and Xp (Table 3). The CGH findings matched well with those
observed in the untreated primary tumor of the patient. The copy number imbalances were the
same, except for the losses at 7q and Xp, which were not found in the primary tumor.

Cytogenetic characterization by a-CGH
The correlation between JIMT-1 cell line and xenograft a-CGH was very high (data not
shown). a-CGH mapping identified 16 independent amplification sites, and 11 independent
sites of deletion, which are all listed in Table 3. Amplicons ranged in size from 0.52Mb up to
28.8Mb, and deleted regions ranged from 1.92Mb up to 48.51Mb. Several previously
undescribed patterns of copy number aberrations (CNAs) were detected, including five
individual amplicons and one deletion on chromosome 1, amplifications on 12q14.1 and
17q21.31, the latter being located at 3.5Mb distance from the HER-2 region.
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Comparison of chromosomal CGH and a-CGH
The concordance between CGH and a-CGH was generally very high. As expected, several
large amplifications found by chromosomal CGH was explained by, often more than one,
narrow, but high-level amplification found by a-CGH. In particular the aberrations on
chromosomes 1, 8, 11, 12, and 17 revealed more detailed aberration patterns by a-CGH (Fig.
2; Table 3).

Correlation between a-CGH copy number aberrations and gene expression
When comparing the gene expression analysis data to that of a-CGH, a clear correlation
between CNAs and the level of gene expression was found. A large fraction (38%) of the
genes in the amplified regions were also overexpressed (i.e. belonged to the upper 10% of
expression ratios), compared to only 9% in regions of normal copy number ratios (p<<0.001).
Accordingly, 26% of the deleted regions were also underexpressed (i.e. belonged to the lower
10% expression ratios), compared to 10% in regions of normal copy number ratios
(p<<0.001). Expression ratios for chromosomes 1, 8, 11, 12, and 20, correlating to CGH and
a-CGH data, are shown in Fig. 2, and the expression ratio of chromosome 17 in correlation to
CGH and a-CGH data is shown in Fig. 3. A second gene expression hybridization using RNA
from a pool of HER-2 amplified, but trastuzumab sensitive, breast cancer cell lines revealed
that the genes from the amplicon at 17q21.31 are overexpressed in JIMT-1 compared to
trastuzumab sensitive breast cancer cell lines (Fig. 4).
The Spearman rank correlation between CNA by a-CGH and gene expression
ratios was 0.26 (n=9898 genes). The 50 genes contributing the most to the positive correlation
are shown in figure 5. Of these, 16 are positioned on the highly aberrant chromosome 1, five
are located on chromosome 12, and 11 genes are located on chromosome 17. Thirteen of the
50 genes are hypothetical proteins or transcribed sequences coding for proteins with unknown
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function. Of the remaining 37 genes 27 (73%) are implicated in cell cycle control,
transcription or apoptosis. Ten genes encode proteins with functions not directly linked to the
development of cancer.
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Discussion

