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Abstract
We report linkage data on a new large
family with non-specific X linked mental
retardation (MRX), using 24 polymorphic
markers covering the entire X chromo-
some. We could assign the underlying dis-
ease gene, denoted MRX46, to the Xq25-
q26 region. MRX46 is tightly linked to the
markers DXS8072, HPRT, and DXS294
with a maximum lod score of 5.12 at 0=0.
Recombination events were observed with
DXS425 in Xq25 and DXS984 at the Xq26-
Xq27 boundary, which localises MRX46 to
a 20.9 cM (12 Mb) interval. Several X
linked mental retardation syndromes have
been mapped to the same region of the X
chromosome. In addition, the localisation
of two MRX genes, MRX27 and MRX35,
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partially overlaps with the linkage interval
obtained for MRX46. Although an exten-
sion of the linkage analysis for MRX35
showed only a minimal overlap with
MRX46, it cannot be excluded that the
same gene is involved in several of these
MRX disorders. On the other hand, given
the considerable genetic heterogeneity in
MRX, one should be extremely cautious in
using interfamilial linkage data to narrow
down the localisation of MRX genes.
Therefore, unless the underlying gene(s)
is characterised by the analysis of candi-
date genes, MRX46 can be considered a
new independent MRX locus.
(TMed Genet 1998;35:801-805)
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Figure 1 Five generation family with MRX Twenty-seven family members, including 10 affected males, were available for DNA study. Haplotypes of thelinked markers in Xq25-q26 and the recombined markers delimiting the probable gene location are shown. Deduced haplotypes from subjects who had diedare shown between brackets. The disease chromosome is indicated by a black bar.
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Table 1 Summary of clinical measurements (centiles)

Ear lenzgth Testicular
Height (cm) Weight (kg) OFC (cm) (mnm) OCD (nmm,) ICD (tmm) THL (cm) volume (cm)

I.18 160 (<3) 56 (<10) 56 (50) 75 (97) 95 (75-97) 38 (>97) 18 (50-75) 20 (50)
III.12 182 (50) 85 (90) 56 (50) 71 (75-97) 81 (3-25) 29 (25-50) 19.5 (97) 22 (50-90)
III.13 168 (<10) 83 (90) 56.5 (50-90) 60 (50) 83 (25) 31 (50) 19 (75-97) 23 (50-90)
III.15 182 (50) 92 (>90) 58.5 (>90) 65 (75) 95 (75-97) 35 (75-97) 18 (50-75) 25 (50-90)
III.16 182 (50) - 59 (>90) 61 (50) 84 (25-50) 31 (50) 19 (75-97) -
III.20 172 (3-10) 76 (50-90) 58 (90) 60 (50) 91 (50-75) 32 (50-75) 19 (75-97) 20 (50)
III.24 163 (<3) 75.5 (50-90) - -

III.26 170 (3-10) 60 (10) 54 (10-50) 60 (50) 105 (>97) 35 (75-97) 19 (75-97) -

III.28 181 (10-50) 91 (>90) 58 (50-90) 65 (75) 105 (>97) 38 (>97) 19.5 (97) -

OCD = outer canthal distance.
ICD = inner canthal distance.
THL = total hand length.
-= no data.

X linked mental retardation (XLMR) is consid-
ered to be the most frequent type of mental
handicap in males. It has been estimated that
mutations in X chromosomal genes account for
25 to 50% of all cases of mental retardation.' A
small part ofXLMR can be attributed to recog-
nisable syndromes and to date more than 100
XLMR syndromes (MRXS) have been
described.2 More often, however, the mental
handicap is not associated with consistent phe-
notypic characteristics. This is referred to as
non-specific XLMR or MRX.

Linkage analyses in individual families with
MRX have currently shown over 50 loci on the
X chromosome which are clustered in eight
non-overlapping regions.3" The inclusion of
the FRAXE mental retardation gene5 and the
RAB-GDI gene' suggests a minimum of 10 X
linked genes which are involved in non-specific
mental retardation. In this report, we present a
large family with non-specific X linked mental
retardation and the mapping of the underlying
gene to Xq25-q26, a region that has rarely been
implicated in MRX.

