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DNA per ml as a substitute for salmon sperm
DNA which is generally used for suppression
of hybridisation of probes to repetitive se-
quences in human DNA. Radioactive labell-
ing of probes was carried out by random
priming using Amersham’s (UK) multiprime
kit. Cytogenetic analyses for fragile X detec-
tion were performed in different cytogenetic
laboratories.

Results

Family investigations using the very closely
linked and flanking gene probes RNI1A,
VK23B, VK21C, and U6.2 in most of the
families led to final diagnostic risks for false
results of less than 1%. In many cases normal
transmitting males and females could be iden-
tified with a very high probability, but in other
cases identification was less reliable. Thus, we
decided to perform additionally direct molecu-
lar diagnosis in order to find out whether this
really makes family diagnosis of fra(X) mental
retardation more precise (fig 1). All families
were taken as new requests for family dia-
gnosis and thus kept anonymous in order to

Figure 1 Autoradiograph of a Southern hybridisation of normal controls and MBS
patients with probe pES.1. Autoradiograph shows five controls (lanes 1-3, 13, and
14), one length standard (lane 15), two undigested samples (lanes 4 and 5), and seven
proven cytogenetically positive patients (lanes 6-12). Normal band position is at

5-2 kb. Patient in lane 10 has no aberrant fragment and is therefore formally a false
negative. Patient in lane 9 shows an additional small extra band beside the larger than

normal aberrant band.
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Figure 2 Distribution of CGG repeat length in 213 X chromosomes. DNA of 104
unrelated women and five unrelated men was tested. Southern hybridisation
experiments using the probe pfxa3. Length standard for calibrating calculation scale
was an EcoRI/HindIII digest of phage lambda.
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keep the earlier indirect and the planned direct
investigation as independent from each other
as possible.

First, as the CGG number varies in normal
persons too, it was necessary to determine the
hybridisation pattern of both probes in normal
persons and members of fra(X) pedigrees. In
more than 100 unrelated female controls no
aberrant extra bands were seen with probe
pE5.1 even on long electrophoretic runs, indi-
cating that normal repeat variation cannot be
discriminated by use of this probe (data
not shown). Instead, variation of the CGG
number was estimated using pfxa3 on PstI
blots (fig 2). All persons subsequently identi-
fied as being healthy carriers (NTMs and
NTFs, n=66) had between 54 and 200 CGG
repeats. Affected persons of both sexes (n=56)
had aberrant bands with at least 260 copies of
CGG.

After completion of the direct study, we
identified the probands and compared the re-
sults of cytogenetic analyses and indirect and
direct molecular diagnosis. For this purpose
we divided into categories normal transmitting
males and females, affected males and females,
and normal subjects from fra(X) families
(tables 1 and 2).

All but one of the 26 cytogenetically positive
men out of 43 with clinical signs showed
aberrations on direct diagnosis (fig 1). Among
the 13 women with clinical signs of MBS, nine
were cytogenetically positive. Of these women,
three showed no aberration. On the other hand
there were two cytogenetically negative men
who were clearly aberrant, and therefore posit-
ive on direct diagnosis. Correspondingly one
cytogenetically negative woman was positive
by direct diagnosis.

Normal transmitting males and their healthy
daughters, normal transmitting females, never
or rarely exhibit the fragile site. Eight of the
men turned out to be NTMs. As four of them
were dead, their NTM status had to be in-
ferred from the band pattern of their daughters
and wives. The classification of two of the
eight could only be done by means of direct
diagnosis, while in the six others direct dia-
gnosis confirmed the RFLP data. A ninth man,
already dead too, was originally also regarded
as being an NTM by RFLP analysis. This had
to be rejected after direct analysis. Thus he
accounts for one of the 38 normal men in this
study (data not shown). In that group the only
remarkable result was one man diagnosed pos-
itive by cytogenetic testing but negative on
direct diagnosis.

Thirty-six of the 58 women analysed, who
were finally categorised as NTFs, were obli-
gate carriers for formal genetic reasons. All
these women had aberrant fragments on direct
diagnosis.

In order to save DNA for direct diagnosis,
RFLP analyses were only completed in 17 of
these 36 women. In these cases the results were
consistent with the results of the direct ana-
lyses.

