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Emerging high-throughput screening technologies
are rapidly providing opportunities to identify new
diagnostic and prognostic markers and new thera-
peutic targets in human cancer. Currently, cDNA ar-
rays allow the quantitative measurement of thou-
sands of mRNA expression levels simultaneously.
Validation of this tool in hospital settings can be done
on large series of archival paraffin-embedded tumor
samples using the new technique of tissue microar-
ray. On a series of 55 clinically and pathologically
homogeneous breast tumors, we compared for 15
molecules with a proven or suspected role in breast
cancer, the mRNA expression levels measured by
cDNA array analysis with protein expression levels
obtained using tumor tissue microarrays. The validity
of cDNA array and tissue microarray data were first
verified by comparison with quantitative reverse tran-
scriptase-polymerase chain reaction measurements
and immunohistochemistry on full tissue sections,
respectively. We found a good correlation between
cDNA and tissue array analyses in one-third of the 15
molecules, and no correlation in the remaining two-
thirds. Furthermore, protein but not RNA levels may
have prognostic value; this was the case for MUC1
protein, which was studied further using a tissue mi-
croarray containing ~600 tumor samples. For THBS1
the opposite was observed because only RNA levels

had prognostic value. Thus, differences extended to
clinical prognostic information obtained by the two
methods underlining their complementarity and the
need for a global molecular analysis of tumors at both
the RNA and protein levels. (Am J Pathol 2002,
161:1223-1233)

The development of genomic, technological, and bioin-
formatic tools have allowed progress in cancer research.
DNA arrays are currently the most used of the new high-
throughput methods to analyze the molecular complexity
of tumors. Several studies have showed their potential in
many types of human cancers."”* Even if the clinical
benefits for patients remain to be demonstrated, the first
results are very encouraging. DNA arrays-based gene
expression profiles are improving our understanding of
the disease as well as tumor taxonomy by identifying new
diagnostic or prognostic subclasses unrecognized by
usual parameters. They are expected to lead to the dis-
covery of new potential therapeutic targets, to accurate
predictions of survival and response to a given treatment,
and eventually to the delivery of a therapy appropriate to
each individual patient.

Once a potential marker is identified by this technique,
an important next step is its validation and introduction in
routine tests in hospital settings.®>® There, cDNA arrays
are not the method of choice because they are still ex-
pensive, time-consuming, complex, and require frozen
material not always available. Validation studies have
been done traditionally by immunohistochemistry (IHC)
on paraffin-embedded tissues allowing analysis of many
archived samples with a long follow-up. Until recently,
pathologists examined sections of tumor slide by slide.
Today, the recently developed tissue microarray (TMA)
technology”® allows the simultaneous analysis of
thousands of tumor samples arrayed onto glass slides.
This may facilitate the search for correlations between
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molecular alterations and the histoclinical features of
the tumors.

In a recent cDNA array-based, prognosis-oriented
study of 55 localized breast carcinoma samples,'® we
identified two clusters of discriminator genes (named |
and 1) the differential expression of which allowed to
distinguish subclasses of tumors with significantly differ-
ent clinical outcome after adjuvant chemotherapy. The
aim of the present study was to validate some of these
data using TMAs and to evaluate the interest and limita-
tions of this technology as a validation tool. Cylinders
from the same 55 tumors were arrayed in a specific
tissue-microarray and studied by IHC using antibodies
directed against proteins encoded by some of our dis-
criminator genes.

Materials and Methods

Mammary Carcinoma Cell Lines

Nine established mammary carcinoma cell lines were
used as positive controls for expression of various genes
or proteins. They included: BT-474, MCF-7, MCF-10F,
MDA-MB-157, MDA-MB-175, MDA-MB-231, MDA-MB-
453, BrCa-MZz-02,"" and HBL-100. All cell lines are de-
rived from carcinomas except HBL-100 and MCF-10F.
They were obtained from the American Type Culture
Collection, Rockville, MD (http.//www.atcc.org/) and
grown using the recommended culture conditions.

Breast Tumor Samples and Characteristics of
Patients

Tumor samples were obtained from 55 women treated at
the Institut Paoli-Calmettes. Inclusion criteria were: 1)
localized breast cancer treated with adjuvant anthracy-
clin-based chemotherapy in addition to loco-regional
treatment; 2) tumor material quickly macrodissected and
frozen in liquid nitrogen and stored at —160°C; and 3)
patient follow-up of 48 months or more after diagnosis. In
addition to the axillary lymph node status, four poor prog-
nosis criteria were used to determine whether adjuvant
chemotherapy should be administered: patient age less
than 40 years, pathological tumor size greater than 20
mm, Scarff-Bloom-Richardson grade equal to 3, and neg-
ative estrogen receptor (ER) status as evaluated by IHC
with a positivity cutoff value of 1%. Women who received
chemotherapy were those with either node-positive tu-
mors or node-negative tumors and one of the poor prog-
nosis criteria if nonmenopausal or two criteria if meno-
pausal. All tumor sections were de novo reviewed by a
pathologist (JJ) before analysis; all samples contained
more than 50% tumor cells. Tumors were infiltrating ad-
enocarcinomas including, according to the World Health
Organization histological typing, 42 ductal, 5 lobular, 5
mixed, and 3 medullary carcinomas.

