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Abstract

Background: Lesch-Nyhan disease (LND) is an X-linked rare pathology involving the purine nucleotides salvage pathway.
Its incidence is estimated in 1:350.000 born. The condition is due to mutations in the HPRT1 (hypoxanthine phosphoribosyl
transferase 1) gene of which in our cohort 28% (10/35) are large deletions. In order to better assess the nature of the observed
deletions in our LND population we analyzed 10 families carrying large deletions in the HPRT1 gene region and studied
the underlying pathogenic mechanisms.
Methods: We performed PCR based localization of the break points and sequenced the gap-junction fragments. Bioinformatics
analysis was performed through several web tools on the 5’ and 3’ break points to determine the factors involved in the
deletion mechanism.
Results: We precisely mapped 10 unique large deletions involving the HPRT1 gene region that span from 300 bp to 64 kbp.
No common breakpoints were found and each deletion appears to be family specific.
Conclusions: The deletions in the HPRT1 gene area are consistent with the Micro homology-Mediated Break-Induced
Replication (MMBIR) mechanism. There are strong links with Alu-s and no recurrent break points with all of the observed
deletions being unique. The relatively large amount of deletions in the HPRT1 region is peculiar and linked with the almost
absolute lack of polymorphic sites in the HPRT1 gene making it a very interesting region for further studies.
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Abbreviations:

LND: Lesch-Nyhan Disease
HPRT1: Hypoxanthine Phosphoribosyl Transferase 1
HGprt: Hypoxanthine-Guanine Phosphoribosyl Transferase
IMP: Inosine Monophosphate
GMP: Guanosine Monophosphate
gDNA: Genomic DNA
VDJ: Variable (V) Diversity (D), and Joining (J)
QGRS: Quadruplex Forming G-rich Sequences
MMBIR: Microhomology-Mediated Break-Induced Replication

Introduction

Lesch-Nyhan disease (LND, OMIM 300322) is an X-linked rare
purine nucleotides salvage pathway disease. It is characterized
by a motor dysfunction, cognitive and behavioral disturbances,
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and uric acid overproduction. The most common presenting
features, hypotonia and developmental delay, are evident by age
three to six months. In the classical form of LND, hypotonia is
often present since birth and it is therefore a rare cause of floppy
infant syndrome. The pathognomonic sign of the classical LND
usually develops in early childhood, it is the so called LeschNyhan behavior, a compulsive and subconscious urge towards
self-injurious behavior (biting the fingers, hands, lips, and cheeks;
banging the head or limbs). Another important part of the LND is
the overproduction of uric acid that leads to hyperuricemia, uric acid
nephrolithiasis, tophi, and gouty arthritis. Variants of the classical
LND with less severe manifestations include hyperuricemia with
neurologic dysfunction but no self-injurious behavior and isolated
hyperuricemia without marked neurological signs [1-5].
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HPRT1 (hypoxanthine phosphoribosyl transferase 1) is the
only gene known to be associated with LND. It encodes the
hypoxanthine-guanine phosphoribosyl transferase (HGprt) enzyme
that primarily converts hypoxanthine to inosine monophosphate
(IMP) and guanine to guanosine monophosphate (GMP). Its
deficiency leads to accumulation of purines that are converted to
xanthine and ultimately to uric acid causing hyperuricemia [6-8].
We have previously published our cohort of 45 patients from 35
unrelated families and determined the genetic cause of the disease
in all the cases [9]. We now follow up with the breakpoint analysis
of ten cases with gross deletions identified in our laboratories:
eight cases were already present in the previous publication but
without a proper determination of the extension of the deletions,
two cases were not previously described.
The characterization of the precise breakpoints is fundamental
for the better understanding of the underlying mechanics and
for an optimal assessment of the methods to be used in the LND
molecular diagnosis.

