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ABSTRACT

It has been demonstrated that restriction fragment length polymor-
phisms of X-chromosome genes can be used in conjunction with methyl-
ation patterns to determine the clonal composition of human tumors. In
this report, we show that several X-chromosome probes can be used for
such analyses. In particular, probes derived from the hypoxanthine
phosphoribosyltransferase gene and the phosphoglycerate kinase gene
could be used for clonal analysis in over 50% of American females. The
X-inactivation patterns observed with these probes were found to accu-
rately reflect clonality in more than 95% of 92 tumors tested.

INTRODUCTION

Study of the clonal composition of human cell populations
is important for a variety of investigations in cancer research.
The fact that many human tumors are monoclonal (1, 2)
provides strong supportive evidence for somatic mutation the-
ories of carcinogenesis (3). Conversely, studies indicating that
some tumors are polyclonal (4-9) are important for understand-
ing the development of these neoplasms. Furthermore, clonal
analysis can be used to study the stem cell nature and differen-
tiation potential of acute and chronic nonlymphocytic leuke-
mias (10-12), to help define the nature of proliferative diseases
such as polycythemia vera (13), and to identify carriers of
certain X-linked immune deficiency diseases associated with
neoplasia (14-17).

Many of the clonal analyses noted above have been performed
using the protein polymorphism exhibited by G6PD.* The
analysis of G6PD isozymes has proven to be an extremely
valuable research tool, but these studies have been limited by
the fact that this polymorphism is found only in a small
minority of the female population (2, 18). We have therefore
sought to find more generally applicable methods for clonal
analysis. In this regard, we have recently outlined a strategy
using restriction fragment length polymorphisms and methyl-
ation patterns of X-chromosome genes for clonal analysis (19).

Three principles form the conceptual basis for this analysis:
(a) A single X-chromosome is active in each somatic cell of an
adult female. Inactivation of one X-chromosome occurs at an
early stage of embryogenesis, and the pattern of X-chromosome
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inactivation in each progenitor cell is transmitted in a highly
stable fashion to its progeny cells (18, 20). (5) Changes in the
activity of many genes, including those of the X-chromosome,
are accompanied by changes in the methylation of cytosine
residues (21). These methylation differences can be monitored
by restriction endonucleases that have the capacity to recognize
methylated cytosine residues (22, 23). (c) RFLPs can be used
to distinguish the maternal and paternal copies of X-chromo-
some genes from one another (24).

Based on these principles, the analysis requires the use of an
X-chromosome gene and two restriction endonucleases. The
first endonuclease is used to distinguish the maternal and
paternal copies of the gene through an RFLP. Thus, clonal
analysis can only be performed on the tissues of females who
are heterozygous for RFLPs at particular X-chromosome genes.
The second endonuclease recognizes differences in methylation
patterns between the active and inactive copies of the X-chro-
mosome gene. Because the X-inactivation process that occurs
during embryogenesis is random, polyclonal female tissues
develop from an approximately equal mixture of two types of
precursor cells: some with the maternal X-chromosome active
and others with the paternal X-chromosome active. Digestion
of DNA from a polyclonal female tissue with a methyl-sensitive
enzyme, such as Hpall, will therefore alter the paternal and
maternal alleles equivalently. In contrast, if the cell population
arose from a single cell (monoclonal tumors are an example),
then the maternal X-chromosome will be either active in all
cells or inactive in all cells. Hence, the maternal allele will be
cleaved by Hpall in a different fashion than the paternal allele.
This strategy was initially illustrated with the X-chromosome
gene HPRT (19). In this report we refine the HPRT analysis
and show that other X-chromosome gene sequences can be
utilized for this purpose. Based on the data presented herein,
clonal analysis can now be performed in over 50% of unselected
American females.

MATERIALS AND METHODS
Sample Preparation

DNA was purified from human tumors using SDS-proteinase K
digestion and phenol-chloroform extraction as previously described
(25, 26). tRNA, used as carrier for ethanol precipitations, was pur-
chased from Sigma (catalogue No. R0128; St. Louis, MO). To remove
contaminating DNA from the tRNA, 80 mg tRNA was incubated with
750 U RNase-free DNase I in 10 ml D Buffer (10 mM MgCl;, 50 mM
Tris, pH 7.5) for 60 min at 37°C. After addition of EDTA to 20 mM,
the tRNA was treated with SDS-proteinase K and extracted with phenol
and chloroform. BstXI and Eco0109 were purchased from New England
Biolabs (Beverly, MA); all other restriction endonucleases were pur-
chased from BRL (Bethesda, MD). Bg/ll was used at 3-4 U/ug DNA,
Hpall at 5 U/ug DNA, and BstXI at 8 U/ug DNA; all other enzymes
were used at 10 U/ug of DNA, and all digestions were for 1.5-2 h. The
multiple digestions were performed as follows.