Patients and methods
CLINICAL REPORT
The family (fig 1) was ascertained when IV.7
was referred for genetic counselling. The pedi-
gree included 12 mentally retarded males in
three generations, nine ofwhom were clinically
examined. In order to determine the mental
status of these patients, the following intelli-

Table 2 Summary ofpsychometric data

Visuall Academic achievement
Non-verbal motor Adaptive

Cases Intelligence* reasoning* skills* functioning* Readingt Writingt Arithmetict

II. 18 - +l- +l- +/- + + -
III. 12 - - - + + + +
III.13 - +/- + - _ _ _
III. 15 - +l- +l- +l- - - +/-
III. 16 +/- + - + + +/- +

III.20 - +/- +/- + +

III.24 - - - - - - -
III.26 --- Unable Unable ---
III.28 -- Unable -- --

*Levels of mental and adaptive functioning, transferred into age equivalents:
+=> 10-9 years (= borderline and above; IQ-range ± 70-84 and above);
+/-=8-3 and 10-9 years (= mild; IQ range 50/55-70);
-5-7 to 8-2 years (= moderate; IQ range 35/40-50/55);
- -=3-2 to 5-6 years (= severe; IQ range 20/25-35/40);
-- -= < 3-2 years (= profound; IQ range <20/25).
tLevels of academic functioning, transferred into didactic age equivalents (dae):
+=> 30 months (= adequate);
+/-=1-29 months (= inadequate);
-0 months (= unable).
tNo actual information available.

gence tests, standardised for school aged
children, were used: (1) the Wechsler Intelli-
gence Scale for Children Revised (WISC-R),7 8
(2) the Coloured Progressive Matrices
(CPM),9 ') (3) the Revised Amsterdam Child
Intelligence Test (RAKIT)," and (4) McCa-
rthy Scales of Children's Abilities.'2 The
RAKIT and McCarthy Scales were applied to
assess intellectual functioning below an equiv-
alent of 6 years.'3 Scores of all tests were trans-
ferred into age equivalents according to the
classification of the American Association of
Mental Deficiency (AAMD) . '4 Cytogenetic
analysis and molecular study of the FMR-1
gene was performed in several patients. In
III.28 the diagnostic tests included cerebral
CT scan and metabolic screening. Informed
consent was obtained in all instances.

DNA ANALYSIS
DNA from 26 relatives was isolated from
peripheral blood lymphocytes, according to the
procedure of Miller et al." In order to
determine the most likely location of the gene,
linkage analysis was performed with highly
polymorphic markers distributed along the X
chromosome. Analysis of these markers in-
volved amplification by polymerase chain reac-
tion (PCR) carried out in a 96 well Thermal
Cycler (MJ Research Inc, Waterston, MA).
Each reaction contained 100 ng genomic
DNA, 30 ng of each of the primers, in 15 jil 1 x
Supertaq buffer (50 mmol/l KCl, 1.5 mmol/l
MgCl2, 10 mmol/l Tris-HCl, pH 9.0, 0. 1% Tri-
ton X-100, 0.01% (w/v) gelatin) in the
presence of 32P-dCTP with 0.06 U Supertaq
(HT Biotechnology Ltd, England). Amplifica-
tion was achieved by 35 cycles of one minute at
94°C, two minutes at 55°C, and three minutes
at 72°C with the locus specific primer pairs
registered in the Genome Database (http://
gdbwww.gdb.org/gdb/). The radiolabelled
PCR products were mixed with 15 gl sample
buffer (95% formamide, 20 mmol/l EDTA,
0.05% xylene cyanol, 0.05% bromophenol
blue), heated to 95°C for two minutes, and 4 tl
of this mixture was separated on a 6.6% dena-
turing polyacrylamide gel. Subsequently, the
gel was dried and exposed overnight to Kodak
X-OMAT film to visualise the separated allelic
bands.
Two point linkage analyses of the 24

polymorphic markers and the disease locus
were performed with the MLINK option of the
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Figure 2 Faces of affected males. (A) II.18 at 65 years, (B) III. 12 at 57 years, (C)
III. 13 at 54 years, (D) III. 15 at 47 years, (E) III. 16 at 38 years, (F) III.20 at 44 years.
(Photographs reproduced with informed consent.)

computer program LINKAGE (version
5.03)16-18 on the basis of X linked recessive
inheritance with full penetrance. The relative
order of marker loci was obtained from the

Genome Database and the Report of the Sixth
International Workshop on X Chromosome
Mapping.19

