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ABSTRACT

We recently identified a region of preferential replication
initiation, ori GNAI3, near the 3' end of the Chinese
hamster GNAI3 gene. ori GNAI3 is co-amplified in
mutants selected for AMPDZ2 amplification, a process
generating chromosomal rearrangements. In this report
we have taken advantage of cell lines with truncated
and translocated amplified units to show that these
rearrangements do not alter the function of ori
These results indicate that replication initiation at this
locus relies essentially on local features. Interestingly,
the study of one line in which a rearrangement has
disrupted the GNAI3 gene shows that ongoing trans-
cription of this gene is not required for initiation at

ori GNAI3. In order to obtain further insight into the
sequences and/or chromatin structures required for
ori GNAI3 function, we have analyzed the DNase |
sensitivity and nucleotide sequence of the region. The
features important for replication initiation appear to
cluster in a 7-12 kb region which includes ori  GNAI3.

INTRODUCTION

GNAIS.

chromatin features that may focus initiation to some loci in
chromosomes7(8). For this reason, the search for structures or
sequences involved in replication initiation has subsequently
been carried out within chromosomal contexts.

The importance of chromosome architecture, rather than
specific DNA sequences, in specifying replication initiation to
particular loci was further supported when the replication of the
Chinese hamster dihydrofolate reductd3dKR) chromosomal
locus was studied iXenopusegg extracts%10), and more
recently in Chinese hamster cellsl)( In some respects, the
replication pattern of the humg@rglobinlocus also supports this
hypothesis: in Hispanic thalassemia, the deletion of 35 kb of
sequence including the locus control region leads to an alteration
in the chromatin structure, gene expression and replication timing
of the region. This deletion was also found to abrogate replication
initiation at an origin located 50 kb downstream, within or close
to theB-globin gene (2). On the other hand, the importance of
more local chromatin structures or sequences for replication
initiation was also demonstrated for this origin in Lepore
thalassemia, for which a deletion of sequences at the replication
origin also abolished initiation18). Although these studies
provided important information concerning tBglobin origin,
an approach relying on deletions occurring in thalassemic
patients could not be used to study other initiation loci. A more

In mammalian cells, DNA replication has been shown to initiatgeneral strategy involves transfection of cells with a construct
at defined chromosomal loci, termed initiation regions, but thesmntaining a putative replication origin, to determine whether or
loci are still poorly characterizedl,@). As a consequence, not the origin can function when integrated at one or several
although mammalian homologs to the yeast replication initiatioactopic locationsg). This approach, which can be refined with
factors have been identifie8-5), their binding to specific DNA targeted deletions using site-specific recombindsés €nables
sequences has not been demonstrated, and their role in promotimgstudy of the role of local sequences or structures in replication
initiation is not proven so far. This situation results in part froninitiation. However, long range chromatin structures or sequences
the lack of efficient assays for autonomous plasmid replication important for origin functiorin locomay escape detection when
mammalian cells. Certain experiments indicate that plasmidke origin is studied at ectopic locations, as the chromatin
containing sequences previously identified as chromosomahvironment at the integration sites might compensate their absence.
initiation regions cannot replicate autonomously é&nd others For example, the sequences deleted in Hispanic thalassemia are
suggest that the size rather than the sequence of the cloned Di¢guired for initiation at th@-globin originin loco (12), but not

is important for autonomous replication in mammalian cé)ls ( at ectopic locations1f). Likewise, sequences or chromatin
These results have raised doubts as to whether specific sequerstessture at the promoter of tB#1FR gene appear to be required

are required to initiate DNA replication in mammalian cells, andh locofor efficient replication initiation downstream of this gene
have also led to the proposal that plasmids lack the structuals), but a 17 kb insert that does not contairDRE#-R promoter
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can sustain initiation ectopicall$)( DNA replication initiation  In situ hybridization

in mammalian cells is, therefore, still poorly understood a . L .
poorly l:;‘duorescenin situ hybridization (FISH) analysis was performed

mammalian replication origins must be studied in a chromosom X . )

context, preferablyn loca. A spectrum of different replication essgntlallly 35 de'sg:rlé)leﬂ.aj. COS(ZIdng%gS and 56 Y1B vc\j/erbe

origins has to be studied, with a variety of strategies, in order er‘(\)/rlgg:oymeev?/glrllirfg frg)r,n ((;:c())ssﬁli 461 W1 4W?:Sosrr$1(i:g\é%ris V\?/as
further insight i h lian initiati . L TR - ' .

get further insight into the mammalian Initiation process rtaxbeled with digoxigenin by random priming and cosmids 61 C2 and

Recently, we reported the identification of a replicatio . : X
initiation region, termed oBNAI3 in the intergenic region 6 Y1B were biotinylated by nick translation. The probes were

