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To understand the origins of the fragile X syndrome and factors predisposing alleles to instability and
hyperexpansion, we have compared the haplotype (using markers FRAXAC1, FRAXAC2, and DXS548) and AGG
interspersion patterns of the FMR1 CGG repeat for 214 normal and 16 premutation chromosomes. Association
testing between interspersion pattern and haplotype reveals a highly significant ( P <0.002) non-random
distribution, indicating that all three markers are useful in phylogenetic reconstruction of mutational change.
Parsimony analysis of the FMR1 CGG repeat substructure predicts that loss of AGG interruptions has occurred
independently on many haplotypes associated with the fragile X syndrome, partially explaining the haplotype
diversity of this disease. Among haplotypes found in linkage disequilibrium with the fragile X mutation, two
different modes of mutation and predisposition to instability have been identified. One pathway has involved the
frequent and recurrent loss of AGG interruptions from rare asymmetrical ancestral array structures.
Intergenerational transmission studies suggest that these predisposed chromosomes progress relatively rapidly

tothe disease state. In contrast, the second mutational pathway involves a single haplotype which has maintained

two AGG interruptions. Parsimony analysis of CGG repeat substructure within this haplotype suggests that larger

alleles have been generated by gradual increments of CGG repeats distal to the most 3 " interruption. Pedigree
analysis of the intergenerational stability of alleles of this haplotype confirms a gradual progression toward
instability thresholds. As a result, a large reservoir of chromosomes carrying large repeats on this haplotype

exists. These chromosomes are predisposed to disease. The present data support a model in which there are at

least two different mutational pathways predisposing alleles to instability and hyperexpansion associated with

the fragile X syndrome.

INTRODUCTION disequilibrium has been shown to be even more pronounced with
75% of all fragile X chromosomes occurring on single rare
Investigations into the origin of the fragile X syndrome havéXS548-FRAXAC?2 haplotyp€9,12). Gendagical studies of
traditionally involved the use of three polymorphic locifragile X kindreds previously considered to be unrelated further
(DXS548, FRAXAC1, FRAXAC?2) found within 150 kb of the confirmed the existence of founder effects for the fragile X
FMR1 CGG repeat (1,2F{g. 1). Haplotype analysis of normal syndrome, by demonstrating common descent for the fragile X
and mutant chromosomes among diverse population groups lsisomosome from shared ancestors in the 17th and 18th centuries
indicated that a substantial proportion of all fragile X chromof11,16,17). Theserfdings suggested that FMR1 CGG repeat
somes shows linkage disequilibrium with a small subset @lleles predisposed to the development of the fragile X syndrome
DXS548-FRAXAC2-FRAXAC1 haplotype$3—15). In more could be carried silently through human pedigrees from five to
genetically isolated populations (such as Finland), linkag€O0 generations(4,12,15) prior to hyperexpansion and
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Haplatype Markers Csn increases in total repeat length among pools of normal aI_I(_aIes
1 206) 2+ (159 _(3,4,8,10,13_). These r_esultsggested tha’g other_ haplotype-spec_|f|c
2208 e (154 influences, either flanking the repeat or intrinsic to the repeat itself,
3020) Letid) P were important in determining an allele’s predisposition to instability
40200 2012) Lol and disease (3,10,14,28).
5198 30 3l Several groups have investigated the possibility that the AGG
6196) :‘:g:’ 6 oy substructure of the FMR1 CGG repeat may play a critical role in
T ok e Tih e 1 Kb determining stability and susceptibility to diset2@-32). The

DXS548 FRAXACI CGG FRAXAC2 results of these analyses revealed that the longest tract of pure
CEN ] // ] 1 TEL (uninterrupted) CGG repeats determines instability at the

FRAXA locus, with unstable intergenerational transmissions
being observed at a threshold length of 34—-37 pure rBéats
Comparisons of interspersion pattern and chromosomal haplo-
types indicated that disease haplotypes may be enriched for
(COGKAGGICEGIA GRICOT) longer tracts of pure reped®9). Other goups, however, have
failed to find a significant correlation between the length of the
longest tract of pure repeat lengths and haplotypes at-risk for the
fragile X syndromg31,32). From prgous studies comparing
haplotype and AGG interspersion patterns it has been difficult to

Figure 1. Interspersion and haplotype nomenclature. Summarized are th(ge(:OnStrUCt the phylogeny of frag|le X I_meages due to the limited
nomenclature and position of the haplotype markers used in this study, relatvdumber  of premUtf{ltlon aII_eIes StUd_IéZB,32)._ In l_ildltl_on,
to the AGG-interspersed FMR1 CGG repeat. A previously described conveneross-study comparisons with other linkage disequilibrium data

EiO” iSMeTP'_Oi’ed tg f,‘v'esigngti t(hl% fleifi‘oﬂi’pgs of tnei Vﬁ"iOUS'dhaI‘?'Otytp‘zI markefsaye been hampered by the consideration of only one or two of
see Materials and Methods . Haplotype alleles are designated using ; - ; ;

number in descending order of the length of the PCR product. Composittﬁ1e microsatellite ma_lrkers in the reg_(@1332).

haplotypes are used in this study and are always indicated in the order, IN @ comprehensive study considering all three haplotype

DXS548-FRAXACI1-FRAXAC? (i.e. 7-3—4+ represents a haplotype which markers (DSX548, FRAXAC1 and FRAXAC?2), two groups of
consists of DXS548 allele 7, FRAXACL1 allele 3, and FRAXAC? allele 4+). A hap|0types which showed |inkage disequi"brium with the frag”e
f:anonice_ll FMR1 CGG repeat sequence (29 repeats) is shoyvn with an AG mutation were distinguished among Caucas(ajﬁs. One
gigrigi)tlon once every nine CGG repeats. Such an allele is symbolized aaroup represented solely by DSX548-FRAXACL-FRAXAC2
haplotype (2—-1-3) accounted for 14% of all fragile X chromo-

