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Tumours require telomeric integrity to maintain viability, conferred by adequate length of
telomeric DNA replenished by telomerase, and binding of telomere-binding proteins (TBPs),
thus telomeres have received attention as an anticancer target. Levels of TBPs in tumour
tissue may have implications for drug development if they render some cancers relatively
more sensitive or resistant to telomere targeted agents. This review gives an overview of
the studies examining the levels of TBPs in tumours and discusses possible reasons for dif-
ferences in the findings, given the interplay between various factors determining telomere
stability. Whether cancers with lower levels of TBPs will be more susceptible to therapies
targeting telomere maintenance will require clinical trials of these novel therapies.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Telomere maintenance as cancer target

Telomeres are the specialised DNA-protein complexes found
at the tips of linear eukaryotic chromosomes. In humans they
consist of several kilobases of the repeat sequence 5-GGT-
TAG." For most of its length it is double-stranded, but termi-
nates in a 3’ overhang of 100-200 bases of the G-rich strand.
Associated with the telomeric DNA are three sequence-spe-
cific DNA binding proteins: TRF1, TRF2 and POT1, plus three
bridging or adaptor proteins: RAP1, TIN2 and TPP1. The telo-
mere-associated proteins (‘shelterin’)? or ‘telosome’ masks
the chromosome terminus, preventing it from being mistaken
for a double-strand break, while the telomeric DNA itself

* Corresponding author: Tel.: +44 115 9124524; fax: +44 115
9124521.
E-mail address: humphreys_jenny@yahoo.com (J.C. Cookson).

serves as a buffer of non-coding DNA that in normal cells is
gradually eroded over the cycles of cell division due to the
end replication problem.* To preserve genomic integrity, once
the telomeres are shortened below a critical length, normal
cells are signalled to cease replication. This signal is believed
to be mediated through the release of shelterin proteins from
the shrinking telomere (‘uncapping’).

Since a capacity for limitless replication is a hallmark of
cancer cells,” it is clear that they must activate a mechanism
to overcome the process of telomere erosion. In contrast to nor-
mal somatic cells, in 85-90% of tumour cells the enzyme telo-
merase is over-expressed and activated.® Telomerase is a
specialised reverse transcriptase that can add multiple telo-
meric repeats (5'-GTTAGG) onto the 3’-end of a telomere, and
so counter the process of replication-associated telomere
shortening. In the remaining minority of tumours, an alterna-
tive recombination-based mechanism (ALT) maintains telo-
mere length.” Either way, the maintenance of competent
telomeres is crucial to the survival of tumour cells, and so the
possibility of disrupting this process represents an exciting
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new approach to therapy - before examining this further, the
key components involved will be briefly described.

1.2. Telomerase

Telomerase is a ribonucleoprotein and specialised reverse
transcriptase, which consists of a 127 kDa protein, hTERT
and a stably associated ~450 base RNA, hTR.®2 Embedded
within the hTR sequence is the template used to add telomeric
repeats. The structure and functions of telomerase have been
recently reviewed, and the structure of the catalytic compo-
nent was more fully elucidated.®

Alarge number of proteins have been identified that appear
to interact with telomerase, the functional significance of
many of which is unclear. In vitro, telomerase can function
without any protein partners and it has recently been shown
that the active entity in vivo appears to be just two copies each
of hTERT, hTR and dyskerin.’® This discussion will be re-
stricted to identifying certain candidates that may directly
mediate telomerase recruitment to the telomere (see Fig. 1a).
The KU complex binds to telomeric DNA, TRF1 and TRF2,
and interaction with both hTERT and hTR has also been dem-
onstrated. Interestingly, KU and other DNA damage response
proteins are required for telomere maintenance.'* hEST1A is
a human homologue of yeast EST1P, which interacts with both
hTR and CDC13P,*® the yeast homologue of POT1, and is
essential for telomere maintenance. hEST1A plays a similar
functional role in man though whether this is through a simi-
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Fig. 1 - Organisation and interactions in the shelterin
complex. (a) The putative ‘open’ form of the telomere
terminus and the direct and indirect interactions between
shelterin components and telomerase. (b) The topology of
the ‘closed’ form which may involve significant reorgani-
sation of protein interactions.

lar mechanism remains to be established; it has been shown to
uncap chromosome ends when over-expressed, manifested in
anaphase bridges due to chromosome end fusions with persis-
tence of telomeric DNA at the fusion points.'* PINX1 is a TRF1-
binding protein®® that also binds to hTR.'® Over-expression of
PINX1 reduces telomerase activity and telomere length.

1.3.  Telomere-associated proteins

TRF1 and TRF2 are homologous ~60 kDA proteins that are
found associated with the full length of the double-stranded
portion of the telomere. Both contain a C-terminal DNA bind-
ing domain homologous to the Myb proto-oncogene thatrecog-
nises the sequence TAGGGT and a large central dimerisation
domain.” Despite their homology, they are distinct enough
in their dimerisation domains that only homo-, not heterodi-
mers appear to be formed. They differ particularly in their N-
terminal regions where TRF1 contains an acidic motif while
TRF2isrich in basic amino acids. TRF1 appears to play a partic-
ular role in regulating telomere extension; over-expression
leads to telomere shortening while ablation results in telomere
lengthening.’® In contrast TRF2 is more involved in maintain-
ing telomere structural integrity and can delay the senescence
set-point; cells transfected with dominant negative TRF2 show
end-to-end chromosome fusions.'® Depletion of TRF2 acti-
vates ATM and other DNA damage response factors, including
53BP1, gamma-H2AX, RAD17, ATM and MRE11.2%%!

POT1 consists of an N-terminal domain comprising two oli-
gosaccharide/oligonucleotide (OB) folds that bind strongly and
selectively to the G-rich single-strand of telomeric DNA, plus a
C-terminal domain that can vary amongst splice variants and
which is involved in protein-protein interactions, as well as
considerably modulating the DNA binding affinity of the N-ter-
minal domain.?? Experiments examining the effect of POT1
over-expression illustrate the complexities involved. Thus,
POT1hasbeen reported to facilitate telomere elongation by tel-
omerase,” but conversely to act as a negative regulator of telo-
mere length possibly though DNA binding and effects on
substrate access by telomerase.>* Removal of POT1 results in
an ATR-dependent DNA damage response.?

TIN2 and TPP1 (PTOP/PIP1/TINT1) are the key adaptor/
bridging proteins. TIN2 binds to TRF1, TRF2 and TPP1,%° while
TPP1 additionally bridges to POT1; TPP1 and POT1 can form a
complex with telomeric DNA that has recently been shown to
increase the activity and processivity of telomerase.® In con-
trast RAP1 interacts only with TRF2?” though it also contains
an apparently non-functional Myb domain.

In addition to shelterin, the six core-proteins of the telo-
mere protection complex, the ‘telosome’ additionally in-
cludes HP1 and SUV39H1/H2 (chromatin regulators), the
MRE11/NBS1/RAD50 complex, ATM, WRN, BLM, ERCC1/XPF,
RAD54, RAD51D and XRCC3 (DNA repair proteins) plus
TANK1, TANK2, DKC1 (associated with the hTR) and
hSnm1B/Appolo exonuclease that directly binds TRF2.%

1.4. Telomere structure and dynamics
Information about the various DNA-protein and protein—pro-

tein interactions between the components of the telomere,
combined with electron microscopy data, has led to a model
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for telomere structure and dynamics.>*° Under normal
conditions a ‘closed’ state is adopted, in which the single-
stranded 3’-terminus loops back and strand invades an up-
stream double-stranded region of the telomere (see Fig. 1b).
The loop thus formed (the t-loop) may be very variable in size.
The displaced single-strand also forms a loop (the d-loop).
TRF1 is proposed to be associated primarily with the more
regular double-stranded regions of this structure, while
TRF2, plus RAPI1, localises to the non-canonical regions.
POT1 binds to the displaced d-loop DNA, and TIN2 and TPP1
then act to ‘glue’ this complex together. However, this state
is clearly incompatible with telomere extension by telome-
rase, or replication in general, so an alternative ‘open’ struc-
ture for the telomere must exist at least some of the time in
such cells (Fig. 1a). A key element of this remodelling is unlo-
oping of the telomeric DNA, and the relocation of POT1 to the
single-stranded terminus where, in association with TPP1, it
recruits and promotes telomerase activity. The different roles
played by POT1 in the open and closed states of the telomere
could help to explain the apparently contradictory observa-
tions regarding the effects of POT1 over-expression men-
tioned above (Section 1.3).

