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ABSTRACT

In the past, a highly sensitive and efficient method was
developed to map DNA replication origins in human
cells, based on quantitative PCR performed on nascent
DNA samples. This method allowed the identification
of a replication origin in the myeloid HL-60 cell line,
located on chromosome 19 withinan 500 bp segment

near the lamin B2 gene [Giacca et al. (1994) Proc. Natl.

Acad. Sci. USA, 91, 7119]. The same procedure has
now been further simplified and extended to a variety
of other exponentially growing human cells of different
histological derivation (three neural, one connectival
and one epithelial), with a nearly diploid chromosomal
content. In all the six cell lines tested, the origin activity
within the lamin B2 gene domain was localized to the
same region. Furthermore, the lamin B2 origin was
also found to be active in stimulated, but not in
quiescent, peripheral blood lymphocytes.

INTRODUCTION

are in several cases the need for cell synchronization and/or the
use of compounds altering cell physiology to enrich for origin-
enriched DNA, nevertheless led to the convincing identification
of someoris in higher eukaryote2,0-16).

Some controversy is still open on whetherdhis of animal
cells are well defined, relatively short areas of the genome (few
tens of bp, like those of prokaryotic organisms and of yeast) or
represent instead broad initiation zones with multiple start sites
(17-19). However, as the experimental approaches move from
the analysis of 2D-gel based autoradiographic patterns to more
defined molecular approaches, such as the analysis of the
abundance of markers in nascent DNA strands, the evidence for
theoris being relatively short and precisely defined regions of the
replicons is definitely prevailing.

In our laboratory, over the past years, we have developed a
procedure based on the exact quantitation of the abundance of
DNA markers in nascent DNA molecules relying on a very precise
and sensitive competitive PCR methad)( We have thus been
able to identify an origin of human DNA replication within 474 bp
(22), located in the intergenic spacer between the end of the lamin
B2 gene and the start site of another downstream located and
actively transcribed gene (Fi@). This replication origin was

The eukaryotic genome is subdivided, from the point of view délentified in the human HL-60 cells, a promyelocytic leukemia cell
replication, into many tandemly organized units; in animal celline. By this method, we could also determine that in non-

these ‘replicons’ have typically a size ranging betwegrl6*  synchronously growing HL-60 cultures, the abundance of the
and 1.5x 1 bp (1). Regulation of DNA replication in these sequence containing the lamin B2 in the population of short
organismsiis likely to occur by modulation of the rate of activatio(L000-1500 nt) single-stranded fragments of nascent DNA was
of specific sequences present in each replicon [origins of DN&pproximately one in 30 000. This estimation is consistent with the
replication ri)], in analogy with what is observed in the bettemotion that the analyzed family of short nascent strands corre-
defined prokaryotic and viral replicons. The identification of thesponds to the family ajris; the latter, in fact, are expected to be
oris in metazoan cells has proven to be a much harder task thmasent one per replicon, and the number of replicons in human
initially predicted and has been marred by repeated failures of tbells has long been indicated to be present in the ordef.of 10
traditionalori-searching methods, based primarily on the ability A question then arises whether the samés utilized also by
of a given sequence to specifically sustain autonomous reptiell lines of different derivation from the same species. The
cation when inserted into a plasmig4). availability of the competitive PCR mapping technique that we
During the past few years, new techniques have been devidel/e developed, allows us to address this question in asynchro-
aimed at mapping thai sites in metazoan chromosomes, basedous cell populations in a relatively simple way. In this report, a
either on the analysis of newly synthesized DNA or on th&urther simplification of the PCR mapping procedure is pres-
detection of replication intermediate structures (revieweeln  ented, together with the results obtained in five different human
The application of these techniques, whose potential drawbadated! lines and in primary human peripheral blood lymphocytes.

* To whom correspondence should be addressed
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Figure 1. Schematic representation of the human genomic region analyzed in this study. The 13.7 kb region of human chromosome 19 investigated contains t
end of the lamin B2 gene and another tandemly arranged small gene (ppv1). Bold straight portions of the respective gene transcripts shown by arrowed lines re
exons while the vents represent introns. The gray boxes show the locations of the segments amplified by the various primer sets used. The sequence of the core
of this region (humlambbb) is available in GenBank (accession no. M94363).

