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Abstract

There remains a pressing need for the development of effective drugs that
meet the clinical needs for cancer treatment, and inhibition of telomere
length maintenance by disrupting human telomerase is a proven and
tractable target for suppression of cancer cell growth. In response to the lack
of currently available small molecules with efficacy against human
telomerase, we developed a genetically and chemically tractable cell-based
system in which S. cerevisiae is used to streamline the search for novel human
telomerase inhibitors. Our results confirmed that yeast cell growth was
rapidly inhibited upon induction of functional human telomerase at the
telomere. This inducible growth arrest was used as a read-out for a highthroughput chemical screen for human telomerase inhibitors based on their
ability to restore growth in the yeast system. From a library consisting of
small, bioactive and cell-permeable compounds of diverse structure, we
identified three novel “drug-like” compounds that inhibited the activity of
native and recombinant telomerase complexes in vitro. “Validation assays”
also confirmed the novel inhibitors were free of uncharacterized adverse
effects against yeast and human cell models, thus confirming the specificity
of these novel inhibitors against human telomerase target. This surrogate
yeast model has therefore proven to be a cost-effective alternative to
accelerate the search for human telomerase inhibitors, which we hope will
serve to streamline the identification of further lead compounds effective
against human cancer.
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Chapter 1

Introduction
Most of eukaryotic species have established unique nucleoprotein structures
at the end of the linear chromosomes, known as telomeres (Moyzis et al.,
1988). Functional telomeres act to preserve chromosomal integrity, prevent
incidences of end-to-end chromosomal fusions, rearrangements and
nucleolytic erosion. Telomeres also act to ensure the complete replication of
chromosomes (Blackburn, 2001; Chakhparonian and Wellinger, 2003; de
Lange, 2002). The inability of unidirectional DNA polymerases to fully
replicate DNA ends causes incomplete synthesis of lagging strands and
threatens loss of genetic DNA and cell viability (Olovnikov, 1973; Watson,
1972). This so-termed DNA end-replication problem is counterbalanced by an
evolutionary conserved telomerase catalytic mechanism.

1.1. Telomere length maintenance from yeast to humans
From yeast to humans, the maintenance of telomere length depends
primarily on the activity of a telomerase ribonucleoprotein (RNP) complex,
which consists of a core catalytic protein, telomerase reverse transcriptase
known as TERT and an essential telomerase RNA moiety called TR. First
discovered in the ciliated protozoan Tetrahymena thermophile (Greider and
Blackburn, 1985), TERT is a telomere-specific reverse transcriptase comprised
of prototypical reverse transcriptase (RT) sequence motifs universally
conserved by RT enzymes e.g. those of human immunodeficiency virus
(HIV) (Autexier and Lue, 2006). TERT enzyme reiteratively incorporates de
novo deoxynucleotides onto telomeric ends by copying the short template
sequence found at the 5’ end of telomerase RNA, and this gives rise to the
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short, tandem and repetitive nature of telomeric ends (Figure 1) (Autexier
and Lue, 2006). The complementary C-rich DNA strand is re-synthesized by
conventional DNA polymerases alpha and delta, and subsequent final
removal of the RNA primer regenerates a short 3’-end overhang known as Gtail (Diede and Gottschling, 1999). Generally, the composition and sequence
of telomeric DNA repeats are mostly conserved among eukaryotes. For
example, the termini of human chromosomes consist of T2AG3 repeats
spanning 5 to 15 kilobase pairs (kbp) with a 75-300 nucleotide G-tail
(Makarov et al., 1997; McElligott and Wellinger, 1997; Tesmer et al., 1999;
Wright et al., 1997). Irregular TG1-3 repeats 250-400 kbp in length are found
arranged in S. cerevisiae with a G-tail of 50-100 nucleotides transiently present
at the end of the S phase (Moyzis et al., 1988; Shampay et al., 1984; Wellinger
et al., 1993).
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Figure 1. Schematic diagram illustrating the processive extension of DNA by human
telomerase core complex (adapted from Autexier and Lue, 2006). Telomeric DNA is
generally a duplex composed of tandem GT-rich double-stranded DNA repeats with
a distal end consisting of a 3’-G-rich single-stranded overhang (G-tail). The
telomeric sequence is recognized by the human telomerase with the hTR template
forming a hybrid with the 3’ end of the DNA substrate. The 3’ single-stranded
overhang is replicated by hTERT one deoxynucleotide at a time with transient type I
translocation, until the 3’ end of the DNA primer is reached (termed nucleotide
addition processivity). Human telomerase is processive in terms of repeat addition
allowing several rounds of reiterative type II translocation and nucleotide addition
(Autexier and Lue, 2006).
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Unlike fungal and murine telomerases, human TERT enzyme (hTERT) is
highly processive and able to synthesize multiple telomere repeats at a low
dissociation rate (Morin 1989; Greider 1991; Prowse et al. 1993; Cohn and
Blackburn 1995; Lingner et al. 1997; Lue and Peng 1997, 1998; Fulton and
Blackburn 1998). During nucleotide addition, telomerase incorporates one
deoxynucleotide at a time to the 3’ end of the telomeric primer without
dissociating. This is known as a type I translocation event (Figure 1). Once
the end of the RNA template is reached, human telomerase is able to initiate
a type II translocation. This involves repositioning of the 3’ end of the
template to allow hTERT to reiteratively add telomeric repeats for several
rounds of elongation and translocation reactions, a property described as
repeat addition processivity (Autexier and Lue, 2006). The anchor site found
at the N-terminal of hTERT, which has binding specificity for telomeric
sequences, seems to play an active role in facilitating enzyme-primer
association during transient translocation for telomere repeat elongation
(Harrington and Greider, 1991; Lue and Peng, 1998; Morin, 1991). In addition
to hTERT and hTR elements, telomerase-interacting proteins e.g. POT1 and
TPP1 are also shown to contribute to the enzyme processivity (Chen and
Greider, 2003; Garforth et al., 2006; Wang et al., 2007; Wyatt et al., 2007). In
contrast, in vitro results suggest that S. cerevisiae telomerase is non-processive
for repeat addition (Chang et al., 2007; Prescott and Blackburn, 1997).
However, this could be attributed to the reaction conditions, i.e. temperature,
ionic strength, primer and dNTP concentrations that are known to affect
enzyme processivity (Morin, 1989). In vivo evidence suggests, however, that
yeast telomerase is capable of increasing its repeat addition processivity in
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the presence of critically short telomeres of less than 125 bp in length (Chang
et al., 2007). This enhancement in telomerase processivity, which is mediated
by Tel1p kinase (ortholog of human ATM), may be a mechanism used in
yeast cells to specifically and rapidly elongate critically short telomeres in
order for telomeres to maintain a constant mean value. This observation
somewhat agrees with the changes in frequency of telomere extension as a
function of telomere length.

