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Introduction 
Although nearly half of human breast cancers at diagnosis are estrogen-responsive and respond to antiestrogen 

therapy at least for a time, more than half are estrogen receptor negative (ER-) and are predicted to be estrogen- 
nonresponsive tumors (1). However, some tumors which are ER- appear to respond to antiestrogen therapy in patients, 
which is beneficial because antihormonal therapy is less toxic than the alternative chemotherapy. The athymic, nude 
mouse model (2) has been used to study the hormonal dependence of growth of human breast cancer cells as tumors. 
Recent work has identified a potential model system where ER- breast cancer cells are estrogen-independent in cell 
culture, and yet intriguingly show estrogen-stimulated growth as tumors in athymic, nude mice (3). This model system 
will extend understanding of the host contribution to tumor growth by isolating the host portion of estrogen-stimulated 
breast tumor growth. The potential to control tumor growth by modulating the host animal mechanism would be of 
particular value in the treatment of estrogen-nonresponsive tumors which recur after "breakthrough" of tamoxifen therapy, 
as well as tumors that are ER- and assumed to be estrogen-nonresponsive at diagnosis. Understanding how estrogens can 
lead to the increased growth of estrogen-nonresponsive breast tumors mav lead to new stratesies to better control the 
growth of estrogen-independent breast cancer. 

Our working hypothesis is that estrogen regulates breast tumor growth via both direct and indirect stimulatory 
paths. That is, both tumor cells and host cells, from the body in which the tumor resides, will respond to estrogen and 
contribute to tumor growth. Friedl and Jordan (3) have reported that estrogen will stimulate growth in estrogen receptor 
negative breast tumor cells (MDA-MB-231 subclone 10A) that have been implanted in athymic, nude mice. The authors 
proposed that estrogen stimulated normal mouse tissues to produce factors that promoted tumor growth through reduced 
tumor cell loss rather than through stimulation of tumor cell proliferation even though the cells within the tumor were not 
directly sensitive to estrogens. Our goal is to confirm this intriguing report bv producing an athymic, nude mouse that 
lacks a functional ER and to determine the in vivo response of implanted breast cancer cell lines to estrogens. 

Finally, we will establish and make available, as a service to the breast cancer research community, ER-minus 
mice in a nude mouse background to be used in model studies to help elucidate the direct and indirect in vivo effects of 
estrogens on breast cancer growth and on progression from estrogen dependence to independence. 

Statement of Problem 
MDA-MB-231 Subclone 10A cells are an estrogen receptor (ER)-negative, human breast cancer cell line that 

does not appear to respond to estradiol in vitro. Surprisingly, after implantation into athymic, nude mice (2), this ER- 
negative cell line exhibited estrogen-responsive growth as a tumor (3); treatment with estradiol over 9 weeks increased 
tumor growth (area) up to 10-fold. We propose to study ER- tumor growth in athymic, nude mice, in both wild type and 
ER "knockout" (ER-/-) mice, so as to be able to unambiguously determine the host animal contribution to estrogen- 
stimulated breast tumor growth. This system represents a unique and valuable model to study the host contribution to 
hormonal control of breast cancer. 

Why is Estradiol Responsiveness in Breast Cancer Tumors Clinically Important? 
Breast cancer tumors that are estrogen responsive can be treated with relatively mild antihormonal therapy 

through the estrogen antagonist tamoxifen. However, most cancers become estrogen-independent, resulting in a resistance 
to treatment with tamoxifen(l). It would be extremely valuable clinically if we could make a breast tumor regain 
responsiveness to estrogen and eventually regain its dependence on estrogen. Alternatively, if we knew how a tumor cell 
lost its capacity to respond to estradiol then we might some day be able to prevent tumor cells from losing responsiveness 
to hormone treatment. 

In this pilot study we will set up a model system that will allow us to study the mechanism by which a breast 
tumor cell line, lacking both its estrogen receptor and estrogen responsiveness in vitro, can exhibit estrogen 
responsiveness in vivo. Suggested mechanisms for this include estrogen responses in the host (not the tumor itself) which 
lead to increased angiogenesis of the tumor or reduced apoptosis of tumor cells. Our approach will use the ER knockout 
mouse as a model which will separate host from tumor estrogen responses that lead to increased tumor growth. 
Understanding how estrogens can lead to the increased growth of estrogen-nonresponsive breast tumors may lead to new 
strategies to better control the growth of estrogen-independent breast cancer. Finally as a service to the scientific 



community, we will establish and make available ER-minus mice in an athymic, nude mouse strain background so that 
both the indirect and direct in vivo effects of estrogens on other tumor cell lines can be examined. 

Mechanism of ER Action 
The estrogen receptor and its ligand, estradiol, have long been thought to be essential for survival (4,5), fertility, 

and female sexual differentiation and development. A potentially critical time of action for estrogen and its receptor is 
during blastocyst implantation and early embryogenesis. Support for this possibility was provided in a report by Hou and 
Gorski (6) in which reverse transcriptase-polymerase chain reaction (RT-PCR) was utilized to demonstrate expression of 
the ER gene in the mouse during the blastocyst stage of development. Using similar techniques, Wu et al. detected ER 
mRNA in both human (7) and mouse (8) oocytes, providing evidence for the potential role and importance of ER and 
estradiol even prior to fertilization. There is also no doubt that estrogen plays a central role in normal postnatal female 
physiology, as well as in female pathology where its importance in breast and uterine cancer, osteoporosis and 
cardiovascular disease is well known, although poorly understood. 

ER like all members of the extensively studied steroid receptor superfamily (9-11), is known to act through a 
now classic mechanism of ligand-dependent transcriptional regulation: 1) synthesis and secretion of estradiol in the ovary; 
2) transport of the ligand usually associated with a serum binding protein in the blood stream; 3) passive diffusion through 
the cell membrane of the target tissues, uterus, breast, bone, etc.; 4) binding of the ligand to the receptor resulting in an 
allosteric receptor activation; 5) binding of a receptor dimer to a cognate DNA or hormone response element (HRE) 
usually located in the upstream promoter region of regulated genes; and finally 6) interacting with the transcriptional 
machinery and modulating transcription of specific genes. 

