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Neoadjuvant chemotherapy is employed to treat primary operable breast cancer. Not all tumors
respond to the same chemotherapy and predictors of response are urgently needed. This study was con-
ducted to evaluate the use of gene expression profiling to predict response to neoadjuvant anthracycline
or taxane based chemotherapy. Patients with operable or locally advanced breast cancer were either
included in a randomized phase II study or received “standard” neoadjuvant chemotherapy outside the
study protocol. From all patients core needle biopsies were taken before treatment and gene expression
profiling was performed on 35k oligo microarrays.

From pretreatment biopsies of 63 patients treated with various chemotherapy regimens, gene expres-
sion profiling was performed. Based on the intrinsic genes, we identified the molecular subtypes of
breast cancer in our data set. Thirteen out of 25 patients with a basal-like tumor (52 %) showed a
complete remission, whereas for the luminal tumors (n= 29) complete remissions were observed in only
7 % of the patients. Using published predictive and prognostic gene expression signatures, we could
not obtain a good separation between responders and non-responders. We also performed exploratory
analyses on our dataset. Thirty-one genes separated pCR and nonreponders independent of the treat-
ment administered, whereas another set of 22 genes devided pCR and non-responders after six courses
of AC treatment. Basal-like tumors respond much better to various chemotherapy regimens compared to
the other molecular subtypes. A small exploratory analysis reveals a 31 gene classifier associated with
response to neoadjuvant chemotherapy with a variety of regimens and a 22 gene classifier associated
with response to AC based chemotherapy.

In the last few years, preoperative (or neoad-
juvant) chemotherapy of breast cancer is con-
sidered the standard for patients with locally
advanced breast cancer and it is increasingly
employed in patients with operable disease. It
has been shown that neoadjuvant chemotherapy
is as effective in reducing the risk of develop-
ing distant metastases for patients with operable
breast cancer as adjuvant chemotherapy given
postoperatively23,270. Furthermore, breast con-
serving surgery is more often feasible in patients
treated with preoperative chemotherapy23. It
has also been shown that patients who achieve
a pathological complete remission (pCR) after
chemotherapy have a better prognosis than
patients without a pCR23,253,270,271. A high pro-
liferation rate has been associated with good

response to chemotherapy. Despite the associa-
tion with a high likelihood of recurrence, prolif-
eration is a strong predictor of pCR.

Many studies have investigated the opti-
mal treatment combinations and schedules
for neoadjuvant chemotherapy (reviewed in
Ref. 272). Published data support the use of
both anthracyclines and taxanes in the neoad-
juvant setting17, but no standard regimen has
been established. Depending on the chemo-
therapy regimens used, pathological complete
response rates in large randomized trials vary
between 10 % and 30 % 272. Many patients
respond only partially and some do not respond
at all. Complete remissions are particularly
rare in hormone-receptor positive, HER2/neu-
negative tumors. At present, no other use-
ful molecular markers are available that predict
response to preoperative chemotherapy.



Gene expression classifiers and response to neoadjuvant chemotherapy in breast cancer

Several studies have shown that gene expres-
sion profiling by microarray analysis can be
used to identify subgroups of breast cancer
that show important differences with respect
to clinical behavior. This technique has suc-
cessfully been used to describe molecular sub-
types of breast cancer3–5 and to identify prog-
nostic subgroups 235,236,261. Attempts have been
made to use this technique to also identify
predictors of response to neoadjuvant chemo-
therapy39,237,238,240.

We have recently reported on a prospective
clinical trial 39, where we show that response to
neoadjuvant chemotherapy results in changes in
gene expression. We could not identify a predic-
tive gene expression profile, leading to the con-
clusion that differences between tumors with our
without response to neoadjuvant chemotherapy
are relatively subtle. In this study, patients
responded within the first two or three courses of
chemotherapy. When patients did not show any
response to the treatment administered within
these first three courses of treatment, they in
general did not respond in the additional three
courses of the same treatment. We therefore
closed this study and started a new one taking
into account these results.

Here, we describe the first results of a
prospective single-institution study, which was
designed to identify gene expression profiles
predicting response to either anthracycline or
taxane-based neoadjuvant chemotherapy. From
the previously published studies it has become
clear that a large number of patients will need to
be evaluated to obtain reliable gene expression
classifiers to predict response to neoadjuvant
chemotherapy. Here we use the gene expres-
sion data of a relatively small group of patients
for exploratory, hypothesis generating purposes.
We also studied whether already published pro-
files predicted response to neoadjuvant chemo-
therapy in our dataset.

Patients were treated with neoadjuvant
chemotherapy within a randomized phase II
single institution study (N04POM), which was
approved by the protocol review committee
of the Netherlands Cancer Institute. Written
informed consent was obtained from all patients.
Patients with stage II or III invasive breast cancer
> 3 cm in diameter and/or at least one tumor-
positive axillary lymph node were eligible for the
study.

