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ABSTRACT

Human diploid fibroblasts grown in culture more closely resemble
the lE,XEXQ.State than cultures of permanent cell lines and therefore
are an important model system in which to study complex regulatory
processes. Ribonucleotide reductase is a key rate limiting enzyme in
the regulation of DNA synthesis and is involved in regulating a
variety of cellular functions. The experiments outlined in this
thesis provide, for the first time, a general characterization of
ribonucleotide reduction in normal human diploid fibroblasts. A
novel permeabilized cell assay was developed and used to examine the
regulation of ribonucleotide reductase in low and high passage cells.
Several important changes in the regulation of reductase activity
from high passage cells were observed. There was a marked decrease
in the level of reductase activity in high passage cells. Furthermore,
detailed kinetic studies indicated that the allosteric regulation of
ribonucleotide reductase by dATP was altered with enzyme from high
passage cells. In keeping with the age-related decline in reductase
activity high passage cells were found to contain reduced
deoxyribonucleotide pools. A variety of age-related alterations in
the ribonucleoside di- and triphosphate pools were also observed. In
pParticular, the GDP pool was greatly reduced. This marked reduction
in the GDP pool appeared to affect the incorporation of mannose, via
the sugar nucleotide GDP-mannose, into cell surface membranes of
high passage cells., High passage cells incorporated one half as much

Mannose as low passage cells.

20




These observations suggested that changes in ribonucleotide
reductase activity may alter the replicative lifespan of normal cells

;J : grown in culture. This idea was tested by developing a unique
( selection system for the isolation of hydroxyurea resistant human
diploid fibroblasts. The lifespan of the variants which were isolated
by this procedure was significantly reduced by 20 to 40%. It was
found that the variant cells overproduced reductase activity and
exhibited altered levels of deoxyribonucleotide pools. These studies
provided evidence, for the first time, that there is a link between
senescence, ribonucleotide reductase activity, and altered
deoxynucleotide pools.

Somatic cell hybridization techniques were used to isolate
hybrids between normal human fibroblasts and CHO cells. No
intact human chromosomes were identified in the hybrid cell
lineé. However, a variety of chromosomal alterations were observed
in the hybrid lines; these alterations may have resulted in the
translocation of a pilece of human DNA, carrying the gene(s) for
reductase onto the hamster chromosomes. Such a small piece of
human DNA present in the hamster genome would represent a large
purification.of the gene(s) for human reductase. These hybrid lines

could, therefore, be useful in isolating the gene(s) for human

ribonucleotide reductase.
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HISTORICAL REVIEW

gcence of Normal Human Diploid Fibroblasts in Culture

R seoe

EW

1 The temporal nature of man's eiistence on earth is one of the
E ost perplexing concerns which has confronted mankind from the very
ginning. This ultimate paradox, that we age from the moment of
irth, is one that each of us must face at some point in our lifetime.
 The stark reality of the fact has caused more than one person to

g

utter with the ecclesiastical Preacher:

Yet when I surveyed all that my hands had done and what

T had toiled to achieve everything was meaningless, a
chasing after the wind; nothing was gained under the sun.

Ecclesiastes 2:11

People have followed many different roads in the quest to find
'ﬁ meaning and answers to their personél impermanence. The search is as
" old as mankind itself.
Our own "youth orientated” society shares many of the same
’aspirations which led Ponce de Leon the Spanish conquistator to search
é,for the "Fountain of Youth". This is especially evident as the‘ranks
’i of those people over 65 years of ége continue to swell, In fact the
% fastest growing segment.of the population of the United States and
g Probably Canada is that group of individuals over 85 years of age
gi(MOment, 1978). The rapid growth in the number of aged people has
jf?nOrmOus implications for society in terms of allocation of resources,
cial security programs, health care, and future manpower shortages.

Despite the importance of understanding tﬁe agipg process, only

€cently have the methods of scientific inquiry been applied to this




szle geience and technology have contributed greatly to the
pi :

.improvement of the human condition. This improvement is best reflected
in the extensions of the average lifespan over the last one hundred
years. These changes are illustrated in Figure I.

The most dramatic improvement in the last fifty years has been
the reduction in infant mortality. The key feature of this figure is
the fact that although lifespan has improved, largely due to reduction
in disease, a definite upper limit still existe. The reason for this
1imit is that age rglated physiological changes in the body lead to
increased susceptabllity to disease, such as cardiovascular disease
or cancer. Medical advances have improved lifespan because of the

striking advances in treating acute disease; however our lack of

understanding basic mechanisms of aging and age-related diseases,

indicates a limit in the improvement of lifespan is being reached.

Although immortality may be a tantalizing goal for some, most
scientists and others alike would not regard this as feasible, albeit
from philosophical or theological grounds rather than scientific
reasoning. The goai, theﬁ, of aging reasearch would be to either
alleviate some of the suffering that'almost inevitably results at the
end of one's 1ifetime; or to extend the length of our healthy lifespan
in some appreciable fashion.

Aging research is being conducted on as many different fronts as
the study of biology itself, because, after all aging is a biologicai
'phenomenmnopen to experiment; and not some mystical process (for
reviews see Strehler, 1977; Finch et al., 1979; Finch & Hayflick,

77 Hayflick, 1980). Aging research is broadly encompassed by work
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Figure I. Historical changes in the human survival curve

(taken from Comfort, 1979).
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4n four major areas: whole animal studies; tissues and organs;
cellular biology; and subcellular and‘molecular events. Each of‘
these areas has itsi own unique contribution to make as well as
deficiencies and problems.

Whole animal studies focus on the age-related changes which
n the organism‘as a whole as the result of genetic and

occur i

| environﬁental influences (Finch & Hayflick, 1977). For instance, it

has long been known there is an exponential increase in the probability
of dying with advancing age; mathematically described as Gompertz's‘

Law (1825). Such whole animal studies look at incidence of disease,
effect of nutrition, role of body iemperature, and a whole‘variety of
age-related physiological changes that affect longevity. The emphasis
of whole animal studies lies in determining the nature of the
interactions between the many systems which comprise the whole
organism; rather than individual changes in cells, tissues, and

V organs (Shock, 1977). These complex interacfions are also the major
limitations of these studies since any specific observations must be
considered in light of the fact that a great many uncontrolled
vgriables are present at any one fime.

Likewise tissue and organ studies, while removing the cbmplexity

of the interorgan effects of the whole body, are constrained by the

hetergenous nature of the cell types that make up the organ and .

tissue. Cell biological studies using cells in culture permit the

investigation of homogenous populations of cells growing in a
completely or almost completely controlled environment. Ironically

this "reductionist" approach-is also the very limition these studies




;i herently have. What is the relevance of studies on cells growing
in ) ;

;i a totally artificial environment to cellular aging and death in
in .

f‘whole animals? Finally molecular approaches, which may ultimately
i?provide mechanistic answers to this fundamental problem, are also

iilimited by this question of relevance. What is the relation of an
i

;enzyme assay carried out on disrupted cells in a completely artificial

g_nyironment of synthetic buffers and salts, to its normal function in

?fa whole cell?

 yalidity of In Vitro Aging to In Vivo Aging

Limited Lifespan. Although aging research can be carried out

iiusing several different approaches mentioned earlier; it would however
i be advantageous to investigate this complex process in a simple model
system under experimentally controllgd conditions. The advent of
= tissue culture techniques around the turn of the centurf suggested
;'this may be a useful method to study such complex biological phenomona
”(Harrison, 1907). The question was whether or not individual cells
~ showed the same age-related decrements in function as the organism
1 from which they were established. This question was first addressed
by Carrel (1912; 1914; 1935) and Ebeling (1913) who grew chick heart
fibroblasts in culture continuously for a period of some thirty-four
i years without any apparent loss of growth capability. The conclusion
of these observations was that these cultures of cells were immortal,
probably as a result of the loss of some control signal not found in
:che artificial environment. |

These results were challenged by a series of experiments in

human embryonic lung fibroblasts which were continuously subcultured




in vitro (Hayflick & Moorhead, 1961 Hayfllck 1965). The experiments
showed that when cells were subcultured according to a rigld protocol

b trypsinization and dilution whenever cultures became ;onfluent

the cells stopped proliferating after several months of growth.. In
fact different populations of cells consistently stopped growing
after 50 + 10 passages. This result is illustrated in Figure IIL.
This figure shows that cells grew normally for about 45 passages
(phase 11) and then declined in their ability to proliferate to about
passage 60 (phase III), after which the cells could not divide.
V}hase I, although not indicated in this figure, is the establishment
period during the initial outgrowth from a primary explant. Similar
results to these have subsequently been found using a great variety

of cells from many different tissues and animals (Hayflick, 1977).

In fact no cell cultures which are karyotypically normal have ever

; discrepancy between Hayflick's and Carrel's results appearsto lie in
f:the methodology of Carrel's culture system. The chick fibroblasts
 were grown in media supplemented with chick embryo extract; a
“;supplement which has been shown to contain live fibroblasts when
:;Prepared according to Carrel's method. Moreover it has no£ been
0ssible to reproduce their experiments; chick heart fibroblasts

alvays senesce  (Hayflick, 1977).