1.5. Summary of possible therapeutic approaches
targeting telomere maintenance/integrity

Telomere maintenance presents a wide variety of possible
opportunities for therapeutic intervention in cancer (for re-
cent reviews see [29,30]). Broadly speaking these fall into
two categories: those based on inhibiting telomerase and
those based on destabilising the telomere, though in practice
the distinction is less clear-cut. Attempts have been made to
find small molecule inhibitors of the reverse transcriptase
activity of telomerase, e.g. the nucleoside analogue AZT,*
non-nucleoside natural products, e.g. EGCG*?> and novel
chemicals, e.g. BIBR1532.® Antisense oligonucleotides with
modified backbone chemistry have been targeted to the
RNA component of telomerase, acting as telomere substrate
antagonists; a short lipidated version, GRN163L is in clinical
trial.*® Indirect approaches targeting telomerase activity in-
clude the inhibition of the chaperone protein Hsp90 for which
hTERT is a client protein, e.g. by novobiocin,** or interference
with post-translational regulation of telomerase activity, e.g.
by bisindolylmaleimide, a protein kinase C inhibitor.>?
Alternative approaches to inhibiting telomerase action tar-
get the substrate —i.e. the 3’ overhang. The aim of these is to
convert the terminus into a form where it can no longer serve
as a primer for extension. Hybridisation with complementary
peptide nucleic acids (PNAs) has been tried,* and there are
also a variety of ‘telomerase inhibitors’ whose mechanism
of action involves sequestering the overhang into a quadru-
plex form, e.g. BRACO19, RHPS4, 12459 (reviewed in [37]). It
has been the study of this last type of approach that has re-
vealed telomere disruption as the target. It may be appreci-
ated that agents targeted to single-stranded telomeric DNA
may have quite different effects on the ‘closed’ structure of
the telomere. Indeed, both the quadruplex targeting agents
telomestatin and RHPS4 cause the displacement of POT1
and TRF2 from the telomere and DNA damage events. Clearly,
many other opportunities to target specific DNA-protein and

protein—protein interactions within the shelterin complex
exist.

1.6.  Why levels of TBPs are of interest

Recent studies on G-quadruplex ligands have demonstrated
the induction of DNA damage selectively at telomeres and
the potential clinical utility of this mechanism.?®2> Moreover,
the displacement of the telomere-binding proteins POT1 and/
or TRF2 was key to the anticancer properties of the ligands
and their over-expression led to treatment resistance in
mice.?® Thus to understand the likelihood of innate tumour
sensitivity or resistance to agents targeting telomere integrity,
the basal level of telomere proteins may be revealing: levels of
TBPs in tumour tissue may have implications for drug devel-
opment if they render some cancers relatively more sensitive
or resistant to telomere targeted agents. Several articles have
now been published examining the levels of telomere-binding
proteins in clinical samples and comparing to normal tissue
or cancers at various stages of development; however, no
clear trend seems yet to be emerging.

1.7.  Aims of this review

This review aims to gather an understanding of the studies
that have investigated how TBP levels vary between tumours
and how levels compare to those in normal cells, on various tu-
mour types, indicating the n value for the study and a brief
description of methodology. Some studies which dealt only
with tumour subtypes but not with normal tissue are also in-
cluded to give an insight into how readily and widely the levels
of TBPs can alter in tumours and other factors involved. Some
studies are considerably stronger than others from a statistical
point of view and some examined TBP levels alongside telome-
rase activity and telomere length, aiding in the interpretation
of the findings. Findings will be focussed on and classified
according to the trends observed for TRF2 and POT1; but the ef-
fects on TRF1 and other TBPs where available in these same
studies will also be covered for completeness. Where several
studies exist for a particular tumour type/group of related tu-
mours, these will be considered together. Studies under the
broad classification of tumours of haematopoietic origin ap-
pear to be the most abundant with several study results avail-
able for comparison; perhaps due to the greater accessibility of
tissue samples as the need for invasive tumour biopsies are
avoided. Having an understanding of how TBP levels varyin tu-
mours may help to predict in which circumstances treatment
with agents targeting telomeric integrity may be appropriate.

2. Review of data

2.1.  Studies showing up-regulation of TBP levels in
tumour tissue compared to those in normal tissue

2.1.1. Leukaemias/ tumours of haematopoietic origin

Up to ~1.5-fold higher expression of TRF2 mRNA in adult T-cell
leukemia (ATL) patients (n = 6) compared to that in human T-
cell leukaemia virus type 1 (HTLV-1)-infected asymptomatic
carriers (n = 4) or resting peripheral blood mononuclear cells
(PBMCs) from an HTLV-1 negative donor (n=1) (p<0.011)
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(uncultured samples) was detected by RT-PCR, normalised to
GADPH expression.* TRF1 and TIN2 mRNA were also over-ex-
pressed (~2.5-fold, p<0.0004 and ~2.5-3-fold, p < 0.0001,
respectively) but POT1 did not show this pattern (p < 0.104).
Up-regulation of TRF2 was confirmed at the protein level (visu-
ally) in 2 of 3 ATL patients compared to PBMCs (n = 1) and in 3 of
3 ATL patients for TRF1 and TIN2. Considerably higher telome-
rase activity was detected in all the ATL patients when com-
pared to the HTLV-1 infected AS carriers; control resting
PBMCs from one healthy volunteer (uninfected) showed no
activity. HTLV-I-infected cells from 5 ATL patients also had sig-
nificantly shorter telomeres compared to non-infected PBMCs
from the same patients. In vitro studies revealed consistent lev-
els of expression of TRF1, TRF2 and POT1 mRNA between 2
HTLV-1 negative human leukaemic cell lines and 7 HTLV-1
transformed or immortalised cell lines, again by RT-PCR. Sub-
sequent analysis of mRNA extracted from one of the HTLV-1
transformed lines compared to PBMCs did suggest the over-
expression of POT1 (~2.5-3-fold, p < 0.0002), TRF2 (~1.5-fold,
p <0.002), TRF1 (~1.5-1.75-fold, p < 0.002) and TIN2 (<1.5-fold,
p <0.003) in human leukaemic cells and HTLV-1 expressing
cells; this was confirmed at the protein level in 3 of the HTLV-
1 cell lines compared to the PBMCs of one HTLV-1 negative
donor.

Four different types of B-cell non-Hodgkin lymphomas
(NHLs) (mantle cell lymphoma, follicular lymphoma, diffuse
large B-cell lymphoma and Burkitt lymphoma, 7 or 8 samples
of each subtype, specimens obtained during surgery) and 8
lymph nodes with benign unspecific lymphadenitis as control
were examined for TRF2 mRNA levels (measured by real-time
RT-PCR).*° Levels were highest in Burkitt’s lymphoma (approx-
imately twice the level of that of the reactive lymph nodes); low
levels, with only minor, non-significant differences were
detected between benign lymph nodes and the other lympho-
mas. Parallel findings were made for hPifl - also a telomeric
DNA-associated protein (and DNA helicase) which acts as an
inhibitor of telomerase-mediated telomere lengthening. No
significant difference was detected for the expression of TRF1
and tankyrase. Telomerase activity was also highest in Bur-
kitt's lymphoma and it was suggested that tumours over-
expressing TRF2, such as Burkitt’s lymphoma, might show
greater resistance to telomerase inhibition. Another possible
insight arising from the results of this study was the suggestion
that the down-regulation of negative telomere length regula-
tors (e.g. hPifl) in lymphomas with high proliferation and low
telomerase activity, could balance telomere loss and synthesis.

In a study of chronic myeloid leukemia (CML) ,** CD34* leu-
kaemic blast cells compared to the CD34" cell population
from bone marrow of healthy individuals were compared
for TRF2 mRNA levels, examined by quantitative real-time
RT-PCR. TRF2 was raised in the ‘majority’ of chronic phase pa-
tients (CP) and accelerated phase patients (AP) compared to
controls or post-imatinib treated CP patients in cytogenetic
remission; these data are presented in Table 1. p-Values were
not stated. Blast crisis (BC) levels were in the range of controls
in the majority of patients. TRF2 mRNA appeared to be raised
in CP and AP but then decrease with disease progression to
BC, correlating with tankyrase at all stages (r=0.859,
p < 0.0001); it was postulated that the raised TRF2 and tankyr-
ase may contribute to telomere maintenance in CML. TRF1

was also increased in the majority of CP and AP relative to
normal controls (CP p = 0.0015), reduced in BC (see Table 1).