MATERIALS AND METHODS
Cell cultures and DNA labeling

in the case of SKNBE cells, a 10 min incubation of the cells in
100puM BrdUrd and 1uM [3H]deoxycytidine in complete RPMI
1640 medium was performed prior to DNA extraction, and the

HL-60 (myeloid), IMR32 (neuroblastoma) and SKNMC (neuro_size—selected fractions were purified by immunoaffinity chroma-
blastoma) cells were cultured in RPMI 1640 with 15% fetal cafPgraphy using anti-BrdUrd antibodiezs| before proceeding to
serum; HeLa (epithelial), IMR90 (lung fibroblasts) and SkNBEJuantitative PCR (this is exactly the same procedure as reported

(neuroblastoma) cells were cultured in Dulbecco’s modifie

Eagle’s medium with 12% fetal calf serum. Both media wer

supplemented with 2 mM glutamine andgml gentamicin.
Peripheral blood mononuclear cells were obtained by dens

21; Fig. 2A). The variations to this standard procedure
e. omission of the immunoaffinity step, omission of the BrdUrd

%;beling step, labeling with3ffijthymidine 1 pM, etc.) are

ported in Tablel. Analysis of all samples in Figurewas

o

centrifugation of 200 ml peripheral blood from a normal donoficcording to the simplified protocol outlined in FigaEe

over Ficoll-Hypaque (Sigma, St Louis, MI). DNA from resting
lymphocytes was obtained from®ifon-adherent cells after a
30 min incubation in complete RPMI 1640 medium.

Lymphocytes were activated by incubation in culture mediu
containing Jug/ml phytohemagglutinin (PHA, Sigma) and 10%
interleukin-2 (IL-2, Cellular Products Inc., San Diego, CA). Fiv
days after stimulation, DNA was extracted frorf délls.

When appropriate (see below) cells 110°) were pulse-
labeled for 10 min at 3T either with JuM (final concentration)
[3H]deoxycytidine (21.5 Ci/mmol, Amersham, UK) and 100
(final concentration) cold "Hromodeoxyuridine (BrdUrd,;
Boehringer Mannheim GmbH, Mannheim, Germany), a
described1) or with 1uM (final concentration)3H]thymidine
(15.1 Ci/mmol, Amersham).

Extraction and purification of newly synthesized DNA

Total DNA was extracted from exponentially growing, asynchr
nous cell cultures by standard procedugs3, denatured by a
10 min incubation in boiling water, and size-separated |(800

€

0_

PCR amplification and competitor construction

The primers used for competitive PCR experiments in the lamin

B2 genomic area (primer sets B13, B48, BN1, SB12, SE10 and

SE17) and within thg8-globin gene (primer set PCO) have
already been describedllj. These primers amplify segments of
100-300 bp; their position in the lamin B2 genomic area is shown
in Figurel. For each primer set, competitor DNA segments were
constructed carrying the corresponding genomic sequence with
the addition of 20 extra nucleotides in the middle, to allow gel
electrophoretic resolution of the amplification products. The
ﬁrocedure for competitor construction was the same as described
by Diviaccoet al. (20).

Competitive PCR experiments were carried out by the addition
of scalar quantities of competitor to a fixed amount of each
nascent DNA preparation and subsequent amplification with the
appropriate primer sets. This procedure and the individual PCR
profiles have already been describ2ad).(

per gradient) on 35 ml of 5-30% neutral sucrose gradients fBESULTS

20 h at 26 000 r.p.m. in a Beckman SW28 rotor &C20n

parallel, a reference tube with a double-stranded size marke

DNA (containing four different sized DNA fragments in the

A simplified origin mapping procedure

r
The original method for DNA replication origin mappi2g); as

range of 500-5000 bp) was also run on an identical gradieniescribed in Figur2 protocol A, consisted of: (i) bromodeoxy-
Fractions of 1 ml each were collected and those from the gradiemidine (BrdUrd) and 3H]deoxycytidine pulse-labeling of the

with the markers were run on 1% agarose gel at 30 V overnig

hiewly synthesized DNA, (ii) DNA extraction and size fractiona-

Using the separation pattern of the marker DNA on the gel agian of short nascent DNA strand$sil( kb); (iii) further
sedimentation velocity reference, the fractions containing ssDNgurification of newly synthesized, BrdUrd-substituted DNA by
of (I kb were selected in each case and dialyzed agaimstmunoaffinity chromatography using anti-BrdUrd antibody

