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Abstract

A 4-Mb regioncontaininga senescencegenewasdefinedat 6q21by
fluorescence in situ hybridization and deletion mapping after transfer of a
normal human chromosome 6 to a BK@ mouse cell line.
By screening three different yeast artificial chromosome (YAC) libraries,
a YAC coatig was constructed that covers the deleted region at 6q21. The
contig Is composed of 18 overlappIng YACs with a size of250-1800 kb and
contains 3 CpG Islands and 10 expressed sequence tags. By sequencing
YACs and P1 artificial chromosomes, nine new sequence tagged sites and
three new expressed sequence tags were detected that enrich the genetic
resources ofthe region, The coatig may also contain a fragile site, FRA6F,
located close to a CpG island, which could be a landmark to localize the
senescence gene. This YAC contig wifi be used to detect expressed se
quences to clone and characterize the senescencegene at 6q21.

Introduction

Deletions, translocations, and other abnormalities alTecting the long
arm of chromosome 6 have been repeatedly detected in several types
of human cancers. Cytogenetic studies and analysis for loss of het
erozygosity have shown allelic losses of 6q in neuroectodermal
tumors, malignant melanoma, breast and ovarian carcinomas,
mesotheioma, gastric carcinoma, acute lymphoblastic leukemia, Non
Hodgkin's B-cell lymphoma, immunoblastic lymphoma, and acute
myeloblastic leukemia (1). In most of these tumors, regions of cyto
genetic or alleic loss were detected in two clusters, one comprised
between bands 6q16 and 6q22, and the other distal to band 6q24 and
often centered on band 6q27. These results suggest that at least two
tumor suppressor genes should be present in the long arm of chro
mosome 6. Functional analysis confirmed these findings, because
transfer of a normal human chromosome 6 by microcell fusion sup
pressed tumorigenicity of melanoma cell lines (2) and of breast cancer
cell lines (3) bearing deletions of 6q. Recently, the localization of
tumor suppressor genes centromeric to 6q22 and telomenc to 6q24
was confirmed by suppression of tumorigenicity of the UACC 903
human melanoma cell line after transfer of a chromosome 6 derived
from a normal cell but with a deletion involving bands 6q22-q24 (4).

In addition to tumor suppressor genes, the long arm of chromosome
6 seems to harbor genes related to senescence. Deletions of 6q are the
most frequent chromosomal alterations in human embryonic fibro
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blasts immortalized by SV4O (5â€”7).Recently, the region of 6q con
taming the senescence gene was restricted to region 6ql4-q21, be

cause transfer of the chromosome segment 6ql3-q2 1 restored
senescence to immortal human ovarian tumor cells, whereas a chro
mosome 6 lacking the region 6ql4-q21 did not confer senescence to
these cells (8). Moreover, a second putative senescence gene has been
mapped on the telomeric region of the long arm of chromosome 6 (9).
We have previously shown that transfer of an intact human chromo
some 6 to BKV3-transformed mouse cells induces senescence in most
recipient cells and that the few clones that grow up and maintain the
immortalized phenotype invariably bear a common region of deletion
involving bands 6q2l-q22 (10). In this study, we demonstrate the
specificity of this effect and present a better definition and a further
restriction of the region containing the senescence gene at 6q21. In
addition, this region was physically mapped, a YAC contig was
generated, and new ESTs were placed in the contig.

Materials and Methods

Cells, Transfer of Single Human Chromosomes, and Lipofection.
pRPcT1SS1 cells are BALB/c mouse cells transformed by BKV (10). Transfer
ofhuman chromosomes 1, 6, and 11 to pRPcT1SS1 cells was carried out by the
microcell fusion technique, following described procedures (10). Transfection
of pRPcT1SS1 cells with YAC DNA by lipofection was carried out with
Transfectam (Promega, Madison, WI) or with Lipofectin (Life Technologies,
Inc., Gaithersburg, MD), following the instructions of the manufacturers.