Lack of Classical ER Responses in ER-Minus Mice 
Consistent with the proposed crucial roles of estradiol and the ER protein, human ER gene mutations were 

unknown until recently (12). This is unlike the androgen receptor where many loss-of-function human mutations have 
been found (13-15). We have been able to generate mutant mice lacking responsiveness to estradiol (ER-minus mice) via 
gene targeting (16). Exon 2 of the ER gene was disrupted by insertion of a neomycin resistance gene. Both male and 
female ER- animals survive to adulthood with normal gross external phenotypes. No abnormalities have been detected in 
heterozygous animals. Homozygous females and males are infertile. Females have hypoplastic uteri and "hyperemic" 
ovaries with no detectable corpora lutea. 

Classic biological assays for estradiol are also unresponsive: In wild type and heterozygous females, three day 
estradiol treatment with 40 ug/kg dose stimulates a 3 to 4 fold increase in uterine wet weight and alters vaginal 
cornification, but the uteri and vagina of the ER-disrupted animals do not respond. Prenatal male and female reproductive 
tract development can therefore occur in the absence of estradiol receptor-mediated responsiveness. 

Hypothesis/Purpose: 
We propose that cells of host tissue respond to estrogen bv producing a "factor" capable of stimulating breast 

tumor cell growth. Confirmation that host responsiveness to estradiol is required for tumor growth will be sought by 
implanting the ER-minus breast tumor cell line, MDA-MB-231 (subclone 10A), in nude ER-minus mice lacking estrogen 
responsiveness. If a host response to estradiol is required for tumor growth then the tumor will not respond in ER-minus 
mice. 

The lack of ER-negative tumor response to estradiol in the ER-minus mice provides support for these two 
possible mechanisms: 

1. The breast tumor cells are responding indirectly to estrogen, perhaps through a 
factor induced in another tissue in the mouse that is altering tumor cell 
proliferation and/or apoptosis. 

2. Estradiol increases the rate of angiogenesis and nutrient supply thus allowing 
faster tumor growth. 

If, as we expect, the ER-negative tumor cells are non-responsive to estradiol in vivo, then the case for direct 
stimulation by the following mechanisms is weakened: 

1. The tumor cells regain functional estrogen receptor protein in vivo. 



2. One of the other known non-ER estrogen binding proteins, perhaps capable of 
mediating a growth response, is induced in vivo. 

Technical Objectives: 
Technical Objective #1. 

We will establish a colony of athymic, nude mice and ER+/- mouse heterozygotes to produce 5-15 animals per 
week of female athymic, nude ER-/- mice and control female athymic, ER+/+ mice sufficient for the technical objectives. 

Technical Objective #2. 
A. While we are establishing the colony of athymic, nude, ER-minus mice, we will use commercially available 

athvmic. nude mice (ER-positive) to confirm that the estrogen receptor-negative MDA-MB-231. subclone 10A, breast 
cancer cell line will not respond to estrogen in in vitro culture but will respond in vivo in the athvmic. nude mouse. We 
will use estrogen-dependent MCF-7 cells as positive controls for estrogen responsiveness and parental MDA-MB-231 
cells as controls for estrogen-independence. (See Table 1) Both of these human breast cancer cell lines have been used 
extensively in the athymic mouse model. We expect that MCF-7 cells will grow as tumors that require estrogen in the 
athymic mice, and that parental MDA-MB-231 cells will grow as tumors independent of estrogens. Furthermore, we 
expect that estrogens will increase the growth of the subclone 10A cells only in the ER-positive mice, confirming the 
results of Friedl and Jordan (3). We will also test the specificity of this response with estrone, estriol, tamoxifen, the 
antiestrogen, ICI 164,384 and catechol estrogen to determine if the response is mediated by ER protein of the host animal. 

B. We will confirm that the subclone 10A tumors lack estradiol binding activity at the end of the experiments, as 
well as ER protein and mRNA both in vitro and in vivo. We will assay for ER protein by estradiol binding activity and 
Western blot analysis and assay for mRNA by RNase protection and quantitative polymerase chain reaction (PCR) 
analysis. We expect that the tumors will lack ER in any form both in vitro and in vivo. 

Another possible result, almost as intriguing is that the tumors possess ER protein or mRNA either in vitro or in 
vivo, but it is only functional in vivo or it is only induced in vivo. (We consider this unlikely but if it happens See Future 
Directions below.) 

Technical Objective #3. 
We will test the hypothesis that the ER-negative tumor cell line, MDA-MB-231 subclone 10A, is being indirectly 

influenced by factors induced by estradiol acting through ER protein in tissues outside the tumor. We will implant the ER- 
minus tumor cell line into a female nude, ER-minus mouse. (See Table 1) We have already made an ER-minus mouse 
lacking a functional ER protein by disrupting the ER gene by homologous recombination. We will cross this ER-minus 
mouse with an athymic, nude mouse on a C57BL background. The resulting athymic, ER-minus mouse will allow the 
implantation of exogenous tumor cells into a mouse lacking responsiveness to estradiol. We can then determine whether 
the growth response of the tumor cells to estradiol is mediated directly or indirectly by estradiol. If our hypothesis is 
correct, the in vivo tumor cell line should not respond to estradiol in an environment lacking a functional ER. Further 
characterization of the putative growth factors could then be undertaken by methods briefly outlined in Future Directions 
below. A positive response to estradiol would suggest that a search should be begun, both within the tumor cell line and 
within the ER-minus mouse, for a novel non-ER estrogen response protein. 

We will use estrogen-dependent MCF-7 cells as positive controls for estrogen responsiveness and parental MDA- 
MB-231 cells as controls for estrogen-independence. Both of these human breast cancer cell lines have been used 
extensively in the athymic, nude mouse model. We expect that MCF-7 cells will grow as tumors that require estrogen in 
both ER-positive and ER-minus athymic mice, and that parental MDA-MB-231 cells will grow as tumors independent of 
estrogens in both mice. However, we expect that estrogens will increase the growth of the subclone 10A cells only in the 
ER-positive mice. 

Technical Objective #4. 
From the estrogen-responsive MCF-7 human breast cancer cell line, we have derived several unique clonal 

sublines which are estrogen-independent for proliferation in cell culture (17). We will screen these cell lines for estrogen- 
dependence of tumor growth in the athymic, nude ER-minus mouse model which we have described above. (See Table 1) 



The goal is to identify other cells lines which may contribute to the study of the estrogen-stimulated host response and test 
the generality of ER-minus tumors responding to estrogens. 