Results
CLINICAL REPORT
In all patients, pregnancy and delivery were
uneventful. The mental retardation was no-
ticed during early childhood and appeared
non-progressive. None of them had convul-
sions. All patients were either institutionalised
or living and working in a sheltered environ-
ment. Physically they were all healthy. Their
behaviour was normal, except for the brothers
III.24, III.26, and III.28 who were described as
difficult to control, chaotic, and autistic-like,
and III.16 who showed obsessive behaviour.
III.11 died at the age of 11 during heart
surgery. He was attending a special education
unit. Obligate carriers were all normal. Results
of the clinical measurements and psychometric
studies are summarised in tables 1 and 2,
respectively.
Only minor anomalies were noted in some of

the affected males. I.18 (fig 2A) was seen at
the age of 65 years. He was short statured.
Hypertelorism, a fleshy nose, full lower lip,
kypholordosis, and lower leg varices were
noticed. III.12 (fig 2B) showed no abnormali-
ties except for lower leg varices when seen at
the age of 57 years. III.13 (fig 2C) was
examined at the age of 54 years. Except for a
left sided hydrocele no abnormalities were
detected. III.15 (fig 2D) and III.16 (fig 2E)
showed no abnormalities on examination at the
ages of 47 and 38, respectively. III.20 (fig 2F)
was examined at the age of 44 years. A left
sided hydrocele and a large hyperpigmented
spot on the back were seen. III.24 showed a
highly arched palate, short and broad neck, and
flat feet on examination at the age of 34 years.
He was short statured. Ophthalmological
examination of III.26 at the age of 29 years
showed hypertelorism, myopia gravis ODS,
and some lenticular opacities. In III.28 hyper-
telorism and myopia gravis OD, resulting in
amblyopia and divergent strabismus, were seen
on ophthalmological examination. The degree
of mental retardation in the affected family
members tested varied from mild to profound.
It is concluded that pedigree structure and
clinical data are fully compatible with a
diagnosis of non-specific X linked mental
retardation.

DNA ANALYSIS
For the initial analyses, 23 markers spread
along the X chromosome were genotyped on
12 potentially informative family members.
The family was informative for all tested mark-
ers. Once tentative linkage with HPRT and
DXS294 was obtained, another marker in the
region, DXS8072, was typed and more af-
fected and unaffected family members were
genotyped for the linked markers (26 relatives
in total). Table 3 presents the results of the two
point linkage analysis with the lod scores for
the MRX locus and each marker locus. The
proximal locus DXS425 at Xq25 and the more
distal locus DXS984 at the Xq26-q27 bound-
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Table 3 Lod scores between MRX46 and markers along the X chromosome (in orderfrom
Xpter to Xqter)

0.000 0.050 0.100 0.200 0.300 0.400

DXS 1060 -0 -1.93 -0.91 -0.08 0.19 0.19
GHGxG -0 -2.05 -1.01 -0.16 0.13 0.17
DXS443 -o0 -1.96 -1.14 -0.42 -0.11 0.01
DMD -00 -6.04 -4.01 -2.07 -1.03 -0.39
DXS538 -00 0.02 0.40 0.52 -0.35 0.10
DXS7 -00 -0.68 -0.29 -0.15 -0.26 -0.29
DXS1003 -CO -6.34 -4.30 -2.34 -1.26 -0.53
ALAS2 -00 -2.23 -1.19 -0.35 -0.04 0.02
DXS453 -0 -5.46 -3.72 -2.05 -1.12 -0.49
DXS559 -00 -2.07 -1.34 -0.77 -0.49 -0.23
DXS986 -00 -2.07 -1.34 -0.77 -0.49 -0.23
DXS3 -00 -0.79 -0.39 -0.23 -0.30 -0.28
DXS 178 -o0 -2.07 -1.34 -0.77 -0.49 -0.23
CoI4A5 -00 -2.07 -1.34 -0.77 -0.48 -0.23
DXS424 -00 -1.96 -1.14 -0.42 -0.11 0.01
DXS1001 -0 -0.96 -0.25 0.21 0.27 0.15
DXS425 -00 0.14 0.96 1.31 1.09 0.57
DXS8072 4.43 3.99 3.54 2.60 1.63 0.66
HPRT 5.12 4.70 4.26 3.32 2.28 1.12
DXS294 4.95 4.51 4.04 3.07 2.03 0.96
DXS984 -0 2.14 2.34 2.10 1.53 0.81
FraXAc2 -00 0.09 0.28 0.35 0.28 0.16
DXS1113 -00 -0.06 0.15 0.25 0.22 0.13
DXS1108 -00 -0.06 0.15 0.25 0.22 0.13

ary recombined with the disease in the family,
delimiting the probable gene location. Signifi-
cant lod scores were obtained with markers
DXS8072, HPRT, and DXS294, indicating
that the genetic defect responsible for the
disease in this family is located in Xq25-q26,
with a maximum lod score of 5.12 at 0=0 (at
HPRT). A reconstruction of the haplotypes of
the markers in the Xq25-q26 region is shown
in fig 1.

