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Abstract Females with balanced X-autosome transloca-
tions are a clinically heterogeneous group of patients in
which X breakpoint position and replication behaviour
may influence phenotypic outcome. This study reviewed
all cases reported by UK cytogenetics laboratories over a
15-year period (1983-1997). Publication bias was avoided
by reviewing all reported cases. One hundred and four fe-
male carriers were identified, 62 of who were probands.
By reason for referral, these were: multiple congenital ab-
normalities and/or developmental delay (MCA/DD): 26
(42%); gonadal dysfunction: 22 (35%); phenotypically
normal with or without recurrent miscarriage (NRM): 9
(15%); recognized X-linked syndrome: 5 (8%). The infor-
mation obtained was compared with published data and
with data from the authors' own laboratories of female pa-
tients with balanced autosome-autosome translocations
(n=115). We concluded that: (1) MCA/DD caseswere sig-
nificantly over-represented compared to previous pub-
lished data (P<0.005) and were more common than in fe-
mal e probands with balanced autosome-autosome transl o-
cations (P<0.05). (2) MCA/DD cases showed random
breakpoint distribution along the X chromosome (P>0.05).
MCA/DD cases with subtelomeric breakpoints at Xp22 or
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X028 were not always associated with deviation from the
expected pattern of X-inactivation where this was known.
De novo cases were significantly more likely to be as-
signed as MCA/DD than any other category (P<0.005).
(3) Gonadal dysfunction (GD) was invariably associated
with a ‘critical region’ breakpoint, Xgl3— 26, (20/22
probands). However, 7/44 (16%) of patients surveyed had
breakpoints within Xql3-Xqg26 and proven fertility. (4)
Recognized ‘ X-linked syndrome’ cases were significantly
under-represented (P<0.001) compared to previous pub-
lished data.

Introduction

Female balanced X-autosome translocation carriers are a
clinically heterogeneous group of patients (Mattel et al.
1982; Schmidt and Du Sart 1992; Katz-Fuller et al. 1999).
They fall into four broad phenotypic categories. They
may be: phenotypically normal, but have a history of re-
current miscarriage (NRM); have some form of gonadal
dysfunction (GD); have awell-defined X-linked recessive
or dominant disorders (XLD), or have congenital abnor-
malities and/or developmental delay (including learning
difficulties) (MCA/DD).

The importance of X-breakpoint position was demon-
strated in cytogenetic studies of females with gonadal
dysfunction in the form of premature ovarian failure
(POF). Sarto et a. (1973), Madan (1983) and Therman et
al. (1990) noted that POF was usually confined to patients
with breaks within a ‘critical region’ between Xql3 and
X (26, athough Madan (1983) noted that patients with a
breakpoint at Xq22 escaped POF. Gonadal dysfunction
may arise, either from temporally inappropriate gene ex-
pression following incomplete pairing of X chromosomes
at pachytene (Therman et al. 1990) or as aresult of haplo-
insufficiency within the critical region. Disruption of crit-
ical gene expression may result from a ‘position effect’
(local ateration of chromatin conformation), or as aresult
of deletion of one or more POF-related genes (Sala et al.
1997). Two groups of candidate POF-related genes have



been identified: POF1 within Xq26-g27 (Tharapel et al.
1993) and POF2 within Xql3-g21 (Powell et al. 1994).
Sdla et a. (1997) reported that at least eight different
genes within a 15-Mb region at Xg21 might be involved
in ovary development. Candidate POF genes have been
identified, e.g. DIA (a human homologue of the Dro-
sophila diaphanous gene) (Bione et a. 1998). Fine map-
ping studies of POF1 (Davison et al. 2000) and POF2
(Prueitt et al. 2000) are in progress.

Cytogenetic investigation of females with well-defined
X-linked disorders who were ‘manifesting heterozygotes',
showed that a proportion of these patients were carriers of
X-autosome translocations. Translocations were first de-
scribed in patients with Duchenne muscular dystrophy
(Lindenbaum et al. 1979, Jacobs et al. 1981). These cyto-
genetic observations were exploited to map and define the
dystrophin gene at Xp21 (Ray et a. 1985, Boyd et al. 1987,
Cockburn et a. 1992). Subsequently, this approach has
been applied to other X-linked disease genes, e.g. X-linked
lissencephaly (Matsumoto et a. 1998), and at least one
form of X-linked mental retardation (Zemni et al. 2000).