ER-Minus Mice PCR analysis, RNase protection, Western Northern and Southern Nucleic Acid Analysis to Check 
for Functional Estrogen Receptor 

Western blot protein analysis does not detect any classic ER protein in ER-minus mice. Northern blot analysis of 
poly A-mRNA isolated from ER minus uteri and probed with either a radioactive ER cDNA probe or neomycin gene 
probe detected the same size band. Southern blot analysis with ER and neomycin probes shows the expected 2 kb increase 
in size of the band from the ER gene because of the insertion of the 2 kb neomycin resistance gene. The presence of a 
single band with neomycin and ER probes indicates that there is only one insertional disruption integration site and that it 

is in the ER gene. 

RNase protection studies with ligand-binding domain probes reveal that the ER-minus mice contain less than 
20% of the level of mRNA in this region when compared to wild type ER mRNA. No mRNA containing the full length 
wild type sequence is detected by PCR although small incomplete mRNA fragments that use cryptic and native 
donor/acceptor splice sites are detected indicative of neomycin gene disruption of the ER gene transcript. This indicates as 
expected that some disrupted ER mRNA is being made. It is inactivated as expected by the inserted neomycin gene, 
because no classic ER protein functional responses are detected. 

ER-Minus Mice Biological Responses 
We have been concerned that ER protein might somehow be present by "leakage" in the ER-minus mice. Several 

experiments on the ER-minus mice phenotype in classic estrogen response assays have been performed since the 
publication of the original ER-minus mouse paper (16,18). We have been unable to detect any classic estradiol responses 
utilizing several classic biological estrogen assays and transcription-mediated assays in these ER-minus animals. 

The biological assay results showing a lack of estradiol response are listed below: 
1. Estradiol, as found previously, Was reproducibly been unable to increase uterine wet weight and vaginal 

cornification. 
2. Previously it has been found that uteri would respond to epidermal growth factor (EGF) mediated by ER 

protein but independent of estradiol. There was no response to EGF in these mice, again indicating the absence of 
functional ER protein. 

3. Tamoxifen and diethylstilbestrol (DES) have estrogenic activity in the uteMne wet weight gain assay in wild 
type animals. No effect on uterine wet wgight was seen after administration to the ER-minus animals. It has been 
speculated that there are alternative steroid receptor super family orphan receptors, in addition to ER, for tamoxifen and 
DES. If these additional receptors exist, they are not able to function to increase uterine wet weight. 

4. In other estradiol biological response assays in ER-minus mice, estradiol is also unable to show any response. 
No increased response was seen after estradiol administration in: a) in 3H-thymidine incorporation in in vitro uterine 
uptake assays, b) in PR mRNA levels, c) in glucose 6-phosphate dehydrogenase mRNA levels, and d) in lactoferrin mRNA 
levels. These are very sensitive transcriptionally-mediated, classic estradiol response assays. The lactoferrin mRNA 
assay, for example, shows over a 350 fold stimulatuw in wild type animals after exposure to estradiol. 

5. Very recent results within the last weekWbe shown by in situ hybridization assays that 12 hour exposure to 4- 
hydroxy catechol estrogen but not estradiol can induce lactoferrin mRNA in ovariectomized ER-minus mice uteri. This 
result provides support for the existence of at least one additional "estrogen" response protein capable of responding to 
an estrogen "metabolite". 

ER-Minus, Estrogen-Nonresponsive Cell Lines Derived from the Estrogen-Dependent MCF-7 Human Breast 
Cancer Cells 

The MCF-7 human breast cancer cell line is widely used as a model of hormone-responsive breast cancer. These 
cells contain ER progesterone receptors (PgR), and show estrogen-dependent cell proliferation. By culture under 
hormone-free conditions, Wade Welshons' laboratory has isolated twointermediate cell lines in progression from the 
ER+, PgR+, estrogen-responsive phenotype of the parental MCF-7 cells, to the ER-, PgR- and estrogen-nonresponsive in 
vitro phenotype (17). This progressive series of cell lines follows the sequence: loss of PgR, loss of estrogen-responsive 
proliferation with reduced ER, and finally complete loss of ER. Several subcloned cell lines of each phenotype have been 



isolated. AU ER-minus cell lines flail to express ER mRNA by the RNase protection assay, but all cell lines have an 
apparently intact ER gene by genomic Southern analysis (17). In Technical Objective #4, we propose to determine if any 
estrogen-nonresponsive clones in this series will, like subclone 10A proposed for extensive study above, exhibit estrogen- 
stimulated growth as tumors in athymic mice. This will test the generality of the phenomena that estradiol can exert 
positive effects on tumor growth through host mediated action. 

Table 1 
Expected Growth Responses to Estrogen Treatment of Breast Cancer 

Cells (with and without ER) Implanted in ER wt & ER - athvmic, nude Mice 

MCF-7 
(ER-nositive) 

Nude ER wt/wt mice 
noE2 - 
withE2 +++ 

Nude ER -/- mice 
noE2 -(?) 
withE2 ++(?) 

_B C D  
MDA                Subclone 10A                 Our MCF-7 clones 
(HR-minnsl (ER-minus) (ER-minus) 

+++ + (?) 
999 

+++(?) +(?) +(?) 
+++(?) +(?) + (?) 

Brief description of breast cancer cells above that are to be implanted into 
ovariectomized mice for tumor growth experiments: 
A. MCF-7: ER-positive, estrogen-responsive for proliferation in culture and as tumors 
B. MDA-MB-231 parental: ER-minus, estrogen-nonresponsive for proliferation in culture and as tumors 
C. Subclone 10A: Derived from MDA-MB-231; ER-minus, estrogen-nonresponsive for proliferation in culture, but 

estrogen-responsive for growth as tumors 
D. MCF-7 clones (several): ER-minus, estrogen-nonresponsive for proliferation in culture, estrogen-responsiveness 
unknown as tumors (Isolated in Wade Welshons' laboratory by Ed Curran.) 

ER Reactivation in in vitro ER-negative tumors 
The detection of ER protein and mRNA in the breast tumor cell lines we are examining would raise two more 

questions (at least!). 
A. If the all of the human tumor cell lines really contain ER both in vitro and in vivo, then the question becomes: "Why 
does the cell respond in vivo and not in vitro?' or restated: 
"Are additional growth factors from the mouse necessary for estradiol to induce a response?" (See above.) 