somes (Table 1) and was found to be significantly enriched for

hypermethylation associated with dise&s8-22). The con- high-end normal allel§40). The second gup, which accounted
clusion that new mutations are rare was difficult to reconcile witfPr approximately 30% of all fragile X cases (haplotypes 6-4—4
an X-linked dominant disorder in which the affected males raregnd 6—4-5; Table 1), demonstrated no such enrichment for
reproducg3,15,23). lengthy normal alleles. It was suggested that these different
Based on initial linkage disequilibrium data coupled with th@roperties among at-risk haplotypes might indicate different
observation that no transition from a normal FMR1 CGG repe#tutational pathways for the origin of the disease. It was proposed
allele (5-50 repeatg)18,24) to an unstable premiita allele that the 2-1-3 haplotype represented an ‘ancient’ fragile X
(59-200 repeats) had ever been observed in fragile X pedigrééigage whose intermediate (S) alleles had reached appreciable
Morton and Macpherson proposed a multi-allelic model térequencies in the populati¢h0,25). In entrast, the 6-4-5 and
account for the latency of the mutation and the origin of thé—4—4 haplotypes, as well as many of the other haplotypes found
disease (25). The trdtien from a normal stable allele to a fully in equilibrium in the general and fragile X populations (Table 1),
expanded FMR1 CGG repeat allele (>200 repeats) was initialigight be subject to a recurrent ‘leap-frog’ mutational event,
postulated to occur through progression between four definghich allowed these alleles to progress relatively rapidly toward
allelic states. A normal stable FMR1 CGG repeat allele (N) woul@istability and hyperexpansion thresholds associated with the
infrequently become predisposed to modest instability as a smalisease. Although such mutational events would explain the
yet relatively stable, insert (S) beyond 40 repeats in length. Sudisparity in distribution of high-end normal alleles among fragile
predisposed alleles could be maintained in the population for ¥shaplotypes as well as the considerable haplotype diversity
many as 90 generatior{45) before progressing to a larger associated with the disease, the molecular basis of these different
unstable (Z) or premutation allele. The conversion of an unstabfeutational pathways was unknown.
(2) allele to a full mutation (L) occurs very rapidly requiring a Due to our observation that the longest tract of pure repeats was
female germline transmission. Implicit in this and other multia more suitable indicator of FMR1 CGG repeat allelic stability, we
step progression models (25-27) was a gradual increase in #gpeculated that the number of AGG interruptions contained within
size of the FMR1 CGG repeat as it progressed from N to S to &.repeat might determine the longevity of predisposed alleles
Due to the longevity of predisposed (S) alleles in the humawithin a populatior30). To test this wdel, we have compared the
population, one prediction of the multi-step progression modeSGG interspersion pattern and DXS548-FRAXAC1-FRAXAC?2
is that haplotypes in linkage disequilibrium with the fragile Xhaplotype of 200 normal chromoson{#8) and 30 mmutation
mutation should show an enrichment for alleles with longesnd high-end normal chromosomes in which intergenerational
lengths of repeat. Although one specific set of haplotypes appeatability or instability had been ascertair{80,33). Association
to be enriched for high-end normal all€lgé$,6), the majority of testing between the haplotype markers and interspersion patterns
fragile X associated haplotypes do not demonstrate significamdvealed a significant non-random distribution, which could be

G+0+3
Interspersion Canflpuratisn
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Table 1.Fragile X haplotypes program ASSOC (15). Theg? statistic was employed to
ratile X chromosomes Normal chomosames determine the significance of association between rows (inter-

Haplotype meber roq Expociad Number _fraq Aesociaton spersion pattern) and _column_s (hfiplotype) in Table 2. Association
Bad 7 D159 2.4 11 0.055 |positive® testing revealed a highly significant non-random distribution
B45 8 0.136] 1.5 7 0,035  [positive’ between haplotypes and interspersion pattexds=(1381;
o s gustl el 8 S0 |pesitve” P <0.002; n = 5000). In addition, each individual cell entry
7344 5 0.11a] 19.8 | B9 0445 |negative™ (association between row and column) was tested for signifi-
734 2 0.045| 5.3 24 o2 cance. Significant associatiofs<0.002) between interspersion
113 1 0.023 1.1 §  0.025 pattern and haplotype are indicated in Table 2 by an asterisk (*).
P o ol B Due to the complex polymorphic nature of FRAXAC2 and its
634+ | 1 o023 oo | 10 005 reported potential for microsatellite hypermutabi{8#), vaious
212 1 o.023 0 0 0 |positive” compressions of Table 2 were analysed to assess the utility of each
613 ! 0.023 0 0 0 |positive” marker independently against the interspersion configurations.
via 2 0.068 a 0 u] positiva . g . I
704 3 ooss o 0 0 |positive* All three markers demonstrated significant independent associ-
7244 1 o.023 © a 0 |positive* ations with FMR1 CGG repeat interspersion patterns: FRAXACL,
735 1 Q.023 0 a G [positive’ X2 = 102.5,P <0.0001; FRAXAC2,x2 = 409.7,P <0.006;

25 10 0 O 0 jposile DXS548,x2 = 256.3,P <0.004). In a similar fashion a highly

significant P <0.0001) non-random association was determined
between FRAXACL1 and FRAXAC?2.
The frequency of DXS548-FRAXAC1-FRAXAC? haplotypes among nor-  The three most common interspersion patterns (10+9+9,
mal (h = 200) and fragile Xr(= 44) males of Wessex, England is compared. 9+9+9 and 10+9) account for 51.5% (103/200) of all X
This table is derived almost exclusively from a previously reported study (10)chromosomes and are distributed non_random|y among the
with th_e _exception that an additional 12 normal chromo_somes are incIquedvarious haplotypes (Table 2). The most abundant interspersion
Assoaatlon§ between haplotype and the fragile X mutation were determlne%onﬁguraﬂon (10+9+9) is concentrated primarily on FRAXAC1
by X2 analysis of 2 contingency tables. Haplotypes found in linkage dis- haplotype 3 with the most significant associatids<0.002)
equilibrium with the fragile X mutation are indciated by an asterisk. Signifi- ? '
cance of associationfs<0.05 (*) orP<0.01 (**). Eighteen haplotypes repre- occurring  on  DXS548-FRAXAC1-FRAXAC2 haplo_type,
senting 46 unaffected chromosomes were not observed among the fragile X—3—4+ (40/55 or 72.7% of all 10+9+9 chromosomes). Similarly,
population in this study. the 10+9 interspersion pattern shows a similar restriction to
FRAXAC1 haplotype 3 with the most significant associations
) ) . . occurring on haplotypes 7-3-4+ and 6-3—-4+ (Table 1). The
used in the phylogenetic reconstruction of mutational events g#9+9 interspersion pattern demonstrates the greatest haplotype
FMR1 CGG repeat alleles. Parsimony analysis predicts that tersity being distributed among 9/28 (32.1%) of all observed
loss of AGG interruptions has occurred independently anglaplotypes. Of these, the association of 9+9+9 with haplotypes
frequently among many of the haplotypes associated with the4—6+ and 1-1-3 are the most signific@(.002).
fragile X chromosome. In particular, two of the most prominent Based on association testing between interspersion patterns anc
fragile X haplotypes (6—4-5 and 6-4-4; Table 1) show Raplotype as well as visual inspection of the data in Table 2, it is
Correlatlor.l between the recurrent loss of AGG |nterrupt|0ns a%parent that hap]otypes fall into one of two Categories based on
asymmetrical array substructures. In contrast, one haplotygg position of the first AGG interruption. Both FRAXAC1
(2-1-3) is predicted to have been refractory to the loss of AGSieles 1 and 4 predominantly (51/53 or 96%) show interspersion
interruptions. This haplotype’s unique constraint to maintain tWgatterns in which the first AGG interruption occurs at position 10
AGG interruptions has allowed FMR1 CGG repeat alleles t+n configurations). In contrast, haplotypes with FRAXAC1
increase in length likely by replication slippage-like events distgharker 3 associate strongly with FMR1 CGG repeat interspersion
to the last AGG interruption, resulting in the accumulation opatterns which possess the first AGG interruption at position 11
high-end normal alleles in the population. Our data provide @0+n configurations) (Table 2). One notable exception is
molecular basis for the existence of two distinct mutationq{apmtype 7-3—4 which shows a substantial number of chromo-
pathways for the origin of the fragile X mutation and suggesiomes with the 9+9+9 configuration and a significant association
haplotype-specific influences in both the maintenance and IOSS(@‘<O_OOZ) with the 13+9 interspersion pattern.
AGG interruptions. Although the position of the first AGG interruption generally
divides haplotypes into one of two groups (relative to haplotype
RESULTS FRAXAC1), other significant associations are observed when
g ; . one considers the other microsatellite haplotype markers and the
E;,}Ir é?;ggg of interspersion patterns among FRAXA position of the second AGG interruption. A total of 14 significant
associations were identified using the DXS548-FRAX-
Table 2 summarizes the distribution of 52 FMR1 CGG repe#C1-FRAXAC2 haplotype and the FMR1 CGG repeat inter-
AGG interspersion patterns among 28 DXS548-FRAXspersion pattern. (Only half as many significant associations were
AC1-FRAXAC2 haplotypes for 200 unrelated male subjectglentified, using exclusively the FRAXAC1 marker). Using all
from the Salisbury district of Wessex, England (Materials anthree markers, 10 out of 14 of significant associations occur on
Methods). The nomenclature and position of haplotype markefdIR1 CGG repeat alleles with two AGG interruptions, and four
and the FMR1 CGG repeat interspersion patterns is describedint of 14 occur among alleles with a single interruption. For
Figure 1. In order to assess the randomness of distributiemample, haplotypes 6—-4—4 and 6—4-5 are virtually unique in
(Table 2), 5000 computer simulations were performed using tip@ssessing asymmetrical array patterns of the types, 9+10+9,
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Table 2.FMR1 CGGrepeat interspersion pattern distribution ambixp548-FRAXAC1-FRAXAC2haplotypes