; recovered by filtration through Quick Spin Columns (Sephadex
gga’;eseré;hciccﬁzgersssgzgﬁrf I?&gdc;wg?tgzegisbﬁﬁi’ty%f G-50; Boehringer). Slides, treated with RNase and Proteinase K as

o ; : : .. described Z4), were hybridized with equal mixtures of cosmids
GTP-binding proteins1(7,18). The properties of this origin oD X
strengthened the notion that specific sites of replication initiation® A3 and 61 C2, or 56 A3 and 56 Y1B. The hybridization mixture,
exist in mammalian genomes, sinceSdiiAl3was detected as a coNsisting of 1Qul total volume per slide containing 50 ng of each

: ol L be, 1Qug of sonicated GMA32 genomic DNA, 50% formamide,
narrow region of preferential initiation by both competitive PCR an ro .
two-dimensional gel electrophoresi&6). Therefore, ofsNAI3 Q% Tween 20 and 10% dextran sulfate nSEC, was heated for

. in at 70C, placed at 37C for 20 min, then applied to slides
appeared to represent an attractive model for the study of sequer’]&e In & - .
or chromatin structures governing initiation. With this aim in mindP'® eated to 7 for 2.5 min in 70% formamidex2=SC, pH 7.0.

we took advantage of the co-amplification of th&hih3region ~ Hybridization was at 3T overnight. Biotin was revealed with
with the nearby adenylate deaminas&RD2) gene, in mutant alternating layers of fluoresceinated avidin and biotin-conjugated

cells which had been selected AMPD2 gene amplification(9). goat anti-avidin antibody (Ve_ctc_)r La_lbs); digoxigenin by successive
jLeatments with mouse anti-digoxin, rhodamine-conjugated anti-

In such mutants, amplified units are several hundred kilobases lo : SoT X . ;
and often contain th&NAI3 GNAT2 AMPD2 andGSTMgenes use and anti-rabbit antibodies (Sigma). Slides were mounted with
Vectashield (Vector labs), an antifading preparation containing

(GSTMencodes a gluthatione S-transferase qi faenily), as well e )

as an uncharacterized gene that maps betwdsRD2 and diamidino-phenylindol.
GSTM (20,21). Amplification was useful here because major N )
chromosomal rearrangements are generated during this procegnpetitive PCR analysis

(22.23), and cell lines with amplification-associated chromosomaha extraction and size-fractionation by sedimentation through

rearrangements that have altered sequences flanking@MAd8 o, 15| sucrose gradients was performed as previously described
region have previously been described (We show here thatin o | afirst series of experiments performed in the dask,@

some lines all amplified sequences are rearranged, and mos onentially growing cells of line 474 were labeled for 4 min
them have been translocated to other chromosomes. Importangly, 10-2 M BrdUrd. The labeling medium was removed, cells
amplified units were translocated as clusters that are sevey, re washed and. scraped, then nuclei were recov’ered as

megabases, or tens of megabases, in length. This propemyyis jneq75). Pellets were resuspended in 1 ml of 10 mM Tris
expected to reduce the potential position effects near t%?_' 8.0, 50 mM EDTA, then DNA preparations were denatured

translocati_on _sites, by contrast with th_e experiment_s mention addition of 1 ml of 1 M NaCl, 0.5 M NaOH, 50 mM EDTA,
above which involved phage or cosmid constructs integrated g, Sarkosyl, followed by incubation at&Sfor 30 min. DNA

ectopic locationsq 14). Using quantitative PCR we demonstrategy angs \ere then separated according to size by sedimentation
that orGNAI3function is maintained in cells of these lines. Thisy, g a sucrose gradient as descritéjl Eractions containing
shows that initiation of DNA replication at @NAI3is governed 1 5 1 sirands were pooled, purified on anti-BrdUrd immunaffinity
by local specific chromatin structure and/or sequence features,omatography columns, and eluates were quantified by com-
The analysis of one line in which a rearrangement disrupts theitive PCR as describedd). In the following series of
GNAI3gene shows that ongoing transcription of this gene is n E(periments, DNA was prepared according to the nascent DNA

essential for replication initiation. The requirements fori”itiatiorbxtrusion method2(?), with modifications. 10 exponentially
at oriGNAI3were further analyzed by studying the sensitivity to rowing cells of Iineé 474 or 633 were washed, scraped, and

