L

Call, Wal, 73, 1403=-1409, July 2, 1923, Copyrighl &5 1393 by Ol Fress

Association of Fragile X Syndrome
with Delayed Replication of the FMR1 Gene

R. Scott Hansan,” Tharesa K. Cenfield,”
Mary M. Lamb,T Stanley M. Gartler,**
and Charles D. Laird 144

*Dapartment of Medicine

tDeparinent of Zoology

tDepartment of Ganefics

Univarsity of YWashinglon

Soattle, Washington 88186

Program In Molecular Medicine

Frad Hulehinaon Gancer Research Center
Seattlo, Washington BR104

Summary

The fragile ¥ syndrome is commonly associatad with
mutant allsles of the FMAT gene that are hypermethyl-
ated ond hove large expansions of CGG repeats. Wae
present data here on tha replication timing of FMAT
that canfirm predictions of delayed replication of al-
leles from affected males. The normal FMAT allale repg-
licates late In S phase, while alleles from allected
males raplicale later, the major peak of replication oc-
curring in the flow cytometry fractlon usually refarrad
to as G2/M. The dalayed timing of replication is not
the direct result of a single replication fork stalling at
the expanded CGG repeat, bacause delayed replica-
tion was observed for regions on both sides of the
repeat. The domaln of altered replication timing in-
cludes sites at least 150 kb 5'and 34 kb 3" of the repeal,
indicating that genes in additon to FMAT may be af-
fected.

Intraduction

The gene associated with the fragile X syndrome, FMAT,
has ihe properlies of an X-linked housekeeping gene that
is subject to X chromosnme inactivation {Gariler =1 al,,
1992). FAMAT transcripls have been detected in diverse
lissues (Hinds et al., 1893); the &' region of the gana con-
tains a Cp& island that Is unmethylatad on the aciive X
chromosoma and meihylaled on the inactive X chroma-
some (Hansen et al., 1992; Oberld g1 2l, 1281). Mutant
FAMAT alleles associatad with the fregile X syndrome of
mental relardation resemble the normal inactive X allzls
in that they are transcriptionally inactive {Piersili =1 al.,
1681} and their 5' CpG islands, including the CGG repeat
{Hanzan et al., 1892), are at least pantially methylated (Ball
glal,, 1991, Dietrich etal,, 1881, Hansen at al , 193Z; Heitz
at al,, 1981; Oharla et al., 1991). Two levels of sequence
instabilily have been characterized at the FMAT lacus
There Is a low leaval of expanzion of GGG repesls, from a
normal numberof about 30 1o between&0and 175 repeats,
that is not associated with phenotypic consaguances; in
progeny of females with this "primary expansion,” there
Is often a dramatic "secondary expansion” of the CGG
repeal, 10 more than 200 repeats, that is associated with

he fragile X phenotype (Fu et al., 1981; Heltz et al,, 1882,
Kramer st al., 1991; Oberla st al., 1991; Yerkerk el al.,
1991, Yu el'al, 1992). ILis not yot clear whather this sec-
andary expansion Is transmittad through tha germline ar
acours aarly in ambryonic devalopmant. [t s also not
ko whal role the SGE expansions have in establishing
methylation patterns. A madal that correctly predictad sav-
aral molecular observalions and is consistent with the ma-
tornal-spacific mode of inharitanca of the syndrome has
naen proposed (Laird, 1987). In this model, the agile X
mulation interferes with the narmal reactivation of the Inac-
tiwe ¥ allele during ooganasis, resulting In an abnormally
Inactive damain on an otherwise active X chromosome,
Iey thig % inactivation imprinting” madel, the mutant locus
an the active X chromaosamae |5 tharalors pradicted to b
shabily imprinted lor ranscriptional silonce by a failure (o
roverso the narmal procoss of X chromosaméa inactivation,

I a madel for Ieagile sites thal is complamentary 1o the X
inactivation imprinting model, it was proposed thal fragila
siles ocour at alleles whaose replicatlon |s dalayad relative
e nonfragile allelas (Laird &l al., 1987). Cylogenelic dala
led to the pradiction that a replication dalay at the fraglle
aita associated with fraglle X syndrome (FRAXA; Xg27.3)
would proloeng replication into what is usually referred to
as the (32 phase of the call ayala (Lalrd at al,, 1967),

Cytofogical studies af tha inactive X chromaosoma indi-
eafa that its replication 13 delayed relative 1o that of the
active X homaolag and the aulesomes (Atking at al. 1962;
Lima-da-Faria at al., 1961, Taylor, 1980, In general, ran-
senphional inactivity s often associatad with replication of
genas late In 5 phase (Goldman et al., 1984, Hallon el
al, 1888). Late replication of inactive X locl relatlve to
active X loct has previously been confirmed at the malacu-
lar lzvel for the factar X (F9) and hypoxanthine phosphori-
hosyltransferase (HPAT) genes (Schimidt and Migoon,
1290). Although thers are eytalogical data suggasting that
tha chramoszomal region containing the FMAT gene is ak-
normally late replicating in affectad fragile X males (Wehb,
1832: Yu &t al., 1830, there are no data on the replication
timing of FMAL.