In this study, hTERT expression was actually reduced in
the majority of CML patients (all disease stages) and progres-
sively decreased with disease progression, although a non-
statistically significant increase in the functional over the
inactive splice variant transcripts was observed. Although
telomere length was not measured in this particular study it
was suggested that the reduced hTERT expression reported
could be responsible for the shortened telomeres reported
in CML (Ref. within [41]).

2.1.2. Gastric tumours

In a study of 20 primary gastric carcinomas,* 12 (60%) ex-
pressed TRF2 mRNA levels at least three times greater than
the corresponding non-neoplastic mucosa (measured relative
to B-actin by RT-PCR). Statistical significance was not re-
ported. Using the data from that paper and applying the reci-
procal threshold to examine the incidence of under-
expression in tumours relative to normal tissue, 2 of the 20
carcinomas (10%) expressed lower levels of TRF2 mRNA than
the corresponding non-neoplastic mucosa, leaving 30% of tu-
mours with levels not markedly different from matched nor-
mal tissue. An advantage for TRF2 elevation is suggested by
virtue of its frequency (60%) albeit without a measure of sta-
tistical significance. Levels of TRF2 did not correlate with tu-
mour staging by histological classification, suggesting that if
TRF2 over-expression is advantageous in gastric carcinoma,
this is the case only at a very early stage of carcinogenesis.

In the same study, tumours expressing higher levels of
TRF2 also expressed significantly higher levels of other TBPs -
tankyrase (p =0.0012) and TIN2 (p = 0.041). TRF1 and tankyr-
ase were over-expressed in 50% of tumour tissues, TIN2 in
30%. Whereas tumours with short telomeres (<2 kbp) pos-
sessed significantly higher telomerase activity (~3.5-fold,
p =0.039) and TRF1 levels (0.5 cf. 0.2, p =0.033), clear trends
with TRF2 were not evident. The authors proposed that tu-
mours with shorter telomeres may require relatively higher
levels of both telomerase activity and TBPs, to maintain telo-
mere function and therefore chromosomal stability.

In another study,*®> POT1 mRNA levels, measured relative
to B-actin by quantitative RT-PCR, were raised in the majority
of gastric cancer cell lines (n = 23) compared to 5 normal hu-
man cell lines (p < 0.05) with mean levels in all cancer cell
lines studied (n=56) of 171+129.6 (range 27-819), cf.
56 + 17.7 (range 31-76) in the normal cell lines; data are repro-
duced in Table 2. Messenger RNA levels of the POT1 interact-
ing protein TPP1 were also measured and shown to weakly
correlate with POT1 (p = 0.055); neither protein message corre-
lated with telomere or 3’ overhang length but both correlated
with hTERT levels (p < 0.001). An indirect role in regulating
telomere and/or 3’ overhang length was suggested via an ef-
fect on telomerase processivity.

2.1.3. Lung - NSCLC

TRF2 mRNA was found to be increased in atypical adenoma-
tous hyperplasia (AAH), a precancerous lesion, and in bron-
chioloalveolar carcinoma (BAC) as compared to normal lung
tissues.** No TRF2 mRNA staining was detected in normal
lung alveolar cells and staining was detected only focally as
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Table 1 - Levels of TRF2 and TRF1 mRNA in CML (Data from Ref. [41]).

Gene Disease status?® N Range Median®
TRF2 Control 8 0.82-1.43 0.97
CP 12 0.89-4.46 1.70
AP 3¢ 1.43-1.93 1.81
BC 7 0.20-1.80 1.13
Post-imatinib tx 7 0.77-2.12 1.26
TRF1 Control 8 0.65-1.53 0.99
CP 12 0.78-6.45 2.67 (p =0.0015°)
AP 3¢ 1.12-4.49 3.79
BC 7 0.20-1.22 0.80
Post-imatinib tx 7 0.68-1.54 1.06

a CP, chronic phase; AP, accelerated phase; BC, blast crisis; Post-imatinib tx, post-imatinib-treated CP patients in cytogenetic remission; and

control, CD34" cell population of healthy individuals.

b Median mRNA levels, determined by real-time quantitative PCR, normalised to the internal reference gene beta-2-microglobulin and expressed

relative to average control normalised level.
¢ One patient was followed through from CP to AP and BC.
d Two patients in this group were originally from the CP group.

e No other p-values were given suggesting that this was the only statistically significant difference.

weak to moderate staining in serous and ductal cells within
bronchial glands and in non-ciliated bronchiolar cells. There
was no statistical difference in TRF2 mRNA expression be-
tween low-grade AAH (9/11, 82%), high-grade AAH (15/17,
83%) and BAC (35/40, 88%). This study was performed on spec-
imens obtained from 28 AAH lesions of the lung resected
from 21 patients and 40 peripherally located BACs of the lung
resected from 40 patients. The incidence of positive expres-
sion of TRF2 mRNA assessed visually using in situ hybridisa-
tion: tumours in which the stained tumour cells made up
>10% of the tumour were graded as positive. The incidence
of positive TRF1 mRNA expression also increased in cancer-
ous tissue compared to normal lung but additionally in-
creased progressively throughout grade (36% in low-grade
AAH to 65% in high-grade AAH, p =0.0004, to 88% in BAC,
p = 0.046). Expression of TRF1 in low-grade AAH was lower
than TRF2, but still higher than normal cells, which showed
only a weak, focal TRF1 staining similar pattern to TRF2.

The authors point out an inconsistency that when RT-PCR
was used, TRF1 and TRF2 mRNA were detected in all samples
available for analysis by this technique, which included the
total RNA samples from 6 normal lung tissues, 1 high-grade
AAH and 6 BACs (albeit at variable strengths of expression)
and suggest greater sensitivity of primers for RT-PCR as a pos-
sible explanation for this discrepancy.

The high rate of TRF2 expression (detected by in situ
hybridisation) in precursor lesions compared to normal tissue
implicates TRF2 in the early steps of (lung) carcinogenesis, a
role which may differ from a possible regulation of telome-
rase by TRF1 inferred from the correlation of TRF1 with hTR
and hTERT staining scores (p < 0.0001) where TRF2 did not.

An in vitro study showed raised levels of POT1 mRNA in 5
lung cancer cell lines compared to 5 normal human cell lines
(p < 0.05) (see Section 2.1.2 and Table 2).*

2.1.4. Breast tumours

An in vitro study® showed that the levels of TRF2 protein
(relative to B-actin signal intensity on immunoblots) were
at least 2-fold higher in 11/15 breast tumour cell lines com-

pared to a primary culture of normal breast tissue (finite life-
span human mammary epithelial cells). Furthermore, five
independently derived immortal HMEC lines displayed mark-
edly increased levels (10-15 times) of TRF2 protein over the
carcinogen-treated extended life precursor strain. Levels of
TIN2, hRAP1 and TRF1 showed little differences in the same
cultures.

Results suggested that elevated TRF2 levels frequently oc-
cur during the transformation of breast tumour cells sugges-
tive of a role contributing to the infinite lifespan. However,
differences in TRF2 mRNA levels (measured relative to 18S
rRNA signal intensity by northern blot) were less marked
and did not correlate with the differences in protein levels: in-
deed the results were strongly suggestive of variations in
post-transcriptional regulation of TRF2 levels existing among
finite lifespan and immortalised HMEC and highlight the
importance of examining protein as well as mRNA levels be-
fore drawing conclusions.

A further in vitro study showed raised levels of POT1 mRNA
in 8 breast cancer cell lines compared to 5 normal human cell
lines (p < 0.05) (see Section 2.1.2 and Table 2).*®

2.1.5. Hepatocellular carcinoma
2.1.5.1. Hepatocellular carcinoma. In a study of human mul-
tistep hepatocarcinogenesis,*® mean TRF2 mRNA levels were
considerably higher in hepatocellular carcinoma (34, n=31)
than in normal livers (10, n =9, p-value not stated) and fur-
thermore, levels tended to increase throughout disease pro-
gression: TRF2 mRNA levels of chronic hepatitis (CH) and
liver cirrhosis (LC) tissue were higher than that of normal liver
tissue (p = 0.019); a significant increase was also observed in
the transition from low-grade to high-grade dysplastic nod-
ules (p =0.016); and a further marked increase was observed
in HCC (p =0.036). The data are reproduced in Table 3. TRF2
mRNA levels were also significantly higher in HCCs with
poorer differentiation (p=0.028) and positively correlated
with the mitotic activity (p < 0001).