Subjects and Methods

The resulting amplicons were obtained adjusting the PCR mixture
containing Taq Gold 360 (Thermo Fisher Scientific, Massachusetts,
USA) with betaine 10% or with DMSO 10% in addition to betaine
10% for the more difficult amplifications. The reaction used was
a Touchdown PCR from 70° to 54°C and PCR conditions were
set to 1 min denaturation, 1 min annealing of primers and 1 to 2
min extension for 40 cycles. 100ng of DNA were used for each
amplification reaction.
Once verified the presence of PCR products by 2% agarose
gel analysis, the amplicons were purified by DNA Clean &
Concentrator-25 kit (Zymoresearch, Irvine, USA) and sequenced
on an ABI PRISM® 3130 Genetic Analyzer sequencer. The
sequences were aligned with the reference sequence of the region
using the UCSC Blat program, determining in this way the precise
position of the breakpoints, the dimension of the resulting deletions
and eventual insertions [12]. According to the HGVS guidelines, in
the cases of homology at the breakpoints, the breakpoint position
was always determined to be the most 5’ base, all subsequent
analyses took in account the possible alternative positions of the
breakpoints.

Studied Families: We included in this study 10 of the 12 families
detected carrying large deletions of the HPRT1 gene. The two
excluded families were not available for participation in this
study. Informed consent was obtained for all the families and the
experiments performed did not require the collection of additional
biological material specific for this research. The affected members
of all the families presented the classical form of LND. All the
initial PCR based gross determinations of the breakpoints were
performed on affected males during diagnostic HPRT1 DNA
testing.

Bioinformatics Sequence Analysis of the Deletion
Breakpoints Region

DNA Isolation, PCR Amplification
Sequencing of the HPRT1 Gene

The exact positions of the proximal and distal breakpoints were
confirmed using BLAT from UCSC Genome Browser Website with
the junction fragment as the query sequence. Breakpoints represent
the boundaries of the deleted DNA region, while the genomic
segments surrounding each breakpoint and comprising both the
deleted and the non-deleted segments are defined as “breakpoint
regions”. Reference genomic sequences were obtained from UCSC
on the basis of breakpoint positions. CLUSTALW was used to align
the junction fragment with the reference genomic sequence from
both the proximal and distal breakpoint regions. We used Blastn to
search for sequence homologies, considering genomic segments of
a length of 400 bp centered both on the DNA breakpoints and the
junction fragment. Additionally, these 400bp sequences were also
scanned searching for repetitive elements (core, similcore, Alu,
SINE, LINE, etc), and for sequence motifs frequently associated
to DNA rearrangements and breakpoints formation such as translin
binding site, human deletion hotspot, DNA polymerase arrest site,
DNA polymerase A frameshift, DNA polymerase B frameshift,
Polymerase A/B frameshift hotspot 1, Polymerase A/B frameshift
hotspot 2, VDJ (Variable (V) diversity (D), and Joining (J)) genes
recombinase nonamere consensus, QGRS (Quadruplex forming
G-rich Sequences), Chi line sequence, palindromic sequences,
topoisomerase binding sites [14-16].

and

Sanger

Genomic DNA (gDNA) was extracted from peripheral blood
using the Nucleospin Blood kit (Mackerey-Nagel, GmbH&Co,
Germany) according to the manufacturer instructions. For each
patient, the nine exons encoding the entire HPRT1 gene and the
corresponding periexonic flanking regions were amplified using
primers and conditions as previously described, gDNA analysis
was performed as previously published [9, 10].

PCR Based Gross Determination of the Deleted Region

Due to the hemizygous state of the deletions in affected males, the
presence or absence of the allele was established by conventional
PCR followed by electrophoresis on agarose gel. In all reactions
was also included a wild type control to confirm the successful
amplification. 93 primer pairs flanking the missing exons at
roughly 2 Kb intervals were designed with Primer Blast [11]. All
primer pairs were designed to maximize their specificity and trying
to maintain the size of the amplicons between 100 and 500 bases.