Patients who declined randomization were
treated according to the non-experimental arm

of the protocol and could be included in the
gene expression array study if they consented
the biopsy required. All patients underwent a
core needle biopsy to obtain a histological diag-
nosis of invasive breast cancer. Estrogen recep-
tor (ER), progesterone receptor (PR), and HER2
status were assessed using immunohistochem-
istry (IHC) or HER2/neu-CISH when indicated
on this biopsy material. Another biopsy was
taken, fresh-frozen in liquid nitrogen and used
for RNA isolation as described below.

Patients with HER2 negative tumors were
randomized between either three courses
of dose-dense adriamycin/cyclophosphamide
(ddAC = standard treatment) or three courses
of capecitabine/docetaxel (CD). Patients in the
ddAC arm received two-weekly administra-
tions of 60 mg/m2 adriamycin and 600 mg/m2

cyclophosphamide followed by filgrastim
(Neulasta®). In the CD arm, patients were
treated with three-weekly administrations of
75 mg/m2 docetaxel on day 1 and 1000 mg/m2

capecitabine twice daily for 14 days in a 3-
week cycle. After three courses of chemo-
therapy, the treatment response was evaluated
by MRI. Patients with a favorable response,
which was defined as a reduction of the largest
tumor diameter of at least 25 % determined by
MRI after these initial courses, continued their
initial treatment for three additional courses,
whereas patients who did not achieve a favor-
able response were switched to the other regi-
men.

Patients with HER2 positive tumors all started
chemotherapy with three courses of ddAC.
After evaluation by MRI, patients with a favor-
able response were randomized to either con-
tinue their initial treatment for three addi-
tional courses or were switched to eight weekly
courses of carboplatin (AUC= 2) / paclitaxel
(70 mg/m2) / trastuzumab (first administration
4 mg/kg, following administrations 2 mg/kg)
(CPT). Patients without a favorable response
were all switched to the CPT regimen.

After completion of all courses of chemo-
therapy, all patients underwent local treatment
(surgery and radiotherapy if appropriate), hor-
monal treatment and additional treatment with
trastuzumab when indicated according to stan-
dard protocols of the institute. A schematical
overview of the study design is given in supple-
mentary Figure 1.



Patients and Methods

Microscopic slides containing 5μm-sections
of the tumor material were stained with com-
mercially available antibodies. The estrogen
receptor (ER) was stained with a mouse mon-
oclonal antibody (clone 1D5+6F11, NeoMark-
ers, Fremont, CA, USA) in a dilution of 1:50
with an autoclave antigen retrieval in citrate
buffer pH 6.0. The progesterone receptor anti-
body (clone PR-1, ImmunoVision Technology,
Brisbane, CA, USA) was diluted 1:400. Antigen
retrieval was in citrate buffer pH 6.0. The HER2
antibody (clone 3B5)273 was diluted 1:80000
with a 15 minutes microwave antigen retrieval in
citrate buffer. For staining the p53 protein, sam-
ples were stained with the p53 antibody (clone
DO-7, DakoCytomytation, Glostrup, Denmark)
in a dilution of 1:6000 with an antigen retrival in
citrate buffer pH 6.0. Detection was performed
with PowerVision+ (ImmunoVision Technology,
Brisbane, CA, USA) using an HRP-conjugated
second antibody. Chromogenic in situ hybridisa-
tion was performed using the Spot-Light® HER2
CISH™ Kit (Zymed, San Francisco, USA). Exper-
iments were performed according to the manu-
facturer’s protocol.

All tissue sections were reviewed by one
pathologist for histological classification and
immunohistochemical assessment. Samples
were scored as ER or PR positive by immuno-
histochemistry (IHC), when at least 1 % of the
tumor cells showed staining of the estrogen
receptor or progesterone receptor, respectively.
Specimens with ≥ 50 % of the cells stained
for p53 were considered positive. A sam-
ple was scored as being HER2 positive when
either a strong membrane staining (3+) could
be observed by IHC or if CISH revealed amplifi-
cation of HER2 in samples with moderate (2+)
membrane staining at IHC.

The assessment of the gene status by CISH
was as follows: At least 30 tumor cells were eval-
uated. According to the manufacturer’s instruc-
tions, tumors with an average of less than 5 spots
per nucleus were considered to be HER2 non-
amplified, samples with an average of at least or
more than 5 spots per nucleus were considered
to be HER2 amplified.

The response of the primary tumor to chemo-
therapy was evaluated by MRI after the first

three courses of chemotherapy, and by pathologi-
cal examination following surgery after the com-
pletion of chemotherapy. The primary endpoint
of the study was pathological complete remis-
sion (pCR), evaluated by pathological exami-
nation of the surgical specimen. A pCR was
defined as the absence of residual vital tumor
cells at microscopy. When a small number of
scattered tumor cells was seen, the samples
were classified as “near complete” pathological
remission (npCR). Since the aim of this study
was to identify a gene expression profile associ-
ated with a very high sensitivity of the primary
tumor to chemotherapy, tumors with a npCR
were included in the group of complete remis-
sion for analytical purposes. If only non-invasive
tumor (carcinoma in situ) was detected, this was
assessed as a pCR as well.

A partial response (PR) was defined as a
reduction of the tumor mass of at least 50 % and
was evaluated by reviewing the combined clini-
cal, imaging and pathology information. Patients
with a residual tumor mass of > 50% were clas-
sified as non-responders. The lymph node status
was not included in the assessment of response
of the tumor to chemotherapy.