B. If the tumor cell line only contains ER in vivo but not in vitro, then the question becomes: "What is the mechanism by 
which ER protein is induced in vivo so that cells regain their capacity to respond to estradiol in vivo but not in vitro?' 
Recently it has been found that the inactive ER gene expression can be induced in vitro by changes in DNA methylation 
(27,28). It will be extremely interesting to see if a growth or host factor is changing ER gene expression perhaps by an in 
vivo change in ER gene methylation. 



Body 
Methods: 

D. Statement of Work 
Technical Objective #1 
Establishment of a Breeding Colony of Athymic, Nude ER-Minus Mice 
Plan: 
Colony will be up to size by end of first year of funding and be maintained through end of grant period. 

The crossing of the ER-minus mouse into the athymic, nude background will require four generations before we 
can routinely produce ER-minus, nude female mice capable of accepting breast tumor xenografts Because the nude mice 
are immune compromised, all breeding with these mice will be done under microisolater conditions with everything 
coming in contact with the animals being first autoclaved. The animals will be taken out of their microisolaters only under 
a laminar flow hood to help maintain sterility. Genotyping of the mice pups will be by appearance for the nude genotype 
and by multiplex PCR for the ER-minus genotype. Multiplex PCR genotyping is routinely done for our ER-minus colony 
on about 200 DNA samples per week, isolated from tail snips of five week old mice. This same procedure and scale will 
be followed for the nude, ER-minus mouse colony. 

In the first generation two nude C57BL/6J males, obtained from Jackson Laboratories, will be crossed with new 
pairs of heterozygous ER-minus female mice every two weeks. (See Figure 1) (The C57BL/6J strain background was 
chosen because it is the strain into which our ER-minus colony is being backcrossed to remove the 129 background of the 
original male founder.) Female nude mice are poor mothers so they are not useful in efficiently generating offspring. 
These multiple initial matings will efficiently generate double heterozygous ER-minus/m«fe females at a 1 in 8 frequency. 
(This frequency is the best possible whenever dealing with ER-minus crosses because heterozygotes must be used yielding 
only 1 in 4 ER-minus animals per mating, of which only half are the desired sex.) In the second generation the double 
heterozygote females will be crossed with the males of the same genotype as their father. This backcross will generate 
both female offspring with the same genotype as the mother (frequency of 1/8) and male nude, heterozygote ER-minus 
offspring (frequency of 1/8). These two genotypes will be crossed in the third generation to produce female nude, ER- 
minus mice at a frequency of 1 in 16. Their siblings will be used to set up additional breeding pairs to produce additional 
female nude, ER-minus mice. It is estimated that 40 litters of 8 pups each will be necessary to produce the 20 female ER- 
minus, nude mice necessary for a typical experiment. 

Results: 
Progress so far has been frustrating. The success of this objective is dependent on the successful breeding of 

sufficient numbers of female nude/ERaKO mice to be immune compromised recipients of xenotransplants of human 
breast cell lines to determine their responses to estrogens. This objective is essential for the project to succeed. 
Unfortunately because of two main findings we have had to alter our approach to this objective. Our first finding was that 
Utter size has been half that expected. Our second finding was that the ratio of male to female pups was 2:1. While these 
may be from a basic science point of view fascinating, they have hindered the accomplishment of this objective. These two 
findings have taken our expected ratio of 1 in 16 pups (to be the correct sex and genotype) down to about 1 in 32 in twice 
the number of litters. As a result we have only been able to breed less than 10 mice of the correct genotype and sex and 
these have been of unmatched ages which have not allowed us to run controlled experiments. 

Fortunately, we have developed and begun to implement a new approach, which should overcome our problems 
with using nude mice. This is to substitute SCID (severe combined immuno-deficient) mice in a C57BL/6J background 
obtained from Jackson Laboratories. These animals have recently begun to be used in other laboratories to replace nudes 
in breast cancer xenotranplantation studies. They will be important because unlike the nude mice, they are more prolific 
breeders and more importantly the homozygous females are fertile. This should allow us to approach a 1 in 8 frequency. 

Technical Objective #2 
Results: 

The discovery of a second estrogen receptor, ER-beta (17b), as well as our own work that a third estrogen 
receptor (ER-gamma?) may exist (17c), has confounded this objective. We have developed PCR primers to check for both 
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ER-oc and ER-beta mRNAs to clarify the true of ER status of published "ER-negative" human breast cell lines. These 

studies are ongoing. 

Technical Objective #3 
Results: 

No ERaKO/nude mice so no results yet. See Objective #1 results above. 

Technical Objective #4 
Results: 

With research progressing so slowly on the first three objectives we have turned our attention to this objective. 
We have analyzed the MDA cell line and the MCF-7 cell lines developed by Curran and Welshons (See Figure 1) and 
have 2 significant results to report from analyzing these lines 

One of the accepted dogmas for the inactivation of ER in breast tumors, so that it is no longer responsive to 
estrogens, has been that when DNA methylation occurs at the NotI site of the ER gene, its transcription is turned off. Thus 
methylation and perhaps demethylation might allow ER-negative tumors to be reactivate their ER genes and subsequent 
responsiveness. We have shown that in these MCF cell lines there is not a correlation of methylation and ER expression 
(Cancer Research submitted). In the process of looking for correlation of methylation at other DNA sites of expression of 
the ER gene we have developed a technique that allows for the entire genome to be scanned to look for differences in 
DNA methylation (Ref 17d Huang et al.; See Appendix for this Cancer Research paper). In particular this exciting 
technique has allowed the discovery of a novel tumor suppressor gene (WT1) which is apparently inactivated in breast 
cancer. The role of estrogen in regulating this tumor suppressor is at present unclear. 