Mattei et al. (1982) systematically reviewed X inacti-
vation in X-autosome (X-aut) balanced carriers. They
noted that in these patients the normal X chromosome is
invariably inactive, and suggested that this non-random
pattern of inactivation was selected for in order to achieve
functional monosomy for X chromosome gene expres-
sion. Departure from the expected pattern of X inactiva-
tion would result in late replication and inactivation of the
derived (X) t(X-aut) chromosome that contained the X in-
activation centre (XIC) at Xql3. This pattern would give
rise to functional autosomal monosomy (assuming the
portion of autosomal material on the derived X is inacti-
vated) and equally importantly, functional X chromosome
disomy for the portion of the X chromosome translocated
onto the active reciprocal translocation product (Schmidt
and Du Sart 1992). Departure from the expected pattern
of inactivation has been associated with an abnormal phe-
notype (Hagemeijer et a. 1977, Mattei et al. 1978, Sands
1980, Wolff et a. 1998). This might result from functional
autosomal monosomy and/or functional X chromosome
disomy. Where the derived X chromosome was late repli-
cating, the ‘ spreading effect’ of inactivation from X-chro-
matin to contiguous autosomal chromatin was incomplete
or non-contiguous, as judged by cytogenetic techniques
(Mattei et al. 1982, Keitges and Palmer 1986). This had
implications for predicting phenotypic outcome in cases
where late replication status had been established. Spread-
ing effects, as judged by phenotypic observation, also es-
caped detection by molecular cytogenetic markers of X
inactivation such as H4-acetylation studies and XIST
MRNA hybridization studies (Keohane et al. 1999). The
molecular basis for ‘ spreading effects’, and their apparent
variahility, is not yet understood. Gene expression studies
in somatic cell hybrids have confirmed earlier cytogenetic
observations that the process may be discontinuous
(White et al. 1998).

Schmidt and Du Sart (1992), in alarge survey (n=122),
observed that for balanced carriers there was an associa-
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tion between an abnormal MCA/DD phenotype and
breakpoints clustered at the ends of the X chromosome, in
bands Xp22 and X28. They proposed that relaxed selec-
tion pressure in these patients gave rise to functional par-
tial X disomy for the small portion of X chromosome
translocated onto the autosomal derivative product. They
argued that this functional X disomy was the critical fac-
tor in determining an abnormal phenotypic outcome,
rather than the reciprocal functional partial autosomal
monosomy. Functional Xp disomy, rather than gene dis-
ruption, has also been proposed as the magjor causative
factor in patients with hypomelanosis of Ito (Hatchwell
1996). This disorder does not fit either an X-linked domi-
nant or recessive pattern of inheritance. It is characterized
by streaks or whorls of hypopigmented skin, underlying
CNS abnormalities and chromosomal mosaicism associ-
ated with patches of hypopigmented skin (Donnai et al.
1986). Patients with this disease have been described with
X-autosomal translocations (Hatchwell et a. 1996, Rivera
et a. 2000). In contrast to the Schmidt and Du Sart patient
group, these patients have X chromosome breakpoints at
or near the centromere, which may indicate that a differ-
ent underlying mechanism gives rise to the functional
Xp disomy seen in a proportion of these patients' cells
(Riveraet a. 2000).

We attempted to determine whether cases with an ab-
normal phenotype, including patients with multiple con-
genital abnormality or developmental delay (MCA/DD),
were under- or over-represented in the literature by reason
for referral. UK laboratories were retrospectively sur-
veyed for al available reported cases irrespective of their
publication status.

Patients and methods

All laboratories (n=33) offering an appropriate cytogenetic service
in the United Kingdom were surveyed for cases where an appar-
ently balanced t(X-aut) female chromosome complement had been
ascertained and reported. The circulated questionnaire asked for
laboratory identification, sample identification, referral reason,
karyotype, results of X-replication studies, and the availability of a
permanent cell-line. No patient samples were requested or re-
ceived. No limit was placed on laboratories as to the time that had
elapsed since the cases had been originally reported. G-banded
analysis had been performed on all cases. Data were compared
where possible with patient data entered into the UK Oxford Chro-
mosome Abnormality Database.

