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Wartations in chrsmesemal morphology and seability
have long atracted the atlention of sencticists and
eytologists, Such varanans have proved useful in ad-
dessing significanl biolugien] questoons {Sunen 1903,
C]'Uighh'll'l and MeClintock ]93[:]. Cipe i_]||_|.;r|;;3|_i|'|trl THeIE-
phological variation resnles from mutant or ool
alleles thar Bead to failure of & specilic chromosomal sife
by condense in maoric chromosomes. Breakuge of
chtemosomes ovcurs wore reguently ar rthese sites,
leading cer what are called “weak poinls™ (Kaufmann
1939} aod “fragile sites” (see Sutherlaod and Hechy
Plnk Darlington and La Cour (19400 chserved that
poorly condensed gites alsa could be induced in chro-
misomes of several specics of Trilfion and other plants
by cold temperatore. They suggested that such sites are
“under-charped with nucleie acid,™ and that it would be
useful m look for aboormalilivs in nuelcie acid and in
“tintng and regularity of gene division™ (Darlinglon
and La Cour 10407,

An mherited human disease, hawile X svndrome, has
been genelically linked 10 such & fragile site (Lubs
19648% This syndrome, which represents one af the
mesl common cases of inherited mental retardalion
{=ee Brown 19900, hus aided owr understanding of the
genctic and epigenetic bases of [ruwile siles. We review
here molecular dara from [ragile X syodrome thal
substantizte the suggestions of arlinglon and La
Cuur,

We (Laind el al, 1987y and other investigators
(Tavlor and Hagerman 1983; Gollin clal. 1983: Surher-
land el al, 1985 Musshanm and Ledbetter 1986; Sulher-
land and Baker 19863 huve applicd the concept of DNA
replication timing to the fragile site, FRAXA, that i3
associoted wilh the frapile X muotation. In particular,
the niming during the sell vvale of sensitiviey to inducers
of the fragle X site suggested to us that replication of
fragile site DINA &5 delaved in mutann cells, extending
well ntn what is usually referred Lo us Lhe Gy part of
the cell eyale (Fig. 1), Results of cytogenetic tests of
our madel were consislenl wilh the prediction of de-
layudd rephcation (Yu et al. 1990, Well 19923, These
cytogenetic dala are most easily understood if he
regean influenced by the nulation 2l FRASA 2 exten-
sive.

Molecular characlerizntion  of  breakpoins at
FRAXA, and of 4 candidate gene FMES contuining an
expanded COG repeal (KEremer et al, 1991 Oberls ef

al. 1990 Verkerk et al, 1991, provided moleculur (ool
ter test in more detuil the delaved-replication madel of
frapile sites, Five specific predictions of Figure 1 are (1}
DNA representing the noemal allele at a fragile sile
teplicates Jate in 8 plase; (2) replicanon of moane
[rapile-site DNA s delaved relative 1o nonmal-allele
DNAL (3] mutanl fragile-site DDNA replicates during
the part of the cell eyele nornmally relerred o axs Gos (4)
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Figoee Lo Model ol delaved replication of frapile site TINAL
The proposed tming of DNA synthesis during e cell eyely
far “hulk DMA™ and fragile site DNA s imested, Noemal
(47 alleles arve distioguished Irom mutant {£) alleles at frapile
sites (Bs]. Fragile sile induction by thymiding deprivation is
pproposcd woaccentuale the replicative delay. extending it ewen
turther into what is nacsnally peleroed Lo os I'_';i_!_ 'F'he hypecheti-
cal “eomudensation sipoal” indieates che dming during the cell
cvale hefare which replication of 4 sequensce must ooour in
tuglen lor mormal chromoseme cendensation fooaconre at hat
sile i preparation for mitosis. (Repeinted, with permission,
from Laird of al. 1957
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the muration s ei-acting in thal i1 doss pot affect
replication of distant seguences, (3] interfaning wath
DNA replication 10 mduce tragilc sites further delays
replication of mutant frugile-site DNAC

Wi lave successfully tested the first four of these
pradictions tor FRRANA and have [vund them to be
correel (Hoansen el ol 19933 The regon of delayed
replication in cells from atfected males s exionsive, us
expected trom the eviopenelic resulis. In all cell lines
(voun affected males that we have exammed, more than
150 kb of 13NA shows delaved rephcation ielative to
thal i cells fron nuemal males (Fig. 2) The nming of
replication of 1wo ather Xelinked penes. Factor IX and
phosphoplycerme kimase, was ool affected by the
Nagile X mutation. The large régon ol 1NA over
which delaved replication s observed suses the poss
Inbity that vther penes are included m tis regon and
perhiaps altered i transcnpnional stare

