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Specific genetic alterations in human breast cancer are associated with distinct clinopathological
features. Inactivation of the E-cadherin gene is observed in the majority of lobular carcinomas in situ
and invasive lobular carcinomas and is only very rarely observed in other tumor types. HER2 gene
amplification is observed in 15 – 25 % of all invasive breast cancers and in over 50 % of ductal carcinoma
in situ. It is associated with estrogen receptor negativity and poor histological grade. We investigated
global gene expression changes in human breast cancer cell lines after siRNA-mediated knock down
of HER2 and E-cadherin expression, respectively. These results were correlated to the gene expression
profiles of human primary breast cancer datasets hybridized on the same array platform.

We silenced HER2 expression in SK-BR-3 cells and E-cadherin expression in MCF-7 and ZR-75-1 cells.
15 genes were significantly regulated after silencing of E-cadherin expression and this signature was used
to cluster 255 human breast tumors (34 lobular and 221 ductal carcinomas). Based on the expression
pattern of these 15 genes, invasive lobular cancers and other tumor types could not be separated. After
silencing HER2/neu expression, 121 genes were significantly regulated. Again, unsupervised hierarchical
clustering using these 121 genes did not result in co-clustering of HER2 positive tumors. Comparing
inactivation of E-cadherin or HER2 in human breast cancer cell lines does not very accurately reflect
the gene expression patterns observed in human breast cancer where these same genes are genetically
altered.

Genetic alterations in oncogenes and tumor sup-
pressor genes play an important role in the
development of malignant tumors, including
breast cancer. Approximately ten different onco-
genes have been found to be amplified, each in a
subset of about 15 – 20 % of all invasive breast
carcinomas. The number of tumor suppressor
genes that have been found to be inactivated
in breast cancer is smaller, but frequent loss of
heterozygosity suggests that many as yet undis-
covered tumor suppressor genes are likely to be
present.

In almost all patients with lobular breast can-
cer the E-cadherin protein is inactivated due to
deactivating gene mutations combined with loss
of the wild-type allele 315. E-cadherin, a trans-
membrane glycoprotein, acts as a mediator of
cell-cell interactions and as a tumor suppres-
sor316. It is indirectly connected to the actin
cytoskeleton by intracellular binding to catenins

and induces cell polarity epithelial organization.
Disruption of the E-cadherin/catenin complex
usually results in the loss of cell adhesion. It
has been shown that E-cadherin is involved in
the modulation of receptor tyrosine kinase sig-
naling317–319, the activation of wnt-signaling320

and the signaling through Rho-GTPases321.
HER2 gene amplification and protein overex-

pression can be found in 15 – 25 % of all human
breast cancers and is associated with a more
aggressive phenotype. HER2 is a member of the
superfamily of receptor tyrosine kinases (RTKs).
Active RTKs affect many downstream signaling
pathways such as the phosphatidylinositol 3-
kinase (PI3K)-AKT pathway322,323, the mitogen-
activated protein kinase (MAPK) pathway and
activates SRC kinase and the signal transducer
and activator of transcription (STAT)324–327.

A cancer phenotype reflects complex events
in the tumor itself as well as in its surround-
ing tissue and is ultimately defined by changes
in gene activity and regulation. To understand
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the direct consequences of these changes within
the tumor cells, in vitro experiments using tumor
cell lines can be helpful to identify pathways
deregulated especially in the actual tumor with-
out being influenced by other tissue components.
The multistep development of breast cancer as a
result of genetic alterations has for large parts
been unraveled. More recently, molecular sub-
groups of breast carcinomas have been identified
that can be distinguished based on their gene
expression profiles7. To fully understand breast
cancer development, findings from the studies
on genetic alterations should be combined with
the results from the studies using gene expres-
sion profiling.

So far, many examples of E-cadherin and
HER2 mediated signaling have been described,
but their general role in pathogenesis remains to
be established. This study was designed to iden-
tify global gene expression changes in human
breast cancer cell lines after siRNA-mediated
knock down of HER2 and E-cadherin expression,
respectively. These data have been correlated to
human datasets to investigate whether changes
in gene expression patterns in human cancer cell
lines reflect gene expression pattern in human
breast cancers. Furthermore, we have tried to
identify specific pathways that are affected by
inactivating these two genes.

The breast cancer cell lines MCF-7, SK-BR-
3 and ZR75-1 were maintained in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented
with 10 % fetal calf serum, penicillin (100 U/ml)
and streptomycine (100μg/ml). For subcultiva-
tion, cells were detached with 0.05 % trypsin-
EDTA·Na at 70 – 90 % confluency.

To knockdown the expression of HER2 and
E-cadherin, the pRETRO-SUPER vector system
was used328. Several RNA inference target-
ing sequences of 19 nucleotides were synthe-
sized, cloned into pRETRO-SUPERand tested for
knock-down efficiency. The effective sequences
are: for CDH1, 5’-AGACCAGGACTATGACTAC-
3’; for HER2, 5’-GGGGCTGGCTCCGATGTAT-3’.
As a control the pRETRO-SUPER vector without
insert was used.