BamH]1 + Pvull £ Hhal or Hpall. DNA (9-18 ug) was digested with
BamHI and Pvull in a reaction volume of 0.4 ml in a buffer consisting
of 200 ug/ml BSA, 100 mM NaCl, 10 mM MgCl;, 10 mM Tris, pH
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8.0, for 90 min at 37°C. tRNA (25 ug) was added as carrier and the
nucleic acids were precipitated by addition of 0.1 ml of 10 M ammo-
nium acetate and 1 ml ethanol. After incubation on ice for 2 min, the
precipitate was collected by centrifugation in a microfuge at 4°C for 12
min. The DNA pellet was washed with 70% ethanol, dried in vacuo,
and dissolved in 0.31 ml TE. The volume was divided into three aliquots
of 0.1 ml each and the aliquots were digested with either Hpall or Hhal
(in the manufacturers’ recommended buffer) or left undigested. Each
reaction was then precipitated with ethanol as described above before
electrophoresis through a 1% agarose gel.

BstXI + Pst1 £ Hpall. DNA (6.5 ug) was digested with Psrl in a
reaction volume of 0.2 ml in a buffer consisting of BSA (200 ug/ml),
50 mM Tris-HCl, 10 mM MgCl,, 50 mM NaCl, pH 8.0, for 90 min at
37°C. The volumes were adjusted to 0.3 ml by addition of 71 ul TE, 2
ul BSA (10 mg/ml ), 23 ul of a buffer consisting of 1.5 M NaCl, 70
mM MgCl;, 100 mM Tris, 15 mM DTT, pH 7.6, and then digested
with BstXI for 2 h at 55°C. Each reaction was then ethanol precipitated
as described above. The DNA pellet was dissolved in 0.21 ml TE and
the volume was divided into two aliquots of 0.1 ml each. One aliquot
was digested with Hpall and the other was left undigested. Each
reaction was then ethanol precipitated as described above before elec-
trophoresis through a 1.5% agarose gel.

Bgll + Bglll + EcoRI * Hpall. DNA (6.5 ug) was digested with
EcoR1I and Bgll in a reaction volume of 0.2 ml in a buffer consisting of
BSA (200 xg/ml), 50 mM Tris-HCI, 10 mM MgCl;, 50 mM NaCl, pH
8.0, for 90 min at 37°C. The digestions were then heated to 70°C for
15 min to inactivate the enzymes. The volumes were adjusted to 0.350
ml by the addition of 117 ul TE, 3 ul BSA (10 mg/ml), and 25 ul of a
buffer consisting of 100 mM Tris, 100 mM glycine, 100 mM MgCl,, 1
M NaCl, 10 mM DTT, pH 9.5, and then digested with Bgl/lI for 90
min at 37°C. Each reaction was then ethanol precipitated, digested with
Hpall, and electrophoretically separated as described above.

Eco0109 £ Hpall. DNA (8-12 ug) was dissolved in a buffer consisting
of BSA (200 ug/ml), 20 mM Tris-HCI, 10 mM MgCl,, pH 7.4. Aliquots
of 100 ul were either digested with Hpall or left undigested. The volume
of each aliquot was adjusted to 0.2 ml by the addition of 88 ul TE, 2 ul
BSA (10 mg/ml), 10 ul of a buffer consisting of 500 mM Tris-HCI,
100 mM MgCl;, 15 mM DTT, pH 8.0, and then digested with Eco0109
for 2 h at 37°C. Each reaction was then ethanol precipitated as described
above before electrophoresis through a 3% agarose gel.

Bglll £ Hpall. DNA (8-12 ug) was dissolved in a buffer consisting
of BSA (200 ug/ml), 20 mM Tris-HCl, 10 mM MgCl,, pH 7.4. Aliquots
of 100 ul were either digested with Hpall or left undigested. The
volumes were adjusted to 0.4 ml by the addition of 152 ul TE, 8 ul
BSA, 40 ul of a buffer consisting of 100 mM Tris, 100 mM glycine,
100 mM MgCl,, 1 M NaCl, 15 mM DTT, pH 9.5, and then digested
with Bg/ll for 2 h at 37°C. Each reaction was then ethanol precipitated
as described above before electrophoresis through a 1% agarose gel.

After electrophoresis, DNA was transferred to Nylon Plus mem-
branes (Hoeffer, San Francisco, CA) in 0.4 M NaOH as described by
Reed and Mann (27).

Hybridization

Filters (120 cm?) were prehybridized for 0.5-3 h at 60°C in 10-14
ml of Hyb. Buf. Hybridization was performed at 60°C for 10-18 h in
4.5 ml Hyb. Buf. containing 5-15 % 10° dpm of probe/ml. Filters were
washed at 65°C in 0.5 M NaCl, 1% SDS, 0.1 M Tris, pH 8.6, for 30
min, then twice in 0.1 X SSC, 0.1% SDS for 30 min each. (1 X SSC =
0.15 M NaCl, 0.015 M sodium citrate, 1 mM Tris, pH 7.5). For the
PGK probe, an additional wash at 68°C in 0.1 x SSC, 0.1% SDS, 0.1
mM Tris, pH 7.5, was sometimes performed to eliminate hybridization
to PGK related genes (see text). Filters were exposed to Kodak XAR-
S film using Lightening-Plus Intensifying screens for 4-40 h at —~70°.
Autoradiographic signals were quantitated using a Hoeffer scanning
densitometer.

