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"RESOURCES FOR PRECISION ANALYSIS OF HUMAN BREAST CANCER"

Dr Peter H. Watson

INTRODUCTION.

The past decade has seen dramatic progress in our understanding of the basic cell and molecular biology

of breast cancer. However, the translation of this basic science knowledge and ideas has been impeded by

the limited numbers of clinician-scientists with skills to effectively collaborate with basic scientists and to

accurately interpret tissue pathology, quality and the cellular composition of heterogeneous tissue samples

subjected to molecular study. Beyond this there is the problem of access to appropriate human tissue

samples. The PI's overall goal is the improvement in our current ability to predict individual risk of

development of invasive disease and to predict further progression of invasive disease in terms of

resistance to therapies. The specific aims of the PI are 1) continue to advance the two general avenues of

research that are currently ongoing in the laboratory and which have direct relevance to important clinical

problems in the management of early pre-invasive and the therapy of later advanced disease, 2) continue

to direct the NCIC-Manitoba Breast Tumor Bank and offer clinical pathology expertise and advice to

many investigators who seek access to appropriate tissues to test their ideas, and 3) to work with others to

develop and analyze new tissue resources such as those based on collection of pre-invasive lesions and

tissue samples and collection of tumor samples associated with clinical trials.
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BODY OF REPORT

The accomplishments over the first year of this award are detailed below in four sections with reference to

the tasks defined in the statement of work.

Task 1. To develop the National Clinical Trial Tumor Bank Module

* Complete supervision of collection of material from recently completed NCIC-CTG Trials and

conduct histological analysis of all samples (months 0-12)

• Continue and refine prospective collection mechanism from collaborating centers (months 0-24)

* Travel to new centers in Canada to discuss protocols and enrol in the network (months 0-24)

The PI has continued to work closely with Dr K. Pritchard (breast site group chair for the NCIC-clinical

trials group, NCIC-CTG) and other colleagues across Canada, to develop a clinical trial breast tumor bank

(funded by an NCIC grant to Dr K Pritchard and coordinated by the NCIC-CTG central office). The

intention has been a) to obtain paraffin tissue blocks from two recently completed trials (MA5 and MAI 2)

and to transport and store these at the CTG site in Kingston, Ontario, b) to collect all frozen tissues from

MA5 and MA12 that still might be stored in ER/PR laboratories across the country and to transport these

to the NCIC-Manitoba Breast Tumor Bank for processing and storage in our facility, and c) to establish a

mechanism for prospective collection of paraffin and if possible frozen tissues with new trials. The

specific role for the PI has been to undertake aim b) and assist with aims a) and c) above. For the first aim

a) we have currently collected (as of spring 2000) over 80% of the paraffin specimens for the MA5 study

(80% x 753 patients = 600) and over 80% of the specimens from the currently randomized patients on

MA12 (80% x 700 = 560) for a total of 1160 paraffin specimens. For the second aim b) we have accrued

frozen tissues from 11 MA5, 54 MA12 (completed trials) and 25 MA14 (currently ongoing trial) cases.

The low yield for MA5 was not unexpected but we had anticipated more cases from the more recently

completed MA12 trial. The gap between our expectation and the actual yield reflects an uphill battle that

we have faced with the rapid discontinuation of the frozen tissue estrogen receptor (ER) and progesterone

receptor (PR) labs across the country, as ER and PR began to be measured by immunohistochemical

techniques. Nevertheless we are continuing to collect frozen tissues from the MA12 trial. For aim c) the

PI is currently working with other groups within the CTG to develop tissue resources specifically
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associated with all clinical trials in Canada, including those on breast cancer. Since the submission and

just prior to the start of this US Army award, the PI served as Chair of the NCIC-CTG biological studies

section and assisted in writing and defending (at a site visit, Kingston Dec'98) the relevant components of

the renewal of the NCIC-CTG major program grant application to the NCIC. This successfully secured

some additional funding for the CTG to support administrative functions associated with Tissue Banking.

More recently the PI has continued to work with and contribute to an application from the CTG to the

Canada Foundation for Innovation (submitted Jan 1999), to seek more substantial funds for Tumor

Banking within the CTG. However this application was recently judged to be unsuccessful and we plan to

resubmit a revised proposal later this year.

Task 2. To develop the Pre-neoplastic Tissue Tumor Bank Module

"• Continue supervision of database of Manitoba Breast Surgical Events and collection of representative

paraffin blocks from collaborating pathology centers (months 0-36)

"* Continue to direct accrual of tissue samples and data from collaborating center in Warsaw and conduct

histological analysis of all samples (months 0-36)

"• Travel to Warsaw to discuss protocols and collection system (months 0-12 and 24-36)

The first objective in this task is to continue to expand on the Manitoba Breast Surgical Events Database

(MBED) in order to create a virtual database of patients with breast lesions including preneoplastic and

preinvasive lesions within paraffin blocks stored in clinical pathology departments. Initiated in 1996, it

now comprises a virtual database linked to specific paraffin blocks in the archives of 8 pathology

departments linked by a common laboratory program. As of July 2000 this database contained 12,081

events on 8,800 patients. This represents a steady rate of case accrual since our last audit in summer 1999

of approximately 2,200 patients and 3,727 events. These events include a spectrum of pathological

changes limited to only normal tissue, fibrocystic changes, papilloma, fibroadenoma, ductal hyperplasia,

atypical ductal hyperplasia, LCIS (44 cases), DCIS (543 cases), and also cases with invasive carcinoma

(2244 cases) and combinations of pre-invasive lesions. In time we will create a large dataset of pre-

neoplastic lesions in paraffin blocks and a small but invaluable 'longitudinal' dataset comprised of lesions

in breast biopsies associated with later higher grade lesions or invasive tumors in the same patients

'captured' in the Tumor Bank. Based on data from Health Canada and published retrospective studies we
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estimate that over 100 invasive tumors will occur within this total biopsy cohort within 5 years and will

these samples will be captured in the Manitoba Breast Cancer Database.

A second objective is to further augment the ability of the tumor bank to support research into

preneoplastic and preinvasive disease by accruing frozen tissues containing these lesions (in addition to

paraffin block tissues encompassed by the MBED). Given the very focal and sporadic nature of such

lesions in biopsies, our strategy has been to accrue tissues from areas adjacent to breast tumors where such

lesions are most common and can often be identified within normal structures. This simple strategy,

though once feasible, is now hard to apply in North America where changes in surgical and pathology

practice dictate that limited tissue is resected and the peripheral tissue surrounding the tumor is usually

mostly required for clinical assessment of margin status. Therefore we have tried to forge collaborations

with pathology departments in countries where clinical practice still allows extensive sampling from

larger specimens. After a pilot shipment of 40 cases in 1998 to test tissue quality, we have since accrued

and processed 104 additional specimens from the department of pathology at the Warsaw Cancer Center.

Over 50% of these cases include multiple tissue blocks and analysis of the pathology contained is in

process. However, communication with this center has recently become intermittent, indicating to us that

collaboration with additional centers may become necessary to achieve our goal. In view of this the PI

visited the 2 "d affiliated hospital, Wuhan, Hubei Province, China in 1999 and discussed plans to

collaborate with the director of this center and the head of dept of Pathology. However, due to the scarcity

of electrical power and cold storage, we have been unable to proceed with this collaboration until we had

worked to raise funds locally to purchase a suitable cryocontainer that can be loaded with sufficient liquid

nitrogen in Manitoba, shipped to Wuhan, loaded over several days with material, and then returned with

frozen specimens. We are now trying to set up a first test shipment.

Task 3. To direct the NCIC-Manitoba Breast Tumor Bank

* Continue to direct accrual of primary tumor tissue samples and data and conduct histological analysis

of all samples (months 0-36)

* Continue to provide advice to external applicants to the Bank (months 0-36)

* Continue to supervise the review of applications, and undertake review and selection of appropriate

cases for each study (months 0-36)
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The Manitoba Breast Cancer Database (MBCD) section of the Bank contains over 3000 fully processed

cases (566 A category cases, 1337 B category cases, 1705 C category cases, 90 D category cases) and

many further samples collected and partially processed in reserve to maintain the 'stocks'. All cases are

associated with a database comprising pathological data derived from uniform assessment of the tissue

blocks and clinical staging. A subset (1337 cases) is also associated with complete clinical follow-up. By

August 2000 the Bank has provided support to over 46 researchers for projects conducted in research

laboratories across North America, has 2 new applications currently under review and 3 enquiries that are

likely to lead to applications in the near future. These include laboratories from within Manitoba (13) and

elsewhere in Canada (24), the USA (7), and Europe (2). The total aggregate of sections released in support

of these projects (including 10 new projects since June 1999) is 61,966 frozen tumor sections (14,963

since June 1999), 10,652 frozen normal tissue sections (4327 since June 1999), 10,332 paraffin tumor

sections (525 since June 1999), 1177 paraffin normal tissue sections (20 since June 1999).

In addition to continued direction of the NCIC-Manitoba Breast Tumor Bank, the PI has also become

actively engaged in committee based discussions with the NCIC concerning the future and funding

mechanisms for Tumor Banks in Canada. The NCIC 'tumor bank' program has successfully attracted

many applications and has funded 4 Banks since 1993 (Breast, Lung, Brain, Sarcoma), all through regular

operating grants. However NCIC has recently become uncomfortable with the funding commitment to

Banks and has engaged the current Tumor Bank groups in discussions since spring 1999 to identify a way

to alter NCIC's commitment to these currently established Banks. These discussions have revolved

around the premise that NCIC would like to partner with other agencies to support the future costs of

Banks (such as the newly created Cancer Institute within the Canadian Institutes of Health) and advocates

the 'networking' of current Banks to create a larger self-sustaining enterprise that could for example

attract outside funding from industry and also develop a user fee schedule. The PI has acted as Chair of

the 'Tumor bank working group' committee, appointed by NCIC, to explore these issues.
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Task 4. To direct the research program in our laboratory

"* Continue to direct laboratory studies to understand and identify markers of resistance to endocrine

therapy and examine the role of estrogen receptor variants and their influence on determination of

ER/PR status and response to therapy. (months 0-36)

"* Continue to direct laboratory studies to understand and identify markers of risk of progression from

pre-invasive to invasive disease and examine the role of the psoriasin gene in conferring this risk

(months 0-36)

ER related projects.

Basic research into the mechanisms which underlie the clinical evolution of breast cancer from hormone

dependent to hormone independent growth has identified alterations in specific components of the

mechanism of estrogen action which may shortcircuit the requirement for estrogen and so contribute to

'hormonal progression'. Our aim is to determine the in-vivo existence and the clinical relevance of these

potential mechanisms, focusing on alterations at the level of the estrogen receptor (ER). Over the past year

(1999-2000) we have made the following progress, much of it in close collaboration with Dr L C.

Murphy's laboratory in our research group;

1. We have now shown that discrepancies in ER status determined by immunohistochemical assay (ER-

IHA) can occur between different ER antibodies and that this may be attributable to the expression of

truncated ERa variant proteins (1).

2. To assess alternative indirect methods to assess ER status (from ligand binding and

immunohistochemical assay) we have examined the application of Infrared (IR) spectroscopy applied

to tissue sections to provide a molecular fingerprint of the tissue. In a cohort of 77 breast tumors and

using a multivariate pattern recognition strategy to analyze IR spectra we have shown IR patterns

relate to different biological characteristics of tumors and can predict both grade and ER status (2).

3. To assess whether ERa variant expression measured in the primary tumor will reflect that seen in the

metastasis we have examined synchronous primary and metastatic tumors (n= 15) and found similar

patterns and levels of truncated and deleted ERa mRNA variant expression, suggesting that altered

expression of ERa is an event that occurs early in tumorigenesis (3).

4. To assess the level of estrogen receptor (ER)-beta mRNA in tumors, we have examined the level of

ER-P3 mRNA and found that this can be significantly lower in PR+ tumors compared with PR- tumors

9



(p=0.036) but that no association with ER status (determined by ligand binding assay) is seen,

suggesting the possibility that expression of ER-03 in human breast tumors may be an additional

marker of endocrine therapy responsiveness. Finally we have found that changes in the relative

expression of ER-betal, -beta2, and -beta5 variant mRNAs also occur (study cohort n=53) during

breast tumorigenesis and tumor progression (4,5)

5. We have also begun to assess the expression several steroid receptor associated molecules, including

the RNA activator (SRA). In a cohort of 27 breast tumors, we found that SRA expression was similar

in ER+/PR+ and in ER-/PR- tumors, but was significantly (p < 0.05) lower than in ER+/PR- and ER-

/PR+ tumors. A variant form of SRA was also found and correlated with grade in breast tumor tissues

(r = 0.53, n = 27, p= 0.004). The expression of a specific repressor of estrogen receptor activity (REA)

was also investigated in 40 human breast tumor biopsy samples and was found to be positively

correlated with estrogen receptor (ER) levels (r = 0.3231; P = 0.042) and also significantly higher in

ER+ compared with ER- tumors (p = 0.04), with no significant differences associated with PR status.

REA was also inversely correlated with tumor grade (r = -0.4375; P = 0.005). These observations

implicate changes in the expression of SRA-related and REA molecules as an additional factor in

breast tumor progression and possibly alteration in response to endocrine therapy (6,7)

Ductal Carcinoma in-situ (DCIS) related projects.

To address the critical issue of the biology of early breast tumor progression and improved determination

of risk of progression in pre-invasive lesions, we have applied a novel microdissection approach in

combination with our uniquely designed tissue resource and molecular methodologies, in order to directly

identify alterations that mark and may contribute to the development pre-invasive lesions and the

subsequent development of the invasive phenotype in-vivo. Over the past year;

* We have microdissected and screened 8 invasive tumors using Research Genetics Array filters,

combined with Pathways computer analysis software and identified a number of cDNA's that are

differentially expressed between adjacent in-situ and invasive elements within the same tumor (Tumour

#1: 120 cDNA's, Tumour #2: 119, Tumour #3: 36, Tumour #4: 71; Tumour #5: 79. Tumour #6: 42,

Tumour #7: 68, Tumour #8: 58. Further assessment to identify highly and/or consistently differentially

expressed cDNA's in more than one in-situ/invasive tumor pair and confirmation of differential

expression (by other techniques including in-situ hybrization and RT-PCR) is now in progress.
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We have also microdissected and screened 8 in-situ tumors (4 high grade and 4 low grade DCIS) using

Research Genetics Array filters and identified a number of cDNA's (12 cDNA's) that are consistently

differentially expressed between high and low grade cases of DCIS. To pursue the significance of these

cDNA's the PI has visited the University of Oxford, UK to develop a collaboration with Prof Adrian

Harris's group, University of Oxford who are leaders in the field of tumor hypoxia and angiogenesis.

We are currently examining together which of these differentially expressed genes is also induced in

breast cell lines exposed to hypoxic growth conditions. We anticipate that such cDNA's will be of

considerable interest, as they may be related to the process of necrosis. Necrosis is thought to be

indicative of severe hypoxia in-vivo and also a marker of high risk of progression of DCIS to

recurrence and invasive disease.

* We have continued to study the psoriasin (S100A7) gene that we have previously identified as

differentially expressed between in-situ (DCIS) and invasive carcinoma. We have developed an anti-

psoriasin polyclonal antibody and we have investigated the role of persistent expression in invasive

disease. Antibody specificity was confirmed by analysis of transfected cell lines and the strong

correlation between RT-PCR / in-situ hybridization detected levels of mRNA and western blot /

immunohistochemistry detected protein. Persistence of psoriasin expression in invasive tumors was

significantly associated with poor prognostic markers including ER and PR negative (p<0.0001,

p=0.0003) and lymph node positive status (p=0.035). Psoriasin protein expression is also associated

with inflammatory infiltrates (all tumors excluding medullary where inflammation is a diagnostic

criteria, p=0.0022). These results suggest that psoriasin may be a marker of aggressive behaviour in

invasive tumors and are also consistent with a function as a chemotactic factor (8)

* We have also found that psoriasin protein, studied by immunohistochemistry in skin and breast tumors,

is localized predominantly (but not exclusively) to epithelial cells, and we were intrigued to find that it

appears to localize to both cytoplasm and nuclei (the latter most prominent in breast tumor cells).

Therefore, we became interested to pursue the possible intracellular role and interactions of psoriasin.

To identify interacting proteins we used the yeast 2-hybrid assay to screen a normal breast cell library.

From the first screen we have identified 4 positive clones. The first two genes are both recently

identified components of the centrosome, RanBPM and spindle pole body protein hGCP3, while the

other two cDNAs are a transcription factor binding protein and a gene of unknown function (CXX-1).

RT-PCR experiments have confirmed that RanBPM mRNA is expressed in both fibroblast and

11



epithelial breast cell lines, but suggest that RanBPM is higher in tumor cells relative to normal cells.

This is consistent with the result of a CGAP cDNA profiler search which found RanBPM expressed in

a library of pooled invasive breast tumors but not in pooled normal tissue.This data and the co-

incidental finding of 2 centrosome related proteins encourages us to pursue the role of association of

psoriasin, RanBPM and hGCP3 in early progression towards the invasive phenotype (manuscript in

preparation).

We have examined the effect of psoriasin on invasive breast tumor cells. On the basis of our

preliminary hypothesis in which we took the view that loss of psoriasin might facilitate invasiveness in

the neoplastic breast cell, we transfected a CMV-psoriasin construct into the psoriasin negative but

invasive MDA-MB-231 breast cell line. We isolated 2 MDA-23 1psorIasin clones that demonstrate high

and low mRNA and protein expression and have completed assessment of these cells by both in-vitro

growth and Boyden chamber invasion assays as well as in-vivo assay in nude mice. We have found that

psoriasin overexpression has no significant effect on the growth or invasiveness of this already invasive

breast tumor cell line. This data, together with our recent in-vivo tumor data described above, has

persuaded us to reconsider the alternative hypothesis that overexpression of psoriasin in DCIS

associated with invasive tumor contributes to the malignant phenotype in this setting as does

persistence of psoriasin in invasive tumors. Therefore we propose now to assess the effect of

overexpression of psoriasin on the pre-invasive phenotype in specific cell models of preneoplasia

(MCF10 series and HMT-3522 series).

Using our microdissection approach we have also previously identified lumican mRNA as

differentially expressed between the stroma adjacent to pre-invasive and central invasive components

of early breast tumors. Further study of lumican and other members of the small leucine-rich

proteoglycan (SLRP) gene family in breast tissues has now been completed (in collaboration with Dr

Peter Roughley, Montreal) to explore their role in breast tumor progression. Lumican and decorin are

expressed by similar fibroblast-like cells and are relatively abundant, while biglycan and fibromodulin

are only detected occasionally and at low levels in breast tissues. However, while lumican mRNA

expression was significantly increased in tumors (n=34, p<0.0001), decorin mRNA was decreased

(p=0.0002) in neoplastic relative to adjacent normal stroma. This was accompanied by similar changes

in both lumican (p=0.0122) and decorin (similar trend but p=ns) proteins. Alteration of lumican

expression in breast tumor stroma may also be manifested by discordance between mRNA and protein
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localization in some tumors, where some areas (mostly central regions) can demonstrate mRNA

expression by in-situ hybridization but no detectable protein in parallel sections assessed both by

immunohistochemistry and microdissection + western blot (9)

Collaborations

Access to our nationally funded Tumor Bank resource and our tissue expertise is in no way dependent on

establishing direct collaborations with the Pl. Nevertheless some investigators have sought formal

collaborations and assistance in detailed study design and analysis, and the PI also collaborates with

colleagues within the University of Manitoba Breast Cancer Research Group on other projects. In the past

year this has resulted in the following additional publications;

"* T. Toyama, H. Iwase, P. Watson, H. Muzik, E. Saettler, A. Magliocco, L. DiFrancesco, P. Forsyth,

I. Garkavtsev, S. Kobayashi, and K. Riabowol. Suppression of INGI expression in sporadic breast

cancer. Oncogene 18 (37):5187-5193, 1999.

"* W. R. Zeng, P. Watson, J. Lin, S. Jothy, R. Lidereau, M. Park, and A. Nepveu. Refined mapping of

the region of loss of heterozygosity on the long arm of chromosome 7 in human breast cancer

defines the location of a second tumor suppressor gene at 7q22 in the region of the CUTL 1 gene.

Oncogene 18 (11):2015-2021, 1999.

H. Dotzlaw, E. Leygue, P. Watson, and L. C. Murphy. The human orphan receptor PXR messenger

RNA is expressed in both normal and neoplastic breast tissue. Clin. Cancer Res. 5 (8):2103-2107,

1999.

E. Leygue, H. Dotzlaw, P. H. Watson, and L. C. Murphy. Altered expression of exon 6 deleted

progesterone receptor variant mRNA between normal human breast and breast tumour tissues.

Br.J Cancer 80 (3-4):379-382, 1999.

B. Lu, H. Dotzlaw, E. Leygue, L. J. Murphy, P. H. Watson, and L. C. Murphy. Estrogen receptor-

alpha mRNA variants in murine and human tissues. Mol. Cell Endocrinol. 158 (1-2):153-161, 1999.

J. W. Clark, L. Snell, R. P. Shiu, F. W. Orr, N. Maitre, C. P. Vary, D. J. Cole, and P. H. Watson.

The potential role for prolactin-inducible protein (PIP) as a marker of human breast cancer

micrometastasis. Br.J. Cancer 81 (6):1002-1008, 1999.
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KEY RESEARCH ACCOMPLISHMENTS

1. Continued operation and development of the NCIC-Manitoba Breast Tumor Bank and support for 10

new projects

2. Observation that discrepancies in ER status determined by immunohistochemical assay and ligand

binding assay may be attributable to the expression of truncated ERa variant proteins

3. Demonstration that altered expression of ER-beta and steroid receptor cofactor molecules can occur in

breast tumors and therefore should be considered as factors that may influence response to therapies.

4. Establishing the potential importance of psoriasin expression in invasive tumors, through its

association with poor prognostic markers and potential to influence invasiveness through interactions

with intracellular proteins

5. Identification of lumican and decorin as the most important among the small leucine rich proteoglycan

genes in breast tissues and showing that these extracellular proteins show reciprocal alterations that

may influence breast tumorigenesis
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REPORTABLE OUTCOMES

1. Papers,

"* Huang, E. Leygue, H. Dotzlaw, L. C. Murphy, and P. H. Watson. Influence of estrogen receptor

variants on the determination of ER status in human breast cancer. Breast Cancer Res. Treat. 58

(3):219-225, 1999.

"* E. Leygue, R. E. Hall, H. Dotzlaw, P. H. Watson, and L. C. Murphy. Oestrogen receptor-alpha

variant mRNA expression in primary human breast tumours and matched lymph node metastases.

Br.J. Cancer 79 (5-6):978-983, 1999.

"* M. Jackson, J. R. Mansfield, B. Dolenko, R. L. Somorjai, H. H. Mantsch, and P. H. Watson.

Classification of breast tumors by grade and steroid receptor status using pattern recognition
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2. Databases.

* NCIC-Manitoba Breast Tumor Bank - continued operation and development of a unique tissue

resource and provision of cases to external investigators across North America

3. Funding

Operating Grants awarded;

"* NCIC/CBCRI, "The role of Psoriasin in progression of early breast cancer", $109,000 pa, 2000-

2003 (renewal)

"* MRC, "The role of the small leucine rich proteoglycan in human breast cancer", $120,000pa,

2000-2003 (renewal)

"* NCIC/CBCRI Streams of Excellence, group grant, "The role of extracellular matrix in mediating

risk of breast cancer", $60,000 pa, 2000-2003

0 MRC group grant, "Markers of Breast cancer progression", core grant, 2000.

Travel Grants awarded:

"* Detweiler Travel Fellowship, Royal College of Physicians & Surgeons of Canada

"* Burroughs Welcome Fund, Travel Fellowship
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CONCLUSIONS

Importance & Implications: It is anticipated that the many studies that will be conducted by the users of

the Tumor Bank, will be facilitated and enhanced by access to histologically defined tissues containing

invasive and pre-invasive breast lesions. This will lead to the identification of biological markers and

cellular alterations that are directly relevant to the prediction of the natural history of onset and the later

response to treatment of breast cancer. This knowledge will in turn ultimately contribute to strategies to

predict and reduce risk of breast cancer or to circumvent resistance and improve on current treatments for

invasive and metastatic disease. Our own research studies described above will hopefully contribute to

this knowledge.

Future strategy: In the next year, the PI will continue to pursue the strategies, as outlined in the original

Statement of Work. We recognize that successful completion of Task 1 and parts of Task 2 remains a

different type of challenge from Tasks 3 & 4, as they are highly dependent on the continued involvement

and motivation of other groups and centers beyond our own. However we will continue to strive to

achieve these goals. In addition, direct involvement with the NCIC in discussions over the issue of how to

fund and operate Tumor Bank resources in Canada has become an important aspect of pursuing Tasks 1,2,

& 3. Task 4 revolves around the PI's own research program, and successful renewal of operating grant

funding from MRC and CBCRI promises continued discovery of differentially expressed genes associated

with the early stages of breast tumor progression and improved understanding of the biological role and

importance of psoriasin and lumican genes in this process.
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Influence of estrogen receptor variants on the determination of ER status
in human breast cancer
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Summary

'Determination of estrogen receptor alpha (ER) status in breast cancer is an important predictive factor for clinical
response to endocrine therapy. We have recently shown that discrepancies in ER status determined by immunohis-
tochemical assay (ER-IHA) can occur between amino-terminal (ID5) and carboxyl-terminal (AER-31 1) targeted
ER antibodies and that those tumors which demonstrate discordance are associated with increased expression
of truncated ER variant mRNAs. In this study, we have explored this observation to examine if ER variant
expression can exert a direct effect on ER-IHA or whether this association is attributable to the characteristics
of the antibodies. ER negative cos-I cells were transfected with expression vectors containing wild type ER (wt-
ER) and/or a frequently expressed truncated variant, ER-clone-4 variant. We found that ER-IHA performed with
the same N- and C-terminal targeting ER antibodies on cos-1 cells expressing wt-ER alone demonstrated no
difference in signals by western blot (P > 0.1). However, co-expression of wt-ER and the truncated ER-clone-4
variant, resulted in discordant IHA results with relatively higher ER-IHA H-scores from N-terminal antibodies
(P < 0.03). Furthermore, re-examination of a subset of breast tumors previously studied by ER-IHA showed
persistent concordance in 4/5 cases and persistent differences in 3/5 cases with a different pair of ER antibodies.
We conclude that the presence of truncated ER variant proteins can interfere with the interpretation of ER status
determined by IHA and that this may account for some of the inconsistencies between ER status and response to
endocrine therapy.