Transfection was performed by electropora-
tion of 2μg plasmid DNA into the cells. The
appropriate number of cells had to be optimized
for every single cell line: 3× 105 cells for MCF-
7 and ZR-75-1, 1× 106 cells for SK-BR-3. Cells
were electroporated in 100μl electroporation
buffer (2 mM HEPES, 15 mM K2HPO4, 250 mM
Manitol, 1 mM MgCl2; pH 7.2) for 20 – 25 sec-
onds with 15 pulses of 140 Volt. After electro-
poration, cells were mixed with 1 ml complete
medium and seeded into 6-well-plates contain-
ing 1 ml complete medium. Puromycin selec-
tion was started 24 hours after transfection with
1 – 3μg/ml depending on the cell line. Cells
were harvested 4 days after electroporation. For
whole cell lysates the cells were washed with
PBS and the resuspended in 100μl 10 mM KCl,
1.5 mM MgCl2, 10 mM Tris-HCl pH 7.4, 0.5 %
SDS with 1× complete protease inhibitor cock-
tail (mini, EDTAfree; Roche Applied Science,
Mannheim, Germany). The lysate was loaded
on QIAshredder columns (Qiagen, Hilden, Ger-
many) and centrifuged for 2 minutes at maxi-
mum speed. The samples were then snap-frozen
in liquid nitrogen and stored at −20 ◦C.

Cells were lysed in 10 mM KCl, 1.5 mM
MgCl2, 10 mM Tris-HCl pH 7.4, 0.5 % SDS with
complete protease inhibitors. Cell lysates con-
taining equal amounts of protein were run on
an 8 % SDS-PAGE and subsequently blotted onto
a PVDF-membrane (BioRad Laboratories, Her-
cules, CA,USA) using a semi-dry blotting sys-
tem. The membrane was blocked over night at
4 ◦C in 5 % milk in PBS and subsequently incu-
bated for one hour at room temperature with
one of the following antibodies: anti-E-cadherin,
clone HECD-1, 1:500 (Zymed Laboratories, San
Francisco, CA, USA), anti-HER2, clone 3B5,
1:130.000 273 and anti-α-tubulin, 1:200 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA). After
washing with TBST, the membrane was incu-
bated with an alkaline phosphatase-conjugated
secondary anti-mouse antibody, 1:1000 (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) for
one hour. Proteins were visualized by BCIP/NBT
(Vector Laboratories Inc., Burlingame, CA, USA)
staining.

Total RNA was isolated using 1 ml RNA-Bee
(Tel-Test Inc., Friendswood, TX, USA) per well
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A: Heatmap of significantly regulated genes after silencing HER2 expression in SK-BR-3
cells, repeated ten times; B: HER signature without genes specific for proliferation and grading applied
to 63 human primary breast tumors. (1): estrogen receptor status based on IHC, (2): Her2 status based
on IHC, (3): histological grade, (4): molecular subtypes based on correlation to centroids, (5): response
to neoadjuvant chemotherapy. Abbreviations: ER= estrogen receptor, IHC= immunohistochemistry,
ILC= invasive lobular carcinoma, pCR= pathological complete remission.
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following the manufacturer’s protocol. Amplifi-
cation was performed with the SuperScript RNA
Amplification System (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instruc-
tions.

Gene expression data were obtained from
RNA isolated from fresh frozen tumors. Total
RNA was isolated by using RNAzol and mRNA
was amplified as previously described39. The
samples are collected from two different studies
that were performed at the Netherlands Cancer
Institute (unpublished data). The first study is
a one-institutional trial that is set up to iden-
tify gene expression profiles that can predict
response to neoadjuvant chemotherapy. From
63 patients, gene expression data from fresh
frozen biopsies obtained before treatment were
available for analysis. From those patients,
response to the neoadjuvant chemotherapy was
assessed by pathologic reviewing and patients
were assigned to the group of responders, non-
responders or partial responders as described
before39.

The second series of tumors comes from
a study that investigates the gene expression
profiles of patients correlated to local recur-
rence after breast conserving therapy. From 158
tumors gene expression data from tumors after
surgery hybridized on the same microarray plat-
form were available. For both series, the assess-
ment of the ER, PR, p53 and HER2/neu sta-
tus was done by immunohistochemistry as previ-
ously described39. The RNA of these tumor sam-
ples was hybridized on the same microarray plat-
form as the cell line RNA’s after the knock down
of E-cadherin or HER2. The HER2 signature was
also studied in the 295 data set described by Van
de Vijver et al. 235.

Amplified RNA was labeled with the ULS™
aRNA Fluorescent Labeling Kit (KREATECH
Biotechnology, Amsterdam, The Netherlands)
following the manufacturer’s protocol with
minor modifications: 1μg amplified RNA was
labeled with either 0.3μl of ULS-Cy5 or 1μl
ULS-Cy3 label. The labeled RNA was incubated
for 15 minutes at 70 ◦C in 1× fragmentation
buffer (Ambion, Austin, TX, USA) to reduce frag-
ment size to 60 – 200 bases. After stopping this
reaction, samples were mixed with 6μl block-
ing buffer (3.3μg/μl poly d(A), 1.3μg/μl yeast
t-RNA, 3.3μg/μl COT-1 DNA), the volume was

adjusted to 60μl with H2O and the labeled RNA
was warmed up to 42 ◦C. Subsequently, 60μl of
prewarmed 2× hybridization buffer (50 % for-
mamide, 10× SSC, 0.2× SDS) have been added
to the labeled RNA and the mix has been stored
at 42 ◦C until hybridization. In the meantime,
microarray slides have been pre-hybridized for
one hour at 42 ◦C in 5× SSC, 0.1 % SDS and 1 %
BSA. After removing the pre-hybridization buffer
from the slide, the labeled RNA was applied
and hybridized over night at 42 ◦C. After wash-
ing, fluorescent images were obtained by using
the DNA microarray scanner G2565B (Agilent,
Paolo Alto, CA, USA). The complete hybridiza-
tion protocol can be downloaded from

.