Telomerase-independent elongation mechanisms have also been identified in
some eukaryotic species. In the absence of telomerase, these so-called yeast
‘survivors’ can activate recombination-based lengthening pathways to
bypass cellular senescence (Bryan et al., 1995; Lundblad and Blackburn, 1993;
Teng and Zakian, 1999). Type I and type II rare survivors can maintain
functional telomeres through amplification of Y’ elements or telomeric
repeats respectively (Grandin and Charbonneau, 2009; Le et al., 1999; Lebel et
al., 2009; Lee et al., 2008; Lundblad and Blackburn, 1993; Maringele and
Lydall, 2004; Teng and Zakian, 1999). Immortalized human cells are also
capable of surviving without telomerase via activation of an alternative
lengthening of telomeres (ALT) pathway (Bryan et al., 1997). In contrast,
telomeric sequence in Chironomus and Anopheles, for example, is
maintained solely by homologous recombination and gene conversion
mechanisms (Cohn and Edstrom, 1992a, b; Roth et al., 1997). Drosophila
species, on the other hand, rely on HeT-A and TART retrotransposon
transposition activities to regulate telomere length (Pardue and DeBaryshe,
1999).
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1.1.1. Telomere structure and regulation
The inert nature of duplex telomeric DNA and its G-tail are important for
telomeric proteins to form a higher-order chromatin structure, which mask
telomere termini from DNA breaks and commonly stabilize telomere
homeostasis (d'Adda di Fagagna et al., 2003; Kanoh and Ishikawa, 2003). In
mammals such as humans, telomeric DNA forms lasso-like structures,
known as T-loops, which protect the G-tail from deleterious degradation
(Figure 2). A shelterin protein complex, made of TRF1, TRF2, POT1, TIN2,
Rap1 and TPP1, maintains and regulates T-loops throughout the cell cycle
(de Lange, 2005). TRF1 and TRF2 (Telomeric-Repeat binding Factors 1 and 2),
which are the main telomeric homodimers, bind directly to the T2AG3 repeats
through their Myb-like motifs (Bianchi et al., 1997; Broccoli et al., 1997).
TRF1, together with TIN2, negatively regulates telomere length (Kim et al.,
1999). TIN2, which binds to the TRF1 near the homodimerization domain, is
required for proper telomere length regulation as TIN2-13 dominantnegative mutant displays abnormal telomere elongation even though
functional TRF1 is bound to the telomere (Kim et al., 1999). Similarly to
TIN2-13, a truncated TRF1 protein deficient in DNA binding results in
elongated telomeres (Bianchi et al., 1997). TRF2, on the other hand, plays a
more direct role in assisting the formation and maintenance of T-loop
structure with DNA remodelling activity (Griffith et al., 1999; Stansel et al.,
2001). In the absence of TRF2 function, cells undergo end-to-end
chromosomal fusions leading to an ATM kinase-dependent cell cycle arrest,
which resembles the apoptotic response to a double strand break (DSB) (Celli
and de Lange, 2005). In association with TRF2, human Rap1 (hRap1) is
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recruited to the telomere to mediate telomere length control in human cells
(Li et al., 2000). The BRCT Domain of hRap1 also seems to play a role in
promoting telomere length heterogeneity (Li and de Lange, 2003). POT1
(Protection Of Telomere 1), which has strong specificity for the singlestranded telomeric DNA sequence, protects the 3’ G-tail. Upon POT1
inhibition, telomeres become dysfunctional with up to 50% loss of singlestranded telomeric repeats (Hockemeyer et al., 2005; van Steensel and de
Lange, 1997). Additionally, POT1 also seems to mediate telomerase access to
the telomere. Mutations in the N-terminal DAT domain of hTERT, which
seemed important for telomerase-telomere association in vivo, can be rescued
upon expression of a hPOT1-hTERT fusion protein (Armbruster et al., 2004).
TPP1, the human homologue of O. nova TEBPβ (Fang et al., 1993), is shown to
interact with POT1 to form a terniary complex at the G-tail (Wang et al.,
2007). While POT1-TPP1 can serve as a processivity factor of telomerase
during elongation reactions, it can also block telomerase when telomere
length reaches a certain threshold level. POT1-TPP1 complex is thought to
have dual and opposite functions in telomere length control (Houghtaling et
al., 2004; Liu et al., 2004; Loayza and De Lange, 2003; Wang et al., 2007; Ye et
al., 2004). The G-tail itself also adopts compact G-quadruplex structures via
Hoogsteen-paired coplanar guanine stacking (Parkinson et al., 2002), which
is known to negatively regulate telomere replication by blocking telomerase
access (Oganesian et al., 2007).
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Figure 2. Stabilization of the T-loop by shelterin complex ( adapted from	
  de Lange,
2005). (A) Mammalian telomere termini form a T-loop with the 3’ single-stranded
overhang sheltered by the duplex DNA forming a D-loop structure. These higher
order structures are maintained by the shelterin complex as in (B). Schematic
composition of shelterin proteins that are involved in stabilizing the telomere termini.
Homodimers TRF1 and TRF2 recognize and bind to telomeric T2AG3 repeats. TIN2
interacts with TRF1 to regulate telomere length (Kim et al., 1999). TRF2 also
associates with Rap1 to mediate its telomeric recruitment (Li et al., 2000). POT1,
however, binds directly to the single-stranded telomeric DNA sequence for
telomere-end protection and regulation. Together with TPP1, POT1 regulates
telomerase access to the telomere and functions as a positive telomerase
processivity factor (de Lange, 2005; Wang et al., 2007).