Isolation of individual YACs. The CEPH mark one and mega YAC
libraries, made up of clones with an insert size of 500-2000 kb, were screened
extensivelyby PCRto detectYACsof middleandgreatsizes.SmallerYACs,
with an average insert size of 300 kb, were isolated from the Zeneca (formerly

IC!) YAC library.YAC size was determinedby PFGE,andYAC localization,
integrity, and chimensm were verified by FISH.

Rescue of YAC Ends and Generation of New STSs. To generatenew
STSs, YAC endswereisolatedusingtheVectorettetechnique.To thispurpose,
a Vectorettebubble was purchasedfrom Genosys Biotechnologies(Cam
bridge, United Kingdom), and the Vectorette methodology was applied ac
cordingto Rileyeta!. (11).Byusingprimersspecificforthebubbleregionand
for the vector arms, only PCR products corresponding to the ends of YACs can
be generated.ThesePCR productswere sequenceddirectlyusingSequenase
(United States Biochemical Corp., Cleveland, OH), as described previously
(12). PAC clones positive for markers of the region were obtained by screening
the Sanger Center PAC library. Additional STSs and ESTs were obtained by
direct sequencing of PACs of the region with T7 or Sp6 primers.

Electrophoresis, Southern Blot Hybridization, and Sequence Analysis.
All procedureswerecarriedout usingstandardmethodologies(13). PFGEwas
performed using a Bio-Rad (Brussels, Belgium) CHEF DRill system. YAC
DNA was size-fractionated on 1.25% agarose gels at 14Â°Cusing bacteriophage
A concatamersand low-range PFGEmarkers(Bio-Rad) as size standards.To
resolve YACs from the Zeneca library, DNA was fractionated at 200 V for

3 The abbreviations used are: BKV, BK virus; YAC, yeast artificial chromosome;

PAC, P1 artificialchromosome;EST,expressedsequencetag;STS, sequencetaggedsite;
FISH, fluorescence in situ hybridization; PFGE, pulsed-field gel electrophoresis; BrdUrd,
bromodeoxyuridine.
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Table 1Monochromosome transfer to pRPcTJSSIcellsTransferred

chromosomeNo.
of

coloniesâ€•Total
no. of

clonesâ€•No.
of immortal clonesâ€•/

no. of pickedclonesNormal

6
del(6)(q21q22)
Normal I
Normal I 170

130â€•
80
702

(2.8%)c
47 (36.1%)
28 (35.0%)
56 (80.0%)1/2

(50.O%)c
15/25 (60.0%)
9/10(90.0%)

18/25 (72.0%)

CHARACTERIZATIONOF A REGION AT CHROMOSOME 6q21

20 h usingrampedswitchtimesfrom20â€”80s. To resolvethe largerCEPH
YACs, DNA was fractionatedfor 26 h at 200 V using rampedswitch times
from 60â€”140s. Gels were stainedwith ethidiumbromide(0.5 @g/ml)and
photographed. For restriction mapping of YAC DNA, YAC plugs were dia
lyzed overnight against 10 mM Tris-HC1 and 1 mi@iEDTA (pH 7.0) and then
treated as described previously (14). The following restriction enzymes were
used: BssHll, MluI, Not!, and Sad! (New England Biolabs, Beverly, MA).
Digested YAC DNA was resolved on 1.25% agarose gels at 200 V for 15 h

using ramped switch times of 20â€”80 s. DNA was transferred to Hybond-N

nylon membranes(Amersham,Bucks,United Kingdom)and hybridizedse
quentially to probes corresponding to the left and right pYAC4 arms or to total
humanDNA.