To exarmine further the possible role of X Inactivatlon
imprinting in fraglls X syndrome and to test the late replica-
tion modal for fragile sites, we determined replication tim-
ing of FAMART DA in c2lls derivad from normal and fragile
¥ mialas. In addition, several other X-Ainked loci wane exam-
inzd to delermine whether or not fragile X mutations al-
1ered replication timing at large distances from FMRT.

Aesults

Replication Timing Meathod

We investigated the timing of replication of the FATR 1 gana
uging & novel combination of pravicusly described tech-
nigues far determining replication timing, Lymphoblastoid
czll linas wara pulsa abalad with S<bromo-2'-deoxyurn-
dina (Brdll) (Furst af al., 198 1) and fractionated inlo ditfer-
ant phases of the cell cycle by flow cylometry, as shown
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Flgure 1. Mow Cylometry Profile of DdU-Labeled Calls

Lymphoblastold cells were labeled tor 1.5 hr in Brdl prios 1o harvests
Ing. Calls ware mtained wilh proplidium icdids and frachonnted by B

Ty inln s fenctions ol DINA conliam i rlang 10 alilfiriaenil
carmpoelmirds of D ool pyctn G, lowr gunles of S (51, 82, 53,
und B4, mand G2,

in Figure 1 (Gilbart and Cohen, 1887 Tan Hagan at al
1850}, Equal numbersof fractionated cells were collected
for sach of sl DNA content ranges, including tha G1 and
G2M peaks and four fractions ol S phase, Our S phase
fractions wara similar In callular DNA content to thoss of
praviocusly described mathads (for example, sas Furst at
al.. 1981). Replicated DNA was purilied from these lrac-
tiens by Immunoprecipitation with an antl-BrdU antibody
(Gale gl al., 1992; Vassiley el &l., 1590).

The extent of replication for a particular loous was ana-
Iyzad by quantitative polymarase chain raaction (PCR) of
the fractionated DNA using locus-specific primers. The
multiplex PCRs contained control primers 10 normalize
replication fractions for diffarantial recovery and amplifica-
tion. FCR products were separated by pel slectrophorasis,
transterred to nylon membranes, hybridized to specific

probpas, and quantifiad by phospharimager analysis. Flva
Aedinkod loch were examined for replicalion brming: FMST,
F4, phosphoglycerate kinase (PGAT). glucoso-G-phos-
phate dehydrogenase (GEP0), and X-spacilic a-satallita
sequences (X.u). The sites analyzed in the FMAT gene
includad saquencas flanking bath sides of tha CGG repaat
in the & CpG island (frnr78 and Imr310) and a ragion at
the 3" and of the gene (frrd’) (Figure 2), A sequence |o-
cated 150 kb 5" of FMAT (AGFA) at tha DXS548 locus
(Riggins at al, 1992) was also analyzed,

Our raplication timing methad produces results aquiva-
lant to other methods based on replication pattearns pra-
viously established for PGKT (Goldman, 1988), GEPD
iGoldman, 1888, £ (Goldman, 1888; Schmidt and MI-
gaoon, 1990), and X-n (Ten Hagen et al, 19900, PGKT
and GoPDreplicated early in S, while FY and X-u roplicated
lala in normal mala cells (Figures 3A and 30 data not
shown),

Replication Timing of Mormal and Mutant

FMAT Alleles

Tha call linas darlvad fram thres normal males raplicatod
the lma10 seguence prmarily in the sacond balf of 5
phase. Two examples are shown in Flgures 34 and 3B,
The replication pattarn af FAMA T I8 lika that of the presum-
ably inactive F9 gene (Figure 38). A gimillar paltern ol repli-
satian timing was absarvad for an FMAT allele from an-
ather normal meals whosa cullured blood ymphooytes
wore examined (data not shown), The replicalon al an
inactive X allale of FMAT ocours evan later than that of
an aclive X homaolog, as demonatraled by raplication anal-
yals af samatis cell hybrids cantaining aither an active or
an inactive X chromosome (data not shown),