DNase | and the nucleotide sequence of the region. Both analyggRei were recovered as above. Pellets were then washed three

sequences are important for the function ofSBIAI3 and ) e treated with 2ig of RNase at 3T for 15 min, then at

suggest that such features cluster in a 7-12 kb region. 55°C overnight with 8 mg of Proteinase K in 10 mM Tris pH 8.0,
10 mM EDTA and 0.33% SDS. DNA strands were then extracted
MATERIALS AND METHODS with an equal volume of 1:1 phenol/chloroform, precipitated with

ethanol, resuspended in TE buffer (10 mM Tris, 1 mM EDTA),
then separated according to size by sedimentation through a
Lines 474 and 633 are coformycin-resistant mutants isolated aftarcrose gradient as describéd)(

three steps of selection from GMA32, a Chinese hamster lungThe primers and competitors used for the quantitative PCR
fibroblastic cell line {9). Both were grown in Eagle medium reactions at five of the seven analyzed loci have been described
supplemented with adenine, azaserine, uridine aney2bl of  (16). For each additional locus analyzed here, four primers had to
coformycin. Southern and dot blot analyses previously showdte designed, as describetb) two were chosen in order to
that cells of lines 474 and 633 contain 100—150 and copies of tamplify DNA fragments of 200—300 bgf(external forward and
AMPD2region (9). The 42 cell line was isolated after two stepser, external reverse); the two otheifs ihternal forward ant,

of selection from GMA32 cells and grown in a mediuminternal reverse) consisted of two complementatsils of 20 nt
containing 519/ml of coformycin (6,19). unrelated to genomic sequences (tailtGHBCGACGGATC-

Cell lines and culture conditions
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CGAATTCGT-3; tail2: 5-ACGAATTCGGATCCGTCGAC-3), RESULTS

linked to sequences on thé eéhd complementary to genomic )

targets, allowing competitors to differ from targets by an additioft@tionale of the study

of 20 nt. Sequences'(53) of these primers are: primer setef i A|3was first identified in line 42, an amplified mutant cell
TCTGTI_.CACTGGTATGTFCC' er, CTTCACGTTCTIGAGG- e (16) which was chosen because it retains many of the
TG; if, @ll+GAGGGCTGTGCTGGGTAGAAAN, tail2+GCA- i onerties of GMA32, the unamplified line from which it derives.
CAGATTCCAGCAGGGA. Primer sed: ef, TGGTTCACA- |y calis of line 42, amplified units map on the long arm of one
GACATAATCAGGC,; er, GGATGAGAG_AGG.CTATGGATC"f' chromosome 1, like the normal copies in unamplified cells.
tail1+CCCTGGACTGAAGCAAATGGr, tail2+AAGAGGA-  £iithermore, at least for the cloned 150 kb of sequence

CTACAGGCACGCA. I : ... surrounding théAMPD2 gene, the restriction maps are identical
The Iocallzatlons of the amplification products obtained W|tl]n amplified units of line 42 and in unamplified cells(19). We
these external primers arg; 7.576_7802. an@', 9850--10087 have also shown previously that the expression patterns of the
(see below for sequence details). Quantification of each genomyg e yithin the cloned region are similar in amplified and
target sequence was performed as described, by coampliflyifiga mpjified cells. In both lines tH@NAI3 AMPD2 andGSTM
known and increasing amounts of the corresponding competitghneg are expressed, but@BAT2 which is a retina-specific gene
with a fixed amount of a nascent strand preparafiop ( (20). In the present study, we have analyzed the consequences on
oriGNAI3 function of chromosomal rearrangements occurring
DNase | hypersensitivity mapping close to the origin. Gene amplification is a process that generates
) chromosomal rearrangemen#®,@3), allowing the recovery of
The protocol used was adapted from RecillasTetrga(28). Al cell lines containing rearranged amplified unit®)( To be
operations were cartied out &G} starting from four 23 cm-square gyjitable for the present study, such cell lines had to contain only
dishes each containing %30’ cells of line 42. The culture medium rearranged amplified units, so that the identified replication
was removed and each dish was washed with 30 ml of ice-Cltterns could unambiguously be attributed to the rearranged

KT-NP-40-PMSF (50 mM KCl, 50 mM Tris-HCI pH 7.4, 10 mM copies. As detailed below, two cell lines, designated 474 and 633,
EDTA with 1% NP-40 and 100 nM PMSF), cells were scrapedyfilled this requirement.

layered over 20 ml of cold 20% glycerol in KT, centrifugedd 4
for 10 min at 2000 r.p.m., washed with 20 ml of HKP-EDTA (5 mM e o
HEPES pH 7, 85 mM KCI, 0.5 mM spermidine, 0.25 mM PMSFReIPr:git%n initiation in the GNAI3-GNAT2 region in cells
with 10 mM EDTA), centrifuged as before and resuspended in 18 rm

of HKP, to which 1.25 mM Caglvas added. The resulting solution previous Southern blot analyses have shown that amplified units
was aliquoted into six tubes and DNA was digested with 0-1400 # |ine 474 are characterized by a rearrangement that has removed
of DNase | for 20 min atC. The reaction was stopped by additionthe 5 part of theGNAI3gene, thereby abolishing its transcription,

