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Allele specificity of DNA
replication timing in the
Angelman/Prader-Willi syndrome
imprinted chromosomal region

Joan H.M. Knoll'*, Sou-De Cheng' & Marc Lalande'”

DNA replication within chromosome 15g11-q13, a region subject to genomic imprinting,
was examined by fluorescence in situ hybridization. Asynchronous replication between
homologues was observed in cells from normal individuals and in Prader-Willi (PWS) and
Angelman syndrome (AS) patients with chromosome 15 deletions but not in PWS
patients with maternal uniparental disomy. Opposite patterns of allele-specific
replication timing between homologous loci were observed; paternal early/maternal late
at D15563, D15510 and the y-aminobutyric acid receptor B3 subunit gene (GABRB3);
and maternal early/paternal late at the more distal y-aminobutyric acid receptor o5
subunit gene (GABRAS). At the most distal locus examined, D75572, both patterns of
allele-specific replication timing were detected.

Chromosome replication is under stringent temporal and
spatial control to ensure accurate duplication of the
genome, It is initiated from discrete loci in mammalian
chromosomes and proceedsinan ordered manner during
§ phase'”, High resolution cytogenetic studies have
revealed more than 1000 temporal chromatin domains or
replication bands’ with replication bands appearing
synchronously in autosomal homologues®™. Molecular
studies suggest that each band represents 10— muphmm

differential timing in the appearance of chromosome
replication bands in the PWS region has been described'

Kitsherg et al. observed recently that loci in the AS/PWS
region and in other imprinted regions replicate
asynchronously'™, For all loci examined, the paternally
derived locus replicates earlier than the maternal one',
Toi igate further the potential relationship between
imprinting and DNA replication, we have used an
approach, described rec nd involving fluorescence

and that adjacent replicons are replicated ¢
Replication timing and genetic activity have lu:cn
correlated at the chromosomal ]uw:l.. Inactive X
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1 in eutherian females replicate later in S
phase than their active counterparts'™' and tissue specific
genes generally replicate earlier when they are expressed
than when they are not"'. Housekeeping genes whose
products arenecessary for cell maintenance replicate early
in § phase while col ive heterochromatic regions
uhuughr to be genetically inactive) replicate late in §

\ Ir|<ltluns|llp between replication timing and activity

in sity hybridization (FIS 0 examine the replication
behaviour of maternal and paternal alleles at several lodi
within 15q11-q13. Here we show that there are at least
three different asynchronous p.ukrnn of allele-specific

li
P within this ch I region.

Results
Asynchronous replication pattern of 15q11-q13
I-I\I-E isa :cmllnc method for assaying nplu..llmn
ridizations result in two disc
inGl cclls. Ihnpmr\ul’dmrcu. “gn.ﬂsm(;.ull.\alldmh.
smu\- and one pair of signals in G1-G2 cells (if both
y v

of genes that display allel fic exp — that is,
theyareimprinted — has recenly been suggested'™'*. One
of the best examplesof parental imprinting in man occurs
in chromosome 15q11-q13. The absence of a paternal
contribution to this region either by deletion or through
uniparental maternal inheritance results in Prader-Willi
syndrome (PWS)'™* while lack of maternal contribu

to this region results in Angel d (AS)

have not replicated; Fig. 1). Results of the
replication pattern of sequences in 15q11-q13 are listed
in Table 1. Asynchronous replication for markers spanning
the PWS and AS minimum region of deletion overlap is
observed in 25-40% of synchronized PHA-stimulated
lymphocytes or lymphoblastoid cell lines from normal
individuals. The relative timing of the sequences as
1 i by the frequency of cells with G1-G2 pattern

Thetwo syndromes are clinically distinet. A gene (SNRPN,
small ribonucleoprotein N), whose murine homalogue
shows preferential expression of the paternal allele, has
recently been mapped to 15q11-q13 (ref, 23) and

Nature Genetics volume 6 january 1994

issimilar for the sequences examined. Thisasynchronous
replication extends across the region commonly deleted
n patients with AS and PWS.