Tha call ines derived from aflfected males with methyl-
ated, secondary CGG expansions replicated the fmrdd0
seqguence laler then did cells from normal males, pradoml-
nantly in the G2/ fraction (Figures 3A and 3B}, The size
of tha CGG repaat and the methylation status of Fou4H|
Sites in the Cpd island were determined by Southearn blob
analysis (Hansen et al., 1992; data not shown). An allels
wilh & primary expansion from a normal transmitting male
was found to replicate in 33 and 54, llke FMAT replication
in narmal males (Figure 38). An allele with a CGG repeat
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Figure . Partial Map of FMET Begion

Shown ere cleevege slies of the specified restriction enzymes (vericellings), tha CEG rapeal ragion (invartad boxes), selactad axans (npan boxes
labaled clNA), ard locations of FRAT FER products thel woe alibzesd for iepicaton ming (Fme?8. fmed10, and fmr2), Also ahown i3 the PCR
producl lhal was used for analysis ol the DESS48 Hogs ($8F1R), localed 150 kb 3" of the FMA gene.
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Flnum A Baplicsatinn Timing ol =ME7, SEET, aod FO i dormad and
Mulani Lymphoblastiond Soll Lines

[A) Replication pattarns eré ehown for PEHT and FUMAT friom a normal
miala callline (hem@0t-&) and fram hres ol Lnes detsa rom aheaied
ol willy mothlinbod, socondony QEG oepansions (CIBE1, TLRF.
and 17},

{B) Replication timing of FMR?Y, PEKY, and F8 s comparad beiwesn
ol darivan o ancifee aoemnl ks |FF]. licwy i sscsermal Dravresamel -
ling male with a primary CGEG expension (H3a), from an effected mals
with & methylated, secondary GGG expension (TLOA0), and from an
affected male that contaln a pradaminant subpogulaton of celle with
an unmathylated, primary expansion-eized CEG repsat (TLODT)
Fhe IS [ Iocus i the FAMRT Cpd3 island wis sssnyed o bolh (A)
and (B}

number of aboui 200 was 1scleiec in a iymphobliazsioid csll
ling {TLOOT) from a population of fragile X ymphooytes
that wers mosaic in mathylation and CEE repeat sizs
This allele wes unmelhylaled al the Eagl sile and al =l
FriudHl and Acil sites assayed within the CpG island
(M. M. L. st 8l., unpublished data). Although this aiiaia
was derived from a male classified as clinically afiectsd
(see Flgure 2 In Yu et al, 18840), it has the mathylation
properlies ot & nommal or primary expansion allgle end has
a CGG repeat size of a large primary expansion allsle.
Consistant with thesa proparfias, the replication iming for
the TLOOY allele was found 1o be like that of a normal or
primary expansion allele (Figure 38).

Tha replication timing of othar X-linked genes wes alzo
examined 1o lest for possible trans elfecls of the CGG

expansion at distant loci, Replication pallerms lor PGRT
in gl of the cells confaining mutant FMAT alleles woro
gimilar to those of cells of normal males (Figures 34 and
3B}. Raeplization of F9, GEP0, and X-u was also normal
in the fragile X cells that were axamined (Figure 3B; data
not shaown), !

To datarmina whather the delayad replication observed
for alleles with methylated, secondary CGG axpansions
was the result af a single replication fark stalling al the
GGG rapeal, we assayed replication at sites both 57 aned
3 of the rapoat. All four siles (48F/R, Imr78, fmrl 10, and
tmrd’ consistantly raplicated late, indicating thot replica-
lion 15 delayed ovar a large region that axtends at least
150 kb 5 and 34 kb 3 of tho CGG ropeat (Figure 4), The late
rephoation of fmr78 indicates that the delayed replication
cbgorved al e 3 siled 15 nal gimply the rasult of a fork
travaling from the 5 direction that stolls al the expanded
COG repeat. Similarly, the lata raplication of fmra10 and
fmrd indicates that the late replicalion of Imred is nol the
result af & fork traveling from the 3 direction that stolls ol
the repeal, Tharalors, the stalling of a singla raplication
fork at tho expanded CGG repeat cannal account for tha
absarvad pattarn of dalayed repllcation. Furthermaors, the
delayed replicalion obaerved lor the 46F/F and Imrd' sa-
quencas, which are separated by 180 kb, suggests thal
the enlire FMAT raplican may ba altarad in fragile X chro-
mosames,

