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Background : While neurofibromas have generally been regarded as polyclonal hyperplas-
tic lesions, it remains unclear whether the tumor is a true neoplasm or a hyperplastic lesion.
Methods : Determination of clonality by X chromosome inactivation pattern was investigated
in twenty-one cases of neurofibroma employing enzyme digestion and PCR of the HUMARA
gene. The histological, immunohistochemical, and ultrastructural characteristics of the tumors
were also examined. Results : Immunohistochemically, most of the tumor cells showed vimentin
and S-100 protein positivity. Axons were demonstrated by neurofilament protein positivity and
were seen mainly at the periphery and rarely in the central portion of the tumor. Ultrastructurally,
the tumors were composed of a variety of cell types: perineurial cells, Schwann cells, fibroblasts,
and axons. X chromosome inactivation analysis was completed on thirteen out of fifteen cases
in which DNA was successfully extracted. Of thirteen neurofibromas that were heterozygous
at the HUMARA loci, eleven showed a polyclonal pattern. The remaining two cases were con-
sidered as indeterminate for clonality because of unequal band intensity and failure to obtain
the normal control DNA. Conclusion : The results from this study suggest that neurofibromas
are polyclonal in origin and might be a neoplastic lesion comprising non-neoplastic cells among
constituent components. 
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Clonal Analysis of Neurofibroma by PCR Amplification of HUMARA Gene

Knowledge of a tumors clonality may provide important infor-
mation about its pathogenesis and biologic behavior. If a tumor
arises from a single cell as a result of spontaneous somatic muta-
tions, it is a true monoclonal neoplasm. On the other hand, if many
cells contribute to the population of cells that make-up the tumor,
then the tumor is a polyclonal hyperplastic lesion. Analysis of clon-
ality in females heterozygous for specific genes or polymorphic
markers on the X chromosome has been widely used for determi-
nation of tumor clonality.1,2

Vogelstein et al.3 described a molecular genetic approach to
determine the clonal origin of tumors using the polymorphic X
chromosomal gene of hypoxanthine phosphoribosyltransferase
(HPRT) and two restriction endonucleases, BamHI and HpaI. This
technique is based on three premises. First, according to the Lyon
hypothesis,4 one of the X chromosomes in each cell is randomly
inactivated early in the development of the female embryo and
this inactivation pattern is inherited in a stable manner by the
progeny cells. Second, genes on the active and inactive X chromo-
somes differ in the methylation of cytosine residues and these
methylated cytosines are readily detected by certain restriction
endonucleases.5 Third, the maternal and paternal X chromosomes
contain normal variations that can be detected using DNA poly-

morphisms. Recently, Allen et al.6 introduced a new method of
a methylation-based clonality determination using the human
androgen receptor (HUMARA) gene with a highly polymorphic
trinucleotide (CAG) repeat in the coding region of the first exon.
This polymorphic short tandem repeat is approximately linked
to four methylation sites, two HpaI sites and two HpaII sites, that
have allowed the use of a PCR assay to identify the X chromosome
inactivation patterns in female (Fig. 1). The advantages of this
clonality assay include high heterozygosity rate (90%), reliable
methylation pattern, and because it is PCR-based, only a small
amount of the tumor specimen is needed from the paraffin block.7

Neurofibromas are common peripheral nerve tumors that have
a heterogeneous population of perineurial cells, Schwann cells, and
fibroblasts.8,9 They may be solitary and unrelated to neurofibro-
matosis in the sporadic type, or they may be multiple and associ-
ated with neurofibromatosis. Because of its puzzling histologic
appearance, many authors9,10 have suggested that neurofibromas
are a hamartomatous, reactive, hyperplasic lesion rather than a true
neoplasm.

To clarify this issue, we performed a PCR-based method for anal-
ysis of the inactivation patterns of the HUMARA gene using ar-
chival paraffin-embedded tissues of neurofibromas. In addition,
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we used histological, immunohistochemical, and ultrastructural
methods to examine the features of constituent cells: perineurial
cells, Schwann cells, and fibroblasts.