TRF1 and TIN2 also showed raised levels in HCC compared
to normal liver tissue (82 vs. 26 and 51 vs. 12, respectively) and
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Table 2 - Levels of POT1 and TPP1 mRNA in human cell lines (Data from Ref. [43]).

Type Origin Cell line POT1* mRNA TPP1* mRNA
Normal Whole embryo 173We, fetus 65 25
Colon CCD-18 Co, fetus 31 11
Colon CCD-841 CoTr, fetus 76 8
Lung FHs738Lu, fetus 63 31
Endothelial HMVEC-Ad 46 12
Transformed Kidney 293 331 74
Cancer Colorectal COLO205 165 47
DLD-1 140 62
HCT-116 353 58
HCT-15 210 101
HT 29 92 151
Cervix C33A 313 67
CaSki 164 47
Hela 74 113
SiHa 70 102
Brain IMR-32 181 19
YCC-BRN 60 22
To8G 188 33
U87MG 148 38
Liver SNU-423 36 14
SNU-182 69 21
SNU-398 63 13
SNU-449 84 12
SNU-739 46 34
SK-Hep-1 27 32
Breast MCF/ADR 146 79
MCEF-7 116 20
MDA-MB-231 58 13
MDA-MB-435 151 72
SK-BR-3 168 5
T47D 181 24
YCC-B1 66 13
YCC-B2 99 9
Gastric AGS 140 14
MKN-45 445 76
NCI-N87 144 36
SNU-1 163 19
SNU-484 217 14
YCC-1 216 13
YCC-2 318 10
YCC-3 186 9
YCC-6 165 18
YCC-7 65 4
YCC-10 63 17
YCC-11 52 7
YCC-16 200 19
KATO III 147 46
MKN-1 196 13
MKN-28 172 10
MKN-74 96 10
SNU-5 101 14
SNU-16 358 43
SNU-216 50 14
SNU-638 395 48
SNU-668 163 35
SNU-719 235 27
Lung A549 233 7
NCI-H1299 819 73
NCI-H460 177 19
NCI-H596 96 11
NCI-H647 178 10

a POT1 and TPP1 mRNA levels relative to beta-actin determined by quantitative RT-PCR ([target gene mRNA of sample/beta-actin of

sample] x 100).
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Table 3 - TRF2 mRNA levels and telomere length in human multistep hepatocarcinogenesis (Data from Ref. [46]).

Tissue® N® TRF2° Telomere length? (kb)
Range Mean * SD Range Mean * SD

Normal 9 4-24 10+7.3 8.1-9.8 8.7+0.5
CH 14 7-29 17+£6.7 6.8-9.6 8.3+0.94
LC 24 4-56 17 +10.8 5.6-11.0 7.8+1.19
LRN 5 7-22 1355 5.2-9.1 7.8 +1.63
LGDN 14 6-29 14+6.4 3.9-9.8 74+1.77
HGDN 7 1441 25+84 4.5-8.1 53+1.25
DN with HCC 10 9-58 22 +14.7 4.4-8.5 6.4+1.31
HCC 31 9-92 34 +20.2 4.7-14.3 7.3+2.26

a CH, chronic hepatitis; LG, liver cirrhosis; LRN, large regenerative nodule; LGDN, low-grade dysplastic nodule; HGDN, high-grade dysplastic

nodule; DN, dysplastic nodule; and HCC, hepatocellular carcinoma.

b Large nodules, HCCs and the adjacent non-neoplastic liver tissues collected from 10 explanted livers and 28 resected specimens; the 9 normal

controls were resected liver for benign lesion or metastatic carcinoma.

c mRNA levels relative to 185 rRNA determined by quantitative real-time PCR: ([target gene mRNA copies of sample/18S rRNA copies of

sample] x 10°).

d Determined by Southern blotting and hybridisation with a 3’-end digoxigenin-labeled d(TTAGGG), probe.

similarly tended to increase in steps throughout intermediate
lesions. TRF1 (only) protein expression was evaluated by
immunohistochemical staining and found to correlate well
with mRNA levels (p<0.001). TRF1 mRNA levels (but not
TIN2) were higher in tumours with poorer differentiation
(p = 0.004); mitotic activity correlated with TIN2 (p <0.001)
but not with TRF1.

Telomere lengths in the tissues analysed for TRF2 mRNA
expression revealed a gradual shortening during hepatocarci-
nogenesis, though there was no statistically significant rela-
tionship between mRNA levels of TBP genes and telomere
length in the HCC tissues. Interestingly, significant negative
correlations between TRF2 mRNA levels and telomere length
were observed in the subset of nodular lesions with short-
ened telomeres compared to their respective adjacent CH
and LC tissue. These results suggest that a causal association
between raised TBP levels and shortened telomere length
possibly can exist, but that this relationship can either be
masked by other factors or be absent where telomere length
is apparently dictated by a different set of molecular drivers.
Thus, it was not completely resolved by this study whether
the role played by raised levels of TBPs in multistep hepato-
carcinogenesis related directly to the modulation of telomere
length. The authors suggest that an excess of telomere-bind-
ing proteins may balance telomerase activation to maintain
telomeres in the development of HCC (though the study did
not analyse telomerase activity).

In another study, analysing 31 pairs of HCC and adjacent
non-cancerous liver tissues, POT1 mRNA levels (measured
by real-time quantitative PCR) were significantly higher in
cancer compared to normal tissue (cancer range 12-421,
mean 58 + 78; normal range 5-92, mean 23 + 17.1; p = 0.018).
TRF1 levels were also raised in cancer tissue (mean 84 vs.
34, p < 0.001). Neither protein correlated with 3’ overhang or
telomere length, whereas hTERT levels did.*’

2.1.6. Skin cancer (non-melanoma)

Real-time PCR analysis of TRF2 levels relative to p-actin was
performed on a series of human primary tumours and com-
pared to normal skin.*® Levels were elevated 10-50-fold in 3

of 15 basal cell carcinoma (BCC) samples and 1 of 3 squamous
cell carcinoma (SCC) samples compared to normal tissue; this
was confirmed at the protein level in 1 BCC and 1 SCC tumour
by immunofluorescence analysis. None of the 15 BCC and 1 of
the 3 SCC samples showed a greater than 10-fold reduction in
relative TRF2 level compared to the corresponding normal tis-
sue, and the remaining showed no significant difference in
relative TRF2 mRNA level from normal control tissue.

The authors suggested therefore that increased expression
of TRF2 can be associated with human skin carcinogenesis
and experiments with mice suggested a mechanism for the
apparent role of TRF2 in the pathogenesis of skin cancer
involving XPF nuclease and increased sensitivity to UV
irradiation.*®

2.1.7. Cervical cancer

An in vitro study showed raised levels of POT1 mRNA in 4 cer-
vical cancer cell lines compared to 5 normal human cell lines
(p < 0.05) (see Section 2.1.2 and Table 2).**

2.2.  Studies showing down-regulation of TBP levels in
tumour tissue compared to those in normal tissue

2.2.1. Tumours of haematopoietic origin

In leukaemic cells from 16 acute leukaemia patients - 3 acute
lymphoblastic leukaemia (ALL) and 13 acute myelogenous leu-
kaemia (AML), peripheral blood or bone marrow samples -
mean expression of TRF2 mRNA was significantly lower than
in normal leukocytes - normal granulocyte, monocyte and B-
and T-lymphocyte fractions obtained from peripheral blood
of 6 healthy donors (p < 0.01); levels were measured relative
to GADPH by quantitative TagMan RT-PCR.>° There were paral-
lel findings for TRF1 (p <0.01) and TIN2 (p < 0.05). Statistical
significance was higher for TRF2 and TRF1 (p < 0.001 for both)
when comparing only the 13 AML patients with normal con-
trols, whereas there was no significant difference for the 3
ALL patients compared to the normal lymphocyte fractions.
Actual levels were not stated but changes in means were less
than an order of magnitude. The opposite trend was observed
for telomerase activity, being approximately 5-10-fold higher



EUROPEAN JOURNAL OF CANCER 45 (2009) 536-550 543

in patient samples (n = 12) than in normal B- and T-lympho-
cytes (n = 4), respectively, and no activity was detected in nor-
mal monocyte and granulocyte fractions. Telomere length was
shorter in patient samples (n = 12) than the normal leukocyte
fractions (n=3, p<0.05). (No significant difference was ob-
served between normal cell types). The model proposed to fit
the results was one of telomerase reactivation by shortening
of telomere length during haematopoietic carcinogenesis,
with the down-regulation of negative regulators of telomere
length (i.e. TRFs, TIN2) to maintain telomere length. In vitro
studies on the HL-60 cell line showed a gradual increase in
TRFs and TIN2 mRNA upon the induction of differentiation
by TNF 471 and all-trans retinoic acid (4-4.5-fold over 4-5
days); this was accompanied by a significant decrease in telo-
merase activity (~98%), again suggesting an inverse relation-
ship between telomerase activity and TBP levels.