Probes

The following plasmids were used to prepare probes: pPB 1.7 (29)
contains a 1.7-kilobase BamHi/Pstl fragment from the 5’ region of the

HPRT gene. pHPRT-600 contains a 600-base pair Hpall subfragment
from pPB 1.7 cloned into the Accl site of pGEM-4 (Promega Biotech;
Madison, WI). pHPRT-800 contains an 800-base pair Hpall/Pstl
subfragment of pPB 1.7 cloned into the Accl/Pstl sites of pPGEM-4 (see
Fig. 14). pSPT/PGK (30) contains an 800-base pair BamHI/EcoRI
fragment from the 5’ end of the PGK gene cloned into the BamHIl/
EcoRlI sites of pSP64 (Pharmacia). pXUT23-2.1 [designated DNA
segment DxS16 (31)] contains a 2.1-kilobase BamHI fragment from
the X-chromosome cloned into pUC9. Probes consisted of the 600-
base pair BamHI/Pstl fragment from pHPRT-600, the 800-base pair
BamH]I/Pstl fragment from pHPRT-800, the 800-base pair EcoRl/
BamHI fragment from pSPT/PGK and the 2.1-kilobase BamHI frag-
ment from pXUT 23-2.1. DNA fragments were purified from agarose
gels by centrifugation(32), and labeled using the oligo-labeling method
(33). Probes were ethanol precipitated prior to use. The HPRT probes
were preannealed with normal human DNA to reduce hybridization to
repeated sequences (34). The other probes were preannealed to salmon
sperm DNA, which reduced background on the blots. Salmon sperm
and human DNA were sheared by boiling in 0.4 M NaOH for 20 min,
neutralized with Tris-HCI, ethanol precipitated, and dissolved in TE at
2 mg/ml. For preannealing, the probe, in 50 ul TE, was mixed with 50
ul 20 X SSC and 100 x1 human or salmon sperm DNA, boiled for 10
min, incubated at 68°C for 20 min, then added to Hyb. Buf.

RESULTS

HPRT Gene. Clonal analyses of numerous normal and neo-
plastic tissues were performed using the pHPRT-800 probe
described in “Materials and Methods.” The restriction endo-
nuclease conditions initially described (19) were modified by
including digestion of samples with Pvull. As shown in Fig.
14, Pvull cleaves the HPRT gene approximately 6 kilobases to
the right of the polymorphic BamHI site (35), thus rendering
the two polymorphic BamHI alleles closer in size. The two
polymorphic fragments detected by the pHPRT probes in
BamHI-digested DNA are approximately 24 and 12 kilobases;
the probe detects fragments of 18 and 12 kilobases in DNA
digested with BamHI and Pvull. Because a small amount of
DNA degradation is present in some neoplastic tissues, the
reduction in the size of the larger allele allows this analysis to
be performed in more cases. Also noted in Fig. 14 are the
recognition sites for the methyl-sensitive enzymes Hpall and
Hhal in the relevant region of the HPRT gene.

The differential methylation of the HPRT gene in active and
inactive X-chromosomes has been studied intensively (19, 36,
37).> Hhal site 1 is unmethylated in most active X-chromo-
somes and in some inactive X-chromosomes. Hhal sites 2 to 6
are each methylated in over 95% of active X-chromosomes, but
at least one of Hhal sites 2 to 6 is unmethylated in over 90%
of inactive X-chromosomes. Therefore, the differential meth-
ylation of Hhal sites in active versus inactive X-chromosomes
is best seen by studying sites 2 to 6. Hpall site 1 is unmethylated
in active X-chromosomes and in some inactive X-chromo-
somes. Hpall sites 2 to 9, however, are differentially methyl-
ated. In active HPRT alleles Hpall sites 2 or 3 are unmethyl-
ated, while Hpall sites 4 through 9 are methylated. There are
two types of inactive HPRT alleles. In type I alleles, Hpall sites
2 and 3 are methylated, while at least one of sites 4 to 9 is
unmethylated. In type 2 alleles, Hpall sites 2 to 9 are all
methylated. In individual females, 60-100% of the inactive
alleles are type 1, and the remainder are type 2.

Based on these data, the following results would be expected.
BamHI- and Pvull-digestion of DNA from a female who is
heterozygous for the polymorphic site should reveal fragments

$ Unpublished results.
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Fig. 1. A, restriction map of the 5’ region 1

of the HPRT gene (35, 36). Transcription be- ? ?

gins approximately 250 base pair to the left of
the most 5’ BamHI site shown and continues
through the Pvull site at the right. @, nine
Hpall sites; O, six Hhal sites; the BamHI site
(z) is polymorphic. B, restriction map of the
S’ region of the PGK gene (25). Transcription
begins 72-81 base pair to the left of the Pvull B
site and continues through the BxrXI site at
the right. ®, nine Hpall sites. The Bgll,
Eco0109, and BstXI sites (+) are polymorphic.
The plasmid pSPT-PGK contains the 800-base

r EcoRi

pair EcoRl/BamHI fragment. T1 il T
1 2 L]

E0001090

:
Eco0109
(2)

of 18 and 12 kilobases when hybridized to the HPRT-800 probe
(Fig. 14). Subsequent digestion of the DNA with Hhal should
convert the BamHI-Pvull fragments to 17.8 and 11.8 kilobases
if they were derived from the active X-chromosome. These
fragments cannot be distinguished from the 18- and 12-kilobase
BamHI-Pvull fragments under the usual conditions of electro-
phoresis. Hhal digestion of inactive X-chromosomes should
convert the BamHI-Pvull fragments to fragments of less than
9 kilobases. Hpall digestion of active X-chromosomes should
convert the 18- and 12-kilobase BamHI-Pvull fragments to
17.2 and 11.2 kilobases, respectively. Hpall digestion of type I
inactive alleles should convert them to fragments of less than 8
kilobases. Hpall digestion of type II inactive alleles would not
affect the migration of the fragments, because Hpall sites 2-9
are methylated.