MATERIALS AND METHODS

Materials

Twenty-one cases of neurofibromas, which had been diagnosed
during the period of 2001 to 2002 in Chonnam University Hos-
pital, Korea, were utilized in this study. All tissue specimens were
fixed in 10% buffered neutral formalin and embedded in paraffin.
Of these tumors, six cases of neurofibromas were available for ultra-
structural study. All the patients were females and ranged in age
from 2 to 63 years. There were 17 solitary neurofibromas occur-
ring in the subcutaneous tissue from various sites (Table 1), three
in the deep soft tissue of the extremities and the chest, and one in
the paravertebral region. Two multiple neurofibromas with von
Recklinghausens neurofibromatosis were also included.

Immunohistochemistry

All immunohistochemical staining was performed using the
Microprobe Immuno/DNA stainer (Fisher scientific, Pittsburgh,
PA., U.S.A.), which is based on capillary action. The following
antibodies were used: neurofilament protein (1:100, Zymed, South
San Fransisco, CA., U.S.A.), S-100 protein (1:150, DAKO, Glo-

strup, Denmark), and vimentin (1:150, Biogenex, San Ramon,
CA., U.S.A.). Briefly, 3 m-thick sections on probe-on slides
(Fisher scientific, Pittsburgh, PA., U.S.A.) were deparaffinized in
histoclear and rehydrated in graded alcohols, and then immersed
in 0.6% hydrogen peroxide for 1 min to block the endogenous
peroxidase activity. The sections were overlaid with the respective
primary antibodies for 15 min at 45℃. Anti-mouse immunog-
lobulin G (Sigma, St. Louis, MO., U.S.A.) labeled with biotin
was used as a secondary antibody for the detection of primary
antibodies and was incubated for 7 min at 45℃. After multiple
rinses with PBS buffer, the streptavidin-alkaline phosphatase
detection system (Biomeda, Foster city, CA., U.S.A.) was applied
for 7 min. As a final step, the slides were immersed in fast-red
TR solution and counterstained with Harris hematoxylin, and
mounted in Crystal/Mount (Biomeda, Foster city, CA., U.S.A.).

Electron microscopy

For electron microscopy, portions of fresh tissues at the time
of excision were fixed in cold 2.5% glutaraldehyde solution (pH
7.4) for 6 h, and then washed in cold cacodylate buffer, and post-
fixed in 1% buffered osmium tetroxide for 1 h at 4℃. The fixed
sections were then dehydrated through graded ethanols, cleared
in propylene oxide, and infiltrated with a mixture of propylene
oxide and Epon. The sections were embedded flat in Epon and
incubated for 24 h each at 35℃, 45℃, and 60℃ for polymer-

Fig. 1. Diagram of the region both amplification and cleavage in the
first exon of the HUMARA gene and a related portion of nucleotide
sequences from GenBank Database.
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Fig. 2. Schematic diagram of clonality assay at HUMARA locus,
showing either random or nonrandom X chromosome inactivation
patterns (M: maternal; P: paternal). After incubation with the methy-
lation-sensitive enzyme (HpaII), the site of the active X chromosome
(open bars) will be cleaved and that on the inactive X (closed bars)
will not be cleaved. Amplification by PCR between these primers
will only yield a product from the uncleaved inactive X chromosome.
The maternal and paternal alleles are resolved using polyacrylamide
gel electrophoresis.
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ization. 80 nm-thick sections were stained with toluidine blue
for orientation and selection. Ultrathin sections were prepared
from the block with a Sovall MT-5000 ultramicrotome and stain-
ed with uranyl acetate and lead citrate. They were analyzed with
a JEOL 1,200 EX electron microscope at 80 kV.