Discussion
We have presented a new family with recessive
non-specific X linked mental retardation and
assigned the causative genetic defect, MRX46,
to Xq25-q26. This region is estimated to com-
prise a genetic distance of 20.9 cM2' and a 12
Mb region on the physical map.'9

Seven XLMR syndromes have been assigned
to X chromosomal segments overlapping the
linkage interval for MRX46 (fig 3). Huang et

2 2 1 0

qcen 2 2 1.5 2.8 0.8 0.3 1.2 Mb qter-~

Figure 3 Localisation ofXLMR conditions in the Xq25-q26 region. The top bar shows
the order of relevant markers and genes (underlined) on a Mb scale. The horizontal bars
indicate the linkage intervals. Arrowheads at the end of the bars indicate that the linkage
interval extends beyond the chromosomal region shown. BFLS: Bdrjeson-Forsmann-
Lehman syndrome; GS: Gustavson syndrome; CS: Cowchock syndrome;MR-IGHD:
mental retardation with isolated growth hormone deficiency; XPH:X linked recessive
panhypopituitarism.

aP' reported on a family with an X linked men-
tal retardation disorder (MRXS5), including
Dandy-Walker malformation, basal ganglia
disease, and seizures. Borjeson-Forssman-
Lehmann syndrome (BFLS)20 22 23 is character-
ised by severe mental retardation, micro-
cephaly, hypogonadism, obesity, short stature,
and distinct facial anomalies including large
ears, prominence of the supraorbital ridge, and
ptosis. Malmgren et aP-4 reported a family with
severe X linked mental retardation syndrome,
linked to DXS294 at Xq26. This so-called
Gustavson syndrome includes microcephaly,
severe mental retardation, optic atrophy with
decreased vision or blindness, severe hearing
defect, characteristic facial features, spasticity,
seizures, and restricted joint mobility. The
patients die during infancy or early
childhood.25 Cowchock syndrome, an X linked
motor-sensory neuropathy type II with deaf-
ness and mental retardation has been mapped
between DXS425 and HPRT.21 27 Recently,
some of us described a family presenting with
varying degrees of mental retardation in
conjunction with isolated growth hormone
deficiency.2' The underlying genetic defect for
this disorder could be assigned to the Xq24-
q27.3 region. Interestingly, in a recent report,
an unrelated family with similar symptoms is
described in which the genetic defect is
localised to the same region.29 In this family, X
linked recessive panhypopituitarism (XPH) is
associated with a duplication of the DXS 102
locus, suggesting that this phenotype is caused
by a gene dosage effect. Lesch-Nyhan syn-
drome (OMIM 308000) is another well known
syndrome with MR, caused by mutations in the
HPRT1 gene. It cannot be ruled out that one of
the genes involved in these MR syndromes is
also causative in MRX46, but given the
pronounced distinctive features of each syn-
drome, it is difficult to imagine how mutations
in one such gene may cause (severe) non-
specific MR.
Very recently, two novel MRX loci encom-

passing Xq26, MRX27, and MRX35 have
been uncovered by linkage analysis in appar-
ently unrelated families from the United King-
dom and Belgium, respectively.3" 32 MRX27
has been localised to the Xq24-q26 region with
flanking recombination events in affected
males at DXS424 and DXS102, which spans
all but the distal portion of the MRX46 linkage
interval (fig 3).31 MRX35 maps to Xq22-q26
with flanking markers DXS178 and HPRT.32
DNA samples from this family (kindly pro-
vided by Professor J P Fryns and Dr P
Raeymaekers) allowed us to assign DXS8072
as the distal flanking marker in MRX35.
Hence, the overlap between MRX46 and
MRX35 comprises a region of less than 2 cM
at the Xq25-q26 boundary (fig 3). If the same
gene is involved in the three MRX families that
map to Xq26, the region to search for
candidate genes would be significantly re-
duced. However, given the genetic heterogen-
eity ofMRX one should be extremely cautious
of using interfamilial linkage data to narrow
down the localisation of MRX genes. This is
especially true since MRX46 seems to differ
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from MRX27 and MRX35 in that the variabil-
ity and severity of the mental handicap is more
pronounced and, yet, carrier females never
exhibit any mental impairment. Therefore, the
whole Xq26 band has to be considered for
identification of candidate genes in the family
presented here. According to the physical map
of Pilia et al,33 five genes for which the complete
coding region is known are located in this
region (fig 3). In addition, the human tran-
script map34 (http://www.ncbi.nlm.nih.gov/
SCIENCE96/) reports more than 50 expressed
sequence tags for this region. Unfortunately,
expression data for the corresponding genes
are not available and it is therefore not possible
at this stage sensibly to select likely candidate
genes for MR from this gene pool.
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