Cytogenetic Techniques. BrdUrd banding of chromosomes was per
formed as described previously (15). Chromosome painting and FISH were
carried out on denatured metaphase chromosome spreads prepared from whole
blood in the presence of 10-fold excess Cot-l human DNA to compete against
repetitive sequences. The probe for chromosome painting was total DNA
extracted from pRPcT1SSI cells that had maintained the immortalized phe
notypeaftertransferof an intacthumanchromosome6. Conditionsof hybrid
ization were as described previously (10). For FISH analysis, 1 ng of YAC

DNA was labeled with biotin-l6-dUTP or 1l-digoxigenin-dUTP.After by
bridizing for 72 h, the YAC probes were detected with antibodies labeled with

differentfluorochromes.Slidesweremountedin Vectorshieldantifade(Vector
Laboratories) containing 4',6-diamidino-2-phenylindole (0.5 ,.sg/ml)as DNA
counterstain, observed using a Photometrics charge-coupled device camera,
and analyzed using a Digital Scientific Smart Capture image analysis system
(15).

Results

Transfer of Chromosome 6 to pRPcT1SS1 Cells. In a previous
study (10) involving transfer of a neo-tagged normal human chromo
some 6 to immortal BKV-transformed pRPcT1SS1 mouse cells, we
obtained about 200 colonies growing in medium with G418. All of

these colonies underwent a rapid process of senescence, except for
five of them that grew up and could be propagated as immortal clones.
PCR analysis with human-specific markers showed that senescent
colonies contained an intact chromosome 6, whereas all five
pRPcT1SS1IH6 immortal clones contained a chromosome 6 deleted
in 6q21-q22 [del(6)(q21q22)], suggesting that this chromosomal re
gion harbors a senescence gene. On the basis of cytogenetic and
molecular analyses, the deleted region was estimated to span about 40
Mb. To confirm these findings, we transferred a normal chromosome
6andthedel(6)(q21q22)chromosomefrompRPcT1SS1IH6immortal
clone 1 (10) to normal pRPcTISS1 cells. The results are reported in
Table 1 and show that the total number of clones and the number of
clones that reach immortalization are significantly greater after trans
fer ofchromosome del(6)(q2lq22) as compared to transfer ofan intact
chromosome 6. To confirm the specificity of the senescence pheno
type assigned to chromosome 6, we transferred a normal chromosome
1 and a normal chromosome 11 into pRPcT1SS1 cells. These chro
mosomes contain genes able to revert the immortal phenotype of cell
lines belonging to different complementation groups (16, 17). As

A B
Fig. 1. Chromosome painting of a metaphase spread from human peripheral blood

cells, using as probe total DNA from (A) the immortal hybrid cell line pRPcT1SS1/H6
clone 1 (10) and (B) the immortal hybrid clone p6.1. Both clones were obtained by transfer
of a normal humanchromosome 6 to pRPcT1SS1 mouse cells transformedby BKV.
Arrows, the position of the deletions in regions 6q2l-q22 (A) and 6q21 (B). The deletions
were estimated to span about 40 Mb in A and 4 Mb in B.

reported in Table 1, normal human chromosomes 1 and 11 did not
induce senescence in pRPcT1SS 1 cells, supporting the specific senes
cence effect of chromosome 6. BrdUrd banding and chromosome
painting with total human DNA of metaphases from the only immortal
clone (p6.1) obtained by transfer of an intact chromosome 6 to
pRPcT1SS1 mouse cells revealed an apparently normal human chro
mosome 6. Chromosome painting of BrdUrd-banded metaphase
spreads from human peripheral blood cells was then performed with
the DNA extracted from clone p6.1 and from the pRPcT1SS1IH6
immortal clone 1 (10) used as the donor of del(6)(q21q22) in transfer

experiments. The results showed that the chromosome 6 retained in
the immortal hybrid clone p6.1, as compared to the previously ob
tamed immortal chromosome 6 hybrid clone 1 (Fig. 1A), had only a
small deletion in 6q21, whereas the rest of the chromosome seemed to
be normally maintained (Fig. lB). This result was confirmed by
molecular analysis (Fig. 2).