Transformation. Although it has been firmly established that
me cell strains exhibit limited proliferative capacity, there are
1Y unequivocal examples of cell lines established from normal

#88ue which in fact do have unlimited growth potential (Earle,

been shown to be able to grow indefinitely (Hayflick, 1977). The apparent

28




o\
[aY)




Figure II. Cell yield during aging in a human diploid cell

culture (taken from Hayflick, 1965) .«
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1943). Upon ciose examination, these cell lines exhibited a variet&
of abnormal morphological and cytogenetic characteristics that
distinguish them from normal cells. In fact many of these cell lines
are tumorigenic.. Such transformed ceils can arise spontaneously
during the subculture of normal cells obtained from a variety of
animal and avian sources (Todaro & Green, 1963). Different frequencies
of transformation are seen depending on the cell source,.however it
is usually a rare event seen most frequently in rodent cells and
never seen in normal human fibroblasts (Namba et al., 1978). The
conclusion of these studies was that these cell lines are genetically
and biochemically abnormal ; therefore they have lost their normal
control mechénisms which are involved in aging. These differences
betwen normal and abnormal cells also suggest much caution ought to
be exercised in extrapolating dqta, biochemical or genetic, obtained

using transformed cell lines to similar processes in normal cell

strains.

Culture Conditions. Enviroﬁmental influences could still have
been the cause of limited growth in vitro. This problem was addreésed
in a simple and ingenious fashion. High population doubling level
(PDL) cells from male donors were co-cultured with low PDL female
cells; the PDL at senescence was determined for each cell typevand
compared with controls cultured in parallel (Hayflick & Moorhead,
1961). The two different cell types could be distinguished on the
basis of the Barr body found only in female cells. The results
indicated the old male cells senesced at the same PDL as the control

cells, and the young female cells grew vigorously until they also




senesced’ at the same PDL as their own control. These experiments
establiShed that culture conditions did not contribute to the
genescence of normal cells in culture. They also ruled out the
presence of a soluble mediator which induces senescence in a culture
[ of cells. Furthermore, cells which were frozen in liquid nitrogen at
a particular PDL "remembered” at what level they were‘frozen and

% resumed their growth from that point until senescence atkpassage 50.
As noted earlier cell age is usually expressed in terms of the
 pumber of doublings, passage numbers, or PDL accumulated. The

'i question of how cells "mark time" is of great importance. There is

: still some controversy regarding this question, however it has been
rather convincingly answered by Dell'Orco et al., (1973). They kept

- cells in a non-dividing state for varying periods of time, ranging
é~£rom721 to 177 days, by serum deprivation. After readdition of serum
Z;the cells began to grow again and senesced at the same PDL as controls
‘;hich were not deprived of serum. The similarity in PDL at senescence
getween controls and experimental cultures, despite very marked
differences in chronological time, indicates that chronological time
:13 not as impqrtant as division events.

Hayflick's classical experiments indicated that the regulation

f senescence was intrinsic to the cell and precisely timed.

In Vivo Transplantation. Despite an intrinsic timing mechanism

hiCh appears to exist in cells; the question of relevance to in
VO aging still remained. This question has been addressed using a
ariety of experimental approaches (Daniel, 1977), several of which

il
11 be discussed., One approach has been to follow the fate of a
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variety of cell types after they are allowed to proliferate in vivo.
It is clear that most organs and tissues of the body do not have the
capacity for continued self renewal, since such organs would then be
gz B o function indefinitely and the host animal would also live
1 indefinitely long. The somatic cells that comprise these tissues and
organs obviously die when the animal dies, so following the fate of
1njected cells in one host may not be feasible. This problem can be
éircumvented by serlally transplanting marked cells in a series of
young animals, thereby creating the in vivo counterpart to the in
!iEEQ'experiment. The predictibn would be that these marked cells
would also senesce after some definite period of transplantation.
] Sﬁch studies are difficult to carry out and interpret because of ali
the uncontrolled variables and the fact that usually the phenotype
rather than a specific cell is folléwed.

Trénsplantation experiments have been performed using a variety
fisf tissues such as mammary tissue, skin cells, bone marrow cells, and

%fantibody producing cells (Daniel, 1977). The results of all these

~ experiments, though controversial and subject to various interpretations,

indicate that cells can not be serially passaged in vivo for indefinite

periods of time. The length of time required to reach the limit
Vvaries with the cells used and the experimental protocol. Furthermofe,
ince individual cells cannot be observed the actual number of
oublings the various cells accumulate can not be measured. Harrison
19725 1973; 1978) devised an elegant experiment in which marrow
élls from young and old donors were transplanted into genetically

i

' Femic nice. The ability of the donor marrow cells to grow and
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P duce erythrocytes and cure the anemia was followed for successive
pro

Qt aﬁsfers of donor cells. The marrow cells were able to continue to
LY

S
4

Jgure anemia for as long as 73 months; with no apparent difference

etween young and old cells. This length of time is much longer than
tthe lifespan of one mouse, and although it can not be determined

¥

;frecisely’ many cell doublings must have occurred. Futhermore the

numbers of colony forming units of erythroid cells were also found

3 o decline with successive transplants; supporting the view that
_}replicative capacity was being reduced. It must be emphasized that

‘ o cells were able to cure the anemia indefinitely. These studies
;?were supported by the observation that the number of colony forming
1;units of stem cells serially passaged in irradiated mice were also
i_found to decline progressively (Siminovitch et al., 1964).

B Williamson and Askonas (1972) followed the antibody production

f a clone of spleen cells serially passaged in syngenic mice. The
roduction of a highly specific antibody, as measured by isoelectric
ocusing, was found to decline progressively with time. The production
f antibody was proportional to the number of producing cells,

- Suggesting the loss of antibody was due to a decline in the

- Proliferative capacity of secreting cells. In fact the proliferative
?;Capacity of this clone was calculated to be about 90 cell doublings.
These results using hemopoietic cells must be interpreted
utiously since a mass population of cells is being followed
’ndirectly, and many assumptions must be made. For example, how many

times are the stem cells actually dividing during transplantation?

he apparent discrepancy in the lifespan of the cells curing anemia




i those producing antibody may arise because Harrison allowed his
gplants to remain in the host a long time; while Williamson and
n

ed aging after several short interval transplants. The

onas observ
id transplants may have forced the stem cells to divide, whereas
y may have become quiescent in the other experiments.

These experiments support the view that individual cells have a
14mited proliferative capacity even when passaged in vivo. Another
ature of in vitro aging can also be seen in vivo; namely the inverse
ationship between donor age and lifespan in culture. Krohn

62) found that skin transplants from old mice deteriorated faster
an skin transplants from young mice. This indicates the fibroblasts
re not capable‘of repopulating this graft after tranplantation.

The other feature common to in vitro and in vivo studies is the
onéaneous appearance of transformed cells capable of indefinite

rial passage. Till et al. (1964) islolated several clones of cells
ich could be serially passaged indefinitely which along with other

:istological alterations indicated these cells had become transformed.

Relationship of In Vitro and In Vivo Aging. These in vivo

eXperiments support the view that in vitro cellular senescence is not
artifact and does, in fact have some relevance to in vivo aging.

A thorough discussion of this relationship is beyond the scope of
this review; however several key points can be made. It is unlikely
€ tissues and organs of the body age because their cells run‘out of
Oubling potential (Hayflick, 1979). Although the individual cells
?D have a limited lifespan; this limit, seen in vitro, is probably

Never reached in vivo. Tissues are typically made up of stem cells
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3 esting or dividing, large numbers of mature and immature differentiated
Y :

Weils, old cells, and even dying cells. The physiological integrity

; of tissues in young animals is a reflection of the ability of the

4 stem cells to replenish any cell loss. As time goes on, the growth
~ rate of these stem cells declines, and they become less able to
;;replenish the cell loss which is continually occurring (Walton,
->932). In fact the rate of cell‘loss may accelerate with age due to
?ithe accumulation of damaging agents. The result of these changes is
bihe appearance of alterations, characteristic'of old age, in the
étructure and function of tissues. This loss of mitotic activity in
étem cells varies from tissue to tissue; as a result different tissues
show different rates of decline and loss of function. The loss of
functidn of key organs such as the thymus or various other endocrine
iissues contributes greatly to the other age-related changes which

iré manifest in the function of many different organs, ultimately
eading to death of the whole animal (Makinodan, 1977).

If in vitro aging is a reflection of in vivo aging it should be
6ssib1e to show a decrement in proliferative potential in fibroblasts
%om old dono;s, as compared to fibroblasts from young donors. An
érly study showed that fetal fibroblasts were able to acheive a

%gher PDL than adult skin fibroblasts (Hayflick, 1965). Martin et

if (1970) in a sample of about one hundred people found that the in
.ro Proliferative potential of skin fibroblasts obtained from older
10Ts was lower than fibroblasts obtained from younger people.

Pite the large degree of variance in the data they found a

atiStically significant decline of 0.2 PD per year. Although some




fri:

gainst their conclusion (Strehler, 1977); their results

have argued 2

 peen confirmed in a larger study (Schneider and Mitsui, 1976).
have .

féeveral other parameters of replication have been determined and are
;ummarized in Figure ILIL.

f  Taken together these results indicate replication potential and
'%1fespan are reduced in fibroblasts obtained from old subjects as
;ompared to those taken from young subjects.

Accelerated Aging Syndromes. There are two diseases, progeria

“and Werner's syndrome, which are charécterized as accelerated aging
;gyndromes. Clinically affected individuals with progeria, who are
gless than ten years of age, show many of the physiological and physical
“?changes that are normally seen in adults in their seventies. These
j?include graying hair, atherosclerosis, calcification of blood vessels
E%énd decelerated growth (Hayflick, 1§77). Likewise Wermner's syndrome

. s also characterized by symptoﬁs normélly seen in older people,
lthough these changes occur at a later stage in life than in progeria.
nterestingly the in vitro lifespan of fibroblasts taken from patients
- with these syndromes showed.very ﬁarked reductions in liféspan compared
to normal controls grown under identical conditions (Martin et al.,

: 1970; Goldstein et al., 1969).