Discusaion

X Inactivation Imprinting Madel of Fragile

X Syndrome

Wa have studied replication timing in cell lines derived
from four males alfactad with fragile X syndroma that ra-
tain the properties associaled with primary cells from such
Individuals: large CGG expansions In the 5 CpG island
ol the FMAT gene and methylation of this island. Replica-
tion of the methylated, secondary expansion alleles of
FMAL from the affected malss acours [ater in the cell cycle
than doss replication of allzles from four normal males
that ware studied. These data, and ouwr previously pub-
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Flgure 4. Comparisen of Raplication Timing in Lym phoblastou Golls
Al Lacatkans &' and 3" of the 3G Beposl
Raplication timing 15 shown for FE narmal mala and TLOTG fragile &
mele &t differant regions of FMAT (me?d, fmeE 10, ancd foeE and of
3 sequanca 150 ki B of the gune ($EFF)
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lished data on the methylalion pattermns of FMAT at the &'
CpG island (Hansen gt al, 1922), indicate thal mulant
alleles from affected individuals retain proparies af normal
inactive X alleles, as predicted by the X inactivalion im-
printing modal (Laird, 1887). It appears 1o be a novel pha-
namencn for mulalions in & gene to he assaciated with
delayad replication.

The primary expansion allels that was examined ap-
pears to be replicated ke alleles from nonmal males. Tha
FMAT gene in TLOO7 had proparties characteristic of a
primary-expansion allele and reghcated ke a normal or
primary expansion allale, although TLOOT was denved
from an affected fragile X individual. Somatic mosalcism
is oltan ebsarved for CGG repeat size, CpG island methyl-
alion, and FMAT axpression in fragile X patients [Fu at
al,, 1991, Hansen el al., 1592; Obarld o1 ai , 1881, Pieroti
el al, 1981; Yu et al.. 1982). Because the lymphocyta
DNA of this individual was mosaic in CGG repeat size and
mathylation (M. M. L ot al.. unpublished data), we infar
thal this allels was derived from a subpopulation of
lymphoblasts thol was selectively isalatad by astablish-
ment and growth in lissue cullura, The number of GG
repeats within this subpopulation, aboul 200, borders the
number lound lor primary and secondary expansions (Fu
at al, 19681; Heltz et al., 1992, Yu etal,, 1992). Tha normal
replication of this allele and of one containing a primary
expansion from a normal ransmilling male suggasts that
the prasanca of an unmethylated CGG repeal expansion
of up 1o BOO bpin size le not sufficient for the mainlenance
of the markedly delayed replication that can be detectoed
with cur assay. Similarly, an expanded bul unmathylatad
CGG repeal Is nol sufficient lor transcriptional inhibition
of FMAT (Sutcliffe et al., 1992,

It is probable that hyparmethylation of the FMET Cpl
istand Is sufficient lo lead lo siable franseriptional repres.
slon (Gartler et al., 1992; Pierelli st al., 1591: Razin and
Cedar, 1831; Suicliffe et al, 1932} and is therelore in-
volved in the eliclogy of the fragile X syndraoms. It is not
known, however, whether the methylated state is the initial
imprinting signe! or whether it is 2 consaquence of another
Imprinting mechanism, such as the swilch from sarly 1o
Iele replication. The datermination of methylation slalus
and replication fiming of FMAT in the human germiing will
be imporant for understanding the machanism by which
the imprinted state of the fragile X mutalien is rensmitted
by females,

Although our data are consistent wilh predictions of the
X inaclivetion imprinting modzl, ather modsls are not yel
excluded. For example, the CGG axpansicn could b con-
gldered as an abnormal insertion with properiss similar
[0 those of an imprinted transgene (Reik et al., 1990; Sa-
saki 2t al., 1981). The CGG sxpansion would therofore
infroduce & recognition site for an imprinting mechanism
thal is independant of X inactivation imprinting yet results
in the methylation of the £MAT CpG island. Further expari-
ments ara necaseary to distinguish ameng these and othar
hypothesas,

Fraglle Sites and Delayed Replication
Our finding ot delayed raplication at the mutant FMET |o-
cus also suppors the hypolhesis that the fragila X site

ocours ataregion of delayed replication (Lalrd etal., 1087),
It was pradicted that the fragile site could rasult from a
replication-basad disturbance in normal chromosomea
condensalion during G2, The replication of secondary
sxpansion allzles of FMAT oucurs latar than that of any
ulher locus that wa have axamined thus far, including the
#-a sequences thal have substantial replication in the
G2/ fraction {data not shown; Ten Hagen el al., 1980,
The replication timing of four other X-linked locl, PGKT,
F8,G6RD, and ¥z, was not alfactad by tha fragile ¥ muta-
lige, It will B of Interast to datarmine the relationship ba-
twaen replication of mutant FMAT alleles and chromg-
soma condansation, parlicularly under conditions of
Iragile site nduction {sae Flgure 2 In Laird ol al., 1987,
In addition, our data should encourange future studios of
raplication timing at othar fragile sios,