;
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Fifty-two AGG interspersion configurations for the FMR1 CGG repeat are compared against 28 chromosomal haplotypes. Haplotypes are organized in colul
and are grouped using the FRAXAC1 marker (since it shows the strongest association with interspersié¢hqta@8091). Interspersion patterns are arranged

in rows based on increasing length of thedct of CGG repeats proximal to the first interruption. Significant positive associ&iod9@) between interspersion
pattern and haplotype were determined from ASSOC computer simulations and are indicated by bold and asterisk in the table. A single significant deficiency
observed and is indicated by a minus sign (haplotype 7-3—4+; interspersion pattern 9+9+9).

9+11+9 and 9+12+9 (Table 2). Haplotype 7—4-5, a relatively ragssociations with particular FMR1 CGG repeat interspersion

haplotype in this population survey, demonstrates a signifiéant patterns due to the under-representation of these haplotypes in

<0.002) association with an interspersion pattern devoid ofthis population survey. One haplotype, 2—1-3, is interesting in this

second AGG interruption (9+21). Similarly, another rare haplaregard. Although no significant association was found, five out of

type, 2—4-6+, is associated with an equally rare interspersitite six interspersion patterns occurring on this haplotype are

pattern (9+15+9). unique, due to the presence of a long distal tract of CGG repeats
Due to the prevalence of 7-3-4+ haplotype in this surveffable 2). Furthermore, the position of the second AGG is

(89/200 = 44.5% of all chromosomes), several significarmemarkably conserved among all FMR1 CGG repeat alleles on

interspersion configurations were identified, namely; 10+%his chromosomal background, generating the general configur-

10+9+9 and 10+9+10. In addition, a single significant deficiencgtion pattern 9+9+n.

was found with interspersion pattern 9+9+9, confirming once

again a partitic_)n of hapl_otypes _based on the pqsition of the ﬁrlﬂtra—haplotype comparisons of 1-AGG and 2/3-AGG

AGG interruption. It is interesting th_at the majority of FMRlinterspersion configurations

CGG repeats completely devoid of interruptions occur also on

haplotype 7-3—4+ and other closely allied haplotypes (7—3—4 ahtMIR1 CGG repeat alleles may be categorized into different

6-3—4+). classes based on the total number of AGG interruptions which
It should be noted that many of the DXS548-FRAXAC1+they possess (29-32). In thisgulation survey of 200 random

FRAXAC?2 haplotypes (17/28) do not demonstrate non-randoshromosomes, alleles were distributed as follows: nine (4.5%)



Table 3.Intra-haplotype comparisons between 2-AGG and 1-AGG allele configurations (>25 total repeat length)
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Hapiotyps 2 andlor 3 AGG Interruption Configurations 1 AGG interruption Configurations

733+ 10+9+9* (30) 10+15 {30)

734 S+8+5 (29); 10+9+57(30); 9+11+3 (31) 10+20 {31)

234+ 10+10+10 (32 1040410 (31) 10421 {32)

734+ 104040% (30); 1049+10 (31} 10+6+9 (27 10+0+21 {43} 10+21 (32); 10+1B (28); 26+9 (36)
843 S+11+9" (31} 9+12+9° (32) 9+26 (38): 9+22 (32}

B45 S+10+8* (30} 9+12+9 [32) 9422 (32}

745  8+9+410 (30) 9+21 (31)*

248 S+11+48 (31) 9+20 [30)

646+ §+0+9 (29) * 9+16 (26)

7468+  9+0+8 (29); D+5+8+9 (35) 9+26 {36)

B34+ 10+9+D {30) 11447 (58)

FMR1 CGG repeat interspersion configurations of alleles with a single AGG interruption (1-AGG class) and alleles
with two or more interruptions are compared. Only alleles whose total repeat length was greater than 25 triplet repeat
units are considered. Total repeat length is indicated in brackets. In most cases, only the most significant (indicated
by an asterisk) and/or the most frequent 2/3-AGG alleles are considered.

with no interruption; 59 (29.5%) with a single interruption; 129 Table 4.AGG interspersion patterns among premutation and
(64.5%) with two AGG interruptions; and three (1.5%) with more'Protopremutation” haplotypes

than two AGG interspersions. Table 3 compares the most frequent

and most significant 2-AGG configurations with 1-AGG inter- “sempe oxesswe ALt ACZ CGG Hepeat Subshuciurs AGG ¥ Stadiily  Fatarence
spersion patterns (>25 total repeats) within each haplotype. In,,,.