Tris—EDTA (0.5 M Tris pH 8; 0.01 M EDTA) for at least 8 hours.coupled to Sepharose beads; and (iv) quantitation of DNA
These fractions were then used to quantify ssDNA by competitig@gment abundance in the purified sample by competitive PCR.
PCR using different sets of primers in the lamin B2 region. OnlBy this procedure, nascent DNA (i.e. short DNA stretches
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emanating from the origin) is firstly purified from total newly Asynchrommes
synthesized DNA (deriving from all regions in the genome, the expasentially growing
cells being unsynchronized) according to its size and then further A
enriched from the bulk unreplicated genomic DNA by affinity h‘/\i
chromatography. Since the origin mapping procedure by frag-

ment abundance detection relies in principle on size selection

only, we attempted a simplification of this procedure by omitting BrdUrd and *H-Cyt

the affinity chromatography step. Accordingly, nascent DNA
strands oftll kb in size isolated from exponentially growing
asynchronous cells of the neuroblastoma cell line SKNBE were
directly submitted to quantitative PCR analysis (Eig). using

six sets of primers spanning the region of interest {Jrand one
control primer set (primers PCO3 and PCO4), which detects an
unrelated region in t&globin gene. As shown in Takldrows

A and B), the omission of the BrdUrd-purification step did not
give any appreciable differences neither in the detectability of
DNA segments by competitive PCR nor in the relative abun-
dances of the markers. On the contrary, omission of this step,
besides simplifying the procedure, also avoids the introduction of
a possible bias in fragment selection on the anti-BrdUrd affinity
column and reduces the possibility of DNA fragmentation by
photodamage.

Given the above reported results, BrdUrd labeling was no longer
utilized, and the simplified procedure of Fig@rprotocol B was
consistently followed. Line C of Takleeports the results obtained
by the application of this procedure to the HL-60 cell line, where
the lamin B2 origin had originally been mapped witfsi®0 bp
encompassing primer set B481). Comparison of the marker
abundance distribution in this cell line with that obtained in
SKNBE cells indicates that also the latter utilizes the lamiorB2

We have previously shown, by utilizing the BrdUrd procedureFigure 2. Flow chart diagram showing the originéi)(and the simplified
(B) procedures for preparing newly replicated DNA fractions for origin

apping studies.

in asynchronous cells, that the lamin &@Rwas present with a
frequency of approximately one molecule out of 30 000 nascefit
DNA strands 21). This proportion is analogous to what one

would expect if the short nascent DNA molecules were a faithful

pulse lake] for 10 min, No label

oo

DA extraction

oo

Denabaration and size fractionation
O A meural sucrose gradiend

l

Immunaaffinity
chromatographic
purificatlon of Brdifrd-
rich ssDMA

‘oo

[HeLA queastitation by comipetiuve PCR with
differest primer pairs and competiiors

representation of the population of all replicon origins. The sansample (Tabléd, row D*). By this procedure, we could estimate
measurements were now repeated in HL-60 cells by utilizing thleat the abundance of lamin B2 origin-containing fragments was
simplified procedure involving only fractionation by size, withof one molecule per 36 000 nascent DNA fragments. The value
the addition of &H label to allow the absolute quantitative is significantly close to the previously reported one, thus further
determination of the total number of molecules present in thmnfirming the validity of the simplified procedure.