Results

Returns were received from 18 |aboratories, one of which
reported there were no cases to submit. A total of 104
two-break rearrangements (Table 1) and 3 three-break re-
arrangements (data not shown) were reported. The latter
were excluded from subsequent analysis. Sixty-two
probands (new referrals/index patients) were identified
from the 104 returns. A further 42 patients were identified
as a result of family follow-up of index patients who ei-
ther had a balanced t(X-aut) karyotype (probands in this
study) or had an unbalanced t(X-aut) karyotype. Data
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were returned for a 15-year period, 1983-1997. The hum-
ber of cases submitted was compared with returns to the
UK Oxford Chromosome Abnormality Database, which
continuously compiles cytogenetic datafrom all UK labo-
ratories, providing a diagnostic service. One hundred and
ten two-break t(X-aut) balanced translocations were re-
ported to this database over the survey period. We con-
cluded that the data submitted were representative for the
collection period.

Probands (n=62) were grouped by reason for referral
as. multiple congenital abnormalities and/or developmen-
tal delay (MCA/DD): 26 (42%); gonada dysfunction
(GD): 22 (35%); phenotypically normal with or without
recurrent miscarriage (NRM): 9 (15%); recognized X-
linked syndrome (XLD): 5 (8%). Prenatal cases were in-
cluded in the proband categories where outcome was
known. The data presented in this paper were compared to
data compiled by Schmidt and Du Sart (1992) from a sur-
vey of cases (n=122) from the published literature where
X chromosome replication studies had been performed
(see Table 2). No other comparable published or unpub-
lished data were available. Comparison revealed that there
was significant over-representation of the MCA/DD group
(P<0.01) and under-representation of the recognized
X-linked syndrome group (P<0.001) in our data set.

Comparison with unpublished data
for female autosomal-autosomal translocation carriers
by reason for referral

Data from two of the authors' laboratories (Birmingham
and Oxford) were obtained for all reported cases of fe-
mal e probands with balanced autosome-autosome transl o-
cations, t(aut-aut), by reason for referral (n=115). Data
were compared with t(X-aut) data (Table 2). For MCA/
DD cases there was a significant difference between the
aut-aut and the X-aut group: MCA/DD cases were over-
represented (P<0.05). The two groups of patients were
considered to be subject to the same ascertainment bias.
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X chromosome breakpoint distribution

All X chromosome breakpoints are tabulated in Table 1.
For all probands (n=62), chromosome breakpoint distri-
bution and clinical category assignment were tabulated
(Table 3). Breakpoints were divided into the following G-
band groups: Xp22, Xp2l, Xpll4, Xpll.3, Xpll.2,
Xpll.1-Xqll, Xql2, Xql3, Xg21, X022, X023, X024,
Xq25, Xg26, Xg27 and Xg28. Proband data from Table 3
were compared with the expectation that breakpoints were
randomly distributed according to band length/total X
chromosome length. Band lengths as a percentage of total
X chromosome length (%XL) were calculated from an X
chromosome idiogram (ISCN 1995). A significant over-
representation of probands was observed for band Xqg22
(P<0.005). No other significant differences were ob-
served.

X chromosome late replication studies

Late replication studies were performed in 40 out of 104
patients in total and in 24 out of 62 probands. The results
are shown in Table 1. Eight patients showed a deviation
from the expected pattern of consistent early replication
of the derived X chromosome and late replication of the
normal X chromosome. One patient, P48, had a break-
point at Xg10 and hypomelanosis of 1to (Hatchwell et al.
1996). A second patient, P29, with a breakpoint at
Xpll.4, had learning difficulties, slight neck-webbing and
normal stature. The other six patients had breakpoints at
Xp22.3 or Xg26.3-X28. Five of these patients were not
probands and were phenotypically normal (cases 1, 2, 54,
83 and 94). For case 2, only three metaphases were
scored. Case 94 showed 39/50 cells in blood and 50/50
cells in skin with the normal X late replicating. The sixth
patient, P97, had a karyotype of 46,X,t(X;3)(928;q12) and
showed 37/44 cells with the normal X late replicating in a
blood sample. This patient was categorized phenotypi-
cally as*MCA/DD’ and is described in more detail below.

