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Summary

We describe two highly polymorphic microsatellite AC repeat sequences, VK23AC and VK14AC, which are

closely linked to the fragile X at Xq27.3. Both VK23AC (DXS297) and VK14AC (DXS292) are proximal
to the fragile site. Two-point linkage analysis in 31 fragile X families gave (a) a recombination frequency of
1% (range 0.00%-4%) with a maximum lod score of 32.04 for DXS297 and (b) a recombination frequency
of 7% (range of 3%-15%) with a maximum lod score of 12.87 for DXS292. Both of these polymorphisms
are applicable to diagnosis by linkage in families with fragile X syndrome. A multipoint linkage map of
genetic markers at Xq27.3 was constructed from genotyping these polymorphisms in the CEPH pedigrees.
The DXS292 marker is in the DXS98-DXS297 interval and is 3 cM proximal to DXS297.

Introduction

The rare fragile site at Xq27.3 (FRAXA) is associated
with the most common familial form of mental retar-
dation (Sutherland and Hecht 1985). Prenatal diagno-
sis and carrier detection can be performed cytogeneti-
cally; however, incomplete penetrance of the fragile
site renders this technology, in isolation, inaccurate.
Diagnosis for individuals who do not express the frag-
ile site therefore relies on polymorphic DNA markers
closely linked to it (Sutherland and Mulley 1990).
The majority of DNA polymorphisms currently

used for risk estimation are detected by Southern blot
analysis of RFLPs (Suthers et al. 1991a). These mark-
ers are less common on the X than on the autosomes
(Hofker et al. 1986), and laboratory analysis is labor
intensive. In addition, the majority have only two al-
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leles and therefore a maximum heterozygosity -and,
in the case of X-linked markers, PIC-of 50%.

Recently, two laboratories have described polymor-
phisms associated with length variation in dinucleo-
tide microsatellite repeats (Litt and Luty 1989; Weber
and May 1989). These polymorphisms can be rapidly
typed and are usually highly informative (compared
with RFLPs). They are quite common; there are about
50,000 copies of the (AC)n repeat in the mammalian
genome-i.e., approximately one every 50 kbp, if one
assumes uniform distribution.
We have screened cloned DNA from the vicinity of

Xq27.3 for dinucleotide microsatellite sequences to
identify polymorphisms useful for linkage analysis
near FRAXA. The established physical order for
markers proximal to FRAXA is DXS98 (4D-8)-
DXS292 (VK14)-DXS369(RN1 )-DXS297(VK23 )-
FRAXA (Suthers et al. 1990). Two polymorphisms,
VK23AC and VK14AC, are described, together with
both their genetic mapping in the Centre d'Etude du
Polymorphisme Humain (CEPH) pedigrees and the
results of their application to 31 fragile X syndrome
pedigrees.

Material and Methods

Synthetic poly (AC.GT) (Pharmacia) was radioac-
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tively labeled with alpha-32P-dCTP in a random-
primed reaction (Multiprime; Amersham). AC re-
peat-containing DNA sequences were identified by
hybridization to this probe in 0.5 M sodium phos-
phate pH 7.0,7% SDS (without carrierDNA) at 65 0C
for 16 h and by washing at 650C for 1 h in 2 x SSC.
Clones tested constituted the VK series which had
been mapped to Xq26-qter (Hyland et al. 1989).
DNA from positive lambda clones was digested

with Sau3A and was subcloned into BamHI-cut M13
mpl 8 for sequence analysis. Synthetic oligodeoxyri-
bonucleotide primers suitable for PCR were designed
from apparently unique sequences flanking the micro-
satellite AC repeats. Length polymorphism of the AC
repeats was typed in a PCR using the reaction condi-
tions of Kogan et al. (1987), except for the addition
ofthe 1 pCi of alpha-32P-dCTP to each reaction. These
PCR conditions were used because they have been suc-
cessfully applied to multiplex PCR (Chamberlain et
al. 1988, Richards et al., submitted).
PCR incubations were performed in 10-gl volumes

in a Perkin Elmer-Cetus thermal cycler for 10 cycles
at 940C for 60 s, at 600C for 90 s, and at 721C for
90 s, followed by 25 cycles at 941C for 60 s, at 551C
for 90 s, and at 72°C for 90 s. The volume was ad-
justed to 40 pl with formamide loading buffer (95%
formamide, 1 mM EDTA, 0.01% bromophenol blue,
0.01% xylene cyanol). After denaturation at 900C for
3 min, 2.5-pl aliquots of each reaction mixture were
subjected to electrophoresis in 6% polyacrylamide de-
naturing (7M urea) gels. Genotypes were determined
after autoradiography for 18-48 h.