Hybridization analysis of the control phage clone for

4l




article

on of the homologues

CD7revealed synchronow
with 20-30% of the cells in € ynchronous
replication and the remaining cells in G1. The level of
asynchronous replication of CD7 could be attributed to
the efficiency of the hybridization and/or the position of
the hybridization within the nucleus. The level of
asynchronous replication of chromosome 15q1 1= 1 3was
reduced to that of CD7when cells from PWS patients with
maternal uniparental disomy were
These results strongly suggest an
replication asynchrony of the maternal and paternal
homologues and imprinting in this chromosomal region.

Parent of origin differences in replication

In order to establish whether replication timing is allele
specific, cells from patients with small deletions of known
parental origin were examined (Fig. 2a). Using a two
colour/two sequence hybridization protocol with one
sequence from within the deletion and the other adjacent
but outside the deletion (Fig. 2k, ¢ were able to assess

Fig. 1 Representative replication
patterns of one chromosome 15g11=
q13 sequence. Hybridization of u5-39
to lymphoblasts revealed cells in
which a, the sequence has not yet
rophcated (G1 pattern); b, the
saquence has replicated on only one
homalogue (G1-G2 pattern]; ¢, the

has {
(G2 patterni).

deletion does not influence replication.

FISH replication analysis at the distal extent of the
deletion revealed that probes from the 5' end (055-24)
and 3' end («5-39) of GABRAS n.phutc c.nlur on the
maternal ch thanon the
15 (Table 3). Once again, this finding was consistent for
both 11-2 and 111-2. For 11-2, probes for GABRAS
hybridized only to the paternal chromosome whi
probes for both GABRAS and GABRE3 hybridized to the
aternal chromosome, For [11-2, the reverse was true.
The replication pattern of GABRB3 could not be
determined in 11-2 and 111-2 as one homologue had a
deletion. It could however be examined directly in H532.5
(Fig. 2b) by simultaneous hybridization with JP3
probes from GABRE3. H532.5 is derived from a PWS
patient bearing a de noveunbalanced translocation which
isof paternal origin and which is hemizygously deleted for
markers proximal of [115510 (refs 25,26), Probes from the
central region (16§3) and 5" end (P3-61 of GABRB3,
which are intact in H832.5, replicate early on the paternal
cl Table 3). GABRB3and GABRASare located

the replication timing on the two h | (Table 3,
Fig. 3). Inthecellsof patient 11-2, the paternal chromosome
is deleted and hybridizes only to JP3 whereas the intact
maternal chromosome hybridizes to both JP3 and 3-21-
12 (Fig. 2b, ¢}. JP3 replicates carly on the paternal (deleted)
chromosome in the majority of cells of 11-2 (Table 3). For
111-2, the reverse is true: the maternal chromosome is
deleted and hybridizes only to JP3 while the paternal
chromosome hybridizes to both JP3 and 3-21-12. [n I1I-
2, 1P3 also replicates early on the paternal {int
chromosome in the majority of cells Table 3). Combined,
these results indicate that the [P3 locus of paternal origin
replicates before the maternally derived locus and that the

o

within 100 kb of each other in a head to head array” and
both show .1s»|hhmms:::. replication (Table 3). However,
thep lication pattern of thet isdifferent
Horh probes from GABRB3re plicate carly on the paternal
chromosome and late on the maternal chromosome,
while the two probes from GABRAS replicate early on the
maternal chromosome and late on the paternal
chromaosome | Table 3). Furthermore, sequences proximal
10 GABRE3 (JP3 and 3-21-12) replicate in a coordinated
manner ( paternal early/maternal late) and one sequence
from the distal 3' end of GABRAS (0t5-39) replicates with
the same asynchronous paitern as the 5" end of GABRAS

(@55-24), that is maternal carly/

paternal late. Rq‘lrsculdl|v('cx.|||1[‘]u.

Table 1 pattern of 15q11-q13 in normal of two sequence/two colour
asynchronous replication are
No. of calls (%) presented in Fig. 3.