A significant decrease in mRNA expression of TRF2, TRF1
and POT1 was detected in total blood samples from 42 B-cell
chronic lymphocytic leukaemia (B-CLL) patients as compared
to 20 healthy donors (p = 0.036, p < 0.001 and p < 0.001, respec-
tively), measured by quantitative PCR and normalised to three
reference genes.”* Although results were not confirmed at the
protein level, reduction in the expression of factors involved
in telomere capping was postulated to facilitate telomere deg-
radation and shortening and thus possibly explain the short-
ened telomeres reported in B-CLL cells and associated with
poorer prognosis (Ref. within [51]). Levels of hRAP1 were also
decreased in B-CLL (p<0.001), TPP1 levels were raised
(p < 0.001) and no significant change was observed in TIN2.

2.2.2. Gastric tumours

Cancerous and adjacent non-cancerous tissue samples were
obtained from 32 patients undergoing surgery>; non-cancer-
ous mucosa included normal mucosa, atrophic gastritis and
intestinal metaplasia. Mean TRF2 mRNA levels, normalised
to GADPH (determined by quantitative RT-PCR) were signifi-
cantly down-regulated in gastric cancer tissue (13.7 +9.0,
n = 24) compared to the non-cancerous gastric mucosa tissues
(25.3 £20.2, n =53, p < 0.002). Although data were not shown,
the authors reported that there was no down-regulation of
TBPs in the intestinal metaplasia and atrophic gastritis tis-
sues compared to the normal mucosa, interesting because
both represent high-risk conditions for the development of
cancer; by contrast, changes in TRF2 levels (up-regulation)
were detected in precursor lesions of liver and of lung cancer
([46,53] see above and below, respectively). Significant down-
regulation of TRF1 (mean 14.5 £ 9.9 vs. 32.7 = 25.1, p < 0.0001)
TIN2 and tankyrase (but not hRAP1) was also detected in
the gastric cancer tissue. The authors speculated that the
modulation of telomere length by alteration in levels of these
proteins would not seem a sufficient explanation for the
observation since TRF2 and tankyrase have been reported to
have opposing effects on telomere length (in separate studies:
[54,55]); note though that telomere length was not actually
measured in this study.

Evidence of down-regulation of TRF2 protein in a further
study,>® which obtained cancer and ~3 cm-separated non-
cancerous gastric tissue specimens from surgically resected
stomach tissue, was obtained using immunohistochemistry.
TRF2 (and TRF1) protein staining was ubiquitous, therefore

staining was scored positive when cells were judged to have
greater TRF staining intensity than co-present interstitial
lymphocytes; a total of 1000 cancerous and 1000 normal epi-
thelial cells were observed and positive staining ratios calcu-
lated. The average positive staining ratio for TRF2 was
65.6 + 20.7% in non-cancerous tissue and significantly lower,
42.9 £ 22.1%, in cancerous tissue (p <0.01) (range 17.1-95.3%
and 6.9-85.0%, respectively). The TRF2 positive staining ratio
correlated negatively with depth of invasion and histological
classification, e.g. TO/1, mean 62.6 vs. T4, mean 18.1,
p<0.01; G1 and G2, mean 60.9 vs. G3 and G4, mean 32.1,
p <0.001. There were parallel findings of similar magnitude
with TRF1. Expression of TRFs did not correlate with telome-
rase activity which was detected in a significantly higher pro-
portion of cancer than non-cancer tissues, and activity levels
were significantly higher in cancer; however, telomerase
activity did not increase with depth of tumour. The authors
proposed that the suppression of TRF-mediated telomerase
inhibition with tumour progression, through the down-regu-
lation of TRF levels, may help to maintain the proliferative
capability of the cancer cells and efficient telomerase activity.

POT1 levels were compared in 51 pairs of gastric cancer tis-
sues and the corresponding non-neoplastic mucosae with no
significant inflammatory involvement.”” Tissue pairs were
maintained and quantitative RT-PCR used to compare POT1
(only) mRNA levels in tumours relative to the corresponding
normal tissue to give a T/N ratio; a T/N ratio > 2.0 was deemed
to represent up-regulation and a T/N < 0.5 to represent down-
regulation. Up-regulation of POT1 was found in 23.5% of cases
(12/51) and down-regulation in 35.3% of cases (18/51). Approx-
imately half the GC patients showed no changes in POT1
expression. Down-regulation of POT1 (T/N < 0.5) was observed
significantly more frequently in stage I/II GC (incidence 52.4%,
11 of 21) than in stage III/IV GC (incidence 23.3%, 7 of 30;
p=0.033) and conversely, up-regulation of POT1 (T/N > 2.0)
was observed significantly more frequently in stage III/IV GC
(33.3%, 10 of 30) than in stage I/l GC (9.5%, 2 of 21,
p =0.048). There was also a positive correlation in T/N ratio
with tumour progression, which was significantly higher in
stage III/IV tumours than in stage I/II tumours (3.84 + 8.02
vs. 0.75x0.72, respectively, p=0.005). Changes in POT1
expression levels would therefore seem to be associated with
stomach carcinogenesis and GC progression. Telomere length
and 3’ telomeric overhang signals were analysed in 20 of the
51 GC tissues (randomly selected). POT1 mRNA expression
levels decreased in accordance with telomere shortening
(r=0.713, p=0.002) and decreases in 3’ telomeric overhang
signal (r=0.696, p = 0.002) suggesting a role for POT1 in the
regulation of telomere length (or alternatively an association
between POT1 levels and telomere length). Further work with
POT1 antisense oligonucleotides suggested that the inhibition
of POT1 may induce telomere dysfunction (telomere shorten-
ing, reduction in overhang and appearance of anaphase
bridges).

A further study®® demonstrated that POT1 expression in 4
gastric cancer cell lines was decreased compared to that in
lymphocytes obtained from healthy individuals (n = 3) (levels
in cell lines determined from the signal density of immuno-
blotting standardised to that in lymphocytes, which was set
to 100%, ranged 25-47%). The cancer cells also showed shorter
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telomere length (range across the 4 cell lines was 2.8-4.7 kb,
compared to 9.9 kb in lymphocytes), moreover, POT1 levels
were shown to be significantly correlated with telomere
length (Spearman r = 0.9998, p = 0.0167). In surgical specimens
resected from 24 gastric cancer patients, POT1 index, as-
sessed by immunohistochemistry compared to infiltrating
lymphocytes, was reduced in stage III-IV gastric cancers
(23 + 14%, p <0.0001) compared to stage I-II gastric cancers
(39 + 14%, p < 0.0001) (stage III-IV vs. I-II, p < 0.05). POT1 index
in gastric epithelia distant from the cancer was 84 + 14%
(p <0.0001) and 72 + 24% (p < 0.0001) in peritumoral epithelia.
Additionally, POT1 index was compared with telomere vol-
ume determined previously by FISH and the two found to cor-
relate (p <0.0001, Spearman r=0.7137). The results suggest
that POT1 expression corresponds to telomere length in gas-
tric cancer tissue. POT1-low cases showed advanced cancer
invasion (p < 0.05) but no difference in nodal metastasis, per-
itoneal dissemination or histological type.