Introduction More recently other potentially important biolo-
gical factors that have emerged are the complexity
of ER alpha gene expression as well as the recent

The measurement of estrogen receptor alpha (ER) discovery of the closely related ER beta gene that is
status in breast tumors is widely used as a clinical also expressed in breast cancer tissues [2]. ER alpha
index of potential therapeutic response to endocrine gene expression is now known to be often associated
therapy. However, while up to 2/3 of breast tumors are with a range of ER variant mRNAs in breast tumors
ER positive, only 2/3 of this subset of patients will [3]. These ER mRNA variants include exon-deleted,
respond well to endocrine therapy [1]. Several factors exon-duplicated, or truncated ER mRNA transcripts
have been considered in the past to account for this that may encode a variety of incomplete ER-like pro-
discrepancy, including tissue-related factors such as teins [3, 4]. Individual ER variant proteins have been
sampling, cellularity, and heterogeneity and biological demonstrated [5, 6], but in most instances may well
factors such as functional status of the ER protein de- be expressed at low levels in most tumors compared
tected and the integrity of the downstream components to wt-ER [4]. Nevertheless ER variant expression may
of the ER signalling pathway. be important to consider with the adoption of the IHA
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as an alternative to the classical ligand binding dex- supplemented with 5% (v/v) fetal bovine serum. The
tran coated charcoal (DCC) assay to determine ER cells were transiently transfected with either pHEGO,
status [7-9]. The IHA affords the opportunity to de- pER-clone-4, or both expression plasmids in varying
termine ER status in paraffin tumor sections and so proportions (5 ýtg total plasmid, as described in Fig-
allows the parallel assessment of tissue factors. How- ure 2). After 48 h, transfected cells were harvested
ever, this has also meant that ER is now defined on the for immunoblotting or fixed for immunohistochemical
basis of structural epitopes as opposed to functional assay. All transfections were done in 60-mm dishes
ligand binding. Expression of most ER variants would (for western blot samples) or in chamber slides (for
not be detected by the DCC assay because in many immunohistochemistry samples) in parallel and us-
cases the predicted variant proteins have loss or dis- ing the superfect transfection system (Qiagen, CA)
ruption of the C-terminus and ligand binding domain as described by the manufacturer. Plasmid pCH 110
(E/F region) of the protein [10]. However, the total (encoding 0-galactosidase protein, Pharmacia) was
accumulation of multiple ER-like proteins might well co-transfected and galactosidase activity was determ-
be expected to interfere with IHA determination of ined by standard methods to control for and confirm
ER status, depending on the target specificity of the transfection efficiency (25-35% cells positive).
antibody employed. Thus, although in practice a good
overall correlation between IHA and DCC exists, dis-
crepant results occur in a proportion of tumors [8, 9, Western blot analysis
11-13]. These discrepancies are not only between IHA
and DCC assays [8, 9], but also between IHA per- Whole cell extracts were prepared from cells trans-
formed with different antibodies on the same tumors fected with wt-ER, ER-clone-4, or both plasmids.
[11-13]. While tissue related factors can be invoked to Cells were washed with chilled phosphate-buffered
account for some of the former discrepancies, differ- saline (PBS), scraped, collected in PBS, and cent-
ences between comparable IHAs scored on the same rifuged at 1000 g for 5 min at 4°C, and cell pellets
areas within serial sections [11] are more difficult to were re-suspended in 200 il of 50mM Tris-HCl,
explain. 20mM EDTA, 5% sodium dodecyl sulphate (SDS),

In order to understand such discrepancies we have I mM phenylmethylsulphonyl fluoride (PMSF), 5 mM
recently examined ER mRNA variant expression and 0-glycerophosphate, and 1 mM aprotinin. Protein con-
shown that those variants that specifically encode pu- centration was determined by the Bio-Rad (Hercules,
tative truncated ER-like proteins, are preferentially CA) protein assay kit as described by the manufac-
expressed in these 'IHA-discordant' cases [14]. This turer. Twenty-five micrograms of protein was separ-
suggests that ER variant proteins encoded by ER vari- ated on a 10% SDS-polyacrylamide gel and trans-
ant mRNAs may contribute to discrepancies in ER ferred to nitrocellulose. Western blot analysis to detect
status determined by IHA using different antibodies. ER present in different transfected cells was carried
In this study, we have now compared the signal in- out with ER-specific mouse monoclonal antibodies
tensities of different ER targeted antibodies and used ID5 (DAKO, Canada) or AER314 raised against N-
these to examine experimentally the direct effect of terminal epitopes and AER3 11 or AER320 (Neomark-
truncated ER variant expression on the determination ers, CA) raised against C-terminal epitopes (at 1/1000
of wild type ER (wt-ER) status by IHA. dilution for all antibodies) of the wild type protein

(Figure ID). The second antibody used was a horse-
radish peroxidase (HRP)-conjugated goat anti-mouse

Materials and methods antibody (Hyclone Laboratories, Logan, UT, USA).
Visualization was accomplished using the Supersig-

ER expression vectors and transfection assays nal detection system (Pierce, USA) according to the
manufacturer's instructions. Densitometry on western

Wt-ER (HEGO, kindly provided by Dr P. Chain- blot signals was performed using a video-computer
bon) was cloned into the vector pSG5 and expres- image analysis system (M4, Imaging Research, St
sion was driven by an SV40 promotor. Truncated Catherines, Ontario). Western blot experiments were
ER-clone-4 was cloned into the pcDNA3.1 vector performed at least in triplicate on independent cell
(Invitrogen) and expression was driven by a CMV pro- transfections. Statistical comparisons were assessed
motor. ER-negative cos-1 cells were grown in DMEM by the student t-test.
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Figure 1. Western blot analysis of estrogen receptor expression detected with different antibodies in cos-I cells following transient transfection
with ER and/or ER-clone-4 variant. Twenty five micrograms of whole cell extract protein prepared from transfected cos-I cells were loaded
in each lane and separated by 0.1% SDS-10% PAGE. (A) Cos-I cells transfected with 5 Vig wt-ER plasmid. (B) Cos-1 cells transfected with
5 jLg ER-clone-4, (C) cos-1 cells transfected with both wt-ER and ER-clone-4 (0.5 and 4.5 ýLg). Monoclonal antibodies used to detect ER
proteins were 1D5 or AER314, and AER311 or AER320, which target epitopes within the N-terminal and C-terminal of the ER protein,
respectively (D).
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Figure 2. Immunohistochemical detection of estrogen receptor-like protein in transfected cos-l cells. IHA-1D5 assay (A, B) and LHA-AER311
assay (C) were conducted on cells transfected with either ER-wt alone (A). or co-transfected with ER-wt and ER-clone-4 (ratio 1%:99%, B&C).
The graph (D) summarizes the H-score values obtained by either IHA- I D5 or IHA-AER311 applied to cos- I cells transfected with ER-wt and
ER-clone-4 in different proportions. Each bar represents the mean and standard deviation relative to ID5 H-score applied to ER-wt transfected
cells derived from 7 (ER-wt alone) or 3 (all other) independent transfection experiments.
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Immunohistochemistry Results

In parallel experiments, cos-I cells were grown in Comparison of ER antibodies
chamber slides (Nalge Nunc, Intl., I1, USA). Trans-
fections were performed as above. Cells were fixed A panel of ER antibodies directed to different epitopes
in 2% paraformaldehyde-PBS for 30 min and washed was tested by IHA and western blot assay in parallel,
twice with PBS for 2min. Then IHA was performed applied to an ER-negative cos-1 cell line transfected
as described previously [Ill]. Briefly, the slides were with wt-ER. Cos-l cells were selected as ER mRNA
incubated in 10% goat serum in PBS for 20 min to or protein expression is undetectable in these cells (un-
block non-specific binding. Primary antibody 1D5 or published data) to avoid the possibility of endogenous
AER3 11 (at 1/50 dilution for both) was added and ER and ER variant expression present in many breast
incubation carried out overnight at 4°C, followed by cell lines. All antibodies detected a 65 kDa protein
two washes in PBS for 5 min. The second antibody on western blot (Figure IA) and comparison using
(biotinylated goat anti-mouse IgG, Vector Labs, CA) a video-densitometry system showed that there was
was used at 1:200 dilution in PBS for 45 min at room no significant difference between the signals obtained
temperature. After a rinse in PBS, the slides were in- with ID5 and AER311 antibodies (optical density
cubated in AB Complex (Elite kit, Vector Labs) at units meanSD for iD5 = 0.790.22 vs meansD AER311
1:100 dilution for 45min. The label was developed = 0.780°19; n = 4, P > 0.1). IHA was performed
using diaminobenzidine/hydrogen peroxide and slides in parallel on transfected cells using these antibod-
were then lightly counterstained with methyl green, ies at the same relative concentrations. These were
dehydrated, cleared, and mounted, also the concentrations that we had previously used

Human breast tumor specimens (10 cases) were to study breast tumors. Initially IHA was assessed
obtained from the NCIC-Manitoba Breast Tumor by both video-densitometry and semi-quantitative H-
Bank. Formalin fixed and paraffin embedded tissue score (applied independently and without knowledge
blocks were sectioned to provide serial sections from of the antibody) and it was found that these provided
tumors and examined by IHA using the same pro- comparable results (n = 10, r = 0.96, p = 0.004,
tocol except that a different pair of ER antibodies data not shown). Subsequently all IHA signals were
(AER314 and AER320, Neomarkers, CA) were quantitated by H-score. Positive immunoreactivity in
used. approximately 30% of nuclei was seen with IHA- 1 D5

Semi-quantitative H-scoring for all IHA experi- and IHA-AER311 with no significant difference in
ments was done as previously described [11]. Brown ER levels (H-score 1D5 mean SD = 638; AER311
immunoreactivity of cell nuclei was taken as positive meanSD = 6017, n = 7, P > 0.1, Figure 2D).
and the proportion of negative cells (PO) and those
staining at low (Pl), moderate (P2), or high (P3) levels Effect of modulation of ER variant expression on IHA
of intensity were scored. The score for each section
(H-score = [(0 x P0 ) + (1 x P1) + (2 x P2) + The ER-clone-4 variant was used for these experi-
(3 x P3 )] x 100) was calculated from the mean of ments as this variant is predicted to encode a C-
x 5 representative high power fields (Leica DMRB, terminally truncated ER-like protein and has previ-
x40 objective). For transfection experiments where ously been shown to be frequently expressed in breast
non-specific background was uniformly higher than in tumors [ 14-16]. Following transfection of ER-clone-4
tumor sections, only P2 and P3 values entered into the alone, a single 24 kDa protein was detected by western
final H-score. Initial IHA experiments were also ana- blot analysis (Figure 1B) and positive nuclear staining
lyzed with the video-densitometry system as above, to was only seen by IHA using N-terminal antibodies
compare with and validate the H-scoring quantifica- (ID5 and AER314). However, C-terminal antibodies
tion. All IHA slides were coded and assessment was (AER311 and AER320) failed to detect it on western
done without knowledge of the antibody, transfection blot (Figure lB & C) or IHA (Figure 2D). IHA was
conditions, or tumor identity. As described previously then performed using the same protocol as used in
[ 11], tumors which exhibited an H-score difference our previous study of breast tumors applied to cells
of >50 between IHA assays performed with differ- following co-transfection with ER-clone-4 variant and
ent ER antibodies on serial sections were classified as wt-ER to obtain different proportions of ER variant ex-
'IHA-discordant'. pression relative to wt-ER. A consistently lower signal
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Table 1. lmmunohistochemical determination of ER level in tumors with different ER antibodies

H-scores
# ER PR ID5 AER311 ID5 +- 311 AER314 AER320 314+-+320

1 69 18 200 100 100- 150 80 70-
2 7 26 134 14 120- 180 90 90-

3 33 21 182 88 94- 110 60 50-
4 140 101 160 66 94- 125 100 25-

5 19 10 190 20 170- 90 80 10-

6 39 44 132 128 4- 105 140 35+
7 79 22 124 138 14+ 150 170 20+

8 85 125 120 150 30+ 150 150 0
9 27 10 228 200 28- 165 135 25-

10 24 59 128 104 24- 150 50 100-

Columns are as follows; # case number; ER/PR: estrogen/progesterone receptor levels in fmol/mg
protein as determined by DCC assay; 1D5, AER31 I, AER314, AER320: H-score values for ER
levels determined by IHA using the corresponding antibody; ID5 + 311, 314 + 320: Difference
in H-score values with each antibody pair, with higher or lower values with C-terminal antibody
shown as + or -, respectively, and 'IHA-discordant'; H-Scores (difference >50) shown in bold
and 'IHA-consistent' H-Scores (<50) shown in regular typeface.

intensity for transfected ER-clone-4 relative to wt- was sufficient to remain classified as 'IRA-discordant'
ER was obtained with the N-terminal antibodies that (Table 1). In contrast, amongst an equal number of
was probably attributable to differences in efficiency cases previously classified as 'IHA-consistent', 4/5
between the expression plasmids (Figure 1). Never- showed equivalent H-scores and remained classified
theless we observed that while both I D5 and AER311 as 'IHA-consistent' with AER320. In 1/5 of the latter
antibodies recognized wt-ER on western blot (Fig- cases the IHA was discordant.
ure 1C) and gave similar H-score values with wt-ER
alone, a significant and increasing discordance in IHA
H-score occurred between N-terminal and C-terminal Discussion
antibodies as the relative proportion of ER-clone-4
variant increased (P < 0.03, t-test, Figure 2D). Multiple ER alpha mRNA variants are expressed in

normal breast tissue and in breast tumors [3]. How-
ER-IHA on breast tumors ever, in considering the role of ER variants in breast

cancer, it has been argued that expression of ER
We then investigated the reproducibility of our ori- mRNA variants may not be important on the basis
ginal observation in breast tumors. A different pair of that expression may not change during tumorigen-
antibodies was selected for repeat IHA assay (AER3 14 esis and that the evidence to date for expression of
and AER320 targeting N- and C-terminal ER epi- specific variant proteins that might play a role in hor-
topes, respectively) as these were found to give similar monal progression is limited [17, 181. Nevertheless,
results in cos- 1 cells following wt-ER transfection and studies founded on histologically characterized tis-
western blot analysis (AER314 meanSD = 0.670.28 sue sections have clearly shown that certain mRNA
vs AER320 meanSD = 0.650 2 2n = 4, P > 0.1) variants are differentially expressed between normal
and IHA (data not shown). The original tissue blocks and neoplastic tissues and also between tumors [19,
were available on a subset of 10 cases that were all 20]. Differential expression has also been found in as-
ER/PR positive by DCC assay (and therefore express- sociation with contrasting responses to estrogen and
ing wild type ER and likely to also express a range resistance to tamoxifen in cell lines [21-24] and para-
of ER variants). All five tumors that had previously meters of hormone response and prognosis in vivo [ 16,
been classified as 'IHA-discordant' by our previous 25]. Overexpression of an ER mRNA variant deleted
definition (H-score difference >50) showed lower H- in exon 5 (D5-ER) has also been shown to occur in cer-
scores by IHA-AER320 as compared to IHA with the tain tamoxifen resistant tumors [26] and has been used
matching AER314 antibody. In 3/5 the lower H-score successfully to predict reponse to hormonal therapy of
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hepatocellular carcinoma [27]. It is also conceivable ive concentrations as in our previous study [11]. But
that ER variants might exert indirect functional effects the relative IHA signal intensity obtained with these
through competition with wt-ER for ER binding pro- antibodies changes and becomes discordant with in-
teins [28] or with proteins involved in interactions with creasing expression of a truncated ER variant protein
antiestrogens [29]. alongside the wt-ER. IHA consistency or inconsist-

Although expression of specific variant proteins ency is also apparently quite reproducible when tumor
has not yet been proven in breast tumors, partly be- blocks that have previously been studied by IHA and
cause it has been difficult to develop antibodies that RT-PCR are re-examined using a different pair of
will distinguish variants, expression of ER-like variant matched ER monoclonal antibodies targeting similar
proteins expressed recombinantly can be demonstrated N- and C-terminal epitopes. The degree of reprodu-
in vitro and in breast cell lines [21, 22]. In some cases cibility between IHA with different pairs of antibodies
these variant proteins have been shown to possess in the small subset of cases available for reexamination
either hormone independent and constitutive activity should be considered against the fact that although RT-
or to exert a dominant negative influence on estro- PCR assays using primers to span regions of deletion
gen regulated target genes in ex vitro models. At the [4] can detect most exon-deleted ER mRNA variants,
same time our own data suggest that previous attempts many of which encode putative truncated proteins, the
to demonstrate these proteins in vivo may have been spectrum of truncated ER mRNA variants analogous
hampered by the fact that, although total expression to the frequently expressed ER clone 4 is more difficult
of ER variants of all forms may be significant, many to study and is currently unknown [4, 15]. Therefore,
individual variants such as D5-ER may be expressed given also that the precise epitopes recognized by the
at only low levels in breast tissues [4]. Furthermore, ER antibodies used are unknown, it is possible that
our recent observation that discordant immunostaining additional truncated mRNA variants are expressed in
with ER antibodies correlates with the total overall particular cases, similar to ER-clone-4, that would
expression of mRNA variants encoding out-of-frame remain undetected by the RT-PCR assays we have
proteins (i.e. predicted to encode C-terminally trun- previously used [15, 16].
cated ER-like proteins) also supports the view that In summary, we have shown that ER status determ-
ER-like variant proteins are present in vivo [11, 14]. In ined by IHA can be directly influenced by expression
the latter study, we examined ER expression in breast of a C-terminally truncated ER variant and that dis-
tumors by DCC and IHA using both 'N-terminal' cordant IHA results in tumors using different ER
(1D5) and 'C-terminal' (AER-31 1) targeting ER alpha antibodies are reproducible. We conclude that ER vari-
antibodies. The IHA provided similar results to the ant mRNA's and their putative variant proteins may
DCC assay in terms of overall ER status. However, interfere with the interpretation of ER status assessed
the ER-IHA levels assessed in almost 25% of tumors by IHA and that this may underlie some of the in-
were discordant (H-score difference of >50) between consistencies in determination of ER status in breast
these different antibodies, even when scored on the tumors [30]. It should be emphasized that the clinical
same areas within serial sections [ 11]. Further analysis significance of discordance in IHA, in terms of assign-
of these 'IHA-discordant' cases by RT-PCR assays [4, ment of IHA status, remains to be tested, but is likely
20] showed that those ER mRNA variants that encode to affect only a small subset of breast tumors. The
putative truncated ER-like proteins, were preferen- relationship between ER variant expression, 'IHA-
tially expressed in 'IHA-discordant' cases [14]. discordant' status, and clinical response to endocrine

However, although the antibodies we used therapy remains to be determined.
provided similar signal intensities by IHA on strongly
ER positive tumors, and in many tumors the IHA sig-
nals were concordant [ 11], it remained possible that Acknowledgement
the discordant IHA signals might be explained by dif-
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ABSTRACT: Infrared (IR) spectroscopy applied to tissue sections yields complex spectra that provide a mo-
lecular fingerprint of the tissue. We have studied a cohort of 77 breast tumors by IR spectroscopy to develop an
objective method for the assignment of grade of breast tumors. Although the major variations between spectra
from different tumors were in absorptions arising from triglycerides (adipose tissue) and collagen, subtle changes
in spectra could be detected that were independent of cellularity and tissue composition. Using a specific
multivariate pattern recognition strategy to associate these changes in spectra with different tumor grades, we then
were able to accurately reclassify tumors by grade (87% accuracy; K = 0.835). A similar approach allowed
classification of steroid receptor status (93% accuracy; K = 0.852). We conclude that IR spectroscopy may have
clinical utility in the objective assignment of breast tumor grade.

KEY WORDS: breast cancer grade, classification strategy, diagnosis, estrogen receptors, Fourier transform
infrared spectroscopy, multivariate analysis, progesterone receptors.

I. INTRODUCTION in the past by difficulties in determining reproducible
criteria and the problem of interobserver variability. 5

The clinical management of breast cancer pa- In search of improved benchmarks by which to
tients is guided by several clinical and pathological measure characteristics within tumor tissue that would
measures of tumor growth, hormone response, and allow accurate assignment into grade categories, we
metastatic potential.' These indicators include tumor have used Fourier transform infrared (FTIR) spectros-
size, histologic type, grade, stage, and the presence of copy to assess frozen breast tumor sections. FTIR
steroid receptors. 2' 3 However, an increasing propor- spectroscopy is based upon the absorption of infrared
tion of cases now present at an earlier stage as axillary (IR) light by covalent bonds as they vibrate. The fre-
node negative or preinvasive in situ disease where quency of light that is absorbed depends upon the
determination of the likelihood of local or distant re- nature of the bond between the atoms (e.g., C-C ver-
currence becomes even more dependent on assess- sus C=C), the atoms involved in the bond (e.g.,
ment of the inherent biology of the tumor.2 Improve- C = C versus C = 0), the type of vibration (e.g., bend-
ment in the accuracy of this assessment may in part ing versus stretching), and factors such as the strength
come from better methods for the determination and of any hydrogen bonding interactions. Furthermore,
integration of known prognostic factors. Amongst as with other forms of optical spectroscopy, the
these, tumor grade has been shown by some to be an amount of light absorbed by a vibrating bond is lin-
excellent indicator of biological potential.4 However, early related to concentration. The infrared spectrum
reliable assessment of tumor grade has been hindered of a sample is therefore a direct indicator of its chemi-
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cal composition. In biological systems, functional ily on the basis of tumor grade to provide three
groups that strongly absorb infrared light include equivalent groups at each of three grade levels. All
C = 0. N-H, C-H, and P = 0 groups. The intensity of tumors were graded uniformly by a single pathologist
the absorption bands in the infrared spectrum of a according to the Nottingham grading system4 applied
tissue sample therefore provides information concern- to an H&E section from a formalin-fixed and paraffin-
ing lipid, protein, and nucleic acid content of the embedded tissue block. Additional criteria included
sample, whereas the frequency of the absorption pro- good histologic tissue quality and the presence of in-
vides information relating to structure/conformation vasive tumor in >30% of the surface of the block
and intermolecular interactions. In other words, the selected for study. In all cases, the percentage of tu-
infrared spectrum of tissues provides information that mor cells, normal ducts/lobules, fibrous stroma, and
reflects the biochemistry of the tissue. fat was also estimated and scored as a percentage of

If the infrared spectrum of a tissue sample can the surface area of the tissue section to allow analysis
provide information with regard to tissue biochemis- of the effect of cellularity and stromal compostion and
try, then the changes in tissue biochemistry accompa- interpretation of spectra. The estrogen and progester-
nying a disease process should be reflected in changes one receptor status was assessed by ligand binding
in the infrared spectrum of the diseased tissue. We assay performed on an adjacent portion of tumor tis-
have recently demonstrated that this is indeed so, sue and shown to be positive for 45 and 49 tumors,
identifying spectroscopic features characteristic of respectively. Tumors were considered estrogen and/or
Alzheimer's disease, 6 chronic lymphocytic leuke- progesterone receptor positive if the receptor concen-
mia,7 multiple sclerosis,8 and scar formation in ven- tration was greater than 3 fg/mg or 15 fg/mg, respec-
tricular tissue following infarction. 9 By extension, it is tively. Thin frozen sections (10 jIm) were then ob-
reasonable to speculate that tumors of differing grades tained in each case from frozen tissue blocks that
will also show different spectroscopic features, in corresponded to tissue immediately adjacent and mir-
principle allowing characterization of tumor spectra ror image to the paraffin sections.' 0 Frozen sections
by grade. were transported in dry ice to the laboratory and rap-

IR spectra are thus characterized by a high infor- idly removed from their containers using cooled for-
mation content that can be viewed and analyzed from ceps, transferred to a CaF2 window having a specially
different perspectives. In this respect IR spectroscopy machined 10 p.rm depression, covered with a second
is not unlike light microscopy, but this information CaF2 window and mounted in a demountable cell
relates directly to tissue biochemistry. We have there- holder. The use of a window with a machined depres-
fore investigated the possibility of using FTIR spec- sion ensured that when the tissue is lightly com-
troscopy to derive parameters from tumor sections pressed during cell assembly, a constant sample thick-
analogous to but more objective than light micro- ness is obtained. The cell holder was placed in a
scopic tumor grade. This was achieved using a novel, Digilab FTS 60 A Fourier transform infrared spec-
multivariate classification (pattern recognition) strat- trometer (Digilab Laboratories, Cambridge, MA)
egy specifically developed to deal with complex spec- equipped with a liquid nitrogen-cooled mercury cad-
tra. mium telluride detector and continuously purged with

dry air. For each sample, 256 interferograms were
collected, signal averaged, and Fourier transformed toII. MATERIALS AND METHODS
generate spectra with a nominal resolution of 2 cm-1.
Absorptions from the CaF2 windows and residual wa-

A. Sample Preparation and ter vapour were interactively subtracted from all spec-
Data Acquisition' tra.

A cohort of 77 cases of invasive ductal breast
carcinomas for which full historical data (including B. Data Processing

case records, slides, paraffin blocks, and tumor tissue)
was available was selected for study from the Mani- Given the complex manner in which biochemical
toba Breast Tumor Bank. These were chosen primar- information is encoded in the spectra, in addition to
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traditional methods of spectral analysis, we have de- Figure IC, indicating increasing concentrations of
veloped a new and specific strategy to extract the fatty acyl chains. In addition, the relative intensity of

information relevant for classification of tumor spec- the absorptions at around 2950 to that at 2920 cm 1

tra. The strategy was implemented in three stages: (i) changes. In Figure IA, the relative intensity is highest
a preprocessing stage in which the spectral subregions (similar to that seen for pure phospholipid systems),
most useful for classification were determined,' (ii) progressing to the lowest relative intensity in Figure
regional classification, and (iii) aggregation of classi- 1 (C) (similar to that seen for isolated proteins). These
fier outcomes.' 2 '13 Particular emphasis has been results suggest that the tissue section giving rise to
placed on developing robust, reliable classifiers. This Figure 1C is lipid/acylglyceride rich, the one giving
was achieved by a specific cross-validation method- rise to Figure IA is protein rich, and the one giving
ology, based on bootstrapping,' 4 applied at each of rise to Figure lB contains significant amounts of both
the three stages. For further details, see Appendix 1. lipids and/or acylglyceride and protein.
To ensure that classification was not based upon Variations in lipid/acylglyceride and protein con-
variations in sample thickness, spectra were normal- tent are confirmed by analysis of spectra between
ized with repect to integrated area prior to analysis. 1000 and 1800 cm'-. Absorptions at 1741, 1466,

1378, 1163, and 1095 cm-1 in Figure 1C arise from
III. RESULTS C = 0, CH 2, CH 3, and C-O-C vibrations of phospho-

lipids and/or acylglycerides.15-17 Phospholipids ex-

Infrared spectra of sections from three low-grade hibit two intense absorptions at 1240 and 1080 cma-,

breast tumors (Nottingham grade score: 3-5) normal- arising from P02- vibrations of phosphodiester

ized with respect to maximum absorption intensity are groups.' 5 These characteristic absorptions are absent

shown in Figure 1. The most noticeable feature of in Figure 1, suggesting that the material giving rise to

each spectrum is the complexity, with prominent ab- the intense C-H, C = 0, and C-O-C absorptions is

sorptions in almost all regions of the spectrum. The predominantly acylglyceride rather than phospho-

region between 2700 and 3100 cm-1 is populated by lipid. This observation is supported by the known

absorptions arising from C-H vibrations of lipids, pro- storage of fatty acids in the breast as acylglycerides.

teins and DNA. 1'--1 7 Obvious differences exist in both The intensity of the acylglyceride absorptions in Fig-

the absolute and relative intensities of these absorp- ure 1C is much greater than that seen in Figure lA,

tions in the three spectra, which must be related to with the intensity in Figure lB again being interme-

compositional differences among the three tumors. diate.

The absolute intensity of each of the C-H stretching The intensity of the strong absorption at 1656

absorptions increases progressively from Figure 1A to cm-1, termed the amide I absorption and arising from
C = 0 vibrations of the amide groups of polypeptide

1741 backbones, also varies between tissue sections. This
1462924 variation suggests that different tumor sections have

146518 282 different protein content. In addition to changes in
1163 /•l •3010

1095 1241 1378 31 intensity, differences in the shape of the amide I are
I 15,56 also apparent. A distinct absorption is apparent at

,j.. around 1634 cm-t in Figure 1A, which is reduced in
intensity in Figure 1B and completely absent from

• Figure IC. As the position of amide I absorptions is
sensitive to protein conformation,' 8 this implies con-
formational changes in tissue proteins or the expres-

A - -sion of a new set of proteins. Changes in intensity in

1000 1200 1400 1600 1 2700 2900 3100 the 1634 cm-1 region of the spectrum of cancerous
Wavenumbr, cm, - tissue have been suggested to arise from an altered

FIGURE 1. Infrared spectra of 10-pm sections proportion of 13-sheet secondary structures in such

of low-grade (Nottingham grade 3-5) breast tu- tissue. However, we have shown that such spectral
mors. changes in a variety of tissues can be explained based
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on an increase in the type [ collagen content of tis- fested in changes in the amide I absorption. may be
sue-for example, in the rat myocardium following masked by differences in collagen content. Finally,
an infarct. 9 In addition, the presence of collagen was changes in cell membrane properties that would be
accompanied by the appearance of absorptions at manifested as changes in C-H absorptions may be
1033, 1082, 1204, 1240, 1280, and 1338 cm-'. Simi- masked by differences in acylglycerides content.
lar absorption bands can easily be identified in Figure These problems are highlighted in a number of studies
1 A and B, suggesting that the altered shape and in- which have attempted to interpret differences among
creased intensity of the amide I absorptions in Figure spectra of normal and neoplastic colon,t 9 bladder,20

1 A and B is indeed related to the presence of type I skin,21 and breast tissue 2 2
.
2 3 in terms of such differ-

collagen in these tumor sections. ences in DNA hydrogen bonding interactions and
Based upon these results, human breast tumors membrane and protein structural properties. However,

appear to fall into three classes upon visual inspection inspection of the data presented in these studies
of their IR spectra: class I, characterized by high ac- clearly indicates that the changes the authors describe
ylglyceride content and little collagen; class II, char- are in fact related to changes in collagen (colon, blad-
acterized by the presence of appreciable amounts of der, and skin) or adipose tissue content (breast).
both acylglyceride and collagen; class I1, character- An alternative approach to visual discrimination
ized by large amounts of collagen and little or no among spectra of tumors of different grade is to use
acylglyceride. The differences among these three the power of modem classification methods, which
classes do not arise as a result of the disease being at can assess variations in many variables simulta-
different stages in the different tumors, as the tumors neously. In the case of spectra, these variables may
were matched with respect to grade, but result from include the absolute intensity of one or more absorp-
normal spatial variations in the composition of breast tions, the position of one or more absorptions, the
tissue. relative intensities of two absorptions, the width of

one or more absorptions, the relative width of two
absorptions, and so on. To decode complex informa-

IV. DISCUSSION tion from spectra, typically at least 10 such variables

are required to adequately describe differences be-
Given that breast tumors of similar grade show tween groups of measurements. This is a particularly

such large spectral variation as a consequence of nor- challenging task when the changes under investiga-
mal variations in histology, this raises the question, tion are subtle and masked by other, nonspecific fea-
Can one detect the much less pronounced changes in tures such as noise and redundant or irrelevant infor-
the spectrum expected as a consequence of the pro- mation. However, such subtle changes in spectra can
gression of the disease? Many spectral changes ex- indeed be detected by multivariate pattern recognition
pected to accompany disease progression may be methods, including hierarchical clustering, linear dis-
masked by variations in acylglyceride and/or collagen criminant analysis, and artificial neural network
content. For example, progression to a high-grade tu- analysis. 24'25 Such multivariate methods are powerful
mor is accompanied by the appearance of nuclear ab- tools for identifying patterns that characterize differ-
normalities (e.g., altered chromosomal structure, in- ent classes of spectra (hence the term "pattern recog-
creased DNA content). The infrared absorption bands nition") based upon the comparison of a large number
most useful in studies of DNA arise from the stretch- of variables that describe the spectra (hence the term
ing vibrations of phosphodiester groups seen at 1080 "multivariate").
and 1240 cm-1. Since this region of the spectrum is Multivariate pattern recognition methods are di-
dominated by absorptions from both collagen (see vided into "unsupervised" and "supervised" catego-
Figure 1A) and acylglycerides (see Figure 1C), the ries. The former, such as hierarchical clustering or
changes in cellular DNA that accompany disease pro- fuzzy clustering, classify spectra based upon the de-
gression may be masked by the large changes in col- gree of their overall similarity, and require no train-
lagen and acylglyceride content which are possible ing. We have recently successfully applied such tech-
between tumors. Changes in protein expression ac- niques to the classification of control and Alzhei-
companying the disease process, expected to be mani- mer's-diseased central nervous system tissue,2 4' 2 5 and
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benign and leukemic leukocytes.7 However, in the the diagonal (in bold italics) show the number of cor-
present study application of cluster analysis produced rectly classified spectra. Thus, for 21 tumors patho-
two distinct groups of spectra, corresponding to spec- logically classified as low grade, 19 (90.5%) gave rise
tra containing either significant contributions from to spectra which could be correctly classified as aris-
collagen or from adipose tissue (not shown), with no ing from low-grade tumors. For intermediate-grade
correlation between these two clusters and any clini- tumors, the accuracy of the classification was signifi-
cal criteria (e.g., tumor grade). cantly reduced, only 26 of 34 spectra (76.5%) were

The lack of success of such unsupervised meth- correctly classified. In fact, perhaps not surprisingly,
ods, which are generally driven by gross differences, the accuracy of the classification of the intermediate-
is not surprising given the fact that the changes ex- grade tumors was lowest of the three classifications
pected as a result of the clinical condition are subtle attempted. It is interesting, however, that the classifier
compared to the large changes resulting from normal always misclassified intermediate-grade tumors as
histologic variation. Supervised pattern recognition high-grade tumors, and never as low-grade tumors.
methods make use of the fact that the investigator All 22 high-grade tumors were correctly classified.
often has available a substantial amount of biochemi- The overall accuracy of the method was 87%, with 67
cal or clinical information concerning the samples of 77 tumors correctly classified. Also included in
from which the spectra were obtained. In short, we Table I is K, a chance-corrected measure of agree-
have in our possession the "class identities" of the ment, which indicates the probability that the tumor
samples with which to train our classifier. This trained grade predicted by this method agrees with the clini-
classifier is then used to predict the class identity of cal diagnosis. If the prediction was generated at ran-
unknown samples. We have previously applied such dom, the agreement measure would be zero, whereas
methods with great success to the classification of for perfect classification the value would be unity.
spectra of synovial fluid samples from control and The agreement measure for this data set is 0.835.
arthritic joints.2627 We applied these more discrimi- The Nottingham grade is derived from a compos-
natory supervised pattern recognition methods to our ite score of several quite different parameters that can
data. Unfortunately, even this approach was less than be assessed under a light microscope. These include
satisfactory, and we had to develop the novel classi- assessment of the arrangement of cells in tubule for-
fication strategy described in the Appendix. mations, nuclear morphology, and mitotic activity,

Tumors were graded using the Nottingham scale4  and can be time-consuming to assess if done properly
and classified as low grade (score: 3-5), intermediate by counting mitoses in multiple fields. Nevertheless
grade (score: 6-7), or high grade (score 8-9).8'9 The tumor grade as assessed in this fashion has been
results of application of our robust classification strat- shown to be able to classify tumors into categories
egy to spectra based upon tumor grade are presented that show distinct biological potential as indicated by
in Table I. Numbers in rows represent the results of patient survival rates. However, as reviewed by Rob-
histopathological classification of the tumors, bins et al.5 concordance in grading score between pa-
whereas numbers in columns represent the classifica- thologists in published series can range from 54 to
tion predicted by the trained classifier. Numbers on 78%. Reproducibility between pathologists at differ-

TABLE I
Results of Classification of Breast Tumor Spectra by Grade

L I H % accuracy SP (%) PPV (%)

L 19 1 1 90.5 100 100
1 0 26 8 76.5 97.6 94.1
H 0 0 22 100 85.9 77.9

Note: Numbers in rows represent the pathological classification of tumors; results in
columns are the calculated classifications. L = low grade; I = intermediate grade; H =
high grade; SP = specificity; PPV = positive predictive value. Bold italics indicate correct
classifications. See text for more details. Overall accuracy = 87%, K = 0.835.
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TABLE II
Results of Classification of Breast Tumor Spectra According to
Estrogen Receptor Presence (+ve) or Absence (-ve)

+ve -ve % accuracy SP (%) PPV (%)

+ve 16 2 88.9 96.3 96.0
-ve 1 26 96.3 88.9 89.2

Note: SP = specificity; PPV = positive predictive value. Numbers in rows represent the
immunological classification of tumors; results in columns are the calculated classifica-
tions. Bold italics indicate correct classifications. See text for more details. Overall
accuracy = 93.3%; K = 0.852.