4 4] 3 50 B+B+30 2 25 an, #H
most cases, the total overall repeat length of the 1-AGG class doeg.4ts 1+ 3 sz 540472 2 I 2o
not differ dramatically from the total repeat length of alleles with o2 3 1 3 & alier PR
two AGG interruptions. Interestingly, the position of the first e 2 b3 s 033 2 by 20, 32
AGG interruption is a_lsq generally conserved between 2TAGG 613 2 1 3 86 948246 2 32 unpubliched
and 1-AGG classes within the same haplotype (Table 2). With one#-ése 2 1 2 &8 958 ! fm 30
. HI=5 & 1 3 50 Q+40 1 u a0, 33
exception (Table 3; haplotype 7—-3—4+; allele 26+9), there appearsgs1s 7 1 3 ez 48482 2 1u a0
i i 14E0 & 3 4+ 87 97 a fm 10
to be a con.S|derabIt=T bias among normal alleles to lose the mogt 4 LA 7 A .
distal AGG interruption. b-a 73 4+ 54 12441 1 1u a0
92002 7 3 4+ B 12+44 t fu an
) A 21,578 T 3 4+ T4 10463 1 fm ao
Haplotype analysis among premutations and 917213 T3 d4e 74 74 a fm 10
] o BOv2097 7 a4 75 74 0 m 10
proto-premutation’ alleles B 8 3 4e 51 11439 f 2u 30
21341 ] <] 4+ B2 11+71 1 im in
I 1 A7 g 4 B 44 9+34 1 28 U 30
In an attempt to reconstruct the phylogenetic progression ofgrt & 4 Y g | 2 w0 o
normal alleles to the fully expanded state, we examined anxvi § ¢ 5 a7 5437 ! 1u 30, 33
it 1 i 141 3] 4 5 48 B+38 1 1 30, 33
‘addltlor]al 30 unrelated premutation and high-end repeat length/ %, & 3 s it - b
normal’ alleles in which intergenerational stability/instability +sesa & 4 s ee 9448 1 im 30
H 5-787 ] 4 5 72 0462 1 Im a0
had been ascertained (30). The FMR1 CGG repeat substructuréeyss 5 4 ¢ e o8 1 ol a8
the haplotype and the stability for each premutation and evolvingszos 8 4 &+ 32 ge72 1 tm 10
premutation are summarized in Table 4. The majority of . lae & & & os e .o To
haplotypes at high-risk for the fragile X syndrome (Table 1) 1s-szz S : §+ m :f;o ; f s
+ -+ m

possess FMR1 CGG repeat alleles which have a single AGE=2X
interruption or are completely devoid of AGGs (Table 4). Among
those alleles in which a single interruption predominates (hapld-he DXS548-FRAXAC1-FRAXAC?2 haplotype is compared with the FMR1
types 6-4-5, 6-4-4, 8-3-4+ and 6-4-6+), the position of theGG repeat interspersion pattern of 15 premutation (documented pro-
most 5 AGG has been conserved between normal and premutgr_ession to full mutation) and 15 protopremutation (evglving premutati_on)
tion alleles (Table 2)' Similarly, unstable high-end normal a||e|esa}lleles, _based on Iarge_total repeat length or obseryatlon of unstable inter-
which Iiker represent intermediate states between normal Stab(_i;gneratlonal transmissions (30). Samples are derived from 30 unrelated

llel d tati llel h imil int fﬂiedigrees. The study of origin for each allele is indicated in the reference
a e_e_s an pre”_'“ ation a_ eles, s _OW a simiiar maintenance o 8Iumn (10,18,30,31,33). Samples are arranged according to haplotype and
position of the first AGG interruption (Table 4).

- . are grouped relative to the FRAXAC1 marker. The number of documented
Although the reduction or complete absence of AGG interrupstanie (s) and unstable (u) transmissions in each pedigree is summarized in the

tions is common to most of the fragile X haplotypes, a specifi¢olumn labelled stability. Alleles which have been observed to progress to full
subset of DXS548-FRAXAC1-FRAXAC?2 haplotypes (2—1-3, mutation are denoted in this column as fm.

7-1-3 and 1-1-3) have interspersion patterns in which the

position of the second AGG interruption has been maintained

(Table 4). Intergenerational transmission studies of these FMRiterspersion pattern 9+9+46; sample 15,135; Table 4), belongs
CGG repeat alleles indicate that these 2-AGG configurations ctmthis conspicuous fragile X haplotype. Although this allele has
be remarkably stable (Table 4). One of the largest stabdepure repeat tract which is much greater than the postulated
premutation-size alleles identified to date (66 total repeatsistability threshold (34-37 CGG repeaf8p), only stable
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transmissions have been observed to date within this pedigree
over two generations (data not shown). Despite this unusual high
degree of stability, alleles carrying 2-AGG interspersions have
been observed to progress to full-mutation (samples 80-813 and
16,415; Table 4).

a)

Parsimony analysis of fragile X haplotypes

Parsimony analysis was performed using both heuristic, branch-
and-bound and exhaustive tree searches on aligned normal and
premutation CGG repeat sequences (Table 2, Materials and
Methods). Majority rule (>50%) and strict consensus trees were
generated for haplotypes which had at least four different
sequences and multiple, equally parsimonious topologies. Based
on character-state reconstructions for trees of the shortest length,
parsimony predicts that the loss of AGG interruptions has b}
occurred frequently and independently within eight out of the
nine fragile X haplotypes which could be examined (data not
shown). The phylogenetic relationship of interspersion patterns
for four haplotypes is depicted in Figure 2.

The topology of the tree generated for haplotype 2—1-3 reved&iyee
a unique phylogeny of interspersion pattern among fragile X
haplotypes (Fig. 2a). Character-state reconstructions, without:z+s
defining an ancestral state, show that the position of the second
AGG interruption has been a highly conserved and ancient
characteristic of this haplotype. The predicted ancestral state is
9+9+9, with exclusion of ambiguous characters. Unlike other
fragile X haplotypes, the 2—1-3 haplotype possesses an unusual
sub-lineage which is enriched for long uninterrupted repeats and
2-AGG interruptions (compare Figure 2a with 2b,c and d),
indicating that this particular haplotype may be refractory to the
loss of AGG interruptions. Within this same sub-lineage,
however, the loss of one or both AGG interruptions has been
shown to occur in association with instability and the fragile X 4y
syndrome (Fig. 2a).

