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Telomerase: Dr Jekyll or Mr Hyde? 
John C Prescott* and Elizabeth H Blackburnt 

The past year has seen the ectopic expression of human 
telomerase and the consequent increased replicative lifespan 

of ceils, whereas mice lacking telomerase have lived and 
reproduced for six generations. Core telomerase activity from 

various organisms was reconstituted in vitro, yet how its action 

is regulated remains largely unknown. Telomerase activation 
preceded oncogenic transformation in some human cell types, 

yet was lacking in other transformed cells. These advances 

highlight the potentials of telomerase-based therapeutics and 
warn of their pitfalls. 
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Abbreviations 
HEK human embryonic kidney cell 
HMEC human mammary epithelial cell 
HPV human papilloma virus 

PRb retinoblastoma protein 
RPE-340 human retinal pigmented epithelial cell 
RT reverse transcriptase 
TER RNA subunit of telomerase 
TERT RT protein subunit of telomerase 

Introduction 
‘I‘elomercs, the nucleoprotein complexes at the ends of lin- 
ear chromosomes, protect against degradation and 
recombination [l,Z]. Telomeres arc maintained within a 
length range that is characteristic of a given organism or 
cell type but they are not fully replicated by DNA poly- 
merases and gradually shorten with every cell division 
unless they are actively maintained 1.31. As telomeres short- 
en, chromosomes become mitotically unstable, leading 
eventually to aneuploidy and sometimes cell death [4,5]. 

Wornerase, the ribonucleoprotein reverse transcriptase that 
synthesizes one strand of telomeric DNA, counterbalances 
such loss of tclomeric L>lXA [6]. Macromolecular compo- 
nents of telomerase, along with enzymatic activity, have been 
identified in a variety of organisms, including yeasts and 
mammals 171. Although t&mcrasc activity is undetectable 
in most human somatic tissues, it is generally present in 
highly rcplicative tissues and in most human cancers [Xl. 

By the early part of this century, it was known that popula- 
tions of yeasts and other single-celled eukaryotes, if 
sufficiently nourished, continue to divide indefinitely. 
‘I’hus, they arc effectively ‘immortal’. We now know that 
such eukaryotcs normally express telomerasc and only 

when telomerase expression is disrupted do their telom- 
eres shorten and the cells cease dividing after some tens of 
divisions [‘,I. In contrast, Hayflick observed more than 
forty years ago that normal human somatic cells propagat- 
ed in primary culture have a limited replicativc capacity 
(see [4,5,10] for review). Cells can be stimulated to bypass 
this limit, called senescence or Ml, if they are transformed 
by any of a number of oncogenes, such as SV40 T-Ag or 
HPV F:6/E7. Such transformed cells continue to divide, 
only to reach a second block to proliferation termed crisis 
(M2). Telomeres progressively shorten throughout this 
entire replicative cellular ‘aging’ process, an observation 
that led to the hypothesis that telomeres act as a ‘mitotic 
clock’, counting down the number of replications a cell can 
endure [ll]. This hypothesis was bolstered by the obser- 
vation that many somatic tissues do not contain detectable 
telomerase, whereas most immortalized cells or cancers do. 
Cancerous cells that bypass M 1 and then escape crisis gen- 
erally have lost cell-cycle controls, exhibit genomic 
instability. can form metastatic tumors irz Gw, and typical- 
ly maintain telomeres at relatively stable, though variable, 
lengths (Figure 1) [3]. 

In this review, we discuss experiments reported over the 
past one to two years that test both the telomere hypothe- 
sis of mammalian cellular senescence and aging and the 
role of telomerase in cancer progression. 

Reconstitution of telomerase activity in vitro 
Telomerase is a large enzyme complex. Indeed, in the 
yeast Sizc&zroq~-es re~~~siclc the essential RKA subunit 
(TER) is -430 kDa (1.3 kb), and at least two TER mole- 
cules (and probably two 10.3 kI>a TERT molecules) are 
present in the telomerase complex of this yeast [ 12,13]. In 
addition, tclomcrase is likely to contain numerous other 
protein subunits. Despite the apparent enormity of this 
complex (22~24s in SUC&UW~~W.S ~~rtGsitcu), only TER 
and TER’I‘ are required for core catalytic activity [l&15]. 
It was shown recently that core in vitro telomerase activity 
can he reconstituted from in-eGrru-synthesized ‘I’ER and 
TERT, for both the human and the ‘I‘etrahymena telom- 
erases [16,17*,1X]. Although the specific activity of the 
reconstituted systems is not yet high, such systems open 
the door to delineating which domains of the core subunits 
are essential for enzymatic activity. 

