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MAIN REPORT
ABSTRACT

The non-steroidal antiestrogen tamoxifen (TAM) has been used successfully in
the treatment of tens of thousands of women with breast cancer, and has been shown to
increase both disease-free and overall survival in treated patients. Unfortunately,
virtually all patients treated with TAM eventually develop resistant disease. The research
funded by this fellowship is directed at inéreasing our understanding of the mechanisms
leading to the development of tamoxifen resistance.

The two Specific Aims of this proposal have been completed and three altered
estrogen receptors (ERs) have been identified from clinical samples, one of which
exhibits a hormone-independent phenotype in transient assays (Aim 1 and 2). This work
was published in Cancer Research 57:1244-1249, and represents the work of the first
postdoctoral fellow to work on the project, Dr. Douglas Wolf. We have also worked out
the technical aspects of microdissection of archival and frozen clinical tumor samples to
improve the use of differential display technologies to examine these samples for altered
gene expression coincident with the phenotype of tamoxifen resistance (Aims 3 and 4).
This work was published in a Laboratory Guide to RNA: Isolation, analysis and
synthesis. John Wiley and Sons, New York, NY. Pages 237-249, 1996. Dr. Wolf left
the laboratory after completion of Aim 3, and Aim4 of the fellowship project was

completed by Dr. Rhonda Hansen. Her work was published in JNCI 91:453-459, 1999.

INTRODUCTION

Breast cancer is the most common cancer among women in America, and is
second only to lung cancer as the cause of cancer death. Indeed, this year alone almost
180,000 American women will be diagnosed with the disease. Fortunately, many of

these women will have tumors that are dependent upon estrogen for their growth, and




these patients will be successfully treated with endocrine therapies which are associated
with much less severe side-effects that are most forms of chemotherapeutic treatment.
The antiestrogen tamoxifen (Tam) is the most successful of these endocrine treatments,
and has been shown to prolong disease-free and overall survival both in cases of
advanced disease (1, 2), and when used as an adjuvant treatment (3). Unfortunately,
however, most patients who are successfully treated with Tam eventually fail therapy,
and their disease progresses to become Tam resistant.

Studies designed to increase our understanding of the mechanisms leading to Tam
resistance are the subject of this postdoctoral fellowship proposal. In order to better
understand the phenomena contributing to Tam resistance, we proposed the following
Specific Aims:

1. To investigate the association between clinical Tam resistance and the

presence of altered ERs.

2. To evaluate the functional activity of any receptor variants identified in
Aim 1.

3. To identify new genes using differential display, the expression of which
is associated with clinical Tam resistance. |
4,  To confirm the identity and evaluate the function of any genes identified

in Aim 3.

BODY

Specific Aim 1

Thirty metastatic Tam-resistant breast cancer samples were screened for
mutations in the ER gene by SSCP analysis. SSCP were identified in six of the
metastatic tumors. The six positive samples were further studied by both direct

sequencing analysis, and cloning of shifted bands followed by sequencing analysis.



Three of the SSCP shifted bands were found to constitute previously identified
polymorphisms: TCT to TCC at nucleotide 30 in exon 1, TGC to TGT at nucleotide 720
in exon 3, and CGC to CGT at nucleotide 729 in exon 3, none of which results in amino
acid substitutions. The remaining three shifted SSCP bands were found to constitute
missense mutations: G140C (Ser47Thr) in exon 1, A1591G (Lys531Glu) in exon 8 , and
T1609A (Tyr537Asn) in exon 8. While the former two sequence changes result in
substitution of residues within hydrophilic amino acid groups, the later mutation changes

a hydrophobic tyrosine to a hydrophilic asparagine.

It has been estimated that missense mutations are present in only about 1%
(2/188) of primary tumors (4). In agreement with this, we have not detected any
missense ER alterations in 60 primary breast cancers that we have examined using SSCP
analysis (unpublished data). In this study of 30 cases of metastatic, Tam-resistant breast
cancer, we detected three missense ER mutations. Thus ER mutations in metastatic
breast tumors may be more frequent as compared to that seen in primary lesions (10% as

compared to 1%, p=0.004 with Fisher's exact test).

Specific Aim 2

The functional transactivational status of the three missense ER mutations isolated from -
the metastatic breast tumors were investigated using transient transactivation assays,
measuring the transcriptional activity of the mutant ERs with ERE-reporter gene
constructs. Since the majority of studies examining the effect of specific alterations in
the ER on function have utilized consensus EREs, most commonly the vitellogenin A2
ERE, we felt that it would be important to test ER function on constructs which might be
more relevant to breast cancer biology, eg. those genes which are endogenously
regulated by ER in breast cancer cells. We thus prepared ERE-CAT reporters to the

estrogen-regulated pS2, Cathepsin D, and lactoferrin gene promoters. The activity of




Serd47Thr and Lys531Glu were not different from that of t wild-type ER using any of the
four different ERE constructs. However, the Tyr537Asn mutant exhibited étrong
constitutive transactivation activity (15-20-fold over wild type ER activity on the
vitellogenin ERE) in the absence of hormone. This elevated constitutive activity was
also observed on the other ERE constructs. All of these results (Specific Aims 1 and 2)

are shown in our paper in Cancer Research, which is included for review (Reprint #1).

Specific Aims 3 and 4

The second part of this research fellowship proposal (Specific Aims 3 and 4)
involved the identification of new genes potentially involved in the development of Tam
resistance. This was to be accomplished using the technique of differential display (DD)
analysis of RNA isolated from Tam-sensitive vs. Tam-resistant tumors. We found in the
first year of the grant that DD was not well suited for these tumors because they are
composed of many different cell types, and thus we have spent the second year of the
proposal addressing this technical issue. The results of DD from whole tumors are
simply uninterpretable unless the RNA is prepared from a highly purified sample of one
cell type. To this aim, we have now developed methodologies for microdissection from
frozen and paraffin-embedded, archical breast tumor tissues. Microdissection is quite
difficult on unstained slides, which motivated us to first do a study comparing various
histochemical stains to find one that provided adequate visualization for microdissection
without interfering with RNA isolation. Our results showed that nuclear-fast-red (NFR)
satisfied these requirements, and we now use NFR routinely for all microdissections. We
found that during microdissection, specific cells of interest could be visualized by
staining briefly with NFR and quickly redrying the slide, allowing for better direct
visualization and only slightly decreasing the yield of RNA. Accurately separating
different types of cells obviously requires familiarity with the histopathological features

of the tissue, and Dr. Craig Allred, a Breast Pathologist at this Institution and a member



of the Baylor Breast Cancer Research Team, collaborated with us on this aspect of the
project. [These results summarized here for Specific Aim 3 have been published in the
Laboratory Guide to RNA Isolation book (Reprint #2 is included in the report for

review).]

We originally started using DD to identify genes differentially expressed in
tamoxifen-resistant patients. However, expression array techniques became available
which are more sensitive and reliable than DD, and thus began to use this technique for
Specific Aim 4. Again, we were faced with a technical problem, that of data analysis of
expression array data, and we undertook a study to optimize the technique and develop
methods for statistical analysis of the data. We were successful in both of these
objectives and the data is published in our JNCI paper (Reprint #3) that is included in the
Appendix for review. We will continue to study genes that were identified in this study

for their relevance to clinical tamoxifen resistance.

KEY RESEARCH ACCOMPLISHMENTS

L. Identified ER mutation in a metatstatic breast tumor with constitutive activity

2. Developed methods for microdissection and RNA expression analysis of archival
tumor samples

3. Identified gene expression patterns associated with tamoxifen resistance using

expression array analysis

REPORTABLE OUTCOMES
1. (3) manuscripts included in the Appendix
2. Successful training of Drs. Doug Wolf and Rhonda Hansen. Both fellows are

currently employed in academic institutions and are working on breast cancer research.




CONCLUSIONS:

We have successfully completed all of our Aims. Two postdoctoral fellows
worked on this project and both have published their findings. Exciting results describing
ER mutations were generated, and we have developed methods for examining clinical
samples for expression array profiling to identify genes associated with tamoxifen
resistance. The work and findings from this postdoctoral fellowship award will continue
to be studied in the laboratory of the mentor, Suzanne A. W. Fuqua. Undoubtedly, the
funds for this fellowship have been well spent with much success. It is also conceivable

that this line of research will lead to direct translational benefit.
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Advances in Brief

An Estrogen Receptor Mutant with Strong Hormone-independent Activity from

a Metastatic Breast Cancer!

Qiu-Xia Zhang, Ake Borg, Douglas M. Wolf, Steffi Oesterreich, and Suzanne A. W. Fuqua?

Department of Oncology, University Hospital, S-221 85 Lund, Sweden [Q-X. Z., A. B.], and Department of Medical Oncology, University of Texas Health Science Center, San

Antonio, Texas 78284-7884 [D.M. W., . 0., S.A. W. F.]

Abstract

Thirty tumors from metastatic breast cancer patients were screened for
mutations in the estrogen receptor (ER) gene using single-strand confor-
mation polymorphism and sequence analysis. Three missense mutations,
Serd47Thr, Lys531Glu, and Tyr537Asn, were identified in these lesions. To
investigate these mutated ERs or altered transcriptional activation func-
tion, expression vectors containing wild-type (wt) and mutant ERs were
constructed and cotransfected with different estrogen response element
reporter gene constructs into HeLa cells and MDA -MB-231 human breast
cancer cells. The first two ER mutants were similar to wt ER. However,
the Tyr537Asn ER mutant possessed a potent, estradiol-independent tran-
scriptional activity, as compared to wt ER. Moreover, the constitutive
activity of the Tyr537Asn ER mutant was virtually unaffected by estra-
diol, tamoxifen, or the pure antiestrogen ICI 164,384. Tyr537 is located at
the beginning of exon 8 in the COOH-terminal portion of the hormone-
binding domain of the ER, to which dimerization and transcription acti-
vation functions have also been ascribed. It has been identified as a
phosphorylation site implicated in hormone binding, dimerization, and
hormone-dependent transcriptional activity. Our results suggest that the
Tyr537Asn substitution induces conformational changes in the ER that
might mimic hormone binding, not affecting the ability of the receptor to
dimerize, but conferring a constitutive transactivation function to the
receptor. If present in other metastatic breast tumors, this naturally
occurring ER mutant may contribute to breast cancer progression and/or
hormone resistance.

Introduction

The human ER? belongs to the steroid/thyroid hormone receptor
superfamily of ligand-activated transcription factors (1). Hormone
binding is thought to induce conformational changes in the structure
of the ER, homodimerization, and high-affinity binding of the hor-
mone-ER dimer complex to well-defined palindromic DNA se-
quences, termed ERESs, usually located upstream of estrogen-respon-
sive genes (2). Transcription is then induced by two separate AFs of
the ER, the NH,-terminally located and constitutive AF-1 region and
the ligand-inducible AF-2 region located within the hormone-binding
domain (3), both of which are probably dependent on further inter-
action with specific sets of ER-associated proteins (4). Receptor
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activity is also thought to be modulated by phosphorylation and
dephosphorylation on multiple serine and tyrosine residues through
more or less defined signaling pathways (5, 6).