Late Replication and the Expanded CGG Aepaat
Raplication af the highly expandad GGG ropoal is know
ter ha ditfleult, resulting in areara in vitre and in vive with
bacterial polymerases (Erstar atal , 1892, Fy ot al., 1991
Kramer at al,, 1991), Difficulty in passage of replication
lorks through this 10080 CG reglen may explain the oyio-
logical manifastation ol the Iragita slite (Fu ot al., 1999 ;
Kramer ot al., 1991), We have recenily shown that tho
gxpandad rapaat can ba highly methylated, particularly in
lymphoblastold call lines (Hansen at al,, 1882}, The higher
malting temperatura of the methylated repeal {Colling and
Myers, 1987) would be axpactad to causa aven more dilli-
culty for the passage of replicalion forks. Tha abnarmally
late replication of FAMRT alleles with methylatad, second-
ary CGG axpansions was not, hawevar, the direct resull
of a stalling at the expanded CGG repaat of a raplication
lork travaling fram a distal or proximal arigin. This conclu-
sion follows from the observation that replication timing
was dalayed on both sides of the repeat, including se-
guznees 150 kb 5 and 34 kb 3° of the expansion,

Mechanisms other than polymerase stalling can be envi-
sianad farthe possible invalvement of the methylatad, sac-
ondary CGG axpansion In causing a delay in replication
aver the entire replicon, The CGG expansion could directly
inactivate a n2arby replication origin, thus swilching repli-
cation timing control to anathar, later, arigln; the delayed
raplication could also result from a switch in timing of acti-
vation of the normal origin for the active X locus {Laird et
al., 1987}, Diract rapaats have heen abserved in fractions
enriched in sukaryotic replicalion origing (Opstalten et al.,
1283). Although mast such sequences are AT-rich, re-
peats with 80% GC were also ohsarved: it is therefore
possinle thatthe normal C&G repeal funclions as an arigln
of replication. Itwill ba of interast to determine the localion
of the replication arigin for both the normal and the fragile
X FMAT replicon.

Otherthan a direct Interaction with the replication origin,
ths GGG repeal could indirectly affact ite activity by intor-
action with a "locus contral region.” Precedant for this pas-
slibility s foundin tha axampla of the human -globin gene,
where daletion of the locus control region, located 60 kb
5 of tha gansa, rasults In gene repression, 4 changa in
chromatin structure, and a switch to lale replication of &
ragion spanning al leasl 220 kb (Forester ot al., 1990},
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Tha larga domain that undergoes switching to kate repli-
cation on the Tragile X chromosoma is consistent with the
larpa rizes aof ather domains that undergo changes inrepl-
cation timing and lranscripticnal activity (Brown &t al,
1887, Dhar et al., 1989; Forrester et al,, 1990; Hallon and
Gchilgkraut, 1890, Selig et al., 1992; Spack el al., 1992},
Il is spparent Irom our data that the minimal domain of
delayed replication includes the 180 kb region spanned
by the 46F/F and tmrd' saquances, It will be imponant to
map the boundaries of the abnormal replication domain
o determing whsther or not multiple replicons might be
aflocted.

Our damenstration ol delayed replication of a candidata
gens for fragile X syndrome adds a new dimension 1o the
genelic and epigenelic basis of this dissasa, Forsxampla,
the finding of a large domain of lato replicaticn raiges the
possibilily thal inactivalion of geneg in additlon to FMR7T
could be assoclated with fragile X syndrome. In some
cases of Iragile X syndrome, It has been suggested that
the domain ol reprassion may sxtand several Mb to the
Iduronate sulphatase locus (Clarke el al., 1982). Raports
ol phanctyple variation eupport the Invalvemant of other
genes in the syndrome (Laird, 1987; Loasch et al, 1882)
Tha possibllity should aleo be consldered thatother hered-
ilary disenses exist in which transsriptional Inhikltion is
associated with a replication delay.