A second series of breast tumors was analyzed. It was
constituted by 592 localized forms of breast cancer col-
lected between 1987 and 1999 (median follow-up, 48
months) for which a sample had been frozen in liquid

nitrogen (the 55 tumors previously described were in-
cluded in this array). There were 401 ductal, 77 lobular,
40 mixed, 4 medullary carcinomas, and 70 other histo-
logical types. A total of 297 tumors were node positive
and 450 were positive for ER.

Extraction of RNA from Frozen Tissue

Total RNA was extracted from tumor samples by stan-
dard methods, as previously described.'® RNA integrity
was controlled on denaturing formaldehyde-agarose gel
electrophoresis and Northern blots using a 28S-specific
oligonucleotide.

DNA Arrays

DNA arrays were made in our facility (Technologies
Avanceés pour le Génome et la Clinique)). Nylon filter
preparation with spotted polymerase chain reaction
(PCR) products derived from ~1000 selected candidate
cancer genes, 3P radioactive hybridization, and data
acquisition, normalization, and analysis have been de-
scribed elsewhere'®'* and can also be consulted on our
web site (http:/tagc.univ-mrs.fr/pub/Cancer/).

Reverse Transcription

RNA extracted from frozen tissue was reverse-tran-
scribed in a final volume of 20 ul containing 1X reverse
transcriptase (RT)-PCR buffer (Invitrogen Corp., Carls-
bad, CA) , 5 mmol/L MgCl, (Invitrogen), 1 mmol/L dXTP
(Roche Diagnostics, Meylan, France), 10 mmol/L dithio-
threitol (Invitrogen), 5 umol/L random hexamers (Roche),
20 U of RNase inhibitor (Promega Biosciences, Madison,
WI) , 200 U of superscript reverse transcriptase (Invitro-
gen), and 1 ug of total RNA (calibration curve points and
patient samples). Samples were incubated at 20°C for 10
minutes and 42°C for 45 minutes; reverse transcriptase
was inactivated by heating at 99°C for 3 minutes and
cooling at 4°C for 5 minutes.

Real-Time Quantitative RT-PCR (RQ-PCR)

RQ-PCR analyses for ERBB2, MUC1, and TBP (TATA box
binding protein) MRNA were done using the ABI PRISM
7700 Sequence Detection System instrument and soft-
ware (Perkin ElImer Applied Biosystems, Foster City, CA).
Conditions for the analysis of these markers have been
described. "¢ Primers and probes for the TagMan sys-
tem were designed to meet specific criteria by using
Primer Express software (Perkin EImer) and were synthe-
sized by Genset (Genset Olijos, La Jolla, CA, USA) for the
primers and by Roche for the probes. The 5'- and 3’-end
nucleotides of the probe were labeled with a reporter (FAM,
6-carboxy-fluorescein) and a quencher dye (TAMRA, 6-car-
boxy-tetramethylrhodamine). The sequences of the PCR
primer pairs and fluorogenic probes used for each gene
are shown in Table 1. The oligonucleotides are desig-
nated by the nucleotide position relative to ERBB2 Gen-
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Table 1. Sequences of Oligonucleotide Primers and Probes Used in RQ-PCR Experiments

Gene Oligonucleotide Sequence PCR product size
ERBB2 Forward primer 5'-AGCCGCGAGCACCCAAGT-3' (exon 1) 147 bp
Reverse primer 5'-TTGGTGGGCAGGTAGGTGAGTT-3' (exon 2)
Probe 5'-CCTGCCAGTCCCGAGACCCACCT-3’
MUC1 Forward primer 5'-ACCATCCTATGAGCGAGTACC-3' (exon 6) 107 bp
Reverse primer 5'-GTTTCTGCAGGTAATGGTGGC-3’ (exon 7)
Probe 5'-CCCATGGGCGCTATGTGCCC-3’
BP Forward primer 5'-CACGAACCACGGCACTGATT-3' 89 bp
Reverse primer 5'-TTTTCTTGCTGCCAGTCTGGAC-3'
Probe 5'-TGTGCACAGGAGCCAAGAGTGAAG-3’
Bank accession no. M11730, MUCT GenBank accession ERBB2¢apie / ERBB2caLgrATOR
no. JO5581, TBP GenBank accession no. X54993. The ERBB2 ~ ~ TBRP TBP
. K . SAMPLE CALIBRATOR
precise amount of total RNA added to each reaction mix
(based on absorbance) and its quality (ie, lack of exten- ~ MUC T gampie / MUC caligrator
sive degradation) are both generally difficult to assess. MUCT ™ TBPgawpLE TBPcaLiratoR