These predictions were confirmed by analyses of normal
tissues from 42 females heterozygous at the BamHI site of the
HPRT gene. After digestion with Hpall or Hhal, the intensity
of the 17.2-18-kilobase and 11.2-12-kilobase fragments both
decreased by 30-70% in 41 of the 42 individuals examined.
When normal tissues were digested with Hpall, the 18- and 12-
kilobase BamHI-Pvull fragments were converted to fragments
of 17.2 and 11.2 kilobases (active alleles), to fragments of less
than 8 kilobases (type I inactive alleles) or to fragments of
unaltered mobility (type II inactive alleles). Examples are shown
in Fig. 2, I and 2. The relationship of the polymorphic frag-
ments was reciprocal in that if the intensity of one allele
decreased by more than 50%, the intensity of the other allele
decreased by less than 50%. In several normal tissues of one
individual, the intensity of the 18-kilobase fragment decreased
by 85% while the intensity of the 12-kilobase fragment de-
creased by only 15% after Hpall or Hhal digestion (data not
shown). This unusual pattern was probably due to the random
nature of the X-chromosome inactivation process (18, 20, 38).

Although the observed RFLP-methylation patterns at the
HPRT gene in normal female tissues confirmed the predicted
patterns, it was possible that neoplastic tissues would have
abnormal methylation patterns that would complicate, and
perhaps preclude, the use of the HPRT gene for clonal analysis
in a large number of cases. Several human tumors have been
shown to be aberrantly methylated, with some genes consis-
tently hypomethylated (39, 40) and others hypermethylated in
specific tumors (41). Therefore, to simplify the interpretation
of results, we analyzed only tumors which were expected to be
monoclonal based on previous studies. These tumor types in-
cluded: acute and chronic nonlymphocytic leukemias, which
have been shown to be monoclonal in a variety of studies (10,
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Fig. 2. Clonal analysis using HPRT-800 as probe. Lanes markea B, digested
with BamHI and Pvull; lanes marked +Hha or +Hpa, also digested with Hhal or
Hpall, respectively; I and 2, DNA from normal female tissues (colonic mucosa
and normal lymphocytes respectively); 3-5, DNA from neoplastic cells (chronic
myelogenous leukemia cells in 3 and acute nonlymphocytic leukemia cells in 4
and 5). Left, sizes (in kilobases) of the two polymorphic restriction fragments.

11, 42); lymphocytic neoplasms, which have been shown to
contain clonal rearrangements of immunoglobulin or T-cell
receptor genes (43-45); uterine leiomyomas, a large number of
which have been examined using G6PD isozyme analysis and
have been shown to be monoclonal (1, 46); and miscellaneous
solid tumors which exhibited monoclonal losses or gains of
specific chromosomes (47-50).

In monoclonal tumors, one of the two X-chromosomes
should be active in each cell and the other should be inactive.
Several practical considerations, however, affect the analysis of
the clonal origin of tumors. Many tumor samples, especially
solid tumors, are admixed with stromal elements (vascular and
connective tissue, in addition to inflammatory cells) and these
normal cells skew the RFLP-methylation pattern observed in
the tumor sample toward those of the individual’s normal
polyclonal tissues. Second, there is some variability in DNA
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loading, electrophoretic transfer, and hybridization efficiency.
Based on these practical considerations, we considered a sample
to exhibit a monoclonal pattern if the intensity of one allele
decreased by over 80% and the intensity of the other allele
decreased by less than 40% following Hpall (or Hhal) digestion,
Conversely, tissues were considered to exhibit a polyclonal
pattern if both alleles decreased by 30-70% after digestion with
the methyl-sensitive enzyme.

As noted above, examination of normal tissues from 41 of
42 females with the HPRT-800 probe revealed RFLP-methyl-
ation patterns consistent with the operational definition of a
polyclonal pattern. In contrast, of 41 neoplastic tissues (each
from a different individual) examined with the pHPRT-800
probe, 36 exhibited a monoclonal pattern with either Hpall or
Hhal (34 displayed monoclonal patterns with Hpall and 30
displayed monoclonal patterns with Hhal). Examples of such
monoclonal patterns are shown in Fig. 2, 3 and 4. In the seven
tumors that did not demonstrate a monoclonal pattern with
Hpall, one of the two alleles was cleaved by Hpall to the size
expected for an active allele (either 17.2 or 11.2 kilobases). The
other allele was either partially or totally resistant to Hpall
digestion (and often to Hhal digestion as well). An example of
such a tumor is shown in Fig. 2, 5. RFLP-methylation patterns
such as that seen in Fig. 2, 5, most likely resulted from the
proliferation of cells in which the inactive X-alleles were largely
of the type II class (i.e., Hpall sites 2-9 methylated). The
HPRT-800 probe could not be used to unambiguously deter-
mine the clonal origin of tumor cells in such cases, because it
primarily detected differences in the methylation of Hpall sites
4-9. However, we found that the methylation state of Hpall
sites 2 and 3 could be used to distinguish active and inactive X-
chromosomes from one another, and thus determine clonal
origin, in such cases.

