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Induction of Cellular Senescence in Immortalized 
Cells by Human Chromosome 1 

The control of cellular senescence by specific human chromosomes was examined in 
interspecies cell hybrids between diploid human fibroblasts and an immortal, Syrian 
hamster cell line. Most such hybrids exhibited a limited life span comparable to that of 
the human fibroblasts, indicating that cellular senescence is dominant in these hybrids. 
Karyotypic analyses of the hybrid clones that did not senesce revealed that all these 
clones had lost both copies of human chromosome 1, whereas all other human 
chromosomes were observed in at least some of the immortal hybrids. The application 
of selective pressure for retention of human chromosome 1 to the cell hybrids resulted 
in an increased percentage of hybrids that senesced. Further, the introduction of a 
single copy of human chromosome 1 to the hamster cells by microcell fusion caused 
typical signs of cellular senescence. Transfer of chromosome 11 had no effect on the 
growth of the cells. These findings indicate that human chromosome 1 may participate 
in the control of cellular senescence and further support a genetic basis for cellular 
senescence. 

N ORMAI, HUMAN FIBROBLASTS IN  

culture have a limited life span, 
beyond which the cells cease prolif- 

eration, enlarge in size, and undergo a pro- 
cess termed cellular senescence that results in 
cell death (1). The life span of human cells in 
culture decreases proportionately with the 
age of the donor (1, 2). Many, but not all, 
tumor cells can be grown indefinitely in 
culture and therefore have escaped senes- 
cence and are termed immortal (3, 4). Many 
carcinogenic agents, including chemical car- 
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cinogens, viruses, and oncogenes, can im- 
mortalize normal cells (3-5). Immortality is 
not sufficient for neoplastic transformation, 
but most immortal cells have an increased 
propensity for spontaneous, carcinogen-in- 
duced or oncogene-induced neoplastic pro- 
gression (3-5). Therefore, escape from se- 
nescence can be a preneoplastic change that 
predisposes a cell to neoplastic conversion. 
Cellular senescence has been proposed as 
being one of the mechanisms by which 
tumor suppression occurs (6 ) .  

Two main theories of cellular senescence 
have been proposed. One is the error catas- 
trophe mode1,khich proposes that accumu- 
lation of random damage or mutations in 
protein and RNA synthesis results in the 
loss of proliferative capacity (7). A second 
hypothesis is that senescence is a genetically 

programmed process (8). The experimental 
evidence supporting the error accumulation 
hypothesis has been criticized (1-9), where- 
as recent support for a genetic basis of 
senescence has emerged (10). The majority 
of hybrids between human cells with a finite 
life span and immortal cells with an indefi- 
nite life span were found to senesce, indicat- 
ing that senescence is dominant over immor- 
tality (10, 11). Certain hybrids between dif- 
ferent immortal human cell lines senesce, 
indicating that diEerent complementation 
groups exist for the senescence function lost 
in these cells (10). Four complementation 
groups were established, suggesting that 
multiple genes might be lost or inactivated 
during escape from senescence. With the use 
of hamster x human cell hybrids we have 
now mapped a putative senescence gene (or 
genes) to human chromosome 1. 

For these studies, an immortal Syrian 
hamster cell line (10W-2) was fused with 
MRC-5 cells, which are normal, human, 
fetal lung fibroblasts previously used for 
studies of cellular senescence (12). The 
10W-2 line was chosen because it has a near- 
diploid and a stable karyotype, and it is 
nontumorigenic (13). The MRC-5 cells 
were used at passage 25 and had undergone 
an estimated 40 population doublings in 
culture. When these cells were subcultured 
as controls, they reproducibly senesced after 
21 to 24 additional population doublings in 
four independent experiments. The MRC-5 
cells were fused with the 10W-2 cells as 
described in Table 1. From two independent 
experiments, 27  hybrid clones were isolated 
after fusion in medium containing HAT and 
ouabain. After 2 to 3 weeks in selective 
media, healthy colonies consisting of 
> 1000 cells were isolated from cloning cyl- 
inders and passaged until the clones either 
ceased proliferation (that is, they senesced) 
or achieved > 100 cell doublings as calculat- 
ed from measurements of cell number at 
each passage. Fifteen of the 27 hybrid clones 
exhibited limited life spans. Each of these 
clones grew rapidly for the first three pas- 
sages, undenvent 15 to 20 total population 
doublings, and then displayed signs of cellu- 
lar senescence characteristic of the parental 
MRC-5 cells at the end of their life span. 
Criteria for senescence included cellular en- 
largement and flattening, cessation of prolif- 
eration as measured by the failure to increase 
cell number during a 2-week period, failure 
to subculture, failure to form colonies at 
clonal density, and lack of significant incor- 
poration of [3H]thymidine [as measured by 
the presence of labeled nuclei (<2%) after 
autoradiography]. The limited life span of 
the majority of the hybrids indicates that 
cellular senescence is dominant in these 
hamster x human hybrids. A similar con- 
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clusion was drawn from studying human 
(10, 11) and hamster (13, 14) intraspecies 
hybrids. 

