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ABSTRACT 

Analysis of clonality by X chromosome inactivation has proven to be a 
powerful strategy in the study of neoplastic and preneoplastic disorders 
(P. J. Fialkow, Biochim. Biophys. Acta, 458: 283-321, 1976; B. Vogelstein 
et al., Cancer Res., 47: 4806--4813, 1987). Recently, the gene for the an- 
drogen receptor has been shown to be a highly polymorphic locus in which 
methylation of DNA correlates with inactivation of one or the other X 
homologue (R. C. Allen et ai., Am. J. Hum. Genet., 51: 1229-1239, 1992). 
Unlike other loci used for analysis of X inactivation, the methylation sites 
within the androgen receptor gene lie close to the region of DNA contain- 
ing the polymorphism. Consequently, it should be possible to use methyl- 
ation-sensitive restriction enzymes and polymerase chain reaction to study 
differential methylation among alleles of this gene in formalin-fixed and 
paraffin-embedded archival tissue specimens. To investigate this question, 
we performed clonal analysis on a variety of randomly selected, formalin- 
fixed, paraffin-embedded tumor tissues from 15 women. Thirteen of the 
women were found to be heterozygous for polymorphisms at the androgen 
receptor locus. Among these women, 11 tumors were clearly clonal in 
assays of methylation of the androgen receptor gene. Interpretation of 
results for the remaining two cases was complicated because of a skewed 
pattern of X chromosome inactivation found in normal control tissues. We 
conclude that analysis of methylation in the androgen receptor gene 
should allow study of clonality in most formalin-fixed, paraffin-embedded 
tissue specimens from women, including small preneoplastic lesions or 
rare conditions for which sufficient material is not available for analysis 
by other techniques. 

INTRODUCTION 

Analysis of clonality by X chromosome inactivation has proved 
useful in the study of neoplastic and preneoplastic tissue (1, 2) as well 
as in the study of female heterozygotes of X-linked diseases, espe- 
cially the immunodeficiency syndromes (4, 5). Early studies of tissue 
clonality based on X inactivation analyzed glucose-6-phosphate de- 
hydrogenase isoenzymes (1); however, this technique suffered from 
the major limitation that only a small fraction of women are hetero- 
zygous for isoenzymes expressed from the X-linked glucose-6-phos- 
phate dehydrogenase gene. Later, analysis using differences in meth- 
ylation of DNA in the active and inactive X chromosomes was 
developed (6). This analysis was carried out by digesting purified 
tissue DNA with at least two restriction enzymes, one of which detects 
differences in polymorphic nucleotide sequences between allelic loci 
on the two X chromosomes and the other of which detects differences 
in methylation of DNA within these two loci. The products of restric- 
tion enzyme digestion were then analyzed by Southern blot hybrid- 
ization. This technique greatly expanded the proportion of women 
amenable to analysis. Nevertheless, it suffered from the principal 
drawback that Southern blot hybridization requires moderate amounts 
of relatively intact DNA (about 1-10 p~g/analysis). Such amounts of 

Received 5/21/93; accepted 7/28/93. 
The costs of publication of this article were defrayed in part by the payment of page 

charges. This article must therefore be hereby marked advertisement in accordance with 
18 U.S.C. Section 1734 solely to indicate this fact. 

1 This work was supported by Grant CA-58203 from the NIH. R. D. M. is the recipient 
of Physician Scientist Award Grant CA-01556 from the NIH. 

2 To whom requests for reprints should be addressed, at Harvard Medical School, 
Department of Pathology, 75 Francis Street, Boston, MA 02115. 

DNA are readily obtainable from fresh or frozen tissue specimens but, 
unfortunately, many of the most interesting specimens are rarely avail- 
able in this form. Rather, tissues have traditionally been preserved 
fixed in formalin or embedded in paraffin blocks after fixation in 
formalin. Although it may be possible to extract DNA from formalin- 
fixed or paraffin-embedded tissues in amounts sufficient for Southern 
blot hybridization, the DNA obtained is often degraded, precluding or 
complicating interpretation (7, 8). Furthermore, analysis of small le- 
sions is not possible using this procedure since these lesions yield too 
little DNA for Southern blot hybridization even when frozen material 
is available. 