TABLE III
Results of Classification of Breast Tumor Spectra According to
Progesterone Receptor Presence (+ve) or Absence (-ve)

+ve -ve % accuracy SP (%) PPV (%)

+ve 23 1 95.8 84.0 85.7
-ve 4 21 84.0 95.8 95.3

Note: SP = specificity; PPV = positive predictive value. Numbers in rows represent the
immunological classification of tumors; results in columns are the calculated classifica-
tions. Bold italics indicate correct classifications. See text for more details. Overall
accuracy = 89.8%; K = 0.798.

ent centers is of particular concern in the assessment positive or negative was achieved for 93.3% of tu-

of clinical trial results. 2 ",'5 1 Even though a more stan- mors (K = 0.852), with classification of estrogen
dardized approach to grading of breast tumors may negative tumors being superior to classification of re-
now be gaining acceptance, concordance among ex- ceptor positive tumors (88.9 vs. 96.3%). This situation
pert groups of pathologists in grading standard for- was reversed for progesterone receptors, with 95.8%
malin-fixed paraffin-embedded sections remains be- of receptor-positive tumors being correctly classified
low 75%, even after training. 5 Therefore, our results, compared with 84% of receptor-negative tumors, and
which show a high degree of concordance between a the overall accuracy of prediction was slightly re-

single pathologist and FTIR spectroscopic grade, sug- duced (89.8%; K = 0.798). It should be stressed that
gest that this new methodology may provide an alter- it is unlikely that steroid receptors per se are being
native approach to microscopic grading and improved detected, as the concentration of the receptors (fg/mg

standardization of a valuable prognostic parameter. It tissue) is significantly below the detection limit of
should be made clear however, that the present study infrared spectroscopy. Rather, it is most likely the
was based on a tumor series that had been selected to consequences of the presence or activation of the re-
provide approximately equivalent representation of ceptors, such as protein phosphorylation, that are be-
low, intermediate and high grade tumors. Previous ing detected.
studies of unselected cases may have included rela- The spectral regions selected as the most diag-
tively few low-grade tumors for which the degree of nostic for the prediction of tumor grade and hormone
concordance between pathologists is higher.5  receptor status are shown as the shaded areas super-

We also examined the relationship between in- imposed over class average spectra (produced by cal-
frared spectra and steroid receptor status. The results culating the arithmetic mean of all spectra in each
of our classification of tumors based upon the ER/PR class) in Figure 2 and Figure 3. For the prediction of
status is presented in Tables II and III. For estrogen tumor grade, diagnostic subregions were only found
receptors, correct classification as either receptor in the low-frequency (1077-1258 cm-1) region of the
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pose tissue also absorb strongly in these spectral re-
gions). 2 Classification of tumors by receptor status
required more spectral regions (i.e., more informa-
tion) than prediction of tumor grade. 3 Different
spectral subregions were selected for classification of
tumors by grade, estrogen receptor status, and proges-

H terone receptor status, indicating that, as expected,
different biochemical events were detected in each
case.

L In summary we have shown that infrared spec-
troscopy, combined with appropriate multivariate

1000 1200 1400 1600 1800 classification methods and strategies, can be used to
Wavertnjmb•r, ¢m"

reliably determine the grade of human breast tumors
FIGURE 2. Class average infrared spectra of and to classify tumors according to hormone receptor
low- (L, Nottingham grade 3-5), intermediate- (I, status with an accuracy of about 90%. Tumor grade
Nottingham grade 6-7), and high- (H, Nottingham and receptor status can be obtained from the same
grade 8-9) grade breast tumors. Regions se-
lected for use by the multivariate analysis strat- spectrum. A number of steps may be taken to improve
egy are indicated by shaded areas. accuracy. Most obviously, increasing the size of our

database should improve accuracy of prediction. An
alternative approach to the characterization of sec-
tions of breast tumors is the analysis of materials ex-
tracted from tumors. This approach has met with
some success in the prediction of the biological po-
tential of breast tumors based upon FTIR spectra of

AAP-w .extracted DNA.28 '29 However, the extraction of DNA

PR.ve is time-consuming, and the structure (and thus spec-
troscopic properties) of the DNA may be modified

- during extraction. In contrast, the method described
here requires no extraction and is rapid, requiring only

2-3 min to perform.
12000 The major advantage of this novel approach to

Wavenmbercm-1the classification of breast tumors will be standard-

FIGURE 3. Class average spectra of estrogen ization. The method can readily be trained on data that
receptor positive (ER+ve) and negative (ER-ve) represented a consensus diagnosis based upon the
and progesterone receptor positive (PR+ve) and classifications of a board of pathologists. An instru-
negative (PR-ve) breast tumors. Regions se- mental method using such trained data would then in
lected for use by the multivariate analysis strat-egycarein e by shae d mtariteanalis. sessence provide practitioners with a reliable diagnosisbased upon this consensus, and different laboratories
spectrum. In contrast, the prediction of estrogen and analyzing the same tissue sample using such an in-
progesterone receptor status required subregions in strument would achieve the same diagnosis. Thus,
both high- and low-frequency regions of the spectrum variability is removed, and consistent and reliable
(see Figure 3). Although it is difficult to determine classification/prediction may be achieved. The clini-
exactly the biochemical significance of the spectral cal utility of such a technique warrants further inves-
regions selected, three interesting points emerge. I tigation.
Classification of tumors by grade, which is strongly
influenced by assessment of nuclear size and mor- REFERENCES
phology, was optimal using only spectral regions in .McGuire WL. Prognostic factors for recurrence and survival
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LDA classifier. rE tends to be optimistically low, es- an optimal region selection (ORS) algorithm devel-
pecially when the number of sample per class is small. oped in-house." ORS starts at one end of an N-point
The remedy is to make the classifier more realistic spectrum by selecting a window consisting of M < <
and robust with respect to classification error by N adjacent data points. Typically, M = 10-12. LDA
cross-validation. One common cross-validation tech- with bootstrapping (25 random samples) is carried out
nique is called "leave-one-out" (LOO). It works by with these M points as local attributes, and the aver-
sequentially omitting one of the n samples, training a age classification accuracy on the test subsets is re-
classifier using the remaining n - 1, assigning the corded. The window is advanced by M12 data points
sample that was left out of the training, and carrying along the spectrum and the process repeated. When
out this process for all n samples. The average error the spectra are fully traversed, the nonoverlapping
committed by these n classifiers is never less than rE, subregions are sorted in decreasing order of accuracy.
and is a more realistic estimate of the true error rate. If the best subregion found satisfies a prescribed ac-
However, especially when n is relatively small and curacy (typically -90%), the subregion selection pro-
the number of spectra per class is widely different, cess is terminated. This happens rarely, and thus the
LOO can be unreliable and still too optimistic. The next stage is initiated. The best 6-8 subregions (com-
more realistic approach of partitioning the n spectra prising 6 x M - 8 x M data points) are tested in all
into a "training" and a "test" set, optimizing the clas- possible combinations (i.e., all pairs, triplets, etc.).

sifier on the training set and validating its classifica- The most parsimonious combination (least number L
tion power on the test set, can exacerbate the reliabil- of subregions, L :5 8) that satisfies the accuracy cri-
ity problem, since we now use only -n12 of the al- terion provides the feature set for our final classifier.
ready few n samples. Furthermore, classification of a Typically, L = 3-6 combined subregions (3 x M - 6
new sample, not in the original n, would involve as- x M data points) are found optimal. The final step is
signing it to all -n/2-trained classifiers. This implies the verification of the accuracy and robustness of the
that these classifiers would have to be always avail- ultimate classifier, using the derived attributes. This is
able, creating awkward storage problems. The cross- done by carrying out 250 bootstrap steps and creating
validation approach we have implemented is designed the averaged classifier. If even this process does not
to remedy these problems. It is a type of "bootstrap- yield a satisfactory classifier, we invoke our classifier
ping" methodology. It consists of repeatedly partition- aggregation stage,12 computerized consensus diagno-
ing, with replacement, the data into approximately sis (CCD). The idea behind CCD is to combine dif-
equal-sized random training and test subsets. For each ferently the L optimal subregions (i.e., L x M data
of the random training subsets, an optimal classifier is points, L = 3-6) found earlier. Our implementation
produced, and its accuracy validated on the random of classifier aggregation is called stacked generaliza-
test subset. The process is repeated a number of times tion (SG).13 SG works by presenting sequentially to
(25 times at the less critical preprocessing stages, 250 classifierj the corresponding M attributes of a given
times for the final classifiers). The ultimate classifier spectrum and recording the C class assignment prob-
is the average of these individual component classifi- abilities p/J, i = 1,2,...,C, j = 1,2,...,L, li pi = 1 (C
ers. This approach eliminates storage problems, while is the number of classes, L the number of classifiers).
effectively using all n samples. Its expected classifi- These C x L probabilities serve as the new input at-
cation accuracy can be validated by how well it does tributes to a higher level classifier. At this ultimate
on the entire n samples. Although any classifier could stage, 250 bootstrap samples are taken again to pro-
be used, LDA, because of its speed and robustness, duce the final robust classifier. Note that SG generally
was the choice for all classifiers, at all stages. reduces the total number of attributes, since C < M. In

Preprocessing was found to be essential for de- addition, the class assignment probabilities tend to be
veloping reliable classifiers. The preprocessing much less ambiguous, i.e., fewer spectra are classified
method selects relevant features from the spectra by ambiguously (unreliably).
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Oestrogen receptor-a variant mRNA expression in
primary human breast tumours and matched lymph node
metastases
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Summary We have shown previously that the relative expression of a truncated oestrogen receptor-a variant mRNA (ER clone 4) is
significantly increased in axillary node-positive primary breast tumours compared with node-negative tumours. In this study, we have
examined the relative expression of clone 4-truncated, exon 5-deleted and exon 7-deleted oestrogen receptor-(a variant mRNAs in 15 primary
breast tumour samples and in synchronous axillary lymph node metastases. Overall, there were no significant differences between the
primary tumours and the matched metastases in the relative expression of these three specific variant mRNAs. Furthermore, the pattern of all
deleted oestrogen receptor-a variant mRNAs appeared conserved between any primary and its matched secondary tumour.

Keywords: oestrogen receptor-a variants; breast cancer; metastasis

Multiple oestrogen receptor-a (ER) mRNA species have been pattern of ER variant expression in a cohort of primary tumours
identified in human breast cancer samples (Dowsett et al, 1997; and their matched, concurrent lymph node metastases.
Murphy et al, 1997a, b). The significance of these variant tran-
scripts remains unclear. Although the ability to detect variant ER
proteins encoded by such variant transcripts remains controversial
(Park et al, 1996; Desai et al, 1997; Huang et al, 1997), alteration Tumour selection and RNA Isolation
of expression of some variant ER mRNAs has been found to occur Sections from 15 frozen primary human breast tumour samples
during both breast tumorigenesis (Leygue et al, 1996a, b) and and their matched frozen lymph node metastases were provided by
breast cancer progression. With regard to the latter, we showed the Manitoba Breast Tumour Bank (Winnipeg, MB, Canada). For
previously that the expression of the truncated, clone 4 variant the primary tumour samples, the ER levels, determined by ligand-
(C4) ER mRNA (Dotzlaw et al, 1992) was significantly increased binding assays, ranged from 0.8 fmol mg-7 protein to 89 fmol mg-7

relative to wild-type (WT) ER mRNA in a group of primary breast protein with a median value of 17.5 fmol mg-t protein. Thirteentprmoein with multiple pooreprognosticmfeaturespcomparedTwithea
tumours with multiple poor prognostic features compared with a tumours were ER+ and two were ER- (ER+ was defined as

(Murphy et a], 1995). The 'poor' prognostic features were>3 fmol mg- protein). PR levels determned by ligand-binding
M h eassays ranged from 2.9 fmol mg-l protein to 112 fmol mg-1 protein

as the presence of lymph node metastases at the time of surgery, with a median value of 12.6 fmol mg- protein. Nine tumours were
large tumour size, lack of progesterone receptor (PR) expression PR+ and 6 were PR- (PR+ was defined asm > 10 fmol mc- protein).
and high S-phase fraction, while 'good' prognostic features werelack ER and PR values were available for only four of the lymph nodelackof oda invlveent smal tmou siz, P poitivty nd, metastases and the ER and PR status as defined by ligand binding
low S-phase fraction. In the same study, the relative expression of mas nd theEr a atuaefinery t igand bNding

clon 4 R vriat rRNAwassiaifianty hghe inpriary did not differ from their matched primary tumour. RNA wasclone 4 ER variant mRNA was significantly higher in primary extracted from the sections using, Trizol reagent (Gibco/BRL.
breast tumnours that were PR- than in those that were PR+ cOntario, Canada) according to the manufacturer's instructions.
(Murphy et al, 1995). This suggested that altered ER variant For validation of triple-primer polymerase chain reactions

expression may be a marker of a more aggressive phenotype anda (TP-PCR) by comparison with RNAase protection assays, alack of endocrine sensitivity in human breast cancer. As a pre- second cohort of human breast tumour specimens (25 cases) was
requisite to addressing such a possibility. we have investigated the also obtained from the Manitoba Breast Tumour Bank. Twenty of

these tumours were ER+, as determined by ligand-binding assay.
Received 20 April 1998 with values ranging from 4.5 to 311 fmol m-1 protein (median
Revised 3 July 1998 93 fmol mg-'). The five remaining cases were ER-, with values
Accepted 14 July 1998 ranging from 0 to 1.8 fmol mg-l protein (median 0.9 fmol mg-').
Correspondence to: LC Murphy Total RNA was extracted from frozen tissues using guanidinium
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thiocyanate as previously described (Murphy and Dotzlaw, 1989). A
The integrity of the RNA was confirmed by denaturing gel elec- 1 2
trophoresis as previously described (Murphy and Dotzlaw. 1989). P M P M

WT ER ---* I q l

RNAase protection assay W R 0

Antisense riboprobes spanning the point at which the C4 ER D7 -0

mRNA sequence diverges from the WT ER mRNA sequence
(Dotzlaw et at. 1992) were synthesized as previously described D 1

(Dotzlaw et al, 1990). The level of C4 ER mRNA and WT ER
mRNA in 10 pg of total RNA was determined using an RNAase
Protection Assay kit (RPA II, Ambion, Austin, TX, USA) D3-D4.--
following the manufacturer's instructions. Briefly, RNA was
denatured at 80'C for 5 min in the presence of 5 x 105 d.p.m. 32p_.
labelled riboprobe, then hybridized at 42°C for 16 h. Following B WT ER - PI
RNAase digestion. samples were electrophoresed on 6% acryl- , ER,,-
amide gels containing 7 M urea, dried and autoradiographed.

To quantify C4 and WT ER mR.NAs within breast tumour
samples, a standard curve was established in each assay. C4 and WT
ER mRNAs (30, 125, 500 pg C4 RNA and 125, 500, 2000 pg WT
ER RNA) synthesized using T7 RNA polymerase were purified on a D5 ---W 4=0h _
Sephadex G-50 column and quantitated spectrophotometrically. WT
ER RNA was transcribed from linearized pHEO, which contains the C
entire WT ER coding sequence but is missing the 3'-untranslated WT ER -

portion of the ER mRNA [(kindly provided by P Chambon, -r W
Strasbourg, France (Green et al, 1986)]. Full-length C4 RNA was
transcribed from linearized pSK-C4 (Dotzlaw et al, 1992). Standard
RNAs were analysed together in the same assay as the breast tumour 07.. .SD7-W

mRNAs. Bands corresponding to the C4 ER mRNA and WT ER
mRNA protected fragments were excised from the gel and counted
after addition of 5 ml scintillant (ICN Pharmaceuticals, Inc., Irvine,
CA, USA) in a scintillation counter (Beckman Instruments, Inc., c4 --

Fullerton, CA, USA). For each sample, absolute amounts of C4 and * --

WT ER mRNA were determined from the standard curve.

Reverse transcription, PCR and triple-primer (TP) PCR D

For each sample, 1 pg of total RNA was reverse transcribed in a WsT ER - -
final volume of 15 p1t as described previously (Leygue et al,1996a). One microlitre of the reaction mixture was taken for Figure 1 (A) Autoradiogram of long-range RT-PCR (Leygue et al, 1996c)

results from two samples of primary breast tumours (P) and their matched
subsequent amplification. concurrent lymph node metastase (M). WT ER is the expected product

The primers and PCR conditions for the long-range PCR were corresponding to the WT ER mRNA; D7 is the expected product
corresponding to the exon 7-deleted ER variant mRNA; D4 is the expected

as previously described (Leygue et al, 1996c). The primers and product for the exon 4-deleted ER mRNA; D3-4 is the expected product for
PCR conditions for measuring the relative expression of exon 5- the exon 3+4-deleted ER mRNA; D4/7 is the expected product for the exon
deleted and exon 7-deleted ER transcripts relative to WT ER tran- 4+7-deleted ER mRNA. (B) Autoradiogram of RT-PCR results from two

samples of primary breast tumours (P) and their matched concurrent lymph
scripts were as previously described (Leygue et al, 1996a). node metastase (M). D5 is the expected product corresponding to the exon

The TP-PCR conditions were similar to those previously 5-deleted ER variant mRNA. WT ER is the expected product corresponding
to the WT ER mRNA. (C) Autoradiogram of RT-PCR results from twodescribed (Leygue et al. 1996b) with minor modifications. ERU toheWERRN.()AordgamfR-CReslsrmtwsamples of primary breast tumours (P) and their matched concurrent lymph

(5'-TGTGCAATGACTATGCTTCA-3'. sense. located in WT ER node metastase (M). D7 is the expected product corresponding to the exon
exon 2: 792-811, as numbered in Green et al. 1986) and ERL (5'- 7-deleted ER variant mRNA. WT ER is the expected product corresponding

to the WT ER mRNA. (D) Autoradiogram of TP-PCR results from two
GCTCTTCCTCCTGTTT[TAkT-3', antisense. located in 'NT ER samples of primary breast tumours (P) and their matched concurrent lymph
exon 3; 940-921) primers allowed amplification of a 149-bp frag- node metastase (M). C4 is the expected product corresponding to the clone 4
ment corresponding to WT ER mRNA. The C4-specific primer ER variant mRNA. WT ER is the expected product corresponding to the WT

ER mRNA. *Band coamplified with C4 and WT ER and shown to correspond
(C4L, 5'-MTTCAGTCTfCAGATACCCCAG-3', antisense; 1336- to an exon 2-duplicated ER variant mRNA
1315, as numbered in Dotzlaw et al. 1992) spans the only region of
the C4 unique sequence that does not have any homology with
repetitive LINE- I sequences (Dotzlaw et al. 1992). ERU and C4L 2 mt magnesium chloride, 0.2 rnm dATP, 0.2 mt,, dTTP. 0.2 nm'a
allowed amplification of a 536-bp fragment corresponding specif- dGTPE 0.2 mM dCTP, 4 ng p1l-I of each primer (ERU, ERL and C4L),
ically to C4 ER variant mRNA. 0.2 units of Taq DNA polymerase (Gibco-BRL) and I pCi of [c.- 32P]

PCR amplifications were performed in a final volume of 10 W1 in dCTP (3000 Ci mmol-', ICN Pharmaceuticals, Irvine. CA, USA).
the presence of 20 mM Tris-HCI (pH 8.4), 50 m, potassium chloride, Each PCR consisted of 30 cycles (I min at 94'C. 30 s at 60°C and
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Figure 2 (A) Quantitative comparison of the relative expression of exon 5-deleted variant ER mRNA in primary (P) human breast tumours and their concurrent
matched lymph node metastases (M). For each sample, the mean of three independent measures of exon 5-deleted ER relative expression expressed as a
percentage of the corresponding WT ER signal was determined as described in the Materials and methods section. (B) Quantitative comparison of the relative
expression of exon 7-deleted variant ER mRNA in primary (P) human breast turnours and their concurrent matched lymph node metastases (M). For each
sample, the mean of three independent measures of exon 7-deleted ER relative expression expressed as a percentage of the corresponding WT ER signal was
determined as described in the Materials and Methods section. (C) Quantitative comparison of the relative expression of clone 4 variant ER mRNA in primary
(P) human breast tumours and their concurrent matched lymph node metastases (M). For each sample, the mean of three independent measures of clone 4
relative expression expressed as a percentage of the corresponding WT ER signal was determined as described in the Materials and Methods section

1 min at 72°C) using a thermocycler (Perkin Elmer). Four microlitres RESULTS
of the reaction mix was then denatured by addition of 6 g-1 of 80%
formamide buffer and boiling before electrophoresis on 6% poly- Determination of the pattern of exon-deleted ER variant
acrylamide gels containing 7 M urea (PAGE). Following electro- mRNA expression

phoresis, the gels were dried and exposed to Kodak XAR Film at Multiple ER variant mRNAs have been shown to be expressed in
-70 0 C with two intensifying screens for 2 h. any one breast tissue sample (Leygue et al, 1996a; Murphy et al,

1997a, b). To investigate the pattern of multiple exon-deleted ER

Quantification of RT-PCR and TP-PCR variant expression between primary breast tumours and their
matched lymph node metastases, a long-range RT-PCR approach

Bands corresponding to the variant ER mRNA and WT ER mRNA was used. This approach, based on the competitive amplification
were excised from the gel and counted after addition of 5 ml of of wild-type and exon-deleted ER variant cDNAs, using primers
scintillant in a scintillation counter. The variant signal was annealing within exons 1 and 8, allows the evaluation of the rela-
expressed as a percentage of the WT ER signal. It should be noted tive pattern of expression of all exon-deleted ER variant transcripts
that the percentage obtained reflects the relative ratio of the variant present in any individual sample (Leygue et al, 1996c; Fasco.
to WT ER RT-PCR product and does not provide absolute initial 1997). Typical results are shown in Figure IA. The pattern of
mRNA levels. Validation of this approach was described previ- deleted ER mRNA expression between any one primary tumour
ously (Daffada et al, 1994, 1995; Leygue et al, 1996a, b). At least and its matched lymph node metastasis was conserved.

two independent PCR assays were performed for each sample in
the comparison of RNAase protection assay with TP-PCR assays.
For assessment of matched primary and secondary breast tumour Determination of the relative expression of exon
samples, at least two and in most cases three independent PCR 5-deleted and exon 7-deleted ER variant mRNA

reactions were performed and the mean determined, expression

The statistical significance of differences in the relative levels of Using a previously validated semiquantitative PCR approach
expression of any single ER mRNA variant between primary (Leygue et al, 1996a), the measurement of the relative expression
tumour and lymph node metastasis was determined using the of specific individual exon-deleted ER variant mRNAs was also
Wilcoxon signed-rank test. undertaken. Specifically, the relative expressions of exon 5-deleted
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Table 1 C4 and WT ER mRNA expression in 25 human breast tumours, as

20 determined by RNAase protection assay and TP-PCR
18r=0.932 P <0.0001

18 Sample Ligand RNAase

16 no. binding protection TPPCR
S14
C ER C4 WT ER C4 C4

12

S8 5 0.0 NO ND 1.7
"" 3 0.4 ND ND - 2.6

o 1 0.9 ND ND - 3.1
24 1.2 6.2 105.1 5.9 3.3
4 1.8 ND ND - 3.7

0 23 4.5 10.0 54.3 18.4 22.7
0 5 10 15 20 25 8 5.8 ND 26.8 - 2.8

C4% by TP-PCR 7 6.3 ND 224.6 - 3.4
2 8.7 ND 9.0 - 2.2

Figure 3 Linear regression analysis of clone 4 expression (expressed as a 19 10.0 22.6 902.9 2.5 3.6
percentage of the corresponding WT ER expression) as determined by TP- 10 17.8 5.3 146.4 3.6 4.1
PCR vs standardized RNAase protection assay in 18 human breast tumours 13 25.0 2.3 112.0 2.0 1.0

15 44.0 5.0 148.5 3.4 5.9
22 57.0 11.8 153.6 7.7 14.1

ER cDNA (Figure I B) using primers in exons 4 and 6, and exon 7- 11 90.0 2.5 129.1 1.9 1.7
E 21 96.0 9.6 263.4 3.6 2.2

deleted ER cDNA (Figure IC), using primers in exons 5 and 8, 14 105.0 4.6 94.4 4.9 5.0
were measured. The median value for the relative expression of the 17 111.0 26.7 320.3 8.3 9.1
exon 5-deleted ER for the primary tumours was 23.1% (range 9 121.0 4.6 277.7 1.7 2.4
17.3-94.3%) and the median value for the matched lymph node 6 146.0 2.0 105.0 1.9 1.9

18 198.0 15.8 422.0 3.7 7.0
metastases was 31.3% (range 14.9-200%). The scatter plot for 20 236.0 8.8 288.4 3.0 3.5
these results is shown in Figure 2A. The median relative expression 12 289.0 3.6 80.5 4.5 8.0

of the exon 7-deleted ER for primary tumours was 65% (range 16 304.0 38.8 1440.8 2.7 3.7
39.3-184.9%) and the median value for the matched lymph node 25 311.0 83.9 3651.0 2.3 3.2

metastases was 52.5% (range 35.5-126%). The scatterplot of these
results is shown in Figure 2B. There were no statistically signifi- NO, not detected.
cant differences in the relative expression of either exon-deleted ER
mRNA between primary and concurrent metastatic tumnours.

analysed in a standardized RNAase protection assay in order to
determine the absolute amount of C4 and WT ER mRNAs within

Comparison of RNAase protection assay and triple- each sample. The signals corresponding to C4 and WT ER
primer PCR assay for determination of the relative mRNAs were quantified as described in Materials and Methods. In
expression of clone 4 truncated ER variant mRNA each assay, known amounts of synthetic WT ER and C4 mRNAs

were analysed in parallel in order to establish a standard curve
Another frequently expressed ER variant, which would not be allowing the determination of absolute levels of C4 and WT ER
detected in the above assays, is the C4 ER mRNA. This variant mRNAs, expressed as pg 10 ptIg- RNA (Table 1). Because of the
was previously found to be significantly elevated in a group of very low C4 protected fragment signal (< 15 d.p.m.) in seven
primary breast tumours with poor prognostic features that included tumours, it was not possible to determine confidently the absolute
concurrent lymph node metastases, compared with a group of amount of C4 mRNA in these samples (not detected, ND). All C4-
primary tumours with good prognostic variables that included lack negative tumours by RNAase protection assay were from tumours
of concurrent nodal metastases (Murphy et al, 1995). Therefore, it with ER values lower than 10 fmol mg-' protein, as determined by
was relevant to determine the level of C4 ER variant expression in ligand-binding assay. The absolute amounts of C4 and WT ER
primary breast tumours and their matched, concurrent lymph node mRNAs in the remaining 18 tumours, as determined by RNAase
metastases. protection assay. varied from 2 to 83.9 pg 10 pag-' RNA and from 9

In this previous study, we used RNAase protection assays to to 3651 pg 10oig-' RNA respectively. For each sample, the C4
measure WT and variant ER mRNA expression (Murphy et al, 1995). mRNA signal was expressed as a percentage of WT ER mRNA
However. in order to conduct this study using smaller tissue samples signal (Table I).
(in particular from nodal metastases) and to ensure a close correlation C4 ER mRNA relative expression was determined by TP-PCR
with the histological composition of the tissue, we used a previously within the same 25 RNA samples as described in Materials and
described TP-PCR assay (Leygue et al, 1996b) to measure the rela- Methods. Both C4 and WT ER cDNAs signals were detected in all
tive expression of C4 ER mRNA. To facilitate comparison of the 25 tumours studied, independent of their ER status as determined
current data with our earlier study (Murphy et al, 1995), it was neces- by ligand-binding assay. C4 and WT ER signals were quantified as
sary to compare the RNAase protection assay with the TP-PCR assay. described in Mlaterials and Methods. The signal corresponding to
before proceeding to analyse the primary and secondary breast C4 was expressed as a percentage of the WT ER signal. Table 1
tumour samples for C4 mRNA expression by TP-PCR. presents the average of a least two independent TP-PCR experi-

RNA from 25 human breast tumours, selected to represent a ments. Linear regression analysis (Figure 3) shows a highly signif-
wide range of ER status by ligand-binding assay (Table 1), was icant correlation between C4 mRNA relative expression as

0 Cancer Research Campaign 1999 British Journal of Cancer (1999) 79(5/6), 978-983
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determined by RNAase protection assay (in the 18 tumours in These data do not, however, shed any light on whether tumours
which a C4 signal was detectable) and C4 mRNA relative expres- with good prognostic features, as previously described (Murphy et
sion determined by TP-PCR (r = 0.932. P < 0.000(1). Interestingly. a]. 1995., that have a relatively low level of C4 ER variant mRNA
an additional band was also observed in most of the samples using subsequently develop higher levels when recurrent disease
the TP-PCR assay (see asterisk, Figure I D). This band was identi- develops. Although this issue remains to be investigated. our earlier
fled after subcloning and sequencing to be a product of an exon 2- observation of higher relative C4 ER mRNA expression in PR-
duplicated ER variant mRNA. The intensity of the signal obtained primary tumours compared with PR+ primary tumours appeared to
from this exon 2-duplicated ER band paralleled that of the WT ER be conserved in the present cohort, although the numbers were low
band, and the co-amplification of the exon 2-duplicated ER variant and the difference did not reach statistical significance. As quantita-
mRNA using TP-PCR did not interfere with the relationship tive differences in the expression of several ER variants have been
between TP-PCR and RNAase protection assay. shown to occur in primary breast tumours compared with normal

human breast tissues (Leygue et al, 1996a, b), as well as between
Determination of the relative expression of clone 4 good vs poor prognosis primary breast tumours, the current data

suggest that alterations in ER variant expression and any role this
tnmay have in altered oestrogen signal transduction probably occurs

The above TP-PCR assay was used to compare the relative expres- early in tumorigenesis and well before the acquisition of the ability
sion of C4 and WT ER expression in the matched breast cancer to metastasize. This is consistent with previous data supporting the
samples (Figure ID). The median relative expression of the C4 ER concept of an early involvement of perturbations of oestrogen
for the primary tumours was 3.5% (range 1.6-10.5%) and the signal transduction and the development of hormone independence
median value for the matched lymph node metastases was 3.1% in breast tumorigenesis (Khan et al, 1994; Schmitt, 1995). It
(range 1.0-19.4%). A scatterplot of the results is shown in Figure remains therefore to be determined if altered ER variant expression
2C. There is no statistically significant difference in the relative can predict tumour recurrence and progression in node-negative
expression of C4 ER variant expression between primary breast breast cancers.
tumours and their concurrent lymph node metastases by Wilcoxon To our knowledge, this study is the first to compare an already
rank-sum analysis. Interestingly, although not statistically signifi- established quantitative approach, such as the RNAase protection
cant, we found that the median level of C4 expression in ER+ PR- assay, with an RT-PCR based approach in the study of ER variant
primary tumours, 3.7% (range 2.5-7.9%, n = 5), was approxi- mRNA expression. Earlier studies have utilized either the RNAase
mately 50% higher than the median level of C4 expression in ER+ protection assay or RT-PCR only. Considering the potential clinical
PR+ primary tumours, which was 2.4% (range 1.6-10.5%, n = 8). relevance of the measurement of the relative level of ER variants
Such a trend would be consistent with our previous results in with respect to WT ER within human breast tissue samples and the
which C4 expression was higher in PR- primary breast tumours sensitivity of an RT-PCR based approach, such a comparative study
than in PR+ primary tumours. was deemed necessary. Furthermore, our data provide validation

for comparing previous data obtained using a non-amplification-
DISCUSSION dependent RNAase protection assay with the current data obtained

using an amplification-dependent TP-PCR assay.
The data presented in this study provide evidence that both the The lack of sensitivity of the RNAase protection assay for a
overall pattern of ER variant expression and the relative level of subset of tumours with very low (<10 fmol mgn-) ER values by
expression of three individual ER variants are conserved in ligand-binding assay is an important limiting factor. It effectively
primary breast tumours and their matched, concurrent lymph node means that, in a screening study, ER-negative tumours
metastases. (< 3 fmol m- 1 protein), as well as ER-positive tumours with ER

The observations presented in this manuscript, showing a values lower than 10 fmol mg-1, as measured by ligand-binding
conserved pattern and similar relative expression of ER variants assay, cannot be reliably assessed for C4 ER variant mRNA
between primary tumours and their concurrent lymph node metas- expression by RNAase protection assay. This, together with the
tases, would be consistent with previous observations that little relatively large amount of RNA needed to perform an RNAase
change of ER status can be found between primary human breast protection analysis, severely limits the usefulness of a standard-
tumours and their concurrent lymph node metastases or their distant ized RtNAase protection assay in such screening studies. The low
metastases (Hahnel and Twaddle, 1985; Robertson, 1996). These amount of starting material needed, together with the higher sensi-
findings are not inconsistent with our previously published data, tivity observed (samples C4 ER variant negative by RNAase
which showed that the relative expression of one ER variant was protection assay had detectable levels of C4 ER variant and WT
significantly increased in primary turnouts with poor prognostic ER mRNA by TP-PCR) make TP-PCR an attractive alternative to
characteristics, which included having concurrent lymph node the RNAase protection assay in studies in which such factors are
metastases, as compared with primary turnouts without concurrent limiting.
lymph node metastases (Murphy et al, 1995). It should be stressed In conclusion, the current investigation extends our previous
that all the primary tumours in the current study had concurrent studies on the relationship of ER variant expression and progres-
lymph node metastases, a major feature of poor prognosis in breast sion in human breast cancer. The data presented show that both the
cancer, and most likely resembled our previously described poor pattern and level of expression of ER variants are conserved
prognostic group (Murphy et al. 1995). Therefore in primary between matched primary breast tumours and their concurrent
tumours that have concurrent lymph node metastases and have lymph node metastases. Therefore, any alteration in ER variant
detectable levels of C4 ER variant as well as other variant ER expression that could be a marker of altered ER signal transduction
mRNAs, mRNA levels do not significantly change between and breast cancer progression probably occurs before breast cancer
primary tumours and their concurrent lymph node metastases. cells acquire the ability to metastasize.
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Estrogen Receptor-13 Messenger RNA Expression in Human Breast Tumor Biopsies:

Relationship to Steroid Receptor Status and Regulation by Progestinsl
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Abstract Uclaf (Romainville, France). [a-3 -P]dCTP was purchased from ICN (Montre-
al, Quebec).