2.2.3. Breast tumours

A study of breast tissue using in vivo samples® revealed
some interesting trends: in 127 breast cancer tissues and 33
normal background tissues collected after surgery, the levels
of POT1 mRNA measured by real-time PCR were lower in
malignant compared to non-malignant tissues (means
85,454 vs. 144,218, respectively); this was statistically signifi-
cant only when comparing mean levels in normal tissues
(144,218) with TNM3 (1,327, p=0.012) and TNM4 (28,206,
p =0.011), although there was not a consistent decreasing
trend for stages TNM1 to TNM4. Comparing clinical out-
comes, POT1 levels were significantly higher (p < 0.05) in tu-
mours of patients who remained disease free than in those
who suffered either local recurrence, bony metastasis, or
died from breast cancer, possibly suggesting a tumour sup-
pressive effect of POT1. Mean data for POT1 and TRF2 are
reproduced in Table 4.

The trend was similar for TRF2 with non-cancerous tissues
expressing higher mRNA levels than malignant (mean 255
versus 178.5); however, statistically significant differences
were not observed. TRF2 mRNA decreased with increasing
grade of the tumour (p-values not stated). Levels were partic-
ularly low in TNM stage 3 - with statistically significant differ-
ences between TNM1 and TNM3 (means 255 vs. 0.74, p = 0.05),
and TNM2 and TNM3 (85 vs. 0.74, p = 0.0021) but again with-
out a consistent decreasing trend for stages TNM1 to TNM4.
There also was not a clear trend of decreasing levels with
deteriorating clinical outcomes but levels were higher in tu-
mours from patients who remained disease free compared
with those who developed local recurrence (means: 174 vs.
79, p=0.43) or distant metastasis (means: 174 vs. 26,
p = 0.12) though these differences were not statistically signif-
icant; levels in patients who died of cancer were intermediate
between disease free survivors and those with local recur-
rence or distant metastasis (132.7).

It was suggested that POT1 (and TANK?2) being significantly
over-expressed in this study in benign tumours compared to
advanced tumours, may possess tumour suppressor proper-
ties, perhaps through negative regulation of telomerase activ-
ity (not measured directly though component gene expression
supports this). No clear trends emerged for TRF1 for which

mean levels were higher in malignant tissues but not
significantly.

The mRNA expression of TANK2, TIN2, hTERT, TANKI,
TEP1, EST1 and hTR was also measured, but the findings are
outside the scope of this review. Briefly, the levels of TANK2
and TIN2 transcription were also lower in malignant tissues,
whereas hTERT, TANK1, TEP1, EST1 and hTR were higher in
tumour samples compared with normal breast tissue.

In another study of breast cancer,?® expression of TRF2 and
TRF1 mRNA was significantly lower in cancerous tissue
(n=38) than control tissue from the same resected breasts
(n=16) by an approximately 2- to 3-fold difference in mean
levels, measured by quantitative TagMan RT-PCR (p < 0.0001).
Levels were higher in breast cancer tissues without detectable
telomerase activity (n=13) compared to those with (n=25)
(TRF2: p < 0.016; TRF1: p < 0.001). There was a non-significant
negative correlation between expression of the TRFs and telo-
mere length. A requirement in breast cancer for escape from
negative regulation of telomerase activity by TRFs was pro-
posed as an explanation for the findings.

2.3.  Studies showing no change in TBP levels in tumour
tissue compared to those in normal tissue

23.1. Lung
A study of 148 non-small cell lung cancer (NSCLC) patients®
(mainly adenocarcinoma or squamous cell carcinoma) did
not detect any significant difference in mean expression lev-
els of TRF2 or POT1 mRNA between the samples of tumour
tissue (T) and paired adjacent normal tissue (N) (TRF2: N,
1.03+1.22; T, 1.06 +1.16; p=0.81; POT1: N, 0.61+0.36; T,
0.54 +0.33; p=0.10).>3 Levels were determined by real-time
quantitative RT-PCR and normalised to the geometric mean
of 3 internal housekeeping control genes. However, TRF2
expression in tumour tissues was found to be significantly in-
versely correlated with tumour grade whereby the higher the
grade, the lower the gene expression, suggestive of a protec-
tive role of TRF2 against cancer progression (grade 1, well dif-
ferentiated, 1.95; grade 2, moderately differentiated, 0.98; and
grade 3, poorly differentiated, 0.87; p =0.0114.) POT1, TRF1
and RAP did not show such a correlation. In contrast to
POT1 and TRF2, the TRF1 mRNA level was significantly lower
in tumour tissues compared to normal tissue (N, 65.7; T, 30.14;
p < 0.0001) but did not correlate with tumour grade. Interest-
ingly, higher RAP1 expression was associated with signifi-
cantly better survival though no difference in RAP1 mRNA
level between normal and tumour tissues was observed (N,
0.63; T, 0.97). Though data on telomere length were not pre-
sented, the authors stated that no association between telo-
mere length and TBP gene expression was observed, nor
between telomere length and overall survival, suggesting that
the possible protective effect of TRF2 and indeed predictive
property of RAP1 might be independent of telomere length.
The study did not examine telomerase activity levels.

In another study of lung cancer,®’ equivalent incidence of
positive expression of TRF2 mRNA was detected by RT-PCR

¢ Histology breakdown: adenocarcinoma, 70; squamous cell
carcinoma, 53; large cell carcinoma, 4; adenosquamous carci-
noma, 3; bronchioloalveolar carcinoma, 13; and incomplete, 5.
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Table 4 - Mean levels of POT1 and TRF2 mRNA in patient subgroups (Data from Ref. [59]).

Parameter POT1? TRF2?
Tissues Normal 144,218 + 168,208 255 + 776
Malignant 85,454 + 164,892 178.5 +52.7
Prognostic groups NP-1 (<3.4) 89,015 + 179,735 178.5+112.7
NP-2 (3.4-5.4) 98,371 + 177,011 363 + 1075
NP-3 (>5.4) 54,586 + 101,849 260 + 566
Tumour grade Grade-1 122,026 + 235,211 492 + 1585
Grade-2 85,662 + 146,850 122.3 +522.8
Grade-3 77,066 + 161,689 0.741 + 1.420
Tumour staging TNM1 82,062 + 153,519 314+444
TNM2 79,924 + 126,179 85.5 + 139.8
TNM3 1327 + 2249 0.741 £ 1.420
TNM4 28,206 + 34,863 284 +44.6
Clinical outcome over 10 years Disease free 87,094 + 175,248 173.9 £ 50.9
Local recurrence 43,625 + 319,993 78.6 +171.8
Distant metastasis 49,994 + 106,784 26.2 +51.8
Died of breast cancer 47,502 + 99,785 132.7 +281.0

a Mean mRNA levels, determined by real-time quantitative PCR, normalised against CK19 expression already measured in the specimens, with

standard deviation.

in paired tumour (83.3%) and normal (82.7%) lung tissues
(n=78; 42 squamous cell carcinoma (SCC), 36 adenocarci-
noma). In contrast, TRF1 was expressed at a higher rate (inci-
dence) in tumour tissues compared to normal tissues (74.4%
vs. 49.3%; p =0.003). There was no association between the
expression of telomerase activity and TRF1 or TRF2 (or
hTERT), though hTERT expression was closely related to both
TRF1 (p < 0.003) and TRF2 (p < 0.024) (and c-MYC).

2.3.2. Oesophageal SCC

TRF2 mRNA (detected by RT-PCR) was expressed in 91.9% of
surgically excised oesophageal squamous cell carcinoma tu-
mour tissues, a rate not significantly higher than in the paired
normal oesophageal mucosa tissues (90.5%) (n=74 paired
specimens).®® In contrast, the TRF1 expression rate was sig-
nificantly higher in tumour tissues compared to normal tis-
sue (82.4% vs. 58.1%, p = 0.002). The expression rate of TRF2
mRNA (but not TRF1) was significantly higher in the tumours
that were positive for telomerase activity (95% vs. 72%,
p = 0.039) which led the authors to suggest that upon telome-
rase activation TRF1 expression is suppressed to prevent
interference with telomerase binding and instead, TRF2
over-expression persists for more efficient T-loop formation.
However, TRF1 mRNA expression was still 84% in telomerase
positive tumours and 72% in telomerase negative tumours
thus very limited data exist to support this. Interestingly,
the study did reveal that when the T/N TRF length ratio de-
creased to a critical level (<85%) a better survival was ob-
served, perhaps due to the failure of tumour cells to regain
adequate telomere length, thus triggering apoptosis.