Total RNA was isolated and amplified as pre-
viously described47. One 5μm tissue section
(usually after 15 30μm sections) of each biopsy,
and the first and the last section of each remain-
ing tumor were H&E stained to determine the
tumor cell percentage of the specimen. Only
specimens with ≥ 50% of tumor cells were pro-
cessed further.

Amplified RNA (aRNA) was labeled with
the use of the ULS™ aRNA Fluorescent Label-
ing Kit (Kreatech Biotechnologies, Amsterdam,
The Netherlands) following the manufacturers
protocol with slight adaptations: 1μg aRNA
was used as starting material and labeled
with either 1μl ULS-Cy3 or 0.4μl ULS-Cy5
by incubation for 30 minutes at 85 ◦C. After
cleanup, the labeled aRNA has been frag-
mented using the fragmentation reagents from
Ambion (Austin, Texas). Hybrizations were per-
formed on the hybridization station HS4800
(TECAN, Grödig, Austria). The complete pro-
tocols for labeling and array hybridizations can
be found on

.
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Patient characteristics.

No. of Patients / %

Age

Median (years) 45 y
Range (years) 24 – 70 y

Histology*

IDC 55 87
ILC 5 8
ductal/lobular 1 1.6
mucinous type B 1 1.6
not assessable 1 1.6

Tumor Grade*

I 2 3
II 30 47.5
III 30 47.5
not assessable 1 2

Tumor Diameter

Median 40 mm
Range 11 – 101 mm

Immunostaining*

ER positive 42 67
PR positive 33 51
Her2/neu positive 8 13
p53 positive 28 44

Neoadjuvant Chemotherapy

6×AC 36 57
3×AC→ 3×CD 10 16
3×AC→ 3×CPT 4 6
6×CD 7 11
3×CD→ 3×AC 4 6
6×CPT 2 3

Response pCR/npCR PR NR

6×AC 11 16 9
3×AC→ 3×CD 2 3 5
3×AC→ 3×CPT 2 2 0
6×CD 2 2 3
3×CD→ 3×AC 0 2 2
6×CPT 0 0 2

Surgery/Radiotherapy

Mastectomy 28 44
Breast conserving treatment 34 54
Radiotherapy without surgery 1 2

Note: Samples are considered to be positive for ER/PR, when at least 1 % of the tumor cells are
stained positive. Samples are scored as p53 positive, when at least 50 % of the tumor cells are
positive. Samples are scored as positive for HER2, when they are either scored as 3+ by immuno-
histochemistry or positive by CISH.
Abbreviations:
ER = estrogen receptor IDC = invasive ductal carcinoma
PR = progesterone receptor ILC = invasive lobular carcinoma
AC = adriamycin/cyclophosphamide (n)pCR = (near) pathologic complete remission
CD = capecitabine/docetaxel PR = partial response
CPT = carboplatin/paclitaxel/trastuzumab NR = no response
* information obtained before chemotherapy treatment



Results

All experiments were performed as dye-
swaps on 35k human oligo-microarrays (Cen-
tral Microarray Facility, NKI Amsterdam;

) containing 37632
oligonucleotides selected from the Operon V3
library. The reference pool consisted of equal
amounts of aRNA of 100 invasive breast carcino-
mas. Fluorescent images were obtained by using
the DNA Microarray Scanner G2565B (Agilent,
USA).

Microarray images were analyzed with Ima-
Gene™ Software (BioDiscovery, Inc., USA) and
data were exported to � statistical package for
normalization262. We applied a normalization
procedure described previously 39 using an error
model tailored to our NKI platform264.

Subsequently, the number of genes used for
analyses was reduced by filtering out genes that
did not significantly change in expression. The
number of samples in which a gene should be
significantly regulated had been predefined and
no missing values were allowed to end up with a
set of 5000 – 7000 genes, because this number is
optimal for most analysis steps.

Two-dimensional unsupervised hierarchical
clustering using Pearson correlation as distance
function and Complete Linkage was performed
by using Genesis software

265.

We applied supervised classification as
described earlier 236,266,267. The pathological and
clinical data were used to match the patients
to the different response groups. Patients
with a pCR or npCR were termed responders,
whereas non-responders could have a clinical
and/or pathological stable disease (SD) or pro-
gressive disease (PD). Patients with a partial
response (PR) were not inclued in the group of
non-responders for analytic purposes. Genes
were rank ordered based on their signal-to-
noise statistic. Safe cut-offs were determined
by comparing the SNR values to the results
from 2000 sample label permutations (Monte
Carlo randomization). Leave-out cross valida-
tion was used to determine the optimal number
of genes separating the groups. The number of
left-out samples in this cross validation proce-
dure was dependent on the number of samples

within the analysis set. The calculation of the
signal-to-noise ratios, Monte Carlo randomiza-
tion and cross validation have been described
previously39. Additionally, the PAM tool (Predic-
tion Analysis of Microarrays) was used274.

Supplementary information on the meth-
ods and additional results are provided at

.