Of the remaining 22 women, 18 had already
been found to be carriers by haplotype analy-
sis. While in a further three of them RFLP
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Table 1 Results of analyses of fra( X ) mental retardation in females from 40 families
at risk with comparison of cytogenetic, RFLP, and direct molecular data.

Direct diagnosis

Probands Cytogenetic data RFLP data Pos Neg
43 men with Pos Y 24 1
clinical signs of Pos ND 1 0
MBS Neg Y 2 0
ND Y 11 3
ND ND 1 0
9 normal Neg ND 1 0
transmitting males ND Y 6* 1
(NTMs) ND ND 1 0

84 men were analysed. 37 of them proved to be normal in terms of direct molecular diagnosis.
Minimum clinical sign was mental retardation to different degrees. Most of the patients showed
additional phenotypic involvement including macro-orchidism and distinctive facies. ND =not
determined; RFLP data. Data are in agreement with direct diagnosis: Y (yes), N (no), ND (RFLP
not determined), uninf (RFLP uniformative).

* 5 probands were dead; RFLP data were disclosed by family members. In the direct diagnosis
combined fragment aberration in probands’ daughters and no aberration in their wives showed
their NTM status.

Table 2 Results of analyses of fra( X ) mental retardation in females from 40 families
at risk with comparison of cytogenetic, RFLP, and direct molecular data.

Direct diagnosis

Probands Cytogenetic data RFLP data Pos Neg
13 men with Pos Y 6 3
clinical signs of Neg Y 1 0
MBS ND Y 2 0
ND ND 1 0
58 normal Pos Y 9* 0
transmitting Pos ND 2 0
females (NTFs) Neg Y 14 0
ND Y 13 0
ND ND 19 0
ND Uninf 1 0

108 women were analysed. 38 of them proved to be normal in terms of direct molecular diagnosis.
Minimum clinical sign of the disease was mental retardation to different degrees. Abbreviations
as in table 1.

*One woman was affected and also had affected daughters. She is accounted for in both
categories.

analyses were not completed owing to limited
amounts of DNA, one woman was uninforma-
tive with all four RFLPs tested. All 22 women
had aberrant fragments on the direct molecular
approach. Among the normal women (data not
shown in table 2) there were two with positive
cytogenetic tests.

In a family exemplifying pE5.1 application
(fig 3), both affected brothers had aberrations.
While one brother showed one enlarged frag-
ment, the other one, with three clearly distinct
bands, was an excellent example of somatic
heterogeneity of the CGG repeat region in fra
(X) patients. A healthy brother of these two
boys showed a normal fragment, thus indicat-
ing that he is not even a normal transmitting
male. The carrier mother of the family and the
only sister were heterozygous in terms of
hybridisation with pE5.1, although the bands
are not clearly separated from each other and
have fused into one thick band. Nevertheless,
by this investigation the carriership of the
daughter was confirmed.

Another example of direct diagnosis with
pES5.1 is shown in fig 4. Four healthy sisters
show an additional aberrant fragment at
roughly 5-3 to 5-4 kb beside their normal band.
They are clear NTFs. As the grandparents are
dead, the question of whether the disease had
been transmitted via the grandmother or
grandfather can only be answered in terms of

AR

52— w8

Figure 3 Direct molecular diagnosis in a family at risk
for MBS with probe pES.1. Shaded symbols = affected,
half shaded= a carrier. Lane 8 contains a normal
control. Normal band position is 5-2 kb, a ‘constitutive’
band is marked by a sole horizontal bar.

probability. As transmission via the grand-
mother statistically has only a 6% probability,
it seems more likely that all four daughters
have inherited the mutated allele from their
normal transmitting (grand)father. In the af-
fected son of one of the carrier women the
normal band is absent and instead there is a
clearly aberrant one. One of his cousins is
healthy and normal in terms of the fra(X)
gene, the other affected one lacks the normal
band, but he has a different pattern of aberra-
tion. His affected sister shows the same aberra-
tion on one of her X chromosomes. His healthy
sister instead shows a faint smear of bands
between the normal band and a constitutive
band at roughly 7 kb. The aberrations of both
sisters can be seen more clearly in the auto-
radiograph derived from analysis with the
more sensitive probe pfxa3.

