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Breakpoint analysis of Turner patients with partial
Xp deletions: implications for the lymphoedema

gene location

Catherine A Boucher, Carole A Sargent, Tsutomu Ogata, Nabeel A Affara

Abstract

Background—Turner syndrome is char-
acterised by a 45,X karyotype and a
variety of skeletal, lymphoedemic, and
gonadal anomalies. Genes involved in the
Turner phenotype are thought to be X/Y
homologous with the X genes escaping X
inactivation. Haploinsufficiency of the
SHOX gene has been reported to cause the
short stature seen in Turner syndrome
patients. More recently, mutations of this
gene have been shown to be associated
with other skeletal abnormalities, suggest-
ing that haploinsufficiency of SHOX
causes all the Turner skeletal anomalies.
No such gene has yet been identified for
the lymphoedemic features.
Methods—Fluorescence in situ hybridisa-
tion (FISH) analysis with PAC clones on
nine patients with partially deleted X
chromosomes was performed.
Resultsldiscussion—The Turner syndrome
stigmata for each patient are described
and correlation between the breakpoint
and the phenotype discussed. A lym-
phoedema critical region in Xp11.4 is pro-
posed and its gene content discussed with
respect to that in the previously reported
Ypll1.2 lymphoedema critical region.

(¥ Med Gener 2001;38:591-598)
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Turner syndrome’ has a world wide incidence
of 1 in 2500 live female births and is character-
ised by a 45,X karyotype and a complex and
variable phenotype. Typically, skeletal, visceral,
gonadal, and soft tissue anomalies can be seen
as well as miscellaneous features such as
pigmented naevi and neurocognitive deficits.
Prenatal lethality is also associated with Turner
syndrome and only 1% of 45,X fetuses survive
to term.”

Short stature is the only invariant feature
seen in Turner patients. Other skeletal stigmata
seen include short neck, short 4th metacarpal,
high arched palate, shield chest, and cubitus
valgus. Seventy nine percent of patients with
45,X show at least one of these skeletal
features.” A characteristic neurocognitive pro-
file of deficits in visuospatial abilities, visuoper-
ceptual abilities, motor function, non-verbal
memory, executive function, and attentional
abilities is also commonly seen in Turner
patients.* The visceral abnormalities include
coarctation of the aorta and horseshoe kidney
and are seen in 29% of 45,X patients. Either
primary amenorrhoea (associated with streak
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gonads) or secondary amenorrhoea (prema-
ture ovarian failure) are seen in 88% and 12%
of 45,X patients, respectively. In addition,
distension of the main and tributary lymphatic
ducts (as a result of lymphatic hypoplasia) and
generalised lymphoedema are found in Turner
patients.” It has been proposed that the
distended cervical lymphatic system (cystic
hygroma) results in the anomalies of the nuchal
region, such as the webbed neck and low pos-
terior hairline, while the generalised lym-
phoedema results in the peripheral anomalies
such as the puffy hands and feet. These
lymphatic stigmata are seen in 76% of 45,X
patients and appear to resolve with age.’’
Owing to the wide range of stigmata, it is
thought that several X chromosome genes may
play a role in Turner syndrome. As most X
chromosome genes are subject to X inactiva-
tion, their expression will not be directly
affected by X chromosome monosomy. There-
fore it has been proposed that Turner genes
escape X inactivation in females and are X/Y
homologous in males where the Y gene is func-
tionally equivalent to the gene on the X.°
Ferguson-Smith® postulated that this did not
apply to genes concerned with the gonadal
phenotype because the inactive X chromosome
is reactivated before meiosis and therefore both
X chromosomes are active in oocytes. How-
ever, X/Y homologous genes are now known to
be involved in male infertility” and therefore
may play a role in female fertility and the
gonadal anomalies found in Turner syndrome.

Comparison of the incidence of the stigmata
in 45,X patients with that in partially sex chro-
mosome deleted patients has led to several
hypotheses.” It was suggested that genes that
play a role in the somatic stigmata are likely to
lie in Xp, whereas gonadal dysfunction is likely
to be the result of poor pairing of the sex chro-
mosomes in meiotic prophase. The severity of
gonadal dysfunction is approximately propor-
tional to the extent of deletion in terminal
deletion patients, but appears mild in intersti-
tial deletion cases. It has been postulated that
proximal Yq is a critical region for the skeletal
abnormalities® * and that the region in distal Yp
between the pseudoautosomal boundary and
sY45 is important for lymphoedema."