Twelve of the 27 hybrid clones ultimately 
escaved senescence. These clones showed 
signs of senescence after two to three pas- 
sages, but some cells in the culture contin- 
ued to proliferate and achieved > 100 popu- 
lation doublings. These hybrid cells at later 
passages showed other features of immortal 
cells. After the cultures had achieved approx- 
imately 40 population doublings, the cells 
had a high labeling index with [3~] thymi -  
dine, similar to the parental 10W-2 cells 
(>80% after a 24-hour labeling period) and 
grew with colony-forming efficiencies of 
>lo%. As human chromosomes are usually 
lost in interspecies hybrids (15), we exam- 
ined the pos4bility that escape from senes- 
cence was due to loss of an essential chromo- 
some (or chromosomes) by karyotypic ex- 
amination of the hybrids after escape from 
senescence (approximately 40 population 
doublings). 

A summary of the human chromosomes 
present in the hybrids that escaped senes- 
cence is given in Table 1. The modal num- 
ber of hamster and human chromosomes in 
each hybrid varied between 90 and 95. The 

diploid MRC-5 cells have 46 chromosomes, 
and the parental 10W-2 cells had a modal 
chromosome number of 44 to 46. The 
number of human chromosomes per hybrid 
ranged from 6 to 20; thus, the hybrid clones 
that escaped senescence contained a near- 
tetraploid number (70 to 89) of hamster 
chromosomes. The increased number of 
hamster chromosomes could have arisen bv 
fusion of two hamster cells with one human 
cell or by fusion of a human cell with a 10W- 
2 cell that had become near-tetradoid. We 
previously found that immortal hybrids be- 
tween hamster tumor cells and normal Syri- 
an hamster embryo cells predominately 
formed from fusion of two tumor cells with 
one normal cell (13, 14), which suggests that 
two genome equivalents of the immortal 
parent cell increases the probability that a 
hybrid will escape senescence. This could be 
due to an increased dosage of a critical gene 
in the immortal parent cell or, alternatively, 
the increased ch~omosome number mav re- 
sult in karyotypic instability in the hybrid 
cells leading to loss of genes from the nor- 
mal cells. These mechanisms are not mutual- 
ly exclusive and both may play a role in the 
escape from senescence. 

All of the MRC-5 x 10W-2 hybrid 

clones that escaped senescence lost both 
copies of human chromosome 1. A total of 
120 metaphases were examined and none 
contained a human chromosome 1. All oth- 
er human chromosomes were present in one 
or two copies in at least one of the immortal 
hybrids (Table 1). 

To determine whether the loss of chromo- 
some 1 in the hybrids that escaped senes- 
cence was the fortuitous consequence of 
human chromosome loss or an indication 
that a gene or genes on this chromosome 
influenced the senescence process, we un- 
dertook two additional approaches. The 
10W-2 cells used in the experiment lack 
hypoxanthine phosphoribosyl transferase 
(HPRT) gene activity. Hamster-human hy- 
brid clones were selected in HAT-contain- 
ing medium, which means that surviving 
cells must retain the HPRT gene located on 
the long arm of human chromosome X; 
karyotppic analysis confirmed that all im- 
mortal hybrids retained a human chromo- 
some X (Table 1). We used normal, human 
fibroblasts with a translocation between 
chromosome X and either chromosome 1 or 
chromosome 11 (obtained from the Nation- 
al Institute of General Medical Sciences hu- 
man genetic mutant cell repository, Cam- 