As expected, all affected persons in the pedi-
gree have inherited the same X chromosome
from their ancestors, as shown by RFLP data.
According to her abnormal band pattern even
the healthy girl has inherited this chromosome
from her mother too, and in these terms cannot
be discriminated from her affected sister.
Moreover, this girl is clearly positive on cyto-
genetic testing.

Discussion

Owing to the unusual mode of inheritance of
MBS there are four classes of mutation car-
riers: affected males and females and normal
transmitting males and females. It is generally
accepted that fragile X mental retardation is
the result of a two step mutation. The first
mutation, called the premutation, leads to a
moderate amplification of the CGG repetitive
sequence in the FMR-1 gene in a healthy man,
who is a normal transmitting male. He passes
the premutation without change to all his
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Figure 4 Direct molecular diagnosis in a family at risk for MBS with probes pES.1
and pfxa3. Symbols as in fig 3. Some allele distributions from parallel RFLP
investigations with the probes (from the top to the bottom) VK21C, U6.2, VK23B
(Xmnl), VK23B(HindIII) are shown. The sisters on the far right are also shown
with their pfxa3 autoradiograph. Normal band position is at 5-2 kb for pES.1 and
1-0 kb for pfxa3. A ‘constitutive’ band is marked by a sole horizontal bar. The arrow
points to the aberrant band of the patient in lane 2.

daughters. These daughters are healthy, but
obligate carriers, so called normal transmitting
females. The premutation creates a predisposi-
tion for further amplification of the CGG
repeat during oogenesis.

This further amplification of the CGG re-
peat is the second mutational step and is called
the full mutation. As the term predisposition
suggests, the full mutation does not take place
in all premutated oocytes but in most of them.
As a result, 80% of grandsons and 30% to 50%
of granddaughters who inherit the abnormal X
chromosome develop the full disease, whereas
20% of the grandsons and 50% to 70% of the
granddaughters with the mutated X chromo-
some are healthy but again normal transmit-
ting carriers. This makes prenatal diagnosis
difficult, especially because only a positive
cytogenetic test is reliable but not a negative
one. Under these preconditions, a method for
the diagnosis of MBS must fulfil four require-
ments: (1) diagnosis of the disease, (2) clear
identification of carriers of both sexes, (3)
reliable prenatal diagnosis, (4) predictive dis-
crimination of carriers of both sexes with and
without symptoms of the disease prenatally or
later on before puberty.

While reliability of the cytogenetic tests is
limited and RFLP analyses, apart from the
possibility of total uninformativity, ignore the
special problems in prenatal diagnosis of fra
(X), the direct approach promises to overcome
most of these difficulties. As for prenatal dia-
gnosis there still remains some uncertainty in
interpreting direct results, the direct approach
most readily fulfils requirements (1) and (2).
We not only found all obligate carrier women
aberrant on direct molecular diagnosis but also
identified 22 other women as carriers, of whom
only five had been identified by cytogenetic
means and of whom one could not be identi-
fied as a carrier by RFLP investigations owing
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to uninformativity. These results are in good
agreement with those of other research groups,
although two problems have to be faced in
identification of female carriers. The first is the
possible degeneration of the aberrant band to
many very faint bands (fig 4), which might be
washed away during blot washing procedures.
This can happen in male patients too, es-
pecially with probe pfxa3, but in contrast to
women there remains no normal band from the
second X chromosome, which can lead to
misclassification of the woman as homozygous
normal (fig 5).

The second problem is the fact that the
CGG repeat number varies even in normal
persons, with an average copy number of 29.*
The repeat becomes unstable within a range
from 46 to 54 repeats. Because normal subjects
show a range in allele size varying from a low
of six to a high of 54 repeats, and premutations
range in size from 52 to over 200 repeats,* there
is a small overlap of the normal and premu-
tated size area.

An additional problem concerning carrier
women is shown in fig 4. We had shown with
closely linked flanking markers that both
daughters inherited the same X chromosome.
One of the daughters was affected and the
other healthy but cytogenetically positive and
showing even more aberrant fragments on
direct diagnosis than her affected sister.

We think that this case is an example of
extreme Lyonisation. On this assumption, the
healthy girl bears the full mutated X chromo-
some which was preferentially inactivated in
such a high proportion of cells that even the
dominant character of the mutation was over-
ruled by the large majority of normal X chro-
mosomes.