Linkage analysis were based on 31 kindreds. Five
small kindreds with isolated cases of fragile X were
excluded from the analysis because of uncertainty
about relative mutation rates in males and females.
Parameters used were as given elsewhere (Suthers et
al. 1991a), except for allele frequencies of the marker
loci, VK23AC and VK14AC, frequencies which were
determined from unrelated individuals in the informa-
tive fragile X families and are given in table 1.
Modification of the phenotypic coding of family

members was made in those cases in which closely
linked flanking markers clearly indicated carrier status
different from that determined by the conventional
definition ofphenotype. In previous studies the pheno-
type has been defined only by cytogenetic expression
of the fragile X and by mental retardation. Now that
there are many markers closely linked on either side
of FRAXA (Suthers et al. 1991a), the definition of
phenotype for the purposes of the present study was

Table I

Alleles, Allele Frequency, and Heterozygosity for
VK23AC and VK14AC In Fragile X Pedigrees

No. of
Marker and Allele Chromosomes Frequency Heterozygosity

VK23AC: 65 (60) .74 (.67)
+4 .......... .00 (.02)
+2 .......... .08 (.03)
0 .......... .34 (.53)

-2 .......... .32 (.13)
-4 .......... .11 (.17)
-6 .......... .15 (.12)
-12 .......... .00 (.02)

VK14AC: 44 (60) .53 (.58)
+ 6 ......... .00 (.02)
+4 ......... .00 (.05)
+2 ......... .02 (.13)
0 ......... .64 (.62)

-2 ......... .23 (.08)
-4 ......... .11 (.10)

NOTE. -Data in parentheses refer to CEPH pedigrees.

extended to include the genotypes of closely linked
surrounding markers. If a cytogenetically negative
nonretarded individual has marker alleles both proxi-
mal and distal to FRAXA, clearly demonstrating that
the individual carries the fragile X chromosome (if the
possibility of double crossover is disregarded), then
that individual will contribute more information to a
linkage analysis if he or she is coded as a carrier than if
he or she is coded as unaffected in a defined penetrance
class. Conversely, if it could be demonstrated that
such an individual does not carry the fragileX chromo-
some (if the possibility of double crossover is disre-
garded), then that individual also will contribute more
information to a linkage analysis if he or she could be
coded as a definite noncarrier. Determination of such
carrier status by DNA markers does not rely on map
distances estimated in the present study by using
VK23AC and VK14AC. The genetic map distances
on which carrier status is based were previously estab-
lished in an independent analysis oflinkage data (Suth-
ers et al. 1991a). For the present study, first the un-
affected individuals of either sex were coded as if they
were affected, when closely linked informative mark-
ers flanking the fragile X demonstrated that they were
carriers. Second, a penetrance class of 100% was as-
signed to unaffected individuals of either sex in whom
closely linked informative markers flanking the fragile
X demonstrated that they were not carriers. This both
removed the option, available under incomplete pene-
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VK 14 AC
V K 14 F