If ER negative cell lines are becoming responsive to estrogens then perhaps it is not ER-alpha that is being 
reactivated but rather ER-beta or another ER. Our second significant result is the utilization of an RT-PCR assay to 
analyze for ER-beta mRNA in these MDA and MCF-7 cell lines (Figure 1). The data presented in Figure 2 (lanes 1, 4, 7, 
10, 13, 16, 19, 22) clearly shows that ER-beta mRNA is not present in any of the breast cancer cell lines but is present in 
the positive control human testes RNA (Figure 2 lane 25). Small bands in these lanes are non-specific primer dimers. 
Other controls show that RNA is present in all samples because actin and RLP7 mRNAs are present in all samples. 
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Figure 2   Legend.   RT-PCR Analysis for ER-beta mRNA in Breast Cancer Cell Lines with 
Varying amounts of estradiol binding activity. 
PCR amplification was performed on each total RNA from the cell lines shown in Figure 1 utilizing three primer sets in 
the following order:    a. Human ER-beta primers 1085 and 1499;    b. Actin primers;     c. rpL7 primers 
Lanes 1-3 Total RNA from MCF 7 Negative for ER alpha 
Lanes 4-6 Total RNA from MCF7 Positive for ER alpha 
Lanes 7-9 Total RNA from MDA-MB-231 
Lanes 10-12       Total RNA from C4 
Lanes 13-15        Total RNA from C4-12 
Lanes 16-18       Total RNA from C4-12-5 
Lanes 19- 21       Total RNA from C4-12-6 
Lanes 22-24        Total RNA from C4-23 TamR 
Lanes 25-27        Total RNA from Human testis RNA 
MW lanes 100 base pair DNA Molecular Weight Markers 

•AM k 500 bp 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 MW 

19 20 21 22 23 24 25 26 27 Bl 
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Conclusions: 
We have successfully developed assays and analyzed for the recently discovered ER-beta mRNA (17b). 
These assays will allow us to analyze tumors for in vivo activation of this receptor as well as ER-alpha. 
We have recently discovered evidence for a potential third "ER-gamma" (17c) that responds to catechol 
estrogens but not estradiol. We will thus need to analyze for differential responses of estradiol vs. 

catechol estrogens. 
DNA methylation assays have been developed to analyze the ER gene, as well as other DNA 

methylations throughout the genome (Ref 17d; See paper in Appendix). This will allow us to look for 
non-mutational activations of the ER gene IF this methylation site is found in the remaining time of this 

grant. 
Finally, a potentially better and more valuable new mouse model, the SCID/ERaKO mouse, is 

being developed for the scientific community to allow the study of estrogens and xenoestrogens in 
breast cancer. This will replace the technically unusable nude/ERaKO mouse model proposed in our 

original study. 
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Abstract 

We have developed a PCR-based method, called methylation-sensitive 
restriction fingerprinting (MSRF), to screen changes in DNA methylation in 
breast carcinomas. Two hypermethylation-containing fragments, HBC-1 (for 
"hypennethylation in breast cancer") and HBC-2, were identified in the 
amplified breast tumor DNA relative to the amplified normal breast DNA of 
a patient Nudeotide sequence analysis revealed no significant matches be- 
tween the sequence of HBC-1 and the known sequences in the GenBank 
database, whereas the sequence of HBC-2 matched the upstream region of an 
antisense WT1 (WUms' tumor suppressor gene) promoter. The methylation 
status in the breast tumor DNA from this patient was confirmed by Southern 
hybridization using HBC-1 and HBC-2 as probes, respectively. Further anal- 
ysis showed that HBC-1 was methylated aberrantly in 90% (17 of 19 patients) 
of the primary breast carcinomas examined. This study demonstrates that 
MSRF provides a useful means for screening aberrant changes in DNA 
methylation during tumorigenesis. The commonly methylated fragments 
identified by MSRF could potentially supplement pathological markers cur- 
rently used for cancers and additionally lead to the discovery of novel 
methylated tumor suppressor genes. 

Introduction 

Abnormal changes in DNA methylation have been observed in 

tumor cells (for a review, see Refs. 1 and 2). These changes usually 
occur in CpG dinucleotides that are clustered frequently in regions of 
about 1-2 kb in length, called CpG islands, in or near the promoter 
and first exon regions of genes (3). Hypennethylation within CpG 
islands was found to be associated with inactivation of tumor sup- 
pressor genes, including the estrogen receptor gene (4) and the MDGI 
(mammary-derived growth inhibitor) gene (5) in breast carcinoma, the 
glutathione S-transferase gene in prostate carcinoma (6), the von 
Hippel-Lindau tumor suppressor gene in renal cell carcinoma (7), the 
RB gene in retinoblastoma (8), and the hypennethylation in cancer 1 
gene (9), the cyclin-dependent kinase N2/pl6 gene (10, 11), and the 
E-cadherin gene (12) in several types of tumor cells. In addition, 
aberrant hypennethylation may contribute to tumorigenesis through 
the C-to-T mutation at the methylated CpG dinucleotides (2). Hypo- 
methylation was also observed in nucleotide sequences of several 
proto-oncogenes. Potentially, hypomethylation is linked to abenant 
increases in the transcription of these genes. However, a direct cor- 
relation between hypomethylation and the up-regulation of proto- 
oncogene expression in tumor cells has yet to be established. As a 
further step to understanding the role of DNA methylation in tumor- 
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igenesis, abnormally hypermethylated or hypomethylated sequences 

occurring in the tumor genome need to be identified. 
In this study, we have developed a PCR-based method, called 

MSRF,3 to identify abnormally methylated CpG sites in breast carci- 
nomas. Initially, genomic DNA was digested with a 4-base restriction 
endonuclease known to cut bulk DNA into small fragments but rarely 
to cut in the CG-rich regions. The digests were treated with a second 
restriction endonuclease, which discriminates between methylated and 
unmethylated CpG sites, and then amplified by PCR with short 
arbitrary primers (10-mers) at low stringency. Amplified products or 
DNA fingerprints were resolved by high-resolution gel electrophore- 
sis, and abenantly methylated patterns were detected in the amplified 
tumor DNA relative to the amplified normal DNA of the same patient. 
Here we have successfully employed the technique to identify and 
clone genomic fragments that frequently undergo methylation 

changes in primary breast carcinomas. 

Materials and Methods 

Tissue Samples. Tumor specimens were obtained from patients with in- 
vasive breast carcinomas undergoing mastectomies or biopsies at the Ellis 
Fischel Cancer Center (Columbia, MO; this study has been approved by our 
institutional review board). The adjacent nonneoplastic breast tissue was also 
obtained from the same patient to serve as a control (designated as "normal"). 
High molecular weight DNA was extracted using standard methods. 