Since strong non-random associations between haplotype and
interspersion pattern likely reveal historical information on
founder interspersion configurations, association testing was
used to identify the ancestral state (Fig. 2b,c) of two other
haplotypes (6—4-5 and 6—4—4) which are found in positive
association with the fragile X mutation (Table 1). Interestingly,
the ancestral states defined by association testing were both
asymmetrical with respect to the middle tract of CGG repeats

Figure 2. Interspersion phylogeny of fragile X haplotypes. Parsimony analysis

(PAUP v.3.1.1) was used to reconstruct the phylogenetic relationships among  7.3-4+
various interspersion patterns within each haplotype (see Materials and Haplotype
methods). Phylogenetic trees were generated by performing heuristic, branch-
and-bound and exhaustive tree searches from aligned FMR1 CGG repeat

2-1-3
Huplatype

D440,

G4040
SHO420
249+24
S+u+23
G324
949+25
249431
949433
P0+-46
.
9+58%
AGG Acguisitian
Dr0+0+ 04
022 0 — 9:22
——— 9434
9+26
[ %37
%37 AGGLess | g.ag
645
Haplotype 5o
%+74% T
—— 9+4§
041245+ oei0e
L 473}
Srlles? 5+12+4Y
.
1041249 1049
Li-6+9
0418
62 W21 l
10+63 T
64 14

e

sequences and are depicted for four haplotyged:-1-3, ) 6-4—4, ¢) 6-4-5

and () 7-3—4+. Ancestral states are shown in italics (see Materials and
Methods). The most significant interspersion associations are once again
indicated by an asterisk. Alleles in which unstable intergenerational trans-
missions have been observed are shown in bold. Large alleles in which only
stable transmissions have been observed (see Table 4) are underlined. Unstable
premutation alleles which have progressed to full mutation are further denoteda+9+8

by the symbol ). The likely progression of predisposed allele to disease state
is indicated by a vertical arrow. Although the single most parsimonious trees for
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2-1-3, 6-4-4 and 6—4-5 (a, b, c) are presented (homoplasy index = 1.0), a total
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of 3000 equally parsimonious trees were generated for haplotype 7-3—-4+. As a
result, the majority-rule consensus (>50%) tree is depicted for haplotype

1044421

7-3-4+. The numbers at each node in the consensus tree represent the percentage
of trees which exhibited similar topology for that particular branch position.
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(9+10+9 and 9+12+9). A single phylogenetic tree was con-0oss of AGG interruptions: the molecular basis for
structed for both the 6-4-5 and 6—4—4 haplotype (tree length =di&ersity of fragile X haplotypes

and 7, respectively) after an exhaustive search. In contrast to

haplotype 2—1-3, parsimony predicts the frequent or ‘ancierlP order to test the hypothesis that the loss of AGG interruptions

loss of AGG interruptions on these two chromosomal backnight resolve these two founder effect discrepancies, we

grounds. This has resulted in the formation of a large sub—tree‘iﬁ'ﬂ‘)‘ir‘at.j the AGG interspersion patterns O.f 200 no_rmal and 30
FMR1 CGG repeat lineages which are prone to instability arEjremutanon and high-end repeat alleles within various haplo-
i

: : : ; Table 2). Unlike previous investigatid82), we have
hyperexpansion (Fig. 2b,c). The loss of AGG interruptions ifyPeS (Table : Hass),
these two haplotypes is predicted to have occurred amo nd a significant® <0.002) non-r_andom dls_tnbutlon between
normal-sized alleles (3035 total repeats) without a dramatgePlotype and FMR1 CGG repeat interspersion patterns. Further-
change in the overall length of the repeat. more, the use of all three markers was found to be more

Due to the prevalence of the 7—3—4+ haplotype within thigiformative than any single haplotype marker. Phylogenetic
population, we also investigated the phylogenetic origins dEconstruction of CGG repeat mutational events within haplotype
’ eages, using association testing and parsimony analysis,

unstable and premutation alleles within this genetic backgrouny!€2 = :
b g 9 edicts that the loss of the mosA&G interruption has occurred

A majority rule (50%) consensus tree is presented for 30 X ; .
(MAXTREES limit) equally parsimonious trees (length = 7) requently and Independently on many normal anq at-risk frag||¢
X haplotypes (Fig. 2b,c,d, as examples). Parsimony analysis

generated by a heuristic tree search (¢4 rearrangements), indicates that alleles in the normal population which have been
i +9+ i i [ %il ) . X
using the 10+9+9 configuration as the likely ancestral state (Fi jected 1o the loss of AGG interruption belong to the same
C

2d). Char r- reconstructions predict that the | f ; X - .
d). Character-state reconstructions predict that the loss o ades as alleles which are predisposed to instability and

most 3 interruption has occurred by two different routes Withirhyperexpansion (Fig. 2). Our data suggest that the loss of AGG

this haplotype. Similar to 6-4—4 and 6—4-5, one subtree with ) . :
7-3-4+ indicates that the loss has occurred in a manner whiBifTTuptions likely accounts for the occurrence of the fragile X
tation among haplotypes found in equilibrium within the

preserves the overall length of the repeat (10+18 and 10+21)_nw ; :
closely related branch (10+63) is associated with the fragile fo'mal population (Table 1 and Fig. 2c). The frequent loss of
syndrome (Fig. 2d). Another pathway for the loss of the distalCC INterruptions, thus, may account for the considerable
AGG interruption, which accounts for several different inter- aplotype diversity Of. the fragl_le X mutation. .

spersion patterns within this haplotype, is the loss of an entire +g>2rsimony analysis and intra-haplotype - comparisons - of

array generating the 10+9 and related lineages (Fig. 2§'AGG and 2-AGG class of alleles (Table 3 and Fig. 2b,c,d)

Character state reconstructions, furthermore, predict that the m ggl:icr;mGS'tflat thetfe haé. bﬁlen a preferenti_?rl].bias to Iosetth(re] most
proximal AGG interruption has also been subject to loss, wi interruption (Eichler, in press). This appears to have

configurations completely devoid of interruptions occurring®ccurred by a mechanism which tends to preserve the overall

: : ength of the repeat (Table 3). Previously it was suggested that the
among normal and premutation chromosomes (Fig. 2d). loss of AGG interruptions may be mediated by one of several

different mutational processes such as unequal-sister chromatid
exchange, AGG deletion or AGG to CGG transver&i8r-32).
Since the loss of AGG interruptions by non-reciprocal recom-
bination events would be expected to alter the total number of
Founder effects? CGG repeats (35), it isniikely that this is the predominant
o mechanism. Our data would best support the deletion or
Several groups have reported a significant founder effegbnversion of an AGG to a CGG, resulting, perhaps, from
phenomenon for the fragile X syndro(Be15) with the mution  deficiencies in mis-match repair processes (36,37holild be
being enriched from two- to five-fold on specific DXS548,noted, however, that not all 1-AGG and 2-AGG intra-haplotype
FRAXAC1 and FRAXAC2 haplotypes. Dependent upon theomparisons show a conservation of total repeat length in the
genetic homogeneity of the population under st@$1,12), human population (6—4—6+ and 8-3—4+; Table 3). Indeed,
50% of all fragile X chromosomes on average, share a fegarsimony analysis reveals that the loss of AGG interruptions
common genetic backgroun@11,12). Theemaining fragile X may occur by the occasional deletion of an entire AGG(GGG)
chrom_osomes elthgr exist at equilibrium with common haplqarray (Fig. 2c). Such an event could likely be mediated by
types in the populatiof10) or occur on rare potypic variants  non-reciprocal recombination processes.
(10,28). These obsetians have prompted speculation that
recurrent mutational events may occasionally occur on genefllf)under haplotypes 6-4-5 and 6-4—4: the recurrent
backgrounds not at risk for the development of the d|sea§8SS of AGG interruptions
resulting in the formation ade novofragile X lineageg10).
Furthermore, based on multistep progression models for tidthough the loss of AGG interruptions occurs frequently from
progression of predisposed alleles to the disease state (25-273, jthylogenetic perspective, such losses could not occur with
has been predicted that among haplotypes in which clear linkaggual frequency among all haplotypes without completely
disequilibrium was demonstrated, one might expect an enrichbscuring founder effect phenomena. Differential propensities
ment of alleles with large repeats among normal chromosomesof the loss of AGG interruptions, then, must exist in order to
that haplotype. Surprisingly, only one of the three major fragilaccount for observed haplotype linkage disequilibrium with the
X haplotypes (Table 1; 2—1-3) demonstrates such an enrichmemitation(3—14). Two hplotypes in this study (6—4—4 and 6—4-5)
(Table 2). This suggests haplotype-specific influences other thappear particularly prone to the loss of AGG interruptions.
total repeat length are playing a role in predisposing chrom@&arsimony analysis indicates that a substantial proportion of
somes to the development of the fragile X syndr(#@iel 3,29). unstable and premutation alleles have likely progressed from a