GATCANNNNC TCATACCATA CTGTATGATG ATTTTGTTTC CTG'I'GNAAAT GGAATGCTTT

ATATGTGTGT GTGTGTGTGT GTGTGTGTGT GTGTGTGTGT ACAIAGACAC (;TATGCAGTG
<--- VK14R 100

CTATGCAGGA GCTAGTTCTT AATT(TTCAT GACACAT(C1' TI(IA'IT1I('1' CTAACT(TAC

ATTCATATTG GTAGCTTGAG ACTGGCCATG TTGAGAAIAC A1ITA X1A 1AlTATAI XCIA
200

TGAAGATCGC AGGTGAAAT1' C(CAGTATTC GTCCACG(;GC TCCC('TC'I'C

VK18AC

VK18F --->
GATCACCCTC TCATATCCGT GAAATCTGAC TGCTGACGCA TAAACACACA GCATTCACAC

_VK18R
ACATCAAGTT GTCACATATT TTTACATGAC TGAATCAGTC AAATACCTGG TrTGTG(G'rTG

100
ATC

VK23AC

GATCGCACCC GCAAGCCCCCC TGAACATGGG GATCTTTCTG GAAGAAGAAG (;ACTAAGAC
VK23F --->

TGTAAATCTT CACTGGGTCT CCAGCCTCCT GACCCACCCT GCAGATTTTC CACTTCCCAA
100

GCCTCCACAA TAATGAAAAC TAATTTCTTA AAATGAAACA ATCTCTCTCT CTCTGTCTCT

GTCTCTCTCT CTCTCATGGG TGTGTGTGTG TGTGTGTGTC TGCTGTGTGTC TGTGTCTGTG
200 <--- VK23R

TATACTGTGG TTCTGATTTT CTAGAGAACT CTGACAAATA CACTGCACAG ACTCAGAAAT
300

GAGCAGACCA GCAGACCTGG GAACTAGTGC CCAGTG

VK37AC

GATCCAAGAT GTATATGTGT GTGTGCCTCT GTGTGTGTGT GTGCCTCTGC' (;TG'I'G1'GTGT

GCCTCTGTGT GTGTGTGTGT GTGTGTGTGT GTATGTGTAT GTTCAGAACA (;GGATC
100

Figure I AC/GT repeat sequences determined from VK14,
VK18, VK23, and VK37. Nucleotide sequences containing AC.GT
repeats from each ofthe markers near Xq27.3 are shown. Sequences
used to design primers for genotyping polymorphism of repeat
length are underlined. PCR products are shown in boldface.

trance, that they might carry the fragileX and allowed
full utilization of data from these individuals.
Twenty-seven and 14 of the 31 fragile X families

were at least partially informative for VK23AC and
VK14AC, respectively. One additional family was in-
formative for the VK23B HindIII RFLP but not for
VK23AC. The analysis of fragile X families was car-
ried out by using the LINKAGE (version 5.04) pack-
age of computer programs and incorporated the data
from the HindIlI RFLP of VK23B from the earlier
study of Suthers et al. (1991a). Confidence intervals
were obtained by the lod - 1 method (Conneally et al.
1985). Multipoint analysis was based on 40 normal
families from CEPH (Dausset et al. 1990). Analyses
of the CEPH families were carried out by using the
LINKAGE (version 4.9) package for use with CEPH
three-generation families.

Results

Identification of (AC.GT) in Repeats at Xq27.3
Nineteen human genomic DNA clones (lambda

VK7, 9-11, 14, 16-18, 21, 23-25, 29, 34, 37, 40,
41, 44, and 47) which map to the interval Xq26-qter
(Hyland et al. 1989) were screened for the presence of
AC-repeat microsatellite sequences, and nine of these
were positive. The four positive clones VK14, VK1 8,
VK23, and VK37, which physically map closest to
FRAXA (Suthers et al. 1990) were sequenced to deter-
mine both the length of AC repeats and the composi-
tion of unique flanking sequences. The relevant se-
quences from each of these regions are shown in figure
1, as are the location and sequences of PCR primers
designed from them to type the AC-repeat-length poly-
morphism. No primers could be designed from the
VK37 sequence, because of the close proximity be-
tween the Sau3AI cloning sites and the AC repeat.

Characterization of AC-Repeat Microsatellite Polymorphism

Primers were specifically designed at distances
sufficient to allow simultaneous typing of both
VK23AC and VK14AC. Twenty unrelated individu-
als were typed for length variation of the AC repeats
attheVK14, VK18, andVK23 loci. TheVK18 repeat
showed no polymorphism and was therefore not ana-
lyzed further. Both the VK14 and VK23 AC repeats
revealed length variation inherited in a Mendelian
fashion (fig. 2) in fragile X families and had heterozy-
gosities greater than 50% (table 1). Key carriers from
all available fragile X-linked mental retardation pedi-
grees were genotyped, and informative families were
completed. Heterozygosities for unrelated individuals
in the fragile X pedigrees were 53% VK14, and 74%
VK23, compared with the 58% VK14 and 67% VK23
for unrelated individuals from unaffected (CEPH)
pedigrees.

Two-Point Linkage Analysis

Genotypes of AC-repeat length at the DXS297 and
DXS292 loci were used to calculate genetic distance
from FRAXA (table 2). DXS292 was found to have a
peak lod score of 12.87 at a recombination fraction of
.07 (confidence interval .03-.15), and DXS297 had a
peak lod score of 32.04 at a recombination fraction of
.01 (confidence interval .00-.04).
The lod score for the FRAXA:DXS297 comparison