Individual  Pattern® Jr2 JP3 3-21-12 16p3 a5-39 1R10-1-45 Mosaic asynchronous

1 68 (54.8) 76 (52.4) 118 (51.5) 142 (524) B84 (52.8) 132(81.1) yeplication of D15512
Gl-Gz 42 338 50 (345 8 {362 98 (362) 52 @D O (82 ypygy (D13S12), the most distal
— b e e g e e e Bl U L characterized plasmid probe observed
2 110{59.5) 85 (51.5) B3 (48.3) 85 (546) 75 (54.3) 61 (833 in 15qll-ql3, is beyond the
G1-G2 S8 (31.4) 62 (37.5) 68 (39.5) 42 (353) 48 (348 35 (27.3) minimum region of deletion for AS
G2 17 (8.9) 18 (10.8) 21 (122) 12 (10.8) 15 (10.9) 12 (94)  and PWS™. ItrecognizesacDNA that
3 a1 o1 @15 81 (581) 95 (7.9 100(629) 72 (518 10sgez o close homolgy to the murine

. . . L 5 b - pigmentation gene, p(ref. 28),

girae sRan) a2-euf). S1odih Al el e Btn ea s E,rh 'rtu: u‘L'n :1 wil{‘\in the region,
13 (8.8) 14 (102) 18 (11.3) 18 (11.3) 12 (8.7 10 (BS Lo IR,

IR10-1-45 (the genomic phage of

symphoblastoid cell line analysis, other analyses are from lymphocytes.

"G31, G1-G2 and (2 refer to celts that have not replcated (twa singlet hybridization signals), have
replicated only ane homalogue fone singlet and one doublet hybridization signal) and have replicated

both homalogues (two doublet hybridization signals), respectively.

IR10-1) replicatesasynchronously but
in contrast to the other sequences
examined, its replication is random
with respect to parental origin, IR10-
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1-45 replicates early on the paternal

rated

Teble 2 il dmurru WJDI‘::;I ;;;“ 10 IS petisnts with chromosome 15 in some cells and
early on the maternal chromosome
No. of cails (%) in other cells in about equal
Batient Pattern® P2 P3 32112 1663 as5-24 proportion in both H832.5 and 111-2
WJKTS [=3] 106 (90.6) 114 (90.5) 102 (88.7) 131 (86.8) 116 (95.9) (Table 3, Fig. 3¢, fl.
(isodisamy) G1-G2 6 (51 4 (33 8 (70 10 B8 3 (25
G2 5 (43 &8 (63) 5 (4.3) 10 B8 2 (17 Discussion
There have been few investigations of
mﬂ:ﬂ . g:_ﬁz ;29 {[Z?hlr ;4? Egeé}z, ;gz }_?7‘]“ ;20 m]ﬁ} ;54 ﬁﬁg]ﬁl frequency of asynchronous DNA
ey : ’ : ’ : replication in mammalian genomes,
o= A ) o L L 4 A9 4 N Isumikawa et al" compared the
WIKB173 a1 _ _ 94 (B2 79 (BOG) _ replication timing of R-bands in
(heterodisomy]  G1-G2 = o B (T.1) & (B.1) i 15q11-q13 to five X chromosome
G2 - - 10 B8 13 (133 - bands and found that about 40% of
ph cells d
*See Table 1. asynchronous replication at 15q11-

"Lymphocyte analysis, ofher analyses are from lymphoblastoid cef lines

a 1 [ ; )
n 2
H5325
T
2
AS PWs

deleted
112 and IT1-2
normal
Cen P3 321-12 16f-3 ai5-24 5-39 IR10-145
deleted
normal

] *3 3

Gl G1-G2 G2
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q13. The level of asynchrony was 5-

10% at five other autosomal

chromosome bands (4pl4, 4ql12,

13q32, 13q3 and 15926) which were
o odis U LoL t

h )

FISH assay with 13q11-q13 specific
probes on interphase cells, we
observed asimilar proportion of cells
displaying asynchronous replication
of 25-40% (Table 1), CD7, a
chromosome |7-specific gene,
displayed replication asynchrony in
only 5-10% of cells.