ImaGene Software (BioDiscovery Inc, El
Segundo, CA) was used to analyse the microar-
ray images and data were subsequently exported
to � statistical package262 for normalization.

The normalization procedure has been
described previously 39. Briefly, data are nor-
malized using a lowess fit per subarray263 and
subsequently, an error model identifies signifi-
cantly regulated genes264 in the combined set of
samples. Genes were filtered and considered to
be differentially expressed if they had a p-value
< 0.01.

Unsupervised hierarchical clustering was per-
formed using the Pearson correlation as distance
measure, and complete linkage. The analysis
was run using Matlab and the Bioinformatics
Toolbox329 or Genesis Software265.

Wessels et al. 330 described a generally appli-
cable framework for building diagnostic classi-
fiers from high throughput data. We adopted this
methodology combined with forward filtering as
feature selector, the signal to noise ratio (SNR)
as criterion to evaluate the individual features
(using maximally 200 features), and a nearest
mean classifier (cosine correlation as distance
measure). The training and validation procedure
was performed employing 100 repeats of 5 fold
cross validation in the outer loop (validation),
and 10 fold cross validation in the inner loop
(training). At all points, data splits were strat-
ified with respect to the class prior probabilities.
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Western blot of HER2 expression in SK-BR-3 cells by after silencing HER2 expression by
siRNA. The protein expression is shown 2, 3 and 4 days after transfection with the siRNA construct (k.d.)
or the mock transfection with the empty pRETRO-SUPER vector (e.v.). Expression of tubulin is shown
as a loading control, MCF cells lack HER2 expression and are used as a negative control.

EASE 2.0 was used to perform Gene Ontology
analysis and to identify biological themes over-
representend in the set of signature genes331.

We have transfected SK-BK-3 cells, a breast
cancer cell line with amplification and overex-
pression of the HER2 gene with a siRNA con-
struct cloned into the pRETRO-SUPER vector.
Expression of HER2 could be greatly reduced
by RNA interference in these cells (Figure 7.2).
Optimal reduction of HER2 was observed four
days after transfection. All cells showed a
reduced cellular density, which was interpreted
to be the result of a decreased proliferation rate
after transfection, with a stronger reduction in
the siRNA-transfected cells than in the mock-
transfected cells.

The HER2 silencing experiments in SK-BR-
3 cells were repeated ten times. The data
of the single experiments were normalized and
combined. Since the RNA from the actual
siRNA-transfected cells were hybridized against
the RNA obtained from the mock-transfections,
the log2-ratios directly indicate up- or down-
regulation as a result of silencing HER2 expres-
sion. After filtering, 121 genes are significantly
regulated in all samples and have absolute log2-
ratios > 1 in all of the samples. Nine of these
genes are up-regulated in all of the samples, the
other ones are consistently down-regulated in all
experiments (Table 7.1, Figure 7.1A). In the ten
repeated experiments, the HER2 probes show an
average log2-ratio of −2.36. The two probes

with the strongest downregulation (MAD2L1
and CDCA3) show a log2-ratio of −3.15 and
−3.11, respectively. Most of the 121 genes are
involved in cell proliferation, a large number is
responsible for ATP binding (BUB1B, ABCC11,
BUB1, KIF23, KIF2C, PBK, ALS2CR2, CDC2,
RFC4, RFC2, MCM7, MCM2, MCM6, ORC1L,
CDC6, TOP2A, ERBB2, KIF20A, SGK3, KIFC1,
TTK, ATAD2, TRIP13, MELK), some are involved
in DNA binding (CENPA, TRMT5, TMPO, PCNA,
ORC6L, ZNF354B, CENPF, RRM2).

To investigate whether the 121 probes iden-
tified by silencing HER2 expression in SK-BR-3
cells also play a role in defining the differences
between HER2 positive and negative breast car-
cinomas, we analyzed 63 primary breast car-
cinomas that are part of a clinical trial inves-
tigating gene expression profiles of untreated
tumor samples to find a signature that pre-
dicts response to chemotherapy. We performed
two-dimensional unsupervised hierarchical clus-
ter analysis of these 63 tumors using all 121
probes. This group of tumors included 8 HER2
positive samples. The tumor samples clustered in
two groups without separating the HER2 positive
from the HER2 negative tumors. Since the result
implicated that the dendogram mainly reflects
differences between ER positive and ER negative
tumors and is associated with grade, we removed
all the probes that are present in the proliferation
signature7 and the genomic grade signature332.
None of the nine upregulated probes were part
of these two signatures.

