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Abstract

Wereport the identification of a female patient with the X-
linked recessive Lesch-Nyhan syndrome (hypoxanthine phos-
phoribosyltransferase [HPRTI deficiency). Cytogenetic and
carrier studies revealed structurally normal chromosomes for
this patient and her parents and demonstrated that this muta-
tion arose through a de novo gametic event. Comparison of this
patient's DNAwith the DNAof her parents revealed that a

microdeletion, which occurred within a maternal gamete and
involved the entire HPRTgene, was partially responsible for
the disease in this patient. Somatic cell hybrids, generated to
separate maternal and paternal X chromosomes, showed that
expression of two additional X-linked enzymes, phosphoglyc-
erate kinase and glucose-6-phosphate dehydrogenase, were

expressed only in cells that contained the maternal X chromo-
some, suggesting the presence of a functionally inactive pater-
nal X chromosome. Furthermore, comparison of methylation
patterns within a region of the HPRTgene known to be im-
portant in gene regulation revealed differences between DNA
from the father and the patient, in keeping with an active
HPRTlocus in the father and an inactive HPRTlocus in the
patient. Together these data indicate that nonrandom inactiva-
tion of the cytogenetically normal paternal X chromosome and
a microdeletion of the HPRTgene on an active maternal X
chromosome were responsible for the absence of HPRTin this
patient.

Introduction

The identification of females with X-linked recessive disorders
has been reported for numerous single gene defects including
deficiencies of dystrophin (Duchenne muscular dystrophy),
Factor VIII (hemophilia A), and Factor IX (hemophilia B)
(1-5). The expression of these phenotypes in females com-

monly occurs in association with cytogenetic abnormalities,
including 45:XO (Turner's syndrome) and X:autosome trans-
locations. Such cytogenetic alterations favor the disease state
by interrupting sequences important to gene expression or by
promoting nonrandom X inactivation. Nonrandom inactiva-
tion of structurally abnormal X chromosomes has been well
documented and presumably minimizes the deleterious affects
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of gross chromosomal rearrangements (4, 6). We report the
identification of a female with hypoxanthine phosphoribosyl-
transferase (HPRT) deficiency (the Lesch-Nyhan syndrome)
whose disease resulted from a de novo deletion of the maternal
HPRTgene and selection against, or nonrandom inactivation
of, the paternal X chromosome.

HPRTdeficiency is a disorder of purine metabolism char-
acterized by hyperuricemia, choreoathetosis, spasticity, mental
retardation, and self mutilation (7, 8). Functional HPRTis a
217 amino acid protein encoded by a single gene on the X
chromosome (Xq26-q27) (9, 10). The human gene is divided
into nine exons that are dispersed over 44 kb of genomic
DNA(1 1). Affected hemizygous males inherit the mutant al-
lele from asymptomatic carrier females or are the result of de
novo gametic mutations (12).

Methods

Cell culture. Lymphoblast cell cultures were established by EBVtrans-
formation of lymphocytes from peripheral blood of patients by stan-
dard methods. Cells were maintained in RPMI 1640 media that con-
tained 10% FCS (Gibco Laboratories, Grand Island, NY), penicillin
(100 ug/ml), and streptomycin (100 ,ug/mg) at 37'C in 5%Co2. Selec-
tion for HPRT- and HPRT+ cells took place in media containing
6-thioguanine (6-TG) and hypoxanthine, aminopterin, and thymi-
dine, respectively, as previously described ( 13, 14).

Southern blot analysis. Genomic DNAand cellular RNAwere
extracted by previously published protocols (14, 15). For Southern
analysis DNAsamples (10 Mg) were digested with 10-50 U of a restric-
tion endonuclease for 3 h under conditions specified by the supplier
(Boehringer Mannheim Biochemicals, Indianapolis, IN). Digested
DNAwas fractionated through 0.8% agarose gels made in I X TEA (I X
TEA = 0.04 MTris-acetate, 0.002 MEDTA) at 40 V for 24 h and were
transferred to nitrocellulose filters. HPRTcDNA or DXS-10 probes
were labeled by nick-translation in the presence of [a-32P]dCTP under
conditions specified by the supplier (nick-translation kit; Bethesda Re-
search Laboratories, Gaithersburg, MD). Hybridizations were carried
out under standard conditions. Washing of hybridized filters was per-
formed at 65°C in 2x standard saline citrate, 0.1% SDSand autoradi-
ography was performed at -80°C with cronex intensifying screens
(DuPont Instruments, Wilmington, DE).

Enzyme assays. Assays to measure HPRTactivity used hypoxan-
thine-8-['4C] as substrate and adenine phosphoribosyltransferase activ-
ity was measured as an internal control in separate reactions using the
substrate adenine-8-['4C]. For glucose-6-phosphate dehydrogenase
(G-6-PD) and phosphoglycerate kinase (PGK) studies extracts were
prepared by sonicating frozen cells in the presence of I mMNADPand
100 mMTris HCI (pH 8.0). Electrophoresis and staining of G-6-PD
and PGKactivities were carried out as described previously (16, 17).