The notion that telomere architecture is assembled and regulated by
telomeric proteins came in fact from studies in yeast eukaryotic models. Like
human Rap1/TRF1/TRF2, budding yeast Rap1/Rif1/Rif2 (Rap1-interacting
factors) proteins are involved in the maintenance of a steady-state telomere
length (Marcand et al., 1997; McEachern et al., 2000; van Steensel and de
Lange, 1997; Wotton and Shore, 1997). Unlike hRap1, S. cerevisiae Rap1
(ScRap1) binds directly to the duplex telomeric DNA and recruits Rif1 and
Rif2 proteins through a C-terminal domain. Together these proteins act in a
negative-feedback loop that regulates telomere length, the so-called 'proteincounting mechanism’ (Berman et al., 1986; Marcand et al., 1997; McEachern
et al., 2000; van Steensel and de Lange, 1997; Wotton and Shore, 1997). Rap1p
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proves to be an important counting factor as the number of Rap1 molecules,
usually present in 10-20 copies per telomere in S. cerevisiae (Conrad et al.,
1990; Gilson et al., 1993; Wright and Shay, 1992), is thought to control a
dynamic balance between telomere elongation and shortening activities in a
length-dependent manner. Based on a PCR approach to measure single
telomere-elongation events, it was shown that less than 40% of chromosomes
ends are extended within one yeast cell cycle (Teixeira et al., 2004). Indeed
shorter telomeres, which have less telomere-bound Rap1p, shifts to an
extendible state with increased telomerase activity in comparison to longer
telomeres. In the presence of excessive Rap1 (complexed with Rif1 and Rif2),
telomerase activity is repressed in cis, thus limiting telomere elongation. In
agreement, artificially engineered shorter telomeres or reduction of Rap1
binding sites have also shown to induce telomere extension (Chan et al.,
2001; Marcand et al., 1999; McEachern and Blackburn, 1995). Further deletion
of Rif1 and Rif2 can lead to telomere elongation by 200 to 600 bp and about
100 bp, respectively (Hardy et al., 1992; Wotton and Shore, 1997). The latter
confirms that Rif proteins switch telomeres to a non-extendable state, thus
decreasing the frequency of elongation events (Teixeira et al., 2004; Vega et
al., 2003). In addition to ScRap1-dependent regulation, other counting
mechanisms of telomere length have been proposed. Tel1p DNA damage
checkpoint protein was shown to contribute to the mean telomere length as
tel1Δ cells show unaltered telomere length when Rap1 and Rif1/Rif2
functions are impaired (Craven and Petes, 1999; Ray and Runge, 1999).
Moreover, human-yeast hybrid telomeres seem to be regulated by a Rap1independent cryptic mechanism when Tel1p is impaired (Bah et al., 2004;
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Brevet et al., 2003; Henning et al., 1998). Co-expression of yeast TERT (Est2p)
and a tlc1-human allele (containing a human-specific RNA template in yeast
telomerase RNA) leads to stable hybrid telomeres composed of an internal
core of yeast TG1-3 repeats and human T2AG3 repeats at distal ends.
Supporting chromatin immunoprecipitation (ChIP) evidence shows that
human telomeric DNA in yeast is poorly bound by Rap1p, but enriched with
Telomere-binding factor 1 protein (Tbf1p). The latter is in agreement with
previous in vitro findings that showed Rap1p does not bind T2AG3 repeats
with high affinity (Liu and Tye, 1991; Pollice et al., 2000). Hence, ScRap1pmediated telomere length control is specific for yeast TG1-3 repeats, and
Tbf1p, which has great affinity for T2AG3 repeats, can act as a counting factor
and stabilizes human telomeric repeats in yeast chromosome settings
(Alexander and Zakian, 2003; Bah et al., 2004; Brevet et al., 2003; Brigati et al.,
1993; Koering et al., 2000; Liu and Tye, 1991; Schramke et al., 2004). The fact
that vertebrate-like T2AG3 repeats can be recognized and used by a lower
eukaryotic species to participate in the telomere length control suggests that
regulators and features of functional telomere maintenance have been
functionally conserved in evolution. Indeed, ScRap1 and hRap1 mediated
telomere maintenance mechanisms are comparable (Ancelin et al., 2002; Li
and de Lange, 2003; Smogorzewska et al., 2000). In S. cerevisiae, the telomeric
sequence loops back to the subtelomeric sequence, adopting a different
conformation from mammalian telomeres (Gasser, 2000). Evidence shows
that ScRap1 is also involved in the formation of a protective telomeric
heterochromatin by recruiting the SIR (Silent Information Regulator)
complex. Together, these proteins are shown to induce transcriptional
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repression at telomeres, known as the Telomere Position Effect (TPE) (Tham
and Zakian, 2002).