We then performed hierarchical clustering
with the remaining 77 probes (Figure 7.1B).
Also in this analysis, samples are not cluster-
ing according to their HER2 status. One group
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Silencing E-cadherin expression by siRNA (A) Heatmap of the 15 significantly regulated
genes after silencing expression of E-cadherin in MCF-7 and ZR-75-1 cells. (B): Unsupervised hierarchical
clustering of primary human breast tumors using the in vitro E-cadherin signature. (C): Unsupervised
hierarchical clustering of primary human breast tumors using selected probes of the in vitro signature.

of samples clustering together (n = 14) con-
sists of only basal-like tumors and appears to be
enriched for patients with a complete pathologi-
cal remission. The other eleven basal-like tumors
are randomly distributed throughout the whole
dendrogram. In this subgroup of eleven basal-
like tumors clustering together, 37 out of 77
probes are consistently upregulated. The same
probes are strongly down-regulated in a group of
mainly ER-positive tumors. Only two probes are
also present in the intrinsic gene list of Hu and
colleagues7. This implicates that these 37 probes
may be capable of defining a still more homo-
geneous subgroup of basal-like tumors than the
intrinsic genes identified by Hu et al.. These
genes are involved in e.g. homologous recombi-

nation, positive and also negative regulation of
mitosis and progression through the cell cycle.

We also used the dataset of 295 primary
breast tumors described by Van de Vijver et
al. 235. Of the 121 probes, we could match
68 probes between both microarray platform.
These were used to perform hiercharchical clus-
tering on the 295 primary breast tumors. No
clustering according to several clinical parame-
ters (estrogen receptor status, histological type,
grade, angioinvasion, and lymphocytic infiltrate)
could be observed (results not shown).
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121 genes significantly regulated after silencing HER2 expression in SK-BR-3 cells.

NKI ID Symbol Name average
expression

303151 ALS2CR2 Amyotrophic lateral sclerosis 2 (juvenile) chromosome region,
candidate 2

1.203317

307218 SCGB2A2 Mammaglobin A precursor (Mammaglobin 1) (Secretoglobin
family 2A member 2)

2.307802

309735 ABCC11 ATP-binding cassette, sub-family C, member 11 isoform A; multi-
resistance protein 8; ATP-binding cassette transporter MRP8;
ATP-binding cassette protein C11

1.870091

306037 SIGLEC6 Sialic acid binding Ig-like lectin 6 1.905258
314873 CSAD Cysteine sulfinic acid decarboxylase 1.442575
330771 ZNF354B Zinc finger protein 354B 2.417248
315884 SNX27 Sorting nexin family member 27 2.15966
321306 NBEAL1 Neurobeachin-like 1 2.142905
325692 KIAA1576 KIAA1576 protein 1.310323
321652 MAD2L1 Mitotic spindle assembly checkpoint protein MAD2A (MAD2-

like 1) (HSMAD2)
-3.146321

307452 CDCA3 Cell division cycle associated 3 -3.106424
325771 RRM2 Ribonucleotide reductase M2 polypeptide -2.882787
314050 TCF19 Transcription factor 19 (SC1) -2.800238
307451 CDCA3 Cell division cycle associated 3 -2.761301
304691 CDKN3 Cyclin-dependent kinase inhibitor 3 (CDK2-associated dual

specificity phosphatase)
-2.749303

314269 NUSAP1 Nucleolar protein ANKT -2.708988
308882 CDC20 Cell division cycle 20; cell division cycle 20 homolog S. cerevisiae -2.619202
315827 CDCA1 Cell division cycle associated 1; kinetochore protein NUF2 -2.579647
334570 NA NA -2.576272
318066 SPBC25 Spindle pole body component 25 homolog (S. cerevisiae) -2.574286
322302 MELK Maternal embryonic leucine zipper kinase -2.532385
307880 KIF20A Kinesin family member 20A -2.530848
313931 DCC1 Defective in sister chromatid cohesion homolog 1 -2.515318
316495 CCNA2 Cyclin A2 (cyclin A) -2.437564
303556 TPX2 TPX2, microtubule-associated, homolog (Xenopus laevis) -2.431459
302305 TRIP13 Thyroid receptor interacting protein 13 (TRIP-13) (fragment) -2.431395
321920 PTTG1 Pituitary tumor-transforming protein 1; ESP1-associated protein

1; tumor-transforming protein 1; securin
-2.43123

315737 KIF2C Mitotic centromere-associated kinesin (MCAK) (kinesin-like pro-
tein 6)

-2.370132

301563 KIFC1 Kinesin-like protein 2 (kinesin-related protein HSET) -2.369397
315496 ERBB2 V-erb-b2 erythroblastic leukemia viral oncogene homolog 2,

neuro/glioblastoma derived oncogene homolog (avian)
-2.36302

312923 CCNB1 G2/mitotic-specific cyclin B1 -2.356174
304690 CDKN3 Cyclin-dependent kinase inhibitor 3 (CDK2-associated dual

specificity phosphatase)
-2.299209

324948 CDC2 Cell division cycle 2, G1 to S and G2 to M -2.292933
300589 ANLN Anillin, actin binding protein (SCRAPS homolog, Drosophila) -2.287188
307342 FOXM1 Forkhead box M1 -2.25983
300588 ANLN Anillin, actin binding protein (SCRAPS homolog, Drosophila) -2.258455
325419 SHCBP1 SHC SH2-domain binding protein 1 -2.257822
307355 RAD51AP1 RAD51-INTERACTING PROTEIN -2.201128

(continued on following page)
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121 genes significantly regulated after silencing HER2 expression in SK-BR-3
cells.