Table 1. Comparison of the complete and simplified procedures for origin mapping by quantitation of DNA segment abundance in samples of nascent DNA

Cell line Method used  Markers
SB12 SE10 BN1 B48 SE17 B13 PCO
Relative abundance(arbitrary scale)
SKNBE A <500 300 900 1600 400 120 200
B 450 300 900 1200 ND 120 200
HL60 C 400 600 1200 3000 850 400 500
D 400 500 1200 3000 900 400 500
Absolute abundancg(number of primer-specific moleculesflidtal sSSDNA molecules)
D* 4.8 7.2 14.4 36.1 10.2 4.8 6.0

A: complete procedure as shown in Figure 2 protocol A and explained under Materials and Methods.

B: same as A but with the omission of the immunoaffinity chromatography step (Fig. 2, protocol B).

C: same as B but without any labeling of cells (BrdUrd or radioactivity).

D: same as C with a 10 min incubation of the cells wittithymidine prior to DNA extraction.

D*: same as D, but the results are expressed as absolute amounts, i.e., number of primer-specific mletalesDOA molecules.
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Figure 3.Results of competitive PCR experiments for the quantification of the indicated seven genomic segments in a newly replicated DN/A&banptade

size) from asynchronously growing IMR90 cells. For each primer set, a fixed amount of newly synthesized DNA was co-amplified with the amount of competi
fragment indicated at the top of each gel. PCR products were resolved by polyacrylamide gel electrophoresis, stained with ethidium bromide and photographec
intensity of the bands corresponding to the PCR products for the competitor (C) and the target genomic (T) DNAs was assessed by densitometric scanning o
lane. The ratio between the two PCR products (reported at the bottom of the gels for each lane in which quantification of both species could be performed) is lin
correlated with the quantity of competitor added to the reaction; the correlation coefficients are reported for each gel. From the equation of the line fitting
experimental points (20), the number of target molecules was evaluated and is reported at the bottom of each panel.

each investigated genomic segment in the sample could be
calculated easily from the interpolation of the regression line.

The simplified procedure described in the previous paragraphFor each genomic segment to be quantified, competitive PCR
was applied to different cell lines. Figishows the polyacryl- experiments were firstly carried out with 10-fold scalar dilutions
amide gels obtained after a competitive PCR experimenf the corresponding competitor, to roughly estimate the target
performed with a nascent DNA sample obtained from the huma&oncentration; more precise quantification was subsequently
lung fibroblasts cell line IMR90. A fixed volume of sample DNA obtained by using 5- or 2-fold competitor dilutions, as shown in
was amplified by seven primer sets (SB12, SE10, BN1, B48&jgure3. Similarly, precise quantification of each competitor was
SE17, B13 in the lamin B2 genomic region, and PCO in thiasdependently obtained by competitive PCR experiments with a
B-globin gene) in the presence of different quantities of théixed amount of total human genomic DNA.

respective competitors, as indicated at the top of each gelThe results obtained for the IMR90 cell line are graphically
According to the principles of competitive PCR)) the ratio  shown on the upper left panel of FigdteThe other panels of
between the competitor and genomic template amplificatioRigure4 show the results of similar experiments performed on
products (shown at the bottom of each gel) is linearly related tell lines of different histological derivation. These include the
the number of competitor molecules initially added to théMR32, SKNBE and SKNMC neuroblastoma, the HL-60
reaction. Since the latter amount is known, the concentration iwfyeloid and the HeLa epithelial cell lines. In all these cells, a clear

The lamin B2 origin in other human cell lines
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Figure 4. Graphical representation of the results obtained by the quantification of different segments in the lamin B2 gene domain by competitive PCR of nas
DNA samples from the indicated cell lines. PCR quantitation results are given in terms of an arbitrary value, i.e. number of primer-specific molecules ampilifiec
a fixed volume of the ssDNA pool tested for each line. Quantification @fghebin gene copy number was obtained by the PCO primer set.

enrichment could be detected for the genomic fragment corr®eiSCUSSION

sponding to the B48 marker—the one corresponding to the lamin ) )