Several groups have modified the basic Southern blot strategy for 
analyzing methylation of X chromosome DNA in order to take ad- 
vantage of the efficiency of PCR 3 (9, 10). The PCR approach has 
concentrated usually on the PGK gene and proceeds by way of a first 
restriction digestion that cleaves unmethylated DNA, followed by 
PCR and then a second restriction digestion at a polymorphic site 
which distinguishes the products generated from the two alleles. The 
results are finally analyzed by agarose gel electrophoresis. This ap- 
proach has allowed X inactivation analysis of small tissue specimens 
without using radioactivity and in a fraction of the time normally 
required for Southern blot hybridization. 

However, analysis of clonality using PCR and the PGK gene is still 
subject to two problems: (a) DNA extracted from formalin-fixed 
tissues consists of fragments generally less than 300 base pairs long 
(11, 12). Since the distance within the PGK gene between the sites of 
methylations and polymorphisms used for analysis is about 400 base 
pairs, PCR amplification of a single fragment spanning both the 
polymorphic and methylation sites is unreliable; (b) the PCR products 
amplified from the DNA of individuals heterozygous for the poly- 
morphic site consist of both homoduplexes and heteroduplexes cre- 
ated by cycles of denaturation and renaturation during PCR. Restric- 
tion enzymes used in the second digestion cleave only the 
homoduplexes. During agarose gel electrophoresis, the undigested 
heteroduplexes comigrate with homoduplexes amplified from the al- 
lele lacking the restriction site. Therefore, although equal amounts of 
product from the two alleles are amplified from polyclonal tissue, 
restriction digestion results in bands of significantly different inten- 
sities in the agarose gel, with an upper band containing both hetero- 
duplexes and undigested homoduplexes and a lower band containing 
only digested homoduplexes. This can make the results difficult to 
interpret, particularly if, as is often true, a clonal tissue sample is 
contaminated by some polyclonal tissue (9). 

Compared to the PGK gene, the androgen receptor gene has a 
number of features making it, in principle, a better marker for clonal 
analysis. The DNA of this X-linked gene contains a highly variable 
region of CAG trinucleotide repeats located within its first exon. 
Approximately 90% of females are heterozygous with respect to the 
number of CAG repeats in this region (13). Since the CAG repeats 
result in PCR products of different sizes from the two alleles, a second 
restriction enzyme digestion is unnecessary for the analysis and the 
reaction products are analyzed directly by electrophoresis through a 

3 The abbreviations used are: PCR, polymerase chain reaction; PGK, phosphogluco- 
kinase. 
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denaturing polyacrylamide gel. As a result, problems of interpretation 
caused by failure of restriction enzymes to cut heteroduplexes is 

eliminated. In addition, there are a number of restriction sites located 
close to the CAG repeat polymorphism and selectively methylated in 

inactive X chromosomes (3). Consequently, PCR primers can be 
designed to amplify small DNA fragments which include both the 

methylation sites and the polymorphism. 
In view of these features of the androgen receptor gene, we have 

investigated its utility as a marker to assess clonality in formalin- 
fixed, paraffin-embedded tissues. Using a PCR-based analysis of 
methylation in this gene, we found that clonality could be evaluated in 
the majority of samples representing a variety of different types of 

tumors and tissues. 