remains positive at a recombination fraction of zero,
despite the observation of a recombinant between
FRAXA and DXS297 in a definite carrier female. This
result presumably arises from the incorporation of
mutation into the analysis: there is a small chance
that the apparent "recombinant" is instead a second
mutation in a family already segregating for the fragile
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Figure 2 Genotype analysis ofVK14AC and VK23AC repeats in a fragile X syndrome pedigree. Right, Fragile X syndrome pedigree
with DXS297 (AC) and DXS292 (AC) genotypes. E and ® = transmitter based on pedigree and/or DNA results; f and * = affected
individual with cytogenetically characterized fragile X; E = affected individual without cytogenetic analysis; ( ) = genotype inferred.
Carrier status was determined in conjunction with analysis of the distal flanking marker Stl4. Below, Autoradiograph of DXS297 (AC)
and DXS292 (AC) genotypes. Individuals in the affected pedigree are as follows: lane 1, II-1; lane 2, II-2; lane 3, IV-1; lane 4, IV-2; lane
5, 111-3; lane 6, III-4; lane 7, IV-3; lane 8, IV-4; lane 9, IV-5; lane 10, IV-6; lane 11, IV-7; lane 12, III-5; lane 13, 11-3; lane 14, 11-4; lane
15, III-6; lane 16, III-7; lane 17, III-8; lane 18, IV-8; lane 19, III-9; lane 20, II-5; lane 21, II-6; lane 22, III-11; lane 23, III-12; lane 24,
11-7; and lane 25, 11-8.
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Table 2

Two-Point Lod Scores for Fragile X Kindreds

MAXIMUM MAXIMUMLOD SCORE AT RECOMBINATION FRACTION OF MATION LODRECOMBINATION LOD
LINKAGE COMPARISON .0 .01 .05 .1 .2 .3 .4 FRACTION SCORE

FRAXA:DXS297.......... 31.45 32.04 30.36 27.73 21.38 14.35 6.91 .01 (.00-.04) 32.04
FRAXA:DXS292 .. 9.95 12.70 12.72 10.67 7.51 3.81 .07 (.03-.15) 12.87
DXS297:DXS292 ......... ... 7.82 11.57 12.06 10.48 7.52 3.85 .09 (.04-.17) 12.08

X. In contrast, the lod score for the FRAXA:DXS292
comparison approaches minus infinity at a recombina-
tion fraction of zero, because the two recombinants
involve unaffected individuals who have been diag-
nosed as carriers by closely linked flanking markers.
Recombination events within the DXS292-DXS297-
FRAXA linkage group were consistent with the estab-
lished order derived from physical mapping. Only one
recombination event was observed between DXS297
and FRAXA, in a female unambiguously expressing
the fragile X. Since recombination was observed be-
tween DXS292 and FRAXA in the same individual,
DXS297 and DXS292 are on the same side ofFRAXA.
In other pedigrees, a noncarrier female and a male
transmitter (as determined by closely linked informa-
tive markers flanking FRAXA) demonstrated recom-
bination between DXS292 and FRAXA but not be-
tween DXS297 and FRAXA. Hence, of the two
markers, DXS297 is confirmed as being closer to
FRAXA. Two additional individuals, both carrier fe-
males, were recombinants between DXS292 and
FRAXA. They were uninformative for recombination
between DXS297 and FRAXA.

Figure 2 demonstrates Mendelian inheritance of
both AC-repeat polymorphisms. Some of the diffi-
culties in this large affected pedigree were resolved
through the analysis of the AC-repeat markers, which
were both partially informative. A recombinant be-
tween FRAXA and DXS292 was detected between
individuals 11-2 and III-2. Male transmitter status for
1-2 and 111-9 was based on informative flanking mark-
ers VK23AC and St14, and III-8 and IV-8 are likely
carriers.
The degree of linkage disequilibrium between

VK23AC, the VK23B HindIII RFLP, and the VK23B
XmnI RFLP was not quantified. Only one family not
informative for VK23AC was found to be informative
for the HindIII RFLP, suggesting that the RFLP does
not significantly increase informativeness in families
already typed for VK23AC. Very few families have

been typed for the XmnI RFLP, so the extent to which
this RFLP might increase informativeness in families
already typed for VK23AC is not known.

Multipoint Linkage Analysis
The result of multipoint analysis of VK23AC and

VK14AC in CEPH families is given in figure 3. This
shows the two-point lod scores and the multipoint
recombination frequencies. The new marker DXS292
(VK14AC) is placed 3% proximal to DXS297 in the
interval between DXS297 and DXS98. This confirms
the established physical order and is consistent with
anecdotal evidence for the order derived above from
the fragile X families.

Discussion

The mutation responsible for fragile X syndrome
has not yet been identified and characterized at the
molecular level. DNA diagnosis relies on analysis of
flanking genetic markers (Suthers et al. 1991a). The
utility of markers is governed by their distance from
the mutation and by their information content. In the
present work, we have characterized two additional
markers, both highly polymorphic and closely linked
to FRAXA. The AC-repeat microsatellites identified
at the DXS297 and DXS292 loci were applied to the
36 fragile X families available to our laboratory.