At the time of analysis, 77 patients had been
included in the phase II trial (N04POM study) or
had been registered for “off protocol” treatment.
From 47 pretreatment biopsies of these patients,
good quality RNA was obtained and gene expres-
sion profiling was performed. In addition to
the patients of this prospective trial, 16 sam-
ples were included in the analysis obtained from
patients treated with AC in a previous phase II
trial (N00DCD study)39. In total, we could ana-
lyse microarray data of 63 patients. The patient
characteristics are shown in Table 4.1.

Of these 63 patients, 53 had received adri-
amycin and cyclophosphamide (AC) as initial
chemotherapy (16× standard AC, 37× ddAC).
Thirty-eight of these had not been switched
to another regimen and had thus exclusively
received AC. Because MRI examination after
three courses of chemotherapy failed to show
a favourable response of the primary tumor,
ten patients were switched from AC to the CD
regimen and five patients with HER2 positive
tumors from AC to the CPT regimen. Another
ten patients had started their chemotherapy with
three courses of CD. After MRI evaluation, six of
these continued with CD and four patients were
switched to three courses of ddAC. An overview
of the treatments administered in this patient
cohort is given in Table 4.1. Seventeen patients
(27 %) achieved a pathological complete remis-
sion (pCR) or near pCR of their primary tumor,
25 patients (40 %) had a PR and 21 patients
(33 %) showed no response to chemotherapy.
The distribution over the different chemotherapy
regimens is also given in Table 4.1.

For the patients who could not be included
in the analysis because of technical reasons,
the clinical and pathological characteristics as
described in Table 4.1 were not statistically sig-
nificantly different from those of the patients
that could be analyzed.
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A

ER status based on IHC
HER2 status based on IHC

response to therapy

training set validation setB

ER status based on IHC
HER2 status based on IHC

response to therapy

Analysis of responders and non-responders treated with various chemotherapy regimens.
A: unsupervised hierarchical clustering based on 12424 significantly regulated genes. B and C: hierar-
chical clustering of the training and the validation set with the 31 gene classifier. Color coding: �=
positive by IHC; �= negative by IHC; �= no response; �= complete response; �= not assessable.

We performed several different analyses
using different datasets. First, unsupervised clus-
tering on the pretreatment biopsies was per-
formed on complete responders (n = 17) and
non-responders (n = 21) only. In this analy-
sis we left out the partial responders to see the
general gene expression differences between the
non-responders and complete responders. We
performed unsupervised hierarchical clustering
based on all significantly regulated genes (n =
12424 with p ≤ 0.01 in at least 4 samples) to
order these 38 pretreatment biopsies of com-
plete responders and non-responders according
to their general gene expression profile. As can

be seen from Figure 4.1A, there is not a clear
separation between the responders and non-
responders. Ten out of 17 samples of patients
with a pCR cluster in one subgroup, whereas the
other 7 samples do not cluster together.

As a second step, we performed clustering of
the pretreatment biopsies of the patients who
received only AC and either achieved a complete
response (n = 11) or did not respond (n = 9)
to treatment. Figure 4.2A shows the dendro-
gram of the 20 pretreatment biopsies of only AC
treated patients based on the significantly regu-
lated genes (n = 7690 with p ≤ 0.01 in at least
5 samples). Seven out of 11 responders cluster
in a separate group, the other group contains all
non-responders and the remaining 4 responders.



Results

ER status based on IHC
HER2 status based on IHC

response to therapy

ER status based on IHC
HER2 status based on IHC

response to therapy

A

B

Analysis of responders and non-responders treated with 6×AC. A: unsupervised hier-
archical clustering based on 7690 significantly regulated genes. B: hierarchical clustering with the 22
gene signature after cross validation. Color coding: �= positive by IHC; �= negative by IHC; �= no
response; �= complete response; �= not assessable.

Clustering in the two main groups is not corre-
lated with the ER, HER2 or p53 status of the pre-
treatment biopsies.

Although the number of patients in each of
the subgroups is too small for definite analyses,
we performed exploratory supervised classifica-
tion. To predict response to neoadjuvant chemo-
therapy (all different regimens combined), we
selected all patients with a pCR/almost pCR

(n = 17) and patients without a response (n =
21). The dataset was divided in a training set
consisting of 12 patients with a pCR and 15
patients without response, and a validation set
(5 patients with a pCR and 6 patients with-
out a response). Using Monte Carlo randomiza-
tion and cross validation, 31 genes could sepa-
rate both groups with an average performance of
89 %. This predictor was validated on the inde-
pendent validation set (n = 11) with a speci-
ficity of 83 % and an accuracy of 78 % (Fig-
ure 4.1B and Table 4.2). The 31 genes are given
in Table 4.3.



Gene expression classifiers and response to neoadjuvant chemotherapy in breast cancer

Performance of the 31-genes expression signature in the validation set.

predicted

(n)pCR NR total
ob

se
rv

ed (n)pCR 3 2 5

NR 1 5 6

total 4 7 11

Cases Percentage

Sensitivity 3/5 60
Specificity 5/6 83
PPV 3/4 75
NPV 5/7 71
Accuracy 8/11 78

(n)pCR = (near) pathologic complete remission;
PR = partial response;
NR = no response;
PPV = positive predictive value;
NPV = negative predictive value.