When the level of estrogen receptor (ER)-13 mRNA in tumors, deter- Human Breast Tumors. Forty invasive ductal carcinomas were selected
mined by reverse transcription-PCR, was assessed according to either ER from the National Cancer Institute of Canada-Manitoba Breast Tumor Bank
status or PR status alone, determined by ligand binding assays, the level (Winnipeg, Manitoba, Canada). The cases were selected for ER and PR status

'7R-13 mRNA was significantly lower in PR+ tumors compared with as determined by ligand binding assays. Ten tumors were classified as ER+/
- tumors (P = 0.036), and no association with ER status was found. PR+ (ER range, 50-127 fmol/mg protein; PR range, 105-285 fmol/mg

Subgroup analysis showed that ER-p mRNA expression in ER+/PR+ protein); 10 tumors were classified as ER+/PR- (ER range, 59-156 fmol/mg
breast tumors was significantly less than in ER+IPR- (P = 0.009), protein; PR range, 5-10 fmol/mg protein); 10 tumors were ER-/PR- (ER
ER-/PR+ (P = 0.029), and'ER-/PR- (P = 0.023) groups. Interestingly, range, 0-2 fmol/mg protein; PR range, 0-10 fmol/mg protein); and 10 tumors
the ER-13 rmNA expression was specifically decreased by progestin in were classified as ER-/PR+ (ER range, 5-9 fmol/mg protein; PR range,
T-47D breast cancer cells. The data suggest the possibility that expression 51-271 fmol/mg protein). These tumors spanned a wide range of grade (grade
of ER-3 in human breast tumors is a marker of endocrine therapy 4-9), determined using the Nottingham grading system.
responsiveness. Cell Culture. T-47D human breast cancer cells were obtained from Dr. D.

Edwards (University of Colorado, Denver, CO). The cells were grown in
Introduction DMEM supplemented with 5% fetal bovine serum, 100 riM glutamine, 0.3%

(v/v) glucose, and penicillin/streptomycin, as previously described (7). Cells
Both estrogen and antiestrogen can mediate transcriptional activity were plated at 1 times 106 in 100-amm dishes and 2 days later were treated as

via the recently identified ER3 -pB (1-3). Recently, we have shown the indicated in the text. The steroids and other compounds were added directly
presence of ER-P mRNA in both normal and neoplastic human breast from 1000 times stock solutions in ethanol to achieve the concentrations
tissues (4, 5). Furthermore, the relative expression of ER-a and ER-fl indicated. The cells were harvested at the times indicated by scraping with a
mRNA changes between normal human breast tissues and their con- rubber policeman. After centrifugation, the cell pellet was frozen and stored at
current matched ER+ breast tumors (6), suggesting that altered ex- -70'C until RNA was isolated.
pression of ER-oa and ER-fl occurs and may be functionally involved RNA Extraction and RT-PCR Conditions. Total RNA was extracted

in breast tumorigenesis. Interestingly, it also seemed that the level of from 20-j.m frozen tissue sections (5 sections/tumor) or frozen cell pellets

ER-0 mRTNA varied among breast tumors but was not correlated with using Trizol reagent (Life Technologies, Inc., Grand Island, NY), according to
the manufacturer's instructions. Total RNA (1 Ag) was reverse transcribed inexpression of ER-a (4), although the two receptor mRNAs were

,asýn coexpressed in the same tumor. These observations raised the a f i me of 25 pJ, asipeviously decribed (4)The primers used consisted of ER-Il-U primer (5'-GTCCATCGCCAGT-
question of whether the expression of ER-fl in breast tumors was TATCACATC-3'; sense; located in ER-fl 130-151) and ER-P3-L primer (5'-
correlated with known prognostic and endocrine treatment response GCCTTACATCCTTCACACGA-3'; antisense; located in ER-P 371-352).
markers. In this study, the relationship of ER-P mRNA expression to Nucleotide positions given correspond to published sequences of the human
ER and PR status, as determined by ligand binding analysis, was ER-/0 cDNA (2). PCR amplifications were performed, and PCR products were
investigated. analyzed as previously described, with minor modifications (4). Briefly, I ;L1

of reverse transcription mixture was amplified in a final volume of 15 gl, in the

Materials and Methods presence of 1.5 ,u.Ci [a- 32P]dCTP (3000 Ci/mmol), 4 ng/gl ER-/3-U/ER-fl-L,
and 0.3 units of Taq DNA polymerase (Life Technologies, Inc.). Each PCR

raterials. All cell culture reagents were obtained from Life Technologies, consisted of 30 cycles (30 s at 94'C, 30 s at 60'C, and 30 s at 72°C). PCR
Burlington, Ontario). MPA and dexamethasone were purchased from products were then separated on 6% polyacrylamide gels containing 7mt urea.

Sigma Chemical Co. (St. Louis. MO). R5020 and Org 2058 were purchased After electrophoresis, the gels were dried and autoradiographed. Amplification
from Amersham Corp. (Oakville, Canada). RU 486 was a gift from Roussel of the ubiquitously expressed GAPDH cDNA was performed in parallel, and

PCR products were separated on agarose gels stained with ethidium bromide.

Received 10130/98i accepted 1217i9S. as previously described (4). PCR products were subcloned and sequenced. as
The costs of publication of this article were defrayed in part by the payment of page previously described (4).

charges. This article must therefore be hereby marked advertisement in accordance with Quantification and Statistical Analysis. Quantification of signals was
18 U.S.C. Section 1734 solely to indicate this fact carried out by excision of the band corresponding to ER-p cDNA, addition of

' Supported by grants from the Canadian Breast Cancer Research Initiative and the
United States Army Medical Research and Materiel Command (USAMRMC). The scintillant. and scintillation counting. Three independent PCRs were per-
.l12nitcba Breast Tumor Bank is supported by funding from the National Cancer Institute formed. To control for variations between experiments, a value of 100% was

-.ida. L. C. M. is a Medical Research Council of Canada (MRC) Scientist. P. H. W. assigned to the case exhibiting the highest signal measured, and all signals
.C Clinician-Scientist. E. L. is a recipient of a USAMRMC Postdoctoral Fellow- were expressed as a percentage of this signal. In parallel. GAPDH cDNA was

To whom requests for reprints should be addressed, at The University of Manitoba, amplified and. after analysis of PCR products on prestained agarose gels,
Department of Biochemistry and Molecular Biology. 770 Bannatyne Avenue. Winnipeg. signals were quantified by scanning using NIH Image 161/ppc software. Each
Manitoba. R3E OW3 Canada. Phone: 204-789-3233: Fax: 204-789-3900: E-mail: GAPDH signal was also expressed as a percentage of the highest signal
lcmurph@cc.umanitoba.ca. observed in the experiment. Two independent PCRs wre performed. For each

'The abbreviations used are: ER, estrogen receptor: MPA. medroxyprogesterone
acetate: GAPDH. glyceraldehyde-3-phosphate dehydrogenase: PR. progesterone receptor: sample. the average of the ER-fl signal was then expressed as a percentage of
RT-PCR. reverse transcription-PCR. the average GAPDH signal. The statistical significance of any differences of
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the mean ER-3 mRNA level between groups was determined using the Table I Sumnarv ,,/ R-i ,mRVA let•el titordi ng steroid receptor tatols

Mann-Whitney test (two-tailed). ER-0 mRNA level

ERIPR status Number" (mean -- SE) Statistical significance"'Results
A. ER C-iPR- 10 I1 7.2
B. ER-/PR- 10 45 = 12 A cr. B. P = 0.009

Measurement or ER-13 mRNA Expression in Primary Human c. ER-/PR- I 26 :6 A c.. C. P = 0.)29
Breast Tumors with Different ER and PR Status. Previous data D. ER-/PR- 10 31 :9.3 A vs. D, P = 0.023

have suggested that the level of ER-fl mRNA varied widely in human E. ER+ 20 28 : 7.2
F. ER- 20 28 - 5.4 E ty. F, NS

breast tumor samples (4). which raised the question of whether the G. PR+ 20 19 3.5
expression of ER-fl in breast tumors was correlated with the known H. PR- 20 38 7.7 G vs. H. P = 0.036

prognostic and treatment response variables, ER and PR status. Four " Number of tumors/group.0 b, Mann-Whimney test (two-tailed).
groups, containing 10 breast tumor samples each, were identified . NS. not significant.
according to their ER/PR status, as defined by ligand binding analysis
(see "Materials and Methods"). ER-3 mRNA levels were measured by
RT-PCR and normalized to the GAPDH mRNA level, as measured in
parallel by RT-PCR. The primers used in this analysis are located in icantly less than in all other groups (see Table w), with no significant
exons 1 and 2 (Fig. IA) of the human ER-fl gene (2, 8) and would, cantlyeles tain alothe gRouPs ee-ale1, o siniicn

differences seen among the ER+IPR-, ER-/PR+, or ER-IPR-
therefore, measure the wild-type human ER-f3 mRNA and all ER-fl
mRNA variants so far documented (5, 9, 10). Examples of the results groups. When the level of ER-l mRNA in tumors was assessed

obtained are shown in Fig. lB. The results obtained for all tumors according to either ER status or PR status alone, as defined by ligand

assayed are shown in Fig. IC, arranged in groups according to the binding analysis, the level of ER-f mRNA was significantly lower in
a aPR+ tumors compared with PR- tumors (Table 1, G versus H;

ER/PR status of the tumor, as measured by ligand binding analysis. P = 0.036), with no significant differences associated with ER status

alone (Table 1, E versus F; P = 0.323).
Spearman correlation analysis showed no significant correlations of

A the level of ER-fl mRNA with grade, age, nodal status, or the
ER-3 I 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 t percentage of normal duct and lobular epithelium, stromal or fat cell
mRNA Upper -3 *- Lower content within the tissue section analyzed. However, an inverse rela-

tionship was found when the level of ER-fl mRNA was correlated
with the absolute level of PR, as measured by ligand binding analysis
(r = -0.31; P = 0.052), consistent with the data when analyzed using

B ER+/PR+ ER+-PR- ER-/PR+ ER..PR- clinically relevant cut-off values for both ER and PR status as shown
r--'i i- r-- 1r--- l above.

SRegulation of Steady-state Levels of ER-1 mRNA by Progestins
ER- -P in T-47D Human Breast Cancer Cells. The relationship of the level
(242 bp) .. of ER-fl mRNA with PR status in human breast tumor biopsies

GAPDH .. ..... ..... .. .... suggested the hypothesis that ER-fl expression may be regulated by

(178 bp) progestins. This hypothesis was investigated using the PR+ T-47D
human breast cancer cell line in culture. The steady-state level of

C ER-fl mRNA was found to decrease after treatment with 10 nm MPA
(Fig. 2A). A significant decrease was observed at 6 hours after MPA

0 treatment, and the levels remained decreased for up to 48 hours after
treatment. The effect of MPA on the steady-state levels of ER-fl

100 o0 mRNA in T-47D cells was first seen with 1 nM MPA and was
E maximal between 10 and 100 nri MPA (Fig. 2B). The progestin

s 00 ospecificity of this response was assessed by treating T-47D cells for
6 24 hours with MPA. Org 2058, dexamethasone, and the antiprogestin60 60

z0 RU 486 (Fig. 3, A and B). Both 10 nrm MPA and 10 nM of the synthetic
S40 0 •progestin Org 2058 significantly decreased the steady-state levels of

-20 ER-fl mRNA, whereas little, if any. effect was observed with 100 n.,,
X • of the synthetic glucocorticoid. dexamethasone. Antiprogestin/anti-

w 0 gT lucocorticoid RU 486 (500 n.i) had little, if any, effect by itself, but

ER+PR+ ER+PR- ER-PR+ ER-PR- inhibited the down-regulation by 10 n.,,i MPA on the level of ER-03

Fig. I. A. schematic diagram of the human ER-V3 eDNA showing the priming sites of mRNA. It was concluded that progestins can down-regulate the
the upper and lower primers used for the analysis of ER-0 mRNA by RT-PCR. B, steady-state levels of ER-fl mRNA and that an antiprogestin can
expression of ER-13 mRNA in human breast tumor biopsy samples, according to ER and inhibit this effect in T-47D human breast cancer cells.
PR status determined by ligand binding assay. Top. an autoradiogram of the RT-PCR
assays for ER-f3 mRNA obtained from representative samples of tumors that were
classified as ER+I/PR+. ER+/PR-. ER-/PR+, and ER-/PR-, as described in "Mate- Discussion
rials and Methods." Bottom, the ethidium bromide-stained gel of the RT-PCR analysis of
GAPDH mRNA run in parallel for the same samples. C, quantification of ER-li mRNA It was previously documented that the level of ER-fl mRNA
expression within human breast tumors classified according to ER and PR status, as expression in human breast tumors varied widely (4. 8). This raised
determined by ligand binding assay. Total RNA. extracted from the tumors, was reverse
transcribed, PCR-amplified, and PCR products were separated on acrylamide gel as the question of whether the expression of ER-fl in breast tumors
described in "'Materials and Methods." Signals have been quantified and normalized, as was correlated with known prognostic and treatment-response
indicated in "Materials and Methods." 0. ER+IPR+ tumors: 0, ER+IPR- tumors- E.
ER-/PR*- tumors: 0. ER-/PR- tumors. Horizontal line, the median value in each markers. The measurement of both ERs and PRs in human breast
group. biopsies is routinely used to provide both prognostic and treat-
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A B (6) suggest that the ER level in breast tumors, as determined by
ligand binding in most cases, is due to ER-a. Furthermore, ER-P

0 3 6 16 24 48 v 0.1 1 10 00 mRNA is the predominant ER mRNA in MDA MB 231 human
, .. .breast cancer cells (4) and these cells are known to be ER negative

ER-P --)i n i n by ligand binding assay providing further evidence for the lack of
" .. interference of ER-P expression in the determination of ER status

GAPDH • by ligand binding assay in the majority of human breast tumors.

Interestingly, a significant level of ER-0-like mRNA in human
W so 1breast cancer cell lines and possibly, therefore, breast tumors may

0 be represented by exon 8 deleted variants (10), which most likelyso so40 4 I encode nonestrogen binding ER-3 variant proteins, which could

20 20 not contribute to ER ligand binding assays. Therefore. the avail-
0o 0 able data suggest that the previously observed positive correlation

0 S 6 16 24 48 v 0.1 1 10 100 50 of ER and PR in human breast tumors is due to ER-a expression,
nUMPA underscoring the difference in the relationship of ER-a and ER-P

Fig. 2. A, time-dependent down.regulation of ER-03 mRNA expression in T-47D with PR in human breast cancer tissue.
human breast cancer cells. Top, an autoradiogram of ER-P mRNA levels determined by

-• rpc after treatment with 10 nsm MPA for the indicated time periods. Middle, the Our data are the first to identify a correlation between ER-P mRNA
dium bromide-stained gel of the RT-PCR analysis of GAPDH mRNA run in parallel expression and a known prognostic and treatment-response marker in

Ar the same samples. Bottom, the results presented as a histogram after quantification and h
normalization of the ER-P signal, as described in "Materials and Methods." This exper- human breast cancer biopsies. The inverse relationship between PR (a
iment was replicated twice. B. dosq.dependent down-regulation of ER-IS mRNA expres- good prognostic variable and a marker of response to endocrine
sion in T-47D human breast cancer cells. Top, an autoradiogram of ER-13 mRNA levels therapies) and ER-P suggests that although ER-p is often down-
determined by RT-PCR after treatment with vehicle alone (V) and varying concentrations
of MPA for 24 h. Middle. the ethidium bromide-stained gel of the RT-PCR analysis of regulated in human breast tumors compared with normal human
GAPDH mRNA run in parallel for the same samples. Bottom, the results presented as a breast tissue (6), its maintainance and/or increased expression in some
histogram after quantification and normalization of the ER-P signal, as described in breast tumors may correlate with a poorer prognosis and the likeli-
"Materials and Methods."

hood of failure of response to endocrine therapies such as antiestro-
gens. This remains to be tested in samples of breast tumors from

-'ent-response information (11). Because ER-P is structurally and patients known to have responded or not to have responded to endo-
iunctionally related to ER-a (1-3, 12), it was relevant to determine crine therapies, in clinical trials. Furthermore, a functional involve-
whether the expression of ER-P was related to the ER and PR ment of ER-P in this phenotype remains to be determined. Interest-
status of the tumor, as defined by ligand binding assays. Our ingly, although no agonist activity of tamoxifen-like antiestrogens can
analysis established that the expression of ER-p mRNA was in- be measured through ER-p in a recombinant expression system using
versely correlated with PR status generally. Although there was no
significant correlation between ER-p mRNA levels and ER status
overall, a significant difference in ER-p mRNA levels in those A B
tumors that were ER+/PR+ (lowest expression) and those tumors
that were ER-/PR+ (higher expression) was observed. This could X

interpreted to mean that both ER status and PR status could - •" o÷ ,,
influence ER-p mRNA expression. However, the differences ob-
served could also be explained by the significant difference in the ER-P3 .- )
absolute level of PR expression between the two groups (PR levels
determined by ligand binding assays expressed as mean ± SE,
190 ± 24 fmollmg protein versus 97 ± 21 fmol/mg protein, in GAPDH
ER+/PR+ and ER-/PR+ groups, respectively). This would be
consistent with the inverse correlation that was seen with ER-p 100 100
mRNA and the absolute levels of PR determined by ligand binding 0 80
analysis, considering all groups together. m u M

These data suggested the possibility that the expression of ER-p 0 80

may be regulated by progestins. In T-47D cells (which express ER-a, . 40 40

ER-P, and PR), the steady-state level of ER-p3 mRNA was specifically . 20 20
decreased by progestin treatment in a time- and dose-dependent 0 0
manner. Our data support the hypothesis that the progestin effect is +

mediated by PR. however, our data do not address whether this occurs
via a transcriptional or post-transcriptional mechanism. Interestingly, Fig. 3. A, steroid specificity of the down-regulation of ER-P mRN'A expression in

progestins are known to also decrease the steady-state levels of ER-a T-47D human breast cancer cells. Top, an autoradiogram of ER-IS mRNA levels deter-
mRNA and protein in T-47D cells (13). Therefore, PR is able to mined by RT-PCR after 24 h of treatment with vehicle alone (V), 10 nt,, MPA (MPA). 10
regulate the expression of both ER-ae and ER-P3 in human breast n, Org2058 (ORG), 500 nM RU 486 (Rt.M, and 10 nst MPA + 500 ns.t RU 486

(MPA+RUW. Middle. the ethidium bromide-stained gel of the RT-PCR analysis of-acer cells in a similar fashion. However, the interaction of PR and GAPDH mRNA run in parallel for the same samples. Bottom, the results presented as a
Lde two distinct ERs is likely to be different. It has been well histogram after quantification and normalization of the ER-IS signal, as described in

"Materials and Methods." This experiment was replicated twice. B. steroid specificity ofdocumented that there is a general positive correlation between ER the down-regulation of ER-,3 mRNA expression in T-47D human breast cancer cells. Top.
and PR levels, as determined by ligand binding assays in human breast an autoradiogram of ER-IS mRNA levels determined by RT-PCR after 24 h of treatment
tumors (11). ER status, as determined by ligand binding, correlates with vehicle alone (M/. 10 nt MPA (MPA). and 10 rim dexamethasone (DEX). Middle, the

ethidium bromide-stained gel of the RT-PCR analysis of GAPDH mRNA run in parallelwell with both immunological detection of the ER-a protein (14) and for the same samples. Bottom, the results presented as a histogram after quantification and

ER-a mRNA detection (15). Such data together with other studies normalization of the ER-,t signal, as described in "'Materials and Methods."

531



ER-4 mRNA EXPRESSION IN HUMAN BREAST TUMOR BIOPSIES

transient transfection and a classical ERE-reporter gene (3). all classes ture. chromosomal localization and expression pattern. J. Clin. Endocrinol. Mctab..

of antiestrogens bound to ER-03 result in the transcriptional activation 82. 4258-4265, 1997.
9. Vladusic, E.. Homby. A., Guerra-Vladusic, F.. and Lupu. R. Expression of estrogen

of AP- l-driven reporter genes, again in a transient recombinant model receptor/ 0messenger RNA variant in breast cancer. Cancer Res.. 58: 210-214, 1998.

system (12). Because AP-l-regulated genes are often associated with 10. Moore. J., McKee. D.. Slentz-Kesler. K.. Moore, L., Jones. S., Home. E., Su. I-L..

Kliewer. S., Lehmann. J.. and Wilson, T. Cloning and characterization of human
growth and proliferation (16-18) it is tempting to speculate that estrogen receptor f3 isoforms. Biochem. Biophys. Res. Commun.. 247: 75-78, 1998.

increased expression of ER-P3 in human breast tumors could play a 1I. Ravdin. P.. Green. S.. Dorr, T.. McGuire, W.. Fabian, C.. Pugh, R., Carter. R., Rivkin,

role in tamoxifen resistance in the small number of tumors that appear S.. Borst. J.. Belt, R._ Metch. B.. and Osborne. C. Prognostic significance of proges-
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Abstract vation of estrogen response element-regulated reporter genes, and
differential activation of API-regulated reporter genes by the two ERs

A triple-primer PCR assay was developed, based on the coamplification have been observed (11, 12). Also, because heterodimerization of
of estrogen receptor (ER)-f31, -P2, and -Pi5 cDNAs, to investigate the ER-a and ER-031 has also been shown, putative cross-talk between the
relative expressions of the corresponding mRNAs in breast cancer lines
and in 53 independent breast tumors. The expression of ER-132 and ER-35 two signaling pathways is possible (4, 13).
mRNAs was higher than that of ER-013 mRNA in both cancer cell lines Several variant forms of ER-ae and ER-031 mRNAs have been
and breast tumors. In breast tumors, increases in the ER-132:ER-,31 and identified (for reviews see Refs. 14-17). Among them, exon-deleted
ER-(35:ER-31I mRNA expression ratios were observed, which positively cor- variant mRNAs, which would encode ER-like proteins missing some
related with the level of tumor inflammation and tumor grade, respectively, of the functional domains of the wild-type receptors, could interfere
A trend toward an increase of these ratios was also found in tumors, as with ER-a and/or ER-(31 signaling pathways. Indeed, exon 5- and
compared. to the normal adjacent breast tissue available for 13 cases. Our exon 7-deleted ER-ca variant proteins have been shown, in vitro, to
data suggest that changes in the relative expression of ER-31, -132, and -135 exhibit a constitutive transcriptional (18) and a dominant negative
mRNAs occur during breast tumorigenesis and tumor progression. activity (19) on ER-a, respectively. More recently, an ER-032 variant,
Introduction deleted of regions encoded by ER-031 exon 8 sequences, has been

shown to heterodimerize with both ER-p31 and ER-at and to inhibit
Estrogens regulate the growth and development of normal human ER-a DNA binding capability (20, 21). The ability of ER-a variants

mammary tissue and are also involved in breast tumor progression (1). to potentially interfere with the ER-a signaling pathways raised the
Indeed, estrogens are thought to promote the growth of breast tumors question of their possible involvement in mechanisms underlying
through their mitogenic effects on breast cancer cells. The ability of breast tumorigenesis and tumor progression. Although much data have
antiestrogens such as tamoxifen or raloxifene to inhibit estrogenic been published documenting the differential expression of ER-a variants
action provides the basic rationale for the use of endocrine therapies. at different stages of breast cancer progression (14), no studies have been
Estrogen action is believed to be mediated mainly through two ERs3: performed comparing the relative expression of ER-P variant mRNAs in
ER-a (2) and ER-031 (3, 4). These two receptors, which are encoded human breast tissue. We have developed a TP-PCR assay to evaluate the
by two different mRNAs containing eight exons each (5, 6), belong to relative expression of ER-031, -(32, -(34, and ER-035 variant mRNAs. As
the steroid/thyroid/retinoic acid receptor superfamily (7). ER-a and shown in Fig. IA, ER-032, -/34, and -(35 variant mRNAs do not contain
ER-P31 share the same structural and functional domain composition exon 8 ER-031 sequences but share similar 3' end sequences. This assay
(8), defined as region A-F (Fig. IA). The A-B regions contain the was used to evaluate the relative expression of ER-01, -(32, and -P35
NH,-terminal transactivation function (AF-1) of the receptors, mRNA within breast tumors (n = 53) and, in some cases (n =13), within
whereas the C region of the molecule contains the DNA binding adjacent normal breast tissue.
domain. The ligand binding domain and the second transactivation
function (AF-2) are located within the E region of the receptors. The Materials and Methods
receptors, once bound to the ligand, are subject to conformational
changes that result in complexes containing dimers of receptors/ Human Breast Tissues and Tumor Cell Lines. Fifty-three cases. were
hormones that recognize estrogen-responsive elements located up- selected from the National Cancer Institute of Canada-Manitoba Breast Tumorm Lf tBank (Winnipeg. Manitoba. Canada). As reported previously, all cases in thea obank have been processed to provide paraffin-embedded tissue blocks and
teins ultimately lead to the modification of the transcription of these mirror-image frozen tissue blocks (22). Histopathological analysis was per-
2enes (9). The ER-ligand complexes can also interact with c-foslc-jun formed on H&E-stained sections from the paraffin tissue block to estimate, for
complexes to modify the transcription of target genes through API each case, the proportions of tumor and normal epithelial cells, fibroblasts, and
enhancer elements (10, 11). Differential activation of ER-ct and fat as well as to determine the levels of inflammation and Nottingham grade
ER-p 1 by the antiestrogen 4-hydroxytamoxifen. determined by acti- scores (23). The age of the patients ranged between 39 and 87 years (n = 53.

median = 67 years). Tumors spanned a wide range of ER (from 0 to 159
Receised 1212,95: accepted 1t27199. fmol/mg protein. n = 53. median = 9 fmol/mg protein) and PR (ranging from
The costs of publi.cation of this article were defrayed in part by the payment of page 0 to 285 fmol/mg protein, n = 53, median = 10 fmol/mg protein) levels, as

charges. This article must therefore be hereby marked advertisement in accordance with measured by ligand binding assay. These tumors also covered a wide spectrum
1S U.S.C. Section 1734 solely to indicate this fact. of grades (Nottingham grading scores from I to 9, n = 47, median = 7).