2.3.3. Epithelial keratinocytes and squamous carcinoma

In a panel of 1 human vulval epidermoid cancer cell line, 2
squamous cell carcinoma (SCC) cell lines, 1 normal oral kerat-
inocyte (NOK) strain, 1 normal ectocervical epithelial cell
strain (NCE) and 8 HPV16- or SV-40-immortalised NCE cell
lines in vitro, constitutive expression of TRF2 mRNA, exam-

ined by RT-PCR, was observed in all normal, immortalised
and cancer cells, at similar levels throughout.®® TRF1 mRNA
levels on the other hand, rose during serial passage of pri-
mary culture, and were expressed at higher levels in
immortalised and cancer cells.

2.3.4. Other tumour types

An in vitro study examining POT1 mRNA level (relative to p-ac-
tin by quantitative RT-PCR) showed no significant difference
from that of 5 normal human cell lines, in liver (n = 6), brain
(n=3) or colorectal (n=5) cancer cell lines (see Section 2.1.2
and Table 2).*3

2.4.  Studies comparing tumour subtypes only

Two studies examined subtypes of leukaemias for significant
differences in TRF2 levels between the cancer types and
found none; both, however, did detect differences in TRF1 lev-
els. In a subset of AML cases, characterised by chromosome
aberrations specifically consistent with telomere dysfunction,
no reduction in TRF2 or POT mRNA was observed compared to
the other cases®; levels were measured by real-time quantita-
tive PCR relative to porphobilinogen deaminase (PBGD). How-
ever, higher TRF1 mRNA expression was observed and
telomere length was significantly shorter despite higher telo-
merase activity (not correlating with hTERT expression); telo-
merase-mediated telomere elongation in this group of AML
therefore appeared to be repressed via TRF1. Results did not
support reduced expression of TRF2 or POT1 as a cause for
telomere dysfunction generating the chromosome instability
in AML (although differences in expression at the protein le-
vel could not be excluded.) Ageing-related critical shortening
of telomeres (crisis) was proposed as the cause of the chromo-
somal aberrations in this subset of AML, with up-regulation of
telomerase.

A separate group of researchers showed that whereas TRF2
levels (measured relative to glyceraldehyde-3-phosphate-
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dehydrogenase (G3PHD) by RT-PCR) did not discriminate be-
tween the type of leukaemia (AML versus ALL), TRF1 expres-
sion was significantly elevated in patients with ALL
compared to AML (p = 0.0232, n = 15 and 29, respectively); lev-
els also tended to be higher in patients without telomere
shortening (p = 0.077) and with hTERT expression (p = 0.055).5>

3. Discussion and conclusions
3.1.  Is there a picture emerging on the levels of TBPs in
tumours?

This review of the literature, focussing on TRF2 and POT1, has
shown instances of up-regulation in cancer compared to nor-
mal tissue, (Section 2.1) balanced in possibly equal measure
by instances of down-regulation (Section 2.2) and no notable
difference (Section 2.3). Relative levels would seem to vary
according to the particular cancer type, stage,® grade® and
genetic context but with no predictable pattern yet based
on the current level of knowledge and understanding.
Parallel changes in TRF1 and TRF2 levels are evi-
denced,%4146:50-52,56.60 55 are divergences in trends amongst
these two proteins.*%444>616> TRF2 has been assigned the role
of telomere capping,®®®” whereas TRF1 has been implicated as
a negative regulator of telomerase activity'®,; although both
have been reported to negatively regulate telomere length,>”
TRF2 purportedly does so independently of telomerase®®; these
deviations in properties might rationalise the lack of a consis-
tent relationship between TRF1 and TRF2 levels.

3.1.1. Relationship with telomerase

Given the mechanistic relationship between telomerase activ-
ity and TBPs, both required for chromosomal stability, some
interplay in levels is expected and thus many researchers have
incorporated measures of telomerase activity into their studies
of TBP levels and vice versa. Whilst TBPs have demonstrated
telomere-stabilising properties®®®”®° delaying the onset of
senescence,'® paradoxically they have also been described in
some reports as negative regulators of telomerase activity
and thus telomere length,?**° perhaps by impeding telomerase
access to the telomere. Thus, theoretically tumour survival
may benefit on the one hand from reduced expression of TBPs
(relative tonormal tissue) in order to maximise telomere-main-
tainingactivity of telomerase, but on the other hand, raised lev-
els of telomere stabilising TBPs may help counter any shortfall
in telomere-maintaining activity of telomerase by increasing
the stability of short telomeres. Indeed, interpretations of the
relationship between telomerase and TBPs are not consistent
and appear to be highly context dependent. A common thread,
however, is that of a homeostatic control mechanism for telo-
mere stability conferred by a balance of telomerase activity

4 See Ref. [42], Section 2.1.2 (gastric, no correlation of TRF2 levels
with stage) and Ref. [57], Section 2.2.2 (gastric, changes in POT1
levels according to tumour stage).

¢ Studies have shown, variously, correlation of TRF2 levels with
grade (Ref. [46] - hepatocarcinogenesis, Section 2.1.5, also
observed of TRF1); inverse correlation with grade (Ref. [53] - lung,
Section 2.3.1 and Ref. [59] - breast, Section 2.2.3, no such
correlations for TRF1); and no correlation with grade (Ref. [44] -
lung, Section 2.1.3, but an increase observed for TRF1).

and TBP levels (mutual modulation). Down-regulation of cer-
tain telomerase-inhibitory TBPs (e.g. TRF1, POT1, hPifl) may
enable tumour cells to escape from negative regulation of telo-
merase activity and thus promote telomere stability*®->%>5:>9:60;
in other cancers, high levels of TBPs may counterbalance telo-
merase activity to regulate telomere length.*3**%%5% Con-
versely, increased expression of TBPs may compensate for
telomerase down-regulation’® to maintain telomere stability.
Also postulated®™®? is a modulation of TRF1 levels to regulate
telomerase but persistence T-loop-promoting TRF2 in carcino-
genesis, and finally an additive action of telomerase activity
and TBPs to maintain telomere function and chromosomal
stability.*?

3.1.2. Relationship with telomere length

A correlation between TBP level and telomere length might be
envisaged due to the potential availability of binding sites for
protein. Studies have largely failed (where investigated) to
show a correlation between telomere length and TRF2 le-
vel>*%>; a significant negative correlation was observed between
telomere length and TRF2 levels in just a subset of hepatocellu-
lar carcinoma lesions?® and one study®® detected a (non-signif-
icant) negative correlation between expression of the TRFs and
telomere length in breast cancer. TRF2 mRNA expression rate
was demonstrated to be greater amongst NSCLC samples with
relatively shorter telomere lengths (TRF length < 75% of paired
normal tissue, expression rate 92.3%, n = 39; TRF length > 75%
of paired normal tissue, expression rate 75%, n=40; p=
0.03")’* which was also true of TRF1 (expression rate 82.5% vs.
65%, p = 0.045) - levels were measured by RT-PCR in surgically
resected tissue.f Down-regulation of TRF2 mRNA has also been
reported amongst tumour samples with reactivated telome-
rase and telomere shorteningrelative to normal tissue.”? These
results suggest that overall, it may be the balance of telomere
length, TBP levels and telomerase activity that determine the
rate of DNA damage signalling emanating from the chromo-
some termini and in turn, cell survival, rather than a simple
correlation between two of these factors (see Fig. 2).

However, there is some evidence that POT1 mRNA expres-
sion levels may correlate with telomere (and overhang) length -
a decrease in POT1 in accordance with telomere shortening
was demonstrated (r = 0.713, p = 0.002)*” and decreases in 3’
telomeric overhangsignal (r = 0.696, p = 0.002) suggestingarole
for POT1 in the regulation of telomere length; furthermore, a
recent study demonstrated a significant correlation between
telomere length and levels of POT1 in gastric cancer, both in
cell lines and cancer specimens from patients.”® One in vitro
study, however, failed to detect a correlation between POT1
mRNA levels and telomere (or 3’-overhang) length across 56
cancer cell lines compared to 5 normal human cell lines.*?