Replication asynchrony of 15q1 1=
ql3 is not restricted to peripheral T
lymphocytes, as similar results were
obtained in EBV transformed B
lymphoblasts (Table 1). The reason
that only 25-40% of cells are subject
to  allele-specific  replication
asynchrony within 15q11-gl3 is

Fig. 2 a, Pedigrees of daletion patients
uged to esiablish the pattern of
replication asynchrony. Circles,
females; squares, males. Left
pedigree: darkened left symbol,
submicroscopic deletion of
chromoseme 15; shaded right symbal,

and Prader-Willl syndrome (PWS). b,
Chromosomes 15 in I1-2 and 111-2 and
HS32.5. Deletions (dashed lines) of
probes in the AS famity [1I-2, l1l-2) and
in the PWS patient (HS32.5). The
parental arigins of the delation in I1-2,
1Il-2 and H532.5 are paternal, matemal
and paternal, ively.
Simultaneous idization of cells to
probes from within (@) and adjacent to
the deletion () permits detesrmination
of parental origin of replication
asynchrony of the nondaleted
sequence (O}, ¢, FISH replication
assay of two sequence hybridizations
as illustrated in (b). The sequence (87}
from within the deletion serves only as
a marker of parental origin and its.
replication pattern is not scored,
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Table 3 Asynchronous replication pattern of

165q11-g13 in pullenls with
hable parental
Patiant Probes* G1-G2 patteny
(arigin) o
-2 JP3 199
(Lt 55-2: N
a5 3
n-2 JP3 [ 73
M-P) on55-24 160 24
1R10-1-45 35 an
a5-39 a7 3
HB8325 2 38
MP) i1 44
3 5
25 ]
3 =3

“The deleted chromasome 15 was identified using probes
3-21=-12 or 1603 in -2 and II-2, and probe JP3 in HS32.5
for each two sequence hybridization.

5G1-G2 refers to ceils that have replicated only cne
homalogue (one singlet and one doublet hybridization
signal),

M, maternal; P, pat
rephication; L., late re

alk; -, deleted; +, Intact; E, sarly

unclearbut the presence of both paremtal 153 homologues
is required for asynchranous replication of this region
(Table 2). Cells derived from three PWS patients with
maternal uniparental disomy 1||-|;\|.n d a background
level of replication asynchrony in imterphase (2-10%)
able

Using cell lines in which the parental chromosomes 15
are distinguishable, two different allele-specific patterns
ation at D15863, DI15510, GABRB3and GABRAS
vident. 15863, D155 10and GABRB3replicate earlier
al chromosome while GABRAS replicates

of repli

are
on the patern
earlier on the maternal chromosome (Table 3, Fig. 3)
Synchronous replication of these four loci is observed in
the cells of three patients displaying maternal disomy of
chromosome 15 (Table 2). The: sults indicate that
allele-specific asynchronous replication can delineate

chromosomal domains containing imprinted genes.
Further evidence of an association between replication
asynchronyand parental imprinting was recently reported
by Kitsherg ef al.”, who showed that GABRB3 displays a
paternal early/maternal late replication pattern of
asynchronyand that one region containing both paternally
and maternally imprinted genes (HI9and I1GF2) display
this same pattern. Our results and those of Kitsberg er al.
are surprising if it is assumed that replication timing is
related to gene activity. The PWS and AS critical regions,
whicharecurrently defined asinclud RPN DI5563
and [115510t0 GABRES, respectively, are predicted to be
oppositely imprinted but yet have the same paternal early/
maternal late replication patterns, a finding comparable
tothatof H19and [FG2whichare differentially imprinted.
We have also identified other patterns of allele specific
replication asynchrony at loci within 15q11-q13 but
outside the critical regions of AS and PWS. GABRAS and
115512, which are distal to the AS critical region, display
maternal carly/paternal late and a mixe f
maternal early patterns of allele specific asynchronous
replication, respectively. These additional patterns. of
asynchronous replication suggest a complex relationship
between replication asynchrony and imprinted domains.
There is no evidence to suggest that all loci displaying
asynchronous replication are imprinted. Replication of
SNRPN, apaternally imprinted gene in mouse™* was not
determined but it is between loci (1215563 and DI5510)
that display a paternal carly/maternal late replication
pattern. GABRB3, however, is also included in this same
region of asynchronous replication but is not imprinted
in the mouse™, One interpretation of our results is that
allele-specific replication asynchrony is associated with or
reflects a process of chromosomal imprinting w jich may