Additionally, we tried to identify a gene
expression profile specifically prediciting
response to adriamycin/cyclophosphamide
(AC). Since the sample size for this analysis
is very small (11 patients with a pCR and 9
patients without response), we could not divide
this set into a training set and an independent
validation set. After Monte Carlo randomization
and cross validation, we identified 22 genes that
could potentially distinguish between complete
responders and non-responders after treatment
with six courses of AC. Figure 4.2B shows the
hierarchical clustering of the untreated biopsies
of responders and non-responders that received
six courses of AC with these 22 genes. The genes
are given in Table 4.4.

Between these two gene signatures, only two
genes are overlapping, suggesting that there is a
specific profile predicting response to specifically
AC treatment and a more general profile describ-
ing the general chemo-sensitivity of a tumor.

The biological function and cellular localiza-
tion of the 31 gene classifier was examined by
using FatiGO, a web based tool to find associ-
ations of Gene Ontology terms with a specific
group of genes275. For 28 out of 31 genes,
a GO annotation was available. 36 % of the
genes are involved in nucleotide and nucleic acid
metabolism. A large number of genes in this clas-
sifier encodes for proteins that are located in the
nucleus or are membrane bound.

As a next step in our analyses, we have
used gene expression signatures that were pre-
viously shown to be biologically relevant in

breast cancer or had been previously identified
as predictors for response to neoadjuvant chemo-
therapy7,236–238,240. An average of 73 % (62 % –
99 %) of the genes in these classifiers could be
matched to our 35k oligo array platform.

We have used the intrinsic genes (the most
recently updated version) by Perou and col-
leagues7 to perform hierarchical cluster analysis
and to identify the molecular subtypes of breast
cancer. The result of the unsupervised clustering
of the samples of our dataset with these genes is
shown in Figure 4.3. When using the centroids
of the intrinsic gene list to identify the molec-
ular subtypes in our dataset, the samples clus-
ter in a large group of basal-like tumors and
in a second group containing the luminal and
the ERBB2 samples. Only two samples assigned
to the basal-like group by the centroids cluster
among the luminal-like tumors. Of the 25 basal-
like tumors, 13 show a complete response to
treatment, whereas only two out of 29 luminal-
like tumors show a pCR after chemotherapy.

All of the tumors that show consistent upreg-
ulation of the HER2-mRNA expression also were
scored as HER2 3+ by IHC or as HER2 ampli-
fied by CISH (n = 8). Six of them have been
assigned to the ERBB2 group of the molecular
subtypes based on their correlation coefficient to
the centroids of the intrinsic genes. When apply-
ing the centroids, one out of 6 patients did not
show any response to treatment, whereas two of
the patients achieve a pCR and 3 of them a par-
tial remission.

Of the “70 gene prognosis signature”
described by Van ’t Veer et al. 236, 47 genes (67 %)
could be matched to our NKI platform. Hier-
archical clustering using these matched genes
divided our samples in a group containing 17
out of 21 non-responders and a second group
containing 10 out of 17 responders (supplemen-
tary Figure S2). PAM analysis of the 70 gene



Results

31 gene signature separating between responders and non-responders indepent of the
treatment administered.

NKI Symbol [*] Gene Description Gene ID
reporter bank

309906 OCRL ↑↑↑ S62085 Inositol polyphosphate 5-phosphatase
OCRL-1 (EC 3.1.3.-) (Lowe’s
Oculocerebrorenal syndrome protein)

ENSG00000122126

305364 NUTF2 ↑↑↑ U43939 Nuclear transport factor 2 (NTF-2)
(Placental protein 15) (PP15)

ENSG00000102898

327800 na ↓↓↓ AJ400877 CEGP1 Protein ENSG00000175356
324915 PDCD6IP ↓↓↓ BC020066 Programmed cell death 6 interacting

protein; ALG-2 interacting protein 1
ENSG00000170248

319717 na ↑↑↑ na na ENSG00000158965
316421 TCTA ↓↓↓ L41143 T-cell leukemia translocation-associated

gene protein
ENSG00000145022

321426 CPA3 ↓↓↓ S40234 Mast cell carboxypeptidase a precursor
(EC 3.4.17.1) (MC-CPA)
(carboxypeptidase A3)

ENSG00000163751

300982 HMGB3 ↑↑↑ AL034450 High mobility group protein 4 (HMG-4)
(High mobility group protein 2A)
(HMG-2A)

ENSG00000029993

317178 UGCG ↓↓↓ BC038711 Ceramide glucosyltransferase
(EC 2.4.1.80) (Glucosylceramide
synthase) (gcs) (UDP-GLUCOSE

ENSG00000148154

323518 CYB5D2 ↓↓↓ BC020263 Cytochrome b5 domain containing 2 ENSG00000167740
330272 na ↓↓↓ na na ENSG00000177880
311250 JMJD2B ↓↓↓ AB020683 Jumonji domain containing 2B ENSG00000127663
305366 NUP93 ↑↑↑ BC034346 Nucleoporin 93 kDa ENSG00000102900
304460 SEPT3 ↑↑↑ AL833942 NEURONAL-SPECIFIC SEPTIN 3 ENSG00000100167
300125 ZMYND10 ↓↓↓ AL833828 Zinc finger, MYND-type containing 10 ENSG00000004838
322371 C13orf3 ↑↑↑ BC013418 Chromosome 13 open reading frame 3 ENSG00000165480
323963 HEXIM2 ↓↓↓ BC025970 Hexamthylene bis-acetamide