We report here the genetic characterization of a new HER-2 receptor positive cell line and
xenograft tumors derived from a trastuzumab-resistant breast cancer patient. JIMT-1 cells and
the xenograft tumors carry phenotypic hallmarks of an HER-2 positive breast cancer (i.e.,
histologically representing a high-grade invasive ductal carcinoma, lacking expression of ER
and PgR). Moreover, the primary tumor and the xenograft were characterized by a high tumor
proliferation rate and a mutation of p53, which both are common features in HER-2 positive
tumors [1]. FISH revealed amplification of 20q13, which is a well-characterized amplification
in high grade breast tumors [19, 20]. In order to get a detailed overview of the genetic
aberrations of the cell line, several cytogenetic characterization methods were used.
Cytogenetic analysis with m-FISH revealed a complex hyperdiploid karyotype
with numerous marker chromosomes and unbalanced translocations. The strength of m-FISH
is to reveal structural chromosome aberrations in complex karyotypes better than conventional
G-banding techniques. However, even with m-FISH the nature of translocations remains
obscure. For example, with m-FISH it is not possible to identify homogeneously staining
regions (hsrs) of numerous amplicons that are known to translocate to various derivate
chromosomes (often together). A complex m-FISH karyotype like the one found in JIMT-1
has been the main finding for all breast cancer cell lines known to carry HER-2 amplification
(BT-474, MDA-361, SKBR-3, UACC-812, and UACC-893) [14]. Thus, other cytogenetic
methods were needed to further characterize the genetic background of the Herceptin®
resistance.
When studying JIMT-1 by chromosomal CGH, an aberration pattern typical for
that of an aggressive breast cancer was found [21-23]. A high number of CNAs is by itself a
predictor of poor clinical outcome, and in particular the gains on 8q, 17q, and 20q have been
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shown to be connected to poor patient prognosis [13]. The CGH profiles of the primary
tumor, JIMT-1 cell line, and its xenograft were identical in 17 of 19 CNAs found. The
exceptions were the losses at 7q and Xp, which were not found in the primary tumor. This
may reflect clonal selection during metastatic process in the patient or during cell culture.
Equally likely is that it is caused by the diluting effect of normal cell contamination in the
paraffin block used for DNA extraction of the primary breast tumor of the patient. In general,
the high resemblance of the CGH findings between the primary tumor and a cell line derived
from its metastasis indicates the stability of the genotype.
The resolution of chromosomal CGH is limited, and is insufficient for in depth
analysis of aberrant chromosomal regions. Microarray-based CGH provides a much higher
resolution, allowing detection of rearrangements at the gene level. The concordance between
CGH and a-CGH was generally high in the presented study. Several of the larger regions of
amplification as detected by chromosomal CGH were found by a-CGH to contain often more
than one, small amplicon with high-level amplification. Complex aberration patterns were
seen on chromosome 1, and on segments 12q14.1 and 17q11.2-q21.
By using a-CGH in combination with m-RNA expression profiling it is possible
to identify and characterize genes whose m-RNA expression is most significantly associated
with amplification of the corresponding genomic template. We found a statistically significant
correlation between CNA by a-CGH and expression level in amplified as well as deleted
regions. This is clearly an indication that gene copy number is linked to expression level also
in the case of lost genetic material, and that transcription from the remaining gene copy is not
sufficient to compensate for the loss of the other allele.
A large number of the genes in these regions was also differentially expressed
and have the potential to promote breast cancer progression. For example, the protooncogene
JUN, located on 1p31-p32, is believed to encode the enhancer protein AP-1 that interacts
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directly with specific target DNA sequences to regulate gene expression, as well as the
general transcription factor II B (TFIIB), located on 1p21-p22, that encodes a factor required
for transcription initiation by RNA polymerase II. To our knowledge this gene has not
previously been shown to undergo amplification in human cancers.
In the deleted region on chromosome subband 1p13.3, we found the GSTM1
(glutathione S-transferase M1) also to have a low level of expression. This enzyme detoxifies
electrophilic compounds, including carcinogens, by conjugation with glutathione. Null
mutations of this gene have been linked with an increase in a number of cancers, breast cancer
being one [24], likely due to an increased susceptibility to environmental toxins and
carcinogens.
The small amplicon on 12q14.1 harbors the Cyclin-dependent kinase 4 gene
(CDK4), which is amplified and overexpressed. CDK4 is involved in cell-cycle control where
it drives cells from G1 into s-phase. CDK4 has previously been shown linked to highly
proliferating sporadic breast cancer [25]. Located 10.8Mb distal to this amplicon is the MDM2
gene, often thought to be the target gene in this region. MDM2 was neither amplified nor
overexpressed in JIMT-1.
The Tumor suppressor gene SOCS2 (Suppressor of cytokine signaling 2),
located on 12q22, is deleted and down regulated. Cytokines regulate the growth and
differentiation of cells by binding to cell-surface receptors and activating intracellular signal
transduction cascades such as the JAK-STAT pathway. The SOCS family of proteins
negatively regulates cytokine signaling with respect to both magnitude and duration.
In the amplified region in chromosome segment 17q11.2-q21.1 the two
transcriptional enhancers Thyroid hormone receptor-associated protein (TRAP-100) and
PPAR-binding protein (PPARBP) are up regulated along with the HER-2 oncogene. This
amplicon has previously been shown to contain approximately ten genes [26, 27]. To the best
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of our knowledge, the separate amplicon at 17q21.31 has not been previously described in
breast cancer. This region contains genes that might be implicated in transcription and cell
proliferation. The ETS variant gene 4 (ETV4) binds to the E1A enhancer, which in turn can
activate the promoters of various matrix metalloproteinases, genes whose expression is
associated with tumor cell invasion and metastasis. Palmitoylated membrane protein 2 and 3
(MAGUK2 and MAGUK3) interact with the cytoskeleton and regulate cell proliferation. These
genes are also overexpressed when comparing JIMT-1 to other HER-2 overexpressing, but
trastuzumab sensitive, breast cancer cell lines indicating that this region may harbor genes of
importance for trastuzumab resistance.
Genes in other amplified regions may also play an important role for the malignancy
of this particular cancer. The BBP-like protein 1 (BLP1) in chromosome subband 8p11.22,
which is a protein that may have regulatory roles in cell death or proliferation signal cascades,
and the Snail homolog 2 (SLUG), located on 8q11, which encodes a member of the Snail
family of C2H2-type zinc finger transcription factors. The protein acts as a transcriptional
repressor that binds to E-box motifs and also represses E-cadherin transcription in breast
carcinoma. This protein is involved in epithelial-mesenchymal transitions and has antiapoptotic activity [28].
On chromosome arm 20q we found two protease inhibitors, possibly a part of the
defense of the cancer cells against the immune response, which were amplified and
overexpressed. The secretory leukocyte protease inhibitor (antileukoproteinase, SLPI)
encodes a secreted inhibitor, which protects epithelial tissues from serine proteases. Its
inhibitory effect protects epithelial surfaces from attack by endogenous proteolytic enzymes.
Also the WAP four-disulfide core domain 2 (WFDC2) functions as a protease inhibitor. This
gene is normally expressed in pulmonary epithelial cells, but has also been found to be
expressed in some ovarian cancers. Also up regulated is the CYP24A1 gene, located on 20q13,
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which is a vitamin D 24-hydroxylase whose overexpression is likely to restrain growth control
mediated by vitamin D. CYP24A1 has previously been recognized as a target gene in the
20q13 amplicon [29].
In conclusion, we have here characterized a new and intrinsically Herceptin®
resistant cell line, JIMT-1. This cell line displays cytogenetic aberration patterns that are
characteristic for aggressive breast carcinomas. CGH and a-CGH revealed numerous CNAs,
some previously described in the literature, and some are to our knowledge novel findings. A
large number of the genes in the aberrant regions were also differentially expressed, and have
the potential to promote breast cancer progression. Studies of resistance to trastuzumab have
up until now been hindered by the lack of suitable model systems. The JIMT-1 cell line is to
our knowledge the first experimental model for studies of primary trastuzumab resistance.
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Legends for Figures
Figure 1: m-FISH karyotype of a typical JIMT-1 metaphase spread. Several aberrations in
chromosome number, and numerous structural chromosome aberrations, are detectable.