SHOX was the first gene to be identified that
is involved in the Turner syndrome phenotype.
It lies in the pseudoautosomal region PAR1
and haploinsufficiency of this gene was first
found to lead to growth failure both in Turner
patients and in idiopathic short stature.' '
Mutations and deletions of SHOX are also
associated with Leri-Weill dyschondrosteosis,
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Table 1  Details of the patients’ karyotype and phenotype. The lymphoedemic features are in bold

Parient  Karyotype Turner stigmata

1 46,X,del(X)(p11.2) ‘Webbed neck, short metaparcals, high arched palate

2 46,X,del(X)(p11.21) Equivocal webbed neck, nail dysplasia, high arched palate, cubitus valgus, pigmented naevi

3 46,X,del(X)(p21) None

4 46,X,der(X)t(X;2)(pl11.22;p11.2) Webbed neck, nail dysplasia, low hairline, puffy handsl/feet, high arched palate, cubitus valgus, shield
chest, low set ears

5 46,X,der(X)t(X;Y)(pl11.2/p11.4;q12/q11.2)  Nail dysplasia, low hairline, cubitus valgus

6 46,X,del(X)(p11.3) Equivocal webbed neck, high arched palate, cubitus valgus, pigmented naevi

7 46,X,del(X)(p11.23) Cubitus valgus, mild Madelung deformity, shield chest, pigmented naevi

8 46,X,del(X)(p11.21) None

9 46,X,del(X)(p11.4) Cubitus valgus, short metacarpals

which is a dominant disease characterised by
short stature and skeletal dysplasia including
Madelung deformity.” '* More recently, studies
of SHOX using human embryos have detected
expression in the middle portion of the arm
around the distal end of the humerus, radius,
and ulna and in some of the bones of the wrist."

A

Similar expression patterns were detected in the
lower limbs and expression was also detected in
the pharyngeal arches. A de novo nonsense
mutation in SHOX was shown to be associated
with bilateral Madelung deformity, cubitus
valgus, and short fourth metacarpals in one
short stature patient. In a family with five short
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Figure 1 (A) Results of FISH with X
chromosome PAC clones, labelled with biotin (red
signal),, on the Turner syndrome patients’ X
chromosomes (DAPI counterstained). The FISH
result for the most distal positive PAC on the
abnormal X chromosome (abX) for each patient
is shown. (B) Results of FISH with Y
chromosome PAC clones on the der(X) t(X;Y)
chromosome in patient 5.
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Table 2 FISH results of the X chromosome PAC clones on the patients’ abnormal X chromosome, with Neg indicating no hybridisation detected and Pos indicating hybridisation. The chromosomal location and the distance from

the short arm telomere for each of the X chromosome PACs listed is shown and the table also identifies any genes associated with the PACs. The map positions are taken from the integrated database 3

Turner lymphoedema critical region in Xp
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stature members, a varied phenotype was seen
associated with a nonsense mutation of SHOX
including short neck, scoliosis, and genu val-
gum. It also appears that gonadal oestrogens can
modulate the phenotypic effects of SHOX hap-
loinsufficiency.’ The expression studies and
mutation analysis now make SHOX a strong
candidate for all skeletal abnormalities seen in
Turner patients but it is unlikely to play a role in
the other Turner stigmata.

In an attempt to elucidate candidate genes
for the soft tissue abnormalities, we have
analysed the breakpoints in nine terminal
Xpll deletion patients with an apparently
non-mosaic karyotype. Genotype/phenotype
comparisons have been made and the location
of candidate lymphogenic gene(s) discussed.

Materials and methods

PATIENTS

Subjects with an X chromosome short arm ter-
minal deletion or unbalanced translocation
were identified for this study. The karyotype
was performed on 30-150 lymphocytes for
each patient to evaluate non-mosaicism (table
1). All patients were short in stature and the
other Turner stigmata identified in these
patients are shown in table 1. Cell lines were
prepared for each patient by EBV transforma-
tion of lymphocytes.