Breakpoint Fine Mapping and Junction Fragment
Sequencing

After determining the closest primer pairs outside the deleted
region, we amplified the junction fragments initially using the
forward primer of the most 5’ primer pair before the deletion and
the reverse primer of the most 3’ primer pair after the deletion.
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In total we analyzed 10 large deletions of HPRT1 with a precise
localization of the breakpoints. All breakpoint descriptions are
reported with the coordinates of UCSC genome browser build
GRCh38. Location and data analyses from all patients were
compiled in a Microsoft Excel spreadsheet, breakpoint locations
were uploaded and displayed in UCSC (Figure 1) [13]. We used
various online bioinformatics tools (see the section Web Resources)
to study the deletion events.

Refined computer-based sequence analysis included the screening
for tandem and palindromic inverted repeats in a 400 bp breakpoint
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regions was performed using Tandem Repeats Finder. Perfect
uninterrupted tracts of purine and pyrimidine repeats ≥10 bp were
identified using Word processor software. For each deletion we
searched for the presence of the 26 bp core consensus sequence at
the 5’ end of Alu elements at the breakpoints (±2000 bp) and at the
junction site [17].
Finally we used Mfold 3.5 to predict secondary structures,
analyzing a region of 30 bp both for the breakpoints and the
junction fragment comparing their relative stability.

Results

In our 10 families the initial suspect of a deletion derived by the
absence of the PCR product from one or more of the HPRT1 gene
exons in affected males. Additional primer pairs were therefore
designed and amplified by PCR in order to roughly determine the
dimension of the deleted region. The closest successfully amplified
PCR products were sequenced to confirm their positioning and the
external two primers were used to obtain the junction fragment.
The junction fragments obtained were aligned on the NC_000023.11
and nomenclated according to the current HGVS guidelines as
seen in Table 1 [18].

Table 1: List of HPRT1 Deletions Defined In This Study
Family
1
2
3
4
5
6
7
8
9
10

Involved
exons
(introns)
E1-E3
E1-E9
E3-E9
E2-E9
E4
(I8)
E2
E4
E4
E4-E5

Deletion size

Deletion localization on
chromosome X [NC_000023.11]

Deletion according to the HPRT1
gene [NM_000194.2]

37039
67477
68061
41832
4031
726
4480
29
2512
7213

g.134440277_134477315delins195
g.134454846_134522322del
g.134473554_134541614del
g.134472449_134514280del
g.134483589_134487619del
g.134499290_134500015del
g.134469689_134474168del
g.134486461_134486489del
g.134485851_134488362del
g.134485917_134493129del

c.1-167-19869_318+1952delins195
c.1-167-5300_*591+21655del
c.134+88_*591+40947del
c.28-911_*591+13613del
c.319-2877_384+1090del
c.609+605_610-14del
c.28-3671_134+704del
c.319-5_343del
c.319-615_385-1825del
c.319-549_403-378del

For each patient the position of the proximal (BP5) and the distal
(BP3) breakpoint, deletion’s extension and eventual insertions at
the junction site are reported. The precise determination of the
breakpoints is determined by the HGVS guidelines as the 3’ most
position of the uncertainty range. Deletions varied in size from 29
to 68061 nucleotides.
In family 1 the deletion spanned the first 3 exons of the HPRT1
gene, ranging from 19869 nucleotides 5’ of the HPRT1 gene to
nucleotide 1952 of intron 3. In total the deletion was spanning
37039 nucleotides and contained an insertion of 195 bases of which
192 bases were identical to the sequence on the complementary
strand of DNA in positions from 134441066 to 134440875 5’ of the
HPRT1 gene, 599 bases from the 5’ breakpoint. For the remaining
three nucleotides (TTA) no clear origin could be determined. There
is a 4 nucleotide microhomology between the 5’ breakpoint and
the 5’ of the insertion; no homology could be detected between the
3’ portion of the insertion and the 3’ breakpoint. The TTA sequence
could not be reliably linked to any specific genomic location by
using the adjacent sequences as seen in the patient’s DNA.
In family 2 the deletion involved the entire HPRT1 gene, ranging
from 5300 nucleotides 5’ of the HPRT1 gene to 21655 nucleotides
5’ of it. In total the deletion was spanning 67477 nucleotides.
There is a region of 21 nucleotides of perfect homology between
the 5’ and 3’ breakpoints.
Med Clin Res, 2021