It is well accepted that the presence of ER identifies those breast
cancer patients with a lower risk of disease recurrence and better
survival, who may also have a better response to endocrine interven-
tions (7). The discovery of ER variants with altered function, e.g.,
transcriptionally active in the absence of estrogen (dominant-positive)
or transcriptionally inactive but preventing the activity of wt ER
(dominant-negative), may help elucidate the different responses of
individual breast tumors to treatment (8). However, the ultimate
clinical significance of the ER variants remains to be defined until
their presence can be verified at the protein level in clinical studies.
We and others have previously described the presence of several
ER-splicing variants in human breast cancer cell lines and tumors
(8-12). Single-bp changes within the ER, however, appear to be
infrequent in primary breast tumors (13-15). To examine their occur-
rence in metastatic breast tumors, we used SSCP and sequence anal-
ysis to screen DNA from 30 tumor specimens for mutations in all
eight coding exons of the ER gene. The transcriptional activity of the
three missense mutations that we found was assessed by their trans-
fection with different ERE-reporter gene constructs into HeLa cells
and human MDA-MB-231 breast cancer cells. One of these naturally
occurring ER mutants, Tyr537Asn, is at a previously described phos-
phorylation site located in the COOH-terminal end of the hormone-
binding domain. This alteration conferred a potent constitutive tran-
scriptional activity that was independent of estradiol binding and was
essentially unaffected by Tam or the pure antiestrogen ICI 164,384,

Materials and Methods

Tumor Samples. Thirty breast tumor samples from residual tumor material
remaining after routine steroid receptor measurements were utilized for the
study. Tumors samples were frozen within 1 h from surgical removal and kept
at —80°C for the present investigation. Data for these tumors and patients were
collected from pathological examination and follow-up of clinical records.
These cases were all from metastatic sites distant from the original breast
lesion. Genomic DNA was isolated from 50-100 mg of frozen tumor tissues
using phenol-chloroform extraction (16) and kept at 4°C until use. The patient
exhibiting the Tyr537Asn substitution presented with stage IV disease, and the
sample used for the analysis was a bone metastasis that recurred after treatment
with diethylstilbestrol hormonal therapy. The metastatic bone sample was ER
negative and progesterone receptor negative by ligand binding analysis. No
additional clinical follow-up is available on this patient.

PCR Amplification and SSCP Analyses. Twelve primers were designed
for analysis of genomic DNA according to the exon/intron locations defined in
Ponglikitmongkol et al. (17). All coding exons were examined. The primer
sequences, the expected sizes of the PCR products, and their location within
the ER are shown in Table 1. The forward primers were 5’ biotinylated for
direct sequencing analysis.

Eighty ng of genomic DNA were used as template in PCR, which was
performed in a 30-u! volume, including 10 mm Tris-HCI (pH 8.4), 50 mm KCi,
1.3-1.5 mm MgCl,, 200 uM of each deoxynucleotide triphosphate, 0.13 um of
each primer, and 0.75 units of Taq polymerase (Boehringer Mannheim).
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ER MUTANT WITH CONSTITUTIVE TRANSCRIPTIONAI. ACTIVITY

Table | ER primers used for PCR amplification of DNA

Name Sequence Size Location

1A CCACGGACCATGACCATGAC 151 bp =9, exon |

1B TGCTGCTGTCCAGGTACA 142, exon |

2A AGCTCAAGATCCCCCTGGA 140 bp 88. exon |

2B GGTCTGACCGTAGACCTG 228, exon |

3A CAGGTCTACGGTCAGACC 252bp 211, exon |

3B GCGCGGGTACCTGTAGGAA 452 + intron 1

4A TTTTTTCCCCCCAGGCCAA 224 bp Intron 1-457, exon 2
4B TCAACACACTATTACCTTGA 643 + intron 2

S5A CCTCTTGCTTTTAATAGGAC 152 bp Intron 2-646, exon 3
5B TGGGAGAGATGTACCTACCA 760 + intron 3

6A TCTACCTGTGTTTTCAGGGATA 215 bp Intron 3-765, exon 4
6B ACAAGGCACTGACCATCTGG 958, exon 4

7A CTCATGATCAAACGCTCGAAG 138 bp 886. exon 4

7B CGAAGCTTCACTGAAGGGTC 1023. exon 4

8A GACCCTTCAGTGAAGCTTCGAT 111 bp 1004, exon 4

8B TGCGCTTCGCATTCTTACCTGG 1096 + intron 4

9A CTTGCTTGTTTTCAGGCTTT 167 bp Intron 4-1101

9B CCAGGTCACTTACCTGTC 1235 + intron 5

10A TGCTATGTTTTCATAGGAACC 168 bp Intron 5-1240
10B TTGTGTTATCAACTCACCAGA ’ 1369 + intron 6
11A TCTCTGCGCATTCAGGAGTG 214 bp Intron 6-1474
11B CCAGAGATGCCTCACCTCAT 1548 + intron 7
12A GTCTTCCCACCTACAGTA 128 bp Intron 7-1555
12B ACGGCTAGTGGGCGCATGTA 1665, exon 8

DMSO (5%) was also added for primer pair number 3 (Table 1) to facilitate
amplification. Negative control reactions (H,O instead of DNA) were included
in every experiment. Amplification was carried out under the following con-
ditions: 94°C for 3 min, followed by 32-42 repetitive cycles of 94°C for I min,
52—-63°C for 45 s, 72°C for 1 min, and an extension step at 72°C for 5 min.
PCR products were first visualized on 7.8% polyacrylamide gels to verify the
expected sizes and then stored at 4°C until used for direct sequence analysis.

PCR for SSCP analysis (18) was performed as above with the exception of
including 5 wl of diluted (1:50 in dH,0) [**P]dCTP (10 uCi/ul. 3000 Ci/
mmol; Amersham Corp.) and reducing the concentration of unlabeled dCTP to
100 pMm. One pl of the PCR product was mixed with 9 ul of denaturing
solution (95% deionized formamide, 10 mM NaOH, 0.25% xylene cyanol. and
0.25% bromphenol blue), denatured at 95°C for 3 min, and put on ice for 3
min. Four ul of the mixture were then run on a nondenaturing 0.5X mutation
detection enhancement acrylamide gel (AT Biochem) without glycerol at 4°C
and 40 W for 4-5 h or with 5% glycerol at room temperature and 15 W
overnight. The gel was then transferred onto Whatman filter paper, dried under
vacuum at 80°C for 2 h, and put on X-ray film at —70°C overnight or longer.
Samples manifesting migration shifts in SSCP gels were analyzed further by
DNA sequencing.

DNA Sequencing. DNA sequencing was performed both directly from
PCR-amplified genomic DNA and from shifted bands cut from the SSCP gels.
For direct sequence analysis, single-stranded DNA template was produced by
binding the biotinylated strand from 20-30 ul of PCR product to Dynabead
M?280-Streptavidin solid supports (Dynal AS, Oslo, Norway). Sequence anal-
ysis was then performed, using the bound biotin-labeled strand as template,
according to the Sanger dideoxynucleotide chain termination (19) using **S-
labeled dCTP. In addition, 2 pl of the PCR product from samples displaying
altered migration bands were cloned into the pCR-TA plasmid (Invitrogen),
sequenced, and compared to the published sequence for ER (17, 20).

Expression Vector Construction. A wt ER expression vector was made
by subcloning the BamHI-EcoRI fragment from the yeast expression vector
YEPE 10 (6) into the pcDNAI expression vector (Invitrogen, San Diego, CA).
To study the function of the three identified ER mutants, we individually
introduced these three substitutions into pcDNAI-wtER plasmid using the
Transformer site-directed mutagenesis kit (Clontech, Palo Alto, CA) according
to manufacturer’s instructions. The following three mutagenic primers were
used: Serd7Thr, 5'-CTGGACAGCACCAAGCCCGCC-3"; Lys531Glu, 5'-
CAGCATGAAGTGCGAGAA CGTGG-3'; and Tyr537Asn, 5'-GTGCCCCT-
CAATGACCTGCTG-3'. The selection primer employed to disrupt the unique
Nhe site within the plasmid to facilitate cloning of the ER mutations was:
5'-GCAACGCAAGCATGCTTCTAGC-3'. The sequences of the three mu-
tated ER expression plasmids were verified by sequence analysis.

ERE Reporter Construction. We have prepared CAT reporter constructs
to the promoters of the four estrogen-inducible genes progesterone receptor

(PgR). pS2, lactoferrin, and cathepsin D. All the ERE-CAT vectors were

derived by modification of the vector pTZ-tk-CAT (21), provided generously
by Dr. Benita Katzenellenbogen. This plasmid contains a multiple cloning site
upstream of the herpes simplex virus type 1 tk promoter (bases — 150 to +56)
controlling the expression of the CAT gene. This plasmid was lincarized by
BamHI digestion and dephosphorylated with calf intestine alkaline phospha-
tase (Promega, Madison. WI) to prevent recircularization. The ERE-CAT
constructs were prepared by ligating this vector in the presence of a 100-fold
molar excess of oligonucleotides containing a 13-bp ERE plus 9-11 bp of the
requisite flanking genc sequence on either side. Oligonucleotides correspond-
ing to the plus and minus strands of each ERE appended by a sequence
generating a BamHI compatible overhang were kinased and annealed prior to
addition to the ligation reaction. ERE oligonucleotide scquences (consensus
sequences appear in bold and underlined and non-consensus sequences are
non-bold: underlining designates two half-ERE sites) were derived from pub-
lished promoter sequences of the human lactoferrin (GATCCCAGTCTCA-
CAGGTCAA-GGCGATCTTCAAGTAG: Ref. 22), pS2 (GATCCCCTG-
CAAGGTCACGGTGGCCACCCCG-TGAGCG; Ref. 23), and cathepsin D
(GATCCCAGAAGCTGGGCCGGGCTGACCCCGCGG-GCGG; Ref. 24)
genes. Subsequent analysis of the products of these ligation reactions showed
that the vectors contained three (pS2) or four (cathepsin D and lactoferrin)
inserted ERE sequences. A similar protocol was used to generate the plasmid
pERE2-tk-CAT, which contains a tandem insertion of two vitellogenin A2
(consensus) EREs in the BamHI site of pTZ-tk-CAT.