FISH

Metaphase preparations of each patient cell
line were prepared. Normal female and male
control lymphoblastoid cell lines were also
used. Human genomic PACs from across Xp11
(from the RPCI1 library supplied by the UK
HGMP Resource Centre and constructed by
Pieter de Jong, Roswell Park Cancer Institute,
Buffalo) were labelled with biotin by nick
translation and hybridised to the metaphase
preparations. The probes were detected using
Cy3-avidin antibody (Amersham Pharmacia)
and metaphases were DAPI counterstained.
Images were captured using a Nikon
Microphot-SA microscope equipped with
CCD camera. IP-Lab Spectrum software with
Smart Capture extension were used to normal-
ise and enhance images. Adobe photoshop was
used to extract the individual chromosomes
from the metaphase images.

STS ANALYSIS

PCR using STS primers from across the Y
chromosome was performed on 100 ng ge-
nomic DNA from patient 5. The markers used
were sY17, sY58, sY62, sY72, GYS8, sY81,
sY84,sY85,sY86,sY90,sY97,sY102,sY116,
sY117, sY118, sY119, sY121, sY122, sY124,
sY125, sY126, sY127, sY128, sY130, sY132,
sY134, sY136, sY138, sY140, sY142, sY144,
sY146, sY148, sY150, sY152, sY154, and
sY156 (primer sequences are detailed in
Vollrath ez al'”) and by primers designed from
the SMCY 5' UTR (forward: 5'gagataaacgct
gaggacgc3', reverse: 5'ggtgcgtttctacggacatt3')
and the SMCY 3' UTR (forward: 5'tttcttaggtt
gecteeect3', reverse: 5'tcgcaggagaacactgaatgg3'.
The PCR conditions used were as described in
Jones ez al."”
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Figure 2 Illustration of the extent of the Xp present in the abnormal X chromosome of each patient and the
presencelabsence of skeletal and lymphoedemic features in each patient. The relative position of the hybridising PAC clones
across Xpl11 is also shown. Blue indicates that the patient shows no lymphoedemic or skeletal anomalies except short
stature, green indicates that the patient shows only skeletal abnormalities, and red indicates that the patient presents with

both skeleral and lymphoedemic stigmata.

MICROSATELLITE ANALYSIS

Microsatellite analysis of markers
AFM238ycl1, AFMal24xd9, AFMal83wf5,
AFM256ze5, AFM276xf5, AFMI168ya3,
AFM119xd9, AFM248te9 AFM106xa3,

AFMI137xell, AFMa230vcl, and AFM151xf6
was performed on the Turner patient genomic
DNA. PCR reactions were performed on 500 ng
of patient genomic DNA in a 20 pl total volume
with 1 x PCR buffer (HT Biotechnology), 12.5
pmol reverse and forward primer, 200 pmol/l
dNTPs, 0.2 units Super Tag (HT Biotechnol-
ogy), and 0.5 pmol/l [TAMRA]dUTP/2 umol/l
[R110]dUTP or [R6G]dUTP with cycling con-
ditions: 94°C for five minutes; 26 cycles of 94°C
for one minute, 55°C or 57°C for one minute,
72°C for one minute; 72°C for 10 minutes. A
total of 1.5 pl PCR product together with 0.5 pl
GeneScan -350[ROX] were run on a 6% dena-
turing acrylamide gel on an ABI373 sequencer
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and the data analysed using GeneScan 672
software to score for heterozygosity.

DATABASE SEARCHES

PAC, BAC, microsatellite, and gene mapping
data were made available through the Sanger
Centre (http://www.sanger.ac.uk/HGP/ChrX/
mapping.shtml), the integrated database 3
(http://ixdb.molgen.mpg.de/), and NCBI
mapviewer (http://www.ncbi.nlm.nih.gov/cgi-bin/
Entrez/maps.cgi?org=hum&chr=X). Sequence
data from PAC/BAC clones deposited in
GenBank were analysed for homologies to
known genes using the NIX program at the UK
HGMP Resource Centre (http://menu.hgmp.
mrc.ac.uk).

SCREENING OF THE PAC LIBRARY
The RPCI-1 PAC library was screened by PCR
with STS markers sY124, sY125, and sY126"
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using PCR conditions as described in Jones ez
al.’® The RPCI-1 PAC library was also
screened for SMCY using the 5UTR and
3'UTR primer pairs.