The HPRT-600 probe (Fig. 14) was useful for examining the
methylation of Hpall sites 2 and 3. Hybridization of the HPRT-
600 probe to BamHI- and Pvull-digested DNA from a male
whose X-chromosome lacked the polymorphic BamHI site
revealed an 18-kilobase fragment (Fig. 3, 7). Subsequent diges-
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Fig. 3. Clonal analysis using HPRT-600 as probe. DNA lanes marked B,
digested with BamHI and Pvull; lanes marked +H, additionally digested with
Hpall; 1 and 2, DNA from normal male lymphocytes; 3, DNA from normal
female lymphocytes; 4-7, DNA from the leukemia cells of four different patients
with acute nonlymphocytic leukemia. Faint bands of 3 and 6 kilobases, repre-
senting HPRT-related genes, can sometimes be seen in the lanes marked B.

tion of the DNA with Hpall produced a single hybridization
fragment of 600 base pairs (Fig. 3, /), produced by cleavage at
Hpall site 2 or 3; Hpall sites 2 and 3 were too close to one
another to determine which one of them was unmethylated (see
Fig. 14). Similar results were seen when the DNA from cells
of a male who had the polymorphic BamHI site (i.e., containing
the 12-kilobase HPRT fragment) was studied (Fig. 3, 2). Such
results demonstrate that active X-chromosomes are unmethyl-
ated at Hpall site 2 or 3. Hpall digestion of DNA from the
normal tissues of a female who was heterozygous for the poly-
morphic BamHI site reduced the intensity of both the 18- and
12-kilobase fragments by approximately 80-90% (Fig. 3, 3).
The other fragments visible in Fig. 3, 3, after Hpall digestion
were as follows: the 600-base pair fragment resulted from active
X-alleles cleaved at Hpall sites 2 or 3; the fragments between
0.6 and 12 kilobases resulted from cleavage of type I inactive
alleles (i.e., methylated at Hpall sites 2 and 3 and unmethylated
at one of Hpall sites 4-9); the 18- and 12-kilobase fragments
resistant to Hpall digestion were derived from type II inactive
alleles (i.e., methylated at Hpall sites 2-9). Graded digestion
with increasing concentrations of Hpall did not alter the pat-
terns observed.

When DNA from tumors which displayed monoclonal pat-
terns with the HPRT-800 probe were analyzed with the HPRT-
600 probe, both the 18- and 12-kilobase fragments disappeared
completely (Fig. 3, 4 and 5). This was expected, as these tumors
contained predominantly inactive alleles of type I, which were
digested by Hpall to fragments of less than 8 kilobases, while
the active alleles in these tumors were cleaved to 0.6-kilobase
fragments. Conversely, in tumors which contained a significant
percentage of cells with type II inactive alleles, the 18- and 12-
kilobase fragments were not digested equivalently by Hpall.
One allele (the active one) was digested completely by Hpall,
while the inactive type II allele was partially resistant to Hpall
digestion (Fig. 3, 6 and 7). Note that monoclonal tumors such
as those seen in Fig. 3, 6 and 7, consisted of cells in which a
significant percentage (30-80%), but not all cells, contained
inactive alleles of the type II class.

In summary, monoclonal tumors could be divided into two
types depending on the proportion of inactive type II alleles
contained within their cells. Most tumors (34 of 41) contained
predominantly type I inactive alleles and could be shown to be
monoclonal using the HPRT-800 probe. The remaining seven
tumors contained a significant portion of cells with type II
inactive alleles, and these could be shown to be monoclonal
with the HPRT-600 probe. Based on these results, we now
perform clonal analysis by first examining DNA samples with
the HPRT-800 probe. If a sample shows a high percentage of
class II inactive alleles, we rehybridize the same blot with the
HPRT-600 probe.

PGK Gene. The PGK gene, like the HPRT gene, is consti-
tutively active and located on the long arm of the X-chromo-
some (51). It has previously been shown that eight Hpall sites
near the 5’ end of the gene are unmethylated in active X-
chromosomes, but are methylated in inactive X-chromosome
[Hpall sites 1-8 in Fig. 1B (30)°). In addition, we found one
Hpall site (Fig. 1B, site 9), which was unmethylated in 20-40%
of inactive X-chromosomes. We tested 47 restriction endonu-
cleases in an effort to find DNA polymorphisms in this region
of the PGK gene. Through this screen, we identified a poly-
morphic Bg/l site located approximately 500 base pairs down-
stream from this differentially methylated region (Fig. 1B). 72