Generation and Restriction Analysis of a YAC Contig at 6q21.
On the basis of cytogenetic and molecular analyses, the 6q2l deletion
of the hybrid clone p6.1 was estimated to be about 4 Mb. We therefore
decided to construct a YAC contig covering the deleted region as a
first step to obtain a physical map of the region, leading to isolation

of the senescence gene. To this purpose, we ordered markers covering
the deleted region by deletion mapping using a translocation hybrid
panel of human chromosome 6 (18). We then used these markers to
screen the CEPH and Zeneca YAC libraries. A large number of YACs
were obtained that were used as hybridization probes for single-,
double-, or triple-color FISH that demonstrated YAC integrity or
chimerism and established the cytogenetic location and order of loci.
Only nonchimeric YACs were used for further analysis. The YAC
sizes, determined by PFGE, ranged from 250-1800 kb. On the basis of
these data, a contig of 18 YACs was constructed that spans about 4
Mb in the middle part of 6q21 (Fig. 3). YAC ends were rescued by
Vectorette analysis and sequenced to develop new STSs (Table 2),
which provided additional information about the overlapping order of
YACs in the contig and demonstrated chimeric regions not detectable
by FISH on YAC clones 767H6 and 786D4. A total of 33 markers
were ordered with respect to the centromere and telomere from
cenESTl293 to tel856g2R (Figs. 2 and 3). Ten of these markers are
ESTs that were placed in the contig by PCR mapping of the YACs

a Colonies refer to cells growing up to 10 population doublings, corresponding to 1000

cells; clones refer to cell cultures growing beyond 10 population doublings.
b @mmo@taiclones achieved 100 population doublings.

C Percentage of total number of clones was calculated over the number of colonies;

percentage of immortal clones was calculated over the number of picked clones.
d Colonies derived from two experiments.
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(Fig. 2). In addition, three new ESTs (Fig. 2) were developed during
this study either by rescue and sequencing of a YAC end or by direct
sequencing of two PAC ends. Long-range restriction mapping with

Sad, Not!, and MluI, which cut in regions of DNA rich in cytosine
and guanine, revealed two CpG islands, confirmed by the presence of
BssHll sites, unrelated to either the FYN oncogene or to the ESTs. A
third CpG island may be located more centromerically, close to

marker D6S1698. This region is cut by Sad, Not!, and M1uI but not
by BssFffl. As shown in Fig. 3, the YAC contig covers all of the
4-Mbp deletion detected in clone p6.1 (Fig. 1), which spans the region
from marker W1654l to marker D6S266. Therefore, the YAC contig
provides the basic genetic resources to start approaches directed at the
isolation of the senescence gene located within the p6. 1 deletion at
6q21.

Transfection of YAC Clones into pRPcT1SS1 CeUs. To func
tionally map the senescence gene within the contig, we transfected by
lipofection the YACs 856g2 and lldal, together with the plasmid
pSV2 neo, into pRPcT1SS1 cells. These YACs were chosen for
transfection because their ends are close to or overlap the two CpG
islands. The purpose of these experiments was to find a YAC clone
able to induce replicative senescence in pRPcT1SS1 cells, thus al
lowing a more refined localization of the senescence gene. Senescence
effects were obtained with YAC clone l7dal, suggesting that the

region corresponding to this YAC might contain the senescence gene.
However, molecular analysis showed that the recipient cells, although
containing human sequences detected by ALU-PCR, only partially

retained the markers of the transfected YACs. FISH analysis with the
YAC DNA as a probe showed numerous chromosomal or extrachro
mosomal signals, indicating multiple integrations or lack of integra
tion with consequent instability of the transfected YAC DNA. On the
whole, these results suggest that YAC sequences are largely lost or
rearranged after transfection and preclude a clear interpretation of the
senescence effects obtained by YAC transfer into pRPcTISS1 cells.
Due to the failure of YAC transfection experiments, we are proceed
ing to isolate the senescence gene using molecular approaches by
applying the cDNA selection technique (19) to cosmid subclones in
the YAC contig, by screening cDNA libraries with the new ESTs
mapped in the contig, and by constructing a PAC and BAC contig in
the subregion containing the two CpG islands between markers
D65302 and D651259. This contig will be used to directly analyze the
DNA sequence of one or more PACs or BACs.