Therefore, the relative expression level of the gene of
interest was computed with respect to the internal stan-
dard TBP to normalize for variations in the quality of RNA
and the amount of input cDNA. Ct (threshold cycle) was
used for quantification of the input target number and all
experiments were done with duplicates for each data
point. All patient samples with a variation >1 Ct for the
duplicate were retested. For each experimental sample,
the amount of target and endogenous reference was
determined from a standard curve. The standard curve
was constructed with fivefold serial dilutions of cDNA
(1000 ng to 1 ng) from BT-474 (for ERBB2) and MCF-7
(for MUCT) breast carcinoma cell lines, respectively. The
relative target gene expression in a tested sample was
normalized using a calibrator sample, ie, the HME1 hu-
man primary mammary epithelial cell line (Clontech). The
level of expression of the target gene was given by the
N-ratio, in which each normalized gene value (ERBB2,
MUCT) was divided by a calibrator normalized gene
value (TBP).

PCR was done with 1X TagMan Universal PCR Master
Mix (Perkin EImer), 300 nmol/L of primers, 200 nmol/L of
the probe, and 1 wl of each appropriately diluted reverse
transcription sample in a 25-ul final reaction mixture.
After a 2-minute incubation at 50°C to allow for uracyl
N-glycosylate cleavage, AmpliTag Gold was activated by
an incubation for 10 minutes at 95°C. Each of the 40 PCR
cycles consisted of 15 seconds of denaturation at 95°C
and hybridization of probe and primers for 1 minute at
60°C.

TMA Construction

TMAs were prepared as described® with slight modifica-
tions. For each tumor, three representative tumor areas
were carefully selected from a hematoxylin- and eosin-
stained section of a donor block. Core cylinders with a
diameter of 0.6 mm each were punched from each of
these areas and deposited into a recipient paraffin block

Table 2. List of Proteins Tested by Immunohistochemistry and Characteristics of the Corresponding Antibodies

Protein Antibody Origin Clone Dilution
Angiogenin (ANG) Rabbit polyclonal Santa Cruz Biotechnology sc-9044 1/20
BCL2 mmab DAKO 124 1/100
E Cadherin (CDH1) mmab Transduction Laboratories 36 1/2000
ERBB2 mmab Novocastra Laboratories Ltd. CB 11 1/500
ERBB2 mmab Oncogene Research 3B5 1/500

Products

ERBB2 Rabbit polyclonal DAKO AO 485 1/1000
Estrogen receptor (ESR1/ER) mmab Novocastra Laboratories Ltd. 6F11 1/60
FGFR1 Rabbit polyclonal Santa Cruz Biotechnology sc-121 1/200
GATAS3 mmab Santa Cruz Biotechnology sc-268 1/100
Ki67 mmab DAKO KI-67 1/100
Melan AIMART1 (MLANA) mmab DAKO A103 1/2
MUCH mmab Transgen H23 1/1000
P53 mmab Immunotech DO-1 1/4
Progesterone receptor (PR) mmab DAKO PgR 636 1/80
Prolactin receptor (PRLR) mmab NeoMarkers B6.2 1/200
Transforming acidic coiled-coil 1 TACC1 Rabbit polyclonal Upstate Biotechnology 07-229 1/200
Transforming acidic coiled-coil 2 TACC2 Rabbit polyclonal Upstate Biotechnology 07-228 1/40
Thrombospondin 1 (THBS1) mmab Oncogene Research 46.4 1/10

Products

mmab, mouse monoclonal.
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using a specific arraying device (Beecher Instruments,
Silver Spring, MD). In addition to tumor tissues, the re-
cipient block also received normal breast tissue and cell
line pellets. Five-um sections of the resulting microarray
block were made and used for IHC analysis after transfer
to glass slides. Two TMAs were prepared; the first one
contained the 55 tumors studied by cDNA arrays (with
three cores per sample) and controls, the second one
was used for MUC1 study and contained 592 tumor
samples (with one core per sample) and controls.

Antibodies and IHC

The characteristics of the antibodies used are listed in
Table 2. IHC was performed on 5-um sections of forma-
lin-embedded tissue specimens. They were deparaf-
finized in histolemon (Carlo Erba Reagenti, Rodano, ltaly)
and rehydrated in graded alcohol. Antigen enhancement
was done by incubating the sections in target retrieval
solution (DAKO, Copenhagen, Denmark) as recom-
mended except for prolactin receptor, in which pretreat-
ment was done with incubation in pepsin (Zymed Labo-
ratories, South San Francisco, CA), for 30 minutes at
37°C, and for MUC1, in which no pretreatment was done.
Slides were then transferred to a DAKO autostainer.
Staining was done at room temperature as follows: after
washes in phosphate buffer, followed by quenching of
endogenous peroxidase activity by treatment with 0.1%
H.0,, slides were first incubated with blocking serum
(DAKO) for 10 minutes and then with the affinity-purified
antibody for 1 hour. After washes, slides were incubated
with biotinylated antibody against rabbit Ig for 20 minutes
followed by streptavidin-conjugated peroxidase (DAKO
LSABR2 kit). Diaminobenzidine or 3-amino-9-ethylcarba-
zole was used as the chromogen, counterstained with
hematoxylin, and coverslipped using Aquatex (Merck,
Darmstadt, Germany) mounting solution. Slides were
evaluated under a light microscope by two pathologists
(EC-J, JJ).