Exparimantal Procedures

Cell Culture and BrdU Labaling
Standard growth conditiong far culluresd colls worme s previously da.
scribad (Hanean &t al,, 198H). CHD-YH21 is @ Chingse hemsgler oVAry
cedl ling (Hosensiraus and Chasin, 1975), X8-6T2 s a G-thioguaninge-
rogistant human-hemaigr hybrlg cell line that containg & humsn ke
tive X chromozsome (Haensen &1 2l 1988; Hansen R (Gaier, 1950
Hansen o1 al., 1882]. GMOBITER s & humdm-hamsler hybrid cefl ling
containing an ectve human X chromosome thet wes obained from
ther Maticwil Insbilule ol General Medicel Sclences Human Genatic
Mutant Cell Repository. Lymphoidasioid el lines woro esiohSshad
by EpEtain-Harr tranateomaton of puriphersl lymphoblasts. TLOOS gng
TLEAT, degvad Trom moles atlocted with fragile X syndrome, tasisg
posilive for the fregile X chromeseme [Yu et al, 1950) and wers o~
teined from Dr, 5, Wenger (Division of Medical Genatics, Chidien's
Hospital of Pittsburghy. Dr. W, T, Brown [Depstment of Human Gonet-
ice, New York Siata Instilule lor Basic Bessarch in Deveiopmemal
Digakilites), provided CIBE1, 8 hmphoblesioid cell Ing that was da
rived from a fragile X male who tested positive for the fragie X chromeo-
some (previnusly refered Lo 553881 by Hansen et 2l., 1922),. Orhercell
lireess wire dornved from the following Individuels: FF oang hemB0E-5,
normal males; TLOOT, afected male whe 1estad positive for the Irzgile
X chromasome {I=1 in Figure 2C of Yu et 21, 1880); H7, an aftected
male; and H3a, a nomal transmitting male carrie

For Brdl) labaling of lymphoblastos] oelks, sboul 3 = 107 cplls in
exponentiel growth wers Incubeted with 50 uh BrdU for 80 min znd
washed with cold phosphate-buffersd sziine. Ceill peliets were kapl
on ice until stained with progidium indics 1or cell sorling, Manipulstions
aof laheled colls and DNA extracts were done under yeliow lights or
dark ambient light fo prevent photolysls of incorporated Brall. From-
blast cells (CHO=YH21, X86T2, and GMIGI18E) were similardy Ls-
beted with Brdl! and harvested by trypeimzation belore ey wise
wacshed in phosphate-bullered siling; they were then fieed n 7098
athanol for| hr, pelleted, and rasugpended in 0% ethanod for sicrage
avernight a1 4°C before fiow cytometry.

Cell Cycle Fractlonatlon

Brdu-labeded calls were saparated mto different phases of the cad
cycla oman EPFCS Elite oall sl or, {arlln wists tesgsprradod i stabmimg
buather (8 vol of 400 mM Tris-HCI |pH 7.4], 0B% NeCIL 21 mM MgCi,

0.05% Monidal B-40, 50 pg of propidium lodide to 1 val of 10 mgiml
RkAaze & in 0.8% MaClh at'a concantratlon ol 5 = 10°t0 1 & WP
celts par ml of butfer and Incubated for 31 min at ioam lempealomg
jugt priar 1o sarting. Equal numbars of fractionatod cofls wers colleciad
lor sachaf six DMNA contant ranfes, including (he G1 and G2/M peaks
and faur intesrmigeliale fratdions of & (in diferent experiments, tha num-
Eme Of gl edlacted perfraction rangad fram 20,000 ta 40,000, Typi-
cal renges of callular DHA contant far aach fractan ara lustadod in
Figura 1 and wara astimalad ta be: 31, 1A C 10200 C; 51,2300
to 200 G; 52, 262 G to 204 2, 53, 205 C lo 3.06 C; 64, 3,29 C 1o
FBOC G ATTC w0407 C DMNA contant waa caktulatard relotivi
to the flugrascent signal of calls at tha G1 prak, whoao DRA contenl
was consldarad ta ba 2 C. Calls wera coltoctod in 1.5 ml microluge
tubas containing 400 pl of tyses butfor (1M NaSl, 10 md EDTA, 50
mibd Trie -HCI (M 80), 0.5% S0S, 0.2 mgiml protelnase K, 0,206 mg!
mi strrared und denatured salmon testas DA [accarding 10 Vansilow
afgl., 19300, The fractions ware incubated far & be al BOYC ond olorod
a -20°C.

Brell-labatad LNA fam about 4 = 10" axpanantlally grewing GHO-
YH21 caily was [solated without cell fractionation. DIMA wan puifine
from the call yaate by phonal and chiaraform oxtrostion oo olbanol
preciptation. DRA concanteations wor dotermingd by Nusroagant dye
mimding (Labarsa and Faigon, 1080)