M A T E R I A L S  AND M E T H O D S  

Preparation of DNA. Tissue from 15 women were selected for analysis if 
they contained areas which were homogeneous for tumor cells. Fourteen 
specimens were fixed in 4% formalin and one specimen was fixed in B5 (4% 
formalin, 5.5% mercuric chloride, 1.1% sodium acetate). Tissue specimens 
were fixed overnight and embedded in paraffin 1 to 4 years before analysis. 
Sections of paraffin-embedded tissues stained with hematoxylin and eosin 
were examined under the microscope, and normal and neoplastic regions were 
identified using standard morphological criteria. A single adjacent unstained 
section 10 tzm thick was used for DNA extraction. DNA extraction was 
performed using a procedure adapted from a combination of several previously 
described methods (7, 14-16). To obtain tumor DNA, areas of the slide cor- 
responding to normal tissue, together with excess paraffin, were scraped away. 
For normal tissue, only excess paraffin was scraped away. The remaining tissue 
was placed into a 1.5-ml tube. Paraffin was removed by suspending the tissue 
section in 1 ml of xylene for 30 min. After centrifugation in a microcentrifuge 
(14,000 rpm), the xylene was decanted and the tissue was resuspended in 
ethanol. The tissue was centrifuged again and the excess ethanol was decanted. 
The tissues were allowed to air dry for 10 min at room temperature. The tissues 
were then resuspended in 750/xl of a solution containing 50 mu Tris (pH 8.0), 
0.5% sodium dodecyl sulfate, 1 mu EDTA, and 100/xg/ml proteinase K and 
digested at 55~ for 15 h. The tissues were then extracted once with phenol, 
twice with phenol-chloroform, and once with chloroform. A 5% volume of 
25% Chelex (Bio-Rad) in water was added. The mixture was vortexed briefly 
and the Chelex beads were removed by centrifugation. A 33% volume of 10 ra 
ammonium acetate and 2.5 volumes of ethanol were added; the DNA pellet 
was recovered by centrifugation. After washing with 70% ethanol, the DNA 
was resuspended in 50 /xl 10 mM Tris (pH 8.0)-1 mM EDTA. Two 20-~1 
reaction mixtures were prepared with 10 ~1 of each DNA sample. Ten units of 
HhaI restriction enzyme were added to one mixture, and an identical volume 
of water was added to the other. Two/zl of each reaction mixture were used for 
PCR. 

PCR. Primers for amplification of the androgen receptor gene DNA were 
synthesized on an Applied Biosystems 503B synthesizer. Primer sequences 
were (5' to 3') TCCAGAATCTGTITCCAGAGC and TGGGGAGAAC- 
CATCCTCACC. Two/xl of each DNA reaction mixture were added to a 50-pJ 
reaction containing 100 ng of each primer; standard PCR reaction buffer 
(Perkin Elmer Cetus); 200 ~M concentration of each dATP, dTTP, dGTP; and 
20 /XM dCTP. The tubes were heated to 80~ then 0.1 ~1 [a-32p]dCTP (5000 
Ci/mmol; NEN) and 0.25 unit Taq polymerase were added. Forty cycles of 
amplification were carried out using cycling parameters of 95~ for 15 s, 64~ 
for 30 s, and 72~ for 30 s. Two to 5/xl of each reaction were added to an equal 
volume of formamide containing 0.1% bromophenol blue and 0.1% xylene 
cyanol, loaded onto a 7.2 M urea-6.5% polyacrylamide gel, and electrophoresed 
at 60 W for 3.5 h. Gels were dried and autoradiographed for 12-48 h at room 
temperature using Kodak XAR film. 

Chelex step was eliminated. Chelex has been proposed to remove 

heavy metal ions which are present in some fixatives and interfere 
with PCR amplification. As seen in Fig. 1, each allele generates a set 

of tightly clustered multiple bands in the autoradiogram produced 

from the denaturing polyacrylamide gel used to resolve the products 

of amplification. This result is frequently observed with PCR per- 
formed on DNA containing oligonucleotide repeats. The reason for 

this result is not clear but could be due to several factors: (a) some 

residual secondary structure in the single strands migrating through 
the gel or slight differences in affinities of the two complementary 
strands for the gel matrix may give rise to several bands; (b) Taq 
polymerase sometimes adds a dAMP to the 3' end of amplification 
products; (c) small differences in the sizes of PCR products have been 