Immunoreactivities were classified by estimating the per-
centage (P) of tumor cells showing characteristic staining
(from undetectable level or 0%, to homogeneous staining or
100%) and by estimating the intensity (1) of staining (1, weak
staining; 2, moderate staining; or 3, strong staining. The
cutoff values were the same for all markers tested. Results
were scored by multiplying the percentage of positive cells
by the intensity, ie, by the so-called quick score (Q) (Q =
P X I; maximum = 300). For Ki67, only the percentage (P)
of tumor cells was estimated, because intensity does not
vary. Expression levels allowed to group tumors into four
categories: negative expression (Q = 0 or P = 0 for Ki67),
weak expression (0 < Q = 120 or 0 < P < 25 for Ki67),
moderate expression (120 < Q = 210 or 25 = P < 60 for
Ki67) and strong expression (210 <Q=3000or60 =P =
100 for Ki67). Because of its prognostic impact the topo-
graphical localization of MUC1 was taken into account and
expressed in four categories: absence, apical, circumfer-
ential membrane, and cytoplasmic

IHC on Full Tissue Sections

To validate the use of TMAs for immunophenotyping, we
compared the protein expression levels of ER, proges-
terone receptor, P53, and BCL2, on full tissue sections
and on TMAs for the group of 55 tumors. The data on full
sections were compared to the mean of intensities of the
three 0.6-mm core biopsies for 47 cases, or of only two
core biopsies for 8 cases.

Statistical Analysis

The concordance between RNA expression levels mea-
sured by real-time quantitative RT-PCR and cDNA arrays
was examined using Spearman’s rank correlation. Com-
parison between IHC data from full sections and TMAs
analyses was measured using « statistics (a k value >0.7
indicated a strong association). Contingency table anal-
ysis was used to analyze the relationship between protein
expression obtained by IHC on TMAs and RNA expres-
sion obtained with cDNA arrays (total chi-square test).
Survival analysis used the Kaplan-Meier method and sur-
vival curves were compared using the log-rank test (a P
value <0.5 was considered as significant). All P values
were two-sided. To assess the relationship between two
variables assumed to be related (ie, the co-regulated
molecules), simple linear regression analyses were per-
formed using Excel Software (Microsoft). For these tests,
(0,0) points were removed; the relationship tested was
thus for cases with at least one positive value. Each result
is given with: N the sample size, a the slope of the
regression line, the P value and r2, the coefficient of
determination. Thus, for each positive comparison a lin-
ear relationship can be determined (eg, y = 0.8x + 20
means BCL2 = 0.8ER + 20).

Results

Selection of Molecules

We previously analyzed the mRNA expression profiles of
~1000 selected genes in 55 breast carcinoma samples
using home-made cDNA arrays. Tumors were homoge-
neous with respect to histological and clinical parame-
ters, and all patients had received adjuvant anthracyclin-
based chemotherapy. Detailed results are described
elsewhere. ™ Briefly, molecular profiling combined with
hierarchical clustering allowed the identification, among
this set of poor-prognosis localized breast cancers, of
new subclasses distinct with respect to overall and me-
tastasis-free survivals. Such a classification resulted from
the differential expression of two discriminator gene clus-
ters (named | and II) and was not possible using classical
prognostic factors of disease. Cluster | included the ESR1
gene encoding ER-a. For the present study, we selected
10 of these genes. Interestingly, six of them (BCL2,
ERBB2, ESR1, GATA3, MUC1, PRLR) have also been
frequently identified as discriminator genes in expres-
sion-profiling studies of breast cancer that have ad-
dressed the prognosis issue.*'""'® These genes were
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Figure 1. Expression levels of ERBB2 and MUCT mRNA levels measured by
cDNA array analysis and real-time quantitative PCR amplification. ERBB2and
MUCT mRNA expression levels measured using cDNA arrays (artificially X30
for visual effect) (left) and real-time quantitative PCR amplification (artifi-
cially X30 for visual effect) (right). Results for each tumor (from top to
bottom) are represented as opposite bars. For ERBB2: p, = 0.78, P <
0.0001; for MUCT: p, = 0.88, P < 0.0001.

thus interesting candidates for further investigation. In
addition, other molecules, such as CDH1, Ki67, TP53,
progesterone receptor, TACC1,%° and TACC2, were re-
tained because of a known or suspected role in breast
cancer. The selection criteria for all molecules also in-
cluded availability of a commercial antibody. The com-
plete list of the corresponding proteins tested in the fol-
lowing experiments is given in Table 2.

Validation of cDNA Array Data with RQ-PCR

Our cDNA array analyses regularly included extensive
experiments and controls designed to ensure reproduc-
ibility and reliability of expression measurements, 13 14.21
Nevertheless, we sought to further validate our data by
comparing RNA expression levels of two genes, ERBB2
and MUCT, as measured by cDNA array, to those ob-
tained by RQ-PCR.