Yeast telomeric DNA is also bound by telomeric proteins: Cdc13p, Stn1 and
Ten1, which form the CST complex known to protect the G-tail. CDC13 is the
essential single-stranded telomeric DNA-binding protein in budding yeast,
which was initially identified as EST4 in the ever shorter telomere (EST)
screen (Lendvay et al., 1996; Lundblad and Szostak, 1989). As the ortholog of
human POT1, Cdc13p functions in both telomere end protection and
regulation (Chandra et al., 2001). When telomeric proteins of the CST
complex are impaired, telomeres become uncapped, which render telomeric
DNA vulnerable to the DNA damage response (DDR) (d'Adda di Fagagna et
al., 2003; Grandin et al., 1997; Longhese, 2008; Pennock et al., 2001; Takai et
al., 2003). In fact, telomere uncapping stimulates a DSB-like DNA damage
response (DDR) whereby resection of telomeric DNA is promoted mainly by
Exo1 nuclease (Dewar and Lydall, 2012; Maringele and Lydall, 2002; Zubko
et al., 2004). Exo1p is phosphorylated in a Rad53-dependent manner when
telomeres are uncapped in Cdc13-defective cells (Morin et al., 2008).
Telomere damage leads to rapid resection of the C-rich strand and activation
of the DNA damage signaling pathway that involves Mec1p, Rad9p and
Rad53p checkpoint proteins (Jia et al., 2004). This response results in cell
cycle arrest at G2 phase and consequently cell death (Nugent et al., 1996).
Exo1-initiated DDR is also observed in mice (Schaetzlein et al., 2007). In
addition to Exo1p, helicase Pif1 is also required for resection of uncapped
telomeres upon a replication-associated DDR but dispensable in the DSB
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resection (Dewar and Lydall, 2010). Furthermore, CST complex can also
negatively control telomere length as displayed by the abnormal telomere
lengthening phenotype of a cdc13-5 mutant that contains a carboxyl terminal
deletion in CDC13 gene. Cdc13p also plays an active role in positively
regulating telomere replication by recruiting telomerase enzyme Est2p to the
telomere (Vega et al., 2003). Active Est2p is found at telomeres throughout
the cell cycle but is insufficient for telomere length extension (Evans and
Lundblad, 2000). Est1p accessory protein, in association with TLC1 and
Cdc13p are required to recruit the telomerase enzyme to the telomere (Figure
3). Recruitment is restricted to late S phase and correlates with the cyclic
pattern of Est1-telomere interactions whereby a three-fold telomeric
enrichment increase from G1 to late S phase is observed (Evans and
Lundblad, 2002; Nugent et al., 1996; Taggart et al., 2002; Zhou et al., 2000).
This positive regulation can be impaired by the separation-of-function allele
cdc13-2, which displays telomere replication defects even though telomerase
activity and telomere protection are retained (Nugent et al., 1996). Est1p
regulation can also be bypassed by expressing a Cdc13p-Est2p fusion
protein. By fusing CDC13 with EST2, active telomerase enzyme can be
tethered to the telomere and induce telomere extension in a cell-cycle
independent manner (Evans and Lundblad, 1999). Similarly, a CDC13 fusion
with EST1 can also bypass telomere length regulation and keep the Est2p
enzyme at the telomere throughout the cell cycle. Induction of telomere
elongation via Cdc13p-Est2p or Cdc13p-Est1p expression in yeast has since
been utilized to study various aspects of telomere length maintenance (Evans
and Lundblad, 1999). Moreover, fusions of the DNA binding domain (DBD)
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of Cdc13p with hTERT, i.e. CDC13DBD-hTERT, have also been engineered in
an attempt to express human telomerase enzyme at yeast telomeres (Bah et
al., 2004).