3.1.3. Influence of genetic context

Intuitively, the carcinogenic history and other features and
contexts of the particular cancer would seem to dictate
whether there is advantage and therefore selection pressure
for alteration in the levels of TBPs compared to normal tissue.

f TRF2 was expressed in 83.3% of tumour tissues overall and
TRF1 in 74.4%, but the expression rates in normal tissue were not
stated.
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A role for an elevation of TRF2 promoting carcinogenesis is
implied by results from the studies showing a significant in-
crease in TRF2 levels in cancer compared to normal tissues
(i.e. Section 2.1) but there is some evidence for a changing role
for POT1 from tumour initiation to progression ([57], Section
2.2.2). Speculatively, low levels may initially be selected
through promoting chromosomal instability (in the absence
of telomerase activity) and thus the acquisition of the neces-
sary genetic changes for cancer initiation; however, as the
cancer progresses, continued low levels may lead to unsus-
tainable genetic instability, inducing crisis and cell death,
thus cells with raised expression would be selected. Presum-
ably several other factors would influence the net process -
e.g. telomere length initially, rate of proliferation, at what
point and to what level telomerase was activated, and other
modifiers of telomere stability such as DNA damage response
proteins (see Fig. 2). If at early stages of carcinogenesis TBPs
are critically involved, does their function remain critical to
the advanced tumour?

There is also a body of studies, covered in Section 2.2,
showing lowering of TRF2 in cancer compared to normal tis-
sues, indicative of the potential for tumour suppression by
TRF2, though this does not necessarily exclude the possibility
that TRF2 may play a role in early carcinogenesis as just dis-
cussed: with the dynamic nature of cancers and increasing
genetic instability, the set of conditions favouring initial can-
cer development may not favour progression, considering
parallel changes in other telomere length/stability and telo-
merase modulating genes altering the selective pressure on
individual TBP expression. It is worth noting that leukaemias
may be distinct from solid tumour types in the interplay be-
tween the levels of TBPs, telomerase expression and activity
and telomere length, because normal B- and T-lymphocytes
have been shown to express telomerase even in the non-can-

cerous state, sometimes at levels comparable with leukaemia
tumour samples, which would be expected to impact differ-
entially on telomere length dynamics during carcinogene-
sis.*73°0 Whether raised or lowered levels of TBPs prevail
may depend on the particular cancer and its unique genetic
fingerprint.

3.2.  Possible reasons for discrepancies in findings

The reviewed studies have improved our knowledge of how
TBP levels can vary between cancers and throughout the car-
cinogenic process but have shown a lack of consistency in
findings between tumours and/or studies. As discussed in
Section 3.1, the specific tumour’s biology will influence
whether and if so how the levels of TBPS are altered com-
pared to counterpart non-cancerous tissues; notwithstanding
this, differences in study design are likely to be involved to
some extent. For example:

(i) Source of control tissue - whether from the same indi-
vidual as the cancer samples when paired tissues were
collected (e.g. [47,52,53,56,61,62]) or whether from
healthy volunteers (e.g. [41,50,51]) or from patients with
other conditions (e.g. [39,46]); where control tissue is
from that adjacent to the cancer, whether that tissue
is sufficiently demarcated from the cancer in gene
expression terms, as tissues close to the cancer may
show gene expression changes compared to normal
tissue.’®7*

(ii) Whether the study has examined (relative) levels of gene
expression (e.g. [39,41,42,46,51,53]) or rates of expression
(all or nothing according to arbitrary threshold) (e.g.
[44,61,62]) —if a balance of TBPs, telomere length and tel-
omerase activity is required to maintain telomere stabil-

Adequate

telomere length

/

“Capped’state and TBPs
may alter
senescence/apoptosis
length setpoint(likelihood)

TELOMERIC INTEGRITY:
CANCER PROGRESSION

Demand for telomerase will
depend on rate of
proliferation and current
telomere length

Higher order “cap”
assembly: shelterin complex
(TBPs); D-, T-loops.

—

Structure of
telomere may
regulate

Adequate

telomerase activity

telomerase access
(closed/open state)

Fig. 2 - The complexity of telomeric integrity. Individual tumours may achieve telomere stability through a differing balance
between the key mediators of telomeric integrity — telomere length, telomerase activity and capping status. This variability
may explain the lack of consistent trends in the literature reports examining levels of individual TBPs in groups of cancers.
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ity and in turn tumour viability, then an experiment
detecting expression above a threshold may not tell
the whole story.

(iii) When examining relative expression levels, the poten-
tial for fluctuations in ‘housekeeping’ genes must be
considered; studies normalising to three genes are
likely to give more reliable results (e.g. [51,53]).

(iv) Whether tumour and the corresponding normal tissue
samples are maintained as pairs and a ratio of expres-
sion obtained for each pair (e.g. [57]) - or pooled into
separate tumour and control populations for the analy-
sis of mean levels or rates of expression in each popu-
lation (all other examples cited in this section except
[42]); if there is a wide variability in expression between
individuals the latter approach may mask a trend to dif-
ferences between cancer and normal tissue.

(v) Whether RNA or protein was measured (note that in
Ref. [45] both were measured and discrepancies
detected). Only a minority of the studies discussed in
this review have confirmed that protein levels reflect
changes observed in mRNA levels ([39]; limited confir-
mation in [46,48]) thus all findings must be interpreted
with caution.

(vi) The technique used for detection, e.g. in situ hybridisa-
tion allows visual confirmation at the cellular level to
avoiding the potential problem of contamination in
PCR experiments by lymphocyte infiltration for exam-
ple, but needs controlling for non-specific binding of
probe TRF2 staining dispersed throughout the nuclei
has been demonstrated suggesting not all TRF2 is telo-
mere-associated®; indeed changes in the localisation
of TBPs may be of critical importance in acquisition
and maintenance of telomere end protection’” and this
may not be revealed through studies of levels.
Caution must be exercised in extrapolating results from
cultures of cells since growth conditions may have pro-
nounced effects on gene expression compared to the
tissues from which the cells were derived; with surgi-
cally resected tissue, the speed with which the tissue
is frozen would be critical in maintaining a true reflec-
tion of gene expression.

(vii

=

3.3.  Potential significance of findings for therapies
targeting telomere maintenance/integrity

Do raised levels of TBPs in cancers relative to normal tissue
indicate greater reliance of the tumour on those proteins than
normal cells, conferring target status and implying a high
susceptibility of such cancers to agents interfering with the
binding of those proteins? Or do raised levels simply provide
a higher reservoir of target protein to pose greater resistance
to therapies aiming to displace those proteins? Would tu-
mours with lowered TBP levels compared to normal tissue
be more sensitive to telomere and telomerase targeted thera-
pies? Influence of TBP levels on the outcome of treatment
with telomere or telomerase targeted therapies can certainly
be envisaged, through both direct capping effects and
through indirect effects on telomere length mediated through
telomerase. Actually in several studies a wide range of levels
of TBP gene expression has been detected in tumour samples,

as much as a log difference,*®°*% suggesting that if levels do

modulate response to therapy there is a scope for a broad dis-
tribution of responsiveness/sensitivity, possibly necessitating
pre-screening. Aside from protein levels, there may also be
the potential for changes in the localisation of TBPs,”® and
this may too be speculated to modulate the response to telo-
mere targeted agents.

Important questions as to the possible toxicological seque-
lae associated with telomere integrity/maintenance targeted
therapies which displace TBPs are beyond the scope of this re-
view, but clinical trials are certainly needed to assess the util-
ity and limitations of such agents. Simply considering the
levels of TBPs in tumours compared to normal tissue, no
one individual TBP stands out as a particularly accessible tar-
get; nonetheless given the reliance of telomeres on TBPs as
fundamental factors conferring telomeric integrity and hence
permitting cancer progression (Fig. 2), they should logically be
pursued as therapeutic targets in their own right with inves-
tigation into whether a therapeutic window can be achieved.
What is suggested by the data covered in this review, how-
ever, is that whether and how the levels of TBPs impact on at-
tempts to disrupt telomere maintenance for therapeutic gain
is likely to be very tumour specific and that we are unlikely to
be able to predict sensitivity to such therapies based on TBP
levels alone.

3.4.  Suggestions for future studies

Questions addressing the levels of TBPs at telomeres may be
rather too simple and perhaps we should be asking what is
the state of the protein complexes at telomeres and how do
they interconnect with the activity and localisation of telome-
rase and current telomere length and higher structure. To
capture a picture of this dynamic aspect of chromosome biol-
ogy, clearly critical in cancer, will demand an experimental
strategy that is consistent and highly sophisticated in its ap-
proach, with the design of integrative biological studies incor-
porating genomics and proteomics for TBPs and associated
proteins, assays of telomerase activity and localisation, and
telomere length, to gain a fuller understanding of the func-
tional telomere complex.
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