DNA extraction

Blood samples were obtained at the time of surgery to serve as
normal control DNA. High molecular weight DNA was extract-
ed from both peripheral blood leukocytes and H/E stained 10 m-
thick paraffin sections of the tumor by microdissection using 27G
needle. Tumor DNA was collected in sections into a 1.5 mL cen-
trifuge tube. DNA extraction was performed using a protocol
adapted from a combination of several previously described meth-
ods.11,12 Briefly, 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 removed and the
tissue was resuspended in absolute ethanol. The tissue was cen-
trifuged again and the excess ethanol was decanted. The tissues
were allowed to vacuum dry for 10 min at room temperature.
The tissues were then resuspended in 400 L of proteinase K lysis
buffer (10 mM Tris, pH 8.0, 400 mM NaCl, 2 mM EDTA, pH
8.2, Proteinase K 20 mg/mL), at 54℃ for 24 h. The tissues were

then extracted once with phenol once with phenol-chloroform-
isoamyl alcohol and once with chloroform. A 33% volume of 10
mM ammonium acetate and 2.5 volumes of ethanol were added;
the DNA pellet was recovered by centrifugation. After washing
with 70% ethanol, ethanol-precipitated DNA was resuspended
in 100 L distilled water.

HUMARA assay for clonality

Clonal analysis was conducted according to the method describ-
ed by Mashal et al.13A schema for clonal analysis is shown in Fig. 2.
During the process of early embryogenesis in the female (about
the sixteenth day following fertilization), one of two X chromo-
somes in each cell is inactivated at random according to the Lyon
hypothesis.4 Once a maternal or paternal X chromosome is inacti-
vated in a cell, this inactivation pattern is permanent and is inherit
throughout subsequent cell divisions. Because the HUMARA
gene is on the X chromosome, one of the two alleles of the HU-
MARA gene is randomly inactivated by methylation.5

For clonal analysis by PCR, DNA samples were first digested
with a methylation sensitive restriction enzyme, HpaII, in order
to cleave the unmethylated, active alleles of the HUMARA gene.
The methylated, inactive alleles of the HUMARA gene were pre-
served after HpaII digestion. Amplification by PCR of the HU-

Case Age Location
Immunohistochemistry

S100 Vimentin NF
EM

PCR
amplication

Clonality
Other 

disorders

1 18 Ext, SC + + + A + poly
2 15 Chest, SC + + - A -
3 12 Ext, SC + + + NA + poly
4 41 Ext, SC + + - NA -
5 21 Face, SC + + - NA - NFS
6 38 Ext. ST + + + NA + poly
7 43 Paravertebra + + - NA -
8 15 Face, SC + + - NA -
9 2 Back, SC + + - A + UD

10 54 Abdomen, SC + + - NA -
11 21 Ext, ST + + - A + poly
12 17 Chest, ST + + - NA + poly
13 37 Ext, SC + + - NA -
14 17 Ext, SC + + - NA + poly
15 19 Ext, SC + + - A + poly
16 23 Ext, SC + + - NA - NFS
17 35 Back, SC + + + NA + poly
18 7 Face, SC + + - NA + poly
19 31 Ext, SC + + - A + poly
20 63 Abdomen, SC + + + NA + UD
21 40 Ext, SC + + + NA + poly

Table 1. Clonality results and clinicopathological features of neurofibroma

A, available; EM, electron microscopy; Ext, upper and lower extremity; NA, non-available; NF, neurofilament protein; NFS, neurofibromatosis; Poly, poly-
clonal pattern; SC, subcutaneous tissue; ST, soft tissue; UD, undetermined.
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MARA gene resulted in an amplification of XM and XP, giving
rise to two bands in the electrophoresis. If tumors were monoclon-
al, then the tumor cells would all have the same inactivated X
chromosome, i. e. either XM or XP, and amplification by PCR
would result in one band in the electrophoresis gel. As a control,
when DNA samples were amplified without HpaII digestion,
both alleles of the HUMARA gene were preserved.