In family 3 the deletion spanned from the nucleotide 88 of
intron 2 to 40947 nucleotides after the HPRT1 gene. In total the
deletion was spanning 68061 nucleotides, a microhomology of
three nucleotides was present at the breakpoints. The deletion
included also the MIR450B, MIR450A1, MIR450A2 and MIR542
microRNAs (miRNAs). miRNAs are 20-24 nucleotide long noncoding RNAs that regulate gene expression by affecting both the
stability and translation of mRNAs [19, 20].
In family 4 the deletion spanned from the nucleotide -911 of
intron 1 to 13613 nucleotides after the HPRT1 gene. In total the
deletion was spanning 41832 nucleotides, a microhomology of
two nucleotides was present at the breakpoints.
In family 5 the deletion spanned from the nucleotide -2877 of
intron 3 to nucleotide 1090 of intron 4 of the HPRT1 gene. In total
the deletion was spanning 4031 nucleotides.
In family 6 the deletion spanned from the nucleotide 605 to
nucleotide -14 of intron 8 of the HPRT1 gene. In total the
deletion was spanning 726 nucleotides, a microhomology of four
nucleotides was present at the breakpoints.
In family 7 the deletion spanned from the nucleotide -3671 of
intron 1 to nucleotide 704 of intron 2 of the HPRT1 gene. In total
the deletion was spanning 4480 nucleotides, a microhomology of
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two nucleotides was present at the breakpoints.
In family 8 the deletion spanned from the nucleotide -5 of intron
3 to nucleotide c.343 of the HPRT1 gene. In total the deletion was
spanning 29 nucleotides, a microhomology of three nucleotides
was present at the breakpoints.
In family 9 the deletion spanned from the nucleotide -615 of intron
3 to nucleotide -1833 of intron 4 of the HPRT1 gene. In total the
deletion was spanning 2512 nucleotides.

In family 10 the deletion spanned from the nucleotide -547 of
intron 3 to nucleotide -378 of intron 5 of the HPRT1 gene. In total
the deletion was spanning 7213 nucleotides, a microhomology of
three nucleotides was present at the breakpoints.

Discussion

The observed deletions vary substantially in size and in location
and span not only the whole HPRT1 gene region but extend to
a wider area of chromosome X as can be seen in Figure 1. No
apparent hot spots for deletion emerged from our study but there
appears to be a higher incidence of 5’ breakpoints in intron 3.

Figure 1: Localization of HPRT1 deletions on chromosome Xq26.2 - Xq26.3 (NC_000023.10: 134,440,000-134,542,750).
The segments at the top represent the location of the HPRT1 gene
exons 1 to 9 (E1 to E9). Black bars (Family 1- Family 10) represent
deleted regions in each family. Family 1 insertion denotes the origin
on the complementary strand of 192 nucleotides of the insertion in
family 1 (192/195 nucleotides). The location of the miRNA genes
MIR450B, MIR450A1, MIR450A2 and MIR542 is visible on the
right top part of the image. The bottom part of the image shows the
locations of the major interrupted repeats joined by Repeat Masker
in the region. Taken from UCSC genome browser and modified
maintaining the scale and position of the displayed elements.

located within an exon, more precisely a 3’ breakpoint situated
in exon 4. Intron 4 contains two 3’ breakpoints and intron 5 one.
Intron 8 contains both the breakpoints of the deletion in family 8.
Finally, three of the 3’ breakpoints are located downstream from
the HPRT1 gene.