inducible 2
ENSG00000168517

302656 MLH1 ↓↓↓ U17856 DNA mismatch repair protein MLH1
(MutL protein homolog 1)

ENSG00000076242

315203 DDX38 ↑↑↑ BC008340 DEAH (Asp-Glu-Ala-His) box
polypeptide 38

ENSG00000140829

308606 SPR ↓↓↓ BC017310 Sepiapterin reductase
(7,8-dihydrobiopterin:NADP+
oxidoreductase) (SPR)

ENSG00000116096

313843 na ↓↓↓ BC007664 Hepatocellular carcinom-associated
antigen 59; hypothetical protein

ENSG00000136819

307672 E2F3 ↑↑↑ D38550 E2F transcription factor 3 (E2F-3) ENSG00000112242
321361 GMPS ↑↑↑ U10860 Guanine monphosphate synthetase ENSG00000163655
330901 PH-4 ↓↓↓ BC000580 Hypoxia-inducible factor prolyl

4-hydroxylase
ENSG00000178467

301167 PARP3 ↓↓↓ AL050034 Poly (ADP-ribose) polymerase family,
member 3 (HPARP-3)

ENSG00000041880

301874 KARS ↑↑↑ BC004132 Lysyl-tRNA synthetase ENSG00000065427
321386 APBB2 ↓↓↓ U62325 amyloid beta A4 precursor

protein-binding, family B, member 2
ENSG00000163697

322880 CENPN ↑↑↑ BC007334 Centromere protein N ENSG00000166451
315901 CDC42SE1 ↑↑↑ BC012796 CDC42 small effector 1 ENSG00000143415
315104 BBS4 ↓↓↓ BC008923 Bardet-Biedl syndrome 4 ENSG00000140463
313384 TROAP ↑↑↑ U04810 Trophinin associated protein (tastin) ENSG00000135451

[*] average expression in responders, ↑↑↑/↓↓↓ up/down-regulated compared to the reference pool.
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22 gene signature separating between AC-treated responders and non-responders.

NKI Symbol [*] Gene Description Gene ID
reporter bank

316502 MARCH1 ↓↓↓ AK000675 Membrane-associated ring finger
(C3HC4) 1

ENSG00000145416

319717 NA ↑↑↑ NA NA ENSG00000158965
307098 CTSC ↑↑↑ U79415 Cathepsin C ENSG00000109861
305932 PDCD5 ↑↑↑ BC015519 Programmed cell death 5 ENSG00000105185
300982 HMGB3 ↑↑↑ AL034450 High mobility group protein B3 ENSG00000029993
308774 KIF21B ↑↑↑ AB007918 Kinesin family member 21B ENSG00000116852
319479 GALNT14 ↑↑↑ AK091313 UDP-N-acetyl-alpha-D-

galactosamine:polypeptide
N-acetylgalactosaminyltransferase 14
(GalNAc-T14)

ENSG00000158089

316670 PLA2G7 ↑↑↑ U24577 Phospholipase A2, group VII
(platelet-activating factor
acetylhydrolase, plasma)

ENSG00000146070

300894 DEPDC1 ↑↑↑ AK000361 DEP domain containing 1 ENSG00000024526
330727 GEN1 ↑↑↑ AK098188 Gen homolog 1, endonuclease

(Drosophila)
ENSG00000178295

332350 NA ↑↑↑ NA NA ENSG00000179881
307099 CTSC ↑↑↑ U79415 Cathepsin C ENSG00000109861
301637 TBXAS1 ↑↑↑ L36084 Thromboxane A synthase 1 (platelet,

cytochrome P450, family 5, subfamily A)
ENSG00000059377

307621 SOD2 ↑↑↑ BC012423 Superoxide dismutase 2, mitochondrial ENSG00000112096
305436 C16orf61 ↑↑↑ BC032631 DC13 protein ENSG00000103121
307620 SOD2 ↑↑↑ BC012423 Superoxide dismutase 2, mitochondrial ENSG00000112096
309394 ARL6IP6 ↑↑↑ AF449186 ADP-ribosylation-like factor 6 interacting

protein
ENSG00000119787

303014 KIAA0020 ↑↑↑ D13645 KIAA0020 ENSG00000080608
302101 PSME4 ↑↑↑ D38521 Proteasome (prosome, macropain)

activator subunit 4
ENSG00000068878

300930 CD44 ↑↑↑ AY101193 CD44 molecule ENSG00000026508
300618 ERCC1 ↓↓↓ AB069681 Excision repair cross-complementing

rodent repair deficiency,
complementation group 1

ENSG00000012061

315827 CDCA1 ↑↑↑ AK093348 Cell division cycle associated 1;
kinetochore protein NUF2

ENSG00000143228

[*] average expression in responders, ↑↑↑/↓↓↓ up/down-regulated compared to the reference pool.

signature could predict response status correctly
in 78 % of the samples (supplementary Figure
S2). From this we conclude that the 70 gene
signature is not strongly predictive of response
to chemotherapy.