be distinct from the process which establishes allele
specific expression or imprintingat the level of individual
genes,

The zone of replication transition between the paternal
carly/ maternal late and maternal early/paternal late
patterns of replication asynchrony encompasses about
100 kb, the approximate distance between the 3' ends of
GABRBEI and GABRAS (ref. igin of DNA
replication, INA controlling clement or replication fork
barrier could be located between GABRE3 and GABRAS,

Fig. 3 Replication behaviour of chromosome 15q11-q13
sequences in chromosomes with distinguishable pare:
origin. a, G1 cell of -2 hybridized with JP3 (red) and
12 (green). JP3 has not rephcated on either the matemal
{one green and one red signal) or paternal chromosome
(one red signal), b, G1-G2 call of II-2 hybridized with JP3
{green) and 3-21-12 (red). The patemal chromosome (green
doublet) replicated before the matemal chromaosome (one
grean and one red signal) at JP3. ¢, G1-G2 of I1-2
hybridized with JP3 (green) and 3-21-12 (red). The paternal
chromosome (red singlet, green doublet) replicated belore
the maternal chromosome (one green signal) at JP3. d,
G1=G2 coll of 111-2 hybridized with 163-3 (green) and 55
24 (red). The matemal chromosome (red doublet)
replicated before the paternal chromosome {one red and
one green signal) at a55-24, e, G1-G2 of HE32.5
hybndized with IR10-1-45 {red) and JP3 [green). IR10-1-45
replicated on the maternal chromosome (red doublet,
green singlet) before the patermal chromesome (one red
signal). f, G1-G2 cell of HS32.5 hybridized with IR10-1-45
{red) and JP3 (green), In this case, the paternal
chremosome replicated before the maternal chromosomse.

Nature Genetics  volume 6 january 1994
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wm:harein a head- 10- hc.adrmn“ i)

suchthat they

oflh: DNA replmnun fork either in m: transcrif

F lor 7 wIs :! d is deleted for loci proximal to

1 bias the di 32 :mssm}m- WIK75 and Wik Imkh haw malerlul
1 WIK?S hasa 15,15

W6 Ik 15and patient

PWS2"), Peri | blood was obtained from a nondeletion PWS

orientation of GABRE3 (on the p
in the transcriptional orientation of GABRAS {un lhe

maternal chromosome). In this rq;,nrd T of

piliml t\\"IKBI?SJ Wi:h mamm] hcmodiwm)' and a 13

human e-Myc has been observed to initiate at the 5'-end
and proceed in the direction of transcription when the
gene is transcriptionally active™.

A third pattern of replication asynchrony in
chromosome 15q11-q13isobserved at DISSI12(IR10-

and from parents of AS or PWS children,

DNA probes. Mast of the chromosome 15¢11-q13 specific
chones nsed have been described™, They include 34-10 ( [21559),
TP2 (DI5SIT), IP3 (D15563), 3-21-02 (DISS10), 16§13 ( GABRE3),

1-45), a region ¢ ining the human homologue of
the murine plocus, IR10-1-45 shows a mosaic pattern
of replication asynchrony with a similar number of
cells displaying the maternal and paternal earlier
replication asynchrony patterns (Fig. 3¢, fi Table 3).
The p locus may be involved in hypopig

w5524 @539 {GABRAS) and B3-61 (GABRBS). IR10-
I 5, a 16 kb phage clone, was isolated by nrre:luns ak DASHII
from fow d ch 5 with [R10-1
{ u| Ak phage probe for CD7,aT- cﬂldll‘krmmmnmupm.
served as a control nonchromasome 15 probe', 1t maps to 17qter.