The conclusion of these studies points to the fact that limited

4 lifespan as expressed by cells grown in culture is not an artifact of
t'growth in an artificial enviromment; rather it is related to aging

f and Senescence in vivo. This suggests that the mechanisms and features
;‘Qf iE.XiEEQ aging may be similar to, or at least bears some resemblance

E_Fo the process which occurs in vivo. Therefore although not perfect,







Figure III. Determination of in vitro "aging” indices on

skin fibroblast cultures derived from young and old human
donors and W1-38 cell cultures at early and late in vitro

passage (taken from Schneider & Mitsui, 1976).
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Young subjects Old subjects

Replication parameter (20-35 years) (65+ years)
Onset of senescent phase (PD)® 35.2 = 2.1 (23)¢ 225 = 1.7 1)
In vitro life span (PD) 46 *25 (23) 336 x2.1 21
Cell population replication rate (hours) 20.8 +0.8 (18) 243 +09 (18)
Percentge replicating cells? 87.1 * 1.6 7 796 +25 )

Cell number at confluency (X 104 cells/cm?) 731 £ 042 (18) 5.06 = 0.52 (18)
Percentage of cells able to form colony of

16 cells® 69.0 +3.3 (9) - 48.0 =44 8)
Sister chromatid exchanges/cell’ 67.9 = 1.6 @) 56.1 * 1.4 (6)

aThe results of these studies originally were published in Danner er al. (1978), Schneider and
Gilman (1978), Schaneider and Mitsui (1976) and Smith et al. (1978).

®PD, Population doublings.

< Numbers within parentheses indicate number of cell cultures examined; values are mean + stan-

" dard error of the mean. .

9 Determined by incubating cells for 24 hours with tritiated thymidine and then measuring the fre-
quency of labeled nuclei by autoradiography.

¢ Two weeks after plating at low cell densities.

7 Cell cultures were incubated for 48 hours with 7.5 ng/ml mitomycin C. Fifteen cells fiom each
culture were analyzed for SCE.




; thié is a useful model system in which to study the complex phenomenon

3 of cellular aging.

? characterization of In Vitro Aging

Enzyme Changes. As mentioned previously,'if is unlikely that‘
4 age—related changes in the tissues and organs of whole animals are
. due exclusively to the loss of replicative potential in the cells of
these tissues and organs. However, many changes occur in the metabolic
and physiological functions of normal cells in culture aé they app#oach
genescenée and while they are still growing. These cﬁanges could

lead to some of the major changes seen in cells and cell populations

of aging animals. A great many recent studies on in vitro aging have

focussed on the changes in cellular metabolism that occur as normal
cells age in culture.

Hayflick (1980) provides an exhaustive list including some two
- hundred different properties that have been found to increase, decrease,
or remain constant as normal cells approach senescence. These fange
from increases in enzyme activities, RNA content, lipids, cell
size, glycogenbcontent, total protein, and cell cycle time, to
decreases in enzyme activities relatéd to DNA and RNA synthesis, the
number of proliferating cells, and numbers of mitochoﬁdria, and to
Properties which remain constant such as the level ofifespiratory
enzymes, virus susceptibility, and levels of cAMP. Whaﬁ all these
changes mean and how they relate to aging is not clear at.this time.
Most of these studies are still at the stage of phenomenology, merely
describing changes; what is needed now is a mechanistic approach to

determine if the changes are the result of senescence or the cause of




s (adeluan, 1977).

gome very specific age-related changes in enzymes and proteins

'iave peen identified as fibroblasts age (Gershon et al., 1979). For
h

E-nstancea there is a loss of catalytic activity per antigenic unit in
i.nzymes such as liver aldolase, superoxide dismutase, catalase,

aminotransferase, and lactic dehydrogenase. The losses in

. yrosine
:@ctivity range from 30 —~ 70 % and do not appear to be the result of
;transcriptional or translational modification since no altered protein
iscould be = identified on the basis of charge differences. This suggests
jﬁthat some process of post-translational modification, such as

sulfhydryl or methionine oxidation, leads to the pfoduction of inactive

forms of these enzymes. Holliday and Tarrant (1972) showed an increase

in the proportion of heat labile glucose~6 phosphate dehydrogenase

(G6PD) in seneséing normal human diploid MRC-5 fetal lung cells.

Many abnormal proteins, including mutant human G6PD, are thermolabile.
Others using more purified preparations have not detected any changes
in heat stability (Khan et al., 1977; Pendérgrass et al., 1976);
moreover extracts from aging cells when added to purified G6PD also
cause a difference in heat lability. This suggests that post
translationallmodifications have altered the properties ofAthe enzyme
(Rothstein, 1975). Duncan et al., (1977) observed that differences
in heat lability were due £ojshifts in the quaternary stfucture of
G6PD from dimer to tetramer.

Population Heterogeneity. As we have discussed earlier a great

many changes occur as normal diploid fibroblasts are grown in culture

and approach senescence. Since senescence is a highly predictable




d consistent phenomenon found in mass cultures of normal cells, it

b, juportant to determine whether all the cells in the population
is

Wiive the same. That is, do they all age at the same rate and with

he sune mechanism? Conversely, such populations could be heterogenous;

omposed of cells with differing proliferative capacity some high and

}fherS'low' The end result would be that the appearance of

enescence in mass cultures reflects the average lifespan of each of
%Qhe various cells of the population. The answer to this question
};hould yield important clues as to the underlying mechanism(s) of
ging. This problem has been addressed in several different ways.
Human(diploid cell strains were cloned from mass populations at
arious PDL (Merz & Ross, 1969; Smith & Hayflick, 1974; Smith &
hitney, 1980). The PDL achieved was then determined for each of the
everal hundredvclones isolated. Surprisingly, a large number of
lones from mass cultures as low as PDL 8 were capable of only 8 or
'%338 further doublings. The fraction of clones éapable of greater
han 8 doublings fell from 50% at PDL 9 to only 5% at PDL 32. The
ass culture grew to PDL 53. Interestingly, a high percentage of
lones (about 20%) were capable of exceeding the number of population
oublings observed in the mass culture, with the highest PDL observed
fégme 307 greater than that of the mass culture. It has also been
:%Qll-established tﬁat«cloning efficiency varies dramatically in

different populations of HDF. Moreover, there exists a great

terogeneity of colony size, suggesting that individual cells of a
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b
B

j iferative potential remaining (Smith et al., 1978). This high
g E, oé heterogeneity must be taken into account when developing
gre

i ries relating to mechanisms of aging. For instance, are the
heo

ihanisms which cause individual cells to stop dividing even in

woung' cultures the same as those which cause the entire culture to

.~ In an attempt to understand the basis for this heterogeneity,
fate of individual cells was followed using time-lapse cine-

L .
he

rophotography (Absher et al., 1974; Absher & Absher, 1976; Bell

1978) and flow cytometry (Rabinovitch, 1983). These studies

o
wed conclusively that a large degree of heterogeneity exists in
f%é interdivisional times (IDT) of sister cells from young and old
w%gl populations. On average IDT's were longer in cells from old
wgpulations. Moreover, non-cycling cells were seen even at early
‘égsages, with an increase iﬁ frequency in later passage cells.

re also seemed to be a class of slowly-dividing cells with very
g IDT (Bell et al., 1978); perhaps a class of cells analogous to

Vﬁose quiescent cells in G, which divide when restimulated with

0
um,

Since cell proliferation and cell cycle progression are intimately
olved with DNA synthesis, several groups have used autoradiographic
hniques to follow DNA synthesis in individual cells (Cristofalo &
tf, 1973; Matsumuro et al., 1979). Cell cultures were incubated

h 3H"th}’lll.'ldine (TdR) for various periods of time, resulting in the
elling of newly synthesized DNA. The cells were then fixed and

osed autoradiographically. The number of labelled nuclei was




@ 100% in early passage cells, and declined gradually with
out '

E asing passage number, indicating that a lower percentage of
cre

'y

{is are in S phase in older cells. Moreover, the time course of
};dR jabelling in middle PDL fibroblasts identified at least two
ﬁi;pulatiO“S; one which labels quickly and is actively proliferating,
ﬁg;nothef which labels more slowly and is probably proliferating
2 v Although some controversy exists, there may also be a
“\ation of non-dividing cells which do not label even with very

JJs exposure to 3H—TdR (Maciera-Coelho, 1974). These DNA synthesis

uﬁgies correlate very closely to the clonal studies, which when
“i?n together, suggest a bimodal distribution of cells in a mass
Qlulation; one slow growing with low growth potential and the other
u%ively growing With a high growth potential (Smith & Whitney,
‘}.). As the mass population approaches senescence, the distribution
A%Omes skewed toward the slowly proliferating pool, until finally

e are no actively proliferating cells remaining.

o Regulation of Cell Cycle. The animal cell cycle is classically

i

ivided into four phases: Gl’ the time between mitosis and the
:inning of DNA synthesis; S, DNA synthesis; GZ’ the period between
 %nd mitosis; and M, mitosis. The length of the cell cycle in
‘£U"=lian cells is typically 10-30 hours. Much of the heterogeneity
iCell cycle times in cells from various sources and growth
'E@TOnments appears to reside in Gl’ with S, GZ’ and M being
€latively constant (Pardee et al., 1978). There is, in addition to
¢ four phases, an additional phase, GO’ whose actual existence is

till the subject of debate (Baserga, 1977). Animal cells can exist




i

4 ] dividing state for very long perlods of time by serum
y non~¢

I tion These quiescent cells can be restimulated to divide by
iva *

gerunm pack to the culture media. For human diploid fibroblasts
g

Jength of time between restimulation and the onset of DNA synthesis

 13535 the longer the cells are maintained in the non-dividing

E (Augeﬁlicht & Baserga, 1974).