RNA from 50 of 55 samples (RNA was no longer avail-
able for five cases) was reverse-transcribed and PCR
amplification of ERBB2 and MUC7 cDNA was done using
a TagMan device. For ERBB2, 41 tumors displayed
MRNA expression levels comparable to normal breast
and HME1 control cell line, whereas nine samples (18%)
showed overexpression. For MUCT, 17 tumors displayed

Table 3. Results of IHC Stainings on Tissue Microarrays
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MRNA expression levels comparable to normal breast
and HME1 control cell line, whereas 33 samples (66%)
showed overexpression. As shown in Figure 1, mRNA
expression levels obtained with both methods were
highly similar (Spearman test: ERBB2, p, = 0.78, P <
0.0001; MUCT, ps = 0.88, P < 0.0001), further suggest-
ing reliability of our cDNA array data.

TMA Analysis and Validation of Data

To validate our TMA analyses, we compared the expres-
sion of four selected proteins (BCL2, ER, P53, progester-
one receptor) measured by IHC using either standard full
tissue sections or TMAs in the panel of 55 breast tumors.
For BCL2 expression, 38 cases (69%) showed positive
cytoplasm staining, whereas 17 cases (31%) were neg-
ative on analysis of full sections. In comparison, 37 cases
(67%) were positive and 18 cases were negative (33%)
on TMA. Overall, the concordance was 91% and the
nonconcordance was 9% (five cases), resulting in a
strong statistical association between the two methods (k
value, 0.78). An even better correlation was found for
nuclear expressions of ER, P53, and progesterone recep-
tor, with only 3 discordant cases of 55 for each of them
(concordance, 95%; Kappa values, 0.86 to 0.88). This
high degree of concordance between IHC on full sec-
tions and on TMAs justified further use of TMAs.

Analysis of Breast Tumors Using TMAs

Fifteen proteins, including the four previously cited, were
tested by IHC on TMAs. Most of them corresponded to
genes we had identified in our two discriminator gene
clusters | and 11.7° Other tested molecules corresponded
to proteins of interest in breast cancer. Immunostainings
were evaluated by the quick score (except for Ki67).
Results are shown in Table 3 and Figure 2.

Protein Location of staining Normal Negative Weak Moderate Strong
cDNA array, cluster | gene-encoded  ANG Cytoplasm + Stroma (+) 17 19 5 14
BCL2 Cytoplasm (+) 23 10 17 5
ESR1/ER Nucleus (+) 22 14 5 14
GATA3 Nucleus (+) 26 12 7 10
MUC1 Cytoplasm (+) 3 19 8 25
THBS1 Cytoplasm + Stroma (+) 16 30 9 0
cDNA array, cluster Il gene-encoded MLANA Cytoplasm (+) 22 20 6 7
PRLR Membrane (+) 21 12 7 15
Others CDH1 Membrane (+) 6 10 14 25
ERBB2 (CB 11) Membrane (-) 34 14 4 3
ERBB2 (AO485) Membrane (=) 30 11 9 5
ERBB2 (3B5) Membrane (=) 37 8 2 8
FGFR1 Membrane + Cytoplasm (+) 20 20 12 3
Ki67 Nucleus (+) 4 27 13 11
P53 Nucleus (=) 33 12 0 10
TACCH1 Cytoplasm (+) 21 22 9 3
TACC2 Cytoplasm (+) 5 18 13 19

(+) and (=) mean expressed or not in normal breast tissue, respectively.
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Figure 2. Expression of proteins studied by IHC on TMAs. A: H&E staining
of a paraffin block section (25 X 30 mm) from the TMA containing 216
arrayed tumor (3 X 55) and control samples. B: Anti-angiogenin staining. C:
Anti-FGFRI1 staining. D: Anti-GATA3 staining. E: Anti-PRLR staining. From B
to E, the first section is from normal breast tissue, the second and third from
tumor tissue (the second illustrates a moderate staining whereas the third
illustrates a strong staining). Original magnifications, X50.

Comparison of the Results Obtained by cDNA
Arrays and TMAs

Expression levels obtained by IHC on TMA and by cDNA
array hybridizations were compared for the 15 molecules.
Data from TMA analyses are discontinuous, whereas
those obtained by cDNA array analyses are continuous.
To facilitate comparisons, we transformed the cDNA ar-
ray values into discontinuous data. Tumors were then
grouped into two or three classes for each method (Table
4). Homogeneous classes were defined for TMA, by
grouping tumors with an equivalent staining level (see
Table 3). For cDNA arrays, classes were visually defined
on examination of the distribution graphs (Figure 3).

Each tumor sample was then placed into one of the
three TMA classes and attributed 1, 2, or 3, and into one
of the three cDNA array classes and attributed 1, 2, or 3.
Table 4 shows the number of samples in each class.
Concordance between the two scores was evaluated by
a contingency table analysis. A strong concordance was
seen for 5 of the 15 comparisons with similar expression
levels measured by the two methods: ER, ERBB2, and
GATA3 (P < 0.001), BCL2 (P < 0.02), and TACC1 (P <
0.05). No concordance was seen for ANG, CDH1,
FGFR1, Kie7, MLANA, MUC1, P53, PRLR, TACC2, and
THBS1. Figure 4 shows example of comparative graphs.