Cell Culture and Transient Transactivation Assays. HeLa cells were
maintained in complete MEM supplemented with 10% fetal bovine serum
(Sigma Chemical Co., St. Louis. MO). Cells were plated into six-well cluster
dishes (Falcon, Franklin Lakes, NJ) at a density of 1.5 X 10% cells/well and
grown in the above medium. MDA-MB-23] breast cancer cells (2 X 10%) were
plated and grown in the same medium supplemented with 2 mm L-glutamine
and 6 ng/ml insulin and allowed to recover for 2 days at 37°C in 5% CO,.
Transient transfections were carried out in a total volume of I ml of OptiMEM
reduced-serum medium with 8 ul of lipofectamine/well according to the
manufacturer’s instructions (Life Technologies, Inc., Gaithersburg, MD).
Transfections of individual wells were performed using 1 pg of ERE-CAT
reporter vector. Cytomegalovirus-driven B-gal plasmid (100 ng) was added
into each well to monitor transfection efficiency, and 20 ng of either the wt ER
or ER-mutant plasmid was transfected into HeLa cells or MDA-MB-231,
respectively. The reporter was also transfected into cells without ER as a
control for background level of CAT activity. Following an 8-h incubation at
37°C, the transfection medium was removed, and 2 ml of phenol red-free
MEM supplemented with charcoal-stripped fetal bovine serum was added and
incubated at 37°C for 18-20 h. Cells were then treated with 107" or 107° M
estradiol, 1077 M Tam, 1077 m ICI 164,384 (a kind gift from Dr. Allen
Wakeling of Zeneca, Macclesfield, England), or an ethanol vehicle for 20-22
h at 37°C. All the transfections were performed in duplicate. The transfected
cells were then rinsed once with PBS, and 150 ul of cell lysis buffer (Promega)
were added. Cell extracts were spun for 5 min, and 20 ul of the supernatant
were used in the B-gal assay. The remaining supernatant was heated to 65°C
for 15 min to remove any endogenous acetylases or nonlabeled acetyl-CoA and
centrifuged again. Various volumes of the extracts, calculated to contain
equivalent amounts of B-gal activity, were incubated with substrate mix [1 m]
of 1 M Tris (pH 7.8), 80 wul of “C-labeled chloramphenicol, 800 ul of 4 mmM
acetyl-CoA, and 4.52 ml! of dH,0] at 37°C for 90 min (HeLa cells) or 120 min
(MDA-MB-231 cells). The reaction was then terminated by adding 1 ml of
cold ethylacetate vigorousty mixed and centrifuged. The supernatant was dricd
under vacuum, and the residue was resuspended in 20 ul of ethyl acetate,
spotted on precast TLC plates (Sigma Chemical Co.), chromatographed in 95%
chloroform and 5% methanol at room temperature for 30~40 min, dried, and
exposed to Biomax X-ray film (Kodak, Rochester, NY) overnight. All the
assays were done in duplicate.

Results

ER Mutations Identified in Metastatic Breast Tumors. Thirty
metastatic breast cancer samples were screened for mutations in the
ER gene by SSCP analysis. SSCP shifts (evident by electrophoresis
both at ambient and subambient temperatures) were identified in six
of the metastatic tumors. The six positive samples were studied further
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both by direct sequencing analysis and by cloning of shifted bands
followed by sequencing analysis. Three of the SSCP-shifted bands
were found to constitute previously identified polymorphisms (TCT to
TCC at nucleotide 30 in exon 1, TGC to TGT at nucleotide 720 in
exon 3, and CGC to CGT at nucleotide 729 in exon 3), none of which
results in an amino acid substitution (data not shown). The remaining
three shifted SSCP bands (Fig. 14, arrows) were found to constitute
missense mutations: G140C (Serd7Thr) in exon 1, A1591G
(Lys531Glu) in exon 8, and T1609A (Tyr537Asn) in exon 8 (Fig. 1B).
Whereas the first two sequence changes exchange hydrophilic amino
acids, the last mutation changes a hydrophobic tyrosine to a hydro-
philic asparagine.

Functional Studies. The functional transactivational status of the
three missense ER mutations isolated from the metastatic breast
tumors was investigated using transient transactivation assays, meas-
uring the transcriptional activity of the mutant ERs with ERE-reporter
gene constructs. Although the majority of studies examining the effect
of specific alterations in the ER on function have utilized consensus
EREs, most commonly the vitellogenin A2 ERE, we felt that it would
be important to test ER function on constructs that might be more
relevant to breast cancer biology, e.g., those genes that are regulated
endogenously by ER in breast cancer cells. We therefore prepared
ERE-CAT reporters from the estrogen-regulated pS2, cathepsin D,
and lactoferrin gene promoters. Each mutant ER was then cotrans-
fected into HeLa cells (Fig. 2) with the different ERE reporter vectors
and compared to wt ER activity. CAT activity was determined relative
to the activity of the transfected reporter vector alone; activity was
also corrected for transfection efficiency by cotransfection of a 8-gal
vector.

The activities of Ser47Thr and Lys531Glu were not different from
that of wt ER using any of the four different ERE constructs in either
HeLa or MDA-MB-231 cells (data not shown). However, the
Tyr537Asn mutant exhibited strong constitutive transactivation activ-
ity (15-20-fold over wt ER activity on the vitellogenin ERE) in the
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Fig. 1. Identification of three ER missense mutations in human breast cancer. A, SSCP
analyses of normal (outside lanes) and tumor (middle lane) DNA revealed three shifted
bands (arrows). The shifted bands were cut from the SSCP gel, sequenced (B), and
represent missense mutations: G140C (Ser47Thr) in exon 1, A1591G (Lys531Glu) in exon
8, and T1609A (Tyr537Asn) in exon 8.
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absence of hormone (Fig. 2, Vitellogenin, con). This elevated consti-
tutive activity was also observed on the other ERE constructs (5-fold
on the pS2 control [con], 8-fold on the cathepsin D control, and
17-fold on the lactoferrin ERE control). Estradiol was required for the
induction of wt ER activity on all four of the ERE reporter constructs
(maximum inductions were 11-, 2-, 3-, and 4-fold on the vitellogenin,
pS2, cathepsin D, and lactoferrin reporters, respectively, using 107° m
estradiol; Fig. 2). As expected, tamoxifen alone had no effect on basal
activity of the wt ER and completely inhibited the stimulatory effect
of estradiol (Fig. 2, E2+Tam).

In contrast, the addition of estradiol had only minimal influence on
the already high constitutive transcriptional activity of the Tyr537Asn
mutant [Fig. 2; compare the control (con) with the estradiol-stimulated
levels (E2-9 and E2-11)]. Interestingly, tamoxifen appeared to slightly
inhibit to varying degrees the basal activity of the Tyr537Asp mutant
on three of the ERE promoters; for instance, 45% inhibition of basal
activity was seen using the cathepsin D ERE reporter. The only
notable difference among the four ERE reporters was in the insignif-
icant tamoxifen inhibition of basal transcriptional activity on the
lactoferrin promoter (Fig. 2, compare control with Tam levels). Sim-
ilar results to those seen with tamoxifen were observed when these
experiments were repeated using the pure antiestrogen ICI 164,384 in
place of tamoxifen in these cells (data not shown).

Because we know that the transcriptional activity of the ER is
highly dependent on the cell and the promoter context (25) in which
the receptor is expressed, we also tested the transcriptional activity of
the Tyr537Asn ER in MDA-MB-231 breast cancer cells. Similar
results were seen in these cells, although the maximum inductions by
wt ER (2-3-fold) over control in the absence of estradiol were all
reduced due to the high basal activity of the tk-CAT reporter alone in
these cells (compare the controls in Fig. 3 to the controls in Fig. 2).
Again, the Try537Asn mutant displayed high constitutive activity on
all four of the ERE reporters, ranging from 3- to 7-fold depending on
the ERE reporter, and this activity was essentially unaffected by
estrogen, tamoxifen (Fig. 3), and the ICI pure antiestrogen (data not
shown).

Discussion

Although ER-splicing variants have been shown to be ubiquitous in
human breast cancer (12), the number of naturally occurring missense
mutations identified in primary breast cancers to date is extremely
low. It has been estimated that missense mutations are present in only
about 1% (2 of 188) of primary tumors (15). In agreement with this,
we have not detected any missense ER alterations in 60 primary breast
cancers that we have examined using SSCP analysis.* Karnik et al.
(14) have also recently examined five primary and metastatic breast
tumor pairs for ER sequence alterations, again using SSCP analysis.
They found that one of the five metastatic lesions, but not the primary
tumor from the same patient, contained a single nucleotide deletion
(1294delT) in the coding region of the ER. This deletion generates a
frameshift in the hormone-binding domain of the receptor and is
predicted to give rise to a premature translation termination with an
ER protein maintaining an intact DNA-binding domain but with a
defective ligand-binding domain. Functional analysis of this ER mu-
tant, however, has not yet been reported. The fact that this ER
mutation was present in the metastatic lesion but not in the corre-
sponding primary tumor suggests that some ER mutations may be
associated with tumor progression.

In the present study of 30 cases of metastatic breast cancer, we
detected three missense ER mutations. Thus, ER mutations in meta-

4Q-X. Zhang, A. Borg, and S. A. W. Fuqua, unpublished data.
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static breast tumors may be more frequent than in primary lesions [3
of 30 as compared to 2 of 248 (see above); P = 0.004 with Fisher’s
exact test). Unfortunately, the corresponding primary tumors from
these three patients were not available for ER mutational analysis, and
future studies will be directed at addressing whether ER mutations
arise during metastatic spread of the tumor in certain patients. Two of
the identified ER mutations (Ser47Thr and Lys531Glu) did not alter
ER transcriptional activity in transient transfection assays. The third
mutation, however, resulted in an ER protein with a very high con-
stitutive transcriptional activity. This mutation (Tyr537Asn) is located
at the beginning of exon 8 of the ER gene encoding the COOH-
terminal portion of the hormone-binding domain, a region of the ER
to which dimerization and AF-2 functions have been ascribed (2).
This is also a region that is evolutionarily conserved between species
but is divergent from other members of the steroid and thyroid
hormone receptor superfamily (17).

The Tyr537Asn mutation eliminates a tyrosine residue that is a
potential phosphorylation site within the ER. We found that the
Tyr537Asn ER mutant manifested strong transactivation activity in
both HeLa and breast cancer cells in the absence of hormone binding
and that this activity was only marginally affected by estradiol,
tamoxifen, or the pure steroidal antiestrogen ICI 164,384. Further-
more, this constitutive activity was similarly evident whether using an
idealized ERE (vitellogenin) or endogenous EREs such as the cathep-
sin D, pS2, and lactoferrin gene promoters. Several potential mech-
anisms could explain the high constitutive activity of the Tyr537Asp
ER mutation. One explanation, and one that we favor (Fig. 4), is that
the Tyr537Asn substitution may produce a conformational change in

the receptor that mimics hormone binding. We know that this residue
lies within the hormone-binding domain of the ER; functional analysis
of ER deletion mutants has suggested that the COOH-terminal bound-
ary of both the estrogen and tamoxifen-binding domains are similar,
lying between residues 522 and 538 (26, 27). The role of ligand
binding in the formation of AF-2 is unknown but is believed to
involve conformational changes in the receptor that generate a pro-
ductive association between the AF-1 and AF-2 domains (28). In
our model (Fig. 4), we envision that similar conformational
changes may be induced by the Tyr537Asn substitution. As a result
of this conformational change, the mutant ER might only weakly
bind estrogen and tamoxifen, explaining their limited effects on
mutant ER activity. Although the metastatic bone lesion from
which we isolated the Tyr537Asn mutant was indeed ER negative
by ligand-binding analysis, this result may not be conclusive,
because low tumor cellularity is often associated with bone lesions.
Unfortunately, additional tumor material was not available to ad-
dress the question of hormone binding ability of this variant using
immunohistochemical techniques.