Figure 3. Yeast telomere structure and regulation (adapted from	
  Auriche et al.,
2008). Yeast telomere is composed of irregular G1-3A repeats and generally
telomeric bound proteins play a negative regulator role in telomere length. S.
cerevisiae Rap1 forms a complex with Rif1/2 to downregulate telomere length and
with Sir2/3 to induce the Telomere Position Effect. Cdc13p and Est1p are involved
in mediating telomerase Est2p-TLC1 access to the telomere at the end of G2/S
phase. Cdc13p also forms a complex with Ten1p and Stn1p for telomere length
regulation and protection by inhibiting DSB-like DDRs. Telomeres are also protected
by the Ku complex (Yku70–Yku80), which is a DDR component also found at the
DSBs. In addition to the core elements Est2p catalytic component and TLC1
telomerase RNA, as depicted, telomerase is actually a ribonucleoprotein complex,
which requires several accessory proteins to mediate telomerase biogenesis,
assembly and regulation in vivo.
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1.1.2. Telomerase ribonucleoprotein complex
Accessory telomeric proteins are necessary for regulation, assembly and
stability of the RNP complex in vivo, even though telomerase core elements
suffice to reconstitute telomerase activity in vitro (Beattie et al., 1998). This
notion is clearly shown in studies with yeast whereby, just like EST2
deletion, impairment of any of the other EST genes results in the Est mutant
phenotype, characterized by telomere shortening and cellular senescence
(Lendvay et al., 1996; Lundblad and Szostak, 1989). In addition to Est1p and
Cdc13p, the genetic EST screen has also identified another accessory protein,
Est3p, which interacts with TLC1 RNA in an Est2p-dependent manner.
Similarly to Est1p, although Est3p is dispensable in vitro, it also contributes
to yeast telomerase activity in vivo (Friedman et al., 2003; Hughes et al., 2000;
Singh et al., 2002). Moreover, yeast TR contains functional stem-loop
structures with binding sites for additional telomeric proteins including Ku
and Sm protein complexes (Seto et al., 1999; Stellwagen et al., 2003).
Established interaction between Ku and TLC1 is essential for telomerase to
function in both native telomeric ends and DSBs (Stellwagen et al., 2003).
Also, binding of Sm proteins to TLC1 is important for telomerase RNA
biogenesis including in vivo maturation and nuclear localization, which
requires Mtr10 importin protein (Ferrezuelo et al., 2002; Seto et al., 2002).

In humans, hTERT and hTR core elements are part of a large RNP, which
migrates as a 1.5 MDa molecular weight complex on glycerol gradients (Ford
et al., 2000; Greene and Shippen, 1998; Schnapp et al., 1998). Chaperones p23
and hsp90 are shown to stably associate with the human telomerase complex
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and are required for its assembly and configuration. Indeed, inhibition of
hsp90/p23 activity by geldanamycin failed to express steady levels of
functional telomerase in telomerase positive human cells (Holt et al., 1999).
In addition to p23 and hsp90, other chaperones including hsp70, p60 and
hsp40 are also transiently involved in the RNP assembly in an ATPdependent manner (Forsythe et al., 2001). Additionally, Dyskerin, which
binds hTR via 3‘ end Box H/ACA motif, is an essential protein complex for
hTR maturation, specifically in the processing of the 3’ end of precursor
RNA, stability and nucleolar trafficking of mature hTR in vivo (Mitchell et al.,
1999; Narayanan et al., 1999; Wang and Meier, 2004). Human fibroblasts and
lymphoblasts expressing a mutant dyskerin allele show reduced levels of
hTR resulting in telomere shortening and consequently in skin abnormalities
and haematopoietic malignancies as observed in the human disease
dyskeratosis congenita and other premature aging syndromes (Mitchell et
al., 1999). Thus, telomere-associated protein dysfunction can have profound
effects in telomerase efficiency with physiological implications.

Studies have shown that throughout the cell cycle hTR is accumulated in
subnuclear foci, known as Cajal bodies, by virtue of a CAB box (Jady et al.,
2004; Zhu et al., 2004). Localization to Cajal bodies, where RNA
modifications and RNP assemblies occur, seems to be essential for assembly
of an active RNP complex as hTR trafficking to these foci is abolished in the
absence of TERT expression (Tomlinson et al., 2008). In addition to Dyskerin,
telomerase RNA localization to Cajal bodies also requires TCAB1 protein
(Venteicher et al., 2009). In fact, mutation in the CAB box of hTR or TCAB1,
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which impair TCAB protein function, leads to hTR mislocalization and
inefficient telomere lengthening (Cristofari et al., 2007; Jady et al., 2004;
Venteicher et al., 2009). Microscopy data also proposed that TCAB1 might
serve as a direct link for bringing the telomerase complex to telomeres as
Cajal bodies seemed to be combined with telomeres during S-phase (Jady et
al., 2004; Tomlinson et al., 2008). Additional proteins involved in nucleolar
localization include 14-3-3, nucleolin and PinX that share a regulatory role
for telomerase activity in vivo (Khurts et al., 2004; Lin and Blackburn, 2004;
Seimiya et al., 2000).