to each tube of 1 ml of lauryl sarcosine 1%, 400 mM EDTA. Ongs indicated by northern blot analység,§5). In the present
milligram of Proteinase K was added to each tube, and incubatigfudy we characterized cell line 474 at the cytological level, by
was carried out overnight at #2. DNA was then extracted, FISH using cosmids 61 C2, 56 A3 and 56 Y1B as probes
resuspended in TE and stored @ 4Aliquots of these preparations (Fig. 1A). Results show that all amplified units in cells of line 474
were digested with the chosen restriction enzymes and restrictigfe rearranged: they lack the sequences homologous to cosmid
fragments were separated by agarose gel electrophoresis, blotted@nd2, since a single signal for this cosmid is detected on an

hybridized with appropriate probes. unamplified chromosome 1, at its normal location. Furthermore,
rearranged amplified units are found on two chromosomes: a few
Sequence analysis map on the long arm of one chromosome 1 homolog, but most are

located on a small, unidentified chromosome (E#j). Thus
The analyzed sequence (19 400 bp) results from linking theytological results indicate two differences between lines 474 and
sequences f@BNAI3(17,29), the intergeniGNAI3-GNAT2region  42: in cells of line 474 most amplified units have been
(16) andGNAT2(18). DNA unwinding analysis was performed translocated to a marker chromosome, and all amplified units
with the Thermodyn program. DUESs were searched for as describegve lost the 'Soart of theGNAI3 gene.
(30): a single major DUE was identified as 400 contiguous oriGNAI3was identified by quantifying short nascent strands
nucleotides with an averagé inferior to the meaAG of the entire  at five different loci distributed along 15.5 kb of the region, using
sequence by at least 10 kcal/mol. DNA bending was analyzed witbmpetitive PCR with primer sets to € (16). As illustrated in
GentlBen at window width of 120 bp, to calculate ENDS ratiosFigurelB, molecular analyses have indicated that the rearrangement
Fitzgeraldet al have shown that an ENDS ratio value >1.15 is én line 474 occurredll kb on the left of primer sat(35), leaving
valid criterion for bending predictior3{). Therefore only such the previously analyzed 15.5 kb region unaltered. This rearrange-
values were reported here. Search for the initiation consensuent led to an inverted organization of the amplified units, so that
sequence (ICS), RIP60 binding sites and CpGs clusters, wehe amplified structure comprises only sequences located down-
essentially performed with GCG (v.8, Wisconsin Package) @tream of the recombination sie5]. A first series of experiments
DNASIS (Hitachi). The ICS is defined as WAWTTD- was performed according to the original PCR replicon mapping
DWWWDHWGWHMAWTT. A 20/21 match to this sequence wastechnique §6), which relies on the quantification of purified
found in six eukaryotic replication initiation region30), and BrdUrd-labeled short nascent strands. Exponentially growing
searched for here. RIP60 binding sites are proposed to corresportls of line 474 were labeled with a short pulse of BrdUrd and
to one or several (TATTAT) tracts3%). Clusters of CpG 1-2 kb BrdUrd-labeled molecules were recovered (see Materials
dinucleotides were searched for at a window width of 4G8p ( and Methods). Quantification of these molecules was achieved at
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Figure 1. Analysis of orGNAI3in cells of line 474.4) Two-color FISH analysis of the cell line. Top row: map of the unrearranged region, with the location of the
cosmid probes used in this study (61 C2, 56 A3, 56 Y1B}Nohi3 (open circle), primer sets (dots) and genes (arrows indicate transcription direction, U marks the
gene with unknown function). Middle row: a typical cell hybridized with cosmid probes 56 A3 (red) and 61 C2 (yellow). Phetognageft to right show,
respectively, signals with the 56 A3 probe only, the 61 C2 probe only, or both probes. Arrows indicate the unrearrarapay sindglee unamplified chromosome

1q. Bottom row: a cell hybridized with cosmid probes 56 A3 (red) and 56 Y1B (yellow). Results are presented &) &wwpe(itive PCR analyses of GNAI3

in line 474. Top: map of the rearranged amplified units. The amplification-associated rearrangement (shown by a zigzagdiagydha palindromic junction
between the two'2nds of th&NAI3gene (35). Gray arrows: direction${8') of the genes; vertical bascaRl| restriction sites; numbers, size (in kb)EuioR|
restriction fragments; dots, locations of primer eeise (see text for details). Below, a summary of the PCR quantification analyses is presented. Left: quantification
of 1-2 kb BrdUrd-labeled molecules. Results are the average of three quantification experiments from two independent BoiNg(Bpharations, plotted against

the map of the region. In order to eliminate fluctuations resulting from variable efficiencies in the recovery of BrdUtdralesleles, the amount of molecules
found with each primer set was expressed as a percentage of the quantity of molecules determined with. [Bareirgbtate confidence limits at a 0.95 significance
level. Right: a similar representation of the quantification of 0.6—1.6 kb unlabeled molecules. Results are the avenagpiantisetion experiments from two