For each normal and tumor DNA samples, two reactions were
prepared. In the first reaction one 2 g of DNA was digested with
20U HpaII (Boehringer Mannheim, Indianapolis, IN., U.S.A.);
in the other reaction, 2 g of DNA was incubated with the en-
zyme digestion buffer without enzyme. All reactions were 20 L
in total volume, and all incubations were for 12 h at 37℃. After
digestion, the reaction was terminated by incubating the mixture
at 95℃ for 10 min. From this reaction, 3 L was added to 30 L
total volume PCR reaction containing both oligonucleotide pri-
mers at a concentration of 1 M, 250 M dNTP (Promega, Ma-
dison, WI., U.S.A.), 1.5 U Taq polymerase/ L (DyNAZyme,
Finnzymes Oy, Finland), 1.5 mM MgCl2, 50 mM KCl, 10 mL
Tris-HCl (pH 8.8), and 0.1% Triton X-100. The sequences of
the HUMARA primers were obtained from sequences previously
reported elsewhere.14,15 The primers were as follows: Forward
(sense) primer 1, 5′-GCTGTGAAGGTTGCTGTTCCTCAT-
3′; and reverse (antisense) primer 2, 5′-TCCAGAATCTGTTCC-
AGAGCGTGC-3′. Samples were amplified using a Perkin-Elmer
thermocycler 2,400 for 29 cycles (each comprising 45 sec at 94℃,
30 sec at 63℃ and 30 sec at 72℃) with an initial denaturation at
94℃ for 5 min. Three microliters of the PCR product was mixed
with 3 L of STR 2X loading solution (10 mM NaOH, 95%
formamide, 0.05% xylene cyanol FF, and 0.05% bromophenol

blue). This mixture was loaded on a denaturing 6% acrylamide
gel (7 M urea and 0.5X TBE), and electrophoresis was performed
at 650-700 V for 4 h. The gel was silver stained using a procedure
from previously described methods.16

RESULTS

Histologic Features

All the tumors (n=21) were relatively well circumscribed but
non-encapsulated, and spread focally along connective tissue septa
and between fat cells. They consisted mostly of short interlacing
bundles of elongated, stellate cells having wavy, dark-staining
nuclei with inconspicuous nucleoli and long, thin, polar cytoplas-
mic processes. The tumor cells were intimately associated with
wire-like strands of collagen, and varying amounts of mucoid
material separated the cells and the collagen (Fig. 3). Neither
mitotic figures nor nuclear pleomorphism was identified. Rarely,
inconspicuous nerve bundles were embedded within the tumor
(Fig. 4). The fibrillary collagenous stroma contained clusters of
Wagner-Meissner bodies, thin-walled vessels, perivascular mast
cells and some lymphocytes.

Immunohistochemistry

All twenty-one tumors showed immunoreactivity for vimentin,
representing both perineurial cells and fibroblasts. Immunoreac-
tivity for S-100 protein highlighted variable numbers of Schwann
cells in all cases and distinct Wagner-Meissner bodies had intense
immunoreactivity for S-100 protein. Six cases showed strong neu-
rofilament staining for axons (Table 1). In longitudinal sections,

Fig. 4. An entrapped nerve bundle is noted in the tumors.Fig. 3. Irregularly short bundles of elongated, ovoid tumor cells hav-
ing wavy, dark-staining nuclei with inconspicuous nucleoli and long,
thin cytoplasmic processes in the collagenous or myxoid stroma
are seen.
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axons were of varying caliber were located either at the periphery
or at the center of the tumors, and were separated and surround-
ing by rows of numerous spindle-shaped nuclei (Fig. 5).