Extension of cellular lifespan with 
telomerase expression 
The sufficiency of TER and ‘I’ER’I’ alone for basal telom- 
crasc activity in U!~DV begged the question of whether 
ectopic expression of telomerase activity might be accom- 
plished by cctopic expression of exogenously supplied 
genes for these subunits. Although ‘I’ER is expressed in 
most tissue types, its level of expression does not correlate 
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Figure 1 -___--.- .--.~ 

As human cells proliferate in culture, telomere 
lengths shorten and the cells are subject to a 
succession of proliferative blockades. Some 
cells exhibit a pRb/pl6-dependent cell cycle 
arrest (MO) that stops proliferation in culture 
after ten or fewer cell doublings. Whether 
cells exhibit an MO arrest or not, they are 
subject to a later p53-dependent arrest (Ml ) 
after 40-50 cell doublings. Cells that bypass 
Ml are then subject to a final block to 
Immortality following an additional 30-40 
doublmgs (M2). These proliferative 
checkpoints can be bypassed by a number of 
viral oncogenes E7, T Ag, E6 that inactivate 
pRb/pl6 and/or ~53, and by telomere 
stabilization by either telomerase (TERT) 
or ALT. 
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with the level of extractable enLyme activity [ 1%211. On 
the other hand, expression levels of h’TER’1‘ in several 
human tissues often correlate with both the level of irr- 
e,itfn-measured tclomerase activity and the proliferative 
potential of the tissue [ 22-31, suggesting that h’l’EK1‘ is 
limiting in e,ieo for the formation of an active tclomerase 
complex. (;apitalizing on this ohscr\,ation, a number of lab- 
oratories have demonstrated that constitutivr ectopic 
expression of h’I’E:K’l’ is sufficient to induce telomcrase 
activity in cells in which it \vas otherlvise undetectable. 
allowing for a direct test of the telomere-shortening 
hypothesis of sencsccncc [2S”,2~~,27”-.iO”~. 

Initial results were encouraging: ectopic expression of 
h’l’W1’ in primary cultures of both pre-senescent epithe- 
lial cells (RPK-340) and pre-senescent fibroblasts 
(ISJ foreskin) was sufficient to induct tclomcrasc activity 
and allowed for growth M cll beyond the normal replicative 
capacity of these ccl1 t)‘lles (I;igure 2) [ZS**,ZX**]. 
1;urthermorc. these immortalized cell lines showed no signs 
of the chromosomal abnormalities typic& found in post- 
scncscent survivors [31”.32”]. It WI, soon shown, 
however, that h’l’lXR’I’ is not sufficient to cxtcnd the lifes- 
pan of all normal cell types. In one study (261, in which 
h’l’RR’1‘ was exprcsscd, such expression by itself was 
unable to extend the lifespan of human lung fibroblast 
(IhlRW) cells - note, however, that the h’I’ER’1 construct 
used contained a carboxy-terminal t l.,i cpitopc tag, see 
below - but cell lifespan was cxtcnded by the expression 
of c-h,lyc M hich. in turn, induced the cndogenous (presum- 
ably wild-type) tclomerasc activity. It was thus suggested 
that 3 second transforming event (c-Myc cxpresaion) is 
required for telomerase to extend the lifespan of these cells 
[%]. Ectopic h’l’I<K’I‘ expression ;IISO uxs not sufficient to 

extend the lifespan of tlntransformcd human mammary 
epithelial cells (I lhlE(:s) containing an apparently normal 
pRb/pI6 pathway (that is. prc-Ml (MOM, tjRilFC’:(:s), nor was 

it able to immortalize normal keratinocytes [29”]. 
However, co-expression of the viral HPV E7 protein, which 
inactivates pRh, along with hl‘ERT was sufficient to 
immortalize both HMEC cells and keratinocytes. The fact 
that most commercially available HMECs are post MO may 
explain why. in a previous report [26], h’I’ER’1‘ alone 
immortalized these epithelial cells [29”]. 

Telomerase activity in vitro versus telomere 
maintenance in wiwo 
In yeast, ‘I’ER and TERT are not sufficient to maintain 
telomeres or cellular replicative capacity ill c&. The 
M’~l, l373, and RS~4/lcDr,Cl.~ gene products of yeast, 
although not required for enzymatic activity of telomerase 
in vitro, are essential for telomere maintenance in aiw 
[ l-l,15,33,31]. Interestingly. in human cells, an hTERT 
construct hearing a carboxy-terminal HA epitope tag sup- 
ported in e~jlro enzymatic activity and immortalized 
HMl%: cells (which may have been post MO), yet was 
unable to maintain telomeres or avert crisis in human lung 
(IMRW) and foreskin fibrohlasts. and human embryonic 
kidney cells (Figure 2) (26,27”,30”]. Hence, in both yeast 
and human cells. a catalytically active telomerdse is not 
necessarily sufficient for telomere maintenance in rive. 
One possibility is that the HA tag in the h’l‘ERT subunit 
interferes with an interaction between TERT and a puta- 
tive human homologue of I+;STI, U’T.?, or E;ST4/CDCl.?. 