There is evidence to suggest that phosphorylation at this site is
required for efficient estrogen binding. Arnold et al. (29) determined
that Tyr 537 is a physiological phosphorylation site in ER isolated
from MCF-7 human breast cancer cells. Using site-directed mutagen-
esis to separately replace all five tyrosine residues within the hor-
mone-binding domain of the ER with phenylalanine, Castoria et al.
(30) demonstrated that phosphorylation of in vitro synthesized ER at
Tyr537 confers efficient estrogen binding ability. Thus, phosphoryl-
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ation of Tyr337 may induce conformational changes that are neces-
sary for ligand binding.

It has also been suggested that phosphorylation at Tyr537 is a
necessary step for ER dimerization (31). These authors propose that
ER dimerization occurs through specific interactions between phos-
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Fig. 4. Model of transactivation of wt and Try537Asp ERs. The activity of wt ER is
influenced by the growth factor and oncogene signaling pathways via kinase activities.
Specific residues within the ER are phosphorylated, such as several serines within the
AF-1 domain and tyrosine 537 within the AF-2 domain. Phosphorylation at Tyr537 allows
efficient estrogen (E2) binding, the ER undergoes a conformation change, and dimeriza-
tion is affected. We propose that the ER tyr537asn mutation exerts a hormone-independent
conformational change in the AF-2 domain, leading to dimerization and transactivation in
the absence of estradiol.

ER tyr 537 asn

con
E2-11
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photyrosine residues and SH-2-like domains, similar to the activation
of the STAT family of transcription factors (32). These data would
therefore suggest that the Tyr537Asn ER mutant would be incapable
of dimerization due to the absence of a target for the SH-2 like domain
of its dimerization partner. However, as ER dimerization is necessary
for ERE binding and transcriptional activity, this hypothesis is clearly
inconsistent with our demonstration of strong transcriptional activity
with the Tyr537Asn mutant and implies that other regions of the
hormone-binding domain, such as the adjacent leucine zipper motif
(32), are involved in dimerization as well.

Tyr537 may represent a basal phosphorylation site of the human
ER, which is under strict control by both specific tyrosine kinases and
phosphatases. This was suggested by studies demonstrating that two
members of the src family of tyrosine kinases were capable of Tyr537
phosphorylation, as well as by the finding that protein tyrosine phos-
phatase-1B and the SH-2 protein tyrosine phosphatase-1 dephospho-
rylated Tyr537 (6). Thus, the Tyr537Asn ER mutant may have es-
caped from phosphorylation-mediated transcriptional regulation that
is present in vivo, as was seen in the HeLa and MDA-MB-231 cells
used in the present transfection studies. As reflected in the model
diagrammed in Fig. 4, the activity of the ER can be modulated by the
phosphorylation of a number of residues through growth factor and
oncogene signaling pathways. There are multiple sites of phosphoryl-
ation in the ER; several serine residues in the NH,-terminal AF-1
domain are targeted through the Ras mitogen-activated protein kinase
(5) and the protein kinase A or C signaling pathways (33). Recently,
it was demonstrated that the HER-2 oncogene targets the ER leading
to phosphorylation of the ER on tyrosine residues and ligand-inde-
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pendent signaling through the receptor, resulting in ligand-indepen-
dent signaling through the ER (34). Disruption or dysregulation of
phosphorylation at specific sites within the ER may therefore be
important in the clinical problem of hormone-independent tumor
growth, as would be predicted for patients harboring the Tyr537Asn
mutation detected in this study. It is of note that the patients from
which this mutation was identified presented with advanced meta-
static disease. Future studies will be directed at investigating the
frequency of this specific alteration in patients with metastatic breast
cancer to determine whether this constitutive mutation is common in
patients with dissemination of their disease.
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CHAPTER 14

APPLICATION OF DIFFERENTIAL
DISPLAY TO CANCER RESEARCH:
AMPLIFICATION OF RNA
ISOLATED FROM AIR-DRIED
FROZEN AND ARCHIVAL
PARAFFIN-EMBEDDED TISSUES

SUZANNE A. W. FUQUA, MARGARET G. BENEDIX,
DOUGLAS M. WOLF, CARL G. CASTLES, and D. CRAIG ALLRED

INTRODUCTION

Accumulating molecular evidence in the field of cancer research has demon-
strated that the processes contributing to carcinogenesis are largely controlled
by the activities of two opposing types of gene products (Cooper, 1995).
Oncogenes are genes which produce proteins that have normal cellular func-
tions regulating growth and passage through the cell cycle. However, when
expressed inappropriately or when mutated to become more active stimulators
of cell growth, oncogene products contribute to the conversion of a normal
cell to a cancerous cell. Similarly, tumor suppressor gene (or antioncogene)
products are proteins that serve to downregulate cell growth, and if these
genes are mutated or lost, the effect is similar to that of removing a brake,
allowing a cell to grow and replicate in an uncontrolled fashion. One of the
major goals of cancer researchers has been the identification of oncogenes and
tumor suppressor genes by a variety of techniques, both to provide an under-
standing of the mechanisms of the carcinogenic process and to conceivably
provide targets for new therapeutic interventions.

~ The development of the differential display polymerase chain reaction
(DD-PCR) method (Liang and Pardee, 1992) has added an important tool to
the list of techniques available for the identification of potential oncogene and
tumor suppressor gene products involved in carcinogenesis. Products detected
in cancer cells but not corresponding normal tissues may be oncogenes,
whereas products specifically expressed by normal tissues but not cancer cells
are good candidates for tumor suppressor genes. Careful application of differ-
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ential display, coupled with appropriate methods for confirmation of the re-
sults of DD-PCR analysis, allows the researcher to screcn RNA prepared from
diverse sources to identify these genes. RNA for DD-PCR analysis can be
obtained from sources as disparate as cancer-derived ccll lines, tumor biopsy
specimens, or archival blocks of paraffin-embedded specimens.

There are several critical items to be considered for successful application
of DD-PCR to cancer-derived materials. Steps must first be taken to enrich
target cells as much as possible. This can be done by working with tumor cell
lines, which are homogencous populations of cancer-derived cells, so that
differences in cDNAs are attributable to differences in specific manipulations,
However, differential cDNA expression can be simply due to differences in
cell confluency, accumulation of inhibitory/stimulatory factors in the culture
media, or other factors. Thus, even DD-PCR results from a relatively simplec
system, such as cultured cells, must be interpreted with caution and confirmed
with alternative techniques.

When working with animal tissues such as human tumors, the difficultics
associated with interpreting differential display results incrcase dramatically.
First, tissue for analysis may be limited since the majority of it may be needed
for clinical diagnostic evaluation. However, this problem can be partially
circumvented by methods that make use of archival material. Second, all DD-
PCR results must be viewed with the caveat that tumor samples are not a
homogeneous population of tumor cells, but rather an admixture of cancerous
and non-cancerous cells such as normal epithelium, fibroblasts, endothcelial
cells due to neovascularization, as well as infiltrating inflammatory cells.
Therefore, investigators run the risk of having to perform secondary scrcens
on many apparently differentially expressed ¢cDNAs, where in reality, the
differences in gene expression are due to varying amounts of contaminating
cell types in the original sample. Ideally, isolation of RNA for differcntial
display should be performed only after the investigator has taken steps to
isolate the cells of interest (in this case tumor cells) from surrounding noncan-
cerous elements. One method that has proven successful in addressing both of
these concerns is microdissection of cancer cells from histological frozen
sections that have been air-dried after sectioning to facilitate histiological
analysis and microdissection, or thick sections cut from archival paraffin-
embedded tissue blocks. These methods form the core of the procedures
discussed below.

Finally, it cannot be overemphasized that, in all cases, some additional
method should be used to confirm the differences in cDNA expression secn
with differential display. Ideally, analysis of expression levels of newly identi-
fied gene fragments should be accomplished by probing Northern mRNA
blots with a probe prepared by reamplification of the isolated DD band in the
presence of a 32P-labeled nucleotide (or nucleotides). Unfortunately, there
may be insufficient material available from frozen biopsy specimens to do
multiple Northern blots. However, confirmation of DD-PCR bands in clinical
materials is feasible with RT-PCR of RNA prepared from frozen sections, or
RT-PCR coupled with primer-extension preamplification (PEP) of RNA pre-
pared from paraffin-embedded samples (Zhang et al., 1992), and methods for
these are described below.
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MATERIALS FOR BASIC METHODS

Preparation of Air-Dried Frozen Histological Sections
Glass microscope slides, 25 X 75 mm, uncoated
Tissue-Tek cryomolds (Miles Inc., Elkhart, IN)
Tissue-Tek OCT compound (Miles Inc.)

Extraction of RNA from Histological Sections
Xylene
80% ethanol
Guanidinium resuspension buffer
Phenol:chloroform (70:30)

Mussel glycogen (5 Prime — 3 Prime, Inc. cat. #5306-851159)
Isopropanol

RQI1-DNase (Promega)

100% ethanol

Phenol/chloroform/isoamyl alcohol

Chloroform/isoamyl alcohol

DEPC treated H,O

Nutator (Adams Co.)

Differential Display PCR (DD-PCR)
dNTP stock mix
10x RT buffer (1 Mg)
10x PCR buffer (| Mg)

AMYV (or M-MLV) reverse transcriptase?
T,, XX primer at 1 mM
random sequence 5’ 10-mer oligonucleotide primer

35§-dATP, 3000 Ci/mmol, 12.5 mCi/mL (DuPont-NEN cat:
#NEG-034H)

Taq polymerase

Mineral oil

10x TBE

50% Long Ranger™ gel solution (AT Biochem)

Formamide loading buffer

pBR-322/Mspl radiolabeled marker

Thermal cycler

Sequencing gel apparatus and power supply
RT-PCR Amplification

dNTP stock mix

10x 1 Mg PCR buffer

5’ and 3’ gene-specific 20-mer oligonucleotide primers

AMYV or M-MLV reverse transcriptase?

5% acrylamide/TBE minigel
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Taq polymerase
mineral oil
Thermal cycler
Primer-Extension Preamplification (PEP)
10X PEP buffer
dNTP stock mix
Random 15-mer primer mix

Pair of gene-specific primers that flank the target sequence (outer 5’ and

3' primers)

Pair of nested gene specific internal primers (nested 5’ and 3’ primers)

AMYV (or M-MLV) reverse transcriptase?
Taq polymefase

5% acrylamide/TBE minigel

Mineral oil

Thermal cycler

RECIPES

Guanidinium Resuspension Buffer
6 mg/mL proteinase K
I M guanidinium thiocyanate
25 mM B-mercaptoethanol
0.5% N-lauryl-sarcosine
20 mM Tris-HCL pH 7.5 -
dNTP stock mix (25 mM each dNTP)
20 pL 0.1M dCTP
20 pL 0.1M dGTP
20 pL 0.1M dATP
20 pL 0.1M dTTP
10X PEP Buffer
100 mM Tris, pH 8.3
500 mM KClI
30 mM MgCl,
10 mM spermidine
10X 1 Mg PCR Buffer (also 10X RT Buffer)
100 mM Tris, pH 8.3
500 mM KCl
30 mM MgCl,
10X PCR Buffer (| Mg)
100 mM Tris, pH 8.3
500 mM KCi
10 mM MgCl,
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10X TBE
0.89 M Tris base
0.89 M boric acid
0.02 M EDTA
Formamide Loading Buffer
4 mL formamide
500 pL 10X TBE
0.025 g bromophenol blue
0.025 g xylene cyanol
H,0 to 5.0 mL

STEPS FOR BASIC METHODS
Preparation of Air-Dried Frozen Histological Sections

1. Sample tissue is snap-frozen and immediately adhered to a cryostat
chuck.b

2. Cut sections at 20 pm and thaw-mount onto glass slides.

3. Desiccate slides in a 37°C incubator for 5 min, then microdissect imme-
diately.c Dried slides may be stored in an air-tight container (along with
a desiccant) at < —70°C.