Groups of Co-Regulated Molecules

Using cDNA arrays and hierarchical clustering, we had
evidenced a co-expression of ESR7 (encoding ER-a),
BCL2, and GATA3 at the mRNA level in breast tumors,™1°
with a statistically significant correlation between ESR1
and GATAS (r = 0.73, R = 0.53, P < 0.0001). As shown
in Figure 5A, the correlation between the three molecules
was statistically confirmed at the protein level as mea-
sured by IHC on TMA. FGFR1, TACC1, and TACC2 pro-
tein levels also varied together but the correlation was
weaker (Figure 5B). For each pairwise comparison, with
the same number of samples (n = 55), we calculated a
coefficient of correlation and a P value: BCL2/ER, r =
0.79, R? = 0.62, P < 0.0001; GATA3/ER, r = 0.74, R® =
0.54, P < 0.0001; TACC1/FGFR1, r = 0.67, R® = 0.45,
P < 0.001; and TACC2/FGFR1,r = 0.57, R* = 0.32, P <
0.001.

Impact on Survival of RNA and Protein
Expression Levels

To further estimate the clinical interest of the cDNA array
and TMA combined approach, we examined and com-
pared the prognostic information provided by mRNA and
protein expression levels for each of the 15 molecules
independently. Only 2 of the 15 tested markers showed
individual prognostic value. High THBST mRNA levels
were associated with a better survival whereas no such
correlation was found with protein levels. The opposite
was true for MUC1: low levels of MUC1 protein were
associated with a better survival, whereas mRNA levels
did not correlate with survival (Figure 6). Thus, depend-
ing on the marker, clinically relevant information was
differently provided by cDNA or TMA technique, suggest-
ing that both analyses are worth performing simulta-
neously on the same cases.

These results were obtained on a limited number of
cases representing a selected population of poor prog-
nosis localized tumors. We sought to confirm the obser-
vation on MUC1 on a larger series of cases (Figure 7A).
We studied 592 samples (including the 55) arrayed in a
second TMA with anti-MUC1 antibody. MUC1 staining in
normal cells is either absent or detected in the apical
membrane; tumor cells express MUC1 in two abnormal
localizations (cytoplasm or circumferential membrane)
and a strong cytoplasmic staining is associated with a
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Table 4. Comparison of Expression Levels Measured Using Analyses of Tissue Microarrays and cDNA Arrays

Tissue microarray classes cDNA array classes Concordance

Gene 1 2 3 1 2 3 P values
ESR1/ER 22 (N) 19 (W +M) (S) 15 22 18 <0.001
BCL2 23 (N) 10 (W) (M+S) 18 37 0 <0.02
P53 33 (N) 22 (W + M+S) 46 9 0 NS
GATAS3 26 (N) 12 (W) (M+S) 18 25 12 <0.001
PRLR 21 (N) 19 (W +M) (S) 36 12 7 NS
ERBB2 (3B5) 37 (N) 10 (W +M) (S) 46 4 5 <0.001
CDHA1 16 (N +W) 14 (M) (S) 42 13 0 NS
TACC2 23 (N +W) 13 (M) (S) 19 18 18 NS
TACCH1 21 (N) 22 (W) (M+S) 19 18 18 <0.05
MLANA 22 (N) 20 (W) (M+S) 34 21 0 NS
FGFR1 20 (N) 20 (W) 15 (M +S) 45 10 0 NS
ANG 17 (N) 19 (W) 19 (M +S) 17 30 8 NS
THBST 16 (N) 30 (W) (M+S) 46 6 8 NS
Kie7 31 (N +W) 24 (M +9S) 1 33 11 NS
MUCH 22 (N +W) 33 (M +59S) 39 8 8 NS

N, Negative; W, weak; M, moderate; S, strong; NS, not significant.

Numbers for tissue microarrays are taken from Table 3 and numbers for cDNA arrays are obtained using the method shown in Figure 3.

poor prognosis.?? For the 55 tumors of the first TMA, the
prognostic value of the quantitative quick score was re-
lated to a high frequency of abnormal cytoplasmic and
circumferential MUC1 localizations (83%) as compared
to apical localization and absence (17%). Of the 592
cases of the second TMA, 551 were available for analysis
after MUC1 staining: 249 cases (45%) showed apical or
no staining, 302 (55%) displayed cytoplasmic or circum-
ferential membrane staining (Figure 7B). In this larger
series the quantitative quick score did not have a signif-
icant prognostic value. This was because of the fact that
the topographical aspect was significantly different from

absence of MUC1 strongly correlated with a better evo-
lution (P = 0.0154) (Figure 7C).