Results

The karyotype analysis of the patients sug-
gested that their breakpoints were in Xpll
(except patient 3 with breakpoint in Xp21). In
order to confirm the karyotype analysis and to
refine the breakpoints further, FISH analysis
was performed with a number of PACs from
across this region. Fig 1 shows the normal and
aberrant X chromosomes for each of the
patients hybridised with the most distal PAC
that shows signal on the aberrant chromosome.
Table 2 details the position of the PAC clones
relative to the X chromosome short arm
telomere and the results of the FISH with the
PACs on the patient abnormal X chromosome.
Fig 2 illustrates both the extent of Xp chromo-
some present in each patient and the presence/
absence of skeletal and lymphoedemic features
in each patient.

To confirm the PAC FISH data, patient
DNA was amplified using microsatellite mark-
ers from across the region. For any given
marker, the presence of two alleles (heterozy-
gosity) suggested that both the normal and the
aberrant X chromosomes contained the
marker and therefore the breakpoint was distal.
The presence of one allele was uninformative
as the patient DNA could be either homo-
zygous or hemizygous. The results of this
analysis supported that of the FISH analysis
(data not shown). No further information
regarding the location of the patients’ break-
points was gained.

As patient 5 has an X;Y translocation, it was
important to determine the extent of the Y
material in this patient because a critical region
for lymphoedema in Yp has already been
defined." Genomic DNA from patient 5 and a
normal male control was amplified using a
series of STS markers from across the Y chro-
mosome (including STSs designed for SMCY
gene 5'UTR and 3'UTR) and typed for the
presence or absence of each marker. All mark-
ers amplified the control DNA. All the markers
typed from Yp and the proximal portion of Yq
(up to and including sY124) were found to be
absent in the DNA of patient 5 and sY125 and
all the more distal markers were found to be
present (data not shown). Therefore, it ap-
peared that the breakpoint on the Y chromo-
some in patient 5 was between sY124 and
sY125 with SMCY present and intact in
patient 5.

To confirm this result, FISH analysis was
performed using PAC clones from across this
region on the Y chromosome. The RPCI1 PAC
library was screened using the STS markers
sY124,sY125, sY126, and SMCY gene mark-
ers. STS content analysis was carried out on
the clones isolated (table 3). DJ234D5 was
found to be strongly positive on the structurally
abnormal chromosome in patient 5, while
dJ156K7, dY272N23, and dJ211G9 were
found to be only faintly positive (fig 1). Thus,
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Table 3 STS content of the Y chromosome PACs, with +
indicating that the PAC was found to be positive for the
marker

Markers
PACs sYI124 SY125 SMCY3' SMCYS5' Y126
dJ272N23 +
dJ156K7 + +
dJ232F18 + + + +
dJj211G9 +
dJ234D5 +

the FISH data support the STS analysis for
patient 5.

Discussion

ANALYSIS OF PATIENT BREAKPOINTS

FISH analysis with PAC clones across Xp11.4
has defined the breakpoints in nine Turner
patients. For patient 1 a much stronger signal
with PAC dJ60B16 (the most distal positive
PAC tested) was consistently detected on the
abnormal X chromosome. This suggests that
duplication has occurred in this region and it is
speculated that this might affect the phenotype
in this patient. For patient 5 a much weaker
signal with PAC dJ54B20 was seen on the
abnormal chromosome compared to that on
the normal one. This suggests that the X chro-
mosome breakpoint lies within the sequence
covered by this PAC. Although the breakpoint
on the Y lies close to SMCY, the breakpoint on
the X is approximately 7 Mb more distal than
SMCX. Patient 8 appears to have chromo-
somal material more distal to the most distal
hybridising PAC, dJ154P24. Further refine-
ment of the breakpoint in this patient will
determine whether material is solely from the
region between PAC dJ60B16 and dJ154P24
or whether the rearrangement involves other
material from elsewhere in the genome, which
is moderating the phenotype in this patient.