Discussion

In the present study, we have defined, by monochromosome trans
fer, a region of 4 Mb at 6q2l containing a gene inducing senescence
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Fig. 2. Molecular characterization of the YACs by STS
and EST content in the contig at 6q21, within the deletion of
the pRPcT1SS1immortalclone p6.1. Markersrepresenting
ESTs are underlined.The asterisk close to YAC 951b2
indicates that this YAC has a different size from that listed
with the same name in the Whitehead Institute Database.
The crossed boxes in the last row, displayingthe molecular
mapping of clone p6.!, indicate that markers W18633 and
786D4R are homologous to mouse sequences and therefore
cannot be used to map human chromosome 6 transferred to
pRPcT1SS1 mouse cells. However, both markers were
maintained because they contribute to the order of markers
in the contig. Moreover, W18633, being on the EST, may
indicate the presence of a gene in the contig. Markers in
italics are new STSs and ESTs developed in this study. â€¢,
markerspresent;0, markersabsent;emptyboxes,markers
not tested.
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Table 2New STSs and ESTs developed in the 6q21 contig by sequence analysis of YAC andPACendsEBI

accessionAnnealingProductYAC
endDesignationno.Sequence of PCR primerstemperature (â€˜C)size(bp)27cd4

rightâ€•c.M@2PR000475'-GTATGTGTCCTTACTGTTGC-3' 5 â€˜-TTTGCAGCAGTAAATACCCC- 3 â€˜
5'-GCAGACATAGACTTCATGGC-3'54140786d4

rightCMFE8PR000495'-ATCCACAGGATGGAGAAGTCC--3'
5â€˜-TTTCACCTGGAGGCAGTAGTAGGG-3'54350767h6

left

31aa9 rightCMFE3 CMFE4PR0005O PR000425'-AAGAAAGGAGCAATGCCACGC-3'
5 , -GCAAGAAAGCTACAAACCTGCC-3'
5 â€˜-CTCTGTCCATCTTTATTATGC- 3 â€˜
5'-TTCATGCTGTGTGTCTCTAGGACGC-3'54

55230125l7dal

right
3laa9 leftâ€•CMFE5PR000515'-AAATGGTGATGCATCTAGAGGGG-3'5'-TCACACAGATGTAGATCAC-3'55250l7dal

leftâ€•CMFE6PR0004I5'-ACAGGTTGATTAGGCCTG-3'
5'-TCACCCTCTGAAGCATGAACC-3'55230856g2

rightCMFE9PR000485 â€˜-CACCTTGGAGAGAGACTCTG-3 â€˜
5'-AGCAATGCTCTACTCTTACG-3'55220505i4-T7CMFEIOPR0006O5'-TCTGTGGATTCAACCAACCAC-3'

5'-GTCAGAAGACATGTCTTC-3'5733631a9-Sp6CMFE1
IPR000575'-CCTAAAGCCACATTAAGTGC-3 â€˜

5 â€˜-TCACAGTATTACAGGTGC-3'57136l53m2l-Sp6CMFE12PR000595'-CACATACTGGAGCAAATCC-3
â€˜

5'-ATGGAAACACAACATACC-3'57252153m21.T7CMFE13PR000565'-AAAGTCTCCTTGTTCAAG-3'