Electron Microscopy 

All six neurofibromas had similar ultrastructural appearances
(Fig. 6). Perineurial cells were the principal cell-type and had spin-
dle-shaped nuclei and long, thin bipolar cytoplasmic processes
(Fig. 7). In many fields, a pattern of parallel long cytoplasmic
extensions was visible in the collagenized connective tissue. The
perinuclear cytoplasm contained small numbers of mitochondria,
short profiles of RER, ribosomes, and often a well-developed
Golgi apparatus. The long cytoplasmic processes showed indis-
tinct microfilaments, large numbers of pinocytic of vesicles, and
a discontinuous basal lamina along the cytoplasm. Overlapping

ends of adjacent cell processes were occasionally joined by small
and inconspicuous tight junctions or primitive cell junctions. In
addition, a number of Schwann cells were observed. They had
generally smooth nuclear contours but occasionally had marked
convolutions of their nuclear membrane. The perinuclear cyto-
plasm contained scattered mitochondria, Golgi complex, small
numbers of ribosomes, and a few lysosomes. Schwann cells exhib-
ited a coating of thin, continuous basal lamina. Complex inter-
digitating cell processes were noted in occasional cells. Schwann
cells associated with entrapped axons (Schwann cell-axon com-
plexes) were also seen. There were a few fibroblasts that were char-
acterized by elongated nuclei and scanty cytoplasm containing
few organelles and short cytoplasmic extensions devoid of basal
lamina. Relatively normal-appearing myelinated and nonmyeli-
nated axons were identified in two cases (case 1 and 9). Numer-
ous microtubules were seen in axonal structure.

Clonal Analysis by X Chromosome Inactivation

A 280 bp PCR product was amplified from the HUMARA.

Fig. 5. Axons with neurofilament immunoreactivity are noted at
the periphery of the tumor.

Fig. 6. Ultrastructurally, the tumor is composed of perineurial cells
(PN) and normal-looking Schwann cells intimately admixed with
myelinated (M) and unmyelinated (UM) axons in collagenous stro-
ma (Electron microscopy, ×2,000).

Fig. 7. The perineurial cells show elongated nuclei and varying
amount of cytoplasm with long processes. The perinuclear cyto-
plasm contains mitochondria and well-developed Golgi complex,
and is coated by discontinuous basal lamina (BL, arrow) (Electron
microscopy, ×2,800).

BL

Fig. 8. Example of PCR results of the HUMARA locus in neurofibro-
ma. PCR products are around 280 bp. Normal (N) and tumor (T)
DNAs were predigested with (+) or without (-) HpaII restriction
enzyme. Three representative cases (case 3, 11, and 17) show
distinct polyclonal patterns having two different alleles.

3N 3N 3T 11N11N 11T 11T 17N 17N 17T 17T3T

M

UM

PN
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Interpretation of PCR results from each case required the follow-
ing criteria17: 1) successful PCR amplification of DNA, both undi-
gested and HpaII-digested; and 2) presence of two different andro-
gen receptor alleles (heterozygous genotype). DNA samples that
generated a two fold or greater shift in allele band relative inten-
sity was interpreted as skewed. If there was no skewing in normal
control DNA, then visible skewing in the tumor was viewed as
a monoclonal pattern. Cases in which control DNA also had ap-
parent skewing in the same pattern as the tumor were interpret-
ed as indeterminate for clonality.

As shown in Table 1, PCR amplification was successful in thir-
teen cases and all were heterozygous for the HUMARA gene. X
chromosome inactivation analysis showed a polyclonal pattern
in 11 of 13 cases (Fig. 8). Blood leukocyte DNA from the patients
demonstrated the expected polyclonal pattern. There were two
suspected polyclonal cases (case 9 and case 20) showing unequal
band intensity greater than 2 fold. However, we could not inter-
pret the cases with confidence because of failure to obtain normal
control DNA and therefore classified the tumors as indeterminate
for clonality. To assess the possibility that normal tissues were mixed
in with the tumor samples, we repeated the clonality analysis on
DNA re-extracted from small samples of histologically pure tumor
sample, i. e. from tissues in which no normal tissue was apparent
histologically, and the results were still polyclonal in origin. In
addition, each experiment was repeated at least two times, and
the results were same. Finally, we compared the polyclonal cases
to a known monoclonal sample of a schwannoma under same ex-
perimental conditions to exclude experimental artifact of incom-
plete enzyme digestion. The result was as expected. 