DNA preparations. In these experiments two primer gétar(dd’, dark gray histograms) were added to the five previously used (light gray histograms).

the five loci € to€), by primer competition between the genomicprimer sey, the only primer set that maps at or close ©GNAI3
target and a competitor molecule differing from the genomi®rimer sef}, which maps1700 bp away from oBNAI3 allows
sequence only by a 20 bp insertion as previously describdioe detection of nearly as many molecules as primgrBatner
(16,36). The results of three quantification experiments, carriedetsa, & ande disclose comparable amounts of molecules, about
out with independent DNA preparations, are presented imalf as many than at locys

FigurelB (left). These results are very similar to those obtained We have shown previously that the signal-to-noise ratio (i.e. the
when 1-2 kb long BrdUrd-labeled DNA preparations from linenumber of molecules at locus divided by the number of

42 were quantified1(): a peak of molecules is detected withmolecules at locit, d or €) could be significantly improved by
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using a procedure that does not rely on BrdUrd labeling, probab#xtrusion method, and the replication pattern of the
because th&NAI3-GNAT2region is highly A-T-rich and prone GNAI3-GNAT2region was analyzed by PCR, using the seven
to breakage when labeled by BrdUid), We also found that the primer sets previously described. Results show that the replication
number of molecules at locfigould be decreased by quantifying pattern in cells of line 633 is similar to those observed in cells of
smaller molecules, because most molecules at focosespond  line 474 (Fig2B, to be compared with FigB, right) and in cells

to initiation events that occurred at or close to primey §e8).  of line 42 (L6). Thus the deletion of sequences and chromosome
Therefore, in a second series of experiments, we applied thesteuctures downstream t&STMgene does not alter the function
modifications to the study of cells of line 474. In order to purifyof oriGNAI3 Although FigureB shows that replicationitration
nascent strands without labeling cells with BrdUrd, we used thaecurs at ofsNAI3in cells of line 633, the signal-to-noise ratio in
nascent strand extrusion procedure, which has been successfthilgse cells is slightly inferior to the one in cells of line 474
used in combination with PCR quantification for the analysis ofFig. 1B, right), but we cannot clearly establish that this difference
several initiation regions2{), and 0.6—1.6 kb molecules were is significant. Therefore, we conclude that in cells of line 633,
chosen for quantification. The results of this second series ofiGNAI3 functions in most, but maybe not all, translocated
experiments are reported in Figdi® (right). They were again amplified units.

very similar to those obtained with cells of line 42 with

comparable experimental conditions: the signal-to-noise w
improved, and the number of molecules at Iq¢decreased. In
this series of experiments, the analysis was expanded to
additional loci on the right of primer sgtprimer sety andd'.
Results show that the number of molecules at I&tisssimilar
to those found at loci, & ande, so if initiation events occur at this
locus, they are very rare. The number of molecules found at loc
Yy remains inferior to the number of molecules at the adjacent loc
Y, suggesting that most molecules quantified/ atorrespond to
initiation events that occurred at, or on the left of lggsmilarly

to what was observed at locfilsvhen longer molecules were
guantified; see above). Thus, the results obtained with the
additional loci suggest that if initiation events occur on the rig
of locusy, they are not frequent.

In conclusion, with or without BrdUrd labeling, the replication
pattern of theGNAI3-GNATZ2region is similar in cells of lines
474 and 42. These results indicate that all the features essentialgzagé
replication initiation at oftNAI3are located downstream of the

6faentification of DNase | hypersensitive sites in the region
t\%tween the two rearrangement sites

The function and precise position of@NAI3is identical in cells
from lines 42, 474 and 633, indicating that the rearrangements of
amplified units have no effect on the origin and that the function
YPoriGNAI3relies essentially on sequences or chromatin structures
t map between the two rearrangement sites. To gain further
insight into the chromatin structure of the locus, we searched for
DNase | hypersensitive sites, which reflect gaps in the nucleosomal
array and may result from the binding of proteins at specific sites
§7—39). In the present study, some of these hypersensitive sites
ight correspond to the binding of proteins important for replication
initiation (40,41). DNase | hypersensitive sites were searched for
within the 60 kb region that lies between the rearrangement sites
3). Isolated nuclei from line 42 were treated with various
entrations of DNase | prior to DNA extraction and digestion
o ; with appropriate restriction enzymes (Materials and Methods). This
rearrangement site in cells of line 474, and that a laGNAI3 5 qis revealed a striking difference between the region encom-
transcription has no effect on @WAI3function. Furthermore, if passing the ‘3ends of theGNAI3 and GNAT2 genes and the
oriGNAI3was onl_y. active_in cells of line 474 in the minority of s\ AI3_GN ATZntergenic region (Fig8B, region 1), and the rest
rearranged amplified units that map on chromosome 1, thg e srdied domain, spanning tRPD2gene, the unidentified
background generated by the large majority of amplified units ofy, o U) and the 5end of theGSTMgene (region 2).
the smalle_r Chromosqme W.O'“'Id. be expepted_ to increas.e, Ieaql % region 2, unmethylated CpG islands have previously been
to a poor signal-to-noise ratio. Since similar signal-to-noise ratiogeyified at the Sends of thé MPD2gene, the unidentified gene
were found with competitive PCR in cell lines 42 and 47?gnd theé5STMgene p1). DNase | hypersensitive sites were found