which is common to AS and PWS with

FISH. 7 L
and PHA-stimulated perinheral blood | wsing standard

deletions which encompass D15512. A masaic pattern
ofallele-specific expressionat 215512 (and presumably
lhc P locus) could uplam the observation that
hypop inboth ASand PWS pali:m_'.
with hemizygous deletions of IR10-1 irrespective of
the parental origin of the deletion.

cytogenetic techniques. Cultures were michmmm! by adddinion of
methotrexate for 17 b followed by a 4 172 release with either

Filides for FISH,
pml.u.- Inbcﬂms. hybridization :md fluorescence detection of
hybridized probes were performed as described™". Probes were
either labrllnl with biotin-16-dUTP (Bochringer Mannheim) and
detected with FITC-avidin DS (Vector I.lbumnnrs] or labelled
wﬂll‘ igeni ‘IdUTI' [ Bochri M. im) followed by
+ i il im) detection.

Allele-specific replication of 15q11-q13 may he
important for normal devel and

rearrangements that affect replication cunlcl result in an
abnormal phenotype such as PWS or AS. Uniparental
maternal disomy of chromosome 15q1 1-q1 3 isassociated
both with PWS and the absence of replication asynchrony
(Table 2). This result not only suggests the association
hetwun chmmosome I.Sq parental origin and

15t

Suppmmnn af npm tive DINA »qumus was achieved for each

probe by preannealing with Cot-1 DNA (Gibeo BRL). Two
d.iﬂ'mmially labelled probes were hybridized simultancously for
each experiment,

FIsH analysis. Th i pateern of hybridized
SHUCTHOLS Was smrrd |r| mtcrpime uﬂu Hybnd;md SEUETICEs.
ppedred g T 1),as

but also implies that n:her abnormalities of 159 could

perturb DNA repli d resulti

Since replication timing and the activity of repllcallnn
origins is profoundly influenced by chromosomal
context”, DNA rearrangements that place 15q11-q13
near other regions of the genome could affect the normal
gene expression and replication pattern of this region.
Similarly, point mutations in elements which regulate
DNA replication timing could alter the replication timing
of chromatin domains and result in some cases of AS and
PWS. Theidentification ofsuch elements will becruaa]m
further und, ling how DNA repli

is involved in the reg.ulnuon of the allele-specific disease
genes in 15g11-q13.

Methodology

Patients, EBV lymphoblastoid cell lines from an AS patient (111-2}
and her mother (11-2). both with microdeletions nd':hmmmw

[(‘2] nml asa !mg]ﬂ md .1 doll"kl in cells v-lm:onl\' one Imnntng
L 1. Th

ufa:lhm(.! G1-G2and G2 The relative

hybndladun on cells of patients in which the parental Drlpn u{ﬁ\r
two 155 could be

interphase cells, ie. 11-2, 112 and ch S (see Fig. 2). Inlrrphaw
nuclel were visualized by icTosopy using o Zeiss
Asiophot microscope equipped with a dnal band pass filter se1
(Auorescein/ Texas red, Omega Optical) or triple band pass filter set
{Ausrescein/Texas red/DAPI, Omega Optical) and photographed
on colour film {Kodak Ektar 1000 film ).

Ac

We thitnk Geraled Raymard and Barbara Pober for referring pasiens
WIKBI73 and WIK?S, respectively; Norio Nitkawa for previding us
wm‘l rv\ll' lines o !ﬁf Asﬁmlniy ml& a submiicrascopic defetion; Lira

1591 1-q1 3, were available for study. This family is b
deleted for 1683 (GABRE3) and 3-21 !DISSW]"“ isee I-Ig. 2}
Lympholslastoid cell lines from three PWS paticnts, HS325, WIK75
and WIKG4 were abso used. HS32.5 has a paternally derived de sova

1893,

B July; 20
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