Table 2 X-autosomal translocations in females by reason for referral [probabilities (P) are shown where there was a significant differ-

ence between this study’s X-aut data set and other data]

Females carriers with

Females carriers with Data from Schmidt

t(X-aut) (probands) t(aut-aut) and Du Sart (1992)
Total cases 62 115 119°
MCA/DD 26 (42%) 29 (23%) P<0.05 25 (21%)° P<0.01
Gonadal Dysfunction (GD) 22 (35%) 3 (2%) n.d. 30 (25%)° P>0.05
Recognized X-linked disorder (XLD) 5 (8%) 0 (0%) n.d. 28 (24%)° P<0.001
Normal, recurrent miscarriage (NRM) 9 (15%) 29 (23%) 36 (30%)

aThe Schmidt and Du Sart data were re-examined with respect to
reason for referral and 119 out of 122 cases identified which could
be categorized

bCases were classed as MCA/DD irrespective of whether gonadal
dysfunction was also present

¢Cases were classed as GD (gonadal dysfunction) where this was
an isolated finding, ranging from primary amenorrhoea to prema-

ture ovarian failure, and no other significant clinical problems
were described

dCases were classed as XL D (recognized X-linked disorder) where
the disorder was well defined and where no additional non-syn-
dromic MCA/DD was present
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Table 3 X chromosome breakpoint by band for each referral cat-
egory [NRM normal phenotype (with or without recurrent miscar-
riage), GD gonadal dysfunction, MCA/DD multiple congenital ab-
normality or developmental delay, XLD defined X-linked disorder
%XL band length as percentage of total chromosome length (from
ISCN 1995)]

NRM GD MCA/DD XLD %XL

p22 2 - 5 - 13.6
p21 1 - 1 2 9.7
pli.4 1 - 1 1 3.8
pl1.3 - 1 2 — 1.9
pll.2 - - 5 - 8.7
pll.1-gil - - - 2 2.6
ql2 - - - - 3.8
ql3 2 2 3 8.7
g21 1 4 - - 13.6
g22 - 9 2 - 4.8
g23 - 1 - - 48
q24 - 2 - - 2.8
g25 - 1 - - 5.8
q26 1 1 4 - 48
q27 1 — - - 5.8
g28 - 1 3 - 4.8
Total cases 9 22 26 5 —

Patients with gonadal dysfunction
and the *critical region’

Twenty out of 22 (91%) probands with gonadal dysfunc-
tion ranging from primary amenorrhoea to premature
ovarian failure, as the sole reason for referral, had break-
points within the ‘ critical region’ at Xq13-Xg26 (Tables 3
and 1). In addition, nine patients (55, 65, 66, 67, 82, 83,
85, 86,92) with breakpoints at the boundaries of this re-
gion Xgl13 or Xg26 or within Xg22 had achieved a clini-
cally recognizable pregnancy (Table 4). Seven of these
patients had produced live-born offspring. Two probands,
P31 and P101, had gonadal dysfunction with an X break-
point outside the region at Xp11.3 and X 28 respectively.

Table 4 Classification of t(X-aut) proband females by referral
category with breakpoints within the ‘ critical region’, (Xql13-g26).
Probands were tabulated in two groups. probands GD and other
probands (NRM, MCA/DD and XLD). t(X-aut) females (non-
probands) with breakpoints within the ‘ critical region’ and proven