1.2. Telomere length, telomerase and human cancer
Owing to telomerase’s role in maintaining telomere length, telomerase
activity is indispensable for cellular lifespan. Unlike in specific germ line
cells e.g. adult testes, fetal ovary, and embryonic stem cells, telomerase is
present at low levels or undetectable in normal somatic cells (Aisner et al.,
2002; Cong et al., 2002; Wright et al., 1996). As a result of the DNA endreplication problem and insufficient telomerase activity, telomeres are not fully
maintained, causing their length to become progressively shorter with 50 to
200 bp loss of telomeric DNA occurring per population doubling (Harley et
al., 1990; Harley et al., 1994). Eventually telomeres fall below a threshold
length that can no longer be masked as native chromosomal ends, which
triggers a cellular checkpoint response whereby cells enter a growth arrest
state – known as M1 replicative senescence (Kim et al., 1994; Shay and
Bacchetti, 1997) (Figure 4). Normal human somatic cells, which exhibit
progressive loss of telomeric DNA throughout life, are therefore restricted in
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their proliferative capacity, suggesting that maintenance of telomere stability
could be a critical factor in cell immortalization (Harley et al., 1994).
Increasing evidence supports a strong correlation between telomere length
and proliferative status of cells (Campisi, 1996; Counter et al., 1992; Greider,
1998; Harley et al., 1990; Hastie et al., 1990; Hayflick, 1965; Shay and Wright,
2000; Wright et al., 1996; Wright and Shay, 1992). A causal relationship
between telomere length shortening and cellular senescence was first
demonstrated by Vaziri’s and Bodnar’s work, which showed that
transfection of hTERT into normal cells caused cells to regain telomerase
activity with continuous telomere extension, that consequently lead to cell
immortalization (Bodnar et al., 1998; Vaziri and Benchimol, 1998). Thus,
telomere length shortening is thought to act like a mitotic clock that drives
cells with sufficiently short telomeres into senescence to avoid accumulation
of mutations that can drive cells into tumorigenesis. Reactivation of TERT
expression, a rate limiting factor for reconstituting telomerase activity,
together with genetic modifications that abrogate tumour suppressor
pathways which involve p53 and pRb, appear to be essential for cells to
circumvent controlled growth and DNA damage-induced checkpoint
responses and thus evolve into malignancies (Figure 4) (Counter et al., 1998;
Kiyono et al., 1998; Morales et al., 1999; Zhu et al., 1999). Indeed, about 85 %
of human primary tumours have evolved with telomerase activity to support
growth (Kim et al., 1994) and stably maintain telomeres at a length shorter
than in normal tissues (Jiang et al., 1999; Zhu et al., 1999).
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!
Figure 4. The relationship between telomere length shortening
and cellular senescence (adapted from	
  de Lange, 2005).
Telomerase is not active in most human somatic cells, causing
progressive telomere shortening until a critical telomere length
is reached that activates a DNA damage-induced checkpoint
response mediated by p53. Cells undergo a growth arrest
state (M1 replicative senescence), which eventually leads to
cell death. However, cells with oncogenic mutations in DNA
damage checkpoint pathways can overcome this first cellular
response, continuing to proliferate until cells have critically
short telomeres. Terminal telomere shortening triggers M2
crisis and commonly results in telomeric fusions and other
chromosomal rearrangements that compromise genomic
stability and cell viability.

	
  

19	
  

Chapter 1

Besides telomerase re-activation, about 10% of human tumours in vivo and
30% of immortalized human cell lines activate the ALT pathway to maintain
telomeres based on recombination events (Autexier et al., 1996; Reddel et al.,
1997; Shay and Bacchetti, 1997; Yeager et al., 1999). Cells exhibiting ALT
activity show a characteristic heterogeneous telomere length population and
ALT-associated promyelocytic leukemia (PML) nuclear bodies, thought to
provide a macromolecular platform to facilitate ALT-mediated telomere
maintenance (Lombard and Guarente, 2000; Yeager et al., 1999). This
observation suggests that different modes of cell survival have evolved for
the onset of tumour formation in human cells. Some results also suggest that
the origin of cell type might influence the type of mechanism used to bypass
cell senescence. Sarcomas derived from connective tissues of mesenchymal
origin, which exhibit slower cell doublings than cells from carcinomas of
epithelial tissue, tend to activate the ALT mechanism (Ulaner et al., 2004;
Yasumoto et al., 1996).

1.2.1. Telomerase-based cancer therapies
Requirement and near universal expression of telomerase in tumours suggest
that telomerase inhibition might be a feasible strategy to control cancer (Kim
et al., 1994). From direct inhibition of telomerase holoenzyme, e.g. via the use
of antisense oligonucleotides and small molecules, to active telomerase
immunotherapy, there is an emerging number of therapeutic strategies
developed to target telomere length maintenance (Harley, 2008). Many of
these approaches have achieved proof-of-principle in cell and animal models
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and yet only a few have progressed into clinical trials due to low
bioavailability, potency, toxicity and other reasons discussed below.