NKI ID Symbol Name average
epression

304423 LGALS1 Lectin, galactoside-binding, soluble, 1 (galectin 1) -2.177425
303041 KNTC2 Kinetochore associated 2 -2.168396
304029 CDC6 Cell division cycle 6 homolog (S. cerevisiae) -2.162946
332435 NA NA -2.160295
304856 MYBL2 MYB-related protein B (B-MYB) -2.159892
305033 FAM83D Family with sequence similarity 83, member D -2.159306
311536 FAM64A Family with sequence similarity 64, member A -2.149718
304424 LGALS1 Lectin, galactoside-binding, soluble, 1 (galectin 1) -2.142967
303706 BIRC5 Baculoviral IAP repeat-containing protein 5 -2.139531
300894 DEPDC1 DEP domain containing 1 -2.133007
311537 FAM64A Family with sequence similarity 64, member A -2.104788
313384 TROAP Trophinin-associated protein (TASTIN) -2.083488
312270 TOP2A Topoisomerase (DNA) II alpha 170kDa -2.072007
310081 ZWINT ZW10 interactor antisense -2.06191
313385 TROAP Trophinin-associated protein (TASTIN) -2.034995
308980 CENPF Centromere protein F (mitosin) -2.012169
310198 HJURP Holliday junction recognition protein -2.007801
314906 DIAPH3 Diaphanous protein homolog 3 (Drosophila) -2.00026
315135 FANCI 1: Fanconi anemia, complementation group I -1.986238
324610 BUB1 Mitotic checkpoint serine/threonineprotein kinase BUB1 -1.985886
319119 GLYATL2 Glycine-N-acyltransferase-like 2 -1.984527
325925 NA NA -1.972861
307828 TTK TTK protein kinase (PYT) -1.957844
305833 RNASEH2A Ribonuclease H2, subunit A -1.933457
308125 ECT2 Epithelial cell transforming sequence 2 oncogene -1.930797
302666 SPAG5 Sperm associated antigen 5; Mitotic spindle coiled-coil related

protein
-1.915644

322540 NELF Nasal embryonic LHRH factor -1.902477
322880 CENPN Centromere protein N -1.900174
331457 AURKB Aurora kinase B -1.88508
314271 KIF23 Mitotic kinesin-like protein-1 (kinesin family member 23) -1.884111
319172 BUB1B BUB1 budding uninhibited by benzimidazoles 1 homolog beta -1.870686
334568 NA NA -1.862542
307585 FBXO5 F-box only protein 5 (early mitotic inhibitor 1) -1.843655
302717 UBE2T Ubiquitin-conjugating enzyme E2T (putative) -1.82854
323713 PBK PDZ binding kinase; spermatogenesis-related protein kinase;

lymphokine-activated killer T-cell-originated protein kinase
-1.828358

327637 UBE2C Ubiquitin-conjugating enzyme E2C -1.810766
304459 CENPM Centromere protein M -1.807071
332350 NA NA -1.801502
319136 ATAD2 ATPase family, AAA domain containing 2 -1.792052
302669 TPD52 Tumor protein D52 (N8 protein) -1.786864
303880 ORC6L Origin recognition complex subunit 6 -1.775291
331515 NA NA -1.768199
327944 C16orf75 Chromosome 16 open reading frame 75 -1.76779
302645 MCM6 Minichromosome maintenance complex component 6 -1.736962

(continued on following page)
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121 genes significantly regulated after silencing HER2 expression in SK-BR-3
cells.

NKI ID Symbol Name average
epression

323097 PLK Polo-like kinase 1 (Drosophila) -1.735578
334235 PTTG2 Pituitary tumor-transforming 2 -1.726996
303363 ORC1L Origin recognition complex subunit 1 (replication control pro-