Figure 2: Chromosomal CGH, a-CGH, and expression ratios for chromosomes 1, 8, 11, 12
and 20. Regions of amplification and deletions, as seen by CGH (solid black line), are
defined in more detail by a-CGH (blue dots). Aberrant a-CGH ratios are often corresponding
to differential expression ratios (black dots). For chromosome 1, the segment 1p12-p13.3 is
presented also in log2 scale (inserts), to graphically illustrate the deletion and underexpression
of the corresponding genes.

Figure 3: Detailed analysis of chromosome 17. The broad amplification peak detected with
conventional CGH (solid black line) is explained by two very narrow amplicons by a-CGH
(blue dots). The proximal amplicon, located on 17q11.2-q21.1, harbors the HER-2 oncogene.
The distal amplicon, located on 17q21.31, contains no known oncogenes. FISH-analysis,
using a probe constructed from the BAC clone CTD2533L8, which has been mapped to
17q21.31, reveals a 10-fold amplification (insert; red signals=BAC probe). The top chart
shows that the two amplified regions are also abundantly overexpressed. The CGH
microscopy image of chromosome 17, displayed at the base of the figure, shows that the
amplification is high enough to be visualized by eye.

Figure 4: Gene expression ratio profiles for JIMT-1 using A) standard reference RNA
(Universal Human Reference RNA; Stratagene), and B) RNA from a pool of HER-2
amplified and trastuzumab-sensitive cell lines. The amplicon containing HER-2 (between blue
lines) is no longer overexpressed when comparing JIMT-1 to other HER-2 overexpressing
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cells, as expected. The region on 17q21.31 (between red lines), however, shows a much
higher expression in JIMT-1 than in the trastuzumab-sensitive breast cancer cell lines,
indicating that this region may harbor genes of importance for trastuzumab resistance.

Figure 5: List of the 50 genes contributing most to the positive Spearman correlation between
CNA and a-CGH and gene expression ratios. The genes have been listed according to their
position in the genome. The order according to impact on the Spearman correlation is shown
to the left (1=highest impact; 2=second highest and so on). The color maps to the right
illustrate the copy number and expression ratios (CNR and ExpR, respectively) for each gene.
CNR for the xenograft has been added for comparison.