1. Abbreviations used in this paper: G-6-PD, glucose-6-phosphate de-
hydrogenase; HPRT, hypoxanthine phosphoribosyltransferase; PGK,
phosphoglycerate kinase; 6-TG, 6-thioguanine.
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Figure 1. Southern analysis of
genomic DNAfrom the female
Lesch-Nyhan patient and her
parents. (A) Pst I-digested geno-
mic DNAfrom an unrelated
48:XXXX female (lane 1), the
mother of the Lesch-Nyhan pa-
tient (lane 2), the Lesch-Nyhan
female patient (lane 3), and the
father of the Lesch-Nyhan pa-
tient (lane 4). Filters were
probed with labeled HPRT
cDNA. (B) BamHI-digested
DNAfrom individuals as in (A),
hybridized with labeled HPRT
cDNA. (C) Taq I-digested DNA
from individuals as in (A), hy-
bridized with labeled DXS- IO.

Results

This patient presented at 9 yr of age with the typical biochemi-
cal and behavioral characteristics of the Lesch-Nyhan syn-
drome (18). Enzyme studies of fibroblasts and EBV-trans-
formed lymphoblasts revealed a complete deficiency of HPRT
and an ability to proliferate in media containing 6-TG (13), a

purine analogue able to select for HPRT-deficient cells. High
resolution analysis of chromosomes from the patient and her
parents demonstrated normal karyotypes without evidence of
mosaicism. Carrier studies of the mother found no HPRT-
hair follicles or 6-TG-resistant lymphoblasts or fibroblasts,
suggesting that this patient's disease is a result of a de novo

gametic mutation (19).
Southern analysis of maternal, paternal, and patient DNA

demonstrated that a gametic deletion of a single HPRTgene
was, in part, responsible for this patient's disease (Fig. 1, A and
B). Genomic DNAs from members of this family were di-
gested with Pst I (A) and BamHI (B) and probed with a full-
length HPRTcDNA (14, 20). The hybridization intensity of
all exon bands were reduced in the affected female compared
with her mother, but were equal to her father, suggesting that
the patient carried an HPRTgene deletion. Densitometric
comparison of X-linked exon signals with signals derived from
autosomal pseudogenes confirmed hemizygosity at the HPRT
locus for this patient. Northern and Western analysis of RNA
and protein, isolated from fibroblasts from each member of
this family, showed that while the patient failed to produce any
detectable HPRTmRNAor protein, her mother and father
synthesized normal amounts of appropriately sized message
and protein (data not shown).

While the microdeletion in this patient involved the HPRT
gene, it did not extend into the tightly linked, anonymous
DXS- 10 locus (Fig. 1 C; reference 15). DNAfrom family
members revealed that the mother was homozygous at the
DXS-10 locus for the 7.0/3.5 alleles and the father was hemi-
zygous for the 5.0/3.5 allele, while the patient was heterozy-
gous for these alleles (7/5/3.5 pattern). This polymorphism, in
concert with somatic cell hybrids, was used to determine the
parental origin of the microdeletion.

Somatic cell hybrids, derived by fusion of this patient's
fibroblasts with thymidine kinase-deficient HPRT+mouse L
cells, were generated to separate maternal and paternal X
chromosomes. The DSX-10 restriction fragment length poly-
morphism was used to determine the presence of maternal or
paternal X chromosomes in each hybrid cell line. Nine hybrid
lines were studied; two clones contained both the maternal and
paternal X chromosomes, six contained the paternal X chro-
mosomealone, and one cell line contained only the maternal
X chromosome (Table I). Southern analysis of the human
HPRTgene sequences in these clones is shown in Fig. 2. As
predicted by dosage analysis of DNAfrom the affected female
(Fig. 1), a deletion of the HPRTgene was found and associated
with the maternal X chromosome. The hybrid cell line with
the single maternal X chromosome contained no human X-
linked HPRTgene sequences. Those clones that contained
both the paternal and maternal X chromosomes were hemizy-
gous for these sequences, as were those cells that contained
only the paternal X chromosome. Thus, a microdeletion that
occurred in a maternal gamete and involved the entire HPRT
gene was partially responsible for the disease in this patient.

Table L Summary of Chromosome and Enzyme Analysis
in Somatic Cell Hybrid Clones

HumanG-6-PD and
Clones HumanX chromosome PGKexpression

FLN-1 Mand P* +
FLN-2 Mand P +
FLN-3 p
FLN-4 P
FLN-5 p
FLN-6 M +
FLN-7 p
FLN-8 P
FLN-9 p

* M, maternal; P, paternal.
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Figure 2. Southern blot analysis
of DXS- IO and HPRTgene loci
in somatic cell hybrids. Cell
lines are those described in
Table I. (A) Taq I-digested
DNAprobed with labeled
DSX-IO DNA. Lane 1, mouse L
Tk- DNA; lane 2, FLN-1 DNA;
lane 3, FLN-6 DNA; lane 4,
FLN-7 DNA; lane 5, FLN-3
DNA; lane 6, FLN4 DNA. (B)
Pst-digested DNAprobed with
labeled HPRTcDNA. Lanes
correspond to those in (A).