This work was supported by grants from the Canadian Breast Cancer Research Inflammation levels were assessed for 51 cases by scoring the extent of
Initiative and United States Army Medical Research and Materiel Command Grant lympho-histocystic infiltrates throughout the section using a semiquantitative
D -I I 7-95-1-5015. The Manitoba Breast Tumor Bank is supported by funding from the mna i
";ational Cancer Institute of Canada. P. H. W. is a Medical Research Council of Canada scale from 0 ow to minimal infiltration) to 5 (marked infiltrate). For 13 cases,
c':inician-Scientist. L. C.M. is an Medical Research Council Scientist, and E. L. is a matched adjacent normal tissue blocks were also available. The characteristics
recipient of a United States Medical Research and Materiel Command Postdoctoral of this subset of 13 tumors were as follows: ER status ranged from 0 to 159
Feltowship (Grant DAMD17-96-1.6114). fmol/mg protein (median = 3.5 fmol/mg protein). PR status ranged from 4.9

" To -Ahom requests for reprints should be addressed, at Department of Biochemistry to 134 fmol/tue protein (median = 8.5), Nottingham grade scores ranged from
and Molecular Biology. University of Manitoba. Winnipeg. Manitoba. R3E OW3. Can- t
ada. Phone: (204) 789-3812; Fax: (204, 789-3900; E-mail: clcygue@cc.umanitoba.ca. 5 to 9 (median = 7), inflammation levels rnged from I to 5 (median = 3), and

' The abbreviations used are: ER. estrogen receptor: TP-PCR. triple-primer PCR: PR, patients were between 39 and 75 years old (median age = 54 years).
progcterone receptor. MDA-MB-231. MDA-MB-468, ZR-75. BT-20, T-47D. and MCF-7 breast
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A prodtucts were then separated (tt 6', polyacrylanith: gels containing 7 tti urea.A ER-01l C i o E F Following electrophoresis, the gels were dried and autoradiographed. Ampli-
protein ;7 W. I fication of the ubiquitously expressed glvcerahlehrde-3-phoyphate dehvdro-

gentas eDNA was performed in parallel. and PCR products. separated on

mRNA I 1 2 1 3 1 4 5 6 1 7 1 8 Z agarose C 2s, were stained with ethidium bromide as described previously (25).
I Identity of PCR products was confirmed by subcloning and sequencing. as
rI reported previously (25).

llU I0lL TP-PCR Validation. The first series of experiments, performed using
ER-031 7 V-I 1 I 1 cDNAs prepared from breast cancer cell line mRNA. showed that ER-31, -P2.

268 bp and -035 cDNAs can be coamplified, and they led to the production of three
02L PCR products that were subcloned and sequenced as described previously (25).

ER-J32 ISpiked cDNA preparations containing I fg of purified PCR products. corre-
214 bp sponding to ER-0Il and -05 mRNAs, were amplified together with increasing

amounts of ER-Il2 PCR product (0, 0.2. 0.4. 1. 4. and 8 fg) in a single PCR
tube using the three primers (ER-PIU, ER-3IIL. and ER-Il2L), as described

295 bp above. Similar experiments were performed using constant amounts of ER-l3I
and ER-f32 or of ER-032 and ER-Il5, with increasing amounts of ER-135 or

_ _ _ _ _ _ ER-Il1 PCR products, respectively. In parallel, preparations containing I fg of
73 __ 529 bp each PCR product alone were also amplified. In every case, PCR products

were separated on 6% polyacrylamide gels containing 7 m urea. Following
electrophoresis, the gels were dried and autoradiographed. Signals were quan-

, •tified by excision of the appropriate bands and counting in a scintillation
i -*' , ,• , counter (Beckman). For each sample, ER-Ill -Pl2, and -35 signals were

expressed as a percentage of the sum of all signals measured (ER-0I + ER-B Il/32 + ER-Il5 signals). Experiments have been performed in duplicate and the
mean of the relative signals calculated. For each ER-Il isoform, regression
analyses between the relative signal obtained and the relative initial input (i.e.,
ER-Il isoform input expressed as a percentage of ER-Il1 + ER-Il2 + ER-Il5

- P_-4- 529 bp input) were performed using GraphPad Prism software.
Quantification and Statistical Analyses. To quantitate the relative expres-

sion of ER-Il1, -Pl2, and -Pl5 mRNAs within each breast tissue sample, we used
the TP-PCR described above. Quantification of ER-Ill, -I2, and -I5 signals

ER-035 -4 --- 295 bp was carried out by excision of the bands and scintillation counting. For each

ER-031 - •. . - 268 bp sample, ER-Il1, -I2, and -Il5 signals were expressed as a percentage of the sum
of all signals measured (ER-Il1 + ER-Il2 + ER-Il5 signals). Three independ-

. . . ent PCRs were performed and the mean of the relative expressions was
ER-032 -- ; . W.4S* -,- 214 bp calculated. Differences between ER-Ill, -I32 and -Il5 relative expression within

Si~r .the cohort studied were tested using the Wilcoxon signed rank test (two-tailed).
Correlations with tumor characteristics were tested by calculation of the

Fig. 1. Presentation of the TP-PCR assay and relative expression of ER-,I8l, -2, -04, Spearman coefficient (r).

and ER-,85 mRNAs in breast cancer cell lines. A, structural and functional domains (AF)
of the ER-,81 protein (AF-.. transactivation function 1; DBD and LBD, DNA and ligand Results
binding domains, respectively) are shown together with the corresponding exonic struc-
ture (exons 1-8) of the ER-Il1 mRNA. Common sequences (0) and specific sequences Validation of TP-PCR as an Approach to Evaluate the Relative
([]) are depicted for each eDNA (I1, I2, l4., and P85). ER-lIU (), ER-lIL (ED, and
ER-Il2L (M) primer annealing sites are also represented. The sizes of the possible PCR Expression of ER-131, -132, and -,35 mnRNAs. We established pre-
products (black bars) obtained after TP-PCR are indicated. B, breast cancer cell line viously that TP-PCR provided a reliable method to investigate the
(?IDA-MB-231. MDA-MB-468. ZR-75. BT-20 T-47D, and MCF-7) poly(A) mRNAs expression of a truncated mRNA relative to the wild-type mRNA
were reverse-transcribed, TP-PCR was performed, and PCR products were separated on
an acrylamide gel, as described in "Materials and Methods." PCR products migrating at expression within small breast tissue samples (25). In its initial design,
apparent sizes of 295, 268, and 214 bp have been subcloned. sequenced, and identified as the TP-PCR assay relied on the coamplification of one truncated and
corresponding to ER-Il5, -l,1. and -,l2 mRNAs, respectively. Lane M, molecular size a wild-type cDNA molecule using three primers in the PCR. The
markers (iýx 174 RF DNA/Hae III fragments: Life Technologies. Inc.). upper primer recognized both sequences, whereas the two lower

primers recognized the variant and the wild-type sequences, respec-

cancer cells were grown and poly(A) mRNA was obtained as described tively. We have shown that the final ratio between the two coampli-

previously (24). Total RNA was extracted from frozen breast tissue sections fled products was linearly related to the initial cDNA input (25).
using Trizot reagent (Life Technologies. Inc., Grand Island. NY) according to As shown Fig. IA, ER-I31, -Il2, -154, and -Il5 mRaNAs all have exon

the manufacturer's instructions, and quantified spectrophotometrically. One 7 sequences but differ from each other in the following sequences.

/Ag of total RNA was reverse-transcribed in a final volume of 25 Al as Interestingly, comparison of the sequences revealed that ER-Il2, -934,
described previously (25). and -Il5 mRNAs have sequence similarities within their 3' extremi-

Primers and PCR Conditions. The primers used consisted of ER-lL1U ties. Therefore, it was possible to use TP-PCR to investigate the
primer (5'-CGATGCTFTGGTTTGGGTGAT-3'; sense, located in exon 7, relative expression of these variants. Three primers were designed
positions 1400-1420, GenBank accession no. AB006590), ER-IlL primer (ER-PIlU, ER-PIlL. and ER-j32L) that recognized exon 7 sequences
(5'-GCCCTCTrTGCTTTTACTGTC-3'; antisense, located in exon 8, posi- common to all transcripts, ER-Il1 exon 8-specific sequences, and
tions 1667-1648. GenBank accession no. AB006590), and ER-I32L (5'-CTT- sequences shared by ER-I32, -Il4, and ER-Il5 mRNAs, respectively
TAGGCCACCGAGTTGATT-3': antisense, located in ER-Il2 extrasequences. (Fig. IA). As shown in Fig. IA, the expected PCR products resulting
positions 1933-1913, GenBank accession no. AF051428). PCR amplifications from the coamplification of the corresponding cDNAs are different in
were performed, and PCR products were analyzed as described previously, size and can be easily distinguished on an acr.lamide gel.
with minor modifications (25). Briefly. 1 AI of reverse transcription mixture C
was amplified in a final volume of 15 At. in the presence of I tACi of The assay was used initially to determine the expression of ER-IlI,
[,-- 1 PIdCTP t3000 Ci/mmol), 4 nglAI each primer (ER-IlIU, ER-PIIL, and -Il2. -Il4, and -Il5 mRNAs in several different human breast cancer
ER-Ilr2L), and 0.3 unit of Taq DNA polymerase (Life Technologies, Inc.). Each cell lines (Fig. IB). Three bands migrating at apparent sizes of 268,
PCR consisted of 30cycles 30s at 00"C, 31) sat 72'C, and 30 sat 94'C). PCR 214. and 295 bp were observed in all samples. Subcloning and

1176



FlR I1. -2. AND -015 mRNA5 IN IIUMAN Ft{tEAsT frisitF,

A 35 1 1 1 1 1 1 1 0 0
3 1 1 1 1 1 1 0 1 0

032 0.2 0.4 1 4 8 0 0 1

ER-f35- ~- "" -"" " "--
Fig. 2. TP-PCR validation. A. spiked e.DNA ER05 1

,ýparations. containing various amounts [indicated ER-01 ,

:biove the autoradiograml of ER-035. -Pl, and -,(2
purified PCR products (35. 31. Wnd 32) were ampli-

tied by TP-PCR. and PCR products were separated on E -.32 -
an acrylamide gel. as specified in "Materials and E-' 2 0.0 0 a* ,
Methods." The autoradiogram shows the PCR prod-
ucts obtained. B. signals corresponding to ER-035.
-01. and -02 PCR products have been quantified in
each lane. as described in "Materials and Methods."
For each ER-13 isoform, the relative signal observed B
(percentage signal, expressed as a percentage of the B
sum: 131 +132 + 135 signals) is presented as a func- r 0.99 r 0.99 r= 0.99
"tion of the initial relative cDNA input (percentage 80" 0.9 80 P 80 <0

iput. expressed as a percentage of the sum: _'' 60" 60"
,j1 +132 + 35 inputs). The regression coefficient (r) 60 0
and P of the associations are also presented. "• N

40 40 40

20 20 20

80 60 40 20 80 60 40 20 20 40 60 80

P35%input 11%input i2%input

sequencing of these bands confirmed their identity as ER-p 1, -p62, and breast tumor progression, the relative expression of these transcripts
-05 cDNAs, respectively (data not shown). We were unable to detect was measured in primary breast tumor tissues from 53 different
a product of 529 bp, which would correspond to the ER-f34 PCR patients, using the TP-PCR assay described above. These tumors
product. Interestingly, in all tumor cell lines, the ER-/31 signal was presented a wide spectrum of ER and PR statuses, as determined by
lower than the ER-f32 and/or ER-p35 signals (Fig. IB). ligand binding assay, and also spanned a wide range of grades and

Because TP-PCR performed using these primers produced three inflammation levels (for a more detailed description of the cohort
PCR products, instead of the two PCR products obtained in the characteristics, see "Materials and Methods"). Total RNA was ex-
original published validation studies (25), it was necessary to establish tracted from frozen tissue sections and reverse-transcribed as de-
the quantitative relationship between the signals obtained and the scribed in "Materials and Methods." TP-PCR was then performed.
initial target concentrations. To address this issue, spiked DNA prep- Examples of the results obtained are shown in Fig. 3A. Three PCR
arations containing equal amounts of ER-p31 and ER-/5 PCR products products migrating at apparent sizes of 268, 214, and 295 bp were
and increasing amounts of ER-p2 PCR products were amplified (Fig. obtained. These PCR products were shown by cloning and sequencing
2A). The relative signals of ER-01, -02, and -P5 have been measured to correspond to ER-pl, -P2, and ER-P5 cDNAs, respectively. As in
and expressed as a percentage of the sum of the signals measured, as our preliminary study performed in human breast cancer cell lines, no
described in "Materials and Methods." As expected, in the absence of band of 529 bp was detected, which would correspond to ER-134 PCR
ER-02, only two bands, corresponding to ER-p 1 and ER-P5 PCR product. Amplification of the ubiquitously expressed glyceraldehyde-
products, are observed. The relative signals of ER-p 1 and ER-p35 3-phosphate dehydrogenase cDNA, performed to check the integrity
decreased, whereas the ER-p2 relative signal increased linearly with of each cDNA studied, revealed similar amounts of cDNA in all
increasing ER-02 input. Indeed, for each ER-p isoform, regression samples (data not shown). ER-p 1, -02, and -05 signals obtained in
analysis showed a linear correlation between the relative signal of the three independent TP-PCRs were quantified as described in "Materi-
PCR product measured and its relative input (Fig. 2B). Similar results als and Methods." For each sample, the percentage of each band
were obtained when experiments were performed using constant relative to the sum of the signals obtained has been calculated. The
amounts of ER-pI and ER-p62 with increasing amounts of ER-p5 medians of ER-p1, -P2, and -05 relative expression within tumors,
PCR products or using constant amounts of ER-p32 and ER-pB5 with sorted according to their grade or to the level of inflammation, are
increasing amounts of ER-p 1 (data not shown). It should be noted that presented in Fig. 3B. The ER-P 1 relative signal was found to be
the amplification of similar amounts of the three molecules led to the significantly lower than ER-32 (Wilcoxon sign rank test, n = 53,
production of three bands of similar ine'ensities (Fig. 2A). It should P 0.0002) and ER-P5 (Wilcoxon sign rank test, n = 53, P = 0.004)
also be stressed that the ER-05:ER-01 ratio was not affected by increas- signals. A trend toward a higher expression of ER-02 as compared to
ing amounts of ER-p32 and that the ER-02:ER-P35 and ER-05:ER-P2 ER-p5 was also observed but did not reach statistical significance
ratios varied as a linear function of the initial ER-P2:ER-P5 and ER-P5: (Wilcoxon sign rank test, n = 53, P = 0.09).
ER-132 input ratios, respectively (data not shown). We concluded that the Possible associations between ER-p31, -132, or -35 signals and
TP-PCR assay, performed under the described conditions, provided a tumor characteristics were then investigated. ER-pt relative expres-
reliable method with which to compare breast tissue samples for their sion was found (Fig. 3B) to be inversely related to the grade of the
relative expression of ER-P I, -032, and -P35 mRNAs. tumor (n = 47, Spearman r = -0.33, P = 0.02) and the level of

Comparison of the Relative Expression ofrER-011, -132, and -135 inflammation (n = 51, Spearman r = -0.28, P = 0.04). No other
mRNAs in Breast Tumor Tissues. To determine whether alterations associations were found between ER-p 1 expression and ER status, PR
occur in the balance between ER-01. -02, and -35 mRNAs during status, or age of the patients. ER-p2 mRNA expression increased

1177



hR-:lI. -132 %Nl) -fJ5 mRNA5 IN HUMAN IIEhASTr "IsstIh

formed as described in "Materials and Methods." Typical results are
M 1 2 3 4 5 6 7 8 9 10 11 12 shown in Fig. 4A. Quantification of the signals was performed as

described above. Fig. 4B shows the relative expression within tumor
ER-P35 __- . .. -- and adjacent normal breast tissues of ER-031 mRNA. A trend toward
ER-01 • " .. .............. a lower ER-031 signal (9 of 13 cases. Wilcoxon sign rank test.

P = 0.06) in the tumor compartment compared to the normal adjacent
ER-02 4 - components was observed. In contrast, trends toward higher expres-

sion of ER-032 (Fig. 4C) and ER-(35 (Fig. 4D) mRNAs relative to
ER-031 mRNA were observed in tumor compartments (8 of 13 cases.

# Wilcoxon sign rank test, P = 0.10, and 9 of 13 cases, Wilcoxon si-n

us 60 ], II II ,. rank test, P = 0.06. respectively).
"US mn" L. [= [,"- .f" € '
m 40 n Discussion

20 To evaluate the relative expression of ER-P31, -P32, and -35 mRNAs
ON 1 within small frozen sections of human breast tissues, we have devel-

5 6 7 8 9 s oped an assay based on the coamplification of the corresponding
cDNAs in a single tube, using three primers in the PCR. The quan-

C titative aspect of this assay was validated using preparations contain-
0_ in- known amounts of target cDNA. The TP-PCR approach appeared

to be a reliable approach to estimate not only the relative expression
of each variant within the population of ER-P3 molecules measured

U ,1 (i.e., ER-P31, -(32, and ER-P5 mRNAs) but also the proportion of each

5 6 7 8 9 1 2 3 4 5

grade inflammation A 1 2 3 4 5T N T N N T'--N T--
Fig. 3. TP-PCR analysis of the relative expression of ER-$3l, -P2, and -$5 mRNAs

within a cohort of 53 independent breast tumors. Total RNA was extracted from 53 breast
tumors, reverse-transcribed, and analyzed by TP-PCR, as described in "Materials and ER-=35 • .. •
Methods." PCR products were separated on acrylamide gels. A, autoradiogramn showing ER-01 -• k - '
the results obtained for 12 cases (Lanes 1-12). Lane M, molecular weight marker bx174 . '
RF DNAiHaetlI fragments. B, ER-01, -P2, and -$5 signals have been quantified andexpressed relatively to the sum of the signals obtained, as described in "Materials and ER-J32 -• "• I!.-i•: "i, ;-.-• Z

Methods." Tumors have been sorted according to their Nottingham grade scores (5-9) or
to their levels of inflammation (1-5). For each group, the number of patients (n) and the
medians of the relative expression of ER-P1 (N), -J2 (0), and -P5 (M) signals are
indicated. C, for each group, the number of patients (n) and the median of ER-$2:ER-P1 o 60
x(0), ER-P5:ER-Pt (E) and ER-05:ER-P2 (0) signal ratios are indicated. D

_40

significantly with the levels of inflammation (n = 52, Spearman 20
r = 0.28, P = 0.04). No other associations were found between
ER-P32 and ER-05 and other characteristics.

Because the ratio between two signals was related to the respective 1 2 3 4 5 6 7 8 9 10 11 12 13

proportion of the two corresponding cDNAs, we also addressed the 6
question of the expression of ER-f32 and ER-A35 relative to ER-f31. C
The medians of the ER-/32:ER-031, ER-35:ER-(31, and ER-035:ER-P32 n"
ratios within tumors, sorted according to their grade or to the level of C=
inflammation, are presented in Fig. 3C. ER-P5 and ER-032 expression 1

relative to ER-/31 were found positively associated with the tumor IIv a_ __ _

grade (n = 47; Spearman r = 0.29, P = 0.04; and Spearman r = 0.28, 1 2 3 4 5 6 7 8 9 10 11 12 13

P = 0.05, respectively). In addition, one should note that ER-032
expression relative to ER-031 expression correlated (n = 52, Spearman D
r = 0.34, P = 0.01) with levels of inflammation. ER-032 and ER-05 _ 2
expression relative to each other did not correlate with grade, degreeI
of inflammation, or anv other tumor characteristics. No correlations e i. 1
were found between the content of the tissue sections analyzed, i.e..
percentage of normal cells, tumor cells, fibroblasts, or fat, and ER-31, I
-(32, and -(35 mRNA relative expression (data not shown). 1 2 3 4 5 6 7 8 9 10 11 12 13

ER-131, -32, and -135 mRNA Expression within Matched Nor Fig. 4. TP-PCR analysis of the relative expression of ER-0l, -$P2. and -$35 mRNAs

mal and Tumor Compartments. To determine whether changes in within matched normal and tumor compartments of human breast tumors. Total RNA was

the expression of ER-f31. -(32, and -(35 mRNAs occur during breast extracted from 13 breast tumors (Lanes T) and adjacent normal breast tissues (Lanes N).

tumorigenesis, we compared the relative expression of these tran- reverse transcribed and analyzed by TP-PCR as described in "Materials and Methods."
PCR products were separated on acrylamide gels. A. autoradiogram showing the resultsscripts between normal breast tissue and matched adjacent tumors. obtained for five cases 1-5). B. ER,-P. -02. and -$5 signals ha.e been quantitied and

Normal adjacent breast tissue was available for 13 cases belonging to expressed relatively to the sum of the signals obtained, as described in "Materials and

the cohort described earlier in the text. The characteristics of this Methods.' For each case (1-13). the relative percentages of ER-01 in tumor (0) and
normal (•) components are shown. C. for each case (1-13), the ER-02;ER-01 ratios intumor subset are detailed in "Materials and Methods." Total RNA was tumor (0) and normal (I) components are shown. D, for each case (1-13). the ER-,5:

extracted, and following reverse transcription. TP-PCR was per- ER-$l ratios in tumor (0) and normal (U) components are shown.
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R .A relative to onet another. One ý,hould note that the set or primers of the expression of ER-/31. -`82. and -J35 in breast tumor tissue it Vivto
used would detect ER-P4 variant mRNA. However, this variant was remains to be determined, as does the putative role of the different
not detected in any breast sample or tumor cell line studied. This ER-`8 variant forms in the mechanisms underlying tumorigenesis and

rnight result from either a lower efficiency of amplification of this tumor progression.
specific variant in our PCR conditions or a lower relative expression
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Expression of the Steroid Receptor RNA Activator in Human Breast Tumors'
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Abstract recruited by steroid receptors. (b) SRA appears to be actually specific
for steroid receptors. Indeed, most of the receptor-interacting factors,

The expression of the recently described steroid receptor RINA activa- such as SRC-I or TIF2/hSRC-2, interact with and coactivate both
tor (SRA) was measured by semiquantitative reverse transcription-PCR class I and class II nuclear receptors (9). Because of the importance of
within 27 independent breast tumors, spanning a wide spectrum of grade E
and estrogen receptor (ER) and progesterone receptor (PR) levels. Sub- R s
group analysis showed that SRA expression was similar in ER+/PR+ progression, it was important to establish whether SRA could be
(median = 65.5, n = 8) and in ER-/PR- (median = 94.6, n = 5) tumors. expressed in breast tumors. If so, it was also of interest to determine
Interestingly, SRA expression in these two subgroups was significantly whether the expression of SRA was related to known markers of
(Mann-Whitney rank-sum test, P < 0.05) lower than that observed in endocrine sensitivity and prognostic markers. We have selected a
ER+/PR- (median = 156.4, n = 6) and ER-/PR+ (median = 144.8, subset of breast cancer cases to look for possible correlations between
n = 8) tumors. A variant form of SRA, presenting a deletion of 203 bp SRA expression and already established predictive and/or prognostic
within the SRA core sequence, was also observed in breast tumor tissues. factors, such as grade, ER, and PR status (10).
The relative expression of this new SRA isoform correlated with tumor
grade (Spearman coefficient r = 0.53, n = 27, P = 0.004). These data Materials and Methods
suggest that changes in the expression of SRA-related molecules occur
during breast tumor progression. Human Breast Tumors. Twenty-seven cases were selected from the Na-

tional Cancer Institute of Canada-Manitoba Breast Tumor Bank (Winnipeg,
Introduction Manitoba, Canada). The cases were selected according to their ER and PR

status, as determined by ligand binding assay. Tumors were classified as
Estrogens, through their mitogenic action on breast epithelial cells, ER-/PR+ (n = 8; ER range, 5-9 fmollmg protein; PR range, 51-271 finol/mg

regulate the growth and the development of normal as well as neo- protein), ER+/PR- (n = 6; ER range, 59-151 fmol/mg protein; PR range,
plastic human mammary tissue (1). The ability of antiestrogens such 5-10 fmol/mg protein), ER-/PR- (n = 5; ER range, 0-2 fmol/mg protein;
tamoxifen or raloxifene to antagonize this estrogenic action provides PR range, 0-8 fmol/mg protein), and ER+/PR+ (n = 8; ER range, 50-127
the basic rationale for endocrine therapy and prevention (for review fmol/mg protein; PR range, 101-285 finol/mg protein). These tumors covered
see Ref. 2). Estrogen action is mainly mediated through two ERs,3  a wide spectrum of grade (grades 4-9), determined using the Nottingham
ER-a and ER-03 (3-5), which belong to the steroid/thyroid/retinoic grading system (11). Patients were 49-87 years old.
acid receptors superfamily (6) and act as ligand-dependent transcrip- RNA Extraction and RT-PCR. Total RNA was extracted from frozen
tion factors. The mechanisms by which steroid receptors modulate the breast tissue sections using Trizol reagent (Life Technologies, Inc., Grand
transcription of target genes is under extensive investigation (7). Once Island, NY) according to the manufacturer's instructions and quantified spec-boanscriptheionof tar et genes tos under go ex nsiveoinvesgationa ( ances trophotometrically. One ;zg of total RNA was reverse-transcribed in a final
bound to the ligand, the receptors undergo conformational changes volume of 25 41, as described previously (12).
and dimers of receptors recognize specific regulatory DNA sequences Primers and PCR Conditions. The primers used consisted of SRAcoreU
upstream of target genes. Activated receptors, through interactions primer (sense, 5'-AGGAACGCGGCTGGAACGA-3', positions 35-53; Gen-
with coactivator proteins, direct the assembly and the stabilization of Bank accession no. AF092038) and SRA core L primer (antisense, 5'-AGTCT-
a preinitiation complex that will ultimately conduct the transcription GGGGAACCGAGGAT-3', positions 696-678; GenBank accession no.
of these genes (see Ref. 8 and references therein). To an already long AF092038). PCR amplifications were performed and PCR products analyzed
list of nuclear receptor coactivators (8), which includes the p160 as described previously (12), with minor modifications. Briefly. I gl of reverse
proteins (such as SRC- 1 and AB 1), Lanz et al. (9) recently added the transcription mixture was amplified in a final volume of 15 Al. in the presence
SRA. SRA differs from other coactivators in two main ways. (a) SRA of 1.5 A±Ci of [_-•-2P]dCTP (3000 Ci/mmol), 4 ng/til each primer, and 0.3 unit

transcripts do not appear to be translated, and therefore, this coacti- of Taq DNA polymerase (Life Technologies, Inc.). Each PCR consisted of 30

vtoracripts asdanoR not a spear ao petronslatein. Lanz ethaere(9) d oath cycles (30 s at 60'C, 30 s at 72°C, and 30 s at 94°C). PCR products were then
vator acts asn a R and not as a pote ein. Lanz et al. (9) showed tha separated on 6% polyacrylamide gels containing 7 urea. Following electro-
SRA exists in a ribonucleoprotein complex that contains SRC-1 and is phoresis, the gels were dried and exposed for 1 h to a Molecular Imager-FX

Imaging screen (Bio-Rad. Hercules, CA). Amplification of the ubiquitously
Received 6/16/99: accepted 7/20/99. expressed GAPDH cDNA was performed in parallel and PCR products sepa-
The costs of publication of this article were defrayed in part by the payment of page rated on agarose gels stained with ethidium bromide as described previously

charges. This article must therefore be hereby marked advertisement in accordance with (12). Identity of PCR products was confirmed by subcloning and sequencing.
18 U.S.C. Section 1734 solely to indicate this fact.

' This work was supported by grants from the Canadian Breast Cancer Research as reported previously (13).
Initiative and the United States Army Medical Research and Materiel Command. The Quantification of SRA Expression. Exposed screens were scanned using
Manitoba Breast Tumor Bank is supported by funding from the National Cancer Institute a Molecular lmager-FX (Bio-Rad), and the intensity of the SRA corresponding
of Canada. P. H. W. is a Medical Research Council of Canada Scientist. L. C. M. is a signal was measured using Quantity One software (Bio-Rad). Three independ-
,Medical Research Council of Canada Scientist, and E. L. is a recipient of a United States
Army Medical Research and Materiel Command Postdoctoral Fellowship. ent PCRs were performed. To control for variations between experiments. a

2 To whom requests for reprints should be addressed, at Department of Biochemistry value of 100% was arbitrarily assigned to the SRA signal of one particular
and Molecular Biology, University of Manitoba, Winnipeg. Manitoba R3E OW3, Canada. tumor (tumor 14) measured in each set of PCR experiments. and all signals
Phone: (204) 789-3812: Fax: (204) 789-3900; E-mail: eleygue@cc.umanitoba.ca. were expressed as a percentage of this signal. In parallel, GAPDH eDNA was

- The abbreviations used are: ER. estrogen receptorc SRA, steroid receptor RNA
activator; PR. progesterone receptor; RT-PCR. reverse transcriptase-PCR; GAPDH, glyc- amplified and following analysis of PCR products on prestained agarose gels.
eraldehyde-3-phosphate dehydrogenase. signals were quantified by scanning using NIH Image 161/ppc software. Three
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28 SRA core sequence 720 was in ER-/PR- tumors (Fig. 3A): this difference was statistically5' 3' significant (two-sided Mann-Whitney rank sum test, P = 0.045). In
contrast, within ER+ cases (n = 14), SRA expression negativelySRAcoreU 66 SRAcoreL correlated with PR levels (Spearman coefficient r = -0.810,

66Z bpP = 0.0004). SPA expression was higher (two-sided Mann-Whitney
Fig. I. SR,1 structure and primer presentation. SRA isoforms identified to date (9) differ

in their 5' and 3' terminal regions (W) but present an identical nucleotide sequence (0) in rank sum test, P = 0.001) in ER+/PR- (n = 6, median = 156.4) than
between (SRA core sequence, bases 28 to 720). SRAcoreU and SRAcoreL primers anneal it was in ER+/PR+ cases. In a similar way, SRA expression corre-with SRA core sequences and allow the amplification of a 662-bp fragment. lated positively (Spearman coefficient r = 0.735, P = 0.009) and

negatively (Spearman coefficient r = -0.532, P = 0.033) with ER
levels in PR- (n = 11) and PR+ (n = 16) cases, respectively. SRA

independent PCRs were performed. Each GAPDH signal was also expressed as levels were higher in ER+/PR- than in ER-/PR- tumors (two-a percentage of the signal observed in the tumor 14. For each sample, the sided Mann-Whitney rank sum test, P = 0.017) and in ER-/PR+
average of SRA signal was then expressed as a percentage of the GAPDH than in ER+/PR+ cases (two-sided Mann-Whitney rank sum test,signal (arbitrary units). P = 0.047). SRA levels of expression did not correlate with tumor

Quantification of SRA-Del Relative Expression. It has previously been grade scores (Fig. 3B).
shown that the coamplification of a wild-type and a deleted variant cDNA The Expression of SRA-Del Correlates with Breast Tumor
resulted in the amplification of two PCR products, the relative signal intensity Grade Scores. For each case, SRA-Del signal was measured and
of which provided a reliable measurement of the relative expression of the
deleted variant (13, 14). For each sample, SRA-Del corresponding signal was expressed relative to the corresponding SRA signal, as described in the
measured using Quantity One software (Bio-Rad) and expressed as a percent- "Materials and Methods." SRA-Del relative signal did not correlate
age of the corresponding SRA signal. For each case, three independent assays with ER or PR levels when the cohort of cases was considered as awere performed, and the mean was determined, whole or when ER-, ER+, and PR- subgroups were analyzed.