5'-AGAGTCTTGCTCTATTGCC-3'55340153m21-Sp6CMFE14PR000585'-ATGAGATCTCTTCCTCTCCAG--3'57305

CHARACI@ERIZAflON OF A REGION AT CHROMOSOME 6q21

CpG

500 Kb

CEN@@

Fig. 3. YAC contig anda physicalmapof partof chromosomeband6q21. The names,position,andorientationof the 18 YACs formingthe 4-Mb contig are indicated.The figure
is drawnto scale, so thatthe YAC sizes can be deducedfromthe size marker(500kb).@ YAC left ends;â€¢,YAC rightends.Asterisks,chimericYACs. The two YACs withoutmarked
ends have not been oriented. CpG islands are indicated by black arrows. The CpG island without an arrowhead is only postulated, because it is located in a region cut by Not!, Sad,
and MluI but not by BssHII. Vertical dashed, dotted, and continuous lines indicate restriction sites for Sad, MluI, and Not!, respectively.

in BKV-transformed mouse cells. Our results are in agreement with human diploid fibroblasts, was recently mapped at 6q26-q27 (9). The
mapping in the same region of a gene inducing senescence in SV4O- results reported by these authors, however, do not exclude the pros
transformed human diploid fibroblasts and in ovarian carcinoma cells ence of a senescence gene at 6q21 . In addition, the p6. 1 clone and the
(23, 24). Another gene, SEN6, involved in replicative senescence of other immortal chromosome 6 hybrid clones in our previous experi

TEL

a .@ underlined markers are ESTs.

b YACs 31aa9 and lldal have overlapping left ends (Fig. 2).
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CHARACTERIZATIONOF A REGION AT CHROMOSOME 6q21

ments (10) contain the marker D6S305 at 6q26 as well as markers
W17830 and D6S281 at 6q27, indicating that the region corresponding
to the SEN6 gene is intact in the transferred human chromosome 6.
Therefore, in mouse immortalized cells, the human chromosome 6

telomere does not express a gene inducing cellular senescence. Our
model, however, may have the advantage of working in a murine
system, allowing an easier identification of specific human sequences.
In the region containing the senescence gene, a YAC contig was
constructed that shows some interesting features. The contig harbors
13 ESTs and 3 CpG islands and contains several restriction sites for
Not! and Sac!!. These enzymes recognize regions of the genome rich
in cytosine and guanine that include regulatory elements located at the
5' end of genes. One of the CpG islands is close to FYN, the only
known gene present in the contig. However, a preliminary sequence
analysis in proximity of this CpG island did not detect any homology
to FYN,suggesting no relationship to this gene. Moreover, sequencing
of YAC and PAC ends allowed us to detect nine new STSs and three
new ESTs that enrich the genetic resources of the region.

A fragile site, FRA6F, is present at 6q21 (20). Although the precise
localization of FRA6F is not known, it may be placed in the contig
close to marker D6S302, in correspondence with one of the CpG
islands, because molecular mapping of a translocation hybrid panel of
chromosome 6 (18) indicated that a breakpoint lying close to D6S302
was a common feature of these hybrids.4 Fragile sites are involved in
deletions and translocations affecting cancer genes, as recently shown
for the tumor suppressor gene FHJT (21), which harbors a fragile site
within its sequence and is commonly deleted in the early stages of

several human tumors (21â€”23).Deletions or translocations at the
fragile site in 6q21 affecting a CpG island might be responsible for the
loss of the senescence gene and for the induction of an immortal
phenotype in tumor cells.

The process of cell immortalization involves multiple pathways
(24), and at least eight human chromosomes that induce cellular
senescence have been identified thus far by microcell-mediated chro
mosome transfer (25). These are chromosomes 1, 2, 3, 4, 6, 7, 11, and
18, and each ofthem has a senescence-inducing effect on some but not
all immortal cells. Indeed, a number of cell lines were classified into
four complementation groups for senescence (16, 17). Considering
this experimental evidence, a careful genetic analysis will be required

to unravel the complex pathways leading to senescence and immor
talization. Because the contig assembled in this study is more than two

YACs deep throughout the entire target region and contains only two
chimeric YAC clones, it will be helpful for investigations of cDNA
selection, exon trapping, and CpG island rescue and for searching
interspecific sequence conservations to isolate and characterize a new
gene in 6q21, involved in the process of replicative senescence and
immortalization.
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