23

Table 1. Genotypic and phenotypic characterization of the trastuzumab resistant breast cancer
cell line JIMT-1.

Gene

Amplification status by FISH

Amplification status by a-CGH

HER-2

Yes*

Yes

EGFR

No

No

TOPOIIα

No

No

c-MYC

No

No

CCND1

No

-

20q12-q13

Yes

Yes

Protein immunohistochemistry
HER-2 (mab CB-11)

overexpression (3+)

ER

negative

PgR

negative

p53

overexpression

Ki67

high expression

Pan-cytokeratin

strongly positive

*(20-30 copies/cell; 17 centromere =2 copies/cell)
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Table 2: A typical JIMT-1 metaphase by m-FISH, revealing a hyperdiploid karyotype with
many complex aberrations.

Karyotype by m-FISH
52-57,XX,der(1;3),der(1;4)t(X;1;4),+der(1;8)t(8;1;15),+der(1;19)t(19;1;12),der(2;3),
der(2;3)t(12;3;2;17;18),+der(2;16),+der(2;22),del(3),+der(3;7)t(18;7;3),der(3)t(3;16),
der(3;20),del(4),der(5)t(5;7),der(5;7),der(6)t(1;6),der(6;16),der(7)t(7;1;7),der(8;15),
+der(8;17),+der(8;17)t(8;17;8),+der(8;14),+der(8;15)t(15;8;14),+der(9;12)x1-2,
der(10)t(3;10),+der (11)t(1;11),der(13;20),der(13;14),der(13;17)t(16;12;17;13),
der(15;20),der(16;21),der(17;22),del(18),der(18)t(4;18),del(19),der(20;21)[cp13]
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Table 3: Cytogenetic aberrations of JIMT-1 as determined by CGH and a-CGH.
Amplification

Amplification by

Deletion by

Deletion by

by CGH

a-CGH

CGH

a-CGH

Location

Size (Mb)

1p22.2

1.25

3.04

1p11-p13

1p12-p13.3

32.67

0.43

1p31.3-p32.2

6.00

4.57

4p11-15.3

4p12-p15.32

33.88

0.51

1p32.2-p32.3

2.23

3.46

4q33-qter

4q34.1-qter

16.29

0.46

1p34.1-p34.2

4.92

1.74

5q14

5q13.3-q15

21.16

0.48

1q23-q25

1q23.2-q25.1

17.34

2.18

7q11.23-q21.11

13.87

0.55

1q41-q42

1q42.12-q42.13

3.97

1.87

7q21-q32

7q21.2-q22.1

8.35

0.56

-

3q22.3

0.52

2.30

9p13-pter

-

5p11-p13

-

-

11p15.1

1.92

0.43

6p

-

11p15.3-p15.5

10.89

0.45

8q11.1-q23

8p11.21-p12

3.24

2.08

-

12q21.1-q21.2

8.78

0.54

8q11.1-q13.1

21.36

1.88

18q

18q12.1-q22.3

48.51

0.49

Xp

Xp

44.79

0.53

1p31-p32

9q22-qter

Ratio*

11p11.2-p13

9.59

1.78

11p14.2-p15.1

8.70

2.00

11p15.2-p15.3

3.60

2.14

12q13-q14

12q14.1

2.17

5.91

17q12-q22

17q11.2-q21.1

9.20

6.92

17q21.31

0.58

6.85

28.80

1.96

11p11-p15.2

18p11.21-pter

-

20q

20q

Location

*Median ratio of genes within amplified/deleted region.
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Size (Mb) Ratio*

3*
2

6
20
15

7*
1
7

12*
3
16*
2
2 22* 17
2

3*
18*
1 16* 7
3
3

8* 8 15*
17* 1 12 8
8 15 8 14

7
4

9*
12

10* 10
3
9

13
14*12
20* 13
16
13

19*
1
12

*

16*
6

3*
20

= Clonal chromosomal aberrations
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Cell line
Order
7
29
16
38
11
6
26
12
22
32
8
24
27
47
42
39
50
35
20
28
41
34
21
17
40
45
49
36
19
4
43
10
30
33
2
44
14
1
3
5
18
46
9
37
15
23
48
25
13
31