Extraction of RNA from Mounted Samples. RNA is extracted from histo-

logical sections using methods essentially as described by Stanta and Schnei-
der (1991).

1. Carefully transfer tissue areas microdissected from histological sec-
tions into 1.5-mL microcentrifuge tubes.d Paraffin-embedded samples
can be deparaffinized by adding 1.0 mL of xylene and mixing on a
Nutator of 20 mins.

2. Pellet the samples in a microcentrifuge for 5 mins at room tempera-
ture, rinse the pellets with 0.5 mL of 80% ethanol (cold), and air-dry
for 10 min.

3. Resuspend the dried pellets in 200 pL guanidinium resuspension buff-
er (6 mg/mL proteinase K, 1 M guanidinium thiocyanate, 25 mM
B-mercaptoethanol, 0.5% N-lauryl-sarcosine, 20 mM Tris-HCl pH
7.5).¢

4. Then incubate samples at 45°C for 6 h, followed by a 7-min incubation
at 100°C to inactivate the proteinase K.

5. Extract with 200 pL of phenol:chloroform (70:30), mix, then micro-
centrifuge for 3 min at room temperature, and transfer the aqueous
phase to a fresh tube.

6. Add 2 pg of mussel glycogen, an equal volume of room-temperature
isopropanol, and precipitate the samples for 1 h at —20°C.f
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10.

1.

12.
13.

. Pellet the RNA in a microcentrifuge for 10 min at 4°C, wash the pellet

with 500 pL of 80% ethano! (cold), and air-dry the pellet.
Resuspended the RNA in 100 pL of DEPC-treated H,O.

Add 1U RQI DNase (Promega) to 100 pL of RNA from step 8.
Incubate at 37°C for 15 min.

Extract once with phenol/chloroform/isoamyl alcohol and once with
chloroform/isoamyl alcohol.

Add 0.1 vol of 3 M NaOAc and 2.5 vol of 100% ethanol. Precipitate
for 15-30 min on ice or overnight at —~20°C.

Repeat step 8.

Resuspend the RNA in either 10pL of DEPC-treated H,O (for RT-
PCR), or 100 pL of 1x 1 Mg-PCR amplification buffer (for DD-
PCR).

Differential-Display PCR (DD-PCR)

1.

Prepare reverse transcription (RT) master mix, say, for 20 rcactions:

Add Final Concentration
100 pL. 10X RT (1T Mg) buffer 1X
5 pL 2.5 mM dNTP mixe 12.5 uM
I uL 1 mM T, XX primer 1 pM

H,0 to 940 pL

. Mix 47 pL of master mix with 1-2 pL (0.2-1.0 pg) of RNA solution

from step 13.h

Heat samples at 65°C for 5 min.

Cool samples to 40°C

Add 5 units of AMV reverse transcriptase.!
Incubate at 40°C for 60 min.

Heat samples to 94°C for 3—5 min to inactivate the RT. Store on ice
until ready to perform the DD-PCR, below.

Prepare DD-PCR master mix, say, for 20 reactions:
Add Final Concentration
36 wL 10x RT (] Mg) buffer 1
2 nL 0.5 mM dNTP mixi 2.5 uM
1 pb 1 mM T, XX primer 2.5 uM
0.5 pL 1 mM random 10-mer 5’ primer* 1.25 uM
15 pL 35S-dATP (3000 Ci/mmol, 12.5 ~0.5 mCi/mL

mCi/mL)
H,0 to 350 pL

For each sample, combine in a PCR reaction tube:
17.5 pL. DD-PCR master mix
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2 L RT reaction product
0.5 pL (2.5 units) Tag DNA polymerase
7. Overlay tubes with 50 wL mineral oil.
8. Heat reactions to 94°C for 90 s to ensure complete denaturation.

9. Do 40 cycles of PCR at 94°C for 30 s, 42°C for 90 s, and 72°C for 30

s. Do a single final extension at 72°C for 5 min. To inactivate the

remaining Taq enzyme, heat for 10 min at 98°C, and bring samples

_— to 27°C. Samples should be stored at 4°C until ready to load onto the
gel.

. 10. Prepare 5% Long Ranger™/1.0X TBE sequencing gel.

) 11. Remove PCR samples to fresh tubes! and add 5 p.L. formamide loading
buffer.

12. Heat samples and pBR322/Mspl radiolabeled marker at 80—85°C for 3
min.

13. Load marker and 10 pL of each sample into 1.0-cm-wide wells on 5%
Long Ranger™/1.0X TBE gel.

14. Run gel at 70 W constant power until the xylene cyanol (upper)
marker reaches the bottom of the gel.m

15. Dry gel onto Whatman 3MM paper under vacuum at 80°C. Expose to
film for 16—24 h at room temperature.

16. Bands of interest may be excised and reamplified as described by
Liang and Pardee (1992) (see also Chapter 13, this volume).

In the next sections we describe methods to confirm differential expression
of the sequences identified using the differential-display procedure. It will be
necessary to obtain at least partial DNA sequence of the specific differential
display product because the methods described below require sequence spe-
cific PCR primers.

DIFFERENTIAL-DISPLAY PROTOCOLS

RT-PCR Amplification of RNA Isolated from Frozen Specimens for
Confirmation of Expression of cDNAs Identified by DD-PCR

RT-PCR is performed essentially as described by Fuqua et al. (1990):

1. Set up RT-PCR reactions:
5-10 pL RNA from extraction procedure (= 200 ng RNA)
10 pL 10X 1 Mg PCR buffer
3.2 pL ANTP stock mix

1 pL each 0.1 nmol of 5 and 3’ gene-specific 20-mer oligonucleotide
primers

H,0 t0 98.5 L
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. Heat to 94°C for 2 min. Cool to 42°C and add 2 units of AMV rcverse

transcriptase.
Heat to 42°C for 45 min. Heat to 94°C for 2 min.

. Add 2.5 units of Taq polymerase and overlay with 100 pL of mineral

oil.

. Do 35 cycles of PCR at 94°C for 1 min, 55°C for 2 min, 72°C for 3 min.

Do a single extension of 72°C for 7 min. Heat 98°C for 10 min. Bring
samples to 27°C.

Store samples at 4°C.

Run 10 pL of each sample on a 5% acrylamide minigel, with standards,
to check for expression of candidate cDNAs identified by DD-PCR.

Alternative Protocol for PEP (Primer-Extension Preamplification)
of RNA isolated from Archival Specimens for Confirmation
of Expression of cDNAs Identified by DD-PCR

T RN

. Set up RT reaction:

10 pL. RNA (all the RNA isolated from a microdissected, 10 pM
paraffin-embedded sample)

5 nL 10X PEP buffer

1.6 pL dNTP stock solution

40 pM random 15-mer

H,O0 to final volume of 50 pL

Heat to 94°C for 2 min.

Add 2 units of AMV Reverse Transcriptase.

Heat to 42°C for 45 min and then 94°C for 2 min.

Add 2.5 units of Taq polymerase and overlay with 100 L mineral oil
for the initial PCR with random 15-mer oligonucleotide primers.

Do 25 cycles of PCR at 94°C for 1 min, 37°C for 2 min, 55°C for 2
min. Do a single extension of 55°C for 3 min. Heat to 98°C for 10
min. Bring samples to 27°C.

Set up the first round of gene-specific PCR:

5 pL from the initial PCR from step 6

10 uL 10X PEP PCR buffer

3.2 pL dNTP stock solution

1 pL. 0.1 nmol outer 5’ primer

1 nL 0.1 nmol outer 3’ primer

H,O to a final volume of 99.5 pL

Add 2.5 units of Taq polymerase and overlay with 100 L mineral oil.

Do 35 cycles of PCR at 94°C for 1 min, 55°C for 2 min, 72°C for 3
min. Do a single extension of 72°C for 7 min. Heat to 98°C for 10
minutes. Bring samples to 27°C.
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Set up the second round of gene-specific PCR:

2 pL of the first round PCR

10 pwL 10X PEP PCR buffer

3.2 pL dNTP stock solution

I L 0.1 nmol nested 5" primer

1 pL 0.1 nmol nested 3’ primer

H,O to a final volume of 99.5 pL

Add 2.5 units of Taq polymerase and 100 pL mineral oil.
Repeat PCR cycles as in step 9.

. Run 10 p.L of each sample from the first- and second-round PCRs on a

5% acrylamide minigel with standards to check for expression of
candidate cDNAs identified by DD-PCR.

on the Methods

We routinely use AMV reverse transcriptase in our experiments; how-
ever, it is likely that M-MLV reverse transcriptase is equally effective.

If you decide to use M-MLYV reverse transcriptase, alter the reaction

buffer to that recommended for M-MLYV in order to ensure maximum
enzyme activity (see for example, Chapter 13, above).

. The tissue can also be stored at —70°C for later sectioning. Thawing

should be avoided to prevent RNase activity.

Typical equipment for microdissection includes an inverted scope and
a mechanical micromanipulator for holding and manipulating the cut-
ting tool.

This is usually accomplished by scraping with a sterile instrument such
as a scalpel blade.

. Non-paraffin-embedded sections, such as frozen sections or air-dried

frozen sections, and paraffin-embedded sections that were not de-
paraffinized are similarly resuspended in this buffer directly following
step 1 of the extraction protocol.

f. For best results, an overnight precipitation is recommended.

Do a 1:10 dilution of the dNTP stock to prepare 2.5 mM dNTP mix.
Dilute solutions of dNTPs are not stable for storage, and should be
made fresh from concentrated stock immediately prior to use.

. We have had success with as little as 50 ng of RNA per reaction, but

for best results we recommend using an amount in the range shown,
and using the same amount of RNA in each sample to provide con-
sistency across lanes in the gel.

A working stock of RT can be made by diluting the enzyme to 2.5
IU/pL in the RT master mix prepared in step 2.

Do a 1:50 dilution of the dNTP stock mix to obtain the 0.5 mM dNTP
mix.

Less 5’ primer is used to favor the formation of products containing a
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T}, XX 3" end. We have found that if equal amounts of primer are
used, products containing the random 10-mer at both ends predomi-
nate.

1. Sample recovery can be accomplished either by the addition of 75 .l
chloroform, which causes the aqueous phase to float to the top, or by
carefully pipetting the aqueous reaction mixture from underncath the
mineral oil.

m. On a 5% gel, xylene cyanol migrates with an apparent size equivalent
to an ~150-base single-stranded DNA. We and others have found that
products below this size generally represent contaminating artifacts.