regardless of the experimental procedure, we conclude that g, only at or close to these CpG islands Bighn example
translocation of amplified units to a small chromosome in cell Iingf .

474 does not alter the function of GNAI3 this is shown in Figur8A: when a 12.5 kisad restriction

fragment (S) spanning tENAT2-AMPD2intergenic region and

the 3 part of theAMPD2gene is hybridized with probe d, three

Replication initiation in the GNAI3—-GNAT2 region in cells hypersensitive sites are revealed at the level of the CpG island of

of line 633 the AMPD2gene only. When the same probe is used to analyze
the overlapping 16 kBcaRl restriction fragment (E1), spanning

In order to determine if distant features on the right @NMAI3  the downstream sequences of AMPD2 gene and part of the

are required for replication initiation, we studied cells from lineAMPD2-Uintergenic region, no hypersensitive sites were found.

633, another mutant line amplified for tAMPD2 gene {9).  The contiguous 7.3 kiEcdRl fragment (E2), contains two

Cells from this line were analyzed by FISH using the sambypersensitive sites, at the CpG island of the unknown gene.

cosmid probes as before (FRA). Results show that amplified Similarly, near the rearrangement site of cell line 633, the DNase |

sequences are spread on five different chromosomes. Furthermbrgpersensitive sites detected were within the CpG island of

all amplified units in cell line 633 are rearranged: they contaiGSTM(not shown). Thus in region 2, the positions of the DNase |

sequences homologous to cosmids 61 C2 and 56 A3, but not@ersensitive sites strongly suggests that they relate to the

Y1B (Fig. 2A). In these cells the rearrangement has removeproposed functions of CpG island&2(44), rather than to the

sequences downstream tB&TMgene and led to an inverted function of ortGNAI3

organization of the repeated units: this rearrangement site liedHypersensitive sites to DNase | were also found in region 1,

some 45 kb away on the right of the region previously analyzeshich includes of6NAI3 but in which no unmethylated CpG

by PCR (9 and Fig.2B). Nascent strands were purified by theisland had been identifie@1). Five major hypersensitive sites
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Figure 2. Analysis of oiGNAI3in cells of line 633.4) Two-color FISH analysis of the cell line. Results are presented as in Figuk® Carfipetitive PCR analyses

of oriGNAI3 in line 633. Top: map of the rearranged amplified units, with onlyGNAI3-GNAT2 region drawn to scale. Symbols as in Figure 1B. The
amplification-associated rearrangement has created a palindromic junction witBigTtMgene, 45 kb away from the region analyzed by competitive PCR (19).
Below: summary of the PCR quantification analyses. Results are the average of eight quantification experiments carrgelogikbrudlabeled molecules from
two independent DNA preparations. Quantifications are represented as in Figure 1B (right).

were found. As shown in Figu® a 12.4 kbXba restriction  some of these sites may reflect the binding of factors involved in
fragment (X), detected using probe b, allowed two hypersensitivepressing the transcription@NAT2 it seems likely that others
sites flanking oGNAI3to be mapped: one at theehd of the result from the binding of factors involved in replication initiation
GNAI3 gene, the other within the intergenic region betweent oriGNAI3 Another particular feature of this 12 kb region is that
GNAI3 andGNAT2 On the left of this fragment, no DNase | it contains many additional, weaker sites, as attested from the
hypersensitive site was found, as shown by hybridization of faint bands observed with both fragments X and H @jigrhis

7.8 KbEcaRV fragment (EV) with probe a. The 12.2 KindlIl suggests that the whole region, from ther®l of theSNAI3gene
fragment (H), which overlaps t@NAT2gene and most of the to a large part of theNAT2gene, is easily accessible for DNase |,