“There is a close relationship between DNA synthesis, cell cycle

ession and cell proliferation (Pardee et al, 1978). Since the

p@:feature of senescence is the loss of proliferative capacity, it
well be that the factors which control the cell cycle may also be

ived in establishing the non-growing state characteristic of

VC
enescence.

:ngne approach to understanding the mechanism which controls the cell
pf;é has been to fuse cells which are at different stages of their

i

J%”cycle. For instance, Hela cells in S phase can be fused to Hela

in Gl' Such studies conclude that entry into S phase is

wgiively controlled; since S phase cells can induce DNA synthesis

9° Cells in G2 cannot stimulate DNA
esis in G1 cells (Rao & Johnson, 1970). Moreover, this activation

8 present throughout S phase. When early, middle, and late G1 Hela

,ffl'phase cells but not G

were fused to one another in varying combinations, DNA synthesis
{Prematurely initiated, with late phase cells providing the most
lation and early phase the least (Rao et al., 1978). This

‘88eSts that some inducer accumulates, as the cells traverse G , to

1’
Me critical threshhold level prior to S phase. Recently, efforts

1 ¢ L\ié .
E been made to charaterize the nature of such an inducer.

In an elegant series of experiments, Pardee's group has shown

45
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1 complex interaction between serum growth factors and nutrients
a ,

pecific cellular receptors induces factors which are required
nd 8

the {pitiation of DNA synthesis, resulting in commitment to

0]

wzergo DNA synthesis (Pardee et al., 1978; Croy & Pardee, 1983).
"'che cell has reached this commitment point called a restriction

) point, the rest of the cell cycle is unaffected by growth condition
dee, 1974). Very recently, Croy and Pardee (1983) have provided

énce that commitment at R is dependent on a labile 68,000 MW

‘@fein whose synthesis can be blocked by serum deprivation or protein

‘lﬁesis inhibitors. Transformed cells contain either a more stable

ein or elevated levels of this protein, and are therefore not as

‘M;itive to poor growth conditions or protein synthesis inhibitors.

[?restingly, chemically transformed and RNA transformed mouse

oblasts contained either elevated levels of the labile protein,

¢ more stable protein, or both; while DNA virally transformed cells

;ot have higher levels of labile protein. This suggests the

5;;ation of growth control in DNA virus transformed cells is

érent from other transformed cells, perhaps involving the

ession of T antigen (Tijan et al., 1978).

Although the labile protein studies and cell fusion studies

te that cell cycle regulation is positively controlled (0rd,

the question of whether such regulation is positively or

tively controlled is still the matter of debate (De Pamphilis &

fman, 1980).

X€gulation of Senescence. In an effort to learn the nature of

@ on
: trolling elements in senescence, cell fusions between senescent

(o} .
: ung_repllcating HDF were carried out (Norwood et al., 1974).




dies.Showed that DNA synthesis was not initiated in the
stu

¢ nuclei; in fact, DNA synthesis was inhibited in the young

This suggests that an inhibitor was present in the senescent

Conversely, fusion between Hela or SV40—transformed human

nd senescent cells did result in activation of the senescent

1ei (Norwood et al., 1975).
hese studies have been extended to include fusion between
J ent or quiescent cells and a variety of tumor derived, chemically
formed, radiation transformed, RNA virus transformed, and DNA
;; transformed cell lines (Stein et al., 1982; Stein & Yanishevsky,
1 1980; 1981). Interestingly, only the DNA virus transformed
s and Hela cells were capable of reinitiating DNA synthesis in
nescent cells. The nature of the transformation that resulted in
cells is unknown, but these studies imply that Hela cells may
e been transformed by DNA viruses since all other tumor cell lines
;d, including other cerxvical carcinoma cells, were incapable of
wﬁpcing'DNA synthesis in senescent and quiescent nuclei. Fusion
1uéies between young and senescent HDF indicate that cells already
| phase can proceed through the cell cycle; only the initiation is
vented. It is also interesting to note that quiescent cells
ave in exactly the same fashion as senescent cells in their ability
prevent DNA synthesis in heterokaryons between quiescent and young
‘t 8 (Rabinovitch & Norwood, 1980) or quiescent cells, and the
"’ €ty of neoplastic lines mentioned above (Stein & Yanishevsky,

).

Taken together, these results suggest that:

e
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genescent and quiescent HDF contain a diffusible inhibitor which
‘prevents entry into S phase;

cells transformed by chemicals, or radiation, or RNA virus are
still sensitive to the inhibitor but have lost the ability to

express it; and

cells transformed by DNA viruses can overcome the inhibitor with

%; a dominant transforming factor (Stein et al., 1982).

;5he inhibition of DNA synthesis could also be overcome by: a) a
;irotein which inactivates the inhibitor, or b) synthesis of an altered
;or new positive regulator acting in late Gl which is insensitiﬁe to
gfhe inhibitor (Rabinovitch & Norwood, 1980). Stein et al. (1982)

é?have proposed that this inhibitor would be synthesized or activated
‘when normal cells experience poor growth conditions such as serum
deprivation. This inhibitor would establish and maintain a state of
iable quiescence in these cells. They also propose that HDF are less
able to utilize growth factors as they progress toward senescence, a
Q“prOposition supported by Cristofalo & Rosener (1979). At some critical
point when the cells can no longer use the growth factors in the

T medium, they become physiologically serum deprived, even in the presence
P of serum; and according to the model the putative inhibitor induces a
Vviable quiescent state. The difference is that normally, this cell

~ cannot be rescued from this state as a true quiescent cell can.

These proposals, while explaining many features of senescence

- and quiescence, do not, in their present form, account for the

heteI‘Ogenous nature of senescing populations of cells. They assume

Fhe Population is more or less homogenous with respect to growth




Moreover, the data does not rule out a model where an

potentiale

ducér of DNA synthesis is produced by the actively proliferating

%,115 and is absent in senescent cells. Cell fusion would effectively
ce

:E_lute guch an inducer below a critical threshold needed for DNA

{'nthesis. The dominant cell lines capable of initiating DNA synthesis
8Y

sould presumably contain elevated levels of inducer (or some other

minant factor) and overcome the dilution upon fusion, thereby

ducing DNA synthesis in the senescent nuclei. Pardee's labile

otein (p68) could, in fact, be such as inducer, produced normally

proliferating cells. However, in senescent cells, the complex

&égulating signals and controlling elements are no longer responsive

5%9 growth conditions such as mitogens in the serum. It would follow,

therefore, that the labile protein cannot be produced and no initiation

1%£‘DNA synthesis would occur. Moreover, in hybrids, dilution due to

rger cell volume would reduce the level of p68 below that needed

f@r initiation. The dominant cell lines would contain some dominant

ransforming factor, or a p68 which is insensitive to poor growth

nditions and dilution. Therefore, DNA synthesis could be initiated

‘hybrids.

The inhibitor hybothesis-is consistent with previously observed

rowth similarities between normal cells, carcinogen transformed, and

A virus transformed cells. Normal cell strains subjected to poor

th conditions such as serum deprivation, Ca++ deprivation, high

density, and inhibitors of protein synthesis with cycloheximide

est in the G, phase of the cell cycle (Pardee et al., 1978).

r
¢inogen and RNA virus transformed cells also accumulate in G1 when
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grown under the conditions listed above, although the block is not as
gtringent and the deprivation must be more extreme (Dubrow et al.,
1979; Fernandez Pol et al., 1979; Paul & Ristow, 1979; Medrano &
pardee, 1980). This suggests these transformed cells retaln some of
the normal mechanisms which cause the cells to stop proliferating
under restrictive growth conditions.

Cells transformed by DNA viruses apparently do not accumulate in
Gl’ under restrictive conditions; rather they cycle very slowly or
die (Medrano & Pardee, 1980; Paul et al., 1974; Bartholmew et al.,
1976; Schiaffonati & Baserga, 1977). Under very restrictive conditions
DNA virus transformed lines were unable to enter a quiescent state
because either no inhibitor was produced; or a positively controlled
element was constitutively produced and therefore insensitive to
restrictive conditions.