The GRN163L template antagonist is the only telomerase inhibitor of its class
currently receiving clinical development support with ongoing phase II
clinical trials against advanced non-small cell lung cancer (NSCLC), essential
thrombocythemia and multiple myeloma (Geron, 2012; Roth et al., 2010).
GRN163L is an oligonucleotide that targets the active site of telomerase
TERT through high affinity binding to the hTR template (Figure 5). This
antisense molecule is the lipid-conjugated derivative of the GRN153
oligonucleotide refined with improved pharmacodynamic properties and
enhanced in vivo telomerase inhibition potency. The polyanionic nature of
GRN163L seems to resist nuclease degradation and also shows better
biodistribution and cellular uptake than the first generation GRN153 (Asai et
al., 2003; Herbert et al., 2005). To date, GRN163L pharmaceutical potential
has been confirmed in many cancer types including multiple myeloma,
lymphoma (Akiyama et al., 2003; Wang et al., 2004), and solid tumours (lung,
breast, pancreatic, prostate and renal cancer) (Dikmen et al., 2005;
Djojosubroto et al., 2005; Gellert et al., 2006; Hochreiter et al., 2006; Jackson et
al., 2007; Ozawa et al., 2004). Most GRN163L trials have reported positive
outcomes in phase I trials for efficacy, safety and tolerability (Harley, 2008).
However, recent findings reported that the GRN163L Phase 2 breast cancer
trial was halted due to adverse effects that caused reduced compound
efficacy. Further, results in the Phase 2 NSCLC trial suggest that GRN163L is
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unlikely to be evaluated in Phase 3 trials in the event that the compound fails
to meet the specified clinical success criteria (Geron, 2012).

Figure 5. Telomerase inhibitors and their modes of action (adapted from	
  Roth et al.,
2010). GRN163L is the oligonucleotide-based inhibitor that targets the hTR template
of human telomerase core complex, blocking its access to the telomeres. BIBR1532
small inhibitor interferes with telomerase activity by binding in a site distinct from the
sites for the DNA primer and deoxynucleotide substrates. Azidothymidine (AZT)
inhibits deoxynucleotide synthesis in the active site. Dominant negative constructs
of hTERT (DN-hTERT), which encode catalytic inactive telomerase, directly
abolished telomerase-mediated telomere maintenance. Ribozymes and antisense
oligonucleotides cleave and block hTERT/hTR, respectively.
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Other telomerase inhibitors, like the small molecule BIBR1532, also hold
potential promise against telomerase (Damm et al., 2001; Pascolo et al., 2002).
As a selective and non-nucleosidic anti-telomerase inhibitor, BIBR1532
inhibits human telomerase by interfering with the processivity of hTERT,
possibly by blocking translocation reactions, in a dose and treatment
duration-dependent manner (Figure 5). Although BIBR1532 can induce
telomere shortening and reduce cellular proliferation in various cancer cell
lines, differences in IC50 values reported between studies argue for low
bioavailability, which have complicated and challenged its clinical use
(Barma et al., 2003; Damm et al., 2001; Ward and Autexier, 2005). Other
inhibitors including nucleoside triphosphate analog, e.g. Azidothymidine
(AZT) and dominant negative TERT constructs (DN-hTERT), are illustrated
in Figure 5. AZT inhibits telomerase activity by blocking the telomerase
elongation reaction and restricts immortalized cell growth in culture.
However, AZT was ineffective in triggering telomere attrition and cell
senescence upon long-term exposure. As AZT also reduced growth
proliferation ability, even though sufficiently long telomeres were present,
this analog might not be a selective telomerase inhibitor (Melana et al., 1998;
Murakami et al., 1999; Strahl and Blackburn, 1996). Dominant negative
versions of hTERT bearing point mutations in the RT motifs, which lead to
catalytic dysfunction (Harrington et al., 1997; Nakamura et al., 1997;
Weinrich et al., 1997), also prove effective in inducing telomere attrition in
tumour and immortalized cell lines upon viral transfection. As a
consequence of direct inhibition of TERT catalytic activity, growth and
tumorigenicity were restricted in these cancer cell lines (Hahn et al., 1999;
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Zhang et al., 1999). However, loss of DN-hTERT expression and/or
upregulation of endogenous hTERT expression have been documented in
some cancer cell lines (Delhommeau et al., 2002). Furthermore, ribozymes
with the capability to cleave TERT or TR mRNA are also confirmed to inhibit
telomerase activity and in some cases induce telomere shortening (Figure 5).
However, inconsistency in growth inhibition effect shown in xenograft
animal studies have compromised the use of ribozymes in further preclinical studies (Folini et al., 2000; Song et al., 2004; Yeo et al., 2005). More
recently, catecholic flavonoids and extracts from natural products like ginger
were found to have anti-telomerase properties (Menichincheri et al., 2004;
Tuntiwechapikul et al., 2010). The long-term effect of such products is still
under evaluation.

In addition to targeting the telomerase core complex, gene-therapy
approaches based on the expression of suicide genes under the control of
telomerase hTERT or hTR promoter have also been explored. This approach
has, in principle, proved to induce a genotoxic effect in telomerase-positive
tumour cells. However, delivery of such suicide genes specifically to cancer
cells has always been challenging (Bilsland et al., 2003; Irving et al., 2004;
Zhang et al., 2006). The telomere complex itself also presents a potential
target for design of anticancer strategies. Stabilization of G-quadruplexes, for
instance with anthraquinones, porphyrins, acridines and complex polycyclic
systems, can interfere with telomerase expression and recruitment to
telomeres, and generate abnormal conformations that ultimately impair
telomere functions (Burger et al., 2005; Harley, 2008; Rezler et al., 2003).
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Although studies show that telomere-based therapy also holds potential
promise against cancer, the low specificity of these disrupting agents could
also affect other G-rich genomic regions as well as telomeres from normal
cells (Oganesian et al., 2007; Patel et al., 2007). Active telomerase
immunotherapy is another attractive therapeutic approach with drugs in
clinical development. This strategy has the advantage of abolishing the lag
phase which anti-telomerase therapies is dependent on. Cancer
immunotherapy exploits TERT mRNA and peptides as self-antigens to
stimulate a patient’s immune system and mount an immune response with
activation and production of TERT-specific cytotoxic (CD8+) and or helper
(CD4+) T cells (Brunsvig et al., 2006). Studies have shown that telomerase
vaccines can rapidly kill metastatic tumour cells without inducing toxicity to
normal proliferating cells (Cortez-Gonzalez and Zanetti, 2007). However, this
therapeutic approach relies on a functional immune system to induce a
TERT-specific anti-tumour response, which may be difficult in patients with
compromised immunity (Nair et al., 2000; Su et al., 2002).