Isolatlon of Replicated COHA by lmmunoprocipl iotlon
Immumagtecipiution of Drdlblabalad DHA war carmind aut an do
scrlbad proviously (Vassiley st al, THROY with mamo mocificalions
Bradlhlabeled CHO-YH21 DNA wis adldod 1o sxirncts of flaw-sarimi
calis prior te phanal netrolion, to contral for differential racovany dui
ing DONA purificobon procodurés and subsaquant PCR alllcioney
Thity nanogroma of CHO=YH21 DA wara acldad o ovory 107 Howe
serted cella; the sama batch ol Bolll-Wtmlod GHOSYHZ | ONA was
wsed for all exparimants. Thi somples wers extracted with phanal ani
chlaratarm aml Ihon procipitated with ethansd, Attar centoluiglion,
peltats woro washed with 70% athanol and drisd. DMA wod disaedeed
in 480 wl af TE {10 mM Tris-HCI [pH 7.5], 1 mM EOTA}, and 40
of 5 mgimi shearad and donaturod salmon teates ONA wae addad,
Samplas wars sonicalud lor 15 5 1o 8n averags size of abaol 700 by
{rangd, 250 bp o 2 kb in cantrol experimants) and then hoal denefurad
foi 3 min &t 33°C bafora coaling on loa. Samples wore adjusted 1o
10 mid 3odium phaosphata (pH 7.00, 014 8 Nl 0.05% Trton X-100
and than incubatad with 2 ug of anti-Brdl manceianal antibndy (Hoo
tan-Diakinsan Immunocytometryh at ragm tamparatura for 20 min with
cunsiant end over end rotatlian. Antibody-baund HidU DMA was precip-
lEted by addition of 36 ug of sabbit immunoglobulin G directad against
mouss immunagiabulin 3 (Sigmajl and imcubatlen at room tamparatuen
for 20 mun with constant rolation, Samples wera cenfrifuged lor S min
i o minrocantrifuge. Pellats wars washad onoe in 750 i of 10 mh
=sodium phosphate duffer (pH 7.0), (.14 M MaGl, 0,050 Triten X100,
rasuapandsd in 200 pl of 51 mM Tris-HC| (pH 6.0), 10 mM EOTA,
0.8%0 508, 0 25 ma/mt profeingse K, andincubated overnight a1 3790,
An addilional 100wl of this hyzis butfar was addad, and samplas were
incubzElsd 1 hr at 50°C. Yeast IRMA (20 uy) was edded, and the 2am-
plos wars sxtractsd with phenol and chigroform and athandd precip-
tat=d. The pellotod and dried Brdlt DMA was dissalved in 60 nl of TE
and sluced in = dark box at —20°C,

FCH Amplification of Replicated ONA

The aligonuclsatke irmer pairs employed for PGR and the sizes of
woermsponding PCR products are 23 follows: human PGKT (Piaifer at
=, 1930), CF (F-gggitggagttacgectiticeaa-d) and D2 (h-acqorooga:
acLgcaafggaaccl-3 (223 bp), human factor 14 (sequences rom HUM-
FIXGE, GenHank accossion number KO02402), IXUS (S-aggoct
slctigetlagiloet-3) and [XUSA (5-iggigtiiggoatgosictecat-07 (463 bp);
human X-a {Warburton atal., 1991), X34 (5 ataatttcecataactaaacaca-
¥ =nd X-4A (T-tgigaagatadaggaaaaqoet-39 (533 bp), human GEED
gane (saquendes Irom HUMGBPDGEMN, GenBank accesaion number
#A55448). GEPDD (5-goageagtggogtgaaaatacg-29 and PDS (&' -tncagn-
coazcazigiogiost-d) (854 bp); DXSEAA, located 150 kb &' ol FMR?
(Migging ot al, 1982, t6F (A-placatiagogioaccigloatoe-37 and 46R
{S-agagettcactalgoaalgalo-3) (48FA: about 200 bp); human FdR)
Cpid sl (seguences from Fu et al, 1991), fmerU1 (Gegoagan-
sigguogiictggooct-2) and fmrl.1 (Seggocctccaccgnaanigana-s)
(fmr¥8: 323 bp), as well as fmeall. 1 (B-ggaigaagagnangalgpaggags-3)



Call
1408

and imr0L.2 (8ol coogolgReen gty -7 Fmrged: 451 bij, hu-
man o hameter 3 FMRT [sequances from Verkuek- ot al., 1921},
imrES04 [F-lelgrocacapRoBCnencicag-3) and fmrBE18 (5-a3gdoa-
tecatetgitoitotion 3 (fmeds human, 660 bp; hamster, 1.3 kb), human
ar hameler 265 1ANA gene (sequences hom HUKRGH, GenBank
doonssinn number Mi1167. 285102 (Stesciractigoigasloaac:
tageon-3) and 2A52L.2 :5'-cluunc.it:.aagg:l:n.m;wgn:-ﬁ'H‘numaﬂ. ]
bp; hemsien, P00 BE) hemster s0eming phogphoribimylisansiarass
gane (seguencus fmm HAMAPHTG. GEenBank pocegsmon umber
wisEna, HAPRTA (F*-gapccaparsiocuanmnaigt-3} and HAPHT-1H
{54 cageogurigpagleatacce-3 (HAPRT-11F: 282 by