COMMENTARY

Examples of the method of the method are illustrated in Figures 14.1 and
14.2.
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Figure 14.1. Differcntial display from air-dried, frozen, and paraffin-embedded sam-
ples. DD-PCR was performed on RNAs isolated from air-dried frozen sections, or
paraffin-embedded permanent sections of normal human cervical tissue. The RNAs
were incubated with or without DNase before DD-PCR. Although RNAs can be
isolated from both frozen and fixed samples, the best results are obtained from frozen,
air-dried, microdissected samples. These figures also emphasize the nccessity of
DNase-treatment of RNA prior to DD-PCR analysis.
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Figure 14.2. RT-PCR of RNA from air-dried, frozen sections or RT-PCR coupled
with PEP of RNA isolated from paraffin-embedded permanent sections. RNAs were
isolated from air-dried, frozen sections of normal human breast (NB) tissue, or from
paraffin-embedded permanent sections of human breast cancer cell line (CL), NB, and
normal human cervix (C). The air-dried RNAs were amplified by RT-PCR using either
actin-specific (A) primers, and primers to the human estrogen receptor (ER), which is
expressed at low levels. The RNAs isolated from the paraffin-embedded sections were
amplified by RT-PCR coupled with PEP using primers specific for human @-2-micro-
globulin. These results demonstrate that confirmation of DD-PCR ¢DNAs can be
performed by RT-PCR methodology using tissue samples microdissected from air-
dried, frozen, or paraffin-embedded sections. Neither of these methods, RT-PCR and
RT-PCR coupled with PEP, are appropriate methods for quantitation of cDNA expres-
sion, but rather are appropriate only for determining whether a candidate cDNA
identified by DD-PCR is expressed in specific tissues and tumors.

Critical Parameters

Evaluating gene expression by differential display may be relatively simple if
the source of RNA is specific and abundant, such as with cell lines. Mam-
malian tissues, such as human tumors, may contain sufficient RNA, but they
are derived from many cell types that are present in varying proportions.
Specific cells can be obtained from heterogeneous animal tissues by micro-
dissecting them from histological sections viewed under a light microscope.
Histological sections are typically prepared from formalin-fixed, paraffin-
embedded tissue and stained with hematoxylin and eosin (H&E). Unfor-
tunately, the RNA extracted from this type of tissue preparation is usually of
insufficient quality for routine DD-PCR. However, adequate amounts of qual-
ity RNA can be obtained from air-dried, frozen histological sections. The
relative absence of water in these sections is apparently sufficient to inhibit
endogenous RNAse activity, making it possible to routinely amplify cDNA’s
larger than 600 base pairs from this source of RNA.

During microdissection, specific cells of interest can be visualized without
staining if the microscope contrast is high (e.g., by unfocusing the condensor
or using phase-contrast rings) and an adjacent H&E stained section is used as
a guiding template. Alternatively, staining briefly with aqueous hematoxylin
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and quickly redrying the slide allows for better direct visualization and only
slightly decrcases the yield of RNA. Accurately separating different types of
cells obviously requires familiarity with the histopathological features of the
tissue. About 104 cells are needed to obtain sufficicnt RNA to run onc primer
pair in DD-PCR or RT-PCR. This may require dissecting one to several slides
depending on target cell distribution and density. Obtaining sufficient cells may
be tedious and time-consuming if the target cells are rarc and/or scattered in
small groups. Thus, harvesting enough cells can be greatly facilitated by pre-
selecting specimens containing relatively large areas of apposed target cells. It
is possible to routinely preparc samples enriched to >95% target cellularity,
although 100% purity is nearly impossible because of intermingled capillary
endgthelium, fibroblasts, lymphocytes, and other cell types present in tissues.

DD-PCR is best performed using RNA isolated from microdissected fro-
zen, or air-dried frozen-section samples. DD-PCR performed on RNAs iso-
lated from routine clinical paraffin-embedded sections appears to be unreli-
able, thus making interpretation difficult (although RNA from tissues rapidly
fixed in formalin for short periods of time can be of high quality). Further-
more, it must be emphasized that cDNAs differentially displayed in DD-PCR
must be confirmed for expression using alternative methods of RNA analysis.
RT-PCR of RNA isolated from frozen or air-dricd frozen sections is a feasible
technique for confirmation using gene-specific primers to the cDNA of inter-
est isolated from the DD-PCR gels. However, the amount of RNA isolated
from paraffin-embedded samples precludes direct amplification using gene-
specific primers. Instead, one must couple nonspecific amplification tech-
niques, such as PEP, to obtain sufficient cDNA for subsequent PCR with
gene-specific primers. Using either of these two techniques, RT-PCR or RT-
PCR coupled with PEP, one can quickly confirm differential gene expression
of candidate cDNAs in a relatively short timeframe in the specific cells of
interest. Microdissection and direct confirmation of genc expression in the
target cells of interest is critical for successful application of DD-PCR to
clinical samples.

Troubleshooting

The most common problem associated with the recovery of RNA from archi-
val, paraffin-embedded sections is RNA degradation during the tissue fixation
and paraffin-embedding procedures. We have found that most of the archival
specimens contain partially degraded RNA. Therefore, onc must design gene-
specific primers that flank the target cDNA sequence such that the target is no
greater than 200 base pairs (i.e., = 200 bp) in length, with shorter PCR target
fragments preferable. Another potential source of degradation is improper
storage of the air-dried, frozen mounted samples. The mounted sections, or
any microdissected segments from these sections, must be kept dry and used
as soon as possible.

Time Considerations

It may take from a few minutes to an hour or more to microdissect histological
sections, depending on the amount and distribution of target cells on the slide.
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Paraffin-embedded samples take about 50 min to deparaffinize. These sam-
ples, along with non-paraffin-embedded sections, are then incubated for 6 h.
After approximately 15 min for purification steps, the samples can be precipi-
tated from one hour to overnight. Twenty minutes is then required to prepare
the samples to be used in subsequent procedures.

The DD-PCR procedure takes approximately 30 min to one hour to prepare
the reverse transcriptase reactions, depending on the number of samples being
set up. The RT reaction takes about 70 min, and the PCR cycling reactions an
additional 3 h depending on the thermal cycling parameters. It takes about 30
min to prepare the Long Ranger™ gel and one or more hours for the gel to set
while the thermal cycler is running. Allow about 30 min to set up the sequenc-
ing gel apparatus, to prepare, and then load the samples. The gel will require
between 2 and 3 h to run, with approximately one hour to vacuum-dry.
Exposure of the gel to film takes 16-24 h (usually done overnight).

Between 30 min and one hour is required to prepare the RT-PCR reactions.
The RT reaction takes about 50 min, and after adding Taq polymerase, the
PCR cycling requires over 5 hours depending on the model cycler used. For
RT-PCR coupled with PEP, one again needs about 30 min to one hour to
prepare the reaction mixes. The RT reaction takes about 50 min, and the PEP
procedure requires a little over 3 h. The first and second rounds of PCR each
require a little over 5 h. The first round can be run overnight and left at 4°C
until the next morning, when the second round can be set up and run.
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Statistical Analysis of Array
Expression Data as Applied
to the Problem of Tamoxifen
Resistance

Susan G. Hilsenbeck, William E.
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Kent Osborne, Suzanne A. W. Fuqua

Background: Although the emerging
complementary DNA (cDNA) array
technology holds great promise to dis-
cern complex patterns of gene expres-
sion, its novelty means that there are no
well-established standards to guide
analysis and interpretation of the data
that it produces. We have used prelimi-
nary data generated with the CLON-
TECH Atlas™ human ¢DNA array to
develop a practical approach to the sta-
tistical analysis of these data by study-
ing changes in gene expression during
the development of acquired tamoxifen
resistance in breast cancer. Methods:
For hybridization to the array, we pre-
pared RNA from MCF-7 human breast
cell tumors, isolated from our athymic
nude mouse xenograft model of ac-
quired tamoxifen resistance during es-
trogen-stimulated, tamoxifen-sensitive,
and tamoxifen-resistant growth. Princi-
pal components analysis was used to
identify genes with altered expression.
Results and Conclusions: Principal
components analysis yielded three
principal components that are inter-
preted as 1) the average level of gene
expression, 2) the difference between
estrogen-stimulated gene expression
and the average of tamoxifen-sensitive
and tamoxifen-resistant gene expres-
sion, and 3) the difference between
tamoxifen-sensitive and tamoxifen-
resistant gene expression. A bivariate
(second and third principal compo-
nents) 99% prediction region was used
to identify outlier genes that exhibit al-
tered expression. Two representative
outlier genes, erk-2 and HSF-1 (heat
shock transcription factor-1), were cho-
sen for confirmatory study, and their
predicted relative expression levels
were confirmed in western blot analy-
sis, suggesting that semiquantitative

REPORTS

estimates are possible with array tech-
nology. Implications: Principal compo-
nents analysis provides a useful and
practical method to analyze gene ex-
pression data from a cDNA array. The
method can identify broad patterns of
expression alteration and, based on a
small simulation study, will likely pro-
vide reasonable power to detect moder-
ate-sized alterations in clinically rel-
evant genes. [J Natl Cancer Inst 1999;
91:453-9]

Tremendous effort in cancer research
has been devoted to identifying biologi-
cally relevant, differentially expressed
genes by comparing, for example, tumor
cells with normal cells or primary cells
with metastatic cells. Until recently, most
studies have been limited to quantitation
of expression of at most a few genes at a
time. Complementary DNA (cDNA) ar-
rays offer the potential to simultaneously
quantify expression of many genes. Ad-
vances in ¢cDNA array technology to ad-
dress issues, such as array size, probe
density, probe content, and readout, now
make this technology sufficiently flexible,
accessible, and practical for application in
the laboratory (I). The novelty of this
technology means that there are no well-
established and widely accepted standards
to guide analysis and interpretation of the
data that it produces. Thus far, cDNA ar-
rays of one type or another have been
most often used in paired comparisons
(e.g., control versus cancer) to identify
differentially expressed genes in only a
few types of cancer, such as melanoma
(2), Ewing’s sarcoma (3), oral cancer (4),
glioblastoma multiforme tumors (5), and
gastrointestinal tumors (6). After stan-
dardization, rules for gene selection were
typically based on ratios of expression
[for example, greater than twofold differ-
ence (7), greater than three standard de-
viations of control genes ratio (2), or an
arbitrary percent]. Application of the
technology to more complex experimen-
tal designs involving simultaneous analy-
sis of multiple experimental conditions or
sampling over several time points will re-
quire a more general approach.

Tamoxifen is the most frequently pre-
scribed drug for the treatment of breast
cancer. Its use in breast cancer treatment
has expanded from first-line treatment for
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advanced metastatic disease (8), to adju-
vant therapy after surgery for primary dis-
ease (9), and possibly to prevent breast
cancer (10). Acquired tamoxifen resis-
tance is a clinically important problem be-
cause a majority of patients with breast
cancer will be offered tamoxifen at some
time during their treatment, and although
tamoxifen is initially effective in many
patients, resistance eventually develops.
Clinical resistance is almost certainly het-
erogeneous and multifactorial. Changes
may be at the level of the target estrogen
receptor (/1-14), at a postreceptor point
in the estrogen-receptor-response path-
way (15-18), and/or downstream of the
response pathway (79-21). With cDNA
array technology (6,22,23), we may be
able to discern the potentially complex
patterns of gene expression that are in-
volved in the acquisition of resistance.