Statistical Analysis. Differences between tumor subgroups were tested Interestingly, SRA-Del expression positively correlated (Spearman
using the two-sided Mann-Whitney rank sum test. Correlation between SPA coefficient r = 0.512, P = 0.042) with PR levels in PR+ subgroup
expression and tumor characteristics was tested by calculation of the Spearman (n = 16). However, no statistically significant differences (Fig. 4A)
coefficient r. were observed between ER-/PR+ (n = 8, median = 2.346), ER+/
Results PR- (n = 6, median = 2.561), ER-/PR- (n = 5, median = 6.571)

and ER+/PR+ (n = 8, median = 3.528). By contrast, SRA-Del levelsDetection of SRA and a Variant mRNA Deleted Form (SRA- strongly correlated (Spearman coefficient r = 0.530, P = 0.004) with
Del) in Human Breast Tumor Tissues. The existence of three Nottingham grade scores within the whole cohort (n = 27). The level
different SRA mRNAs have been reported (9). The sequences of these of expression of SRA was significantly higher (two-sided Mann-
isoforms differ in their 5'- and 3'-terminal regions but are identical Whitney rank sum test, P < 0.05) in tumors of high grade (n = 7,
within their central region, called the core (Fig. 1). To investigate the median = 6.572) than it was in tumors of low (n = 4, me-
expression of all described SRA isoforms in human breast tumor dian = 2.192) or intermediate (n = 9, median = 2.588) grade (Fig.
tissues, we designed primers to amplify a 662-bp fragment encom- 4B).
passing almost all of the SRA core region. Total RNA was extracted
from 27 human breast tumors and reverse-transcribed, and PCR Discussion
amplification was performed as described in the "Materials and Meth- Using primers annealing with the core region of the three previ-
ods" using SRA core primers. A 662-bp fragment was obtained in all ously described SRA isoforms (9), we have investigated SRA expres-
samples. However, the intensity levels varied from one sample to sion in 27 independent breast tumors by means of semiquantitative
another (Fig. 2A). This fragment was sequenced and corresponded to RT-PCR. These SRA isoforms, although different in their 5'- and
the SRA core region. The differences in SRA expression were unlikely ,-terminal regions, are all able to coactivate steroid receptor. Indeed,
to result from different cDNA input, as shown by the similar inten-
sities of GAPDH signal obtained after amplifying GAPDH mRNA in
parallel using the same cDNAs (Fig. 2B). An additional fragment, M 1 2 3 4 5 6 7 8 9 10 11 12 13 C
migrating at an apparent size of 459 bp was also observed in most
samples. Sequencing analysis revealed that this band corresponded to A . to 4 a a SRA
a variant form of SRA (referred to as SRA-Del) deleted in 203 bp A 662 bp
between positions 155 and 357 (corresponding to GenBank accession SRA-Del
no. AF092038). 459 bp

The Expression of SRA Correlates with ER and PR Levels in
Subgroups of Human Breast Tumors. For each case, the SRA-
corresponding signal was quantified and expressed in arbitrary units,
as described in "Materials and Methods." Results obtained from the B GAPDH
27 cases, grouped according to their ER and PR levels, as determined_ 178 bp
by ligand binding analysis, are presented Fig. 3A. When the cohort of Fig. 2. Detection of SRA in human breast tumors by RT.PCR. Total RNA was extracted
cases was considered as a whole (n = 27), no correlation was from 27 breast tumors, reverse-transcribed. and analyzed by PCR as described in "Ma-

terials and Methods." PCR products were separated on 6% acrylamide gels. Gels wereobserved between SRA expression and ER or PR levels. Indeed, dried and exposed I h to a Molecular Imager-FX Imaging screen. Screens were then
similar levels of SRA were found in ER+/PR+ (median = 65.5, scansed using a Molecular Imager-FX. A, computerized image showing the resultsobtained for 13 cases (Lanes 1-13). Lane M, molecular weight marker ((4x174 RF8) and ER-/PR- (median = 94.6, n = 5) tumors (Fig. 3A), DNAJHaellI fragments). Lane C. control lane, no eDNA added in the PCR. Sequencing
However, when only ER- tumors were considered (n = 13), a trend analysis of PCR fragments revealed that the 662-bp (SRA) and 459-bp (SRA-Del)
toward a positive correlation between SRA expression and PR levels fragments corresponded to SRA and to a variant SRA isoform deleted in sequences from

position 155 to 357 (GenBank accession no. AF092038), respectively. B, ethidiumwas observed (Spearman coefficient r 0.527, P 0.064). SRA bromide-stained gel of the RT-PCR analysis of GAPDH mRNA run in parallel for theexpression was higher in ER-/PR+ (n = 8, median = 144.8) than it same samples.
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p=0.045 receptor (PR or ER). At this stage of the knowledge of SRA biological

A p=0.04 7  function, the interpretation of such an observation is difficult. Indeed,
SRA has been shown to be able to coactivate both ER and PR (9).

p=0.017 Moreover, progestins are known to decrease the steady state levels of
U)250 0 ' p=0.001 ER-a mRNA and protein, whereas estrogens increase PR expression

(17, 18). Therefore, all combinations and cross-talk appear possible.
C3 One could speculate that increased levels of SRA in ER-IPR+ cases

could partially be responsible, by "boosting" the activity of the weakly
0 150 0 expressed ER, of the expression of PR in these tumors. Inversely, in

. t0 . 0 the same ER-/PR+ cases, the strong SRA expression could be
0 O• responsible for an increased down-regulation of ER by PR. Our results

Sa - suggest that SPA expression varies from one particular tumor to
50 %6 another. Changes in SRA expression can be associated with known

00D prognostic and predictive factors such as ER and PR in particular

ER- ER+ ER- ER+ tumor subgroups. The question of a direct involvement of SRA in the
hormonal status changes occurring during breast tumor progression

PR+ PR- PR- PR+ remains unanswered. Also of interest is the fact that SRA interacts
with the activation function I of the steroid receptors (9). ActivationB ns function 1 is thought to mediate the agonistic effect of antiestrogens

such hydroxytamoxifen (19). This agonistic action of antiestrogens is
believed to be involved in part in the mechanisms underlying hormone

'250-

"IOU A n
150 0 _ _ n

s.. . .oI
(,I 50 00 •

Low Int High 0
Fig. 3. Subgroup analysis of SRA expression within 27 human breast tumors. For each [O

case, SRA expression was quantified and expressed in arbitrary units as described in ,(o
"Materials and Methods." A. tumors were grouped according to their ER and PR status, 00 0

as determined by ligand binding assay. 0, ER-/PR+ tumors; 0, ER+/PR- tumors; IL 2 SIR 0oI
ER-/PR- tumors; and 0, ER+/PR+ tumors. B, tumors were grouped according to their @0

grade: low (Nottingham grading scores 4-5), intermediate (Nottingham grading scores
6-7), and high (Nottingham grading scores 9-9). The horizontal line represents the ER- ER+ ER- ER+
median value in each group. Ps (two-sided Mann-Whitney rank sum test) are indicated
when subgroups were statistically different. ns; no statistically significant differences were PR+ PR- PR- PR+
found between subgroups.

SRA core region was found to be necessary and sufficient for the p=0.042 p=0.0'2

coactivation properties of SRA isoforms (9). Therefore, although PCR ý" 12
performed using primers spanning the SRA core region is likely to M
recognize several different SRA-like molecules, the signal obtained 9..
corresponds to molecules that should all have essentially the same 8

function, i.e., coactivation of steroid receptors.
The expression of SRA did not correlate with ER or PR status when

the cohort was considered as a whole. This differs from what has been • 6
observed for another coactivator. AIBI. Indeed. Anzick et al. (15) first Ck * 0
showed that a strong expression of AIBI that resulted from AIBI gene • 2 i--O--
amplification was observed in ER+ tut not in ER- breast cancer cell
lines. More recently, Bautista et al. (16) reported that AIBI gene
amplification correlated with ER and PR positivity. Our results sug- Low Int High
gest that the pattern of expression of SRA is more complex. Indeed, we
found that theSpatternA f expression coufd corisore e postiex. oIndegFig. 4. Subgroup analysis of SRA-Del relative expression within 27 human breast
found that SRA expression could correlate positively or negatively tumors. For each case, SRA-D3 expression relative to SRA was quantified as described in

with ER and PR levels, depending on the subgroup considered. The "Materials and Methods." A. tumors were grouped according to their ER and PR status.
general trend appeared to be that, in tumors expressing a low level of as determined by ligand binding assay. C3. ER-/PR+ tumors: 0. ER+[PR- tumors: I.

ER-/PR- tumors: and 0, ER-+/PR+ tumors. B. tumors were grouped according to their
one receptor (ER or PR), a positive correlation was found between grade: low (Nottingham grading scores 4-5). intermediate (Nottingham grading scores

SRA expression and the second receptor (PR or ER). Inversely, in 6-7). and high (Nottingham grading scores 8-9). The horizontal line represents the
tumors highly expressing one receptor (ER or PR), SRA expression median value in each group. Ps (two-sided Mann-Whitney rank sum test) are indicated

e i ,when subgroups were statistically different. as: no statistically significant differences were
negatively correlated with the level of expression of the second found between subgroups.
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resistance in breast cancer. One could speculate that the level of SRA In conclusion, we have shown that SRA is expressed in breast
expression might. therefore, modulate and predict the response of a tumors and that its expression correlates with ER and PR levels in
given tumor to hormone therapy. This hypothesis appears to be particular tumor subgroups. We speculate that changes in SRA ex-
refuted by the observation of similar levels of SRA in ER+/PR+ and pression could be involved in the mechanisms underlying tumor
ER-/PR- tumors. But ER+IPR+ tumors, as opposed to ER-/PR- progression and hormone resistance.
tumors, are likely to respond to endocrine therapy and prevention (see
'Zef. 2 and references therein). In these cases, the differences in ER References
Cvels rather than in SRA expression are more likely involved in the
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Expression of a Repressor of Estrogen Receptor Activity in Human Breast Tumors:
Relationship to Some Known Prognostic Markers1

Sharon L. R. Simon, Alicia Parkes, Etienne Leygue, Helmut Dotzlaw, Linda Snell, Sandra Troup, Adewale Adeyinka,
Peter H. Watson, and Leigh C. Murphy9
Departments of Biochemisrtv and Medical Genetics [S. L R. S.. A. P.. E. L, H. D., L. C. M.] and Pathology [L S., S. T,, A. A., P. H. W.], Faculty of Medicine, University of
Manitoba, Winnipeg, Manitoba R3E OW3, Canada

Abstract receptor; in that it was not structurally related to either of them, it
showed great selectivity for ER as opposed to other steroid hormone

The expression of a specific repressor of estrogen receptor activity or non-steroid-binding members of the nuclear receptor family, and it
(REA) was investigated by a semniquantitative reverse transcription-PCR required ER to be bound to ligand with preferential effects bei-g een
assay in 40 human breast tumor biopsy samples with respect to steroid req t o u ligand wat h refrentia e cs beree
hormone receptor status and other known prognostic variables. The data when the ligand was an antiestrogen (3). This repressor was therefore
showed that REA expression was positively correlated with estrogen called REA. Because REA is selective for ER, it is highly relevant to
receptor (ER) levels as defined by ligand-binding assays (Spearman investigate the expression of this gene in human breast tissues both
r = 0.3231; P = 0.042) and that the median level of REA mRNA was normal and neoplastic.
significantly (Mann-Whitney two-tailed test, P = 0.0424) higher in ER+ Recently we demonstrated that REA is expressed in both normal
tumors (median = 94.5; n = 30) compared with ER- tumors (medi- and neoplastic human breast tissues,4 as measured by RT-PCR. Fur-
an = 64.5; n = 10), with no significant differences (P = 0.4988) associated thermore, the expression of REA was not significantly different be-
with progesterone receptor status alone. In addition, REA expression was tween ER+ breast tumors and their matched adjacent normal breast
inversely correlated with tumor grade (Spearman r = -0.4375; tissues.' However, the tumor cohort in the previous study were all
P = 0.0054). When the tumors were divided into two groups based on tissus Heverite tm cohort in the previou s dy re all
grade, REA expression was significantly (Mann-Whitney two-tailed test,
P = 0.0024) higher in low-grade (median = 97; n = 16) compared with question of whether REA expression in breast tumors was correlaced
high-grade (median = 76; n = 23) tumors. These results provide prelim- with known prognostic and endocrine treatment response markers. In
inary data suggesting that the expression of REA varies among breast this study, we investigated the relationship of REA expression in
tumors and is correlated with known treatment response markers and breast tumors to ER and PR status and other known prognostic
inversely correlated with a marker of breast cancer progression. REA variables.
together with ER status may be an Improved marker of endocrine therapy
responsiveness in human breast cancer. Materials and Methods
Introduction

Human Breast Tumors. Forty invasive ductal carcinomas were selected
Estrogens have important roles in both normal and neoplastic from the National Cancer Institute of Canada-Manitoba Breast Tumor Bank

mammary tissues; however, marked changes occur in estrogen action (Winnipeg, Manitoba, Canada). The cases were selected for ER and PR status
during both breast tumorigenesis and breast cancer progression (1). as determined by ligand-binding assays. The ER levels were 0-151 fmol/mg

The mechanisms underlying altered estrogen signal transduction in of protein, and 30 tumors were classified as ER+ (defined as >3 fmol/mg of
protein). PR levels were 0-285 fmol/mg of protein, and 20 tumors weretarget tissues is the focus of much research at present. Current con- classified as PR+ (defined by > 10 fmol/mg of protein). These tumors spanned

cepts of estrogen action include cofactors that can either enhance or a wide range of grade (grades 4-9), determined using the Nottingham grading
repress the transcriptional activity of the ER3 (2). Recently, a highly system.
specific repressor of the transcriptional activity of ligand-occupied Cell Culture. T-47D human breast cancer cells were obtained from Dr. D.
ERs (ER-a and ER-O but not other steroid hormone receptors such as Edwards (Denver, CO), and MCF7 cells were obtained from the late Dr. W.
PR or type II nuclear receptors) was identified and characterized using McGuire (San Antonio, TX). T-47D cells were grown in DMEM supple-
a yeast two-hybrid system (3). Furthermore, part of its mechanism of mented with 5% fetal bovine serum, 100 nm glutamine, 0.3% (v/v) glucose,
action appeared to involve functional competition with steroid hor- and penicillin/streptomycin as described previously (4). Cells were plated at
mone receptor coactivators such as SRC-1 (2). This repressor differed I X 10" in 100-mm dishes and 2 days later were treated with 10 wvt
from previously identified corepressors such as nuclear receptor core- medroxyprogesterone acetate and harvested at various times (1-48 h). MCF7

human breast cancer cells were depleted of estrogen by passaging stock cellspressor and silencing mediator for retinoid and thyroid hormone
twice in phenol red-free DMEM supplemented with 5% twice charcoal-
stripped fetal bovine serum, 100 nwt glutamine, 0.3% (v/v) glucose, and

Received t/10100: accepted 4/11/00. penicillin/streptomycin (5% twice charcoal-stripped fetal bovine serum) as
The costs of publication of this article were defrayed in part by the payment of page deusly (5). Cells were then plated as above in 5% twice charcoal-

charges. This article must therefore be hereby marked advertisement in accordance with escribed previo
18 U.S.C. Section 1734 solely to indicate this fact. stripped fetal bovine serum and 2 days later treated with 10 nm estradiol-1703

' This work was supported by grants from the Canadian Breast Cancer Research and harvested for analysis at various times (1-48 h). The steroids were added
Initiative (CBCRI) and the United States Army Medical Research and Materiel Command directly from 1000X stock solutions in ethanol to achieve the required con-
(USAMRIMC). The Manitoba Breast Tumor Bank is supported by funding from the
National Cancer Institute of Canada (NCIC). P. H. W. is a Medical Research Council of centrations. The cells were harvested by scraping with a rubber policeman.
Canada (MRC) Scientist, and L. C. M. is an MRC Scientist. After centrifugation, the cell pellet was frozen and stored at -70'C until RINA
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RNA Extraction and RT-PCR Conditions. Total RNA was extracted A.
froo 20-Am frozen tissue sections (20 sections per tumor) or cell pellets using ER- ER+
Tritol reagent (Life Technologies. Grand Island. NY) according to the man-
ufacturer's instructions and quantified spectrophotometrically. One A.g of total REA
RNA was reverse transcribed in a final volume of 25 p.l as described previ- , 397bp
ously (6).

Primers and PCR Conditions. The primers used were primer REAU
,5"-CGA AAA ATC TCC TCC CCT ACA-3'; sense; positions, GenBank km'.,GAPO

Nsion No. AF150962) and primer REAL (5'-CCT GCT TrG CTT TTY 178bp

CCA-3'; antisense: position. GenBank Accession No. AF150962). PCR
amplifications were performed and PCR products analyzed as described pre- B.

P =0.0424viously (7) with minor modifications. Briefly, I u.l of reverse transcription
mixture was amplified in a final volume of 20 g.I in the presence of 4 ngt/l of

each primer and 0.3 units of Taq DNA polymerase (Life Technologies). Each 300

PCR consisted of 27 cycles (30 s at 57°C, 30 s at 72°C, and 30 s at 94°C) for .0

measuring REA. PCR products were then separated on 1.8% agarose gels e
stained with ethidium bromide as described previously (7). Amplification of c 200
the ubiquitously expressed GAPDH cDNA was performed in parallel, and PCR
products were separated on agarose gels stained with ethidium bromide as §

ribed previously (7). The identities of PCR products were confirmed by
;cloning and sequencing, as reported previously (6). a. 100
Quantification and Statistical Analysis of REA Expression. After anal- Lf+

ysis of PCR products on prestained agarose gels, signals were quantified by ot
scanning using MultiAnalyst (Bio-Rad, Hercules, CA). At least three inde- I, 0
pendent PCRs were performed. To control for variations between experiments,
a value of 100% was arbitrarily assigned to the REA signal of one particular ER- ER+
sample and all signals were expressed as a percentage of this signal. In parallel, C. 0
GAPDH cDNA was amplified, and after analysis of PCR products on C
prestained agarose gels, signals were quantified by scanning using MultiAna- 30W n..
lyst. Three independent PCRs were performed. Each GAPDH signal was also

pressed as a percentage of the signal observed in the same tumor. For each 0
sample, the average of REA signal was then expressed as a percentage of the
GAPDH signal (arbitrary units). .5 200

Correlation between REA expression and tumor characteristics was tested
y correlation oftweenSpearexpressioniandtumorfcharacteristcswasotested

by calculation of the Spearman coefficient, r. Differences between tumor -

subgroups were tested using the Mann-Whitney rank-sum test, two-sided. 100 o

Results 
0"

Measurement of REA mRNA Expression in Primary Human 0
Breast Tumors with Different ER and PR Status. We previously 0

'veloped a semiquantitative RT-PCR approach to measure REA PR- PR+

mRNA in small amounts of human breast tissues.' Cloning and Fig. 2. A, RNA was extracted and assayed for REA expression using RT-PCR as
sequencing confirned the identity of the expected 397-bp PCR prod- described in "Materials and Methods." After analysis of PCR products on prestained

agarose gels, signals were quantified by scanning using MultiAnalyst Ethidium bromide-
uct as REA, and this PCR product was used to probe Northern blots stained gel of the RT-PCR analysis of some ER- and ER+ breast tumors is shown (top).
of RNA extracted from human breast tumor biopsies as described The expected 397-bp REA PCR product (confirmed by sequence analysis) is shown.

pre y(8). An 1.5-kb transcript was detected, consistent with Ethidium bromide-stained gel of the RT-PCR analysis of GAPDH mRNA run in parallel
previously (for the same samples is shown below the REA analysis. The expected 178-bp GAPDH
the previously described REA mRNA (Fig. 1). Varying levels of REA PCR product is shown. B, for each tumor (n = 40), REA expression was quantified and
mRNA were detected in human breast tumor biopsy samples, which expressed in arbitrary units corrected for GAPDH signal as described in "Materials and

Methods." The tumors were divided into ER+ (>3 fmol/mg of protein; 0) and ER- (<-3
raised the question of whether the expression of REA in breast tumors fmol/mg of protein; [3) as defined by ligand-binding assays. The results are presented as

a scatter graph. Arrows indicate the median value in each group. REA expression is
significantly less in ER- tumors compared with ER+ tumors (Mann-Whitney two-tailed,
P = 0.0424). C, for each tumor (n = 40), REA expression was quantified and expressed

1 2 3 4 5 6 in arbitrary units corrected for GAPDH signal as described in "Materials and Methods."
The tumors were divided into PR+ (>10 fmol/mg of protein; 0) and PR- (-5O0 fmo]olmg
"of protein; EI) as defined by ligand-binding assays. The results are presented as a scatter

28S __1 graph. Arrows indicate the median value in each group. REA expression is not signifi-
28S * •' ., '- " - cantly (n.s.) different between PR- tumors and PR+ tumors.

.. .. .. was correlated with the known prognostic and treatment response

1S" • ,.: - -- A0 . variables, such as ER and PR status.

REA 0* - .ý"t 2't Tumors were identified according to their ER or PR status as
-1.5kb. .. defined by ligand-binding analysis (see "Materials and Methods").

-"- REA mRNA levels were measured by RT-PCR and normalized to the
GAPDH mRNA level as measured in parallel by RT-PCR. Examples

Fig. 1. Northern blot analysis of poly(A)+ enriched RlNA (15. g) isolated from several of the results obtained are shown in Fig. 2A. The results obtained for
human breast cancer biopsy samples. The 397-bp REA PCR product was used to probe the
Northern blot as described previously (8). Residual 28S and lSS bands are shown, as is all tumors assayed are shown as scatter graphs in Fig. 2B (arranged
the - 1.5-kb band corresponding to REA mRNA. according to ER) and Fig. 2C (arranged according to PR status of the
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P= 0.0024 epithelium, or percentage of stromal or fat cell content within the
tumor sections analyzed.C

- 300
Discussion

Our data show that the level of REA mRNA in human breast
200 tumors is significantly correlated with ER status and inversely corre-

"lated with grade. These data are the first to identify a correlation
0 between REA mRNA expression and known prognostic and treatment
(0 CPO response markers in human breast cancer biopsies. The positive cor-

100 13 13 relation of REA and ER expression (a good prognostic variable and a
X EP .- marker of response to endocrine therapies) together with inverse
W c o correlation of REA expression and grade suggests that REA expres-

9 sion could also be a marker of good prognosis and likelihood of
0 response to endocrine therapies such as antiestrogens. The loss of

Low High statistical significance of the correlation between ER levels and REA
grade grade mRNA when only ER+ breast tumors were analyzed may be due toeraeso gad ed athe reduced numbers of observations in that analysis (n = 30 com-

Fig. 3. For each tumor (nt = 40), REA expression was quantified and expressed in prdwith n = 40 for total tumor cohort) or may indicate the
arbitrary units corrected for GAPDH signal as described in "Materials and Methods." The pared
tumors were divided into low-grade (Nottingham grades 3-6; Cl) and high-grade (Not- existence of some threshold effect associated with expression of ER
tingham grades 7-9;0). The results are presented as a scatter graph. Arrows indicate the and REA. This latter suggestion together with the lack of correlation
median value in each group. REA expression is significantly higher in low-grade tumors
compared with high-grade tumors (Mann-Whitney two-tailed. P = 0.0024). of absolute ER levels and REA mRNA in ER+ tumors would be

consistent with our observation that REA expression, at least at the
RNA level, was found not to be regulated by estrogen.

tumor as measured by ligand-binding analysis). When the level of REA has been identified as a protein that interacts in a yeast-two
REA mRNA in tumors was assessed according to either ER status or hybrid system with a dominant negative mutant ERa (3). It was
PR status alone, as defined by ligand-binding analysis, the level of shown to be a selective repressor of ER (both ERa and ERI3) tran-
REA mRNA was significantly (Mann-Whitney two-tailed test, scriptional activity as determined in transient transfection assays using
P = 0.0424) higher in ER+ tumors (median, 94.5; n = 30) compared several estrogen-responsive element-containing promoters regulating
with ER- tumors (median, 64.5; n = 10), with no significant differ- a chloramphenicol acetyltransferase reporter gene. Cotransfection of a
ences (P = 0.4988) associated with PR status alone (PR+ median, REA expression vector enhanced the potency of antiestrogens such as
91.5; n = 20; PR- median, 87.5; n = 20). 4-hydroxytamoxifen and ICI 182780. Furthermore, REA competi-

The relationship of the level of REA mRNA levels with ER status tively reversed coactivator, i.e., SRC-1, transcriptional enhancement
in human breast tumor biopsies suggested the hypothesis that REA of ER activity. Together these data suggest that REA is a corepressor
expression may be regulated by estrogens and/or progestins. How- of ER transcriptional activity.
ever, no effect of estrogen (10 nM estradiol-170) on the steady-state The current concept of the mechanism by which nuclear hormone
REA mRNA levels in estrogen-depleted MCF7 cells was observed receptors regulate gene transcription involves three main components
over a 48-h time span (data not shown). In addition, no effect of as proposed by Katzenellenbogen et aL (9): the receptor, its ligands,
progestin (10 nM medroxyprogesterone acetate) treatment on REA and its coregulators. Coregulators appear to consist of at least two
mRNA in T-47D cells was observed over a similar time span (data not classes: those that enhance nuclear hormone receptor activity, referred
shown). It was concluded that the expression of REA mRNA was not to as coactivators, and those that repress nuclear hormone receptor
regulated by estrogens or progestins in human breast cancer cell lines, activity, referred to as corepressors (2). Furthermore, it has been

Correlation of REA Expression with Tumor Characteristics. suggested that differences in the ratios of expression of these two
Spearman analysis showed a significant correlation of the level of different groups of coregulators may underlie altered responses to
REA mRNA in the tumors with the level of ER as measured by steroid hormone agonists and antagonists (10-13). More recently, we
ligand-binding assays (Spearman r = 0.3231; P = 0.042) but no have provided the first evidence to suggest that an imbalance between
significant correlation with the level of PR as measured by ligand- factors that can enhance ER and factors that can repress ER transcrip-
binding assays (Spearman r = 0.2777; P = 0.0841). These data are tional activity occurs during human breast tumorigenesis in vivo.4

consistent with the data analyzed using clinically relevant cutoff Our data showed that the levels of expression of the two ER coacti-
values for ER (ER+ >3 fmol/mg of protein) and PR (PR+ >10 vators, steroid receptor RNA activator (14) and amplified in breast
fmol/mg of protein) status as shown above. However, statistical cancer-1 (15), were significantly increased in ER+ breast tumors
significance of the correlation of REA mRNA and ER binding was compared with their normal adjacent breast tissues, whereas the level
lost when Spearman analysis was applied only to those tumors that of REA, a repressor of ER activity, was not significantly different
were ER+ (>3 fmol/mg of protein). The level of REA mRNA was between the tumors and normal breast tissues in the same patient
also found to be inversely correlated with tumor grade (Spearman cohort. However, this investigation used only ER+ breast tumors and
r = -0.4375; P = 0.0054). When the tumors were divided into two could not address the question of REA expression in relation to steroid
groups based on grade (low, Nottingham grades 3-6; high, Notting- receptor status and other prognostic variables in breast tumors. In
ham grades 7-9), the level of REA mRNA (Fig. 3) was significantly addition, we and others have shown that the expression of the coac-
(Mann-Whitney two-tailed test, P = 0.0024) higher in low-grade tivators, steroid receptor RNA activator (16) and amplified in breast
(median, 97; n = 16) compared with high-grade (median, 76; n = 23) cancer-I (17), varies among breast tumors and can be correlated with
tumors, which is consistent with the Spearman correlation analysis. steroid receptor status in some cases.