PCA paramolecs fof mulliphe (eachinns were one of thay loflawing:
HAPAT-1-HAPRT 1R and C2-D2 o fmi 701 -fmrdl. 1 and 28310L2-
PHSPL.2: 9500 for & min, ith cycles of 8550 b 1 min, G5°C for 1 n=n
7000 tor 2 min, and Houl oxtension &) T2C o 7 ming HAPAT-1-
HAPAT 1H and IXUS-1XUSR o fmral, 1-tme i 7 oned 28510.2-
205502 or e AR =mrBE1E nd (XUL-IXUGN: S4°0 ot b m, 25
el of 9470 o 1 min, G0° for 30 p, 7#°C for 2 min. arl ol
wwlanslan at T2 for ¥ min; or X3A=X44A aml HAPAT-1-HAPRT TH
of ABF-4BE and HAPRAT.1-HAPHT-1H or tmiE90s ImrBlG and
GOPOD=PDO: 04v 13 for & min, 7 oyl of #4°C for 1 min, Hoe o
1.6 min, 720G for 1.5 min, 10 cycles of 93%C for 1 min, 359G lor 1.4
min, TR0 far 1.5 min, and Hinal exignson ol TG for T omin, Al
toselionn eanalned 2.5 LU ol AnpliTag (Petkin-Elmuer Totus) and he
uncorheclod 1A aquivalent ol 2000 sored cells in 100 i o standasd
ronction bullier [Poisin-Elimer Celug]. XiA-X4A, 20510, 2-2897L.2,
aned PEUS=1XUSA reactinnn containgd 0.5 phd primars; nll gt oan
{ioms cainained 0,2 ph punnrn, Reactions wedly lina T Y =femiBL | prim
ars comimog Bis dimathyisuifonido, imesll, 1-tmr 1oL 2 roqc sk CON-
walned 10% dimelhylsulioxide.

Guantitation of PCR Products

hgarogu (ol sleciiophorgeals, Ecultien iiansfer, hybridizoion enndi-
tlohs, BRd mombreng washing procedurah wars a8 previcurly i
acribed {Hansen ol ol,, 1982} Mool protes wina obtained by PCH
perpldination of genomio (INA; products were it y gal elgciio-
phoresis i medting naross FLR products in a(aoss wals Ig-
beled by L random hexgnuclsolide priming method (Feinbang and
Wogelgteln, 1084) The fmi7d gnd fmrB 0 products wers probasl with
the previougly deseined tmrTiE and fmiGiio FCA products, resps
Viuely [Hansen @ al., 1692). Quantitaten of hybrilization signels was
performed by phiRphoimager analysis {Medecutar Dynemics, Unival-
gity of Washinglon Phasphorimeger Faciliy] Hand Inlensiigs wire
normalized using products from hamsier DNA plesent o tha multiplex
reaclions [2BS1U. 2128520 2, HAPRT-11R, or fmid])

Total En0i1 replicatlon sionals (the sum ol &1, 51,52, 54, 34, and
G2iM hybridizalion skignals) for cell lines thzt had predomnani paaxe
af reglization in G2iM were 2 to 3-old luwee than thoge that did rol.
This ditferance indicales &n underestimation al replication percell in
the GO fraction, There was no différence petwern normal and fregie
¥ allales inthe efficiency of antipody precipitation or PCR empiificaon
afthafmrai0 reglon. Thee-1o34ola underreprensntztion ol G2 replica
lign i likely to be the mesull of dilutien with colls et compleled 5
beforo Ihi Hrdl labeling perivd. This sxent of enoergnEsenialion
{2 consislent with compute-genesifed profiss ol the S and GPM com-
panents of tha 527 peak (Multicycle program, Phpank: Flow Systems)
that indicste & 2- to 3-fold greaier numbes of cefls in G2 than in 35
(ke rot Ehgem). Undiriepressntation of replicaisn wae 2130 Sppar-
entin e and S fraclions tor oo thatraplicate vy eary, probabiy
hecause of the large amount of nonreplicating G1 cally in thesa lran-
liors. Theee problems have been avoibed in spme studias by exsmin
inganual guantitles of Brdl inbeled DRA Inthe cell actions for hybrid-
[zation 1o specific probes (Brown et 2l 1987, Dhar e &1, 1985,
Forrester ol al, 1883; Hetton end Schildkragt, 1920 Spoud &t al.,
1882, Howeve, lhis method oversstimales reghication in the darly
and late fractions becauss cells in serly or e 5 phase woukd b
prpecied to contein less lotal BrolU-igbeled DA par cell than in the
other [1aetions. Our deta are prosentad withowt correston for the prod-
ahla dilutlon of BroU-labeled DNA by nomraplacating colls.
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