Table 1. Correlatio~l of loss of human chromosomes with escape from senescence in hybrids between normal human (MRC-5) and immortal hamster (10W- 
2) cells. The MRC-5 cells (passage 25) were obtained from the American Type Culture Collection and 10W-2 cells were derived in our laboratory as 
described (13). The 10W-2 cells were selected for loss of hypoxanthine phosphoribospl transferase (HPRT) gene activity by selection of cells resistant to 6- 
thioguanine (5 pglml); these cells failed to grow in HAT-containing medium (complete medium containing 0.1 mhl hypoxanthine, 0.01M aminopterin, and 
16 WM thymidine) (13). The cells were grown in IBR medium with 10% fetal bovine serum (FBS) plus penicillin (100 IUlml) and streptomycin (0.1 mglli- 
ter) at 37°C in humidified air containing 10% CO,. For cell fusions, normal MRC-5 human cells (2 x lo6) and immortal 10W-2 cells (1  x lo6) were plated 
together in 75-cmZ flasks and allowed to grow overnight. These cells were then treated with polyethylene glycol (PEG) as described (13). After 24 hours, cells 
were plated on plastic at a density of lo4 cells per 100-mm dish. Hybrid cells were selected in HAT-containing medium (20% FBS) containing 1 0 - 5 ~  
ouabain, which is toxic to human but not hamster cells, with a change of medium every 4 days. Hybrid clones were isolated with glass cloning cylinders after 2 
to 3 weeks and were expanded to a sufficient cell number for further analysis. Hybrid clones were passaged weekly by determining the cell number with a 
Coulter cell counter and replated at a density of lo5 cells per 100-mtn dish. Cells were prepared for karyotypic analysis by treatment with Colcemid (0.1 pgl 
ml) for 2 hours, followed by a hypotonic solution (0.075M KCI) for 20 min, and fixation in methano1:glacial acetic acid (3 : 1). Air-dried chromosome 
preparations were stained with quinacrine mustard plus Hoechst 33258 (26) and examined microscopically under fluorescence, which allowed distinction of 
human and han~ster chromosomes in the hybrids. Ten well-banded metaphases were analyzed per hybrid clone. The colony-forming efficiencies of the clones 
on plastic were determined by plating 10' hybrid cells per 100-mm dish (five dishes); colonies containing more than 50 cells were scored 1 to 2 weeks later. 
To determine the percentage of cells synthesizing DNA (labeling index), we plated cells at a density of lo4 cells per dish, 2 days later incubated them with 
[3H]thymi~ne (1  pCilml in the nonselective medum and 5 pCiIml in the HAT-selective medium) for 24 hours, and then fixed them with methanol and 
processed them for autoradiography. Over 1000 cells were counted at random for the presence of grains over the nucleus. 

HY- Presence (+) or absence (-) of indicated human chromosome Number 
brid of chro- 
clone 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 X Y mosomes 

Percentage ofmetaphases having indicated human chromosome 
27 9 19 56 63 43 49 84 34 47 

Number of discordant clones per 12 examined 
6 2 4 9 1 1  8 1 0 1 2  9 1 1  
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den, New Jersey) to make cell hybrids with 
the 10W-2 cells. GM3552 cells have a 
46,X,t(X;11) (Xpter>Xq26::llq23>1 lqter; 
1 lpter> 1 lq23: :Xq26>Xqter) karyotype and 
GM4618 cells ,have a 46,X,t(X;l) (Xqter> 
Xp22.1: : lq23> lqter;lpter> lq23 : :Xp22.1> 
Xpter) karyotype. The translocated portion 
of the X chromosome in each case contained 
the HPRT gene located on Xq. Both cell 
strains had a finite life span, and hybrids 
between these cells and 10W-2 cells sen- 
esced. The percentage of senescent hybrids 
was 40% (10 out of 25) in the case of 
fusions between 10W-2 and GM3552 cells 
[with the t(X; 11) translocation], similar to 
the value obtained for MRC-5 x 10W-2 
cell (56% or 15 out of 27). In contrast, 
nearly 90% (14 out of 16) of the hybrids 
senesced in fusions of GM4618 and 10W-2 
cells [with the t(X;l) translocation]. This 
increased frequency of senescent hybrids is 
consistent with the hypothesis that human . - 
chromosome 1 contains a gene or genes that 
regulate the senescence process. Further, 
this gene or genes must be on the long arm 
of chromosome 1. The two GM4618 x 
10W-2 hvbrids that esca~ed senescence 
were examined karyotypicdy, and no intact 
t(X;l) chromosome was observed. We inter- 
pret these results to indicate that a deletion 
of the critical portion of chromosome 1 
occurred, which allowed these hybrids to 
escape senescence. As these cells grew in 
HAT-containing media, the HPRT gene on 
chromosome X must have been retained in 
these cells. 