¢ A. M. Michelson and S. H. Orkin, unpublished results.
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of 217 females (33%) were heterozygous for the Bg/l RFLP,
producing alleles of 5 and 12 kilobases. For clonal analysis with
the 800-base pair EcoRI-BamHI PGK probe, samples were
digested with BgllI (to reveal the polymorphism) and Bg/II and
EcoRlI (to bracket the differentially methylated region; see Fig.
1B). One half of each DNA digest was then subsequently
digested with Hpall. Examples of the results obtained when
normal tissues of males and females were digested with these
enzymes are shown in Fig. 4, I-3. Two polymorphic alleles of
1.7 and 1.3 kilobases were identified. Digestion of active alleles
from tissues of males with Hpall completely eliminated the
signal of either the 1.7-kilobase allele (Fig. 4, 1) or the 1.3-
kilobase allele (Fig. 4, 2). Hpall digestion of DNA from female
tissues reduced the intensity of both polymorphic alleles by
approximately 60-75%. This reduction in the intensity of each
allele was due to: (a) cleavage of alleles from active X-chro-
mosomes at the multiple unmethylated Hpall sites; and (b)
cleavage of 20-40% of inactive X-chromosome alleles at Hpall
site 9. In normal tissues from 36 of 40 females, the 1.7- and
1.3-kilobase fragments were both reduced in intensity by 30-
70%, as predicted from the methylation differences noted above
and the variations between individuals in the maternal:paternal
X-chromosome inactivation ratio. In the normal tissue of two
females, one of the alleles was digested by 80% and the other
by 20%; in two additional females, both alleles were digested
by 70-80%.

Tumors from 46 females who were heterozygous for the
polymorphic Bgll site were studied with the PGK probe. All
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Fig. 4. Clonal analysis using the PGK probe for the Bg/l and BstXI polymor-
phisms. 1-7: lanes marked B, digested with Bgil, EcoRl, and Bglll; lanes marked
+H, additionally digested with Hpall; I and 2, DNA from normal male lympho-
cytes; 3, DNA from normal female lymphocytes; 4-7, DNA from neoplastic cells
(4, colorectal carcinoma; 5 and 6, acute nonlymphocytic leukemia; 7, acute
lymphocytic leukemia). 8-9: DNA in lanes marked Bs, digested with BstXI and
Pstl; lanes marked +H, additionally digested with Hpall; 8, DNA from normal
female lymphocytes; 9, DNA from acute nonlymphocytic leukemia cells. As noted
in “Materials and Methods,” stringent washing conditions were needed to elimi-
nate hybridization of the PGK probe to PGK-related sequences contained in an
EcoRI-Bglll fragment of 1.7 kilobases (/-7). Left, sizes of the polymorphic
restriction fragments.

but two of these tumors exhibited monoclonal RFLP-methyla-
tion patterns, as defined by the criteria outlined for the HPRT
gene. Examples of the results obtained in the 46 tumors with
monoclonal patterns are shown in Fig. 4, 4-7. In the two tumors
that did not show the expected monoclonal patterns, both
alleles were completely digested by Hpall (data not shown).

Through our screen for RFLPs within the PGK gene, we also
detected a BstXI polymorphic site located approximately 250
base pairs downstream from the differentially methylated region
(Fig. 1B). The BstXI and Bgll polymorphic sites appeared to
be in strong linkage disequilibrium; twenty-nine females who
were heterozygous for the Bg/l RFLP were all found to be
heterozygous for the BstXI RFLP. The BstXI RFLP did not
increase the percentage of females in whom we could perform
clonal analysis. Nevertheless, the BstXI RFLP was useful for
clonal analysis for two reasons. First, the PGK-related genes
did not contain BstXI fragments of the same size as those from
the PGK gene, thus eliminating the cross-hybridization problem
noted in the legend to Fig. 4. Second, BstXI digestion could be
used in combination with Pszl digestion to eliminate Hpall site
9 from the resulting fragments. Because Hpall site 9 was
unmethylated in some inactive alleles, the intensity of the
inactive alleles was reduced by 20-40% after Hpall digestion.
From a practical standpoint, Bg/l was useful for screening for
the RFLP (it is less expensive than BstXI), but BstXI was
preferred for clonal analysis. Digestion of DNA from females
who were heterozygous for the Bg/l RFLP with Bs¢XI and Pstl
produced fragments of 1.05 and 0.9 kilobases. Examples of the
RFLP-methylation patterns seen in polyclonal or monoclonal
populations of cells from females heterozygous for the BstXI
polymorphism are shown in Fig. 4, 8 and 9, respectively.

A polymorphic Eco0109 site was also identified in the differ-
entially methylated region of the PGK gene (Fig. 1B). The
Eco0109 RFLP was present in only seven of 137 females (5%)
tested, but it appeared to be useful for clonal analysis when it
was present. Several fragments were seen in Eco0109-digested
DNA that was hybridized to the PGK probe; in addition to
fragments of greater than 0.6 kilobase or less than 0.2 kilobase
in size (some representing PGK-related genes), the probe hy-
bridized to either a 544-base pair fragment and/or two frag-
ments of 297 and 247 base pairs (Figs. 1B and 5). Hpall
digestion completely eliminated the 544-base pair fragment or & g
297- and 247-base pair fragments in active X-chromosome 5 E
alleles (DNA from males; Fig. S, I and 2). As expected, Hpall o
digestion reduced the intensity of these fragments by approxl-
mately 50% in DNA from normal female tissues (Fig. 5, 3). In g
contrast, in DNA from monoclonal tumors, either the 297/ 2
247-base pair fragments were extensively digested by Hpall S
while the 544-base pair fragment remained relatively spared c
(Fig. 5, 4 and 5); or the converse pattern was observed (Fig. 5,