DISCUSSION

Although there remains many questions on the etiology and
mechanisms of development of human neoplasms, all hypotheses
must incorporate observation concerning the clonality of neoplastic
cell populations. Mutational theories of tumorigenesis predict
that neoplasms will have a monoclonal composition1,3 and, indeed,
the vast majority of human and experimental tumors are mono-
clonal.18-22 The implication of this concept is that tumors emerge
from a collection of relative rare events (somatic mutations or loss
of chromosomes) occurring in only one cell. In contrast, in reactive
proliferative lesions, many cell-types participate and the lesions
are thus polyclonal.10

The pathogenesis of neurofibromas remains controversial and
some have suggested that this lesion is a hamartoma because of

the heterogeneous population of cells, which includes perineurial
cells, Schwann cells, and fibroblasts.8 Erlandson et al.9 found that
the predominant cells in neurofibromas have perineurial cell char-
acteristics, i. e., very long and thin, widely separated bi- and tripo-
lar cell processes, fragmented external lamina, and often abundant
pinocytic vesicles. These authors also found that the tumors had
hamartomatous features with an admixture of perineurial-like cells
and normal-appearing Schwann cells mostly ensheathing myeli-
nated or non-myelinated axons. In this study, axons were identi-
fied in six cases (29%) with neurofilament immunostaining. In
contrast, the neoplastic Schwann cells in schwannomas are almost
never associated with axons.23The microscopic immunohistochemi-
cal and ultrastructural features summarized by other authors8,9 were
concordant with the results of this study in most cases.

Weller and Cervos-Navarro24 postulated that in neurofibromas
neoplastic Schwann cells lost the capacity to form mesaxon-like
structures, and that Schwann and perineurial cells, while morpho-
logically distinct, represent different development and function-
al stages of a precursor cell of neural crest origin. However, Bunge
et al.25 suggested that perineurial cells may not be derived from
the same precursor cells of Schwann cells. They found explants of
fetal rat dorsal ganglia, which consisted of an admixture of Schwann
cells and neurons, formed an endoneurium but no perineurium.
Recently, Kharbanda et al.26 found in a cell culture study that
focused on morphology and behavior that all nerve sheath tumors,
including neurofibromas, were basically of Schwann cell origin
and that perineurial cells, intermediate cells, and fibroblasts were
variants of Schwann cells. These findings suggest that all periph-
eral nerve sheath tumors may arise from Schwann cells and may
be monoclonal in origin. 

In contrast to the above studies, data from several cytogenetic
studies27,28 have provided evidence for a polyclonal origin of neu-
rofibromas. Rey et al.28 suggested a possible polyclonal evolution
in neurofibroma using cytogenetic clones. They showed a de novo
constitutional reciprocal translocation, t(1;22)(p32;q1). Banding
analysis of the metaphases obtained from two primary cultures
in vitro showed the presence of five cytogenetic clones, character-
ized by different chromosomal rearrangements. In another study,
Stark et al.29 found that Schwann cells did not have loss of heterozy-
gosity (LOH) at the neurofibromatosis 1 (NF1) gene and, there-
fore, suggested that Schwann cells did not serve a monoclonal
progenitor cell.

To date, no clonal analyses of neurofibroma using PCR ampli-
fication of HUMARA gene has been reported. Using this tech-
nique, we found that eleven of thirteen cases showed a polyclon-
al pattern. These results are unlikely to be experimental artifacts.



Neurofibroma and X Chromosome Inactivation Analysis  427

Firstly, false polyclonal patterns may occur in tumors as a result
of normal cell contamination. However, noteworthy contamina-
tion with normal, nontumor cells was excluded by histologic
examination.