MSRF. Genomic DNA was digested with Msel alone or digested with 
BstV I and Msel at 10 units per /ig DNA following the conditions recom- 
mended by the supplier (New England Biolabs). The PCR reaction was 
performed with the digested DNA (20-100 ng) in a 20-/xl volume containing 
a pair of primers (0.4 /xM), 0.15 units of Taq DNA polymerase (Life Tech- 
nologies, Inc.), 5% (v/v) DMSO, 200 LIM deoxynucleotide triphosphates, and 
2 tiCi [a-32?] dCTP (3000 Ci/mmol; Amersham) in buffer III [30 mM Tricine 
(pH 8.4), 2 mM MgCl2, 5 mM ß-mercaptoethanol. 0.01% (w/v) gelatin, and 
0.1% (w/v) thesit] (13). The primers were as follows: Bsl, 5-AGCGGC- 
CGCG; Bs5, 5'-CTCCCACGCG; Bs7, 5'-GAGGTGCGCG; BslO. 5'AGGG- 
GACGCG; Bsl I, 5'-GAGAGGCGCG; Bsl2, 5'-GCCCCCGCGA; Bsl3, 5'- 
CGGGGCGCGA; Bsl7, 5'-GGGGACGCGA; and Bsl8, 5'-ACCCCACCCG. 
Initial denaturation was for 5 min at 94°C. DNA samples were then subjected 
to 30 cycles of amplification consisting of 2 min of denaturation at 94°C, 1 min 
of annealing at 40°C, and 2 min of extension at 72°C in a PTC-100 thermo- 
cycler (M. J. Research, Inc.). The final extension was lengthened to 10 min. 
The products (20 LII) of each amplification reaction were mixed with 5 til of 
loading dye. Four /xl of each DNA sample were size fractionated on a 4.5% 
nondenaturing polyacrylamide gel. Samples were loaded onto the gel at -16 
V/cm to prevent diffusion from each lane into its neighboring lanes. The gel 
was then run for 2 h at 60 W until the bromphenol blue dye front reached 5-10 
cm from the bottom edge of the gel. After electrophoresis, wet gels were 
wrapped with plastic film and subjected to autoradiography at -70°C for 
24-48 h with DuPont Ultra-vision film. 

Cloning and Sequencing. Target bands were excised from polyacrylamide 
gels, and gel fragments were shattered by being centrifuged through a pinhole 
of a microfuge tube into a second intact microfuge tube. DNA was eluted in 

3 The abbreviations used are: MSRF, methylation-sensitive restriction fingerprinting; 
HBC. hypermethyladon in breast cancer. RLGS, restriction landmark genomic scanning. 
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water and reamplified by 30 cycles of PCR with appropriate primers. Unmod- 
ified PCR products were ligated directly into the TA cloning vector, pCR n, 
and transformed into Escherichia coli competent cells following the supplier's 
protocol (Invitrogen). Six to eight white colonies were selected, and plasmid 
DNA was isolated using minipreparation protocols (Qiagen). Double-stranded 
plasmid DNA was prepared and sequenced with an automated ABI model 373 
sequencer (Applied Biosystems, Inc.). The resulting nucleotide sequence was 
compared to GenBank using the BLAST program (14). 

Southern Hybridization Analysis. Five /ig of genomic DNA were di- 
gested with Msel alone or digested with Msel and BstU I at high concentration 
(15 units/jig) to ensure complete digestion of both tumor and normal DNAs. 
The digestion products were separated on a 1.5% agarose gel and transferred 
to nylon membrane (Schleicher & Schuell). Filters were hybridized with a 
32P-Iabeled HBC-1 probe (230 bp) or a 32P-labeled fragment, HBC-2.1 (119 
bp; positions 21-139; see Fig. IB). Hybridization and washing conditions were 
carried out essentially as described (15). Filters were exposed to Kodak 
BioMax film in the presence of an intensifying screen for 7 days at -70°C. 

Results and Discussion 

Several fingerprinting techniques based on arbitrarily primed PCR (16, 
17) have previously been applied to identify genomic alterations (18) and 
differentially expressed transcripts (19) in several types of tumor cells. In 
the present report, we describe an improved fingerprinting technique, 
MSRF, to identify abnormally methylated CpG sites in the breast tumor 
genome. Three unique features have been implemented to preferentially 
analyze methylation changes within CpG islands: (a) the system used a 
4-base cutter, Msel which has previously been shown to restrict genomic 
DNA into small fragments (once per 140 bp) but preserve the integrity of 
the CpG islands (once per 1,000 bp; Ref. 20); (b) the methylation- 
sensitive endonuclease ÄsfU I was used for differentiating CpG methy- 
lation between tumor and normal genomes. This endonuclease was 
chosen because its recognition sequence (CGCG) occurs frequently 

within CpG islands (once per 90 bp) but is rare in bulk DNA (one site per 
5,000-10,000 bp) (20); and (c) methylated CpG islands protected from 
the BstU I digestion were PCR-amplified with short arbitrary primers 
(10-mers) attaching to the flanking homologous sequences in the genome 
in opposite directions. Except for primer Bsl8 (see "Materials and Meth- 
ods"), these primers were designed further to contain CGCG at their 3' 
ends, which would enhance the chance of amplifying regions harboring 

the BstU I sites. 
At least four conditions related to DNA methylation are distin- 

guished by MSRF (Fig. 1A). In a condition showing no methylation 
(condition 1), PCR products are identified only in the Mrel-digested 
tumor and normal DNAs (Fig. 1 A, Lanes 2 and 4) but not in the 
Msel/BstU I-digested tumor and normal DNAs (Fig. 1 A, Lanes 1 and 
3). The absence of products in Lanes 1 and 3 (Fig. 1A) occurs because 
the given genomic sequence, which contains an internal CGCG 
site(s), is restricted with BstU I and cannot be amplified by PCR using 
appropriate primers. In condition 2, an internal CGCG site(s) for a 
given genomic sequence is methylated in both tumor and normal 
genomes and thus is protected from the BstU I digestion. Alterna- 
tively, the given genomic sequence does not contain an internal BstU 
I recognition sequence(s). In either situation, amplified products are 
present in all four lanes (Fig. 1A). An aberrant hypermethylation event 
(condition 3) occurs in tumor when an amplified product is observed 
(or shows a relative increase in band intensity) in the MseVBsiU 
I-digested tumor DNA (Fig. 1A, Lane 1) but not in the double- 
digested normal DNA (Fig. 1A, Lane 3). Amplified products are seen 
in the Msrf-digested tumor and normal DNAs (Fig. 1A, Lanes 2 and 
4). This indicates that a BstU I site(s) is specifically methylated in 
tumor DNA, but not in normal DNA. Hypomethylation (condition 4) 
is detected in tumor when a PCR product is observed in the doubie- 