As noted earlier, many experiments suggest that some gene
product(s) are required at some point R in late G1 in order for the
cell to initiate DNA synthesis and traverse S phase (Croy & Pardee,
1983). The nature of this gene product is not known, however,
replication factors agd énzymes are known to be assembled in late
Gl' If the level of tﬂe replication enzymes or activators declined
for some reason below a critical threshold level, either because of a
change in the rate of synthesis or the presence of an inhibitor, then
DNA synthesis would not begin. As will be discussed later in more
detail, the DNA replication enzymes appear to exist in a multienzyme
complex called a replitase, and may play a key role in the regulation

of DNA synthesis (Reddy & Pardee, 1980; Kornberg, 1980). Recently,




;two of the enzymes of the replitase have been investigated with
;iregard to senescence and transformation; DNA polymerase o (Pendergrass
f B al., 1982),.and ribonucleotide reductase (Digk & Wright, 1982,

~ 1983)- The levels of both these enzymes decline in senescent cells

; to about one-half the amount of enzyme found in young proliferating

E normal HDF. Ribonucleotide reductase levels declined progressively

; with increased PDL, while polymerase o was only assayed in young and
old cells. To further test the "threshold hypothesis" the levels of
DNA polymerase & were measured in a variety of normal human cell
strains at early and late PDL, tumor cell lines from various sources,
and permanent rodent cell lines. The levels of DNA polymerase a were
found to correlate very closely with the transformed cell line's
ability to "fescue" or initiate DNA synthesis in senescent HDF. Cell
lines containing less than a cr%tical level of enzyme activity were

unable to rescue senescent nuclei, while those cell.lines with higher
levels could initiate DNA synthesis. Interestingly, the level of the
polymerase was found to be somewhat unstable since some recessive
lines became dominant after a period of subculture. These derivative
cell lines were subsequently found to contain higher levels of enzyme.
Moreover, an estimaté‘of the minimum level of DNA polymerase a needed
to initiate DNA synthesis in heterokaryons was calculated and found

to be very close to the level of polymerase activity in near senescent
HDF. This low level of activity may be insufficient for initiation of
DNA syntﬁesis resulting in the characteristic non-dividing state of
senescence. Interestingly, Burmer et al. (1983) found that cybrids

between young HDF and cytoplasts from senescent cells were also
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b

5 able of entering S phase. Moreover, cybrids between young HDF
(ncap
i cytoplaSts from young cells were able to enter S phase. Although

. se experiments support the inhibitor hypothesis, they do not rule
the

ft the threshold hypothesis since the level of replication enzymes
ou

_ the senescent cytoplast may be very low compared to the levels in

i - cytoplasts.

The mechanism which causes the decline in DNA polymerase @ . or
;E:onucleotide reductase activity is not known. It may be that an
ﬁg%ibitor is produced by senescent cells which is subsequently diluted
) he excess of replication factors in the dominant transformed cell
{Q&ms. The level of replication factors in the recessive cells would

| be high enough to dilute such an inhibitor. Naturally occurriné
u;hibitors'of both these enzymes can, in fact, be isolated in mammalian

u%’ls (Cory, 1983; Varshavsky, 1983).

,? There may not be any need to postulate the presence of an

ibitor since a decline in the rate of synthesis, at the level of
ne expression would result in lower level of DNA polymerase ¢ and
bonucleotide reductase. Therefore, any mechanism which involves
gulation of expression of genes (activators, repressors, or
thylation) could control quiescence and senescence; while a loss of
gulation would result in unlimited growth.

Dominance of Senescence in Hybrids. The biochemical approach of

owing the ability to initiate DNA synthesis has been extended to
Imine the replicative potential of such hybrids. The use of

tic cell hybridization to determine the dominant or recessive

Te of transformation and tumorgenicity has provided very

Toversia] results. Some transformed phenotypes have been suppressed




53

3 Bine hybrids (Harris, 1979; Stanbridge et al., 1982) and expressed
in 8

e . (Croce, 1980). It has been suggested these studies selected
-

.?r B 1dly proliferating cells and did not take into account the
fo :

‘Eny hybrids which failed to proliferate (Pereira —~ Smith & Smith,
”L‘

1983) . geveral groups have carefully followed many hybrid cells to

jetermine the lifespan of individual clones and found that hybrids

égtweeﬂ immortal transformed cell lines and normal mortal cell strains

”‘elded hybrids with a finite division potential (Muggleton - Harris

a;DeSimone, 1980; Pereira — Smith & Smith, 1981, 1983). Immortal

;2riant cells appeared in the populations of non-proliferating

-

géénescent hybrid cells at a frequency of about 10"5 suggesting this
E;S a rare event (Pereira — Smith & Smith, 1981). .Since immmortality
éﬁs therefore recessive, hybrids were fqrmgd between the tumor lines
?%f different origins, to determine if complemenfation could occur.
;év-40 derived cells and tumor-derived cells céuld complement each
ther, and produce hybrids with limited lifespan. This indicatés at

east two different alterations in the normal program of senescence

i

;ﬁan lead to unlimited growth; and these changes represent at least two

:3ndependent complementation groups (Pereira — Smith & Smith, 1983).

As we will discuss later, these latter results strongly argue
A
f%gainst the error or mutational hypothesis and favor models involving

#

;Ehanges in gene expressions and regulation as the mechanism of

by, ;
&senescence. The reason for this is that error and mutational theories

iﬁould predict that fusions between immortal cells lines should only

A
i
f

yield immortal cell lines. Furthermore the heterokaryon data discussed

8

arlier in this review also strongly supports the view that the
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control of sencescence, quiescence, and unlimited growth is intimately
associated with DNA synthesis and cell cycle regulation.
Aging Theories
Research directed specifically toward age-related problems has
really arisen only in the last twenty years; gerontology is, therefore,
a relatively young science. As a result there is still a real lack
of fundamental data around which to form a unified theory of aging.
Age-related biological changes can be seen in almost all systems from
the molecular level up to the whole animal. The problem lies in
determining whether these changes are causal or only secoﬁdary to
another more fundamental alteration. There are as a result many
different theories of aging, each based on a particular change with
little evidence supporting the causal nature of such an alternative.
Although there are many variations and overlaps; aging theories
can be divided into two general groupings: those based on extrinsic
t causes and those based on intrinsic causes. As we shall see these
groupings are somewhat artificial since some theories encompass
; aspects common to both. It should be emphasized that there is probably
4 no single cause of aging in the same way there is no single mechanism
ot differentiation or cancer. These are extremely complex processes
i_Which are likely to be manifest in a variety of different mechanisms.
? Most aging theories, but not all, center around changes in the
iistability of the genetic material as causes of aging.
An examination of the maximal lifespans of a great many species

?—sh°WS that the variation in the lifespan within the species is less

f‘than the variation between species (Comfort, 1979). For instance,
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num recorded lifespan of a mouse i1s about 3 years, man about

.U\ears and the tortoises greater than 150 years (Comfort, 1979).
00 ¥ ’

9 influence of the genetic constitution on lifespan is also reflected
‘he

{iﬁe positive correlation between the longevity of parents and
of fspring (Sacher, 1977). The variation in the lifespan of
nozygotic twins is less than the variation in lifespan between
ﬂ;;otic twins (Moment, 1979). Furthermore, it has long been
”‘nt that the lifespan of males is markedly shorter than females;
ly a genetic trait. These observations all serve to strengthen
he view that the genetic constitution plays an important role in

ﬁ%rmining the maximum lifespan of a particular species.

. Extrinsic Theories of Aging. One of the earliest extrinsic

ies of aging revolves around the premise that aging is the
t of a progfessive accumulation of errors in information
ining molécules. This can be further divided into the somatic
ion hypothesis and the error catastrophe hypothesis. These two
heses, because of the testable nature of their predictions, are
obably the most controversial and the most tested of all the various
sals which have been put forward (Hayflick, 1977).
Orgel (1963, 1970) hypothesized that the various components of
otein synthetic apparatus either in RNA synthesis, in tRNA
ng, or in codon recognition are subject to a small degree of

- Therefore, at a certain frequency, proteins with some errors

. Ur. Errors could also occur in the proteins which comprise
Otein Synthetic machinery resulting in more proteins with

€reating a cascade of errors that ultimately leads to complete




o function, and death of the cell. The hypothesis assumes that
0SS
xrs would diverge in an exponential fashion to catastrophe; however
(0]
need not be the case, rather a steady state could also occur

. no subsequent catastrophe. Orgel (1973), acknowledging this

ibility, altered his prOposgl to include bositive feedback in thg
({“ulation of errors in any of the macromolecular constituents of
;cell, including DNA. At this point the error catéstrophe'theory
rally dovetails into the somatic mutation theory (Medvedev, 1972;
net, 1974). This theory predicts that mutations accumulate in the
to the point where the cell cannot tolerate the load of errors in
wﬁ{DNA and the protein products, causing cell death. There‘could

be an increase in intrinsically produced mutations due to
ratiéns in the proteins which synthesize DNA or those involved in
repair. This could lead to more errors in protein, then DNA,
protein and so on until the cell ceases to function. There are
ral major predictions of these error/mutation theories:

o many abnormal proteins accumulate with age;

the number of mutations or the mutation rate should increase
‘with age, ie., cells become more susceptable to mutation;
fimﬁtagens should reduce lifespan;

-ifthe fidelity of DNA synthesis should decline with age;

i:there should be alterations in DNA repair with age;

?;%here should be alterations in scavenger proteases, activation
."nzymes for premutagens, and inactivation enzymes for mutagens.

One of the most tested predictions of these theories has been

- Matter of altered proteins. Holliday has been the chief supporter

'1
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he al
Bioes in the level of heat labile G6PD (Holliday & Tarrant, 1972;
‘.&‘5

tered protein theories, basing many of his conclusions on

1day 1975), which is assumed to be a mutant form of G6PD. As
9

‘§{10u81y indicated others have suggested these may not be mutational
Uiges in G6PD, rather the result of post-translational modification
row & Garnmer, 1979). Gershon and Gershon (1976) have characterized
yariety of post-translational modifications which cause a decrease
‘é;e gpecific activity of purified enzymes. Moreover Pendergrass
al. (1976) failed to show any thermolabile changes in G6PD from

r aging cell system. The error catastrophe theory predicts

cors in many if not all proteins of the cell; however this is

rly not the case. In fact most proteins are unaltered. Proteins
m senescent and proliferating cells have been analyzed using two-
fm?hsional gel electrophoresis. No alterations were found in the

ein separated in this way (Wilson et al., 1978).