Since functionally hemizygous female carriers of the
Lesch-Nyhan syndrome remain disease free, another factor
besides the microdeletion must have been crucial to pathogen-
esis in this patient. Westudied the possibility that preferential
inactivation of the paternal X chromosome or selection
against an active paternal X chromosome contributed to this
patient's disease. Preferential inactivation of the paternal X
chromosome was investigated through study of the previously
described mouse human hybrids. Westudied the expression of
two X-linked enzymes that flank HPRT, PGKand G-6-PD. In
hybrids that contained both the paternal and maternal X
chromosomes (FLN-l and FLN-2) both human PGKand
G-6-PD were expressed (Fig. 3, lane 2; Table I). Both enzymes
were also expressed in the single hybrid that contained only the
maternal X chromosome (Fig. 3, lane 3; Table I). In six inde-
pendently derived clones that carried only the paternal X
chromosome, no human PGKor G-6-PD were detected (Fig.
3, lanes 4-6; Table I). These data indicate that nonrandom
inactivation of the paternal X chromosome and a microdele-
tion of the HPRTgene on the active maternal chromosome
were responsible for the absence of HPRTin this patient.

To further investigate the potential for nonrandom inacti-

Figure 3. Representa-
tive G-6-PD (A) and
PGK(B) analysis of hy-
brid cells. Lanes 1-6

1 2 3 4 5 6 7 + correspond with cell
A~~~~~~~ -~~~lines described in Fig. 2

A _ A; lane 7 represents a
human fibroblast con-
trol. The more anodal
bands represent mouse
protein, the more cath-

1 2 3 4 5 6 7 odal bands represent
+

human protein, and the
intermediate bands are

- heteropolymers.

vation of the paternal X chromosome in this patient we exam-

ined patterns of methylation within the first intron of the
HPRTgene in genomic DNAfrom the father and the patient.
Two CpG-rich regions within the HPRTgene are important in
HPRTgene regulation. One region, within the first intron of
the gene, includes four sites that are unmethylated when car-

ried on the active X chromosome and methylated when car-

ried on the inactive X chromosome (21, 22). Thus, methyl-
ation-sensitive restriction enzymes can be used to differentiate
between active and inactive HPRTgenes. Active HPRTloci
are associated with a 9.5-kb BamHI-Hpa II fragment derived
from the first intron of the HPRTgene. While Southern analy-
sis demonstrated that this fragment was present in genomic
DNAfrom the father, it was not observed in similarly treated
DNAfrom the patient, in keeping with an active HPRTlocus
in the father and an inactive HPRTlocus in the patient (data
not shown).

Discussion
Cultured fibroblasts and hair follicles can be used to demon-
strate that random X inactivation results in mosaicism for
HPRTactivity in carrier females; some cells contain the X
chromosome that bears the mutant HPRTallele, while others
carry the normal X chromosome (19). This mosaicism is not
as evident in lymphocytic cells from proven heterozygotes,
presumably because of an in vivo selection against HPRT-defi-
cient cells in the presence of normal lymphocytes. Thus, our

finding of a female Lesch-Nyhan hemizygote who had exclu-
sive inactivation of an apparently normal HPRTgene in all
cells studied was unusual. This may reflect a breakdown in the
normal X inactivation pathway in females. Usually the pater-
nal X chromosome undergoes X inactivation during sper-
matogenesis and is then reactivated after conception. Random
inactivation of either the maternal or paternal X occurs during
female embryogenesis (23, 24). The genes responsible for these
events are not yet defined. Because our patient had a de novo

deletion of undetermined size, the possibility that loci near the
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Figure 4. Proposed summary of pathogenesis for the female Lesch-
Nyhan patient.

HPRTgene that affect paternal X activation must be consid-
ered. Neither of two other hemizygous carriers in our patient
population with a complete HPRTgene deletion showed any
evidence of disease, but the extent of their deletions was not
defined. It is intriguing to speculate that the two rare events
seen in this patient, HPRTgene deletion and nonrandom X
inactivation, were related. In this regard it will be interesting to
examine other female carriers of HPRTgene deletions for X
inactivation bias, perhaps as determined by the timing of X
chromosome replication. Alternatively, this patient's disease
may reflect a selection against an active paternal X chromo-
some; however, there is no evidence to suggest that the father
had an X-linked disease or that the paternal X chromosome in
the patient is cytologically abnormal.

Here we report the identification of a female with the X-
linked recessive Lesch-Nyhan syndrome and suggest that her
disease was the result of a microdeletion of the HPRTlocus
within the maternally derived X chromosome and selective
inactivation of or selection against the paternal X chromo-
some. A schematic summary of the proposed mechanism of
pathogenesis is shown in Fig. 4. A thorough understanding of
the factors involved in X inactivation and reactivation is
needed to define this novel mechanism of expression of an
X-linked recessive disorder in a female. How general this
mechanism may be to other loci is unresolved as this is the first
published example.
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