B2 ori region 1), scoring 6-10-fold higher than the markersThe use of BrdUrd pulse-labeling of newly replicated DNA and

localized >5 kb apart on each side (SB12 and B13), and thosedbfthe anti-BrdUrd antibodies in the process of template DNA

the B-globin gene control region. preparation for origin-detection experiments was originally
This distribution of DNA segment abundance in samples dftroduced £324) with the aim of obtaining a high signal-to-

nascent DNA clearly suggests that the lamioB% active inall  hoise ratio. We show here that the method can be further
the analyzed cell lines. simplified and that the use of BrdUrd and immunoaffinity

chromatography can be omitted. This result can be attributed to

careful size selection of the nascent DNA strand pool to be used
Absence of origin activity in quiescent primary cells as well as to the reduction in the background (i.e. pool

contamination by aspecifically broken DNA) resulting from the
In addition to the results reported above, which were obtained éfimination of the BrdUrd-substituted areas in the DNA which are
established cell lines that replicate at a continuous rate in the absgmaee to breakage. The valuel@fx 10* differentoris inferred
of inhibitory treatments, the lamin BRi activity was studied in by our data in human cells agrees with the occurrence of an origin
peripheral blood lymphocytes from a normal individual. Thesevery 100 kb, as originally suggested by the fiber autoradio-
primary cells are largely quiescent in the absence of stimulatiographic studies on the mammalian DNA replication fork
When size-selected single-stranded DNA was analyzed from thesevement Z5). This new simplified procedure for origin
cells, noori activity could be detected in the lamin B2 region, asnapping now provides a simple tool for the study of the process
expected (FighA). However, when the PCR mapping experimenbf DNA replication in single copy domains of untreated,
was performed on nascent DNA samples extracted from the saasynchronously growing cells. Its extensive application will be
lymphocytes at 5 days after stimulation (obtained by the addition séiitable for the identification of novel origins in mammalian cell
phytohemoagglutinin and interleukin-2), a cleatidence of DNA and will assist in the understanding of the functional
activation of the lamin Bari could be observed, peaking at theorganization of the genome.
same region as in the cell lines. This observation, besidesAs far as the lamin B@ri in the chromosome 19p13.3 location
providing an important control to the results obtained in this concerned, the results reported here show that this origin is used
established cell lines, represents the first observation of origio initiate DNA replication in a variety of human cells. Of
usage in primary human cells. particular interest is the observation that dniss activated also
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Figure 5. Quantitative PCR results for the indicated primer sets in 1 kb DNA fragment pools obtained from gAipandmurpliferating®) human peripheral blood

lymphocytes from a normal donor.

in primary peripheral blood lymphocytes, providing further 3
support to the physiological significance of the observation
obtained in the established cell lines. The absence of origi
activity in unstimulated, quiescent lymphocytes goes in parallel
to our previously reported observation where also HL-60 cells,

when differentiatedh vitro to a non-proliferating state, gave no 7 : a _
8 Hamlin, J. L. and Dijkwel, P. A. (1998urr. Opin. Genet. De\5,

evidence of lamin B2ori activity (21). Once again, these

observations reinforce the validity of the developed method fog

origin identification.

10

The universal use of this origin in all the analyzed cells is not
surprising. Given the close relationship between transcription&l

activity and initiation of DNA replicatiorb, possibly related to

12

the accessibility of chromosomal domains to proteins involved in
both processes, the observation that this origin lies in 12

constitutively expressed gene domain, coding for a house-keep-
ing protein 26) predicts origin usage by all cells. Further suppor%

to this notion is the observation that, in synchronized cellgrthis 45

fires within the first minutes of S phas®).

The observation that the same precise and rather narro

defined region of the chromosome works asodnin very

il

different cell types gives still more weight to the conception th

oris in higher organisms are constituteddisyacting sites of
spatially and temporally programmed interactions wigins

20

acting specific protein factors. A study of the nature of thél
proteins involved in the definition and activation of the human

lamin B2ori has been initiated).

ACKNOWLEDGEMENTS

22

23
This work was supported by the Human Capital and Mobilitp4
Programme of the European Commission and by the Proge&o
Finalizzato ‘Ingegneria Genetica’ of the Consiglio Nazional&®

delle Ricerche, Italy.