Chang et al. 238 identified a 92-gene expres-
sion signature that predicts response to doc-
etaxel monotherapy. This classifier could not
separate our dataset in responders and non-
responders using unsupervised hierarchical clus-
tering (supplementary Figure S3). Supervised
classification with PAM correctly classified 76 %
of the samples. Non-responders did better in
classification than responders in term of clas-
sification: 18 out of 21 (86 %) of the non-

responders where classified correctly compared
to 11 out of 17 (65 %) biopsies of patients with
a complete remissions.

Of the 512 gene profile prediciting response
to gemcitabine/epirubicin/docetaxel that has
been described by Thuerigen et al. 240, 333
(65 %) could be matched to our array plat-
form. Supervised classifcation using PAM classi-
fied 71 % of the samples correctly. Ayers et al. 237

described a 74-gene expression signature for
response to neoadjuvant T/FAC chemotherapy. A
new “30 gene signature” predicting response to
the same chemotherapy was described recently
by the same researchers 247. This 30 gene signa-
ture could be matched for 14 probes (46 %) to to
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our NKI array platform. Supervised classification
using PAM with the matched gene list leads to a
correct classification of 70 % when looking at all
responders and non-responders, whereas non-
responders do better than responders in terms
of classification (76 % correctly classified non-
responders vs 65 % correctly classified respon-
ders) (supplementary Figure S4).

When we added all the partial responders of
our study, on average only 54 % of the samples
were correctly classified with the worst classifica-
tion within the group of non-responders. When
looking only at patients treated with AC, on
average 75 % of the samples could be correctly
classified when using 6 genes (E2F3, RRM2,
BBS4, IGFBP4, MAPT, CTNND2). Using this
dataset, the responders do better than the non-

responders in terms of classification with correct
classifications of 82 % and 67 % of the samples,
respectively.

A combination of these classifiers did not
improve the classification rate. From this we
conclude that all classifiers that have been pub-
lished so far are very specific for the dataset they
were obtained from. These datasets respresent
tumors from patients that have received different
chemotherapy regimens than the ones described
in our study.

Several studies have addressed the question
whether it is possible to identify gene expression
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profiles that predict response to chemotherapy in
breast cancer. The primary long-term goal of our
studies is to identify gene expression signatures
predicting the response to specific combinations
of chemotherapy drugs.

Breast cancer is a heterogeneous disease and
several molecular subtypes have been identi-
fied5,7. It has also been shown that the molec-
ular subtypes respond differently to neoadjuvant
chemotherapy8. The basal-like tumors are char-
acterized by the lack of expression of ER and
HER2, high nuclear grade and also by a more
aggressive clinical behavior276.

For HER2-positive tumors targeted treatment
with trastuzumab is now available and lumi-
nal, ER-positive tumors are additionally treated
with tamoxifen. For basal-type tumors no addi-
tional treatment is available. Therefore, it may
be especially important to identify a predictive
gene expression signature for response to neoad-
juvant chemotherapy in this clinically aggres-
sive subtype of breast tumors. In our data set,
the basal-type tumors show a pCR-rate of 50 %,
whereas the luminal-like tumors showed a pCR-
rate of only 7 %. This is comparable to the pre-
viously published results of Rouzier et al. where
patients in the basal-like and luminal-like sub-
groups showed a response rate of 45 % and 6 %,
respectively, after neoadjuvant chemotherapy
with paclitaxel followed by 5-fluorouracil, dox-
orubicin, and cyclophophamide. We have per-
formed supervised classification on pCR and NR
samples of basal-like tumors. However, the gene
expression signature identified could only cor-
rectly classify 57 % of the samples (12 out of 21)
after cross validation, indicating that we cannot
predict response to neoadjuvant chemotherapy
for this specific tumor subtype (data not shown).
This may be due to the small sample size in this
subset analysis (n= 21).

In our set of analyzed patients, the six
patients with HER2 positive tumors have been
treated with trastuzumab in addition to chemo-
therapy and two of them achieved a pCR. Since
these are only six cases, the group is too small to
draw any conclusions about response rates from
these results.

Recently, it has been reported that the addi-
tion of trastuzumab to preoperative chemo-
therapy in this patient group may increase the
pCR rate to over 60 % 277. Gene expression pro-
files predicting response to neoadjuvant chemo-
therapy, which have been published so far, show
a wide variation in genes involved in these sig-
natures. This is consistent with the concept that
treatment specific signatures exist. This would
also explain why the datasets of Chang et al. 238

and Hess et al. 247 could not separate our sam-
ples in responders and non-responders by unsu-
pervised hierarchical clustering and why there is

no overlap between our classifiers and those of
Chang and Hess. In their studies, other chemo-
therapy combinations were used than the ones
used in our study. The gene expression signa-
ture of Hess et al. predicts response to sequen-
tial weekly paclitaxel and fluorouracil + dox-
orubicin + cyclophosphamide (T/FAC), whereas
Chang treated patients with four cycles of doc-
etaxel monotherapy.