Discussion

The recent availability of new high-throughput molecular
analyses offers the opportunity to tackle the complexity
and the combinatorial nature of breast cancer at the
molecular level. Expected applications are a better un-
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Figure 3. Transformation of continuous ¢cDNA array data into discontinuous
data. mRNA expression levels measured by ¢cDNA array are plotted for each
sample in an increasing order. For each gene, classes are determined on
visual inspection and are separated by vertical bars on the graphs. Results
for ER-a (ESRD), prolactin receptor (PRLR), mucin 1 (MUCT), and ERBB2 are
shown.

Figure 4. Comparison of data obtained by ¢DNA array and IHC on TMA.
Results for each tumor (from top to bottom) are represented as opposite
bars, with the value of THC (quick score) on the left, and the value of the
cDNA array analyses (artificially X30 for visual effect) on the right. Values
for ER, GATA3, and ERBB2 show good correlation between the two methods,
whereas values for P53, THBS1, and MUC1 do not show such correlation.
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Figure 5. Similar variations in expression levels of two groups of proteins. A: The expression levels of ER, BCL2, and GATA3 as measured by IHC on TMAs
correlated, as determined by simple linear regression analysis. B: Similarly, the expression levels of FGFR1, TACC1, and TACC2 correlated.

derstanding of the disease and the identification of new
diagnostic and prognostic markers and therapeutic tar-
gets, both needed to improve the management of pa-
tients. At the same time it introduces a new challenge for
pathologists who, in charge of the first assessment of the
tumors, need to know how to optimally use these new
methods. The present study directly followed a cDNA
array-based analysis of a breast tumor series. The tumor
samples were obtained from 55 women with poor prog-
nosis breast cancer treated with adjuvant chemotherapy.
Currently such patients have a long-term survival of
~70% and there is a crucial need to identify parameters
that might accurately predict the clinical outcome in in-
dividual patients. Our study was designed to evaluate the
interest and limitations of IHC on TMA as a natural exten-
sion of the cDNA array approach in a hospital setting.
We first confronted cDNA array and TMA analyses to
other methods, ie, RQ-PCR and conventional IHC, re-
spectively. The good concordance between mRNA ex-
pression levels observed by cDNA arrays and RQ-PCR
further confirmed the validity of our cDNA array measure-
ments. TMAs allow to screen large series of tumor sam-
ples using several archival materials, but their represen-
tation of the entire tumor has been questioned. Our
degrees of concordance between stainings on full sec-
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Figure 6. Kaplan-Meier plots of patient overall survival. Left: Survival ac-
cording to MUC1 mRNA and protein expression levels. Right: Survival
according to THBS1 mRNA and protein expression levels (labeled high and
low). High and low protein levels correspond to strong plus moderate versus
weak plus negative (see Table 3), respectively, and high and low mRNA
levels correspond to classes 2 and 3 versus class 1 (see Figure 4), respectively.

tions and on TMA were in the same range as published
studies. Several authors have reported that TMA con-
structed with three cores per sample (as in our study) are
representative of whole tumor specimens.?3-2°

As a large-scale validation tool of DNA or RNA data,
IHC on TMAs should be interpreted with caution. Indeed,
comparison of our cDNA array and TMA data, obtained
on the same breast tumor samples, gave different results
according to the gene product examined.

For a category of molecules we found important differ-
ences between RNA and protein expression levels. This
was the case of P53. This discrepancy was rather ex-
pected because P53 protein detection is not dependent
on mRNA overexpression, but is because of the in-
creased half-life of a mutated protein. In normal cells, P53
protein half-life is short and expression levels are low and
undetectable by IHC. In cancer cells, most P53 mutations
lead to products that are not ubiquitinated and accumu-
late in the nuclei where they can then be detected. Other
noteworthy cases were MUC1 and THBS1. These differ-
ences certainly stem from the fact that different levels of
biological information are examined. For many genes,
there is little correlation between the abundance of the
mRNA transcript with steady-state levels of the encoded
protein. Posttranscriptional and posttranslational mecha-
nisms are likely to influence protein expression, thus blur-
ring the correlation between mRNA and protein levels. Pro-
teins encoded by very low levels of RNA, ie, below the
detection level of cDNA arrays, can be detected by IHC
because of increased protein stability (eg, the case of P53)
or high sensitivity of the antibody, and reciprocally, elevated
levels of RNA may produce only little amounts of detectable
proteins. Special calibration of the antibody aimed to detect
only a certain level of protein is another limitation. The cho-
sen antibody may also detect only certain forms of a protein
that do not correspond to the cDNA spotted on the DNA
array, because of alternative splicings of mRNA for exam-
ple. This particularly can explain the difference observed
between THBS1 mRNA and protein levels, and conse-
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Figure 7. Expression of MUCI protein studied by IHC on a tissue-microarray.
A: H&E staining of a paraffin block section (25 X 30 mm) from the TMA
containing 647 arrayed samples, including 592 tumors and 55 controls. B:
MUCT1 staining: normal breast tissue (left), apical (middle), and cytoplasmic
(right) staining in tumors. C: Kaplan-Meier plot of patient overall survival:
survival differs significantly according to MUC1 protein localization. A: Ab-
sence of staining or apical localization; B: cytoplasmic or circumferential
membrane localization.

quently their different prognostic impact.®' Finally, distinct
areas of a heterogeneous tumor may be submitted to RNA
and protein analyses.