DISCUSSION
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single AGG interruption ancestral state (Fig. 2b,c), with thehromosomes have rarely been observed or are found in
position of the 5SAGG interruption being remarkably conservedequilibrium within the normal population (Table 1). Interestingly,
(Table 2). Not surprisingly, DXS548, FRAXAC1 and FRAXAC2 one allele with a large tract of pure repeats (9+26; Table 2) has
haplotypes equivalent to 6—4-5 and 6—4—4 have been shown tdeen observed in haplotype 7—4—6+. Although far too few alleles
enriched for fragile X chromosomes in virtually all humanexist in this haplotype to reconstruct an unambiguous phylogeny
populations studied to date. These haplotypes generally accobwptparsimony, due to the similar conservation of repeat size, the
for 15-40% of all fragile X chromosomes among Japanes8+26 may have originated from the asymmetrical allele,
American, Australian, Finnish, English and French populatior3+9+5+9, by the consecutive loss of 2-AGG interruptions
(3,4,6,7,10,12,13). The strong asstiaiawith the loss of AGG  (9+9+5+9 to 9+15+9 to 9+26 see Table 2; 7-4—-6+ and 6-4—6+
interruptions within these two haplotypes may reflect either dmaplotypes). Recent repeat lenditB8,28) and interspersion
‘ancient’ or recurrent event; two possibilities which parsimonynalysis surveys of Asian populations show a preponderance of
analysis can not distinguish. The conspicuous absence ®f9+5+9 (35 total repeat) interspersion configurations on
high-end normal FMR1 CGG repeat alleles among thed@XS548-FRAXAC1 haplotype (7—4) and FRAXAC1-FRAX-
haplotypeq10,13,24,29), however, stigly argues against the AC2 haplotype (4-6+) (Composite 7-4—€%3,28). Among the
former hypothesis, suggesting that alleles progress relativelppanese, at least, 15% of all fragile X cases occur on the 4-6+
rapidly through instability and hyperexpansion thresholds witthaplotype, suggesting that once again a correlation exists between
out the accumulation of large intermediate (S) all¢ks. asymmetrical array patterns, loss of AGG interruptions and
Another argument favoring the recurrent loss of thd@G  progression to disease. An alternative explanation for the
interruption is the finding of global linkage disequilibrium amoncgorrelation between asymmetric interspersion configurations and
these haplotypes with the fragile X mutation. Conservativéhe loss of AGG interruptions may however be that asymmetry is
estimates based on multistep progression models of total repgiaiply a consequence rather than a cause of increased instability
length(25) calculate that themgevity of predisposed (S) alleles on these particular haplotypes. If this were true, afiseacting

in the population is approximately 90 generations or 2000 yed@gtors closely linked to the CGG repeat would have to be
(15). The Japanese and caucasiepufations likely diverged invoked to explain the propensity for haplotype 6-4-5 and 6-4—4
from a commorHomo sapienstock, 150 000 to 200 000 years to lose AGG interruptions.

ago (38-41). The most prosaikptanation, then, for linkage
Qisequilibrium for the same haplo_types within these two populci’l_- under haplotype 2—1-3: maintenance of two AGG
tions would be a recurrent mutational event (such as the loss;

; . >interruptions
an AGG interruption), rather than a common ancestral mutation. P

Due to the absence of normal alleles with large total repegf many respects, the fragile X founder haplotype 2—1-3 (Table
lengths (>40 repeats) among the 6-4-5 and 6-4-4 haplotypeg)itrepresents the antithesis of 6-4-5 and 6-4-4. Computer
was originally speculated that a recurrent mutational event mig€jmuylation testing for non-random distributions of alleles within
allow alleles on these haplotypes to ‘leap-frog’ toward instabilityhis haplotype reveals no significant association between haplo-
and hyperexpansion thresholds associated with di€Es©ur  type and interspersion patterns, despite the fact that the majority
analysis indicates that the loss of AGG interruptions could clearf AGG configurations are unique. This lack of association is
provide the molecular basis for this ‘leap-frog’ mutational evenfikely a reflection of the extreme FMR1 CGG repeat sequence
Occurring by a mechanism which tends to maintain the overaikterogeneity of alleles within this haplotype (Table 2). As has
length of the repeat, the loss of AGG interruptions would generageen suggested earlier for the FRAXAC1 haploty(29), the
alleles which ‘leap-frogin cognitoby 10 and 12 repeat units positions of both AGG interruptions appear to have been highly
toward their instability (35 pure repeats) and hyperexpansi@nserved with most changes in repeat length occurring distal to
thresholds (70 pure repeats) in a single generg80h The the second'3AGG interruption. Character state reconstructions
longevity of such alleles due to increased pure repeat lengihthe 2—1-3 phylogenetic tree confirms that the 9+9+n inter-
would be dramatically reduced, obviating the accumulation @fpersion pattern represents the ancestral configuration of this
high-end normal repeat length intermediate alleles. The propetaplotype (Fig. 2a). Parsimony analysis further suggests that
sity for these chromosomes to frequently incur such mutatios-1-3 is the only haplotype in which FMR1 CGG repeat alleles
would confirm previous suggestions of haplotype-specifibave progressed toward instability and disease with the 2-AGG
influences for these fragile X genetic backgrou2gs. configuration. Although the loss of one or both AGG interrup-