6 and 7). Because of the low frequency of the Eco0109 poly-
morphism, we were unable to use this polymorphism to study
RFLP-methylation patterns in a large number of tumors. How-
ever, monoclonal patterns were produced in all five tumors
from females who were heterozygous for the Eco0109 RFLP.
pXUT23-2.1 Probe. In addition to the probes from the HPRT
and PGK genes, over 25 cloned DNA fragments were used to
search for methylation differences between active and inactive
X-chromosomes. Of these additional probes, only one,
pXUT23-2.1, was found to show methylation patterns that
were relatively different between the active and inactive X-
chromosomes. The pXUT23-2.1 plasmid contains sequences
derived from the short arm of the X-chromosome; these se-
quences are not known to lie near a constitutively active gene
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+ +
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Fig. 5. Clonal analysis using the PGK
probe for the Eco0109 polymorphism. DNA
lanes marked E, digested with Eco0109;DNA 544« .
lanes marked +H, additionally digested with
Hpall; I and 2, DNA from normal male lym-
phocytes; 3, DNA from normal female lym-
phocytes; 4-7, DNA from acute nonlympho- 32;: -
cytic leukemia cells of four different patients.
Left, sizes of the restriction fragments.

1 2

(31). The pXUT23 probe detected a Bg/ll RFLP with two
alleles of 12.5 and 17.5 kilobases (31); 35 of 112 females tested
(30%) were heterozygous for this polymorphism. Hpall diges-
tion of DNA from the active X-chromosome (male lympho-
cytes) reduced the intensity of the 17.5-kilobase fragment (Fig.
6, 1) or 12.5-kilobase fragment (Fig. 6, 2) by 80-90%, while
the intensity of each of the Bg/lII fragments was reduced by 60—
80% when DNA from female lymphocytes was digested with
Hpall (Fig. 6, 3). These results were consistent with the follow-
ing model: the pXUT23 sequences on 80-90% of active X-
chromosomes were unmethylated (i.e., at least one unmethyl-
ated Hpall site existed within the 12.5-17.5-kilobase Bgilll
fragment), while 40-80% of inactive X-chromosomes contained
methylated pXUT23 sequences (i.e., all Hpall sites within the
12.5-17.5-kilobase Bg/ll fragments were methylated). Thus,
although the methylation pattern of the pXUT23 sequences in
most inactive X-chromosomes was different from that in most
active X-chromosomes, the differential methylation of the two
X-chromosome types was not as striking for pXUT23 as it was
for the HPRT and PGK genes.

Despite the inability to distinguish all active from inactive X-
chromosomes on the basis of their methylation patterns, the
pXUT23 probe could be used for clonal analysis if the methyl-
ation pattern established on each X-chromosome had a high
probability of being inherited in each progeny cell during the
proliferation of a monoclonal neoplastic growth. Each Hpall
site within a pXUT23 allele in an individual cell is either
methylated or is not methylated; the methylation patterns de-

+ +
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17.5= »
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Fig. 6. Clonal analysis using the pXUT23 -

probe. Lanes marked B, digested with Bgill;
lanes marked +H, additionally digested with
Hpall; 1 and 2, DNA from normal male lym-
phocytes; 3, DNA from normal female lym-
phocytes; 4-7, DNA from neoplastic cells. (¢
and 6, acute nonlymphocytic leukemia; 5, uter-
ine leiomyoma; 7, acute lymphocytic leuke-
mia). Left, sizes of the polymorphic restriction
fragments.
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scribed above for active and inactive X-chromosomes apply
only to the analysis of cell populations, not individual cells.
Therefore, one would expect four types of female cells when
classified according to the methylation status of their pXUT23-
2.1 alleles. Type I cells [predicted to be 32% (80 x 40%,
minimal) to 72% (90 x 80%, maximal) of the cellular popula-
tion] will have the allele from the active X-chromosome un-
methylated and the allele from the inactive X-chromosome
methylated; Type II cells (2-12% of the cellular population)
will have the allele from the active X-chromosome methylated
and the allele from the inactive X-chromosome unmethylated;
Type III cells (4-16% of the cellular population) will have
alleles from both the active and inactive X-chromosomes fully
methylated; and Type IV cells (16-54% of cellular population)
will have the alleles from both the active and inactive X-
chromosomes unmethylated. These expectations are not based
on any mechanistic interpretations of methylation with regard
to X-chromosome activity, but are simply based on empirical
determinations of pXUT23 methylation patterns in cell popu-
lations from normal females.