postulated to arise from so-called polymerase slippage on repeated 

oligonucleotide sequences or from priming of DNA synthesis by 

incompletely extended strands slightly misaligned on a template 

strand in the region of the repeats. 
Of the 15 women from whom tissue was studied, 13 were found to 

be heterozygous for the CAG repeat number. In each of the 13 cases, 
the bands corresponding to the two alleles were of equal intensity 
when DNA was amplified without prior restriction enzyme digestion 
by H h a I .  After digestion with H h a I ,  skewing in the intensity of bands 

corresponding to one or the other of the 2 alleles was seen with 
amplifications of androgen receptor DNA from normal tissues in 3 of 
the 13 cases. In studies of clonality using Southern blot analysis of 
PGK, hypoxanthine phosphoribosyltransferase, and M27/3 loci, other 
investigators have noted skewing of band intensities in DNA analyzed 

after digestion with methylation-sensitive restriction enzymes in 
4-21% of normal tissue specimens (2, 17). Such skewing of band 
intensities in normal tissues has been attributed to statistical variation 

in the random inactivation of X chromosomes (18, 19). 
Tumor tissue from the 13 heterozygotes consisted of 1 breast car- 

cinoma, 3 uterine leiomyomata, 1 leiomyosarcoma, 1 mesothelioma, 1 
melanoma, 1 small cleaved lymphoma, 1 colon carcinoma, 2 renal cell 
carcinomas, 1 bladder carcinoma, and 1 papillary thyroid carcinoma. 

1 2 3 4 5 

a b c d  a b c d  a b c d  a b c d  a b c d  

Fig. 1. Results of androgen receptor analysis in 5 patients. DNA from normal and 
RESULTS tumor tissue was amplified and electrophoresed in a denaturing polyacrylamide gel as 

described in "Materials and Methods." Lane a, undigested normal tissue DNA; Lane b, 
Normal and neoplastic tissues were analyzed from 15 female pa- HhaI-digested normal tissue DNA; Lane c, undigested tumor DNA; Lane d, Hhal- 

digested tumor DNA. Tissues: 1, normal myometrium/leiomyoma; 2, normal gallbladder/ 
tients. We were able to amplify DNA from fixed tissues in all 15 cases lymphoma; 3, normal bowel/melanoma metastatic to bowel; 4, normal lung/ 
but not all samples produced efficient amplification of DNA if the mesothelioma; and 5, normal thyroid/papillary thyroid cancer. 
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Analysis demonstrated clonality in 11 of 13 tumors, as indicated by a 
significant reduction in the intensity of one allelic band in the auto- 
radiogram compared to the intensity of the same band in analyses of 
normal tissue DNA from the same patient and to the intensity of the 
band for the second allele in analyses of the tumor DNA (Fig. 1, cases 
2-4). These results were obtained only after following the extraction 
protocol described above. DNA that had been prepared by techniques 
using either boiling or fewer phenol/chloroform extractions frequently 
produced a polyclonal pattern of roughly equal intensities of the two 
allelic bands. This is likely the result of incomplete HhaI digestion 
prior to PCR amplification of the DNA. 

In 2 of the 13 cases, results were not easily interpretable because 
skewing in the intensity of allelic bands obtained from normal tissue 
DNA was similar to that obtained from tumor DNA. 

How skewing of band intensities affects interpretation of the pri- 
mary data is demonstrated in cases i and 5 in Fig. 1. In case 1, PCR 
of undigested DNA from both normal and tumor tissue yielded equal 
amplification of both alleles, as indicated by the equivalent intensities 
of the upper and lower bands. PCR of digested DNA from normal 
tissue showed skewing of the intensities toward the upper band, 
whereas the lower band was preferentially produced by PCR of di- 
gested DNA from tumor tissue. Similar results were obtained with 
DNA prepared from frozen tissue of the same patient (data not 
shown), indicating that formalin fixation does not interfere with analy- 
sis of DNA methylation. The results in this case are consistent with 
preferential inactivation of one X homologue in normal tissue and 
monoclonality of the tumor tissue, with the opposite homologue in- 
activated in the tumor. 