B 
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k HBC-1 

1 I ara-raCCgfGl GGAGGGTTGA CTTTGCCACG CCATTCGTTG TGGGCTTCTA 
BUI 

51 TGCAGTTGTC TATAAAGTGT GGTCAGTGAT GGATGGGATT TTGGAAGATG 

101 TAGTGGGTAC CAAACACAGA CCCAAGATCC ATAAACAACT GAATTTATTC 

151 TACAGAGCCA TGGAAGGATG TGGAGGATGC GGAGGATACC CTGACTGCGC 
KU7I 

201 GGACAGTAAC GGCTGGGGTA ACGGGTGGGG 11 

B 
HBC-2 

1 IraGGGCGCGÄ] TCTGATCAAA GAACACAAGC CTCAGCGACC AGTAAGTTGT 
BBtüI 

51  rmiwnrrr. crniartr».  XAinrTMT TTCACTAACT AAAAGCATAG 
llln HBC-2.1 

101  artmr.AGGCA ATCTTGGGT CTBCTTCCGC TTCCTCCACA GGACAGTGAT 

151 CCCAGATTCT CCCGAAGAAA AGGGCGGTTT CGATTTCTCC AAGGCTttgSJ 

201 

bp 

1,500 

Fig 2 A and 5. upper panels, nudeotide sequences of HBC-1 and HBC-2. Both strands of the mserts were sequenced with T7 and SP6 promoter pnmers. Pnmers used ra MSRF 
are shown in the boxed regions. The restriction endonuclease sites for BstV I are underlined. An internal fragment, HBC-2. «underlined), was used as a probe in Southern hybndization. 
ZlerpZl mentation analysis of breast tumor-normal DNA pairs by Southern hybridization. Genomic DNA (5 „) was Mated ( + ) or untreated (-) wuh restnction endonuc eases 
as'ndS and subjected to Southern hybridization analysis using HBC-1 and HBC-2.1. respectively, as probes. T. breast tumor, N. normal breast ttssue. Molecular wetght markers 

(100 bp ladder: Life Technologies, Inc.) are shown to the right. 

digested normal DNA (Fig. IA, Lane 3), but not (or in a reduced 
quantity) in the double-digested tumor DNA (Fig. \A, Lane 1). 

Representative results of MSRF screening using a panel of primer 
pairs are shown in Fig. IS. The majority of amplified products showed 
either condition 1 (no methylation) or condition 2 (normal methylation or 
no internal BstV I sites). Two candidate fragments containing abnormally 
hypermethylated BstV I sites (condition 3) in the tumor DNA were 
observed in Fig. IB, b and c at -230 and -200 bp, respectively (Fig. IB, 
arrowheads); these DNA bands were detected in the MseVBsiV I-di- 
gested tumor DNA, but not in the double-digested normal DNA. Meth- 
ylation differences between amplified tumor and normal DNAs were not 
noted in Fig. Iß, a, d, or e. PCR products were not observed in the control 
reactions (no DNA template) amplified with these primer pairs at the 
concentration specified in the protocol. 

The two hypermethylation-containing fragments (-230 and -200 
bp), now designated as HBC-1 and HBC-2, respectively, were cloned 
for sequencing. The fragments were found to have the expected 
primers at the 5' and 3' ends (Fig. 2, A and B, top). A BLAST search 
revealed no significant matches between the known sequences in the 
database and the sequence of HBC-1. Subsequent observation has 
shown that HBC-1 contains a novel expressed sequence based on a 
Northern hybridization analysis.4 

Studies are currently underway to clone the full-length cDNA 
related to HBC-1. HBC-2 matched the upstream region of the anti- 
sense WT1 (Wilms' tumor suppressor gene) promoter located in the 
first intron on the chromosome 1 lpl3 region; the 3' end of HBC-2 at 
position 157-206 matched the published sequence of the antisense 
WT1 promoter at position 1-50 (GenBank accession no. S79781; Ref. 
21), while the rest matched the unpublished sequence.5 

4
 T. H-M. Huang, unpublished data. 

5 K. T. A. Malik, personal communication. 

We further confirmed the findings of aberrant hypermethylation in 
breast tumors by Southern hybridization analysis. The HBC-1 probe 
detected an ~800-bp band (Fig. 1A, Lanes 2 and 4) in the Msel- 
digested tumor and normal DNAs from patient 47. HBC-1 also 
detected an -800-bp fragment in the MseVBstV I-digested breast 
tumor DNA from patient 47 (Fig. 2A, Lane 1) but hybridized to a band 
of a smaller size (~ 190 bp) in the digested normal DNA of the same 
patient (Fig. 1A, Lane 3). This result indicates that the BstV I sites 
located within the -800 bp A/sel-digested fragment were protected 
(i.e., methylated) from restriction in the tumor DNA. The ~190-bp 
band detected corresponds to the BstV I-restricted fragment within the 
HBC-1 sequence, indicating that the two BstV I sites were unmethy- 
lated in the normal DNA. (A minor band at -190 bp was observed at 
the MseVBstV I-digested tumor DNA, which can be attributed to the 
presence of contaminating normal tissue in the rumor sample.) A 
similar Southern hybridization result was obtained when HBC-2.1 (an 
internal fragment of HBC-2 from the antisense WT1 promoter) was 
used as a probe (Fig. IB, bottom). The BstV I sites located within the 
-1000 bp Afsel-digested fragment were found to be methylated in the 
digested tumor DNA (Fig. IB. Lane 1). HBC-2 detected two frag- 
ments (-200 and -500 bp) in the digested normal DNA (Lane 3); the 
~200-bp fragment corresponds to the BstV I-digested fragment 
within HBC-2, indicating that the two BstV I sites were unmethylated 
in the normal DNA, whereas the ~500-bp fragment can be attributed 
to the presence of partially methylated BstV I sites in some normal 

cells. 
We extended the methylation analysis of HBC-1 to an additional 18 

breast tumor-normal DNA pairs. Fig. 3A shows representative results of 
four patients using MSRF. The HBC-1 fragment was detected in the 
amplified double-digested tumor DNA of patients 19,25, and 65, but not 
in that of patient 31. HBC-1 was not noted in the double-digested normal 
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Fig. 3. Representative results of methylation- 
sensitive restriction fingerprinting (MSRF) and 
Southern hybridization. A, Genomic DNA from 
breast tumor (71/normal W tissue pairs of patients 
was treated (-) or untreated (+) with restriction 
endonucleases as indicated. The digests were am- 
plified with a primer pair (Bsl and Bsl8). The 
amplified products were size-fractionated on 4.5% 
polyacrylamide gels. Patient numbers are shown at 
the top of lanes. Molecular weight markers (100-bp 
ladder. Life Technologies, Inc.) are shown to the 
right. Arrowheads, the location of a hypermethyla- 
tion-containing fragment HBC-1 (see explanation 
in Fig. 1A). S, Genomic DNA (5 /xg) was treated 
( + ) or untreated (-) with restriction endonucleases 
as indicated and subjected to Southern hybridiza- 
tion analysis using HBC-1 as a probe. 7", breast 
tumor, N, normal breast tissue. Patient numbers are 
shown at the top of lanes. Molecular weight mark- 
ers (100 bp ladder: Life Technologies. Inc.) are 
shown to the right. 
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Patient* 19 25 31 65 
TN TN TN TN 