No significant correlations were found between the level of REA ER status itself is associated with grade, with most ER+ breast
mRNA and age, nodal status, percentage of normal duct and lobular tumors being low grade and having low tumor proliferation rates.
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,psoriasin (S100A7) Expression and Invasive

Bra st Cancer

Sahar AI-Haddad,* Zi Zhang,* Etienne Leygue,t We have recently identified psoriasin (SIOOA7) as a

Linda Snell,* Aihua Huang,* Yulian Niu,* gene that is frequently overexpressed in preinvasive duc-

Ta-'•-a Hiller-Hitchcock,* Kate Hole,* tal carcinoma in situ (DCIS) relative to adjacent invasive

Lg., C. Murphy,t and Peter H. Watson* carcinoma, suggesting a role in breast tumor progres-
sion.' Other members of the S1 00 gene family of calcium-

pvpantments of Patbology* and Biochemistry and Molecular binding proteins have been implicated in a range of
Biology,, University of Manitoba, Faculty of Medicine, Winnipeg, biological processes, including tumor metastasis.2 In
vanitoba, Canada particular, S100A2 has been shown to be down-regu-

lated in breast tumor cells relative to their normal epithe-
lial cell counterparts,3 whereas up-regulation of S100A4

Alteration of psorlasin (SIOA7) expression iias pre- has been strongly implicated in breast tumor metasta-
viousibeen id ntifid in association wih the transi- sis.4-6 In the latter case this may reflect the ability ofviously from ident o invasive t -ansr SIOOA4 to influence cell motility,7 the cytoskeleton 6' 8' 9 or
tsfrom preinvasive to invasive breast cancer. In cell adhesion molecules.' 0 Psoriasin was initially identi-
this study we have examined persistence of psorlas~fl fied as a highly abundant protein belonging to the Sl00
mRNA and protein expression in relation to prognos- fidaahglybuanprtnbeoigtoheS0
tcA fatrnd pr oorte ofpression in brelation tumo prns- gene family," expressed by abnormally proliferating ker-
tic factors in a cohort of 57 invasive breast tumors, atinocytes in psoriatic epidermis.12.13 It has subsequently
comprising 34 invasive ductal carcinomas and 23 been shown to be a secreted protein that can exert an
other invasive tumor types (lobular, mucinout, meed- effect as a chemotactic factor for inflammatory cells.' 4 .15

ullary, tubular). We first developed an IgY polydonal However, the function of psoriasin in breast cancer re-
chicken antibody and confirmed specificity for pso- mains to be determined. 6 In this study we have devel-
riasin by Western blot in transfected cells and tumors. oped a psoriasin-specific antibody and evaluated the
The protein was localized by immunonistochemistry persistence of psoriasin expression in invasive breast
, iedominantly to epithelial cells, with both nuclear tumors with different invasive and metastatic potential as

and cytoplasmic staining, as well as occasional stro- well as host inflammatory response.
mal cells in psoriatic skin and breast tumors; how-
ever, in situ hybridization showed that psoriasin
mRNA expression was restricted to epithelial cells. In Materials and Methods
breast tumors, higher levels of psoriasin measured by
reverse transcriptase-polymerase chain reaction and Human Breast Tissues and Cell Lines
Western blot (930/0 concordance) were significantly
associated with estrogen and progesterone receptor- All breast tumor cases used for this study were selected
negative status (P < 0.0001, P = 0.0003), and with from the NCIC-Manitoba Breast Tumor Bank (Winnipeg,
nodal metastasis in invasive ductal tumors (P = Manitoba, Canada). As has previously been described,' 7

0.035), but not with tumor type or grade. Psoriasin tissues accrue to the Bank from cases at multiple centers
expression also correlated with inflammatory infil- within Manitoba and are rapidly collected and processed
trates (all tumors excluding medullary, P = 0.0022). to create matched formalin-fixed embedded and frozen
These results suggest that psoriasin may be a marker tissue blocks for each case, with mirror-image surfaces
of aggressive behavior in invasive tumors and are
consistent with a function as a chemotactic factor.
(AmJ Patbol 1999, 155:2057-2066) Supported by grants from the Medical Research Council of Canada

(MRC) and the U.S. Army Medical Research and Materiel Command
(USAMRMC). The Manitoba Breast Tumor Bank is supported by funding

Earlier diagnosis of breast cancer has increased the from the National Cancer Institute of Canada (NCIC). P. H. W. is an MRC

need for the identification of molecular alterations that Clinician-Scientist; L. C. M. is an MRC Scientist; E. L is a recipient of a

might serve as tissue markers to predict the risk of pro- USAMRMC Postdoctoral Fellowship. T. H.-H. is a recipient of an MRC

gression to metastatic disease. Among the most impor- studentship award.

tant of these alterations are likely to be those associated Accepted for publication August 24, 1999.
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oriented by colored inks. The histology of every sample in (PBS) and then further purified by passing it over a pso-
the Bank is uniformly interpreted in hematoxylin/eosin riasin peptide affinity column made by binding the syn-
(H&E)-stained sections from the face of the paraffin tissue thetic peptide to N-hydroxy-succinimide-activated
block by a pathologist. This information is available in a Sepharose 4B (Pharmacia Biotech), according to the
computerized database along with relevant pathological manufacturer's instructions. The bound IgY was then
and clinical information and was used as a guide for the eluted with 5.0 mol/L sodium thiocyanate, followed by
selection of specific paraffin and frozen blocks from dialysis against PBS. Additional antibodies used in-
cases for this study. For each case interpretations in- cluded a commercial anti-S100 antibody (Sigma, St.
cluded an estimate of the cellular composition (including Louis, MO) as well as a rabbit polyclonal antibody, raised
the percentage of invasive epithelial tumor cells, collag- against the recombinant protein (kindly provided by Prof
enous stroma, and fatty stroma), tumor type, and tumor J. Celis, University of Aarhus, Aarhus, Denmark).
grade for ductal tumors (Nottingham score).1 8', 9 The in-
flammatory host response was scored semiquantitatively
on a scale of 1 (low) to 5 (high). Steroid receptor status Western Blot Analysis
was determined for all cases by ligand binding assay
performed on an adjacent portion of tumor tissue. Tumors For tumors, multiple sections (10-20 x 20 j.m) were cut
with estrogen and progesterone receptor levels above 20 from the face of frozen tissue blocks immediately adja-
fmol/mg and 15 fmol/mg of total protein, respectively, cent to the face of the matching paraffin block."7 For cell
were considered ER- or PR-positive. lines, trypsinized cell pellets were obtained from breast

Two cohorts of tumors were selected. The first cohort cancer cell lines (grown to -80% confluence). Total pro-
comprised 35 invasive ductal carcinomas selected to tein lysates were extracted from both the cell line pellets
include six subgroups differing with respect to estrogen and frozen tissue sections, using Tri-reagent (Sigma), as
receptor status (ER-positive and ER-negative) and tumor described by the manufacturer. The recovered protein
grade (low, intermediate, high). Additional selection cri- was dissolved in SDS isolation buffer (50 mmol/L Tris, pH
teria also included high tissue quality, presence of inva- 6.8, 20 mmol/L EDTA, 5% sodium dodecyl sulfate (SDS),
sive tumor within >35% of the cross section of the frozen 5 mmol/L 3-glycerophosphate) and a cocktail of protease
block for invasive ductal cases, and minimal (<5%) nor- inhibitors (Boehringer Mannheim, Laval, PQ). Protein
mal or in situ epithelial components. The second cohort concentrations were determined using the Micro-BCA
comprised 23 invasive tumors selected to include four protein assay kit (Pierce, Rockford, IL). Sixty micrograms
subgroups of different tumor types18 that vary in differ- of total protein lysates were run on a 16.5% sodium
entiation and metastatic potential, including invasive lob- dodecyl sulfate-polyacrylamide gel electrophoresis
ular (six), medullary (five), tubular (six), and colloid (six). (SDS-PAGE) mini gel, using Tricine SDS-PAGE to sepa-
Similar secondary criteria were also used for this cohort. rate the proteins, 2' and then transferred to 0.2-J.Lm Nitro-

For analysis of antibody specificity and for positive cellulose (Bio-Rad, Mississauga, ON). After blocking in
controls for tumor assays, MCF7 human breast cancer 10% skimmed milk powder in Tris-buffered saline-0.05%
cells obtained from the American Type Culture Collection Tween (TBST buffer), blots were incubated with chicken
(Manassas, VA) were used. MCF7 cells were grown as IgY anti-psoriasin antibody (-15 Ag/ml in TBST), followed
previously described under normal conditions in the by incubation with secondary antibody, rabbit IgG anti-
presence of 5% fetal bovine serum, to provide a negative chicken IgY conjugated to horseradish peroxidase (1:
control.20 Alternatively MCF7 cells were subjected to es- 5000 dilution in TBST; Jackson ImmunoResearch Labo-
trogen-deprived conditions in the presence of charcoal- ratories), and visualization by incubation with Supersignal
stripped serum before stimulation by estradiol (10-8 (Pierce), per the manufacturer's instructions. Exposed
mol/L) for 48 hours before harvesting to induce psoriasin x-ray films were photographed, and the band intensities
expression and provide a positive control. As an addi- were determined by video image analysis, using MCID
tional positive control MDA-MB-231 human breast cancer M4 software (Imaging Research, ST. Catherine's, ON). All
cells were transfected with a plasmid containing the cy- signals were adjusted with reference to the psoriasin-
tomegalovirus (CMV) promotor adjacent to the psoriasin transfected MDA-MB-231 cell control (CL7FD3), run on
cDNA (Hiller-Hitchcock T, Leygue E, Cummins-Leygue each blot.
C, Murphy LC, Watson PH, manuscript in preparation),
and stable transfectants (CL7FD3 cell clone) expressing
psoriasin mRNA were also used. Immunohistochemistry

Immunohistochemistry was performed on 5-/gm paraffin-
Antibody Reagents embedded breast tumor tissue sections from tissue

blocks fixed in 10% neutral buffered formalin for 18-24

A psoriasin-specific chicken IgY polyclonal antibody was hours. After deparaffinizing, clearing, and hydrating to
generated by immunization of chickens with a 14-amino PBS buffer (pH 7.4) containing 0.05% Tween 20
acid peptide corresponding to the carboxy terminus of (Mallinckrodt), the sections were pretreated with hydro-
psoriasin (KQSHGAAPCSGGSQ; Bionostics, Toronto, gen peroxide (3%) for 10 minutes to remove endogenous
and Aves Labs). A >90% pure IgY fraction from chicken peroxidases, and nonspecific binding was blocked with
egg yolk was obtained in phosphate-buffered saline normal rabbit serum (1:50; Sigma). Primary chicken IgY
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anti-psoriasin antibody (1:500 dilution in PBS) was ap- Reverse Transcriptase-Polymerase Chainplied for 1 hour at 37°C followed by washing and incu- Reaction Analysis
bation with the secondary antibody, peroxidase-conju-
ýý.. ýd affinity purified rabbit anti-chicken (1:200 dilution), Reverse transcriptase-polymerase chain reaction (RT-._,or 1 hour at room temperature. Detection was performed PCR) was performed based on extracted RNA (600 ng)with 3,3'-diaminobenzidine tetrahydrochloride peroxi- that was reverse transcribed in a total volume of 20 ,.I asdase substrate (Sigma) and counterstaining with methyl described previously.' Briefly, reverse transcription wasgreen (2%), followed by dehydration, clearing, and completed with the following reaction mixture: for eachmounting. A positive tissue control and a negative re- sample, 200 ng (2 .LI of 0.1 Ag/gl) of total RNA was added
agent control (normal rabbit serum only/no primary anti- to 16 1LI of RT mix (4 1.I of 5x RT buffer; 1 gl of each ofbody) were run in parallel in all experiments. Immuno- dATP, dCTP, dGTP, and dTTP, all at 2.5 mmol/L; 2 pLI ofstaining was scored semiquantitatively by assessing the 0.1% bovine serum albumin; 2 gI of 0.1 mol/L dithiothre-average signal intensity (on a scale of 0 to 3) and the itol; 1 A.l of 0.25 mol/L random hexamer primer; 2 1A of:rc-ortion of tumor cells showing a positive nuclear sig- dimethyl sulfoxide (DMSO), and 1 vIL of 200 units/MI ofnal (0, none; 0.1, less than one-tenth; 0.5, less than Moloney murine leukemia virus reverse transcriptase)one-half; 1.0 greater than one-half). The intensity and and incubated at 370C for 1.5 hours. Each PCR wasproportion scores were then multiplied to give an overall performed in 50-,ul volume, using 1 l1 of the completedscore, and tumors with a score equal to or higher than 1.0 RT reaction (cDNA); 30.8 g. of sterile water; 5 I1 of 1Oxwere deemed positive. PCR buffer; 5 pil of 25 mmol/L MgCI2 ; 200 mmol/L each of

dATP, dCTP, dGTP, and dTTP; 1 Al of DMSO; 1 unit of
Taq DNA polymerase; and 0.5 pA of 50 mmol/L PCR
primers. The psoriasin primers were sense (5'-AAG AAA1i Situ Hybridization GAT GAG CAA CAC-3') and antisense (5'-CCA GCA
AGG ACA GAA ACT-3') corresponding to the cDNA se-In situ hybridization was performed on paraffin sections (5 quence,13 or alternatively, PCR was performed withpm) according to a previously described protocoL..Lin-., . GAPDH primers, sense (5'-ACC CAC TCC TCC ACC TTTearized psoriasin plasmid cDNA (1.0 pg/l,) was used to G-3') and antisense (5'-CTC "-G TGC TCT TGC TGGgenerate UTPSs-labeled sense and antisense RNA G-3').2 For PCR amplification the reaction comprised anprobes with the Riboprobe System (Promega, Madison, initial step of 5 minutes at 940C, and then 45 cycles (30WI) according to the manufacturer's instructions. Sense seconds at 940C, 30 seconds at 560C, 30 seconds atand antisense p'robes were equalized by diluting 1 X 1Or 720C) for psoriasin or 35 cycles (45 seconds at 930C, 45cpm/pA in hybridization solution. These were then applied seconds at 580C, 30 seconds at 720C) for GAPDH. PCR

tc c--raffin sections (approximately 30 1,I of probe per products of the two genes amplified from the same RTsection) that had undergone postfixation with 4% para- reaction were loaded into the same wells onto a 1.5%formaldehyde (pH 7.4) in PBS and further pretreatments agarose gel before electrophoresis and ethidium bro-with triethanolamine/acetic anhydride and proteinase K mide staining to visualize psoriasin (246 bp) and GAPDHbefore hybridization. Sections were then coverslipped, (198 bp) cDNAs under UV illumination.sealed, and incubated overnight in a humid chamber at Preliminary experiments were performed with cell line421C. After coverslip removal, sections underwent iricu- and tumor RNA samples to establish the appropriatebation in posthybridization solution and buffered RNase RNA input and PCR cycle number conditions to achieveA (20 Ag/ul), followed by several washes in descending amplification with both psoriasin and GAPDH primers inc":t,-'ns of standard saline citrate buffer to remove the linear range in a typical sample. Tumors from eachwt..k-y bound nonspecific label. After dehydration in eth- cohort were processed as a batch, from frozen section-anol containing 300 mmol/L ammonium acetate, the sec- ing to RNA extraction, reverse transcription in triplicate,tions were coated in NTB-2 Kodak emulsion, subse- and then duplicate PCRs from each RT reaction. For eachquently developed after various time intervals from 2 to 5 batch controls included RT-negative and RNA-negativeWeeks, and counterstained with Lee's methylene blue controls and both psoriasin-positive (estradiol-stimulatedand basic fuchsin. Psoriasin expression was assessed by MCF7) and psoriasin-negative (untransfected, wild-typebright-field microscopic examination at low power (10x MDA-MB-231 cells) RNA controls. All primary tumor PCRobjective) magnification with referernce to the negative signals were assessed in gels and autoradiographs bys-nse and positive control tumor sections run with each video image capture and with a MCID-M4 image analysis
- Levels were scored semiquantitatively as previ- program. Psoriasin expression was standardized toOusiy described22 by assessing the average signal inten- GAPDH expression assessed from the same RT reactionSity (on a scale of 0 to 3) and the proportion of tumor cells in separate PCR reactions and run in parallel on the sameshowing a positive signal (0, none; 0.1, less than one- gel, and the mean of each duplicate PCR was then ex-tenth; 0.5, less than one-half; 1.0 greater than one-half). pressed relative to the levels in the MCF7 cell line stan-The intensity and proportion scores were then multiplied dard. The invasive tumor component within each sectionto give an overall score, and tumors with a score equal to was also assessed in the adjacent mirror image paraffinor higher than 1.0 were deemed positive. section, and the percentage area occupied by tumor was
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used to correct for differences in epithelial cell content of
the tumor sections used for RNA extraction.

Statistical Analysis N It.

For analysis of associations, standardized psoriasin
mRNA levels were used either as a continuous variable or
transformed into low- or high-expression categories, us- A-• '
ing a level of one relative density unit. This cutpoint was L:,

selected to correspond to the lowest level at which pro-
tein could be detected by Western blot. Correlations with 17.7Kd
estrogen (ER) and progesterone (PR) receptor levels and
inflammation were tested using Spearman's test. Associ-
ations with categorical variables were tested by either 7.7Kd
Mann-Whitney or analysis of variance tests for selected
dependent variables, or unpaired t-test for independent
variables, or a X2 test.

Results 17.7Kd

Characterization of Psoriasin-Specific Antibody

Multiple S100 proteins are expressed in individual tissues 77Kd
and cells. To specifically distinguish psoriasin expression
within archival formalin-fixed and paraffin-embedded tis- Figure 1. Western blot analysis of cell lines and tumors to demo
sues-we raised a polyclonal antibody in chicken against anti-paonasin IgY antibody specificity. . A protein band (approx 11.

detected using a chicken IgY anti-psoriasin antibody in a psorasii.
a synthetic peptide that corresponded to the COOH ter- fected MDA-MB-231 breast cell line and two tumors (10049, 1 2 4 3 4 ),Y

minus of psoriasin. This 14-amino acid region was se- absent in tumor 13402 and wild-type MDA-MB-231 cells. B: Detectio•i
several SlO0-like proteins, using a commercial polyclonal S100 anti

lected on the basis of very low homology to other S.100 applied to the same samples, in addition to weak detection of the*
proteins. Western blot analysis of an MDA-MB-231 breast (approx 11.7 kd) protein band seen in A.

cell line transfected with a plasmid incorporating psoria-
sin cDNA under the control of a CMV promotor (and protein and RNA extracted from sections cut from the
known to express psoriasin mRNA by Northern blot; un- adjacent mirror-image frozen tissue blocks). Skin biop-
published data) and breast tumors showed a single band sies from the margins of two psoriatic lesions and S
corresponding to a protein of approx 11.7 kd with the squamous carcinoma of larynx were also studied, as
chicken IgY antibody (Figure 1A). This signal could be psoriasin was originally identified as a highly expressed
completely inhibited by preincubation of the primary an- protein in psoriatic skin and has also been identified as
tibody with psoriasin synthetic peptide (data not shown) an expressed sequence tag in a cDNA library from lar• yn
and was absent from the wild-type and vector-alone. geal squamous carcinoma (http://www.ncbi.nlm.nih.goýv
transfected MDA-MB-231 control cells. By comparison, a UniGene/Hs. 112408). All cases were subjected to both
commercial anti-S100 antibody (Sigma), known to detect immunohistochemistry and in situ hybridization on adja'-
several S100 proteins in MDA-MB-231 cells, 24 weakly cent paraffin sections, and both signals were assessed
recognized the same 11.7-kd protein in transfected cells independently, using a semiquantitative scoring system
as well as several other S100 proteins in most samples as described in Materials and Methods. -

(Figure 1B). Both antibodies reacted with additional In breast tumors psoriasin protein was detected pre-
higher molecular mass bands in tumor samples. How- dominantly within epithelial tumor cells and was localized
ever, specificity of the 11.7-kd psoriasin signal was fur- within both tumor cell nuclei as well as cytoplasm. Pso-
ther confirmed by Western blot using another anti-pso- riasin was also present within some stromal cells and in
riasin polyclonal rabbit aritibody previously raised some cases also on the luminal aspects of endothelial
against a recombinant psoriasin protein (data not cells within small vessels (Figure 2). However, in sitfu
shown)., hybridization demonstrated that mRNA expression was

limited to epithelial tumor cells in all cases (Figure 2). The

Localization of Cellular Expression of Psoriasin nuclear immunohistochemical staining was completely
abolished by competition with the immunizing peptide

To assess cellular localization of psoriasin we studied and was not present in tumors that were negative foir
paraffin-embedded tissue blocks from breast, skin, and psoriasin but showed additional immunoreactive bands
larynx by immunohistochemistry. The breast tumors stud- on Western blot (eg, see case 13402, Figure 1, and case,
ied possessed either high (six cases) or low (seven 8840, Figure 4). Immunohistochemistry and Western blot
cases) levels of psoriasin mRNA and total protein expres- were concordant in 12/13 cases. In one case Western
sion (determined by Western blot and RT-PCR analysis of blot analysis was negative and weak focal staining was
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Figure 2. Immunohistochemical and in situ hybridization analysis of the cellular distribution and patterns of expression of psortasin within psonatic skin andbreast carcinoma. Psoriasin protein is localized in hyperplastic epidermis of skin to both nuclei (A.V white arrow) and c,'toplasm (A. black arrow) of
keratinoc tes. Similar nuclear and cytoplasmic staining Is seen in breast epithelial tumor cells (C, black arrow; case 8965). Psoriasin protein is also detected within
Occasional stromail inflanmaatorv cells (C, white arrow). E: H&E-stained section from the same region of the tumor shown in C. Psoriasin mR.NA expression in
skin is res~rmced -.o eptela ells in suprahasal layers of epidermis (B) and scattered invasive epithelial tumor cells n breast tumors 1.D), detected using antisense
prribe H and D) comopareci :o sense probe (Fi. Original magnification for all panels at the microscope, X29).

Seen by immunohistochemistry. Specificity of the nuclear mRNA expression by in situ hybridization in adjacent
S'ýra' was further confirmed by the fact that the presence sections (Figure 2). The adjoining normal skin was neg-

-i~nchistcchemically detected protein expression, ative. Occasional positive immunohistochemical staining,
asssssed on the basis of nuclear staining, was highly but no mRNA signal, was also observed in stromal cells in
concordant (92%) with expression detected by in situ the dermis underlying the psoriatic lesion. As seen in
hIbndizaticr mRNA. breast tumor cells, pscriasin protein was localized both to

In skin, immunchistcchemical staining was localized to the nucleus and cytoplasm within keratinocytes (Figure
keratinocytes within the mid to upper zones of the epi- 2). The same nuclear and cytoplasmic localization was
dermis of skin showing pscriasiform hyperplasia. These also detected in a squamous laryngeal carcinoma (data
keratinocytes corresponded to the cells that also showed not shown). However, the polyclonal rabbit anti-psoriasin
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antibody previously shown to provide immunofluorescent with RT-PCR analysis, Western blot-positive invasive du6"
staining in frozen skin sections13'25 did not detect any tal tumors were also significantly associated with Eli
signal on paraffin sections from skin or breast. Additional negative (P < 0.0001) and PR-negative (P < 0.0012) andi
experiments were performed with the chicken IgY anti- node-positive (P = 0.0143) status (Table 2). ---- ., _'
psoriasin antibody on skin and breast tumor sections in The relationship between psoriasin mRNA and protei•
which immunohistochemical conditions (microwave ver- expression and host inflammatory response was also
sus protease antigen retrieval) and tissue treatmentlfixa- examined (Table 2). Psoriasin mRNA showed a signiiJ
tion conditions (formalin versus alcohol versus parafor- cant positive correlation in the entire cohort (n = 57, r-A
maldehyde versus frozen) were varied, and nuclear 0.47, P = 0.0002), in the entire cohort excluding th.
localization persisted under all conditions (data not medullary carcinoma subgroup, which includes infla
shown). matory infiltrates as a diagnostic criterion (n = 52, rr,

0.42, P = 0.0022), and within the invasive ductal sub
group alone (n = 34, r = 0.39, P = 0.023). Cases withý

Expression of Psoriasin mRNA in Invasive Western blot-detectable psoriasin protein also showed'

Breast Tumors increased inflammatory infiltrates, both in the entire co7'
hort (mean (SD) = 3.6 (1.1) vs. 2.3 (1.2), P = 0.004) and

The changes in psoriasin expression previously ob- in the entire cohort excluding the medullary subgroýU
served in association with the transition from in situ to (mean (SD) = 3.3 (0.89) vs. 2.1 (0.98), P = 0.007). -
invasive carcinoma suggested a functional role in the
early stages of progression. However, alteration of pso-
riasin expression in normal skin has also been associated
with abnormal keratinocyte differentiation. To examine Discussion
further the relationship of psoriasin with differentiation
and invasiveness, we used RT-PCR and Western blot to We have developed a psoriasin-specific antibody a
examine psoriasin mRNA and protein levels in a cohort of confirmed its specificity as well as its ability to detect the
invasive tumors. These tumors included several different psoriasin protein in formalin-fixed and paraffin-embe*
tumor types and a range of differentiation, as determined ded specimens. We have shown that there is a high
by tumor grade and estrogen receptor status (Table 1). concordance between psoriasin mRNA and proteinA .e

Psoriasin mRNA was detected in all tumors by RT- els in invasive tumors, and persistance of psoriasin~ -
PCR, but the levels varied considerably and were mostly pression at higher levels is significantly associated
low (Figure 3). Within the invasive ductal subgroup there poor prognostic markers, including ER- and PR-negative
was no significant difference in psoriasin expression with and lymph node-positive status. Psoriasin expression,
tumor grade. There was also no significant difference within breast tumor cells is also associated with inflam-ý
between tumor size or type, although there was a trend matory infiltrates.
toward lower levels of expression in both well-differenti- Indirect support for a role for S100 genes in breast
ated tumor types, tubular and mucinous carcinomas, tumor progression is provided by several observations
whereas lobular and medullary carcinomas showed a Disruption of calcium signaling pathways has been im-,
trend toward higher expression than invasive ductal tu- plicated as a central mechanism in tumorigenesis and
mors. However, higher levels of psoriasin mRNA expres- specifically in the process of invasion and metastasis.,
sion showed a significant inverse correlation with both ER Moreover, the chromosomal location of the S100 gene
and PR levels (r = -0.66, P = 0.0001; r =- -0.47, P = family lies in a region of chromosome 1 that frequently
0.0003, Spearman) and with ER and PR negative status (>50%) shows loss of heterozygosity in invasive tu-
(ER-ve vs. ER+ve; n = 28 vs. 29, mean (SD) 1.032 (0.7) mors. 27 Furthermore, several S100 genes are expressed
vs. 0.32 (0.36), P < 0.0001 Mann-Whitney; PR-ve vs. in breast cell lines and tumors and are known to manifest
PR+ve, n = 25 vs. 32, 1.05 (0.72) vs. 0.37 (0.40), P < alteration of their expression in association with tumori-.
0.0001) in all tumors and within the invasive ductal sub- genesis and progression.'1. 24 In particular, S100A2 anrd
group. Psoriasin expression was also higher in axillary S100A4 have been identified to be differentially exý-
node-positive cases in all tumors (mean (SD) = 0.86 pressed between normal and neoplastic cells 3' 26 ' 29 and_
(0.73) vs. 0.59 (0.66), and the difference was statistically up-regulated in metastatic as compared to nonmetastatic

3o0
significant for the invasive ductal subgroup (mean (SD) = cells in both mouse and rat mammary tumor cell lines.5."
0.88 (0.79) vs. 0.38 (0.28), P = 0.035, t-test). These In vivo studies of breast tumors have also shown a corre.
relationships with ER, PR, and nodal status (Table 2) were lation between high levels of S100A4 expression, nodal
also evident and remained statistically, significant after metastasis, and ER-negative status.3' More direct evil
correction of psoriasin levels for the relative tumor cell dence has emerged from modulation of S100A4 expres.
content, assessed as a percentage within the paraffin sion in transfected cell lines that have shown that over-
sections adjacent to the frozen tissue sections studied. expression of $100A4 can also induce the metastatiC.

Psoriasin protein was detected by Western blot analy- phenotype in mouse, rat, and human cells. 4'6 '32 Furthe
sis in 10 tumors (Table 1 and Figure 4). These tumors (six more, there is evidence that $100A4 may exert its effe,
ductal, two lobular, two medullary) corresponded to on cell cytoskeleton8 ,9 and motility,' and it has also beefl
those with the highest mRNA levels observed by RT-PCR demonstrated that up-regulation of $100A4 in mouse
(above 1.0 arbitrary expression units). Also consistent tumor cell lines can down-regulate expression of .-
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l 1. Clinicopathological Parameters, Histological Composition of the Tumor Section, and Psoriasin Expression in 57 Invasive
Breast Carcinomas Assessed by RT-PCR and Western Blot

Clinicopathological parameters Psoriasin

'=z Type ER PR GrSc Size NS Inf RT-PCR RT-PCR/Inv% WB

.11549 muc 194 133 3 - 2 0.06 0.15 -

10515 muc 341 176 3 - 1 0.08 0.14 -

9948 muc 46 22 6.5 - 1 0.10 0.16 -

10582 muc 109 62 2.3 na 1 0.14 0.34 -

8832 muc 295 177 4 - 2 1.94 2.77 -

8021 muc 331 328 2.3 - 2 0.11 0.15 -

11387 tub 105 35 3.5 na 2 0.09 0.29 -
9483 tub 56 0 1.2 - 2 0.09 0.91 -

"11651 tub 67 24 2.2 - 3 0.23 0.77 -

8814 jb 232 103 2 - 2 0.44 1.45 -

tub 29 73 2 - 1 0.52 5.21 -

20,-2 tub 8.3 5 2.3 + 3 0.67 1.34 -
13041 med 3.4 9 2 - 5 0.40 0.49 -
13153 med 4.9 2.4 3 na 5 0.61 0.76 -
11867 med 1.4 9 1.6 + 5 1.60 2.67 +
13058 med 4.6 12 2.8 - 5 1.63 2.04 -

12434 med 1 1.3 1.2 - 5 1.63 3.27 +
8639 ilc 52 83 na - 1 0.20 0.67 -
8799 ilc 111 139 6 + 2 0.31 3.15 -
8993 ilc 142 528 8 + 1 0.52 0.86 -
9801 ilc 2.1 9.8 na - 3 0.56 1.60 -
8921 ilc 2.3 8.9 8 - 2 2.07 3.77 +
S561 ilc 0.7 3.4 2.5 - 3 2.34 5.84 +
9000 idc 392 596 7 2.5 - 1 0.07 0.09 -

13402 idc 49 35 4 2.8 - 2 0.07 0.17 -
11971 idc 97 25 4 1.5 - 2 0.13 0.42 -
8684 idc 74 43 7 5 + 1 0.14 0.35 -

12853 idc 17.3 83 9 4.8 + 4 0.15 0.22 -
8840 idc 74 68 7 1.8 + 3 0.17 0.37 -
8834 idc 10 147 5 2 - 2 0.17 0.34 -

8674 idc 16.7 4.5 9 na - 2 0.19 0.35 -
12037 idc 225 144 4 3.5 + 2 0.20 0.40 -
12868 idc 93 141 9 3.5 na 1 0.21 0.28 -
8599 idc 58 81 4 3.5 - 1 0.24 0.79 -

'0105 idc 0.9 3.8 9 3 + 4 0.24 0.40 -
7928 idc 33 72 5 3 + 2 0.27 0.67 -

13414 idc 15.5 59 5 4.1 - 2 0.28 0.56 -
11343 idc 78 44 4 na - 3 0.29 0.73 -
10644 idc 130 4.7 9 3.2 + 2 0.32 0.81 -
10137 idc 42 26 7 1.8 - 1 0.44 0.89 -
10064 idc 0.8 4.6 9 2.5 na 2 0.53 0.88 -
11769 idc 1.1 3.5 7 na - 3 0.56 0.80 -
8932 idc 114 27 -4 2 - 1 0.56 1.13 -

10906 idc 46 6.6 9 4.5 na 5 0.58 0.64- -
8789 idc 0.8 0.4 7 na na 3 0.66 1.64 -

10150 idc 70 42 7 na - 1 0.67 1.68 -
11459 idc 3.6 98 5 4.6 + 3 0.67 0.96 -
13191 idc 17.2 9.2 9 3.2 - 2 0.69 0.87 -
10124 idc 1.9 12.9 9 3 - 4 1.00 1.42 -
8830 idc 0.7 8 9 6 + 4 1.06 1.32 +
8790 idc 6 50 5 1.5 + 2 1.07 3.58

11118 idc 6.6 11.8 5 8.5 + 2 1.10 2.20
12715 idc 1.5 16 7 3 na 3 1.24 2.06 +
9631 idc 0.7 ', 4.5 9 na + 4 1.32 3.10 +
8965 idc 0.4 9.9 7 na + 4 1.85 2.64 +

10049 idc 0.8 14 9 3.7 + 4 2.01 5.04 +
8704 idc 0.7 3.5 7 3.5 + 2 2.60 6.50 +

TB, tumor bank case number; type, mucinous (muc), tubular (tub), medullary (med). lobular (ilc), ductal (idc); ER, PR, estrogen/progesterone
receptor levels (fmol/mg protein); GrSc, Nottingham grade score; Size, tumor size (cms); NS, nodal status, positive (+). negative (-), not available
(na); Inf, estimate of inflammatory infiltrate, low (1) to high (5). RT-PCR, psoriasin mRNA level determined by RT-PCR; RT-PCRjInv%, psoriasin mRNA
level determined by RT-PCR and adjusted for the percentage tumor cell content of the tissue section (as described in Materials and Methods); WB,
psoriasin protein level determined by Western blot.
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Figure 3. RT-PCR analysis of psoriasin mRNA expression in invasive breast . .

tumors. Psoriasin (upper black arrow) and GAPDH (lower open arrow) 7.7Kd -
from duplicate PCRs of 10 representative tumors. Control lanes include :...d

estradiol-treated MCF7-E2 cells, a tumor control 12077c, and wild-type MDA-
MB-231 cells. Figure 4. Western blot analysis of psoriasin protein expression in cu.avgs

breast tumors. Psoriasin (black arrow) is detected in 3/12 representa
tumors and within the positive control (CL7FD3).