PCR of DNA from normal tissue of case 5 after HhaI digestion 
showed similar skewing of the intensities toward one allelic band. 
In this case, however, the PCR products amplified from the tumor 
DNA showed skewing towards the same allele. Thus, it is difficult to 
determine in this case whether the tumor tissue is monoclonal or 
polyclonal, based on the results of these studies. 

DISCUSSION 

We designed PCR primers which bracket the CAG repeats of the 
androgen receptor gene as well as three nearby HhaI restriction sites 
(13). The 3'-cytosine nucleotide in the CCGG HhaI sites is methylated 
in the inactive X chromosomes of females and unmethylated in active 
X chromosomes (3). HhaI cleaves DNA at CCGG sites only if the 
3'-cytosine is unmethylated. By digesting the DNA with HhaI prior to 
PCR, DNA of the active X chromosome is destroyed as a template for 
amplification. In polyclonal tissues which contain randomly inacti- 
vated X chromosomes, one-half of each allele will be digested on the 
average and DNA from both alleles will be subject to PCR amplifi- 
cation in equal measure. In monoclonal tissue, only the inactive X 
chromosome will escape digestion by HhaI; therefore, only the DNA 
from the inactive allele will be amplified during PCR. 

The usefulness of the androgen receptor gene as a marker of clonal- 
ity is based on two features of the gene: the high degree of allelic 
variability in the number of CAG trinucleotide repeats; and the prox- 
imity of differentially methylated restriction sites to these repeats. 
These features of the androgen receptor gene have recently been 
exploited to perform PCR-mediated X inactivation analysis on ham- 
ster-human hybrids (3) and fractionated peripheral blood samples 
from carriers of X-linked agammaglobulinemia (20). Results with this 
gene have been shown to correlate with results of studies on X 
inactivation using Southern blot analyses of methylation in loci fre- 
quently examined for this purpose, including PGK, hypoxanthine 
phosphoribosyltransferase, and M27/3. 

While these earlier studies have demonstrated the utility of andro- 
gen receptor genes as a marker for analysis of clonality, they have not 
addressed the possible application of this marker to analyze clonality 
in formalin-fixed and paraffin-embedded tissues. This application is 
likely to be especially important because tissues are routinely pre- 
served in this manner rather than preserved as frozen specimens. 
Additionally, many types of small lesions, about which questions 
concerning clonality are often most puzzling, can be accurately iden- 
tified only in paraffin sections. 

Our results indicate that the androgen receptor gene can be used to 
analyze clonality in the majority of formalin-fixed, paraffin-embedded 
tissue specimens. Nevertheless, unequal amplification of DNA from 
the two alleles in normal control tissues is one problem which can 
potentially complicate the interpretation of the data obtained. For 
example, as illustrated in Fig. 1, analysis of the androgen receptor 
gene in case 5 showed similar skewing of amplification towards the 
same allele in both normal and tumor tissues, thereby rendering con- 
clusions regarding the clonality of the tumor tissue difficult. 

A priori, skewing of amplification toward one allele could arise as 
a result of differences in the efficiency of methylation-sensitive re- 
striction enzymes in cleavage of the two alleles and/or a preferential 
amplification of one allele over the other. The latter mechanism would 
presumably occur independently of differences in methylation be- 
tween the two alleles. However, it does not appear to be a significant 
factor in analyses using the androgen receptor gene since we never 
observed skewing in the intensity of the two allelic bands obtained 
after amplification of the androgen receptor genes in undigested DNA 
from either normal or tumor tissues. This finding contrasts with results 
of PCR of polymorphic genes containing dinucleotide repeats. For 
reasons that are not completely understood, the shorter allele fre- 
quently yields more abundant amplification product compared to the 
larger allele (21). 