If the methylation patterns in individual precursor cells were
inherited during monoclonal neoplastic growth, then four
classes of tumor cells would be defined with respect to methyl-
ation of the pXUT23 gene fragments. Type I and II cells would
give rise to tumors with “monoclonal patterns” upon Bg/ll/
Hpall digestion, i.e., one allele would largely disappear upon
Hpall digestion while the other allele would be insensitive to
Hpall digestion. Type III and 1V cells would also give rise to

+ + + + +
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distinct patterns, since both alleles will either not be reduced
by Hpall digestion or will be completely abolished by Hpall
digestion, respectively. Analysis of tumors produced results
which were consistent with these expectations. Of 29 tumors
examined, 15 showed monoclonal patterns (as defined for the
HPRT and PGK probes), suggesting outgrowth of Type I or II
cells (examples in Fig. 6, 4-5); four tumors showed patterns
suggesting they originated from Type III cells (Fig. 6, 7), and
five tumors produced patterns suggesting their origin was from
Type IV cells (Fig. 6, 6). Finally, five tumors showed patterns
similar to those seen in normal cells (both alleles digested by
60-80%). In contrast, in 23 of 24 DNA samples prepared from
normal female tissues, both alleles were reduced in intensity by
50-80% (Fig. 6, 3). In one normal tissue sample, the 17.5-
kilobase fragment was reduced in intensity by over 95%, while
the 12.5-kilobase fragment was reduced by 60%.

The results with the pXUT23-2.1 probe were obviously con-
siderably more complex than those observed with the HPRT
or PGK probes, and this probe could not be recommended for
routine clonal analysis. However, these results are presented
because they illustrate the problems and potential of performing
clonal analyses with genes whose methylation patterns are not
strictly dependent on X-chromosome activity. If the gene’s
methylation pattern established on each X-chromosome has a
high probability of being inherited during cell division, then the
inheritance of this methylation pattern can provide evidence
for the clonal origin of a cell population.

DISCUSSION

The results of this study can be summarized as follows:
Twenty-nine % of females were heterozygous at the BamHI site
of the HPRT gene, and monoclonal patterns were produced
upon RFLP-methylation analysis in all 41 tumors studied if
analyzed with both the HPRT-800 and HPRT-600 probes.
Thirty-three % of females were heterozygous at the Bg/I site of
the PGK gene; monoclonal patterns were produced upon
RFLP-methylation analysis with the PGK probe in 96% of 46
tumors from females who were heterozygous for the poly-
morphic Bgll site. Five % of females were heterozygous for the
polymorphic Eco0109 site at the PGK gene, and monoclonal
patterns were produced in all five tumors from Eco0109 heter-
ozygotes. Of the 135 females studied for polymorphism at both
the HPRT and PGK loci, 53% were heterozygous for at least
one of the three polymorphisms.

It was noted above that the methylation patterns within the
HPRT and PGK genes were more uniform than those seen with
the pXUT23-2.1 probe, both in normal and neoplastic tissues.
This is consistent with the hypothesis that methylation of the
5’ regions of active X-chromosome genes is tightly regulated,
while the methylation of other sequences on the X-chromosome
is not (30, 36, 37, 52-54). We have studied over 25 cloned
DNA fragment sequences that detected restriction fragment
length polymorphisms on the X-chromosome but that did not
detect the 5’ region of constitutively active genes (kindly pro-
vided by K. E. Davies, S. A. Latt, J. C. Mandel, D. Drayna, L.
M. Kunkel, S. Bhattacharya, R. L. Nussbaum, and H. J. Cooke).
Of these probes, only the pXUT23-2.1 probe showed methyla-
tion patterns which were relatively different between male and
female cells (and thus between active and inactive X-chromo-
somes). For extension of the RFLP-methylation analysis to
other X-chromosome genes, it would appear that the most
fruitful approach would be to study the 5’ regions of other
constitutively active genes, rather than to attempt similar anal-

yses with tissue-specific genes or randomly cloned sequences
from the X-chromosome.

It is important to note that the ratio of active maternal X-
chromosomes to active paternal X-chromosomes in female
tissues has a normal distribution in the female population
around a mean ratio of 50:50 (18). In the studies reported here,
three of 81 females had X-inactivation ratios in excess of 80:20.
This observation is consistent with previous studies of X-inac-
tivation in females as assessed by G6PD isoenzyme analysis
(18, 38, 46). To make conclusions about the clonality of any
individual tumor, DNA isolated from normal cells of that
individual should therefore be used as a control. Although it is
preferable to use analogous normal cells from the same tissue
type as the tumor being studied, any normal cells from the
individual will probably suffice, as X-inactivation ratios are
consistent from tissue to tissue within any individual female
(18, 38).°

We have used the RFLP methylation strategy to successfully
study normal and neoplastic cells from hematopoietic, diges-
tive, and urogenital organs (12, 19)°. In several neuroblastomas,
however, we found that the PGK gene (and less frequently, the
HPRT gene) was unmethylated in both active and inactive
alleles, thus precluding clonal analysis. It would be interesting
in future studies to determine whether this unusual pattern of
methylation is found in normal neural cells, or is limited to
neoplastic neural cells.

Finally, the RFLP-methylation system for clonal analysis is
subject to the same conceptual constraints posed by other
methods of clonal analysis based on X-chromosome inactiva-
tion events (1, 2). Finding a monoclonal pattern in a tumor
does not prove that the tumor originated from one cell, but
only that one cell (or a small number of cells which fortuitously
had the same X-chromosome inactivated) outgrew its compan-
ions during the process of neoplasia. Despite such limitations,
clonal analysis has provided many useful insights into the
neoplastic process as it occurs in humans, and the ability to
perform these studies in additional patients should contribute
to such studies in the future.
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