Although itis difficult at this point to identify the nature of thesetions has occurred in association with instability in this haplotype,
haplotype-specific influences, our analysis suggests that syinshould be noted that unique 2-AGG containing premutations
metry of repeat configurations may play a role in predisposirigave been observed among haplotypes closely allied to 2-1-3
alleles to the loss of AGG interruptions. In both 6-4-5 and 6—4{#able 4; haplotype 7-1-3 and 6-143}oto, these observations
haplotypes, significant associations were observed for configwtggest that the 2—1-3 haplotype has been particularly refractory
ations in which symmetry has been disrupted for the middle tratet the loss of the most BGG interruption.
of the FMR1 CGG repeat (9+10+9 and 9+12+9; Table 2). The constraint of the 2-1-3 haplotype to maintain two AGG
Common symmetrical arrays such as 9+9+9 are conspicuoustyerruptions defines a second mutational pathway for the origin
absent among these haplotypes. Parsimony analysis and assofcithe fragile X syndrome (Fig. 3). Unlike other founder
ation testing indicate that 9+12+9 and 9+10+9 have likely bedraplotypes, the 2—1-3 haplotype initially has not jumped in
the original precursors to unstable and premutation alleles withimcrements of 10 CGG repeat increments toward instability and
haplotypes 6—-4-5 and 6—4—4; respectively (Table 3; Fig. 2b,tlyperexpansion thresholds by the loss of an AGG interruption.
Conversely among haplotypes,1-1-3 and 7—4—6+, in which théviost changes in repeat length have occurred distal to the last
is a strong association for symmetrical arrays (9+9+9), fragile XGG interruption, likely in small increments of one or two repeat
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Fraglle X Syndrome
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Figure 3. Origins of the fragile X mutation. Based on intrahaplotype comparisons of interspersion pattern, association testing and parsimony analysis, a mod
presented depicting the possible origin of the fragile X mutation across a variety of chromosomal haplotypes. Haplotypes shown within squares are distinguish
being positively, negatively or showing no association with the fragile X mutation (10) (see Table 1). Encircled are fragile X haplotypes that have not yet been obse
among unaffected chromosomes. Due to the considerable phylogenetic probability of recombination between the most proximal DXS548 marker (Fig. 1), ti
haplotypes are depicted overlapping closely-allied FRAXAC1-FRAXAC? haplotypes. The vertical arrows indicate the likely mutational origin and progression to
diseased state as predicted by parsimony analysis. Due to the absence of normal chromosomes with FRAXAC1 haplotype marker 2, the origin of fragile X haplc
(7—2—4 and 7-2—4+) could not be deduced.

units, by a mechanism similar to replication slipp@@. As a  of the longest tract of repeats exceeds 37 pure repeats, 2-AGG
result, a continuum of repeat lengths has been generated (Taddlele configurations among haplotype 2—-1-3 may be exceptional
2). Due to the persistence of 2-AGG interruptions, longer totéh this regard.
repeat lengths are attained before uninterrupted pure CGG repeat/e have recently documented the stable transmission of one of
instability and hyperexpansion thresholds can be reg80@d the largest premutation-sized alleles, 9+9+46 (66 total triplet
This pathway accommodates the postulated multistep preepeats; Sample 15,135, Table 4). Although the longest tract of
gression of alleles toward disease (25,26) apthins why the pure repeats (46 CGG triplets) was well beyond the instability
2-1-3 founder chromosome is the only haplotype which showisreshold, only stable transmissions were observed over two
an enrichment for high-end normal FMR1 CGG repeat allelgneioses within this pedigree. It will be interesting to determine
(3-5). whether other large and stable ‘premutation-sized’ alleles also
Previous surveys of interspersion pattern and DXS548 aflong to the 2-1-3 haplotype, possessing 2-AGG allele
FRAXACL1 haplotypes among normal control populations foundgonfigurations(43). It has ecently been demonstrated that
an unusually high proportion (60%) of long uninterrupted pureontiguous CGG repeats may be capable of forming several
CGG repeat tracts (>21 CGG repeats) associated with haplotypesisual DNA  structures including tetraplex, triad-DNA,
equivalent to 2-1-329,31). Virtually every podsle 9+9+n unimolecular foldback and hairpin conformati¢f4—47). Such
configuration ranging from 9+9+15 to 9+9+35 has been observednformations may be important in mediating replication slip-
among normal 2-1-3 chromosomes (Tableg(29,31). It is page. Furthermore, it has been postulated that AGG interruptions
surprising that such a continuum has not been observed foay confer a stabilizing influence by disrupting such conforma-
haplotypes 6-4—4 and 6-4-5. Based on intergenerational tratiens which may be prerequisite for CGG triplet repeat instability
mission studies, we originally proposed an instability threshold ¢#5). One posble explanation, then, for the observation of
34-37 pure CGG repedf’0). Interetingly, all alleles demon- increased stability on the 2—1-3 haplotype normal chromosomes,
strating unstable transmission in ‘normal’ human pedigrees wemeay be that 2-AGG FMR1 CGG repeat conformations have a
either devoid of AGG interruptions or constrained to a singlgreater stabilizing influence than haplotypes with a single AGG
AGG interruption, belonging primarily to haplotypes 6—4—4jnterruption, resulting in different thresholds for instability.
6-4-5 and 7-3—4+ (Table 4). No unstable transmissions amoftiernatively, the remarkable stability of large alleles of the
2-1-3 haplotypes with two AGG interruptions have beed—1-3 haplotype, may be the result of ottieacting influences.
observed. These findings suggest the number of AGG interrup-
tions within the repeat may influence the. instability thresholcbrigins of the fragile X mutation
such that 9+21 and 9+9+21 progress at different tempos toward
their respective instability thresholds. Although the vast majoriti?hylogenetic reconstruction of fragile X lineages based on
of alleles exhibit instability in human pedigrees when the lengtbarsimony analysis, association testing and intrahaplotype com-
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parisons of interspersion patterns among normal and premutat®@G interspersion analysis

alleles, reveals that the origins of the fragile X syndrome are o

complex. Our analysis predicts that fragile X mutations hav@CR amplification of the FMR1 CGG repeat was performed
arisen by both founder effects and a recurrent mutational evétiing a previously developed protocol which replaces eRfi-)
involving the loss of the most AGG interruption. Among Polymerase (Stratagene) willag DNA polymerase (48). In
haplotypes which demonstrate linkage disequilibrium with therder to reconstruct the AGG substructure of the FMR1 CGG
fragile X mutation (Table 1), two distinct mutational pathwaygepeat, PCR products were digested Withl restriction enzyme
have been delineated (Figs 2a,b,c, 3). The DXS548-FRAXNew England Biolabs), electrophoresed, transferred to nylon
AC1-FRAXAC? haplotype 2—-1-3 (Fig. 1) appears refractory tnémbrane (GeneScreen plus), and probed wij’a end-

the loss of AGG interruptions, progressing relatively slowljabelled (CGG)p oligonucleotide as previously descrif@@).
toward instability and hyperexpansion thresholds associated wi@sed on the size of the FMR1 PCR product, the pattdvimlof

the disease. As a result, the 2-1-3 haplotype is enriched tgfigestion and the sizes ®inl | fragments which hybridized to
high-end repeat length alleles, generating a large founder poofld¢ CGG repeat oligonucleotide, the AGG interspersion configur-
chromosomes which are predisposed to the development @fon for each FMR1 CGG repeat allele was deduced. FMR1
disease (Fig. 3). In contrast, haplotypes 6-4-5 and 6-4—4, baS&aG interspersion nonjenclatqre is summanzg(_:l in Figure 1. In
on parsimony analysis, appear particularly prone to the loss of Al convention, a ‘+* sign designates the position of an AGG
most 3 AGG interruption from asymmetrical 2-AGG inter- interruption and the number refers to the length of uninterrupted
spersion configurations (Fig. 2b,c). This occurs by a mechanidi@Peats.

which tends to preserve the total overall length of the repeat (Fig.