The extension of the deletion size ranged from 29b to ~68 kb.
Proximal breakpoints are scattered throughout a ~59 kb region,
while distal breakpoints lie in a ~67 kb interval. There seems to be
no shared overlapping regions between the deletions. No evidence
of deletion hot spots was found by aligning the breakpoint
localizations, however some grouping of proximal or distal
breakpoints can be observed in Figure 1: in particular, family 9 and
10 have the 5’ breakpoint within 67 bases with family 8 having the
5’ breakpoint 610 bases downstream. Families 3 and 4 have their
5’ breakpoints within a region of 1106 bases.

Only the deletion in family 1 had also an insertion of 195
nucleotides. Of these, 192 nucleotides derive from the
complementary strand in close proximity to the 5’ breakpoint (599
nucleotides 3’ of the actual breakpoint), while the origin of the
remaining three nucleotides is unclear and they could be linked to
the repair mechanisms involved or an additional template switch.

In relation to the HPRT1 gene, two of the 5’ breakpoints are located
upstream from the gene, two in intron 1, one in intron 2 where
is located also one of the 3’ breakpoints. The biggest number
of 5’ breakpoints are in intron 3 where four of them are located
together with one 3’ breakpoint. Only one of the breakpoints is
Med Clin Res, 2021

Of the ten deletions, four involved just one exon, one deletion
involved the whole HPRT1 gene while a deletion included only
726 bp of intron 8. The other deletions identified involved 2, 3, 7
or 8 exons.

The deletion in family 3 was initially described as a deletion of
the exons from 2 to 9 as described by missing exon amplification
in our 2010 review, but it was actually confirmed that the deletion
starts in intron 3 in position c.134+88 and therefore it does not
involve exon 2 [9]. The deletion in family 3 is also the only
observed deletion that directly includes additional known genes,
namely the miRNA genes MIR450B, MIR450A1, MIR450A2 and
MIR542. These are considered to be involved in DNA damage
response. Diseases associated with MIR450A1 include also the
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hyperlucent lung. Diseases associated with MIR542 include
lymphoplasmacytic lymphoma and leiomyoma. Several other
neoplastic diseases are linked with these miRNAs [19, 20].
The affected male in family 3 has a classical form of LND with
the peculiarity of an extremely early kidney failure in the neonatal
period that required a kidney transplant. Considering the linkage
between miRNAs and kidney disease it is plausible that the
deletion of the four miRNAs observed might have been a major
contributing cause to the kidney problem. In this case, the kidney
transplant from a healthy donor might have been the best possible
solution, bypassing also the missing miRNA problem.
The regions of the deletion breakpoints are characterized by the
presence of repeated, low complexity sequences associated with
the formation of deletions. Only in the case of family 8 no specific
low complexity regions could be identified in direct proximity of
the breakpoints.
In conclusion, all the identified deletions appear to be restricted to
single families and no repeated location for the breakpoints was
found in line with the previously published deletions [21-27]. The
mutations appear to be therefore nonrecurrent and following either
the microhomology-mediated break-induced replication (MMBIR)
model or the fork stalling and template switching (FoSTeS) model
[28-33].
It is always important to remember, when studying deletions, that
the sequence changes we see might not be the actual locations
where the deletion originated. The actual deletion could have
happened due to an error considerably distant from the apparent
breakpoint with a homologous sequence deriving from a different
template or repair mechanisms masking this. In a similar fashion, a
deletion could actually consist of several distinct template switches
that do not appear evident due to sequence homology between the
different templates or repair mechanisms.
The identification of a relatively large amount of deletions in the
HPRT1 region is peculiar and linked with the almost absolute lack
of polymorphic sites in the HPRT1 gene. It will allow accurate
carrier detection and helpful information for patients’ families’
genetic counseling.
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