REFERENCES

1 Kornberg, A. and Baker, T. (1992NA Replication 2ned, Freeman,
W.H. and Company, New York.

2 Burhans, W. C., Vassilev, L. T., Caddle, M. S., Heintz, N. H. and
DePamphilis, M. L. (1990Fell, 62, 955-965.

27

28

Caddle, M. S. and Calos, M. P. (198Ricleic Acids Re20, 5971-5978.
Gilbert, D. and Cohen, S. N. (198%¢ll, 56, 143-144.

DePamphilis, M. L. (1993)nnu. Rev. Biochen§2, 29-63.

Falaschi, A., Giacca, M., Zentilin, L., Norio, P., Diviacco, S., Dimitrova, D.,
Kumar, S., Tuteja, R., Biamonti, G., Perini, G., Weighart, F. and Riva, S.
(1993)Geng 135 125-135.

Falaschi, A. and Giacca, M. (19%8¢netica94, 255-266.

153-161.

Handeli, S., Klar, A., Meuth, M. and Cedar, H. (1988}, 57, 909-920.
Vassilev, L. T., Burhans, W. C. and DePamphilis, M. L. (1888) Cell.
Biol., 10, 4685-4689.

Gale, J. M., Tobey, R. A. and D’Anna, J. A. (1992¥lol. Biol, 224
343-358.

Carroll, S. M., DeRose, M. L., Kolman, J. L., Nonet, G. H., Kelly, R. E.
and Wahl, G. M. (1993Ylal. Cell. Biol, 13, 2971-2981.

Virta-Pearlman, V. J., Gunaratne, P. H. and Chinault, A. C. (183)
Cell. Biol, 13, 5931-5942.

4 Kelly, R. E., DeRose, M. L., Draper, B. W. and Wahl, G. M. (1883)

Cell. Biol, 15, 4136-4148.

Kitsberg, D., Selig, S., Keshet, J. and Cedar, H. (198jre 368
588-590.

Tasheva, E. S. and Roufa, D. J. (199d) Cell. Biol, 14, 5628-5635.
Vaughn, J. P., Dijkwel, P. A. and Hamlin, J. L. (1996}, 61, 1075-1087.
Dijkwel, P. A. and Hamlin, J. L. (1996)ol. Cell. Biol, 15, 3023—-3031.
Shinomiya, T. and Ina, S. (199%cleic Acids Resl9, 3935-3941.
Diviacco, S., Norio, P., Zentilin, L., Menzo, S., Clementi, M., Biamonti,
G., Riva, S., Falaschi, A. and Giacca, M. (1998je 122 313-320.
Giacca, M., Zentilin, L., Norio, P., Diviacco, S., Dimitrova, D., Contreas,
G., Biamonti, G., Perini, G., Weighardt, F., Riva, S. and Falaschi, A.
(1994)Proc. Natl. Acad. Sci. USA1, 7119-7123.

Sambrook, J., Fritsch, E. F. and Maniatis, T. (1889¢cular Cloning

A Laboratory Manual 2nd Ec€old Spring Harbor Laboratory Press, Cold
Spring Harbor, NY.

Contreas, G., Giacca, M. and Falaschi, A. (188&gchniquesl?, 824.
Vassiley, L. and Russev, G. (1988)cleic Acids Resl6, 10397.
Huberman, J. A. and Riggs, A. D. (1968Mol. Biol, 32, 327-337.
Biamonti, G., Giacca, M., Perini, G., Contreas, G., Zentilin, L., Weighardit,
F., Guerra, M., Della Valle, G., Saccone, S., Riva, S. and Falaschi, A.
(1992)Mol. Cell. Biol, 12, 3499-3506.

Biamonti, G., Perini, G., Weighardt, F., Riva, S., Giacca, M., Norio, P.,
Zentilin, L., Diviacco, S., Dimitrova, D. and Falaschi, A. (1992)
Chromosomal021 Suppl.), S24-S31.

Dimitrova, D., Giacca, M., Demarchi, F., Biamonti, G., Riva, S. and
Falaschi, A. (1996fProc. Natl. Acad. Sci. USA3, 1498-1503.