tein 1)
-1.678588

309877 GPSM2 G-protein signalling modulator 2 (AGS3-like, C. elegans) -1.67008
309643 TMPO Thymopoietin -1.666341
304855 MYBL2 MYB-related protein B (B-MYB) -1.654165
306321 NUDT1 Nudix (nucleoside diphosphate linked moiety X)-type motif 1 -1.650939
322372 C13orf3 Chromosome 13 open reading frame 3 -1.637768
334121 PLK Polo-like kinase 1 (Drosophila) -1.630271
312523 PCNA Proliferating cell nuclear antigen (cyclin) -1.601277
312123 GINS2 GINS complex subunit 2 (Psf2 homolog) -1.591362
310479 H4FN Histone H4 -1.587278
331160 SGK3 Serum/glucocorticoid regulated kinase family, member 3 -1.579794
326566 CKS1B CDC28 protein kinase regulatory subunit 1B -1.579395
308332 CENPA Centromere protein A (centromere autoantigen A) -1.572835
326997 NA NA -1.559717
306721 UBE2S Ubiquitin-conjugating enzyme E2S -1.55716
323943 FEN1 FLAP endonuclease-1 (maturation factor 1) (MF1) -1.545723
302430 MCM2 Minichromosome maintenance complex component 2 -1.530823
328735 NA NA -1.511192
322878 CENPN Centromere protein N -1.510135
307715 GMNN Geminin, DNA replication inhibitor -1.5072
316875 LUZP5 Leucine zipper protein 5 -1.497136
332687 HMG4L High-mobility group (nonhistone chromosomal) protein 4-like -1.492246
329585 NA NA -1.463783
319346 NA NA -1.461992
301726 POLD1 Polymerase (DNA directed), delta 1, catalytic subunit 125kDa -1.455225
333840 NA NA -1.420907
301339 RFC2 Replication factor C (activator 1) 2, 40kDa -1.417307
322914 MCM7 Minichromosome maintenance complex component 7 -1.39036
321521 RFC4 Replication factor C (activator 1) 4, 37kDa -1.372854
321113 ALPP Alkaline phosphatase, placental (Regan isozyme)) -1.335903
311067 TRMT5 TRM5 tRNA methyltransferase 5 homolog (S. cerevisiae) -1.292282
321588 H2AFZ Histone H2A.Z (H2A/Z) -1.288793
309645 TMPO Thymopoietin -1.283085
327388 NA NA -1.244913
310128 EBPL EMOPAMIL binding related protein -1.243024
314907 NA NA -1.234388
310276 CKS2 CDC28 protein kinase regulatory subunit 2 -1.210092

Additionally, we performed supervised classi-
fication to find the genes discriminating between
HER2 positive tumors and HER2 negative
tumors. We performed subgroup analyses for the
ER positive and ER negative subgroup respec-
tively and compared these two signatures to the

gene list we obtained from the in vitro experi-
ments. We compared 31 ER+/HER2+ tumors
with 36 ER+/HER2− grade 3 tumors and 18
ER−/HER2+ with 34 ER−/HER2− grade 3
tumors, respectively. A small number of genes
(HER2, GRB7, and ABCC11) are already suffi-
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Western blot of E-cadherin expression in MCF-7 cells by after silencing E-cadherin expres-
sion by siRNA. The protein expression is shown 2, 3 and 4 days after transfection with the siRNA con-
struct or the mock transfection with the empty pRETRO-SUPER vector. Expression of β -actin is shown
as a loading control, SK-BR-3 cells lack HER2 expression and are used as a negative control.

cient to separate the HER2 positive and negative
tumor samples, from which the most important
one is the HER2 probe itself. This is also the only
probe that is present in the in vitro signature
which was obtained by knocking down HER2
expression in SK-BR-3 cells by siRNA. When leav-
ing out the HER2 probe itself, no clear sepa-
ration between HER2 positive and HER2 nega-
tive tumors is observed. In general, the in vitro
signature appears to reflect the situation in ER-
negative tumors better than the situation in ER-
positive tumors. This may be due to the fact
that this gene signature was obtained in the ER-
negative SK-BR-3 cell line.

We have transfected MCF-7 and ZR-75-1 cells,
two breast cancer cell lines with high expression
of E-cadherin with a siRNA construct cloned into
the pRETRO-SUPER vector. E-cadherin expres-
sion could be greatly reduced by RNA inter-
ference in those cells and the knockdown was
confirmed by western blot analysis (Figure 7.4).
MCF-7 cells showed clear changes in morphol-
ogy after silencing E-cadherin expression. Wild-
type MCF-7 cells grow as a tightly associated cell
layer. After reduction of E-cadherin expression,
the cells did not grow as sheets of cells, but
show marked dissociation. They loose cell-cell-
interactions, appear to be more elongated and
form stress fibres (Figure 7.5).

The E-cadherin silencing experiments in MCF-
7 cells were repeated nine times and in ZR-75-
1 ten times and gene expression profiling was
performed from all these experiments in dye-
swaps. When combining these 19 experiments,
15 genes were significantly regulated in nine par-
allel experiments and E-cadherin was the most

prominent outlier showing the most pronounced
downregulation identified by gene expression
profiling (Table 7.2). The MCF-7 cells show a
very homogenous expression for these genes in
all experiments, whereas the ZR-75-1 cells show
more variation in the expression of these 15 sig-
nificant genes (Figure 7.3A). In addition to E-
cadherin itself, this list of genes contains five dif-
ferent metallothioneins, which are upregulated
in the cell lines after silencing E-cadherin expres-
sion compared to the untransfected controls.

Subsequently, we investigated whether the
15 probes, which were differentially expressed
in the cell line experiments reflect differences
in gene expression in human tumors. We
performed unsupervised hierarchical clustering
using primary human breast tumors (221 inva-
sive ductal and 34 invasive lobular carcinomas)
hybridized on the same NKI array platform. Clus-
tering did not separate ductal and lobular car-
cinomas in two distinct groups (Figure 7.3B).
When we used only the E-cadherin probe and
the probes matching to methallothioneins, the
lobular samples clustered mainly in the part of
the tree characterized by low expression of E-
cadherin and a higher expression of metalloth-
ioneins (Figure 7.3C). These results are in accor-
dance with the in vitro data, where E-cadherin
knock-down was correlated with a higher expres-
sion of metallothioneins.