Patients with MCA/DD

Nineteen out of 22 informative probands had a de novo
chromosome rearrangement. Eighteen (95%) of these were
associated with an abnormal phenotypic outcome (P<
0.001). Fourteen were MCA/DD referrals and four were
XLD referras (P21, P27, P46, PA48). Eight out of 26 pro-
bands with MCA/DD had breakpoints within the sub-
telomeric bands Xp22 or X28. In total, 11 probands had
breakpoints within Xp22 or Xg28. MCA/DD referrals
showed random distribution on a length-for-length basis
(P>0.05) and were not over-represented at Xp22 or Xq28
(P>0.05). Latereplication studies were performed on ato-
tal of 12 out of 26 probands with MCA/DD. All but two
of these, probands P29 and P97 showed the expected pat-
tern of X chromosome replication. Patient P97, was de-
scribed as dysmorphic (epicanthic folds, hirsutism) and
obese. She had mild mental handicap and suffered from
schizophrenia. She had a karyotype of 46,X,t(X;3)(g28;912)
and demonstrated an aberrant replication pattern, with
seven out of 44 cells showing late replication of the
der(X)t(X;3) chromosome. Her mother was deceased so it
was not possible to establish whether the translocation
had arisen de novo in this case. Apart from case P97,
replication data were only available on one other MCA/
DD proband with a breakpoint within Xp22 and Xq28.
This patient, P98, showed a normal pattern of replication.

Discussion

This survey of largely unpublished cases reported from
UK laboratories clearly demonstrated that published data
were unrepresentative with respect to the reasons for clin-
ical referral of female carriers of balanced X-autosome
translocations. Insufficient prenatal cases (n=7) were sub-
mitted to allow any conclusions concerning ascertainment
bias, which may be reflected in published reports as well
as in the case data collected in this survey.

Cases with well-defined X-linked syndromes were
over-reported in the literature. Thiswas to be expected be-

fertility are also shown. [NRM normal phenotype (with or without
recurrent miscarriage), GD gonadal dysfunction, MCA/DD multi-
ple congenital abnormality or developmental delay, XLD defined
X-linked disorder]

X band Probands GD Other probands Non-proband (proven
fertility)
ql3 P56, P57 MCA/DD: P50, P51, P52, NRM: P49, P53 55
g21 P58, P59, P60, P61
22 P63, P64, P68, P69, P70, P71, MCA/DD: P73, P75 65, 66, 67
P72, P74, P76
023 P77
g24 P78, P80
25 P81
g26 P88 MCA/DD: P84, P87, P89, P91; NRM: P90 82, 83, 92




cause of their considerable value in mapping X-linked
disease genes. In addition, 22 probands were referred
because of gonadal dysfunction, ranging from primary
amenorrhoea to early menopause (premature ovarian fail-
ure). As was to be expected, they invariably had break-
points within the ‘critical-region’, Xgl3-Xg26 (Mattei et
al. 1982, Madan 1983). Seven patients with breakpoints
within this region had proven fertility. Four of these had
breakpoints within Xql13 or Xg26, at the boundaries of
thisregion. It is possible that these breakpoints lie outside
the ‘critical region’ within these bands. A further three pa-
tients with proven fertility had breakpoints clustered
within Xg22. The observation of patients with proven
fertility with breaks within Xg22 was consistent with ear-
lier cytogenetic findings (Sarto et a. 1973, Madan et al.
1983). However, a further nine patients with gonadal dys-
function also had Xq22 breakpoints. It is conceivable that
a number of the females with Xqg22 breakpoints and
proven fertility may still experience premature gonadal
failure at a later stage. Fine mapping studies may eventu-
aly allow critical and non-critical breakpoints to be dis-
tinguished within Xg22 with respect to gonadal function
(Prueitt et al. 2000).

The high proportion of patients with multiple congeni-
tal abnormalities and/or developmental delay (including
learning difficulties) in our survey demonstrated that this
group of patients (MCA/DD), with poorly defined pheno-
typic outcomes, was significantly under-reported in the
literature. Mental retardation with or without metabolic,
mitochondrial or biochemical disorder is a very common
phenotype (Lubs et a. 1999). Such disorders, which may
be divided into syndromic and non-syndromic forms, are
over-represented on the X chromosome (Chelly 1999,
Neri et a. 1999, Toniolo et a. 2000). New X-linked syn-
dromes involving mental retardation continue to be de-
fined and mapped (Reyniers et al. 1999). Chelly (1999)
has convincingly argued that this over-representation is
more apparent than real because of the haplo-functiona
status of most X-linked genes and the relative ease in
mapping X-linked forms of mental retardation (XLMR).
The presence of genesinvolved in cognitive devel opment
along the entire length of the X chromosomeisclearly im-
portant when considering the mechanisms involved in
phenotypic outcome.