2 and Table 3). Due to the observation of unstable transmissig|otype determination

in ‘normal’ human pedigrees on this genetic background and the

dearth of large intermediate alleles in random population surve¥aree polymorphic microsatellite markers, DXS548, FRAXAC1
of these haplotypes, we propose that chromosomes which hawgl FRAXAC2, which span 150 kb of the FMR1 CGG repeat
lost an AGG interruption at the FRAXA locus progress rapidlyocus were used to reconstruct the chromosomal haplotype of
toward the disease state (Fig. 3). The frequent and recurrent leagh normal, premutation and fragile X allele (Fig. 1 and Table
of AGG interruptions, is thus likely responsible for the observat). The genotypes for DXS548, FRAXAC1 and FRAXAC2 were
tion of linkage disequilibrium with the 6-4-5 and 6-4—4 foundedetermined using previously described PCR conditions and
haplotypes (Fig. 3). Parsimony analysis, in addition, predicts thatimers (4,6,10). For eactolgmorphic marker, alleles were
the loss of AGG interruptions has occurred independently afesignated using numbers in descending order of repeat length
most DXS548-FRAXAC1-FRAXAC2 haplotypes. The sporadiqFig. 1). Due to the complex nature of the FRAXAC2 marker,
loss of AGG interruptions and the genesisi®@hovofragile X  which consists of two dinucleotide polymorphic repeat tracts and
lineages (Figs 2c, 3) can account for the observation of diseas@olymorphic poly T tract34) care was taken to tisyuish
among haplotypes found in linkage equilibrium with the mutatiobetween FRAXAC?2 alleles which differ by a single bp. These are
and partially explain the considerable haplotype diversity obndicated in this study by a ‘+' sign. For example, a FRAXAC2
served with the fragile X syndrome. Although our model ofjenotype ‘4+ is intermediate in size between genotype 3 and 4
founder effects and recurrent loss of AGG interruptions cadiiffering by a single bp (Fig. 1). Composite haplotypes using all
adequately explain the origin of 70% of all fragile X chromo+three markers are considered in this analysis and are configured
somes, further haplotype analysis, interspersion determinatidsased on the order of each marker (Fig. 1).

and repeat-length transmission studies will be necessary to

confirm our observations and to explain the frequent occurrenge . .

of fragile X syndrome on haplotypes rare in the norm ssociation testing

population. A total of 28 composite haplotypes (DXS548-FRAX-

AC1-FRAXAC2) were compared against 52 different AGG

interspersion patterns (Table 2). The randomness of distribution
MATERIALS AND METHODS between rows (AGG configuration) and columns (haplotypes)
was tested using the association program ASSOC (AC, unpub-
lished). Briefly, 5000 tables (replicates) were generated by
computer simulation using row and column totals and assuming
a random distribution between haplotype and interspersion
DNA samples from the normal control population, consisting gbattern for Table 2. A2 value was then calculated comparing
200 unrelated non-fragile X male subjects, were collected frothese randomly-generated tables to the observed table (Table 2).
blood donors living in Wessex, Southern England as previous8ignificant departures of randomneBs<Q.002) for each cell
described (10). Theemaining 30 premutation and large repeatentry (intersection between haplotype and interspersion pattern)
length normal alleles were derived from unrelated fragile Xvere determined by analysing the individual ranges of distribu-
pedigrees or from families in which the intergenerational stabilitfon for each cell entry. The most significant association between
of the FMR1 CGG repeat had been documentetaplotype and interspersion pattéPr<(.02) are summarized in
(10,18,30,31,33). Six of the 15 prentidna alleles were ascer- Table 1. In order to test the usefulness of the composite haplotype
tained from the same population as the control samples (Wessagainst each haplotype marker independently, three compres-
England). The remaining premutation and unstable ‘normasions of Table 2 were also generated (one for each marker) and
FMR1 CGG repeat alleles were collected from North Americanon-random distributions were tested as described above (see
populations of caucasian ethnic origin (Table 3). Results).

DNA samples



Parsimony analysis

6.

PAUP (phylogenetic analysis using parsimony) version 3.1.]7
(llinois Natural History Survey) was employed to derive ™
phylogenetic relationships among various AGG interspersion
FMR1 CGG repeat patterns within each haplotype. Only those.
haplotypes which exhibited four or more different interspersion

patterns were analysed due to software requirements for at leas
four distinct taxa. Deduced FMR1 CGG repeat sequences wege

encoded (Let C = CGG and A = AGG) to eliminate the possibility
of gap formation within a trinucleotide repeat unit. Alignment of
encoded data was performed using the ClustalW softwaté-

package (default setting: gap penalty = 15.0 and gap extension
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majority-rule (>50%) methods (Fig. 2d). Ancestral states were
defined using the ANCSTATES command under the assumptioﬁ%
block of PAUR(49) and were chosen using the magtificantly

associated interspersion configurati®h<(0.002) within each
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CHum. Genetl, 181-189.

in the Japanese populatiéim. J. Med. Genesl, 412-16.

Zhong, N., Ye, L., Dobkin, C. and Brown, W.T. (1994) Fragile X founder
chromosome effects: Linkage disequilibrium or microsatellite heterogeneity?
Am. J. Med. Geneb, 405-11.

Chakravarti, A. (1992) Fragile X founder effedtture Genetl, 237-8.

hapiotype_ when no Significant association could be foun@. Smits, A.P.T., Dreesen, J.C.F.M., Smeets, D.F.C.M., de Die-Smulders, C.,

(haplotype 2—-1-3), the likely ancestral state was deduced using

the character-state reconstruction option (Fig. 2a). When ambigu-
ous character states were obtained (i.e. either the presencerbrugge, U., Holmgren, G., Blomquist, H.K., Dahl, N., Gustavson, K.H. and
absence of a CGG trinucleotide were equally parsiminious), Malmgren, H. (1992) A study of individuals possibly affected with the fragile
ancestral states were reconstructed excluding these characterX syndrome ina large Swedish family in the 18th and 20th centéiriesl.

Spaans-van der Bijl, T., Govaerts, L.C.P., Warren, S.T., Oostra, B.A. and van
Oost, B.A. (1992) The fragile X syndrome: no evidence for any recent
mutations.J. Med. GeneB0, 94-6.

Med. Genet43, 353-4.

assignments. In such situations, the shortest, most parsimoniQuS: "\ 1" kuhl DPA. Pizzuti. A. Pieretti M.. Sutclifie. J.S. Richards. S
ancestral state was considered.
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