‘I’elomerc maintenance in ri~o requires the productive 
interaction of telomerase with the telomeric DNA-protein 
complex. Altering components of either telomerase or the 
t&mere itself changes the length regulation of telomeres, 
leading to the important concept that t&mere-length 
homeostasis involves regulating access of telomerase to 
t&meres (35-?&j. ‘I’hus, the presence of telomerase in a 
cell does not guarantee its access to a tclomerc. 
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Figure 2 

Immortalization by hTERT is cell-type-specific 

Cell line 

liT---- 

RPE-340 

HMEC 

IHFK 

IHEK 

1. Bodner et al., Science (1998) 
2. Vazlri ef al.. Gun Biol (1998) 

3. Wang ef a/., Genes Dev (1998) 
4. Counter et al., PNAS (1998) 
5. Zhu et al., P/V/L5 (1999) 

6. Kiyono ef a/., Nature (1998) 

I Not transformed 

Transformed with either 
SV40 T-Ag or HPV E6/E7 

Current Opm~on v Genetics & Development 

Cells immortalized by exogenous TERT 
expression exhibit cell-type specificity. This 
figure is a summary of the results from a 
number of laboratories in which hTERT was 
ectopically expressed in various cell lines. A 
plus sign indicates that cells were 
immortalized and a minus sign Indicates cells 
not immortalized by TERT. hTERT-HA 
contains an HA epitope tag at the carboxyl 
terminus. Cell lines and types tested are BJ 
and HFF (human foreskin fibroblasts), IMRSO 
(lung fibroblasts), RPE-340 (retinal pigmented 
epithelial cells), HMEC (human mammary 
epithelial ceils), HFK (human foreskin 

keratinocytes), and HEK (human embryomc 
kidney cells). 

‘I’elomere homcostasis is regulated, Lit lust in p-t, h)- 

telomerc-binding proteins: the abundant Kaplp in bud- 

ding yeasts, ‘Iblp in fission yeast. and ‘I’KFl and ‘WI22 in 

humans arc all sccluence-specific binding proteins that 

bind duplex telorneric DNA repeats [40-42.4.3*]. ‘I’clomerc 

lengthening responds to the number of Kaplp rnolcculcs 

and other structural features of the complex present at a 

chroniosonic end ([X-37,-H]; <:I> Smith. .I t’rcscott. 

ICI I Blackburn. unpublished data). In addition. mutating 

the tclomeric repcat secluences to rcducc the affinity of 

KaplI, for the telomerc c;~n dcre~ulatc t&mere-length 

maintenance ([.35,37,4-l]: CD Smith. J l’rcscott, 

1’11 f3lackburn, unpublished data). Where tested, such 

mutations did not alter the level of telorncrasc acti\it\ 

rneasrircd ill e.itw (‘1‘ f~oswcll-f;ulton, J I’rescott, 

EkI Hltickburn, unpul)lished data). Similarly. mutations in 

‘I’KFI that disrupt its tclornerc binding Icad to tclomcre 

Icngthcning 1421. lntcrcstingly the presence of ‘I’KfTl on 

tclorncric f)NA may 1~ regulated in cells hy ‘lhnk~rase 

(‘l‘Kl;l-interactiii~ ankyin-rclatcd Al>I’ ribosc poly- 

mcraae), a recentI\ identified criz);me that adds 

I”)ly(AI)t’-ril,ose! to both itself and ‘1’Kt:l i l l c+m, thcrc- 

by dccrcasing the affinity of ‘l’KI:l for telomeri~ I>NA 

[45]. Such modification might IX 3 signA for telomcrasc to 

clongltte the tclomcre. 

Telomere length and cell division capacity - 
how short is too short? 
As the dust settlcs from the recent fltrrr) of tindings, WC 

find that ectopic expression of telomuilsc activity is suffi- 

cicnt to overcome senescence in some, though not :111, 

human cell types. I fowe\er. when normal cells grown in 

culture stop dividing, they ,g:cnerally still contain ample 

tracts of telomeric f)NA. suggesting that tclomcrc short- 

ening pe/. .w is not sufficient to c3use cellular senescence. 