In this study, we have used principal
components analysis as a practical, but
statistically valid, approach to simulta-
neously examine array data from several
time points in an in vivo model of ac-
quired resistance. The model simulates
the clinical tamoxifen-resistant phenotype
by using estrogen receptor-positive
MCF-7 breast cancer tumors growing in
athymic nude mice (24). We demonstrate
that principal components analysis can re-
liably detect moderately sized alterations
in gene expression that we have con-
firmed by western blot analysis.

MATERIALS AND METHODS

Tumors and Microarray
Hybridization

MCF-7 breast cancer cells were injected into the
mammary fat pads of athymic nude mice supple-
mented with an estrogen pellet as described previ-
ously (24) until tumors grew. The estrogen pellets
were removed and the animals were treated with
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tamoxifen. Tumor volumes then declined and re-
mained stable for several months. Invariably, how-
ever, after initial growth suppression, the tumors be-
came resistant and growth resumed. Animals were
killed at various times to obtain estrogen-stimulated
tumors before tamoxifen treatment, tamoxifen-
sensitive tumors during tamoxifen treatment but be-
fore acquired resistance, and tamoxifen-resistant tu-
mors after tumor growth had resumed. We collected
five tumors from each group. We then prepared total
RNA with RNeasy kits (Qiagen Inc., Valencia, CA),
and isolated messenger RNA on Dynabeads (Dyna,
Oslo, Norway) according to manufacturer’s instruc-
tions. For each group, the RNAs were pooled and
used to synthesize **P-radiolabcled cDNAs for hy-
bridization to the Atlas™ human cDNA expres-
sion array-1, according to the manufacturer’s in-
structions (25) with SuperScriptll reverse
transcriptase (Life Technologies, Inc. [Gibco BRL].
Gaithersburg, MD). The CLONTECH Atlas™ hu-
man cDNA expression array is a positively charged
nylon membrane (8 x 12 c¢m) that is spotted in du-
plicate with 200- to 600-base-pair cDNA fragments
representing 588 genes and 21 housekeeping genes
or control sequences (25). Genes are arrayed in six
quadrants with genes of like function (i.e., onco-
genes, assorted receptors, etc.) grouped together
geographically. The hybridization data were col-
lected with a Molecular Dynamics Phospholm-
ager™ (Molecular Dyanmics, Sunnyvale, CA). This
array was essentially the only one available when
these experiments were done. Although the array
does not include the estrogen receptor, it docs in-
clude many other genes of potential interest in breast
cancer, including two that we have studied previ-
ously, hsp27 and heregulin-a. We collected data
from three arrays, one array for cach tumor type.

Western Blot Analysis

Pulverized frozen tumors were manually homog-
enized in 5% sodium dodecyl sulfate. After boiling
and microcentrifugation (10 minutes at 10 000 rpm,
room temperature), clear supernatants were col-
lected, and the protein concentration was determined
by the bicinchoninic acid method (Pierce Chemical
Co., Rockford, IL) as previously described (26).
Twenty-five micrograms of protein was separated
on a denaturing polyacrylamide gel and transferred
by electroblotting to nitrocellulose membranes
(Schleicher and Schuell, Inc., Keene, NH). The blots
were first stained with StainAll dye (Alpha Diag-
nostic Intl., Inc., San Antonio, TX), to confirm uni-
form transfer of all samples, and then incubated in
blocking solution (5% nonfat dry milk in Tris—HCI
buffered saline-Tween [TBST = 50 mM Tris-HCI
at pH 7.5, 150 mM NaCl, and 0.05% Tween 20]).
After brief washes with TBST, the filters then were
reacted with primary antibodies to erk-2 (UBI, Lake
Placid, NY) or heat shock transcription factor-1
(HSF-1) (Stressgen, Victoria, Canada) for 1 hour at
room temperature followed by extensive washes
with TBST. Blots were then incubated with horse-
radish peroxidase-conjugated secondary antibody
(Amersham Life Science Inc., Arlington Heights,
IL) for 1 hour, washed with TBST, and developed
by the ECL procedurc (Amersham Life Science
Inc.). The autoradiograms from the western blots
were scanned with a densitometer, and thc data are
presented as the area determined for each individual
tumor sample.
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Statistical Considerations

In this pilot study. each hybridization (m = three
arrays) resulted in expression values for 588 genes
and 21 control genes (putative housekeeping genes
and negative control genes). The control genes,
which were arrayed in a separate row at the bottom
of the array and were more difficult to quantitate
reliably in replicated experiments using the same
RNA (data not shown). were not included in the
statistical analyses. Expression of the highest and
lowest expressed genes on the array varied by two to
three orders of magnitude. Logarithmic transforma-
tion of the raw data reduced this range and helped
equalize variability. This also means that additive
effects on the log scale can be interpreted as fold
changes in actual expression.

Because of the expense. limited amounts of RNA,
and other considerations. array experiments usually
have few replications and invariably have orders of
magnitude more variables (genes and expressed se-
quence tags) than observations (hybridizations). In
this study, we switch the roles of variables and ob-
servations, trcating each tumor type as a variable (m
= three arrays) and each expressed gene sequence
as an observation (n = 588 genes).

Principal components analysis of mean-centered
log-transformed data. based on the variance-
covariance matrix (27), was then used to standardize
across the three hybridizations and to extract three
new axes (components P1, P2, and P3), expressed as
linear combinations of the original axes (variables
ES [estrogen-stimulated]. TS [tamoxifen-sensitive].
and TR [tamoxifen-resistant]).

Pl = A, *ES+B, *TS+C, * TR
P2 = A, *ES+B, *TS+C, * TR
P3 =A,*ES+B,*TS+C,* TR

In principal components analysis. the coeffi-
cients (As, Bs, and Cs) are chosen so that the first
component (Pl) explains the maximal amount of
variance in the data. The second component (P2) is
perpendicular to the first and explains the maximal
residual squared variation, and the third component
(P3) is perpendicular to the first two. Meaning was
ascribed to the new axes by visual examination of
the coefficients. In these array experiments, Pl rep-
resents the average level of expression across the
tumor types and P2 and P3 represent differences
between tumor types. A bivariate analysis that re-
sults in two new axes (Pl and P2) was also per-
formed to compare tamoxifen-sensitive gene expres-
sion with tamoxifen-resistant gene expression. The
cocfficents do not always have a nice biologically
sensible interpretation. although the higher-order
components can still be used to identify outlier
genes. regardless of interpretation (see below).

We used P2 (and P3 in the higher-order analysis)
to identify outlier genes that might represent true
alterations in gene expression. In the bivariate prin-
cipal components analysis of tamoxifen-sensitive
gene expression versus tamoxifen-resistant genc ex-
pression, we used a normal approximation to con-
struct a 99% prediction region for component P2
(i.e.. 0 = 2.57*SD,. where SD, = interquartile
range/1.35). A robust estimate of the standard de-
viation (SD,) was used to reduce the variance-
inflating effects of outlicrs (28). Genes outside the
region were identified for further study. Analo-

gously. in a trivariate principal compongnts analysis ’
(estrogen-stimulated. tamoxifen-sensitive, and
tamoxifen-resistant gene expression), we computed
a 99% bivariate normal prediction ellipse (27,29) for
components P2 versus P3, and genes outside the
ellipse were selected for investigation.

This “robust prediction interval” approach scems
justified on the following basis. Although the distri-
bution of P1 is highly skewed. higher-order compo-
nents are roughly symmetric. When there is no dif-
ferential expression, as in a bivariate analysis of two
array hybridizations using the same pool of RNA,
the higher-order components are approximately nor-
mally distributed (data not shown). In experiments
comparing different pools of RNA, where some
genes may be differentially expressed. the observed
distribution of each higher-order component (P2, P3,
etc.) should be a mixture of central (n = 0) and
noncentral (u # 0) distributions. By using a robust
estimator that focuses on the middle of the observed
distribution. which should represent primarily
unaltered genes, we hope to increase sensitivity to
identify truly altered genes. The prediction level
(99%), which is analogous to the specificity of a
diagnostic test, was chosen arbitrarily as represent-
ing a reasonable balance between identifying too
many spuriously “significant” genes and missing
true alterations. For display purposes, we have back-
transformed the data by exponentiation of P2 and P3
so that the data are shown as approximate fold in-
creases or decreases in expression.

The ability of this methodology to detect true al-
terations was examined in a small simulation study.
Log-transformed values from a hypothetical bivari-
ate array experiment with 588 genes were gencrated
to have a common log-normally distributed compo-
nent for level of expression [i.e.. exp(X) + 8, where
X~ N = 0,0 = 0.6)]. and independent normally
distributed errors [i.e., log, (Control) = exp(X) + 8
+ Y and log. (Experimental) = exp(X) + 8 + Z,
where ¥,Z ~ N(n = 0, ¢ = 0.17)].

The distributional parameters were chosen to
mimic data secn in our real experiments. A small
percentage of truly altered genes (2% or 4%) were
created by shifting the error distribution for the ex-
perimental member of the pair up or down (with
50% probability) to represent an average 2- or 2.5-
fold change from baseline [i.e., log. (Experimental)
= exp(X) + 8 + W, where W ~ N(p = 0.7, 0 =
0.17)]. The generated data were then analyzed as
described above, and the numbers of truly altered
and spuriously altered genes falling outside the 99%
prediction region were tabulated. Each scenario was
replicated 100 times. and the results were summa-
rized over all replications. All analyses werc per-
formed with the SAS program package (Version
6.11, SAS Institute, Cary, NC).

RESULTS
Bivariate Analysis

Fig. 1 shows the three bivariate log-log
scatter plots that arise from pairwise com-
parisons of the data from the three cDNA
array hybridizations (one for estrogen-
stimulated tumors, one for tamoxifen-
sensitive tumors, and one for tamoxifen-
resistant tumors). Each gene of the 588
genes on the array (excluding housekeep-
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ing and control genes) is represented by a
point on the scatter plots. The individual
values ranged over two to three orders of
magnitude, indicating that the most highly
expressed genes were expressed at 100-
or 1000-fold higher levels than the lowest
expressed genes. For example, the 27-kd
heat shock protein (hsp27) was the most
highly expressed gene on the array in all
three tumor types. This finding is consis-
tent with our previously published result
that hsp27 is amplified and overexpressed
in the late-passage MCF-7 cells used in
this model (30). Similarly, the array re-
sults are consistent with previous findings
(31) that heregulin-a is expressed at rela-
tively low levels in all three types of tu-
mor cells.

In each scatter plot, most genes lie
fairly close to a diagonal line of “iden-
tity.” This line may not be centered on the
graph if there are differences in the aver-
age level of radioactivity of probes used
in each hybridization. The distance along
this line denotes differences in the level of
expression between genes, such as we see

between hsp27 and heregulin-a. The per-
pendicular distance away from the line
denotes differences in expression within
the same gene between tumor types.
Principal components analysis of the
log-transformed expression data was used
to produce a new set of axes (Fig. 2). For
tamoxifen-sensitive tumors versus
tamoxifen-resistant tumors (Fig. 2, A), the
new x axis or first principal component
(P1) roughly corresponds to the line of
“identity” and represents level of expres-
sion. The second principal component
(P2) is perpendicular to the first and rep-
resents difference in expression between
tumor types. In the bivariate analysis,
more than 97% of the total variation in the
log-transformed data was associated with
P1, leaving about 3% for P2. The two
components are, by definition, not corre-
lated (p = 0). The distribution of P1 is
skewed, because many genes on the array
are expressed at low to moderate levels,
but only a few are expressed at extremely
high levels. The distribution of P2 is
roughly symmetric, and a 99% robust pre-
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diction interval identified 35 outlier genes
that may be over- or under-expressed in
tamoxifen-resistant tumors relative to
tamoxifen-sensitive tumors (Fig. 2, B).