Despite these drawbacks, carrier diagnosis
using the direct approach seems to be very
reliable as the problematical cases described
above are very rare. Larger numbers of women
investigated will make it possible to confirm a
precise risk figure for false results in direct
carrier diagnosis. The application of PCR is
already established for amplification of CGG
repeats in normal persons, normal transmit-
ting males, and carrier women with low
aberrant copy numbers® and is capable of
delivering more precise data on CGG copy
number, but cannot overcome the biological
phenomenon of overlapping ranges in normal
women and carriers. It may be even more
complicated if the DNA of a woman with
severely degenerated aberrant bands is ampli-
fied.

Diagnosis of the disease itself in affected
persons has a high reliability, although we
found one man to be clearly false negative
compared to cytogenetic analysis. In addition,
of those healthy normal persons who were
formerly cytogenetically tested positive during
a search for carriership, one man and two
women were found to be normal on direct
diagnosis. Nakahori er al® also had three cases
of false negative results in patients and Suthers
et al’ had one (Poustka, personal communica-
tion), but both groups explained this discre-
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Figure 5 Direct molecular diagnosis in a family at risk for MBS with probes pfxa3
and pES1.1. Symbols as in fig 3. The arrow marks the aberrant band. On the left
(with probe pfxa3) affected persons I11-2 and 1113 are omitted, as their aberrant
bands were invisible. With probe pES.1 degeneration was less and aberrant bands could
be seen. This is shown on the right of the figure.

pancy as resulting from fragility at a locus
close to and indistinguishable from Xq27.3.

Thus it seems as if discrepancies between
cytogenetic data and direct molecular dia-
gnosis are not negligible. Consequently, these
affected men found to be false negatives and
the directly diagnosed patients are suffering
from different diseases which are clinically
indistinguishable. This different X linked her-
editary form of mental retardation has nothing
to do with a lack of or diminished production
of the FMR-1 gene product as was shown in
true MBS patients by Pieretti ez al.®

The other way of comparing cytogenetic and
direct molecular data was shown by finding
two cytogenetically negative men with MBS
‘false positive’ on the direct approach. One
explanation for this phenomenon was pro-
posed by Pergolizzi et al’° who assumed that the
expression of a fragile site might be correlated
with the extent of CGG amplification: affected
men may possibly be negative on cytogenetic
testing, if their CGG repeat remains compara-
tively small. Considering that the rate of mis-
diagnosis in the cytogenetic test is about 5%
owing to rare false positive and more frequent
false negative diagnoses,'® we think that the
observed phenomenon is because of the lesser
reliability of the cytogenetic test. Thus, direct
molecular diagnosis offers an excellent means
for differentially diagnosing mentally retarded
persons for fra(X) mental retardation even if
they do not exhibit the fragile site.

A strategy for the diagnosis of fra(X) mental
retardation which considers the possible prob-

lems of carrier detection should follow this
procedure: (1) Southern hybridisation of
EcoRI digested DNA to the direct probe
pE5.1. Every woman found to be heterozygous
even on long electrophoretic runs is a carrier of
MBS. (2) Women or men with no aberrations
with pE5.1 but strongly suspected of being
carriers should additionally be analysed with
the more difficult to handle but more sensitive
probe pfxa3 on Pstl blots. (3) To determine
the CGG copy number in the most critical
persons the PCR protocol of Fu et al* can be
followed. (4) To confirm the results, RFLP
analysis or analysis with microsatellites as
markers of the affected chromosome can be
performed.!”

The correlation between the copy number
and the severity of the disease is a good means
for prenatal diagnosis. If there are small inserts
detected in most cases this should account for
healthy carrier fetuses. Whether methylation
status of the CpG island at Xq27.3 can give
additional information is not clear as there are
contrary reports on the reliability of results for
methylation status in villi. While Sutherland et
al' showed that methylation status in villi does
not reflect that of the embryonic tissue, Oberlé
et al' found it very useful to determine the
methylation status in villi. Further investiga-
tions will give information about the useful-
ness of the methylation status in chorionic villi
for prediction of the severity of fragile X
mental retardation.
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