FJotably. human cells in culture with rcplic:iti\~c lifespans 

cxtcndcd Iq oncogene transforr~~atiori continue to undergo 

telornere shortening until they go into crisis (Figure 1) 

[464X]. Knockotrt of the mouse ;(%;R gene leads to end-to- 

end chromosome fusions, 3 hallmurk of compromised 

telorneric function. yet the fusion junctions often contain 

considerable tracts of teiomcric repeats [+)I. Recent stud- 

ies, which tested the &ilit)- of telomerasc to extend the 

lifespan of post hll, SC:40 ‘11Ag-transformed cells, have 

shed new light on these apparent paradoxes. Ectopic 

cupression of h’I’l<R’I’ in ‘I‘-Ag-transforlllcd EIEh: cells 

cxtcnded lifespan beyond crisis. with concomitant marked 

telomcrc lengthening [?7”.3O”j. Expression of h’f’RK’1’ 

(hut not of catalytically inacti\w or carboxv-terminalI) HA- 

tagged h’l’EK1‘) in 'I'-AK transformed human lung and 

foreskin fibroblast\ while similarly extending lifespan, did 

so despite considerable telomcre shortening that contin- 

rued for tens of cell di\ isiows beyond the expcctcd crisis 

point [.W”]. (hrnparabl~- high Ic\~ls of telotnerase acti\rit! 

wwt: induced in both studies. ‘l‘hus. telotncrc Icngthcning 

puf. se is not recluircd for telomcrase-mccli~Itcd lifespan 

extension. In a striking parallel. in A’. /yfrT.isNu. the pres- 

cnce of tclornerasc containing 3 tnut:rted. though 

functional, ‘1’1Xl KKA subunit stabilized tclomcrcs 31 sig- 

nificantly shorter lengths than those of scnesct’nt cells 

expressing a stable, hut enzymatically inactiw, tclornerasc 

comI)lex [.50]. ‘I‘hus, the prcscncc of cnqmuticall~ active 

tclomerasc stahilizcs a telomcre that would bc critic311) 

short in its absence (Figure 3). 

Quality of life without telomerase 
\Vhercas the lifespan of certain cell types can be extended 

u ith h’l’ER’1 expression. knockout mice lacking the 

essential RNA subunit of telomerase wcrc \iablc and fcr- 

tile for 1113 to six gener:rtions [.il 1. Successive hack-crossing 

of these telomcrase-dcficirtlt mice. howc\vr. revealed ;I 

steadv decrease in fertility, seen ;Is decreased litter size, 

tcstis.size, and number of primary spermatocytes [52]. At 

the wmc time, rnitotic instabilitv increased in the somatic 
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Figure 3 -~- 

Critical telomere length Critrcal telomere length 
without telomerase with telomerase 

Model for telomere stabilization by telomerase. Telomeres that fall below a 
critical length are functionally compnmised, subject to end-to-end fusions 
and nucleolytic degradation (bottom two telomeres on the let? side). Such 
telomeres can be stabilized by exogenous telomerase expression (right 
srde). Such stabilization is often, but not necessarily, accompanied by 
telomere lengthening. In some cases, the presence of telomerase is 
sufficrent to stabilize telomeres independent of telomere lengthenrng. 

cells, us seen 1~~ increased anenploid~ and end-to-end 

chromosome fusions [W..52]. Similarly. mouse embr)onic 

stern cells lacking m’l’E:K and maintained in culture 
showed increased levels of telomcre-tclomcrc fusions and 

decreased replicative lifespan in cnlture [53]. Finally; late- 

generation m’l’EK knockotrt mice often died i/4 74~~. and 

neural tube closure often failed [.5-l’]. Such failure, along 
with developmental defects in ;r numhcr of highly prolifer- 

atile tissues, ~~3s correlated with telomeric lengths shorter 

th:in in normally developing sibling embr)os ([56’]; 
hl Rlasco. personal cominr~riication). ‘I‘hus, significant con- 

tributions of telomcrase to :I normal happy life are 

suggested by the sterilit); birth defects. :rnd dcvelopmen- 

tal defects that emerge in its akncc. 

Cancer and telomerase 
‘I‘hc tclomere hypothesis of cellular senescence and aging 

had a stunning implication: inhibition of telomerase might 

limit the growth of tnmors without significantly affecting 
normal, non-proliferative tisstics. ‘I’he caveats of this impli- 

cation have become clear through two t);pes of recent 
observations. First. ‘I‘EK knockout mice are, at least ini- 

tially, no more resistant to certain types of tumors than 

\vild-t\pe mice [Sl]. Second. an alternative (tclomerase- 

independent) pathwq for telomerc maintenance, termed 
AI:I’, has been identified in human cells. ALI’ is probably 

active in the -10’S of hum:m tumors that lack detectable 

telomerase activity [SS]. ‘I’his sccondar~ pathway of telom- 
ere maintenance appexs similar to the K:ZD.52-dependent 

pathway found previously in budding )-casts - it pathcw~ 

that maintains telomeres through unequal homologorrs 
recombination [.i8,ih]. 