It has been described that the mRNA expres-
sion of metallothioneins is correlated to histolog-
ical grade (MT-1F)333 or estrogen receptor status
(MT-1E)334. In our human data sets, we could
only see a weak correlation between grade and
MT-1F expression and MT-1E expression was not
correlated with estrogen receptor status at all.
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MCF-cells 4 days after transfection: (1) after mock-transfection with an empty control
vector; (2) after silencing E-cadherin expression by siRNA.

From the 295 breast tumors described by Van
de Vijver et al. 235 we used all 14 ILC and 97 IDC
grade 2 samples for supervised classification. 73
genes were identified that could potentially dis-
tinguish between these two tumor entities, with
E-cadherin as one of the most prominent dis-
criminators. Using this gene expression signa-
ture, a misclassification rate of 42 % is obtained,
indicating that these genes do not result in a
strong classifier to dinstinguish between ILC and
IDC.

In order to better understand the association
between specific genetic alterations and gene
expression profiling in breast cancer, we have
investigated the general changes in gene expres-
sion after silencing the expression of HER2 or E-
cadherin in breast cancer cell lines overexpress-
ing HER2; or expressing E-cadherin at normal
levels, respectively. The HER2 gene is amplified
and overexpressed in 15 – 25 % of all breast can-
cers and E-cadherin is lost in most of the lobular
breast carcinomas, but only very rarely in other
histological types of breast cancer. 15 genes were
differentially expressed after knocking down E-
cadherin expression and a number of those are
metallothioneins on average upregulated after
E-cadherin knock down. It has been described
that invasive lobular carcinomas show weak or
no staining for the metallothioneins of the I and
II phenotype by immunohistochemistry 335, and
therefore we did not expect upregulation of the
metallothioneins as a direct result of E-cadherin
knock down. Friedline et al. 336 investigated the
expression of several metallothioneins in various

cell lines by RT-PCR. In this study, MCF-7 cells do
not express MT-1A, MT-1B, MT-1F, MT-1G under
normal conditions. On average, the metalloth-
ioneins are 2.4-fold upregulated in MCF-7 cells
lacking E-cadherin expression with the highest
expression of MT-1E.

When using these 15 genes to perform unsu-
pervised hierarchical clustering of human breast
carcinomas, the lobular samples did not clus-
ter in a separate group, but most of the lobu-
lar cancers did show a low expression of the E-
cadherin mRNA and an upregulation of several
of the metallothioneins. It has been suggested
that three metallothioneins (MT-2A, MT-1F and
MT-1A) may be specifically expressed in myoep-
ithelial cells of benign breast tissues and can-
cer cells of the invasive ductal breast cancer tis-
sues337.

Zhao et al. compared the gene expression pat-
terns of 21 lobular and 38 ductal breast car-
cinomas338. They identified genes involved in
cell adhesion, lipid and fatty acid transport and
metabolism, immune response, electron trans-
port, and nucleosome assembly. No metalloth-
ioneins were among those genes, but also in this
study, E-cadherin was the most important dis-
criminator between IDC and ILC, which is in
agreement with our findings. We also investi-
gated, whether we could identify a signature that
discriminates ILC from IDC grade 2 tumors. We
could not find a strong signature that can distin-
guish ILC from IDC samples and also here the
only overlapping gene with the in vitro signature
is E-cadherin itself.

In summary, we have approached the ques-
tion what the differences in gene expression
are between ILCs and IDCs in two different
ways: We silenced the expression of E-cadherin
in cell lines expressing the protein and we
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15 genes significantly regulated after silencing E-cadherin expression in human breast
cancer cell lines.

NKI ID Symbol Name accession no.

301120 CDH1 Cadherin 1, type 1, E-cadherin (epithelial) AB025105
304502 CYB5R3 Cytochrome b5 reductase 3 BC004821
306175 PON2 Paraoxonase 2 AC005021
307328 METAP2 Methionyl aminopeptidase 2 AK091730
310910 C20orf127 Putative metallothionein C20orf127 AL121753
311636 REEP5 Receptor accessory protein 5 BC000232
317222 LCN2 Lipocalin 2 S75256
318155 GPD1L Glycerol-3-phosphate dehydrogenase 1-like D42047
319872 MT1H Metallothionein-IF (MT-1F) (HQP0376) S68948
320873 MT1P2 Metallothionein 1 pseudogene 2 AF333388
324615 MT1L Metallothionein-IL (MT-1L) (MT1X) S68956
324630 MT1E Metallothionein-IE (MT-1E) AF495759
326479 MT1B Metallothionein-IB (MT-1B) M13484
330859 NA NA NA
331591 NA NA NA

used an already existing dataset to identify the
genes differentially expressed in ILCs and IDC.
Both approaches reveal that global differences
between these two tumor entities exist, but that
there is not much overlap of findings from the
in vitro experiments and the differences between
lobular cancer and ductal cancer. Lobular can-
cers are known to have inactivating mutations
in the E-cadherin gene (missense mutations or
small deletions)339,340, accompanied by loss of
heterozygosity. Apparently the mRNA encoded
by the mutated E-cadherin gene is less stable and
therefore expressed at lower levels.