‘Further compelling evidence against the error theory comes from
ments usingvviral probes of aging (Tomkins et al., 1974;

lland et al., 1973). Various viruses such as Herpes, VSV, and
bvvirus were used to infect early and late passage cells. There

B difference in viral yiéld'between young and old cultures.

€r, there was also no increase in the production of mutant

S between these young and old cell strains. These viruses all
e host cellular machinery to synthesize their proteins and any
one or altered synthetic apparatus would result in inaccurate

ly of viral particles. Since mature viable viruses can not be

1
ed unless there is a high degree of accuracy in the proteins,




or the appearance of mutant virus would be seen if the

uced yields

was error—prone-

| gell-free OF intact cell model systems have failed to reveal any
;ence in the fidelity of protein synthesis in low and high
age cells, or cells from old donors (Wojtyk & Goldstein, 1980;

tein et ale, 1979). These studies were based on misincorporation

w’no acids 1in a synthetic polyphenylalanine peptide, or infidelity
wﬁino acid incorporation into actin using intact cells. The error
i

equency was in fact higher in SV40 transformed cells in contradiction

he error hypothesis which would prediét a decrease in errors in
'bformed cells (Wojtyk & Goldstein, 1980; 1982).
In a direct test of the error theory, cells were grown in the

&

nce of nontoxic concentrations of amino acid analogues. No

i

mﬁ;;iop in lifespan was observed, despite the presence of high

s of protein with altered amino acids, indicating that lifespan

dependent on abnormal protein (Ryan et al., 1974). Using
&non—mammalian systems, such as Drosophila,Harrison and Holliday

i ) fed amino acid analogﬁes to Drosophila larvae and found a

gd lifespan in the resulting adults, although others found no

F feeding analogues to young adults ( Comfort,1979 ).

More studies will be needed to resolve these discrepancies.

f;At present, many apparently contradictory conclusions are found

literature regarding altered proteins as a result of infidelity

tein synthesis or transcription. It is not possible at present

‘termine why this is so, except that much enzyme work is done in

8ystems; interpretation regarding kinetics and activity must




;ﬁ refore be subject to caution. Moreover, much of the alteration
e )

;ien in various proteins is undoubtedly the result of post-translational

QBdification; and probably of a secondary nature vis a vis its role
puil

ir aging.

Although some evidence supports it; the weight of evidénce

“rs againsE}Ehe error hypothesis.
The somaéic mutation theory of aging has a certain intuitive
 €631 as a method of aging since aging, 1ifespan,”and genetics are
closely linked. The havoc radiation plays with DNA is well-
ablished, and its role in disease processes such as cancer is also
_qgﬁ-known. Much work regarding this theory is, as previously

mentioned, somewhat conflicting with the bulk of evidence against any

ple version of this theory (Strehler, 1977; Martin, 1977; Morrow &

pé;er, 1979).

If mutations are responsible fér aging, the mutation rate must
e with time since aging is an exponential function. Moreover, .
le mutations, as they accumulate, must not retard the growth rate or
c;&ells would be lost due to selection (Holliday, 1975). The
tion rate would also need to be very high, at least according to
odels, apﬁroaching one per cell per generation (Holliday,
The mutation rate has been estimated for several markers,
Ve and dominant in human fibroblasts grown in culture (Fulder,
Oupta, 1980). Fulder (1979) found that the frequency of G6PD
increased as cells aged, while Gupta found no difference in
Nce to 6-thioguanine or diptheria toxin. It is important to
At the experiments by Gupta were based on the characteristics

es
tablished mutants with known mechanisms of alteration;




é;ile there is some doubt as to the nature of the mutation in the
piments of Fulder (Martin, 1977).

~ The mutation rate in humans has recently been estimated using a
el approach to select for 6-thioguanine (6-Tg) or 8-azaguanine (8-
resistant peripheral 1ympho§ytes (Morley et al., 1982; Evans &
ayolaxmi, 1981; Strauss & Abertini, 1979). The assay is based on
he ability of cells, resistant to 6-Tg or 8-Ag because of an altered
aéPRT enzyme locus, to enter DNA synthesis in the presence of the
Rug- DNA syn;hesis is measured autoradiographically by the
orporation of 3H—TdR into nuclei of resistant cells. The results
em to indicate a rise of about 37% per year in the frequency of 6-Tg
resistant cells with age; however, one group did not find any age-
ated changes in frequency (Strauss & Albertini, 1979). Clearly,
ﬁis could be a powerful technique to ultimately test whether the
'ﬁkation rate in the cells of the intact organism changes with age.

4 If somatic mutations are playing a role in the aging process,
gens should accelerate this process. Human diploid fibroblasts

€ repeatedly exposed to EMS or MNNG; both potent mutagens, with no
%@rtening of lifespan (Gupta, 1980). 1In fact, one clone appeared to
its lifespan lengthened by about 10%. An in vivo counterpart to
qiﬁ éxperiment also did not result in a reduction in the lifespan of
fed mutagens such as EMS (Curtis, 1966). The life shortening

Cts of radiation on mammals is well-documented (Comfort, 1979).

“Edata are not as comprehensive in humans. Although there was

' 8pparent alteration in the lifespan of radiologists exposed

i
fuously to 1low levels of radiation (Comfort 1979), there was a

60




%ﬁing of lifespan of normal HDF grown in culture if exposed to
E ot jonizing radiation (Lima et al., 1972; Maciera—-Coelho

1978) . Irradiation of high passage cells, however, had no
¢ on lifespan although extensive chromosomal damage was found
é:, 1976). The results of experiments using ionizing radiationm

interpreted with caution since a great deal of irreparable

e occurs in treated cells. Chemical mutagens on the other

f}oduce relatively subtle changes of the kind predicted by
4

tational theories. There is much evidence which suggests
'Aological aging and irradiation life shortening in vivo are in
iﬁifferent processes making interpretation of in vitro studies
ﬂ@ﬂlt (Sacher, 1977).
: en'DNA is damaged in some way very efficient repair processes
i;ﬁuced (Lindahl, 1982). It follows that permanent damage to DNA
t if the repair processes decline or if the rate of damage
.ncrease over. the rate of repair. Hart and Setlow (1974) found
irticularly strong correlation between the longevity of various
and their ability to repair UV induced damage. This excision
s measpred autoradiographically as unscheduled DNA synthesis
blocking semi-conservative DNA synthesis with hydroxyurea.
as also been measured in HDF at various PDL. These studies,
bthers, are inconclusive as some groups show a decrease in
:‘nly in high PDL fibroblasts implying that repair waé not a
M controlling in vitro lifespan (Goldstein, 1971; Painter et

Others found repair activity to decrease beginning

he Proliferative phase as the cells approach senescence (Hart




eotlow, 1976). In contrast, Smith and Hanawalt (1976) were unable
set1ov»

e I

_.asure any differences in repair between growing and confluent, ;
p me
£

.. |
Ly = 40 transformed W138 cells. %
T

E: rate of repair is reduced in post-mitotic muscle cells suggesting
The _

nd late passage, or normal and SV

decline in repair capability may be most detrimental to post- ?
totic cells (Lampidis & Schaiberger, 1975). It would be very |
uG;ta“t to know whether inhibition of DNA repair would result in a %
ngased lifespan. In a recent preliminary report, caffeine, an
#itor of repair, caused a marked reduction in the lifespan of
wﬁgl mouse fibroblasts while having no effect on permanent :
fa;blasts (Icard & Beaupin, 1980).

ﬁ:Despite some inconsistency in different experiments, the ability
w§§pair &amaged DNA probably does diminish with increased PDL.

ng this may not be the cause of the loss of proliferative capacity;
play a significant role in the loss of function in senescent
totic cells.

terations in the activity of enzymes capable of either

ting or inactivating premutagens and mutagens, respectively,
nversely correlated to species lifespan (Schwartz, 1975; Schwartz
€ 1979). Dimethyl-benzanthracene (DMBA), a premutagen was

0 irradiated feeder cells of a specific species. V79 hamster
Were plated on the feeder layer as an indicator cell line which

t metabolize DMBA but could be assayed for mutation frequency
guanine resistance. The ability of the various cell lines

ate DMBA and increase the mutation rate in V.o was found to

€ inversely to the donor species lifespan. This result




%%11615 the results with repair enzymes and supports the view that
igtioﬂ and rate of repair of mutations contribute in some way to

mu

ecies 1ifespan.