Gene name
proprotein convertase subtilisin/kexin type 9
v-jun sarcoma virus 17 oncogene homolog (avian)
beta-amyloid binding protein precursor
general transcription factor IIB
Homo sapiens transcribed sequences
guanylate binding protein 1, interferon-inducible, 67kDa
guanylate binding protein 2, interferon-inducible
guanylate binding protein 5
GSTM1: glutathione S-transferase M1
Homo sapiens mRNA; cDNA DKFZp586K1123 (from clone DKFZp586K1123)
mannosidase, alpha, class 1A, member 2
prefoldin 2
UDP-Gal:betaGlcNAc beta 1,4- galactosyltransferase, polypeptide 3
hypothetical protein FLJ12770
hypothetical protein FLJ21047
hypothetical protein FLJ14525
signal transducer and activator of transcription 1, 91kDa
eukaryotic translation initiation factor 4 gamma, 1
KIAA1102 protein
homer homolog 1 (Drosophila)
hypothetical protein LOC154807
paternally expressed 10
hypothetical protein FLJ14299
BBP-like protein 1
snail homolog 2 (Drosophila)
v-yes-1 Yamaguchi sarcoma viral related oncogene homolog
KIAA1750 protein
solute carrier family 39 (zinc transporter), member 4
SRY-BOX 6; SOX6
cyclin-dependent kinase 4
hepatocellularcarcinoma-associated antigen HCA557a
highly similarity to mitochondrial translation elongation factor
Homo sapiens, clone IMAGE:5268696, mRNA
suppressor of cytokine signaling 2
Zinc finger protein 198
stromal cell-derived factor 2
PPAR binding protein
Homo sapiens transcribed sequences
v-erb-b2 erythroblastic leukemia viral oncogene homolog 2, neuro/glioblastoma
HER-2
proteasome (prosome, macropain) 26S subunit, non-ATPase, 3
thyroid hormone receptor-associated protein (100 kDa)
ets variant gene 4 (E1A enhancer binding protein, E1AF)
dual specificity phosphatase 3 (vaccinia virus phosphatase VH1-related)
membrane protein, palmitoylated 3 (MAGUK p55 subfamily member 3)
membrane protein, palmitoylated 2 (MAGUK p55 subfamily member 2)
hypothetical protein FLJ30656
secretory leukocyte protease inhibitor (antileukoproteinase)
WAP four-disulfide core domain 2
cytochrome P450, family 24, subfamily A, polypeptide 1
transmembrane, prostate androgen induced RNA

Xenograft

Locus

ExpR

CNR

CNR

1p32.3
1p32.1
1p31.3
1p22.2
1p22.2
1p22.2
1p22.2
1p22.2
1p13.3
1p13
1p12
1q23.3
1q23.3
1q23.3
1q24.2
1q42.2
2q32.2
3q27.1
4p13
5q14.1
7q11.21
7q21.3
8p12
8p11.23
8q11.21
8q12.1
8q22.1
8q24.3
11p15.2
12q14.1
12q14.1
12q14.1
12q14.1
12q22
13q12.11
17q11.2
17q12
17q12
17q12
17q21.1
17q21.1
17q21.31
17q21.31
17q21.31
17q21.31
17q21.31
20q13.12
20q13.12
20q13.2
20q13.32

16.10
8.23
11.73
8.12
32.95
18.21
9.04
20.92
0.11
0.39
0.29
8.67
9.11
7.29
9.51
0.28
8.60
42.33
0.32
0.31
0.31
0.02
15.28
14.63
10.69
11.27
9.99
8.46
0.26
15.18
7.04
11.93
7.64
0.25
0.23
10.35
10.43
20.51
16.00
21.02
9.64
6.68
12.53
7.08
10.29
11.00
10.95
11.13
43.52
19.85

4.08
5.20
4.33
3.49
2.89
4.59
3.89
3.14
0.46
0.37
0.27
5.17
3.69
3.43
2.50
0.46
2.43
2.12
0.36
0.42
0.45
0.50
2.52
3.13
2.32
2.20
2.21
3.09
0.39
8.03
5.17
7.64
9.55
0.46
0.22
2.23
8.37
10.88
7.08
4.31
7.88
6.85
6.92
8.36
8.28
2.88
2.16
2.66
2.81
2.21

5.47
5.39
6.43
4.25
3.51
2.84
5.11
4.64
0.52
0.40
0.43
2.91
3.09
3.12
2.48
0.73
2.47
1.56
0.48
0.46
0.62
0.53
1.97
3.18
1.68
1.91
1.67
1.23
0.44
4.42
3.51
5.68
6.34
0.51
0.51
1.97
6.20
6.60
3.36
2.65
5.79
5.14
6.53
5.69
5.40
2.22
2.25
1.84
2.34
1.84

Top 2%
Top 2-5%
Middle 90%
Bottom 2-5%
Bottom 2%