To further confirm the role of human 
chromosome 1 in the senescence of 10W-2 
cells, we transferred a single copy of chro- 
mosome 1 into 10W-2 cells by the microcell 
transfer technique (16, 17). Mouse A9 cells 
containing a single human chromosome 1 or 
chromosome 11 tagged with a dominant 
selectable marker (neo) were isolated (1 7), 
and the single human chromosomes were 
transferred by microcell fusions to 10W-2 
cells, two other immortal Syrian hamster cell 
lines, and mouse A9 cells. The frequency of 
colonies resistant to G418 antibiotic was 
2.3 x to 5.9 X after transfer of 
chromosome 11 into the various cell lines, 
and no colonies senesced (Table 2). The 
frequency of ~418-resistant colonies was 
2.6 x to 7.4 X after transfer of 
chromosome 1 into the mouse A9 cells and 
two hamster cell lines, but only one colony 
with > 100 cells was observed in ten experi- 
ments with 10W-2 cells (frequency, 
3 x lo-'). This clone, however, senesced 
after 4 weeks and failed to grow to >lo00 
cells. Several small, senescent colonies (8 to 
20 cells) were observed after transfer to 
chromosome 1 into 10W-2 cells, but these 
colonies ceased proliferating and sometimes 

Table 2. Microcell transfer of human chromsome 1 or 11 into different immortal cell lines. Microcell- 
mediated chromosome transfers were performed as described (1 7). Briefly, mouse A9 cells containing a 
single human chromosome (1  or 11) with an integrated pSV2neo plasrnid DNA were plated at a density 
of 1.5 x lo6 to 1.8 x lo6 cells per 25-cmZ flask and treated for 48 hours with Colcemid (0.02 pglml) 
for micronucleus formation. Micronuclei were harvested by filling the flasks with serum-free medium 
containing cytochalasin B (10 pglml), and the flasks were centrifuged at 23,000g for 60 min. Microcell 
pellets were resuspended into serum-free medium, and filtered through 8-pm, 5-pm, and 3 - ~ m  
polycarbonate filters in series to remove whole cells and large microcells. The filtered microcells were 
centrifuged at 1500 rpm for 5 min, resuspended in serum-free medium containing phytohemaggluti- 
nin-p (50 pglml), and incubated with donor cells for 15 min. After aspiration of medium from the 
flasks, the recipient cells were fused with microcells by treatment with PEG. After 24 hours, cells were 
plated at a density of lo5 or lo6 cells per 100-mm dish with selective medium containing G418 
antibiotic (800 pglml) (Gibco). Cells were cultured for 2 to 4 weeks, and colonies of > lo0  cells were 
scored. A9, mouse cell line; BP6T, immortal, tumorigenic hamster cells transformed by benzo[a]pyrene 
(12); BHK-A, baby hamster ladney cells that became tumorigenic spontaneously; n, number of 
experiments. 

Chromosome 1 
Recip- 

ient Number of 
cells n colonies Frequency 

(>50 cells) 

l ow-2  10 1 3.2 X lo-' 
A9 2 23 7.4 x 
BP6T 7 34 3.1 x 
BHK-A 6 51 2.6 X 

Chromosome 11 

Number of 
n colonies Frequency 

(>50 cells) 

eventually detached from the dish. No small 
colonies were seen in control cultures after 
selection with G418. 

The presence of human chromosome 1 in 
the senescent microcell hybrids was con- 
firmed by in situ karyotypic analyses of 
colonies (18) and by in situ DNA hybridiza- 
tion with a human chromosome 1-specific 
a satellite DNA probe (19). Furthermore, 
similar microcell transfer experiments with 
tumorigenic derivatives of 10W-2 cells occa- 
sionally yielded surviving colonies after 
transfer of human chromosome 1. The cells 
grew very slowly at first, but after a few 
passages showed an increased growth rate. 
Karyotypic analyses clearly revealed human 
chromosome 1 at early passages and a pro- 
gressive loss of chromosome 1 associated 
with increased growth of the clones (20). 
These observations are consistent with this 
chromosome containing a growth arrest or 
senescence gene or genes. 

The mapping of a normal cellular gene 
involved in cellular senescence to a specific 
chromosome provides support for the hy- 
pothesis that senescence is a genetically pro- 
grammed event. This does not imply, how- 
ever, that a single gene controls senescence 
in normal cells. Cellular senescence is un- 
doubtedly a multigenic process, and escape 
from cellular senescence (immortality) ap- 
pears to require defects in one or more 
of a relatively small number of genes. These 
defects can be corrected by fusion of immor- 
tal cell lines with normal diploid cells (lo), 
by fusion with certain other immortal cell 
lines (lo), and by introduction of a single 
human chromosome (for example, chromo- 
some 1 in the case of 10W-2 cells). The 
demonstration of at least four complemen- 

tation groups by fusion of .immortal X 

immortal cell lines (10) supports the notion 
that defects in different genes can lead 
to escape from senescence. Thus, introduc- 
tion of human chromosome 1 would not be 
expected to result in senescence in all re- 
cipient cell lines, and some cells can be 
grown indefinitely following transfer of a 
normal human chromosome 1 (Table 2). 
However, microcell transfer of human chro- 
mosome 1 into a human endometrial cancer 
cell line also resulted in senescence of these 
cells (21). 