Trivariate Analysis

Bivariate principal components analy-
sis could be performed for each pair of
tumor types; however, a more compre-
hensive three-way analysis is preferred
and is more biologically relevant. Princi-
pal components analysis of the mean-
centered log-transformed data (for estro-
gen-stimulated tumors, tamoxifen-
sensitive tumors, and tamoxifen-resistant
tumors) yields three new axes (P1, P2,
and P3) that account for 90.5%, 8%, and
1.5% of the variation in the data, respec-
tively. By inspection of the coefficients,
the first principal component (P1) is again
interpreted as the “average level of ex-
pression” because the coefficients were
all positive and similar in value (0.63,
0.55, and 0.55, respectively). The second
principal component (P2) clearly con-
trasts data from estrogen-stimulated tu-
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Fig. 2. A) Scatter plot of log-transformed expression data for tamoxifen-sensitive (TS) and tamoxifen-resistant (TR) tumors showing the line of identity (solid line)
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tumors relative to tamoxifen-sensitive tumors. Dots indicate genes that are not affected by tamoxifen. B) Scatter plot of first and second principal components from

the same data shown in A.

mors to the average of tamoxifen-
sensitive and tamoxifen-resistant tumors
because the P2 coefficient for the estro-
gen-stimulated data is negative (-0.78)
and roughly equal to the sum of the
tamoxifen-sensitive and tamoxifen-
resistant coefficients (0.46 and 0.43, re-
spectively). The third principal compo-
nent (P3) primarily represents differences
between the tamoxifen-sensitive and the
tamoxifen-resistant tumors, because the
P3 coefficient for the estrogen-stimulated
tumors is small (0.02) and the tamoxifen-
sensitive and tamoxifen-resistant coeffi-
cients are nearly equal but opposite in
sign (0.69 and -0.72, respectively). Fig. 3
shows a scatter plot of P2 versus P3.
Points near the center represent genes that
were similarly expressed in all three tu-
mor types, whereas points on the periph-
ery exhibit alterations in expression. Data
have been back-transformed to show the
approximate fold changes in expression.
We used a bivariate normal approxima-
tion with robust estimates of standard de-
viations to compute a 99% prediction el-
lipse. Genes lying outside the region may
exhibit real alterations in the level of ex-
pression that are associated with the bio-
logic effects during the transition from es-
trogen-stimulated to tamoxifen-sensitive
status and tamoxifen-sensitive to tamoxi-
fen-resistant status.

In addition, different regions of the P2
x P3 plane correspond to different tempo-
ral patterns of expression alteration. For
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example, expression of genes to the far
right in Fig. 3 (i.e., near erk-2) is in-
creased by tamoxifen relative to the ex-
pression of genes in estrogen-stimulated
tumors but expression of genes in this
area is unchanged in tamoxifen-resistant
tumors relative to tamoxifen-sensitive tu-
mors. In contrast, expression of genes to
the lower right in Fig. 3 (i.e., near HSF-1)
is increased in tamoxifen-sensitive tumors
relative to estrogen-stimulated tumors but
is decreased in tamoxifen-resistant tu-
mors.

Confirmation of Gene Expression by
Western Blot Analysis

We selected two genes just outside of
the 99% prediction ellipse (erk-2 and
HSF-1) for quantitation by western blot
analysis. These two genes were chosen
because of their relatively low expression
(Fig. 1) and modest alteration, so that we
could address sensitivity questions and
the ready availability of specific antibod-
ies. The erk-2 kinase is a known mediator
of the growth factor signaling pathway,
and it has been shown that the estrogen
receptor can activate its activity in MCF-7
cells (32). HSF-1 is involved in cellular
stress responses (33) and is thus a poten-
tial marker of tamoxifen-induced stress.
We found that the relative levels of erk-2
and HSF-1 predicted in the array experi-
ment were indeed confirmed in an inde-
pendent set of individual tumors (Fig. 3,

B, lanes 1-15) from the athymic nude
mouse model. As predicted by Figs. 1, A,
and 3, A, western blot results for HSF-1
indicate a substantial increase in expres-
sion in tamoxifen-sensitive tumors rela-
tive to estrogen-stimulated tumors, which
is followed by a decrease in tamoxifen-
resistant tumors to approximately the lev-
els in estrogen-stimulated tumors (Fig. 1,
B). Similarly for erk-2, there is an in-
crease in expression in tamoxifen-
sensitive tumors relative to estrogen-
stimulated tumors (Fig. 1, A), but there is
relatively less change between tamoxifen-
sensitive and tamoxifen-resistant tumors.

Power Considerations

Using distributional parameters from
some of our pilot studies, we ran a series
of simulations to investigate the likely
sensitivity of these methods to detect real
differences of moderate size (Table 1).
With modest changes (twofold) in 2%-
4% of genes, 99% of the unchanged genes
were correctly classified as unchanged by
the 99% prediction interval, and 59% of
the altered genes were correctly identified
as outliers. With larger differences (e.g.,
2.5-fold), the proportion of correctly iden-
tified outliers goes up (85%). Although
the outliers will always be contaminated
by a few spuriously identified genes,
these results suggest that the method has
reasonable power to detect real differ-
ences.
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Fig. 3. A) Scatter plot of second and third principal components from principal
components analysis of log-transformed gene expression data from estrogen-
stimulated (ES), tamoxifen-sensitive (TS), and tamoxifen-resistant (TR) tumors,
back-transformed to show approximate fold alterations. Axis labels describe the
qualitative interpretation of principal components analysis coefficients. Genes
inside or outside the 99% prediction ellipse (solid line) are shown as open or
solid circles, respectively. Data for four genes (HSF-1, erk-2, hsp27, and he-
regulin-a) are identified. B) Western blot analysis with erk-2 and HSF-1 anti-
bodies in estrogen-stimulated (ES, lanes 1-5), tamoxifen-sensitive (TS, lanes
6-10), and tamoxifen-resistant (TR, lanes 11-15) tumors (five tumors are in each

Table 1. Results of simulation study involving 588 genes in two tumor types and using a 99%

prediction interval

group). The positions of molecular weight (M.W.) markers (in 107> kd) are
shown to the right. Densitometric scan values (in relative units) for each lane are
shown in the boxed area below each western blot lane. For HSF-1 protein
expression, there was a fivefold increase in the tamoxifen-sensitive tumors and
a 1.8-fold increase in the tamoxifen-resistant tumors relative to the estrogen-
stimulated tumor group. For erk-2 expression, there was a fourfold increase in
the tamoxifen-sensitive tumors and a 1.6-fold increase in the tamoxifen-resistant
tumors relative to the estrogen-stimulated tumor group; the slight difference in
protein levels compared with that predicted by the RNA array analysis may
reflect posttranscriptional and/or translational control of erk-2 protein.

the roles of variables and observations

Average fold change in
altered gene expression

% of genes with
altered expression

% of genes with
unaltered expression
inside interval*

% of genes with
altered expression
outside intervalt

2.0 2

4
2.5 2
4

99 59
99 60
99 86
99 85

*This is the observed specificity and is analogous to prediction level (1 — ).
+This is the observed sensitivity and is analogous to power.

DISCUSSION

cDNA microarray expression profiling
offers tremendous potential to simulta-
neously characterize the expression of
large numbers of gene sequences. In
theory, comparisons of hybridization data
from pairs or a series of RNA pools, rep-
resenting cells from various tumors or ex-
perimental conditions, should allow us to
identify differentially expressed genes or
sequences that may be involved in the
biologic process under investigation. In
practice, it is not so easy to distinguish
true differences in expression from differ-
ences in expression due to experimental

variability only. In a traditional study of
one or a few genes, statistical analysis of
experimental replicates would be used to
estimate variability in expression for each
gene to determine whether expression is
altered. Variability between replicates is
often large, and moderate-sized differ-
ences (two- to 10-fold) can require many
experimental replications. Due to ex-
pense, limited amounts of RNA, and other
considerations, array experiments usually
have few replications and invariably have
orders of magnitude more variables
(genes and expressed sequence tags) than
observations. In our study of acquired
tamoxifen resistance, we have switched
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and used principal components analysis,
coupled with robust estimates of 99% pre-
diction regions on higher-order compo-
nents, as a practical approach to screening
array data for likely candidates for further
study. The method presumes that the vast
majority of genes will be altered very
little and uses information from all genes
to obtain more stable estimates of vari-
ability. The method is not limited to pair-
wise comparisons but can be used to
study several tumor types or experimental
conditions simultaneously. In a small
simulation study, we have shown that this
approach is capable of reliably identifying
60%—85% of genes exhibiting moderate
degrees of differential expression (2- to
2.5-fold), without increasing the number
of spuriously identified outliers.

In this study, we used an in vivo athy-
mic mouse model of acquired tamoxifen
resistance (24) to explore the power of
microarray expression profiling. In this
tamoxifen-resistance model, we have pre-
viously shown that one potential resis-
tance mechanism is stimulation of the tu-
mor by tamoxifen, which acts as a partial
agonist. As our first analysis, we used the
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array technology to identify those genes
that might be associated with this growth
stimulation. We hypothesized that the
tamoxifen-stimulated phenotype could re-
sult from the deregulated expression of
downstream growth-regulatory pathways
that liberate the cell cycle from normal
steroid control. Indeed, it has been re-
ported that overexpression of single
growth regulatory genes such as cyclin
D1 (34), protein kinase A (35), and trans-
forming growth factor 8 (27) can
influence a cell’s response to tamoxifen
treatment. However, there are probably
multiple mechanisms that coexist in tu-
mors and in conjunction contribute to
the clinical tamoxifen-resistant pheno-
type. The microarray expression profiling
technology is well-suited for this clini-
cal problem. Principal components analy-
sis of our preliminary data suggests
that distinct patterns of temporal alter-
ation in gene expression can be distin-
guished. Our future studies will be aimed
at identifying which of the outlier genes
are most contributory to the tamoxifen-
stimulated phenotype and testing these
genes in clinical samples on custom
microarrays. From these studies, we
expect to identify the gene expression pat-
terns predictive of tamoxifen-resistant
growth.

In summary, principal components
analysis of log-transformed array data
provides a practical approach to data
reduction, visualization, and identifica-
tion of “significant” outlier genes. As a
result, analysis of cDNA expression ar-
rays can identify genes and pathways that
are altered during the process of resis-
tance. We predict that principal compo-
nents analysis or related methods of
analysis of microarray expression data
will lead to the identification of novel
growth pathways that are important for
the generation of tamoxifen resistance
and thus will generate new predictive
clinical paradigms.
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