A high degree of variation of symptoms is
seen with patients with similar deletions. As
SHOX has been shown to be involved in many
of the skeletal stigmata seen in Turner patients,
it is likely that the skeletal phenotype seen in
our collection of patients can be explained by
deletion of SHOX on the abnormal X chromo-
some. As with the family described in Clement-
Jones et al,” it is likely that the variation in
symptoms seen may be because of the genetic
background and/or oestrogen levels."® How-
ever, there is no evidence to suggest that SHOX
is involved in the lymphoedema stigmata. The
simplest explanation for these symptoms is that
haploinsufficiency of another single X/Y ho-
mologous gene is causal and the variation is
again because of genetic background. Alterna-
tively, mosaicism may play a more important
role in ameliorating the lymphoedema, as the
high level of fetal lethality seen in 45,X patients
is likely to be caused by the extreme lym-
phoedema. Mosaicism, with some normal
46,XX cells, is extremely prevalent in surviving
45,X patients and it is likely that sufficient nor-
mal cells allow survival and may mask other
symptoms depending on population numbers
and cell type. 46,X,del(X)/46,XX mosaicism in
lymphocytes must be extremely rare; it has
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been reported that it has never been seen in one
laboratory, which has seen 5000 abnormal
karyotypes.'’ However, it might be more preva-
lent in the specific tissues associated with lym-
phoedema.

In order to locate the position of a gene
responsible for the lymphoedema and related
symptoms (webbed neck, low posterior hair-
line, puffy hands/feet, and nail dysplasia), only
those patients with one or more of these
stigmata were analysed. These are patients 1, 2,
4, 5, and 6. Of these patients, patient 6 has the
most distal breakpoint (between PACs
dJ154K9 and dJ109C12). This suggests that
the gene for the lymphoedema and associated
stigmata lies distal to PAC dJ109C12.

A number of well documented and charac-
terised contiguous deletion syndromes are
associated with regions across Xp. These
include ichthyosis, Kallmann syndrome, Duch-
enne muscular dystrophy, and retinitis pigmen-
tosa. Patients with these disorders do not show
Turner-like symptoms and therefore the gene
for lymphoedema is likely to lie outside the
regions of Xp defined by the interstitial
deletions seen in patients with these disorders.
One such patient who has no Turner symptoms
has been reported with deletion of DMD and
OTC.” This suggests that the gene responsible
for the lymphoedema may be between OTC
and dJ109C12.

I TGIFLX
— PCDHX

Figure 3 Ideograms of the X and Y chromosomes with the position of the lymphoedema
critical region for both chromosomes indicated. The position of the pseudoautosomal
boundary (PAB), the STS markers sY20 and sY45, the PAC clone d¥109C12, the Y
chromosome genes SRY, ZFY, RPS4Y, TGIFLY, PCDHY, DBY, DFFRY, and SMCY, and
their X chromosome homologues SOX3, ZFX, RPS4X, TGIFLX, PCDHX, DBX,
DFFRX, and SMCX, the X chromosome genes VEGF-D, OTC, TALLA-1, NYX,
CASK, GPR34, and IPP2H, and the pseudogenes NAPY and CASKY are also
indicated.
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OTHER MOLECULAR CYTOGENETIC STUDIES OF Xp
DELETION PATIENTS

Three other molecular based studies have been
carried out on terminal Xp deletion patients.
Zinn et al’' looked at 28 apparent non-mosaic
patients but only two subjects showed signs of
lymphoedema and therefore no analysis was
carried out on this trait. Short stature, ovarian
failure, high arched palate, and autoimmune
thyroid disease was mapped to Xpl1.2-p22.1
in this study. Additionally, a second study with
a similar grouping of patients looked at the
neurocognitive function and found that the
deficit in visuospatial/perceptive skills seen in
Turner patients is mapped to PAR1, distal to
PAC RPCI3-43111.*

A study by James er al" investigated the
breakpoints in 25 Xp deletion cases with 17
showing a non-mosaic karyotype. Microsatel-
lite analysis was carried out on the subjects and
their parents to determine the extent of
deletion of informative markers. Of the non-
mosaic cases investigated, none presented with
a webbed neck, two showed oedema, and one
had a definite sign of low posterior hairline.
The two oedema patients had breakpoints in
Xp22, while the low posterior hairline patient
had the proximal breakpoint in Xp11.2.