Overal, X chromosome breakpoint distribution in
probands (n=62) was apparently random, except for over-
representation at Xq22. Mattei et a. (1982), in alarge sur-
vey of published cases, found no significant deviation
from random breakpoint distribution. Schmidt and Du
Sart (1992) noted that MCA/DD patients had X chromo-
some breakpoints clustered in the subtelomeric bands
(Xp22 and Xg28) and that such cases departed from the
expected pattern of X-inactivation. Other workers have
used these findings as the basis for their cytogenetic
work-up of prenatal cases (Feldman et a. 1999). In our
survey, MCA/DD cases showed random X chromosome
breakpoint distribution with no significant over-represen-
tation at Xp22 (the sub-terminal region of the short arm)
or at X(28 (the sub-terminal region of the long arm). In
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general, sub-telomeric breakpoint position was not a reli-
able indicator for aberrant X chromosome late replication
pattern, athough the number of cases was small (n=8).
Where aberrant late replication was seen, as reported to
this survey, patients did not necessarily show an abnormal
phenotype. Patient, P97, with a breakpoint at Xq28,
showed an aberrant replication and therefore appeared to
fit the Schmidt and Du Sart criteria. In seven out of 44
cells examined she was functionally disomic for Xq28-
Xqter. In addition, an X-autosome ‘ spreading effect’ into
3012 —3qter on the derived X chromosome may have con-
tributed to the aberrant phenotype by causing partial or
complete monosomy for 3q12—-3qgter. The data from this
patient supported the Schmidt and Du Sart hypothesis that
persistence of cells that are functionally disomic for part
of the X chromosome may give rise to an abnormal phe-
notype. However, in general, these data did not show the
markedly skewed X breakpoint distribution, and accom-
panying deviation from the expected pattern of X-inacti-
vation, seen in the comparable group of MCA/DD pa-
tients recorded by Schmidt and Du Sart. It seems likely,
therefore, that gene disruption, rather than functional X
disomy, was the causative factor in many MCA/DD cases
in our survey. We considered that the basis for selection
by Schmidt and Du Sart of published cases with known X
inactivation status may well have resulted in over-repre-
sentation of cases with unusual, aberrant patterns of X-in-
activation behaviour, which were intrinsically more likely
to be submitted for publication.

De novo rearrangements were associated with an ab-
normal phenotypic outcome (MCA/DD or XLD referra
categories) in 18 out of 19 cases. This suggested that de
novo status assignment for an X-autosomal translocation
appeared to be the most important risk factor in predicting
phenotypic outcome. In those cases with an abnormal
phenotypic outcome this was particularly likely to be
within the MCA/DD referral category. The overall risk
figure for de novo simple reciprocal translocations was
quoted as 3% above a background risk by Warburton (1991).
The additional unpredictable complications of ‘critical re-
gion’ breakpoints, aberrant X-chromosome replication be-
haviour and disruption of X-linked Mendelian disease
genes, add to this risk but were not in themselves reliable
indicators of phenotypic outcome.

This type of survey has some limitations. The data re-
gquested and made available by individual laboratories
were limited and chromosome breakpoint data were not
independently examined. However, the clerical accuracy
of data submission was independently confirmed against
the UK Oxford Chromosome Abnormality Database. The
phenotypic (referral) categories used in this report were
broad and not necessarily mutualy exclusive. For in-
stance young patients with MCA/DD as the mode of as-
certainment may also have developed gonadal dysfunc-
tion. Likewise, patients with a normal phenotype with or
without recurrent miscarriage (NRM) may have later de-
veloped premature ovarian failure.

In summary, female X-autosome translocation carriers
had a significantly higher burden of clinical problemsin-
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cluding developmental delay and learning difficulties (the
MCA/DD referral category), than would be expected from
areview of the literature. De novo breakpoints were sig-
nificantly more likely to be associated with an abnormal
outcome and, in particular, with the MCA/DD referral cat-
egory. Breakpoints within the critical region were highly
likely to be associated with gonadal dysfunction. In gen-
eral, however, X chromosome breakpoint position and X-
inactivation behaviour were not always reliable indicators
of the likely phenotypic outcome in this group of patients.
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