Many studies have highlighted the important
role of HER2 gene amplification and protein
overexpression in breast cancer development
and progression83,341. It has been shown that
trastuzumab, a humanized antibody directed
against the cell external part of the HER2
protein, can lead to remissions in patients
with HER2 positive metastatic breast cancer
(reviewed in Nahta et al. 342) and reduces recur-
rence rates when given as adjuvant therapy to
patients with primary HER2 positive breast can-
cer. Nevertheless, many details on the exact
mechanisms underlying HER2-induced tumor
progression remain to be discovered. Some
studies describe the use of small interfering
RNAs to suppress HER2 expression in human
cell lines 343,344 that either show overexpression
(SK-BR-3, BT474) or normal expression of the
HER2 protein (MCF-7, MDA-MB-468), but none
of them has investigated the general changes in
gene expression after knocking down expression
of HER2.

We have investigated how the general over-

all gene expression pattern changes after knock-
ing down HER2 expression in SK-BR-3 cells, a
human breast cancer cell line with HER2 gene
amplification. By silencing HER2 expression in
these cells, we converted the phenotype to ‘nor-
mal’ with respect to dysregulation of the HER2
oncogene. A number of probes (n= 121) are sig-
nificantly regulated after silencing HER2 expres-
sion in SK-BR-3 cells. Nine probes were upregu-
lated, all the other probes were downregulated
after HER2 downregulation. The genes that
were upregulated neither are part of one or two
known or well described canonical pathways nor
share adjacent chromosomal locations.

It has been proposed that gene expression
signatures of cell lines are capable to predict
the deregulation of oncogenic signaling path-
ways345. These studies introduced overex-
pression of specific oncogenes and subsequently
identified pathways deregulated by these spe-
cific genetic events. Clustering based on the
gene expression of primary tumors with the in
vitro-obtained signatures could be correlated to
patient’s prognosis and to sensitivity to therapeu-
tic agents that target components of these path-
ways.

In the study presented here we have chosen
the opposite approach and silenced the expres-
sion of HER2 in SK-BR-3 cells. Also Yang et
al. 346 investigated the expression of some spe-
cific genes by western blot analysis after knock-
ing down HER2 expression in some breast cancer
cell lines (BT-474 and MDA-MB 453) and one
ovarian cancer cell line (SKOV-3). The investi-
gated genes are genes that are involved in cell
cycle regulation (PI3K, Akt, cyclin D1, p27) and
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angiogenesis (thrombospondin-1, VEGF). None
of these genes are present in the 121 genes we
identified with our approach. This may be due to
the fact that Yang et al. used western blot analy-
sis to look for specific genes of interest, whereas
our approach identifies global changes in gene
expression after knocking down expression of
the HER2 gene.

When we used the 121 genes from the in vitro
experiment to perform unsupervised hierarchical
clustering on human primary breast cancer, the
HER2 positive samples did not cluster together.

Not surprisingly, many genes that were down-
regulated after knocking down HER2 expression
play a role in proliferation and include genes
mainly involved in DNA replication, recombi-
nation, and repair. We therefore removed the
probes that where overlapping with the prolifer-
ation signature of Hu et al. 7 or the grade signa-
ture of Sotiriou et al. 332. From the 77 remaining
genes, ten have been described to be involved
in cancer development or progression (NUF2,
PLK1, ERBB2, LKGAS1, CKS1B, GMNN, MCM7,
AURKB, POLD1, SPBC25).

We repeated the unsupervised hierarchical
cluster analysis with this reduced probe set of
77 genes, but still the HER2 positive tumors
did not cluster as a unique group. This indi-
cated that there is no very strong effect of knock-
ing down HER2 expression in a HER2 ampli-
fied cell line that can also be identified in pri-
mary human breast cancers. A recent study by
Astolfi et al. 347 investigated the gene expression

in a transgenic mouse model of HER2-positive,
basal-like mammary carcinoma. They show that
the HER2-transformed tumor cells showed mod-
ulated expression of genes promoting prolifera-
tion, migration and invasion. Although the genes
of their HER2 signature show no analogy with
our 121 gene signature, the biological themes
are comparable.

The results of this study suggest that knock-
ing down the expression of HER2/neu or E-
cadherin gene expression in breast cancer cell
lines gives the opportunity to investigate the
global changes in gene expression, but does not
very well reflect the situation in human primary
breast tumors. This shows the complexity of
human breast cancer development and also indi-
cates that even genetic events considered impor-
tant for the development of specific breast can-
cer subtypes have effects that for a large part
depend on the genetic background of the tumor
cells. Furthermore, a human tumor is not grow-
ing isolated from its environment and stromal
cells also contribute to the gene expression pro-
file of the primary tumor. These stromal com-
ponents are not present in the in vitro system,
where only the tumor cells are grown in a mono-
layer culture. The identification of specific path-
ways influenced by the overexpression or loss of
expression of specific gene products remain an
important goal to finally achieve more detailed
information on how the development of several
tumor subtypes is regulated.