Cine of the interesting aspects of agle X svadrome
i that il Delives genetically as o disorder of penome
impriniing I.;-;1.1||'.1~_ R -|1n-:l11'11||r5x ol o silencing
(e T9RTY, will the mechonism of silepcng likely 1o
b bvpermethylauon (Laird 1957 Laard ot ol 1987),
For the fraple X candidule gene FMR!, tiese prédic
Lons lave Been condinmed (Dietnch e ol 19980 Hers
et al 101 Cherle @ oal, 199 Paeretts el ul. 1901
Morcosver, the prodicted  pattern of methylanon s
similor o that observed for normal alleles of FMRYS
when on the mactive X chromosease in fentle cells
(Bl ¢l opl, 199, Hene et ol 1991, Hansen et al 1992
Haornstra e al 19955, as predicted by the mnprentiog
meadel (laaed 1957). Oiher Duglde wies have genetg
:'pl;l_-'_n_'g‘ili_n.'ul ||||||‘||,.;|'|_i|_':l. that are abéo condisten! with
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Figur: 2 Timing of replication of FAMRT and fanking so-
quenoes mcells Tenn oowmal (fepd and affected  (Bowont)
males: Thess expeniments rebied vor pulse Iabeling of seplicat-
ing DNA by S-hromodeoxvunding { Brdll ), followed by ol
ariting Tased o todal TONA content. WNewly rephicated DA
weitss prirified o fractionated celts by precipitation with anti-
Bril smiibody; POHR wis wsed o amphfy specific DNA
frapments; primceset 36k Koamphiies sequences abowt 150 kb
' oof FMET primer sets fmr7& and fmrzl0 amplify sequences
jusl &' amd A7 vespectively onf ke OGO repoat of MR
primer sel o3’ ampliies sequences abost T3 kb 3w the
GO0 repeat, (Adapied, with permission. frem Hisssn et al
1993 [copyrich held by Cell Press].)

imprinnng (Samadder cooal, 990, although fewer
genctiv datw are available for these frogile sites than for
FRAXAL

T assess whether or ool e replication delay s
correluted with the hypermethylation of the CpdT sland
of FMRD we have compared the replivation limiog of
the alicles of FRAXA [rom affected naales wirh that of
alleles from normal males. and feom nenpeneloanl
transmmitting males. Males in this Julter group have
U0 eapatsions o between 55 and 200 repeats, which
are termed primary expansion alleles {Hasen et al,
1942} or premutations (Pembrey et al, 9850 COherlé o
al. 1990, The CpGoisland of FMEE 0 such males is
wsaally nor hypermethyled, Alleles [rom oonpens
traenl tramsmtbing iules and froo normal males exhilnl
similar rephication pratites: Oneimibal results willacell
bne comtmmng an wlenoediote-sized  expansion of
COG repoats (= 200F within an unmethylited Cpls
fslandd tndicared no rephication delay ol FMRT (Fansen
etoal 1993, These results suggest that hypermethyla-
tion of the Cpiy island ae PMRE eather than B CGG
expansin may by inbiately volved e the deliveil
replivalion, Experiments are 0 progress ising g,
unmethylated expansin af the COG repaeat in order 10
resobve this s,

Tools ave thus avmlabde 1o derermime if the cepliva
non of DINA from other lragile sites s similarly in-
Nucuced by mwtant alleles (Rnight et al, 19951 T ey
alsn e psetul tooremurn B ou e general guestion
Heww s the deeree of cheomosome condensaron affoel-
e locally by the timing of M A repheation? Gsee Fig,
U CDvarhmgran and Lo Qour 19400 Sperling and Rae
1974,

Fragile % syndrome thus poins wonember of the
defeuon thulussemius | $863)° as syndromes warh a mo-
lecular phenotvpe of delaved 1IN A replication {Fories
ter eral, 1990100 | he cxnbenes of such syndromes roses
the possibility that altered cell cvele control s mvolved
in the discase phenorepe. [ cells witle almormally
delayad rephication huve u oonnal or extended 8 phase?
Do they begin O, functions while soll continuing re-
phicative 1IN A synthesis? An allered cell eyele control
could huve ¢linicul significance that exrends heyond the
inhibition of transcripnion of genes within the region,
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