A loss of fidelity in the enzymes énd/or controlling factors of

E gynthesis can also result in an increase in the rate of somatic
:ﬁationS-. Two of the key DNA synthetic enzymes have recently been
,;bciaCEd with mutator loci (Meuth, 1981; Chan et al., 1981; Weinberg
“?31., 1981; Liu et al., 1983). The fidelity of DNA replication
influenced by the relative concentration of "precursor"”
%deyribonucleotide pools. Altered regulation of ribonucleotide
ﬁ;uctase can result in a large increase in the épontaneous mutation
:<e at several other drug resistant loci (Chan et al., l981g Weinberg
t al., 1981). Although the increased mutation rate is seen in cell
fﬁnes containing mutant reductase enzyme which is insensitive to -
‘ékulation by dATP, the contribution of normal reductase to the
ntaneous mutation rate under conditions where the effector pools

ﬂé altered is not known. It is intereéting that the levels of RRase
10 decline during senescence and may therefore contribute to any
”fcrease in mgtation rate seen with aging (Dick & Wright, 1982, 1983).
f Aphidicolin resistant cell lines containing altered DNA polymerase
have also been isolated. These cells have an elevated mutation

4te for several drug resistant loci (Liu et al., 1983). The altered
“ﬁymerase was shown to have an increase affinity of dCTP and was
istant to aphidicolin. These drug resistant cells in addition to

mﬁ higher spontaneous mutation rate were very sensitive to UV-induced

‘W“ageniSis suggesting that DNA polymerase ® may also be involved in
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;Eror prone UV repair synthesis. Interestingly, DNA polymerase
Pi;ivity also declines dramatically in young and old HDF, supporting
hg; idea that this enzyme may be involved in increasing the mutation
as cells age (Pendergrass et al., 1982). Limn et al. (1976)

,% nd an age-related decrease in the fidelity of DNA polymerase a
éAivitY in crude extracts from senescent and low PDL cells. The

gsay was based on the ability to replicate synthetic tempiates.

ers, however, have failed to see any age-related changes in the
;Eelity of DNA synthesis (Fry & Weisman-Shomer, 1976), although the
ﬁﬁivity per cell does decline in high passage cells (Pendergrass et
N’, 1982). Similarly, in vivo studies show declines in polymerase o
j ivity in bone marrow cells from old mice as compared to those

en frombyoung mice. This probably refects the lower growth rate
stem cells from old animals (Muller et al., 1980).

As we will discuss later, the involvement of DNA polymerase and
;bnucleotide reductase in aging can also be explained in terms of a
‘;Btministic programmed senscence model,

: There is a good deal of controversy surrounding the data which is
to either.prove or disprove the error/mutation hypothesis, as

in this discussion. At present, it is probably fair to say there
gbnsiderable information which is compatible with some version of
error hypothesis. There does exist, however, considerable evidence
is incompatible with such hypotheses (Martin, 1977).

Clonal variation experiments have conclusively indicated rapid

Opment of intraclonal variability in doubling potential as the

of cell division increase (Smith & Whitney, 1980). 1In fact,




:;i ion potentlal of two cells from a single mitotic event can
1ivis .
. by geveral fold. If mutational mechanism were involved, a

igh rate of mutation, approaching one per cell division would
‘M .

"o oCCUT Asynchronous division would also require unequal
l

‘rioning of proteins with errors if the prédictions of the error
\‘\

;rophe hypothesis are correct,

@ny theory of senescence must also account for the appearance of
}ines which have escaped senescence and are immortal. These
,Z?ines are subject to the same extrinsic environment as normal

' yet thev do not senesce. Error theories predicﬁ that immortal‘
wfdines must be relatiVely error free in protein synthesis; a
t%étion which has already been shown not to be the case (Goldstein
“ﬁ,, 1979). Furthermore, they must also have lower rates of

on or more active repair enzymes, both of which are not seen.
bEhe most compelling argument against the error/mutation hypotheses
rom experiments where transformed and normal cells were

ized together. As discussed_earlier, such hybrids between HDF

ela, SV, transformed HDF, or a variety of other transformed

40
- lines have clearly indicated that immortality ox unlimited
vh potential is recessive (Bunn & Tarrant, 1980; Muggleton-Harris
imone, 1980; Pereira-Smith & Smith, 1983); hybrid clones all
ced after limited cell division. Variant cells which were immortal
red in th i i as -5 i

ese populations at frequencies of about 10 ~ indicating
:ppearance of immortality is a relatively rare event. Interestingly,

4St two complementation groups could be identified in fusions

€0 tumor cell lines which produced such hybrids which had a




:id 1ifespan. The error/mutational theories predict that fusions

immortal cell lines should yield only immortal clones.
en

qntrin51C Theories of Aging. The complex changes that occur

v embryogenesis and development are under the control of a

y of genetic signals which act at specific times in a specific
~., The mechanism by which these developmental genes are turned
éjoff are programmed into the cellular pool of genetic information.
;%s reasonable that changes which occur during aging could also
esult of a specific program being played out in an orderly

ence (Hayflick, 1975). In fact, cell death is a normal part‘of
velopmental changes that occur during embryogenesis (Beaulaton

| in, 1982). Death and resorption of cells are major

uJﬂutofs to the formation of the limbs and the general shape

1s.

rogram for aging could involve the switching of specific
particular points in time resulting in the slowing down of

1 physiological functions, at the end of the program a specific
€nes could be activated to cause the cessation of growth and

of the ce;l. An analogy would be the simple sequence of events
8 tape which has run out shuts down the tape recorder.
(1975) has alternately proposed that senescence is the

the accumulation of small functional failures which occur
Stems once the genetic program has run out. The rate at
failures accumulate determines the lapse in time until

TS. Thig time interval, because it is specific and highly

€ can be viewed as the "mean time to failure”. This

66




2pt is common in mechanical systems; for instance, a car, where
a’is a certain degree of deterioration or "noise" in each vital
As time goes on the noise increases to a threshold above which

éystem fails. Although the rate of deterioration is random for
,}component’ the system has "mean time to failure" which for a car
iout seven to eight years. The same concept can be applied to
;gical systems such as aging. All biological activities are not
vietely perfect and can tolerate a certain degree of noise. 1In
i‘view, then, a cell simply runs out of program and "drifts"

krd death, as a result of deterioration, in a highly predictable
:n time to failure". The form in which this theory is presented

; not account for the asynchronous growth of cells even at low

; although it still may have some validity. This hypothesis
iies‘some overlap between error and program theories since the

:n time to failure" would be influenced by low levels of error
lrent in macromolecular synthesis as well as the fidelity of

~fir pProcesses. Immortal cell lines would not be subject to the

in time to failure" since their genetic program has been altered
?ircumventgd so their physiologic status does not decline with

j Population studies on mass cultures support the idea that a very
;ise timing mechanism exists in normal cells which controls the
:Span of that particular species of cell (Hayflick, 1979). However,
;highly asynchronous growth of normal HDF argues against a precise
'}ing Dechanism as the sole cause of aging. The bimodal distribution

;OUbling Potential and the great variation in interdivisional
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;bliﬂg times indicates there is a significant stochastic element in
| f71 A

growth of mnormal HDY (Smith & Lumpkin, 1980). Smith and Lumpkin
ne

¥

| gg0) have proposed a theory on the premlse that some underlylng

'chastic element, whose exact nature is unknown, is respon81ble for
to

?vitro aging. The essential features of this theory are:
RVLLr”

~ pormal cells contain a gene for an inhibitor of DNA synthesis;

i

the expression of this gene is prevented by a repressor;

the genes for the repressor are present in multiple copies;
v :
' the repressor gene copies could be lost by imperfect partioning

between sister cells or imperfect replication (the stochastic

 element);
j the inhibitor gene is no longer repressed when the level of

représsor gene falls below a threshold; and,

)

. once the inhibitor is expressed at a sufficient level, positive

. feedback ensures continued production.
&

;iThe two main elements of this proposal are:

{;the loss of repressor genes gradually with time resulting in a

w{ﬁgradual loss of proliferation potential; and,

The sudden loss of repressor genes with a probability of occurence
% inverse1y proportional to the number of gene copies present;

later case would result in a rapid loss of doubling potential, as

n the bimodal distribution of intraclonal doubling potentiai.
The Presence of an inhibitor of DNA synthesis is consistent with
Lo €Xperiments between mortal and immortal lines. The inhibitor

’L_l ‘
diffuse from the senescent cell to the immortal nuclei and

?he Senescence process resulting in the limited growth potential
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¢ in these hybrids (Smith & Whitney, 1983). The heterokaryon
:,"'

& ies discussed earlier also predict the presence of an inhibitor
\ich prevents the initiation of DNA synthesis in some transformed
Wil

531e1- The dominant cell lines which did initiate DNA synthesis may

quire a higher level of inhibitor or alternately breakdown the
4jib1t0r~ Furthermore, cytoplasts from senescent cells fused to
J;}g proliferating cells can prevent the initiation of DNA synthesis
”;young nuclei. In contrast when cytoplasts from young cells were
bigd to young cycling cells, no inhibition of DNA synthesis was
,wébured (Burmer et al., 1983). Nuclei from young cells when fused
é}whole senescent cells result in hybrids that double a few times
wiicating dominant control of growth potential (Muggleton-Harris &
élmbo, 1979). These experiments are somewhat at variance with each
?ﬁ:r in that DNA synthesis must be initiated in order for the
i/whole cell hybrid to proliferate even a few times. The

tion of the experiments are, however, different in that two
plasms and two nuclei were fused together in the former study;
ile in the latter study, the hybrid cell contained two nuclei and
‘a“Ytoplasmf Nevertheless, these studies both support the idea
8senescence is controlled by some inhibitor.

The gene(s) for the postulated inhibitor could be carried as an

mal dominant or as multiple copies. 1In order for variant

al cell lines to arise, both copies of the gene or all the

of

;?13 copies must be altered or lost. This would be a very rare

Cell transformation is indeed a very rare event since there are
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1 documented cases of spontaneous transformation in normal human
) U

1oid gibroblasts (Namba et al., 1978). Even with the use of
P
tent carcinogens and mutagens, such as Y radiation or &4-
| .«.x_v'

“;¢r°q“in°1ine oxide (4NQO), transformants are isolated at very low
tiqdency (Kakunaga, 1978, Namba et al., 1978). It has also recently
gbn shown that normal hamster fibroblasts can not be transformed by
,g; Ha-ras oncogene, while fibroblasts immortalized by chemical
g}cinogens are readily transformed by this oncogene, indicating

géingent growth regulation in normal cells (Newbold & Overell,

1983).