cadherin and disturb the intracellular distribution of
B-catenin.'°

A possible role for psoriasin (S100A7) in breast cancer similar differences have been found with other genes in
first emerged when it was also identified as a cDNA breast tumors,34 suggesting that additional external fac&
down-regulated in a nodal metastasis relative to a pri- tors may influence psoriasin regulation in vivo.
mary breast tumor.3

' Nevertheless, the significance of Although the biological effect of alteration of psoriasin
the initial observation was unclear because of the fact in breast tumors is currently unknown, it is interesting to
that expression was only detectable in a small proportion speculate from this pattern of expression that psoriasi'• 16

of cells within invasive primary tumors studied by in situ may be important in the invasive phenotype. This i't6
hybridization, and overall could be detected in only 18% might be mediated through an indirect influence on 'the
of primary tumor specimens assessed by Northern anal- effector cells of the host immune response or pe'hpl.a
ysis. An explanation for this paradox became apparent through a more direct influence on the epithelial tumor
when psoriasin was also identified by us as a gene that is cell. The first hypothesis is supported by the correlation
particularly highly expressed in the ductal epithelial cells seen here with the degree of host inflammatory ce',lli

of preinvasive ductal carcinoma in situ,1 ýwhich can be sponse within breast tumors and the previous evideg"
present as a significant component with invasive tumor that implicates psoriasin as a chemotactic factor.' 4 How
specimens. We have now shown that when higher levels ever, psoriasin protein was only detected in approx--
of psoriasin expression persist within invasive tumors, mately 50% of medullary and ductal tumors with marke,•i
this correlates with indicators of increased metastatic inflammatory responses. The second hypothesis is5sup
potential. It should be noted that the strong relationship ported by our observation that psoriasin may not only b
with ER status is compatible with studies of S100A431  secreted1 3',1 5 but also can be localized in both nuclear
and the in vitro observationa3 (and our unpublished data) and cytoplasmic compartments in normal skin and breast
that psoriasin is regulated by estradiol in MCF7 cells. tumors. Although further studies beyond immunohisto-
Although it is interesting that the nature of this correlation chemistry are necessary to confirm this observation, the,
is different between the in vitro and in vivo situations, pattern of expression is consistent between cells in two

Table 2. Relationship between Psoriasin Expression and Prognostic and Tissue Factors

All IDC

n Low Ps High Ps n Low Ps High Ps

ER - 28 14 4 P = 0.0001 19 10 9 P = 0.0019
+ 29 28 1 15 15 0

PR - 25 13 12 P = 0.001 15 8 7 P = 0.018
+ 32 29 3 19 17 2

NS - 30 24 6 ns (P = 0.095) 14 13 1 P = 0.0002
+ 19 11 8 15 8 7

INFL Low 34 29 5 P 0.049 20 17 3 ns (P 0.07)
High 18 .11 7 14 8 6

Size <2 12 9 3 6 5 1
2-5 29 22 7 ns 18 14 4 ns

"5 7 4 3 3 1 2
Grade Low 12 10 2

Mod 10 7 3 ns
High 12 8 4

Type idc 34 25 9
ilc 6 4 2

med 5 2 3 ns
muc 6 5 1
tub 6 6 0

ER. PR. estrogen/progesterone receptor status; NS, nodal status; INFL, inflammatory infiltrate: Size, tumor size (cms): Grade, Nottingham grade;-
Type, mucinous (muc), tubular (tub), medullary (med), lobular (ilc). ductal (idc); Low Ps/High Ps. low/high psoriasin mRNA level determined by RT-
PCR (cutpoint values used as described in Materials and Methods). P values determined by X2 or ANOVA tests, ns, not significant.
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Pathology, D212-770 Bannatyne Previous studies have shown that lumican is expressed and increased in the stroma of breast
Ave, University of Manitoba, tumours. Lumican expression has now been examined relative to other members of the small
Winnipeg Manitoba R3E OW3, leucine-rich proteoglycan gene family in normal and neoplastic breast tissues, to begin to
Canada. determine its role in breast tumour progression. Western blot study showed that lumican protein is

S/ E-mail:f•watson~cc.umanito- highly abundant relative to decorin, while biglycan and fibromodulin are only detected
/ b.ca occasionally in breast tissues (n = 15 cases). Further analysis of lumican and decorin expression

performed in matched normal and tumour tissues by in situ hybridization showed that both
FmRNAs were expressed by similar fibroblast-like cells adjacent to epithelium. However, lumican
'mRNA expression was significantly increased in tumours (n=34, p<0.0001), while decorin
onRNA was decreased (p=0.0002) in neoplastic relative to adjacent normal stroma. This was
accompanied by a significant increase in lumican protein (n=12, p=0.0122), but not decorin.
Further evidence of altered lumican expression in breast cancer was manifested by discordance
between lumican mRNA and protein localization in some regions of tumours but not in adjacent
morphologically normal tissues. It is concluded that lumican is the most abundant of these
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Introduction is overexpressed in invasive carcinomas [5]. Members
of this family of proteoglycans have been implicated

The development and progression of breast carcinoma principally in matrix assembly and structure [6], but
are caused by alterations in the expression of multiple also more recently in the control of cell growth [7].
genes, most of which are responsible for normal While studies of decorin have shown altered expression
physiological pathways and the necessary cellular in neoplastic stroma [3], lumican has previously been

Sinteractions to support these functions within the studied only in the context of connective tissue and
Smammary gland. These include alterations in the corneal disease [8,9], and the role of SLRPs in human
Sinteractions between the epithelial and stromal cells, breast cancer is relatively unexplored. To explore
, which are manifested in tumours by well-recognized further the potential role of lumican and related genes
- morphological changes known as the stromal reaction in breast tumour progression, we have now examined
"• [1]. Such alterations in stromal-epithelial interactions the expression of lumican relative to that of other
S-tomay influence the risk of transformation of the breast members of the SLRP family, decorin, biglycan and
o` b'Y2epithelial cell and may contribute(very early steps in fibromodulin, at both mRNA and protein level, in
0 tumourigenesis, as has recently been proposed in other normal and neoplastic breast tissues.

S -. ~ systems [2]. However, the net effect of these alterations
,o r. in the stroma on the later stages of tumour progression Materials and methods
7 - is unresolved [3].

Resolution of this issue is complicated by the Human breast tissues
S • recognition that the stroma is a highly complex tissue
Sthat includes a variety of different types of fibroblasts All breast tumour cases used for this study were

0 [4] and a range of proteins, glycoproteins, and selected from the NCIC-Manitoba Breast Tumor Bank
. proteoglycans which may play a role in tumour (Winnipeg, Manitoba, Canada). As has been pre-

o0 biology. We have recently extended this list by viously described [10], tissues are accrued to the bank
C! identifying lumican, a member of the small leucine- from cases at multiple centres within Manitoba,
0 rich proteoglycans (SLRPs) as an mRNA that is rapidly collected, and processed to create matched
Sexpressed in the stroma of normal breast tissues and formalin-fixed, paraffin-embedded, and frozen tissue



2 E. Leygue et al.

* blocks with the mirror image surfaces orientated by sections (20 x 20 lim) was cut from the measured
coloured inks. The histology and cellular composition surface of each tissue block together with a single
of every sample in the bank are interpreted in section from the adjacent paraffin block. This was used
haematoxylin and eosin (H&E)-stained sections from as a reference for composition and protein extraction
the face of the former tissue block, was then performed on the frozen sections with

For the initial study to compare broadly the equivalent volumes of extraction buffer. Proteins
expression of different members of the SLRP gene present in equivalent volumes of extracts were analysed
family, a mixed pilot cohort was selected from the by SDS/PAGE and immunoblotting, using anti-
Tumor Bank to include nine different invasive carci- peptide antibodies specific for the carboxyl-terminal
nomas, three normal tissue samples from patients with regions of the core proteins of lumican, decorin,
cancer, and three normal tissues from normal patients fibromodulin, and biglycan [12-14]. The specificity of
without cancer. The invasive tumours included differ- all antibodies was verified by peptide absorption and
ent tumour types (five ductal, three lobular, and one SLRP cross-reactivity analysis. Protein signals were
tubular carcinoma), grades (four high, one moderate, detected by chemiluminescence and photographed
four low Nottingham grades), and oestrogen receptor prior to quantitation by video-image analysis and
(ER) levels (three ER < 10 fmol/mg, three ER 10-20, densitometry using an MCID M4 system and software
three ER 39-169), and total stromal fractions ranging (Imaging Research, St Catherines, Ontario, Canada).
from 50 to 95% of the cross-sectional area. The mean All signals were then adjusted with reference to control
patient ages were 62, 70, and 28 years for each cartilage samples run with each blot. For the second
subgroup, respectively (tumour tissues, normal tissues cohort of matched tissue samples, signals were also
adjacent to tumours, and normal tissues). adjusted with reference to the measured cross-sectional

For the subsequent studies to compare lumican and area and the stromal content of the tissue block to
decorin expression, a second more defined and homo- control for equivalent loading. Additional analysis was
geneous cohort of 46 cases was selected to provide performed on all signals after further adjustment for
matching primary tumour tissues and adjacent normal relative stromal content of the tissue sections assessed
tissue. This cohort included only invasive ductal carci- in adjacent H&E sections.
nomas and was primarily selected to ensure availability
of histologically confirmed and distinct regions compris- Immunohistochemistry

- ing morphologically normal and tumour tissue elements Immunohistochemistry was performed on paraffin
in different blocks (12 cases, for western blot studies)ior sections using the same antibody to lumican as used

tei situh die s for immunoblotting [9,12]. Sections (5 gim thick) werestudies). The subset used for western blot studies was obtained from paraffin-embedded tissue blocks match-
0.. also selected to possess equivalent cross-sectional areas

a(SD) ing the frozen tissue blocks of those cases used for[mean section areasD in tumour tissues = 0. 86(0-44) cm2,trnri}o-olmaschn(R PC)nd-_.

_ stroma reverse transcrip){ion-polymerase chain (RT-PCR) and /
adjacent normal tissues =0.85(-'35) cm,] and stromalrers
adjacent [manotromal tissuesa08(SD)intcmou an protein analysis. After deparaffinizing, clearing, andcontent [mean stromal area in tumour tissues hydrating in TBS buffer (Tris buffered saline, pH 7.6)

-=6001)%, adjacent normal tissues = 89(6)%] between the sections were pretreated with 3% hydrogen per-
the matching blocks and to incorporate cancer cases
from both post-menopausal (six cases mean(SD) =76(7) oxide for 10 min to remove endogenous peroxidases

and non-specific binding was blocked with normalS(years) and pre-menopausal patients (six cases swine serum, 1: 10 (Vector Laboratories S-4000). TBS
mean = years). was used between steps to rinse and as a diluent.

Primary antibody to lumican was applied at a 1:400
o Sodium dodecyl sulphate/polyacrylamide gel dilution overnight at 4°C, followed by biotinylated
Selectrophoresis (SDS/PAGE) and immunoblotting secondary swine anti-rabbit IgG, 1:200 (DAKO) for

,o• Total proteins were extracted from frozen tissue 1 h at room temperature. Tissue sections were incu-
r, , sections. These were cut from the face of frozen tissue bated 45 mi at room temperature with an avidin!
S btbiotin horseradish peroxidase system (Vectastain ABC

S blocks immediately adjacent to the face of a matching Eie etrLb)floe ydtcinwt AElite, Vector Lab.) followed by detection with DAB
• = paraffin block [11] from which paraffin sections had

(diarminobenzidine), counterstaining with 2% methyl
S be en previously cut for pathological assessment andS i ben revousy cu fo paholgica asessentandgreen, and mounting. A positive tissue control (colonic

~ -• for in situ hybridization. For the first cohort of cases, green, and m nngative tisse control (opic
an average of 20 20 lim tissue sections were cut from mucosa) a ege r eagent conolt(no pary

S • each typical tissue block (0.5 x 1.0 cm 2 cross-sectional, arear the number of tems and intensity were assessed by light microscopicaea) and used for extraction; however, visualization.
tissue sections was varied for each case according to

S • the measured area of the tissue within individual
blocks, to ensure that equivalent volumes of tissue
were used for the extraction, which was done as Paraffin-embedded 5 gim sections of breast tissues were

~ '. described previously [12]. For the second cohort of analysed by in situ hybridization according to a
Smatching tissue samples, the same number of frozen previously described protocol [5]. For lumican, the

~I .... I.t, ýA I•^. ,P.• ••,• • , , ,•h I-M O € . ..••
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plasmid Lumi-398, which consisted of pGEM-T plasmid of three other members of the SLRP family, decorin,
(Pharmacia Biotech), containing a 398 bp portion of fibromodulin and biglycan, by western blot in a
lumican cDNA between bases 1332 and 1729, was used heterogeneous panel of nine breast tumours and six
as a template to generate UTPs 35 labelled sense and normal tissues.
antisense riboprobes using Riboprobe Systems (Pro- Lumican was highly abundant in all samples and in
mega, Madison, WI, USA) and either the T7 or SP6 both neoplastic and normal tissues (Figure 1). A
promotor at the 5' or 3' end of the lumican sequence significant increase was seen in the mean level of
according to the manufacturer's instructions. For lumican protein between normal and tumour [mean(sD)

decorin, the plasmid Dec-322 was used as a template. tissue adjusted optical density units, normal= 0.43(0-8),
This consisted of pGEM-T plasmid containing a decorin tumour =0.56(0.15), p =0.026, Mann-Whitney test].
insert with a comparable length (322 bp) to the lumican Although an apparent difference in the level of lumican
probe generated by PCR amplification from the decorin between normal samples from normal patients and
cDNA [12] using primers that corresponded to decorin normal samples adjacent to tumours was seen, this
(sense 5'-AAATGCCCAAAACTCTTCAG-3'and anti- difference did not persist when the different stromal
sense 5'-AAACTCAATCCCAACTTAGCC-3') [15]. content of these samples was taken into account.
All PCR cDNAs and plasmid inserts were sequenced to Similarly, there was no difference in the levels in
confirm their entity. Levels of lumican and decorin tumour tissues on comparing pre- and post-
expression were assessed in normal and tumour regions menopausal patients. Nevertheless, an increase in the
by microscopic examination at low magnification and overall molecular weight and polydiversity was noted
with referenceto the negative sense and positive control between normal tissues and morphologically normal
tumour sections. This was done as previously described tissue adjacent to tumours, which might be attributable
[5] by scoring the estimated average signal intensity (on a to either different age or association with tumour in
scale of 0-3) and the proportion of stromal cells showing the adjacent breast.
a positive signal (0, none; 0.1, less than one-tenth; 0.5, t n ce nt deall.

less than one-half; 1.0, greater than one-half). The In comparison, decorin, although also present in
most samples examined by western blot, was much less

intensity and proportion scores were then multiplied to

S. give an overall score. Regions with a score lower than 1.0

CJ were deemed negative or weakly positive. - -4-81 2 -- 31 2 3 4 5 6 7 8 9 10 11 12 13 14 15 C

Microdissection and protein extraction analysis ~

I To assess protein localization within regions of

CL tumnours, two cases were selected that showed marked UIA
and well-defined regions within the same tissue section LUMICAN
with discrepancies between mRNA and protein expres-
sion. This was determined by in situ hybridization and
immunohistochemistry in adjacent serial sections from ff
paraffin tissue blocks. The mirror image frozen tissue
blocks to these paraffin blocks were used for micro- DECORIN

dissection as previously described [11] and protein was
, extracted from these histologically defined regions as
~ described above. Briefly, thin 5 gim frozen sections
G were cut from the faces of the frozen tissue blocks and

S stained by H&E, and the relevant histological regions
. of approximately 1-2mm2 distinguished and con- BIGLYCAN

g firmed by reference to the paraffin sections already
S studied. Multiple thick frozen sections (20 x 20 gtm)X

* ~ were then cut, rapidly stained, and microdissected at
Sroom temperature from each section in turn, and the
Smicrodissected tissue fragments were frozen again prior FIBROMODULIN
.! to protein extraction.

Figure I. Immunoblotting study of lumican, decorin, biglycan,

•:2 and fibromodulin protein expression in human breast tumours
SResults (lanes 1-9); normal tissues from normal patients (lanes 10-12);

0 •and normal tissues adjacent to carcinomas (lanes 13-15). All

C £ Identification of lumican as the most abundant protein samples were extracted from sets of frozen tissue

"Z! SLRP in normal and neoplastic breast tissues sections bracketed by sections assessed by H&E stain and light
"microscopy to confirm content. Chemiluminescent signals for

, To determine the relative importance of altered decorin, biglycan, and fibromodulin required three-fold longer
. lumican expression in breast tumourigenesis, the exposure times than that for lumican. Molecular markers (left)

Sexpression of lumican protein was compared with that and cartilage control sample (right) are present in all panels
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abundant relative to the cartilage control (Figure 1). It lumican (> 1) were present in tumour than in normal
should be noted that the decorin (in common with tissue in 26/34 cases. At the same time, decorin levels
biglycan and fibromodulin) signals shown in Figure 1 also showed a consistent and significant difference,
also required a three-fold longer chemiluminescent with lower levels seen in stroma associated with
exposure time (9 s) than that for lumican (3 s). How- tumour, relative to stroma associated with adjacent
ever, in contrast to lumican, there. was a marked normal tissue components (p<0.0002 , Wilcoxon test,
decrease in decorin between normal and tumour Figures 2 and 3C), with lower levels of decorin (> 1)
samples [mean(sD) optical density units; normal= present in tumour than in normal tissue in 22/34 cases.
0.21(0.06), tumour = 0.13(0°14), p=0.066, Mann-Whitney The pattern of expression of decorin was also identical
test]. No difference was seen in the signals between in sections from the same cases studied with a different
normal samples from normal and cancer patients. in situ hybridization riboprobe (data not shown).

Fibromodulin expression was not detected in normal Although we have previously noted a relationship
tissues and at only low levels in only 3/9 tumours, between lumican and poor prognostic factors, these
where the presence of fibromodulin correlated with associations were not found in the present larger series.
those tumours with the highest content of epithelial
tumour cells. Biglycan was also only detected at low A
levels in 2/6 normal tissues and 3/9 tumours, where in
contrast to fibromodulin, its presence correlated
directly with those tumours with the highest content
of collagenous stroma. 

.R

Lumican and decorin are differentially expressed
between normal and neoplastic tissues

In order to examine further the distinct alterations in
the expression of lumican and decorin, the mRNA and

, protein expression of both genes was examined in 46 AL

0• cases by in situ hybridization (34 cases) and western
MO blot (12 cases) from the second cohort of cases, n a i .......

"2- comprising matched normal and tumour samples. .

- As previously shown, prominent lumican mRNA 4

' expression was detected, using an antisense probe, in _

stromal fibroblast-like cells within the tumour and ...

immediately adjacent to invasive tumour cells. Assess-
ment of mRNA levels using a semi-quantitative
approach, as detailed in the Materials and methods
section, also confirmed our previous observations [5]
made on a different set of tumours, and lumican
mRNA was found to be significantly elevated in the
majority of tumours when levels were compared with
"those present in adjacent normal stroma (p<0.0001, :..
Wilcoxon test, Figures 2 and 3B). Higher levels of

Lumican Decorin
3.5 3.5 3." 3.. *

P,0.000 1 P-0.0002
3 3 3 3

.5 2.5 2.1 2.5 = = = =

• 2 2 2 2 ..........................

.0. 0. 0.5 Figure 3. Lumican and decorin mRNA expression detected by
, in situ hybridization within a breast tumour section. Panel A

0" 0 0
normal tumor normal tumor (H&E section) shows the histology including the invasive tumour

(upper area), the tumour margin (middle), and adjacent normal
Figure 2. Lumican and decorin mRNA levels in matched normal tissue including lobular-ductal units (lower area). Lumican
and tumour tissues, assessed by in situ hybridization and semi- expression (B) is high within the tumour and tumour margin

quantitative scoring as described in the Materials and methods and lower in the normal fat and collagenous stroma adjacent to

o section. The thickness of each line (on a scale of 1-9) the normal lobules. Decorin (C) shows high expression in the

corresponds to the number of cases showing the same normal stroma adjacent to normal lobules and reduced

differences in scores (n=34 cases) expression in the tumour. x 340
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In keeping with the pattern of mRNA expression, (SLRPs) in breast cancer. We have also extended our
the mean lumican protein signal assessed by western previous observations [5], based on the detection of
blot was also higher in 9/12 tumours relative to lumican mRNA, in showing that the total lumican
normal tissues [mean(sD) optical density units, protein is also increased in breast tumours relative to
normal=0.22(°15 ), tumour=0.43(°0 9), p=0.012 2 Wil- adjacent normal tissues. Our results also demonstrate
coxon test]. Once again, in contrast to this, decorin that this pattern of up-regulation of lumican in relation
protein was lower in 7/12 tumours relative to normal to breast tumourigenesis is distinct from that of the
tissues, but in this case the differences were not closely related decorin gene, which is inversely regu-
statistically significant [mean(SD) optical density units, lated and reduced at mRNA and to a lesser extent at
normal =0.22(0.19), tumour=0.17(02), p = ns (not sig- protein levels, in tumour relative to adjacent normal
nificant), Wilcoxon test]. These contrasting patterns of tissue. Finally, we have shown that lumican expression
lumican and decorin expression also persisted after in tumours may also be associated with an abnormal
standardization of western blot signals for relative distribution within the stroma, manifested by discor-
stromal content (data not shown). dance between mRNA and protein deposition within

subregions of breast tumours.
Lumican mRNA and protein expression can The family of SLRPs share several common
occur in different regions within breast tumours features, including a central region of leucine-rich

Immunohistochemnical study of the lumican distribu- repeats bounded by flanking cysteine residues, and
timmnowihinstohemial sametis that hadalriady d iben localization in the extracellular matrix. The SLRPs cantionbe separated into three subgroups that include decorin
examined by in situ hybridization was performed using
the same antibody [9,12] that had been employed for and biglycan, lumican and fibromodulin, and epiphy-

can and osteoglycin, which are distinguishable bywestern blot analysis (Figure 4). This showed that amino acid homologies and also by gene structure

lumican was abundant throughout the collagenous [ Dino prolytees sdd o te genes ,
stroma of both normal and tumour sections, with [ 16]. Decorin, probably the best studied of these genes,
stromanent depofb otno arond tumour vesetos, wsth is known to interact with a variety of extracellular
prominentddepositiontaroundrsmallhvessls, breastd matrix molecules and has been shown to be capable of
duct, and lobular structures. There was increased influencing collagen fibril growth and assembly both in
deposition within the collagenous stroma of tumours, vitro and in vivo [6,7]. Decorin may also influence

0`1 in particular at the invasive margins and in areas of tumour cell growth through indirect effects on the
'0 dense collagen within central regions of some tumours,
"" compared with adjacent normal tissues. However, in availability of growth factors from the extracellular

some cases there were distinct regions, up to 2 mm in matrix, or directly through activation of the EGF
receptor and induction of the p21 cell-cycle inhibitorSarea within the tumour sections, containing loose [18]. In contrast, less is known about lumican and

stroma in which there was a complete absence of other SLRPs. However, in vitro and in vivo data
lumican detectable by immunohistochemistry (Figures indicate that lumican is also important in the regula-
4C and 4D); but the same regions showed high tion of collagen fibril assembly [191. This view is

expression when examined for lumican mRNA by in

situ hybridization in adjacent sections (Figures 4A and supported by recent observations based on mice with
homozygous deletion of the lumican gene, where loss

4B). Similarly, other areas showed strong staining for of corneal transparency and increased skin fragility are

lumican protein, but low levels of mRNA.
To explore the possibility that the absence of associated with disorganized and loosely packed

S lumican expression detected by immunohistochemistry collagen fibres related to increased and irregular fibril
size, and interfibrillar spacing, as viewed by light and; might be due to the conformation of the native protein eeto irsoy[]

,' or the binding of lumican to other proteins, resulting in
the masking of the carboxy-terminal epitope, specific The observation that lumican is highly abundant" compared with other SLRPs in breast tumours cannotSareas measuring approximately 1 mm2 each were be interpreted to mean that it is necessarily the most
microdissected from frozen sections of two tumours

d denaturing important. This is underscored by the recent demon-and luinican protein was assessed under dntrn
oo e, conditions by SDS/PAGE and western blot. In both stration that although decorin is apparently moreabundant than versican in prostate cancer tissue, only

cases, those regions with high mRNA expression and an increase in the larger chondroitin sulphate proteo-
a negative glycan versican correlates with grade, and inversely

S by western blot, while areas showing very low mRNA with progression-free survival, in prostate cancer [20].
expression but strong staining by immunohisto-S • chemistry were positive by western blot (Figure 5). Similarly, the increase in lumican as seen here in

csbassociation with breast tumourigenesis may be less
important than the parallel decrease in decorin. It

SDiscussion should also be noted that while the present study was
_ •focused primarily on examining the relative expression

We have shown that lumican is the most abundant of SLRPs between matched normal and tumour tissues
proteoglycan in comparison with several other mem- and was not necessarily designed to compare levels
bers of the family of small leucine-rich proteoglycans between cases, we did not observe any significant
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0 Figure 4. In situ hybridization and immunohistochemical study showing regional discordance in lumican mRNA (A, B) and protein

"1-= expression (C, D) displayed in adjacent sections in breast tumours. Panels A and C show the overall pattern of mRNA (A, black

I'- signal) and protein (C, brown staining) within a tissue section (0.4 x 0.8 cm in size) that includes regions of in situ and invasive tumour
S(upper left and upper middle) and adjacent normal tissue (lower left and lower right). Panels B and D show a detailed microscopic

0.. view (x 400) of the cellular localization of mRNA and protein within a small region at the invasive edge within the same section

(tumour component at left, normal component at right)

relationship between lumican or decorin and prognos- the distinction between these opposing potential effects

tic factors within this larger tumour cohort, as will clearly require further study.

previously noted [5]. While this leaves open the The differences in lumican levels between normal
Squestion of a role for these SLRPs in later tumour and tumour tissues observed by both immunohisto-
Sprogression, the implication of altered expression for chemistry and western blot are not as marked as those
Sthe earlier stages of tumourigenesis remains intriguing, seen at the level of mRNA expression. While differ-

r It is possible to speculate that both induction of ences in the assays may account for some of this
Slumican and decrease in decorin in stromal fibroblasts discrepancy, it is clear that it may also be attributable

; within the invasive tumour may represent a positive to the discordance that can exist between lumican
Shost response, to abrogate the disorganization. of mRNA and protein expression detected by in situ and

g '. collagen within the tumour stroma, encourage macro- immunohistochemical techniques respectively, within
Sphage localization [21], and inhibit the growth of the same regions of breast tumour stroma. A similar

g epithelial cancer cells, through the increased availabil- discordance between mRNA and protein expression

"~ ity of growth factors inhibitory to breast epithelial cell has been previously observed in the course of studies

- growth [22]. Alternatively, these alterations may on lumican and other large and small proteoglycans in

7 represent a negative host response contributing to different tissues. For example, in corneal development

S- early tumour development. Increased lumican mRNA in the chicken, the mRNA levels for lumican and

"• expression may reflect a response to locally increased decorin do not always reflect the rate of synthesis of
proteolysis or altered deposition of the lumican protein the corresponding proteins and the efficiency of

. that is the cause of the disorganization of the translation of lumican varies over time [231. Similar
collagenous stroma, which in turn facilitates tumour discordance between aggrecan and versican mRNA

Scell invasion. Similarly, a decrease in decorin may and protein has been seen in normal tendon [24],
V remove an inhibitory effect on epithelial tumour cell between decorin and biglycan mRNA and protein

• growth through repression of p21 [7]. A role for and localization in normal and reactive gastric mucosa [25],

I D-4-I,,, itl. I at. Ann(LfMn
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Figure 5. Lumican protein expression detected by immunohistochemistry (upper panel) and western blot (lower panel)
demonstrating concordance in the assessment of protein levels in microdissected subregions within two breast tumour sections.
The upper panels show IHC sections (tumour A, right; tumour B, left scale bar =5 mm). The mRNA and protein signals were
detected by in situ hybridization (ISH) and immunohistochemistry (IHC) in each region in adjacent sections and ISH/IHC levels were
assessed semi-quantitatively (negative, weak +, strong + +) as follows: tumour A. region I = + +/-, region 2 = -/+ +, region 3
(remainder of section) = +/+ +; tumour B: region 4 = +/-, region 5 = -/+ +, region 6 = + +/+ +. The lower panel shows
the western blot (C= cartilage control; lanes 1-6 correspond to regions assessed and microdissected above)

0% and in regions of cartilage matrix around vascular that expression of both genes apparently occurs in the
"0 channels and the growth plates of long bones in same fibroblast-like cells in breast tissue stroma. While

normal cartilage [26]. In this latter instance, the lumican has not previously been studied in human
discordance was attributed to a high rate of break- tumours, the expression of decorin mRNA and
down and removal at these sites. This conclusion is proteoglycans incorporating chondroitin sulphate epi-
supported by studies on endothelial cells which show topes has been shown to be increased in colon,
that growth factors such as bFGF can increase not prostate, and basal cell carcinomas [28-30], but a
only both biglycan transcription and protein synthesis, more recent study of multiple stromal genes in breast
but also the corresponding rate of proteolysis [27]. The tumours found no difference in the levels of decorin
absence of protein could also reflect masking of the mRNA between tumour and normal tissue, although
epitope by conformational changes in the native noting increased expression in the stroma immediately
protein, by changes in post-translational modification, adjacent to in situ components [31]. However, the

Sor by binding to another protein. Alternatively, this normal tissue examined was selected to be well away
Scould reflect reduced translation, increased breakdown, from the primary tumour and this, together with
Z or failure to bind within the immediate stroma and rap differences in the method of quantitation, the defini-
Stranslocation of the protein to adjacent areas of the tion of tumour regions, and the focus on matched
Stissue. Our microdissection experiments, applied to samples, limits a full comparison with our observa-

small regions where lumican mRNA is highly tions. For example, morphologically normal tissue
• expressed, suggest that the corresponding protein is immediately adjacent to carcinomas may be influenced
Struly absent in these areas and that epitope masking by paracrine growth factors derived from the tumour
Sdue to conformation or binding proteins is an unlikely and may also harbour molecular alterations [32] that
Sexplanation for the observation. However, it could also might influence local gene expression. However, similar

z -• be the case that the necessary binding sites are not immunohistochemical studies of breast tumours using
7 available in the immature stroma associated with rapid monoclonal antibodies raised against chondroitin
Sgrowth of tumours and that this allows translocation sulphate and dermatan sulphate small proteoglycan
Sof newly synthesized lumican to binding sites in have shown reduced decorin expression within invasive
Sadjacent tissue. as compared with surrounding normal stroma, con-

The reciprocal nature of the changes in the expres- sistent with our findings [33]. Decorin and other
Ssion of lumican and decorin is intriguing. Although SLRPs are known to be independently regulated and
0, definitive characterization of the stromal cell types mutually exclusive [26] and compensatory changes in

0 '. awaits primary culture studies, direct comparison of in the expression between different SLRPs have been
Ssitu hybridization performed on serial sections suggests observed [34]. However, this appears to be usually
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