Skewing toward one allelic product during amplification of normal 
tissue DNA digested with methylation-sensitive enzymes appears to 
be a greater problem. Such skewing was noted in 3 of the 13 cases 
studied by us. Using Southern blot techniques, others have obtained 
similar results (2, 17). Several explanations may account for these 
findings, the primary one being the chance deviation from the theo- 
retical equal ratio of inactivation between the two X chromosomal 
homologues. Accordingly, if this explanation is accurate, it would 
affect analyses of all X-linked genes using any method of analysis. 

Other possible explanations include inconsistent methylation of 
restriction enzyme cleavage sites in inactive X chromosomes and X 
chromosome aneuploidy. The former explanation could be checked by 
analysis of clonal cell lines, although results obtained from such 
studies do not necessarily apply to tissues. The latter explanation, 
however, does not appear sufficient to explain the skewing of band 
intensities. Aneuploidy for the X chromosome would be detected by 
comparing the relative intensities of the two allelic bands after am- 
plification of undigested DNA. As discussed above, the intensity of 
these bands were uniformly equal in all of our analyses. 

The pattern of X inactivation seems to be constant among various 
solid tissues (19, 22). Peripheral blood may not be the ideal control 
tissue because peripheral blood frequently shows a skewed pattern of 
X inactivation, whereas normal tissue adjacent to the tumor shows a 
more typical polyclonal pattern (22). Since paraffin-embedded tissue 
blocks often contain ample portions of normal tissue adjacent to a 
lesion, it is easier to identify archived samples with appropriate nor- 
mal control tissue when analysis of clonality is done by PCR of 
androgen receptor DNA rather than by techniques which rely on fresh 
or frozen tissue. 

Ultimately, skewing among the band intensities within normal con- 
trol tissues would be less important if DNA from tumor tissue after 
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methylat ion-sensi t ive restriction enzyme digestion supported amplifi- 

cation of  only one allele, as one would  expect  f rom a monoclonal  

populat ion of  cells. In practice, however,  amplification of  D N A  from 

both alleles is usually observed,  albeit in a highly skewed  ratio. Many  

of  the explanations for skewed  band intensities obtained from normal 

tissues could apply to this result as well, but  there are also two other 

explanations.  One explanation is largely technical and consists o f  

incomplete  digestion by  methylat ion-sensi t ive enzymes  of  D N A  ex- 

tracted from formalin-fixed,  paraf f in-embedded tissues. Efforts to in- 

sure against this phenomenon  can be  made in analysis o f  the androgen 

receptor  gene by  using additional methylat ion-sensi t ive restriction 

enzymes  bes ides  H h a I .  Together with three H h a I  sites, the P C R  prim- 

ers used by  us also bracket  two sites recognized by  the methylat ion-  

sensitive enzyme HpaI I .  Unfortunately,  amplif icat ion of  D N A  after 

double  digestion with both H h a I  and H p a I I  did not significantly alter 

the results in five patients we  studied. Furthermore,  D N A  was  ob- 

tained from frozen tissue in case 1. We observed  skewed  intensities o f  

the bands  after amplif icat ion of  H h a I - d i g e s t e d  D N A  from both frozen 

and formalin-f ixed normal  tissue in this case. 

The more  likely reason accounting for the amplif icat ion of  D N A  

from both androgen receptor  alleles after H h a I  digestion is the pres- 

ence of  some polyclonal  normal tissue within most  tumor  specimens.  

Given this possibility, minimization of  contaminat ing normal tissue 

within the lesional sample  taken for analysis becomes  an important 

consideration. Utilization of  the androgen receptor  gene as a marker  

for clonality should be  helpful in this regard because  it is applicable 

to small amounts  of  paraf f in-embedded tissue, and tissue prepared in 

this w a y  can general ly be screened far more  effect ively than fresh or 

frozen tissue for regions containing the smallest  number  of  contami-  

nating normal cells. 
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