‘The fact remains, however, that the majorit?; of human 
tumors contain elevated telomcrase Ic\cls. l’hat. coupled 

with the fact that the ability to diagnose cancers in earl!- 

Figure 4 
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Cells with a finite replicative potential can be immortalized by several 
methods. In some cell types, inactivation of pRblpl6 and ~53, 
combined with telomere maintenance, can lead to cellular 
immortalization accompanied by aneuploidy and the loss of growth 
Inhibition typical of oncogenically transformed cells (In orange), 
whereas exogenous expression of telomerase alone can extend 
replicative potential apparently without causing oncogenic 
transformation (in green). It is possible, however, that as yet 

untdentified factors may later facilitate the oncogenic transformation of 
telomerase-immortalrzed cells. 

stages of clcvelopment often translates into increased sur- 

vi\A rates. has hastened the use of tclomcrasc as an 

indicator of cellular transformation in clinical settings. In 
urine analyses for the diagnosis of bladder cancers. telom- 

erase activity appears to he a more sensiti\,e inclic~rtor of 

oncogeniu transformation than the more standard c~tologi- 
cal examinations [.57’]. ‘I’elomerasc activity, howe\q may 

not be a reliable indicator of transformation in e:irly stage 

cervical cancer lesions ]58,59]. ‘I‘hus the usefulness of 

telomerase as an early indicator for the presence of cancer 
is probably cell-type-dependent. 

What price immortality? 
Recent studies suggest that although telomerase may he 

able to immortalize some cell types, such immortalization 

does not cause oncogenic transformation. as can he judged 

1~~ many criteria [~l”,S!“]. ~urthcrmore, genomic insta- 
hilit) is common in cancerous cells. pet forced telomerase 

expression in SVN-transformed human fihrohlasts 
redtrced the occurrence of bicentric chromosomes and 

h~perploidy [?A)“], and thus protected against at least one 

cause of genomic instabilit): ‘l~lomerase-mediated cellular 
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immortalization may thus have significant therapeutic LISC- 
fulness in growing human tissues in culture. 

Although these findings are significant, recent history 

warns us that it is still too soon to claim that telomcrasc 
induction will not potentiate oncogenic transformation. 

‘[‘he obverse side of the coin is that ectopic telomcrasc 

expression also allowed [Jre-neoplastic, partially trolls- 

formed tibrohlast, HhllXZ, and human embryonic kidney 
cells cells to proliferate [27”,.30’*]. klence, in this context, 

telomerasc expression exhibits a cancer-promoting proper- 
ty. It has been estimated that following hone-marrou 

transplantation, t&mere shortening ma); cause the donat- 

ed cells to ‘age’ by fifteen years [CA)]. On the one hand, 

could such ‘aging’ be obviated by cctopic expression of 

telomcrase (I)r Jekyll) in the transplanted tissue? On the 
other hand. wot~ld expression of tclomerasc (hlr I Iydc) 

then incrcasc the likelihood that the transplant4 tissue 

woi~ld itself be susceptible to oncogcnic transformation? 

Conclusions 
We still have much to learn about both the molecular 

mechanisms of the telomerasc reaction and its control in 

the proliferating cell. ‘I‘he recent work discucscd hcrc 

emphasizes the Jekyll and Hyde nature of telomerase in 

the context of human and mammalian biology. I)ata sum- 
marized here show that although ectopic expression of 

telomerasc can immortalize cells without inducing the 

genomic instability associated with tho cancerous state, the 

effects of ectopic telomerdse expression are cell-type-spe- 
cific. Advancing our understanding of these aspects of 

telomerase will be crucial to deploying it in the interest of 

human health. In the end. WC ww~ld do well to keep in 

mind the words of Robert 1,ouis Stc\znson‘s 1Ir Jekyll. “I 

hesitated long before I put this theory to the test of prac- 

tice. 1 kneu, well that I risked death; for any drug that so 

potently controlled and shook the wr); fortress of identity. 
might. by the least scruple of an overdose . utterly blot 

out that immaterial tabernacle which I looked to it to 

change. Rut the temptation of a discovery so singular and 

profound at last o\wcamc the suggestions of alarm” 161 1, 
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