Secondly, incomplete enzyme digestion of DNA is possible
but unlikely, since complete digestion was observed in sample
of schwannoma that was known to monoclonal and that shared
the master mixture for HpaII digestion with other polyclonal
samples. In addition, the same results were obtained in at least
two repetitive experiments. Third, skewing has been reported
in polyclonal cell populations due to preferential X inactivation
of unbalanced methylation. However, skewing of X inactivation
has been observed mainly in limited types of tissues in a small
human population.30

Fialkow et al.10 suggested that multiple cells could contribute
to tumor origin in at least two ways. First, a relatively large num-
ber of cells may be simultaneously affected by a tumorigenic pro-
cess, for example in neoplasia induced by hormonal changes. Alter-
natively, a tumor could originate from a number of cells if the
oncogenic mechanism initially altered only a single cell and if this
alternation subsequently influenced the pattern of growth in neigh-
boring cells. The results from this study suggest that neurofibro-
mas are polyclonal and composed of multiple cell types, suggest-
ing that the initial tumorigenic event affected a relatively large
number of cells simultaneously or that it affects one or a few cells
that subsequently alter the pattern of growth in adjacent cells.
However, we didn’t know whether Schwann cell may be mono-
clonal or other cells be polyclonal, vise versa because DNA extrac-
tion method was limited to use manual microdissection of mixed
cell population, not laser-capture microdissection of individual cell.

In summary, utilizing a highly sensitive and specific PCR ampli-
fication technique targeting a portion of the X-linked HUMARA
gene in neurofibroma from women, we demonstrated a polyclonal
cellular proliferation in eleven of thirteen informative cases. The
findings are consistent with the hypothesis that neurofibroma is
a polyclonal in nature. However, there is a possibility that Schwann
cell may be a monoclonal proliferative cell and the other cell com-
ponents have polyclonality. Then, neurofibromas may be consid-
ered as a neoplastic lesion including non-neoplastic polyclonal cells.

REFERENCES

1. Fialkow PJ. Clonal origin of human tumors. Biochim Biophys Acta

1976; 458: 283-321.

2. Peng H, Du M, Diss TC, Isaacson PG, Pan L. Clonality analysis in

tumors of women by PCR amplification of X-linked genes. J Pathol

1997; 181: 223-7.

3. Vogelstein B, Fearon ER, Hamilton SR, Feinberg AP. Use of restric-

tion fragment length polymorphisms to determine the clonal origin

of human tumors. Science 1985; 227: 642-5.

4. Lyon MF. X chromosome inactivation and developmental patterns

in mammals. Biol Rev 1972; 47: 1-35.

5. Mandel JL, Manaco AP, Nelson DL, Schlessinger D, Willard H. Geno-

me analysis and the human X chromosome. Science 1993; 258: 103-9.

6. Allen RC, Zoghbi HY, Moseley AB, Rosenblatt HM, Belmont JW.

Methylation of HpaII and HhaI sites near the polymorphic CAG

repeat in the human androgen-receptor gene correlated with X chro-

mosome inactivation. Am J Hum Genet 1992; 51: 1229-39.

7. Busque L, Zhu J, DeHart D. An expression based clonality assay at

the human androgen receptor locus (HUMARA) on chromosome

X. Nucleic Acid Res 1994; 22: 697-8.

8. Enzinger RM, Weiss SE. Soft tissue tumors. 3rd ed. St. Louis: Mosby,

1995; 843-63.

9. Erlandson RA, Woodruff JM. Peripheral nerve sheath tumors; An

electron microscopic study of 43 cases. Cancer 1982; 49: 273-87.

10. Fialkow PJ, Sagebiel RW, Gartler SM, Rimoin DL. Multiple cell origin

of hereditary neurofibromas. New Engl J Med 1971; 284: 298-300.

11. Goelz SE, Hamilton SR, Vogelstein B. Purification of DNA from

formaldehyde fixed and paraffin embedded human tissue. Biochem

Biophys Res Commun 1985; 130: 118-26.

12. An SF, Fleming KA. Removal of inhibitor (s) of the polymerase chain

reaction from formalin fixed, paraffin wax embedded tissues. J Clin

Pathol 1991; 44: 924-7.