When applying the probes of the classifier of
Hess et al. 247 that could be matched to our array
platform to our study population and includ-
ing only patients who received six courses of
AC, 75 % of the samples are classified correctly.
In this analysis, nine out of eleven respon-
ders (82 %) and six out of nine non-responders
(67 %) where classified correctly. In our data
set, this signature appears to perform well in the
identification of complete responders but not as
good in the prediction of no response to treat-
ment. Even though only a minority of the genes
in their predictive signature are significantly reg-
ulated in our dataset (4 out of 30 genes, 13 %),
the gene expression pattern of the 14 genes,
which could be mapped to our array-platform is
similar. For only one probe (FGFR1OP) we see
a higher expression in the group of responders,
whereas Hess et al. describe a higher expression
in their group of patients without a complete
pCR. Addition of patients with a partial response
to the group of non-responders in the PAM analy-
sis leads to a misclassification error for non-pCR
samples of 13 %, but the pCR samples did worse
with a misclassification error of 47 %. This again
indicates that the group of partial responders
may be very heterogeneous making it difficult to
predict treatment response for these patients cor-
rectly.

In our exploratory analyses, we are able to
identify a gene expression signature of 31 genes
that can predict response to neoadjuvant chemo-
therapy independent of the chemotherapy reg-
imens applied. Another signature of 22 genes
more specifically predicts tumor response to
neoadjuvant AC. There is hardly any overlap
between these two signatures, suggesting that
there is a more general profile describing the
capability of a tumor to respond to any cytotoxic
treatment, but that there may be several distinct
signatures predicting response to specific combi-
nations of chemotherapy.

When selecting patients who had been
treated with six courses of AC, we were actu-
ally selecting for patients who had a favorable
response (reduction of the tumor mass for at
least 25 % at MRI) after three courses of chemo-
therapy. Therefore, this AC specific 22-gene clas-
sifier may reflect some analytical bias.

Since anthracyclines target the important
enzyme topoisomerase IIα, it could be spec-
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ulated that the 22 gene classifier predicting
response to AC treatment only contains a num-
ber of genes involved in DNA binding and repli-
cation. Cyclophosphamide, the second compo-
nent of AC treatment, is an alkylating agent
and induces interstrand and intrastrand DNA
crosslinks. Thus, cyclophosphamide could acti-
vate genes involved in DNA repair, especially
those associated with homologous recombina-
tion. The 22 gene classifier, however, is not
enriched for these genes compared to the genes
present on the whole array. Apparently, the
processes responsible for sensitivity to specific
chemotherapeutic regimens cannot be that eas-
ily deduced from the mode of action of the com-
bined regimens.

The 70 gene profile of Van ’t Veer et al. 236

predicts prognosis and metastasis free survival
in breast cancer patients. In our dataset, using
the probes on our platform that overlapped with
the 70 genes, this signature on average cor-
rectly classified 78 % of the responders and non-
responders. Using exactly the same probe set
described in the 70 gene signature may result
in slightly different classification rates and we
intend to perform that analysis in the future.
It has been suggested that cell proliferation is
correlated with response to chemotherapy, indi-
cating that rapidly proliferating tumors respond
better to chemotherapy than slowly proliferat-
ing ones. Rapid proliferation is often found
in ER negative tumors and it has been shown
that ER positive tumors respond less to primary
chemotherapy than ER negative tumors 278. It
has to be kept in mind that the 70 gene pro-
file is also strongly correlated with the ER sta-
tus of the tumors. In our dataset, most of the
genes that are up-regulated in the responders are
also upregulated in the “poor prognosis” profile
and the other way around. This result may also
indicate that a pathological complete response
to neo-adjuvant chemotherapy is not a strong
marker for metastasis free survival and good
prognosis, as has also been suggested by oth-
ers279.

In summary, our exploratory analyses identi-
fied a gene expression profile that could distin-
guish between responders and non-responders

to a variety of neoadjuvant chemotherapy reg-
imens. The intrinsic molecular subtypes can
also be identified in our dataset and different
response rates to chemotherapy are observed for
every subtype. Additional studies are needed to
investigate whether specific predictive signatures
can be identified for the different molecular sub-
types to finally allow tailored therapy for a more
homogeneous subgroup of patients.

pCR – pathological complete remission
ER – estrogen receptor
PR – progesterone receptor
IHC – immunohistochemical staining
CISH – chromogenic in situ hybridisation
ddAC – dose dense

adriamycin/cyclophosphamide
CD – capecitabine/docetaxel
MRI – magnetic resonance imaging
CPT – carboplatin/palcitaxel/trastuzumab
npCR – near pathological complete remission

or “near complete” pathological
remission

PR – partial response
SD – stable disease
PD – progressive disease
SNR – signal-to-noise ratio
PAM – Prediction Analysis for Microarrays
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