Conversely, we observed an excellent correlation be-
tween RNA and protein levels in one-third of the tested
molecules. This was the case for ERBB2, despite the fact
that its corresponding antibody is calibrated to detect
only overexpression. Among the other molecules with
correlated mMRNA and protein expression levels were ER,
GATASZ, and BCL2. We and others had shown that the
MRNA levels of the three genes covaried in cDNA array
analyses.” %32 Here we were able to confirm this co-
expression at the protein level. This group of co-regu-
lated genes and proteins may be linked to the hormonal
control of the mammary gland. Such identification is im-
portant for a better understanding of gene and protein
networks that operate in cancer cells; it may lead to the
discovery of new molecules to be targeted to block or
stimulate a metabolic pathway or function; it may also
provide a prognostic information clinically more relevant
than that of isolated markers because it better reflects the
functional status of a pathway such as the estrogen path-
way of breast tumors.
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Several studies have shown the interest of TMA studies
in cancer research to extend cDNA array data.®3 A pio-
neering analysis was conducted by Moch and col-
leagues;® after the identification of vimentin as overex-
pressed in arenal cancer cell line using cDNA arrays, the
authors extended this result to the protein level on a
series of 532 tumor specimens arrayed onto a renal can-
cer TMA. Using TMA of bladder tumors containing 2317
specimens from 1842 patients, Richter and colleagues®
found a positive correlation between CCNE gene ampli-
fication measured by fluorescence in situ hybridization
and cyclin-E protein overexpression measured by IHC.
The combination of cDNA array and TMA allowed the
identification of IGFBP2 and HSP27 3% hepsin,? and AM-
ACR®® as significantly overexpressed in prostate cancer,
suggesting their putative diagnostic interest. IGFBP2 was
also found as a marker of poor prognosis in a series of
418 brain tumors arrayed onto a TMA.2® A similar study
showed the overexpression of the WT protein in ovarian
cancer.®® The expression level of PKCB was measured
by IHC on a B-cell ymphoma TMA to validate cDNA array
data.® In breast carcinomas, Hedenfalk and colleagues®’
showed that, like mRNA levels, cyclin D1 protein levels
were differentially distributed among BRCA1 and BRCA2
hereditary tumors. All these studies showed a good cor-
relation between the two techniques of investigation, but
were limited to the analysis of a single highly selected
marker and were not, with few exceptions, conducted on
the same samples. Our present study is the first deliber-
ate comparative analysis of cDNA and TMAs. It shows a
correlation between the two techniques for one-third of
the selected markers and the absence of correlation for
the other two-thirds.

These discrepancies deserve two commentaries. First,
given the flurry of encouraging data associated with the
rapidly emerging cDNA array technology, it is paramount
to determine to what extent changes in mMRNA expression
are accompanied or not by similar changes at the protein
level. In some cases, the differences may be eliminated
by a number of experimental precautions, such as selec-
tion of biopsy cores and antibodies, but in other cases,
they will remain. If protein levels of a target molecule, or
a group of molecules, correlate with its selection by
cDNA array, IHC on TMA offers a powerful tool to quickly
evaluate the clinical relevance of differentially expressed
genes. But if they do not correlate, the cDNA array and
TMA results must be considered independently because
each can provide distinct information.

Second, even if the intrinsic prognostic power of cDNA
array data and clustering analyses derives from the com-
bined expression of several genes, and not from an indi-
vidual gene, it may be interesting for routine clinical ap-
plication to test each of these genes as a candidate
marker and to determine how its expression may alone
distinguish the tumor classes. The main interest of TMA
lies in the possibility to test large series of tumor samples
with individual markers. In our series of samples, we
observed that mRNA, but not protein expression levels of
THBS1 had prognostic value, suggesting that they play
an important role in the discriminator power of the cDNA
array gene cluster. In contrast, for MUC1, as seen earli-
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er,*® low levels of protein were associated with a better
prognosis, which was not the case for mRNA; IHC further
allowed a qualitative appreciation of the protein localiza-
tion, which happened to be crucial information for prog-
nosis when an unselected population was studied.

In the period of validation studies that has now begun,
for which retrospective IHC studies on archival paraffin-
embedded material are required,® it is particularly impor-
tant to bear in mind that differences between mRNA and
protein expression levels are possible with respect to
intensities and to prognostic relevance. These differ-
ences underline the complementarity or synergy between
expression measurements from cDNA arrays and IHC on
TMA, and also the need for other high-throughput tech-
nologies such as cDNA arrays containing alternatively
spliced transcripts,®® protein arrays,*® and in situ hybrid-
izations on TMAs.*" The combination of these comple-
mentary approaches will accelerate even more the iden-
tification of new diagnostic and prognostic markers as
well as new therapeutic targets and will improve the
management of breast cancer patients.
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