: The repressor genes present in multiple copies are postulated to
Uiflost during in vitro growth. Such loss of multiple gene copies

h age has been documented for the tRNA genes (Shmookler-Reis &
Goldstein, 1980; Johnson & Stehler, 1972). The loss of tandemly
~;§Eated genes could occur by unequal sister chromatid exchange,

atic recombination, or by deletion of hair pin loops (Smith &
nmpkin, 1980). The acquisition and loss of multiple copies of genes
n best be seen in drug resistant cells which have amplified genes
ﬂfark & Wahl,l1983). The mechanisms which allow gene amplification

‘.H]f;

loss in these resistant cell lines may be relevant to the processes
‘vvCh normally regulate repetative genes.

4 Pendergrass et al. (1982) have showed that it may not be necessary
Voke the presence of an inhibitor as the cause of senescence
10Wering the level of a replication enzyme or a controlling
G'Ein below a critical threshold would also prevent initiation of

ynthesis. The mechanism of this decline in enzyme activity is




7

, put may occur as the result of some stochastic random

n,
Most cell cycle studies have indicated that regulation of
mthesis is under positive control (Ord, 1979; Croy & Pardee,

The polymerase data would, however, support either positive

tive control processes.

he asynchronous growth of normal HDF appears to require a
gtochastic component while the narrow range of maximum

glation doublings imply that some deterministic mechanism must

ﬁﬁately control the whole process. A purely stochastic model

B predict that previous clonal history would have no effect on

ximum lifespan of subclones. The theory by Smith and Lumpkin

0) and Shmookler—-Reis et al. (1980) suggest aging is best

,fesénted by a deterministic model with stochastic elements.

E.A.variation of the deterministic/stochastic model is the view

aging is a form of terminal differentiation (Hayflick, 1975;

ggin, 1977; Bell et al., 1978). The process of differentiation

ld be modelled after the process which 1s seen in the hemopoietic

tem., The hemopoietic system consists of cells in three possible

?Etes. Firstly, the stem cells with a high proliferative potential;

xondly, cells with limited proliferative potential that have begun

‘*{differentiate; thirdly, non-replicating fully differentiated

S+« This process whereby stem cells enter the differentiated

€ or remain asg proliferative stem cells has been explained in

f}ms °f a purely stochastic model (Till et al., 1964). Very

erogQHOUS Populations of cells are the result of this type of

_ ferentiation process, since the stem cells can divide in an




s fashion (Kay, 1965). On the basig of cellular
jnOU

eneity it can be argued that the loss of Proliferative cells
y S ne
i tion of differentiation rather than some intrinsic aging

Bell et al., 1978). Martin (1977) views the limited

tive lifespan of normal cultured cells as g3 two-step process.
AL

ne, there is a shift in the Proportion of cells from a high
’

In step two, actual senescence

The key stochastic element lies in
nge of cells from high to low Proliferative states; when all

-f 8 reside in the low state, the culture rapidly ceases to

ra te.

The key feature of differentiation ig that its control lies not

reversible changes in the genome, but at the level of regulation

As such, differentiation can sometimes be thought of as a

le Process,

If the correct stimuli are glven, silent

ed genes can pe reactivated (Morrow, 1977; Bradiey, 1979).

tiation of DNA synthesis in senescent nuclei by fusgi
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;uch gystem, the phosphorylation—-dephosphorylation of proteins is
J‘or regulator of cellular metabolism, protein synthesis and gene
“;;sion (Krebs & Beavo, 1979). The activity of a variety of

. n kinases have recently been shown to change progressively
B in vitro aging (Kahn et al., 1982). The levels of soﬁe
e/protamine kinases decreased with aging, while a new histone
{uprogressively appeared. The appearance of the new kinase
;Hi“to be due to a change in gene expression rather than
:génslational modification.
Eurthermore, the progressive age-related decline in the level of
wgﬁymerase a (Pendergrass et al., 1982) and ribonucleotide
ase (Dick & Wright, 1982, 1983) may also be the result of
g;Q in gene expression. Changes in these enzymes would directly
~;!the cells abiity to synthesize DNA.,
Gﬁé control of gene expression is generally a poorly understood
with many different mechanisms of control. Some of these include
;ylation, histone phosphorylation/acetylation, changes in
rwi‘h Structure, and binding proteins to DNA. All these changes
'wﬁf% to 9ccur in aging cells (Whatley & Hill, 1980).
"igiain drugs can also affect the differentiation process.
‘@{£icoids such as hydrocortisone when added to HDF significantly
the lifespan of these cells (Cristofalo, 1970). Glucocorticoids
“Vihe rate of entry of cells into DNA synthesis and increased
T of cells in the rapidly proliferating pool (Cristofalo &

1979), Such steroids are known to cause changes in gene
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B cion, although the specific mechanism which causes lifespan
.re

ent is not known.

phancen
Ugclusion ,
;ﬂ !leiﬁsg_aging is a complex process which involves many changes
w?the physiological status of the cell. Many of these changes have
‘gé quantified, however the difficulty lies in determining cause and
»;ect' As a result, many of the observed changes are prematurely
;éGuSSéd in terms of that particular effect being causal in nature.
s has led to a profusion of hypotheses and concepts regarding the
rall mechanism of aging. It is likely, however, that many observed
~related changes accompany other more primary alterations, such as
w%se which cause a slowing or cessation of growth. In order to
-;éerstand é phenomenon as fundamental as senescence one must

B '
wéerstand the very essence of how a cell functions. Clearly, such a
ess is unlikely to be due to a single changé; rather senescence
u@.be the end result of many fundamental alterations. The data
ch has accumulated appears to support several of the current
%?pries being advocated, especially those involving changes in gene
ession. The loss of proliferative capacity after a limited
Tiod of time in culture appears to be an intrinsic property of
fﬁal'cells, the exact nature of which little is known.
?1EBLX£££Q aging has many features‘in common with aging in whole
“Enisms. There is limited evidence that the loss of proliferative

ity of stem cells may contribute to the overall decline in aging

imalg (Walton, 1982). Rosen (1978) has cogently argued that

|

d

*Vidual proliferating cells do not senesce in the normal sense.

Cence ig interpreted to mean the increase in the probability of




iith per unif time with increasing age. He suggeéts these cells

M A constant probability of senescence and only post-mitotic cells

e .
considered to truly semesce. This is similar to Martin's two
by hypothesis. However, the same phenomena which cause the loss

inoliferative potential may in fact be the same as those which

-jve post—mitotic cells to senesce (Hayflick, 1979).

4

. Aging in vivo is probably several orders of magnitude harder to
stand than aging lﬁ;!iEEE since one is dealing with complex
ypulations of cells which interact with each other in a network. An
5r3tanding of the individual elements, although important, is not
ficient since very slight changes in the many network interactions,
“out significantly affecting the individual elements could lead to
stem failure (Rosen, 1978). This type of deterioration is commonly
w@lin gomplex computer networgs where the whole system can fail

e of trivial changes in the connections between computers.

urnet (1974) has hypothesized such network changes in the immune
which is a complex array of interactions where changes in one
mponent could lead to many subtle changes in the way éach of the
';Jts recognize each other. This breakdown of surveillance could

0 a loss of recognition of self, with subsequent damage to the
¢°rganism. It is very difficult to study networks since
“ﬁgéonal approaches tend to destroy networks and study the

‘Ldual components, |

1%$Summary’ it is important to understand the age-related changes

"?FCur in individual cells using model systems like in vitro
) of HDF,

o

Such studies yield information on how the individual




§ i ¥ . complex organism behave during aging. In order to
tS

4 the whole process of aging at the level of the whole
rs tan

a systems approach must eventually be taken into
SM,

uiération'.

égmatic Cell Genetics of Normal Human Diploid Fibroblasts
»1‘5_7 on
k%ﬁé study of genetics has progressed rapidly in the last forty

from the discovery in 1943 by Avery, Macleod, and McCarty
y&A was the hereditary material; to the present when genes are

erized on the basis of their nucleotide sequence and structure

&

rnberg, 1980). The ability to isolate and characterize mutants

¢

been a powerful tool for studying complex regulatory biochemical
cess in prokaryotes. This is especially evident in viruses where

gbmplete mucleotide sequence as well as the function of each gene
k.

",

pletely characterized (Kornberg, 1980), A process or pathway
‘Y}any different components can be better understood if each of
‘géﬁponents can be manipulated independantly so as to identify the
on of that specific component. This genetic approach has

*ﬁd to be very useful when applied to somatic mammalian cells

L in culture; particularly permanent cell lines such as CHO or L

S (for review see Wright et al., 1980). Very few genetic studies

r
it

bﬁeﬂ carried out using normal human diploid fibroblasts in spite of

"mportance of these normal lines. There are, as discussed in the

u:;e .
rus Section, sope very marked differences between normal and

nent Or transformed cell lines, especially with respect to

1 of cell cycle, cell proliferatlon, and response to mitogenic

76




& 11 Furthermore a large variety of different genetic markers
1. :
geful for hybridization studies, chromosome mapping, and
u

1ementati0n studies. The value of cell lines like CHO lies in
omp

great variety of mutants which can be selected using drug

stance, temperature sensitivity, auxotrophy, and lectin

sistance. These mutant cell lines <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>