GNAT2-AMPD?2 intergenic region, enabled three other major property that may also relate to the replication initiation process.
sites to be mapped withBNAT2 These three sites map within

a region devoid of any transcriptional activity, SIBEAT2iS  gequence analvsis of th&NAI3—GNAT?2 region

unexpressed in the fibroblasts analyzed H&ie Thus, the five q 4 g

hypersensitive sites spread across the 12 kb region 1 diffehe analyses of sensitivity to DNase | described above suggest
strikingly from the hypersensitive sites in region 2. Althougithe existence of a particular chromatin structure in region 1
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Figure 3. Chromatin structure in the 60 kb region between the two rearrangemenf3i@blase | hypersensitive site mapping experiments. EogRl map of
the region. Large vertical bars, rearrangement sites in cell lines 474 or 633; small vertiEalddnestriction sites; numbers, sizekddR| restriction fragments.
Below the map are shown the probes (black boxes, a to €) and analyzed fragments (EV, X, H, S, E1, E2). The correspiniirsifessire: E\EcARV; X, Xbd,;

H, Hindlll; S, Sad; E, EcdRl. For each photograph below, lanes from left to right correspond to DNA digested with 0, 175, 350, 700 and 1400 U dfribivds=aids
point to the full-length fragments and, when applicable, to the major fragments produced by DNase | digestion; corregpsramindicatedBj Summary of
the analyses. On the same scale as in (A), this map shows the respective location of genes and hypersensitive sites. gerssaCp®, CpG islands; large and
small black arrows, major and minor DNase | hypersensitive sites, respectively. The pattern of DNase | hypersensitivityifieaskeetween region 1 and 2 (see text).
The gray oval indicates the region in which sequence features proposed to be involved in replication initiation are clustered.

(Fig. 3). We thus analyzed the nucleotide sequence of a 19.4 kilmy be considered as features of local chromatin structure. All
stretch (6-18,29) including this region (Materials and motifs considered above were found clustered in a 7 kb region
Methods). Although mammalian replication origins are stillcentered over dBNAI3(Fig. 3B). This 7 kb region includes part
il-defined, several sequences or structural features have beafthe large MAR previously identified in this regiofl}, one
proposed to be involved in replication initiation. They can b®UE, five motifs of DNA bending, one ICS, three clusters of
classified into three categories. (i) Those that play a role in tH@pG dinucleotides and eight putative binding sites to RIP60,
initiation of replication in yeasts or eukaryotic viruses: theywhereas the remaining 12.4 kb of analyzed sequences contain a
include DNA unwinding elements (DUES), which are inherentlysingle cluster of CpG and none of the other motifs (not shown).
unstable duplex DNA segment$5(46). (ii) Those for which a Interestingly, the 7 kb region includes theuBtranslated region
role in replication initiation has been proposed but remain&'UTR) of theGNAI3gene (Fig3B): this may suggest a partial
controversial: among them are regions of attachment to tteverlap of the signals important for replication initiation and
nuclear matrix (MARs) and stably bent DNAVES1). (i) Those  those specifying transcription termination. Furthermore, it is
for which there is no current evidence of a role in replicatioprobably worth noting that the DUE detected here co-maps with
initiation, but which are frequently found at mammalian replicatiorone of the major DNase | hypersensitive sites identified above: a
origins: these include the ICS, binding sites to RIP60, and clustesinilar situation was observed at the hurteamin B2origin, and

of CpG dinucleotides3(,32,33). Most of these candidate motifs was shown to correspond to a footprint proposed to relate to
are characterized by a rather relaxed sequence conservation esglication initiation ¢1).
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DISCUSSION rearrangement site in these cells (Big.Similarly, the inverted
arrangement of amplified units in cells from line 633 clearly

In mammalian cells, a role for specific sequences or structures§gmonstrates that features essential for replication initiation are
the initiation of DNA replication was first suggested when ocated upstream of the rearrangement site in these cell@)(Fig.