13. Mashal RD, Lester SC, Sklar J. Clonal analysis by study of X chromo-

some inactivation in formalin-fixed paraffin-embedded tissue. Can-

cer Res 1993; 53: 4676-9.

14. Tilley WD, Marcelli M, Wilson JD, McPhaul MJ. Characterization and

expression of a cDNA encoding the human androgen receptor. Proc

Natl Acad Sci USA 1989; 86: 327-31.

15. Kuiper GG, Faber PW, Van Rooij HC, et al. Structural organization

of the human androgen receptor gene. J Mol Endrocrinol 1989; 2: 1-4.

16. Bassam BJ, Anolles GC, Gresshoff PM. Fast and sensitive silver stain-

ing of DNA in polyacrylamide gels. Anal Biochem 1991; 196: 80-3.

17. Mutter GL, Boynton KA. PCR bias in amplification of androgen recep-

tor alleles, a trinucleotide repeat marker used in clonality studies.

Nucleic Acid Res 1995; 23: 1411-8.

18. Thompson L, Chang B, Barsk SH. Monoclonal origins of malignant

mixed tumors (carcinosarcomas). Evidence for a divergent histoge-

nesis. Am J Surg Pathol 1996; 20: 277-85.

19. Noguci A, Motomura K, Inaji H, Imaoka S, Koyama H. Clonal analy-

sis of fibroadenoma and phyllodes tumor of the breast. Cancer Res



 428 Jae-Hyuk Lee∙Seung-Sang Han∙Hyun-Sik Oh, et al.

1993; 53: 4071-4.

20. Noguchi S, Aihara T, Yoshino K, et al. Demonstration of monoclonal

origin of human parotid gland pleomorphic adenoma. Cancer 1996;

77: 431-5.

21. Jacoby LB, Pulaski K, Rolueau GA, Martuza RL. Clonal analysis of

human meningiomas and schwannomas. Cancer Res 1990; 50: 6783-6.

22. Emory TS, Scheithauer BW, Hirose T, Wood M, Onoerio BM, Jenkins

RB. Intraneural perineurioma-A clonal neoplasm associated with

abnormalities of chromosome 22. Am J Clin Pathol 1995; 103: 696-704.

23. Walter IB, Deruaz JP, de-Tribolet N. Differential expression of triio-

dothyronine receptors in schwannoma and neurofibroma: role of

Schwann cell-axon interaction. Acta Neuropathol Berl 1995; 90: 142-9.

24. Weller RO, Cervos-Navarro J. Pathology of peripheral nerves 1st ed.

London: Butterworths, 1977; 169-77.

25. Bartlett Bunge M, Williams AK, Wood PM, Uitto J, Jeffrey JJ. Com-

parison of nerve cell and nerve cell plus Schwann cell cultures with

particular emphasis on basal lamina and collagen formation. J Cell

Biol 1980; 84: 184-202.

26. Kharbanda K, Dinda AK, Sarkar C, Karak AK, Mathur M, Roy S. Cell

culture studies on human nerve sheath tumor. Pathology 1994; 26:

29-32.

27. Mayer M, Wagner B, Schleger W, Reifinger M. Cytogenetic studies

in a canine neurofibroma. Br Vet J 1990; 146: 500-3.

28. Rey JA, Bello MJ, de Campos JM, Benitez J, Sarasa JL, Boixados JR,

Cascos AS. Cytogenetic clones in a recurrent neurofibroma. Cancer

Genet Cytogenet 1987; 26: 157-63.

29. Stark M, Assum G, Krone W. Single-cell PCR performed with neu-

rofibroma Schwann cells reveals the presence of both alleles of the

neurofibromatosis 1 (NF 1) gene. Hum Genet 1995; 96: 619-23.

30. Baylin SB, Makos M, Wu JJ, et al. Abnormal pattern of DNA methy-

lation in human neoplasia; potential consequence for tumor progres-

sion. Cancer Cells 1991; 3: 383-90.