1 
StfU   I 

I     + + + + 
12 3 4 12 3 4 

+ + + + 
12 3 4 

sv n 
i   ! 

m -m 1 -*HBC1 

B 
Patient* 

N 
EWU   I      - 
Mw I     + 

19 25 

T       N 
+        + 

+        + 

T          N 
+          + 

+          + 

31 65 

N N 

bp 
—1,500 

DNA of these patients (Residual intensities of bands seen in the double- 
digested normal DNA could be due to incomplete restriction of BstXJ I or 
low-level methylation). A parallel Southern hybridization analysis (Fig. 
3ß) was also conducted, showing a consistent finding of hypermethyla- 
tion detected in the tumor DNA of patients 19,25, and 65. The digested 
tumor DNA of patient 31 showed at least two smaller fragments (Fig. 3 
B, arrowheads), -200 and -400 bp, that can be attributed to partially 
methylated or unmethylated BsiU I sites within the Msel-restricted frag- 
ment This condition may reflect the heterogeneous nature of this primary 
tumor or contamination of normal cells in the tumor specimen analyzed. 
The methylation data based on Southern hybridization as well as patients' 
clinical information are summarized in Table 1. Taken together, HBC-1 
was methylated aberrantly in 90% (17 of 19 patients) of the primary 
breast tumors examined. Currently, we are studying more tumor samples 

to determine whether hypermethylation of HBC-1 is correlated with 
specific clinicopathological parameters of the patients with breast cancer. 

Hypermethylation of HBC-2 within the antisense promoter in the 
intron 1 of WT1 also appeared to be common in primary breast 
carcinomas.4 We are currently extending the methylation study to the 
promoter and first exon regions of WT1. The results will be reported 
in a separate paper. 

Several conditions may interfere with identification of true abnor- 
mal methylation sites from breast tumors. As discussed by others, 
artifacts occur in the PCR-based methodologies such as representa- 
tional difference analysis (22) or differential display (23). As shown 
in Fig. 3A, this potential problem can be minimized by studying 
independent tumors and by scoring the same aberrant PCR products 
only consistently revealed in a group of patients. Secondly, because 
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Table 1 Clinical information and methylation studies of female patients with breast 

Patient Age at Histological Clinical Methylation status 
no. diagnosis (yr) type" staging* of HBC-1 in tumor" 

3 64 MD. IDC nib + 
9 64 MD. IDC lib + 

19 64 MD. IDC IV + 
25 42 MD. IDC ma + 
27 50 MD. IDC nib + 
29 77 WD. IDC ND + 
31 60 PD. IDC lib - 
33 40 Lobular Ilia + 
43 35 PD. IDC Illb - 
45 44 MD. IDC Ilia + 
47 38 PD. IDC Ilia + 
65 42 PD. IDC Ilia + 
67 40 MD. IDC Illb + 
71 33 MD. IDC Ila + 

73 56 MD. IDC Ha + 
79 48 MD. IDC Ila + 

83 45 MD, IDC Ilia + 
87 76 MD, IDC Ila + 

89 83 PD, IDC rv + 

" WD, well-differentiated: MD. moderately differentiated; PD. poorly differentiated; 
IDC, infiltrating ductal carcinoma. 

b Clinical staging was according to the criteria of the American Joint Committee on 
Cancer (27). ND. not determined. 

c +. hypermethylation in tumor: -. lack of methylation in tumor (see additional 
description in the text). 

primary tumor specimens rather than homogeneous cell lines were 
used in our MSRF screening, residual normal tissue is likely to be 
present in the cancer biopsies, or vice versa. Nevertheless, the residual 
tissue contamination problem does not apply to detecting the gain of 
PCR fragments containing hypermethylated CpG sequences in tumor 
specimens that have some normal cells present. 

MSRF also can be applied to detect hypermethylated DNA in 
specimens with multicenter or multifocal lesions, in which it is not 
possible to obtain pure tumor cells. However, the detection of hypom- 
ethylation-containing fragments by MSRF can be impaired if contam- 
inating normal cells are present in the tumor tissue to be tested. 
Because a small amount of genomic DNA (20-100 ng) is applied in 
MSRF, one future improvement would be the use of microdissection 
techniques (24), which allows the isolation of pure cell populations. 

To our knowledge, only one other technique, RLGS, has previously 
been developed for screening changes of CpG methylation between 
different cell types (25, 26). RLGS employed digestion of genomic 
DNA with a series of restriction endonucleases, one being methylation 
sensitive Nod. The digests are then subjected to two rounds of gel 
electrophoresis, generating complicated two-dimensional DNA pat- 
terns. Identification of methylation differences is based on comparison 
of more than 2500 Notl spots between two autoradiographs represent- 
ing two different cell types. The procedure had the advantage of 
surveying thousands of CpG islands in a single experiment. The 
limitation of RLGS is that a substantial amount of genomic DNA is 
required to start with, to enable the subsequent cloning of differential 
spots. For example, 500 jig of genomic DNA was used by Kawai et 
al. (25) in RLGS to clone methylation-specific DNA spots for differ- 
ent stages of brain development in the mouse. 

MSRF, described here, provides an additional approach to study CpG 
methylation throughout the genome. The procedure is PCR based, only 
needs a small amount of genomic DNA, and, thus, is suitable for ana- 
lyzing clinical specimens. DNA of interest is isolated directly from gels 
and reamplified by PCR for cloning. Additionally, it should be possible 
to speed up methylation screening with more short primers by a high- 
throughput protocol using a 96-well plate format thermocycler. There- 
fore, it is expected that MSRF should have a wide-ranging application in 
the study of changes in DNA methylation in cancer as well as in aging, 
cell differentiation, and development. 
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