recombinant phage containing a candidate replication origiﬂjake_” together, our data indicate thatf[he features essential_ for the
transfected into mammalian cells and integrated at random sitédnction of orGNAI3 are located within the 60 kb region
appeared to initiate DNA replicatiod)( Using such an approach, Séparating the two rearrangement sites, .and thus favor thg notion
the consequences of rearrangements within or close to tHet local sequences or structures are important for replication
initiation region could not be studied, however, because of tHgitiation at this locus. In agreement with this hypothesis, the
potential position effects on the rearranged versions of the origi@ttern of hypersensitivity to DNase | in the 60 kb between the
as a result of their different chromosomal locations, a majéwo rearrangement sites reveals a distinctive accessibility of a
inconvenience given that chromosome structure is an importah2 kb region containing @&NAI3 (Fig. 3), which suggests that
factor in mammalian replication initiatioi,0,11). An approach the function of this origin is mostly specified by this narrow
that circumvents this problem was recently applied to the origifegion. These results, which point to lotiglacting sequences or
at the B-globin locus. It relies on the use of site-specificstructures, may be considered as supporting the hypothesis of
recombinases to integrate a replication origin at a single ectopitammalian replicators. Replicators, defined as sequences to
chromosomal site, and then to produce rearranged versions of thisich initiator proteins bind, are still uncharacterized in mammalian
origin at the same sité4). While this is a powerful procedure for cells. Several structural or sequence motifs have, however, been
the analysis of the local features involved in initiation, the origiproposed to be involved in replication initiation, and we show
is still studied at an ectopic location, within a different chromosomalere that such candidate features are clustered in a 7 kb region
environment, and this has major consequences. Indeed, @wntered on 0BNAI3 Although the biological relevance of each
sequences deleted in Hispanic thalassemia are required @rthese features will have to be determined with functional
initiation at theB-globin originin loco, but not at the ectopic site, assays, such a clustering of motifs, in the region exhibiting
probably because the plasmid construct is integrated next tth@persensitivity to DNase |, further support our conclusion that
cis-acting sequence which exerts the same influence on the origiiGNAI3 essentially requires local sequence and/or chromatin
than the sequences deleted in Hispanic thalassemial). features. Given that this 7 kb region includes th&T® of the

Inthe present study, we have used an alternative strategy, WhigRAI3 gene, a potential overlap of the signals important for
has the advantage of reducing the effects of ectopic chromosomgpjication initiation and those specifying transcription termination
environments, to analyze the consequences of thomosorﬁ?'suggested, a situation similar to the one observed for several
rearrangements on the function of a replication origin. We haW%pIication origins irSaccharomyceserevisiag(52).
studied replication patterns of tBNAI3-GNAT2region inthe  Thg |ocation of oENAI3 close to theSNAI3 gene, and the
474 and 633 cell lines, which bqth contain amp_llfled units otential overlap of transcription termination and replication
translocated to one or several ectopic locations. In this system, {giasion features, raised the question of the relationship between
influence of a new chromosomal context is expected to be miNimgly crintion and replication at this locus. Indeed, the nature, if
since the clusters of amplified units that were transl(_)ca_ted a of such a relationship is poorly understood. Some mammalian
several megabases, or tens of megabases long (as indicate A replication origins were characterized in long intergenic

FISH data; FigslA and 2A). Accordingly, the impact of regions or in transcriptionally silent genes, and several studies

rearrangements close to the origin can be studied, regardless R oo TS
the location of clusters of amplified units. Furthermore, among gested that transcription inhibits replication initiatigi).

the previously described mutant cell lines with re(,:lrr‘,jmgeg)ntheotherhand,otherinitiation regions have been found to map

amplified units, lines 474 and 633 were chosen for three reasofi; O VerY close to transcribed sequences @"55_5.9)' Wh'.Ch .
(i) as shown with the present FISH analysis, in these lines %’Ed to the proposal that the wo processes are tightly I|nk_ed n
amplified units are rearranged, so that the identified replicatio€S€ cases. For example, transcription factors could be directly
patterns can unambiguously be attributed to the rearranged copld¢!ved in the replication process, or their binding could alter the
(Figs 1A and 2A); (ii) previous molecular analyses had shown® romatin structure in a way that facilitates replication initiation

that rearranged amplified units in these cell lines are homogened4:>9)- However, the recent observation that transcription and
in structure {9,35), so that the consequences of a singlé€plication are temporally distinct processes may have challenged

rearrangement can be studied; and (i) in these lines tHBeSe hypothese§Q). In the present study, we have analyzed the
rearrangements have linked the truncated amplified sequence$§@i line 474, in which amplifiedSNAI3 genes have been
an inverted orientation ¢,35). This situation is more adequate disrupted by arearrangement that has deleted promoter sequence:
for the present study, since deletions close to the origin occurrdig- 1A). This rearrangement has linked amplified units in an
without leading to the junction of unrelated sequences that coufverted orientation, so that no sequence that might compensate
compensate for those deleted. for the loss of this promoter has been added (HJ. As a

We have used the competitive PCR replicon mapping techniggensequence, amplified truncat&NAI3 genes are not tran-
to show that the replication pattern of BNAI3-GNAT2region  scribed, as shown by northern blot analySe$. PCR analyses
in cells of lines 474 and 633 is similar to those observed in celigdicate here that @NAI3functions in the absence of transcription
of line 42, which contains only unrearranged and untranslocatedl the GNAI3 gene. These results show that the mapping of a
copies of the region. Since amplified copies in cells from line 47tammalian replication origin at or close to a gene, or the potential
are organized as inverted repeats of a truncated region, theserlap of transcription termination and replication initiation
results imply that all features essential for replication initiation ifieatures, do not imply that replication initiation relies on active
the GNAI3-GNAT2 region are located downstream of thetranscription of the gene.
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