The gene or genes involved in the senes- 
cence of 10W-2 cells are located on the long 
arm of human chromosome 1. Alterations of 
chromosome l q  occur in a variety of human 
tumors including intestinal, breast, ovarian, 
uterine, and colon and myeloproliferative 
disorders (22). Alterations in chromosome 
l q  are also associated with the acquisition of 
immortality in vitro of colorectal adenomas 
(23). Suppression of tumorigenicity or 
transformed properties has also been associ- 
ated with the presence of human chromo- 
some 1 in cell hybrids (24). 

The findings that cellular senescence is 
dominant in cell hybrids and that inactiva- 
tion of specific genes is possibly important 
in escape from senescence are not necessarily 
incompatible with the notion that activation 
of specific oncogenes results in escape from 
senescence. Simian virus 40 (SV40)-in- 
duced immortal human cell lines (25) as well 
as chemically induced, immortal rodent cell 
lines (3) often appear to arise by a multistep 
process. Thus, both activation of oncogenes 
and inactivation of possible senescence 
genes may be necessary for escape from 
senescence (3). 
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A Potent GAL4 Derivative Activates Transcription at 
a Distance in Vitro 

Transcription of  a typical eukaryotic gene by RNA polymerase 11 is activated by 
proteins bound to sites found near the beginning of the gene as well as to sites, called 
enhancers, located a great distance from the gene. According to one view, the primary 
difference between an activator that can work at a large distance and one that cannot is 
that the former bears a particularly strong activating region; the stronger the activating 
region, the more readily the activator interacts with its target bound near the 
transcriptional start site, with the intervening DNA looping out to accommodate the 
reaction. One alternative view is that the effect of proteins bound to enhancers might 
require some special aspect of  cellular or chromosome structure. Consistent with the 
first view, an activator bearing an unusually potent activating region can stimulate 
transcription of a mammalian gene in a HeLa nuclear extract when bound as far as 1.3 
kilobase pairs upstream or 320 base pairs downstream of the transcriptional start site. 

AL4 1s A TRANSCRIFTIONAL ACTI- tion of a gene in many other eukaryotic cells, 
vator found in the yeast Saccharomy- including mammalian tissue culture cells (3),  
ces cerevisiae (1 ) .  The 881-amino when its binding sites are placed in the 

acid protein binds as dirners to 17-bp dyad vicinity of the target gene. A fragment com- 
sites to activate transcription of a nearby prising the first 147 amino acids of GAL4 
gene (2). GAL4 will also activate transcrip- [GAL4(1-147)] binds DNA but fails to 

activate transcription in vivo because, ac- 

Depamnent of Biochemisuy and Molecular Biology, cording to our current picture, it lacks an 
Hmard  University, Cambridge, MA 02138. activating region (4). We used two fusion 

Table 1. Summary of activation on the different templates. Different exposures of the autoralogra hs 
in Figs. 1 and 2 were scanned with a densitometer and quanWied AH refers to GAL4(1-147)+k 
and VP16 indicates GAL,4(1-147)+VP16. The stimulations listed are all relative to the level of 
transcription seen with'the TATA box alone in the absence of activator: this amount was assigned a 
value of 1. Addition of a single TATA-proximal ATF site generally gives a twofold stimulation under 
our reaction conditions. The experiments were repeated on average three times per template with 
similar results. The ratio of the transcription signal in the presence of GAL4(1-147)+VP16 to that in 
the presence of GAL,4(1-147) +AH is indicated. The size of the insertions between the GAL,4 binding 
sites and the TATA box are indicated as are the actual distances from the edge of the GAL4 sites to the 
first T of the E4 TATA; the sites in pG5E4T already begin 23 bp from the first T of the E4 TATA box 
and the ATF site contributes an additional 25 bp. 

Distance 
Insert of GAL,4 ATF Fold Fold 

Template 
( b ~ )  sites from site 

.stimu- stimulation 

TATA (bp) lation VP161AH 

*We are unable to measure activation by GAL4(1-147)+AH on th~s  template and therefore the ratio cannot be 
determined accurately, but it is probably very high. 
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