INHERITED 46,X,DEL(X)

A few cases of inheritance of 46,X,del(X) have
been reported.”*** Such cases are much less
likely to have any mosaicism, either 45,X or
46,XX, which could ameliorate the phenotype.
None of these cases show any signs of
lymphoedema. The patient with the most
proximal breakpoint has a terminal deletion
and the breakpoint lies between DMD and
CYBB making a location for a lymphogenic
factor proximal to DXS1242 (DMD).**

GENE CONTENT BETWEEN OTC AND PAC DJ109C12
Database searches have shown the region
between OTC and dJ109C12 to be approxi-
mately 2.4 Mb and to contain seven genes
(NCBIL,” fig 3). Two known X/Y homologous
genes, DFFRX and DBX, which escape X
inactivation, are found to lie on consecutive
BAC clones in this interval.”® ¥ CASK is known
to be X inactivated.” The X inactivation status
of the other genes in this region is not known.
The Y chromosome homologues of DFFRX
and DBX are adjacent to each other in Yql1.2
and in fact remnants of a Y homologue of
CASK lie just telomeric of DBY (fig 3).
Patients with deletions of the region on the Y
chromosome containing DFFRY and DBY are
infertile but show no signs of lymphoedema.’
This suggests that these genes are not likely to
be involved in this aspect of the Turner pheno-
type, unless the X and Y homologues have dis-
tinct function. Proximal Yq has also been
implicated in the Turner skeletal phenotype;
however, evidence now suggests that SHOX
alone may be important for skeletal abnormali-
ties.”” The skeletal stigmata seen in the patients
described by Barbaux ez a’ and Tzancheva ez
al’ might be explained by haploinsufficiency of
SHOX as all the patients described also have
short stature.
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Deletions of Ypll.2 give rise to lym-
phoedema with the critical region between the
pseudoautosomal boundary and sY45." The
region between sY20 and sY45 is part of the
Yp11.2/Xg21.3 homologous block with 99.6%
identity between the two chromosomal re-
gions, and is known to contain two X/Y
homologous genes PCDHY and TGIFLY”
(unpublished results). The region between the
pseudoautosomal boundary and sY20 is cov-
ered by one sequenced contig (GenBank
nt_001609) 306 kb in size and contains a NAP
pseudogene and three genes SRY, RPS4Y, and
ZFY (fig 3). All three genes have X chromo-
some homologues mapping to Xq26, Xql3.1,
and Xp21.3, respectively. Although this might
imply that ZFY/ZFX are candidates for the
lymphoedema as they both map to the regions
deleted in Turner patients, ZFX is distal to
OTC and haploinsufficiency of ZFX in the
inherited Turner patients described”** was not
associated with lymphoedema.

It is therefore postulated (1) that more than
one gene may be involved in the lymphoedemic
phenotype, and (2) that the genes on the Y
which lead to lymphoedema (although they
might be X/Y homologous) may not be
functionally homologous to the genes on the X
(and vice versa). No deletion of a single locus
on the X chromosome gives rise to lym-
phoedema, although deletion of the region
between OTC and dJ109C12 appears more
often to associate with this phenotype. Not all
patients with this region deleted have lym-
phoedema and other patients have been
described with lymphoedemic features and
deletions elsewhere.” This suggests that a gene
in Xpl11.4 may play a more dominant role in
the aetiology of lymphoedema and other genes
from both the X chromosome and perhaps
autosomes may play a modifying role. This is
not inconsistent with the lymphoedema resolv-
ing with age. It is possible that VEGF-D, map-
ping to Xp22 (fig 3), may play a modifying role.
It is known to be a ligand of VEGFR-3 and
mutations of this receptor have been found in
patients with primary lymphoedema.”® ' It is
interesting to note that one of the key patients
defining the critical region on the Y chromo-
some has an additional Y deletion in PAR2,
which, unlike the Yp11.2 deletion, is present in
the father.” This patient’s brother, who is not
thought to have the Ypll.2 deletion, shows
signs of cystic hygroma, which suggests that an
additional gene in PAR2 may play a role in the
phenotype.

No homology between the critical regions in
Xpll1l.4 and Ypl1.2 is seen. As all the genes in
the critical region on the Y are X/Y homolo-
gous it suggests that the X and Y homologues
have different functions. It is already known for
some such genes that the X and Y homologues
may have different expression patterns.”” Fur-
ther analysis of patient material will help to
define more accurately the regions involved in
the lymphoedemic phenotype. Patients such as
the one described by Hasegawa et a/** with no
obvious deletions will be useful to analyse the
candidate genes identified to elucidate the
important genes involved in this phenomenon.
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