Multipoint recombination frequencies between
markers nearFRAXA were previously estimated from
CEPH pedigrees (Suthers et al. 1991b); they are
DXS98 (12.3%) DXS369 (0%) DXS297 (5.7%)
DXS296 (0%) IDS (1%) DXS304 (12%) DXSS2 (re-
combination frequency is shown in parentheses be-
tween the respective markers). FRAXA was located
3.7% distal to DXS297 and 2% proximal to DXS296
(Suthers et al. 1991a). In the present studythe addition
of DXS297 (VK23AC) and DXS292 (VK14AC) data
from the CEPH families had little effect on the
multipoint recombination frequencies between the
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3161 10V"

6.6 6.5 27.3 7.1 16.0

DXS105 ------ DXS98 ------ DXS292 ------ DXS297 ------ DXS296 ------ IDS

0.059 0.084 0.031 0.061

1 2070

Figure 3 Partial multipoint map of region near FRAXA,
based on CEPH analysis. FRAXA is located between DXS297 and
DXS296. The order of loci was derived from physical mapping and
confirmed by the odds, as shown, against inverting adjacent loci.
Numbers above the marker intervals are two-point lod scores, and
numbers below the marker intervals are multipoint recombination
fractions.

markers (fig. 2). The suggested recombination fre-
quency for diagnosis using VK23AC therefore re-

mains at 4%; however, when considered in light of
subsequent data from the fragile X families them-
selves, as determined in the present study, this may be
an overestimate (table 2). The previous report of 4%
was based only on the VK23B HindIII RFLP typed in
a subset of the Adelaide families. The data presented
in table 2 were based on all the Adelaide families and
used the more informative VK23AC marker. When
data are available from additional markers currently
being characterized near the fragile X, the FRAXA
locus may be repositioned onto the background map,

as previously described by Suthers et al. (199la).
DXS292 has now been placed on the multipoint

background map by using CEPH pedigrees. Since it is
3 cM proximal to DXS297 on the background map,

the suggested recombination frequency for diagnosis
of fragile X syndrome is 7%. This corresponds exactly
with the most likely recombination frequency derived
from fragile X families by using two-point analysis
(table 2). When it is used for diagnosis, DXS292
should be used in conjunction with an informative
marker distal to FRAXA.
The availability ofnumerous closely linked markers

(Suthers et al. 1991a) can have considerable impact
on the precision of linkage analysis. In the present
study, sets of closely linked informative markers
flanking FRAXA facilitated the identification with vir-
tual certainty of male transmitters and carrier females.
Although it has been shown that recombination values
are insensitive to variation of the penetrance parame-
ters used in linkage analysis (Oberle et al. 1986), the
exact coding of carrier status, wherever possible, had

substantial impact on both the magnitude oflod scores
and the associated lod- 1 confidence intervals.
Three mentally retarded individuals (not expressing

the fragile X) within our set of fragile X families were
shown (with a probability greater than 99%) not to
have inherited the chromosomal segment containing
FRAXA. This excluded the diagnosis of fragile X-
linked mental retardation. The diagnosis of five nonre-
tarded individuals expressing the "fragile X" in 1%-
2% of cells was also clarified. None of these individu-
als had inherited the chromosomal segment containing
the fragile X, implying that the detection of the com-
mon fragile site (Sutherland and Baker 1990) can lead
to misdiagnosis of carrier status. In two cases this con-
firmed the conclusion tentatively made earlier when
only loosely linked flanking markers were available
(Mulley et al. 1988). The availability of numerous
flanking markers can be invaluable for accurate diag-
nosis of some mentally retarded individuals and of
individuals with low rates of expression of the "fragile
X." These clarifications can have considerable impact
on the determination of the potential carrier status of
other family members in some sections of a pedigree.

Finally, the simultaneous detection of highly poly-
morphic VK23AC andVK14AC markers as described
above now allows determination of at least one infor-
mative marker on the proximal side of FRAXA-
within 3 d, in most families. Because these markers
are highly polymorphic, they facilitate detection of
both nonpaternity and sample error and often permit
inference of missing parental marker genotypes when
this cannot be achieved with the less informative dial-
lelic RFLPs. The present experimental approach's fail-
ure to secure polymorphic markers from VK18 and
VK37 necessitates either screening additional se-
quences distal to FRAXA as they become available or
walking from the existing loci (e.g., with yeast artifi-
cial chromosomes), in order to identify polymorphic
dinucleotide repeats. The characterization of these
markers distal to FRAXA will enable a comprehensive
approach to genetic linkage, an approach that will
supersede present RFLP analysis.
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