Increasing preclinical and clinical findings suggest that telomerase inhibition
is a viable and selective approach in suppressing cancer cell growth and
most effective against tumour cells with high turnover and short telomeres
(Counter et al., 1994; Gellert et al., 2006; Gomez-Millan et al., 2007; Hochreiter
et al., 2006; Jiang et al., 2004; Saretzki et al., 2001). The lag phase between the
time telomerase is inhibited and the time when critical telomere length
induces a clinical response can pose a challenge for cancer management.
Given that the expected lag period of continued tumour cell growth is

	
  

25	
  

Chapter 1

dependent on the initial telomere length, anti-telomerase therapy alone
might be insufficient to trigger a strong anti-tumour response. Furthermore,
outgrowth of telomerase-negative malignant cells and resistance mechanisms
to maintain functional telomeres could potentially arise upon telomerase
inhibition. Hence, combination of therapies that target telomere lengthening
and growth simultaneously are most likely required to reduce the latency
period and effectively treat cancer. Synergistic or addictive outcomes have
been seen with GRN163L and DN-hTERT combinational studies for example
(Misawa et al., 2002; Roth et al., 2010; Tentori et al., 2003). One could also
predict that combination of therapies that target distinct elements in telomere
length maintenance, e.g. telomerase immunotherapy with anti-telomerase
inhibitor, would have great promise in enhancing telomere erosion rate and
augmenting growth sensitivity in cancer cells. Moreover, telomere
shortening upon telomerase inhibition can also sensitize carcinoma cell lines
to chemotherapies including radiation and cytotoxic drugs (Gomez-Millan et
al., 2007; Ward and Autexier, 2005; Wong et al., 2000).

Telomerase inhibition could also be explored as a prevention measure as
GRN163L treatment showed potential to target putative cancer stem cells
(CSCs), which are rare cells within the bulk of tumours thought to be
responsible for cancer maintenance and relapse (Beachy et al., 2004; Joseph et
al., 2010; Marian et al., 2010; Reya et al., 2001; Roth et al., 2010). For this
avenue, the drug used to inhibit telomerase must be highly potent at low
concentration as prevention therapies require prolonged treatment and
detrimental effects on telomerase-positive healthy cells could arise. Any
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telomerase-based therapy presents with safety concerns that adverse effects
will be caused in healthy telomerase-expressing cells. In principle, treatment
with an anti-telomerase drug should have minor effects on cells from normal
tissues with negligible telomerase activity (Figure 6). Germ line cells and
stem cells, which have higher levels of telomerase activity, can be potentially
targeted by anti-telomerase therapies. However, since this source of cells
tends to have more telomeric reserve and lower cell turnover, the expected
telomere erosion effects by a telomerase inhibitor should not be dramatic or
at least be delayed in comparison to tumour cells (Figure 6). As with any
telomere-driven anti-cancer therapy, tolerability and adverse effects will
depend on the mass, initial telomere length and proliferative capacity of
cancer versus adjacent healthy cells targeted.

Despite the advances in telomere research, lack of structural information and
inability to generate large quantities of stable and purified telomerase have
halted progress towards developing more clinically applicable telomerasebased therapeutics against human telomerase. The dearth of lead compounds
urges for the development of alternative approaches that enable the
identification of potent telomerase inhibitors that are cell permeable and of
low toxicity to cells to meet the clinical needs for cancer treatment. In
response to this pressing need, the objectives of this work are to develop a
genetic surrogate system in S. cerevisiae that induces a growth behaviour
reflective of the activity of human telomerase, and next establish a highthroughput chemical screen for human telomerase inhibitors.
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Figure 6. Effects of telomerase inhibition upon growth of cells with differential levels
of telomerase and telomere length (adapted from	
  White et al., 2001). Cancer cells,
which generally have higher levels of telomerase activity with higher turnover than
other cell types, have evolved with a telomere-length mechanism that enable them
to maintain stable telomere function. Telomerase-dependent tumour cells are
therefore more sensitive to the effects of telomerase inhibition with faster telomere
attrition and consequently decreased cell proliferation. Conversely, consequences
on normal somatic cells should be minimal due to lack of telomerase activity.
Healthy cells with telomere activity, such as germ line and stem cells, which have
generally longer telomeres and divide slower than cancer cells, should also not be
profoundly effected by telomerase inhibition.
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Methods and Materials

Construction of plasmids
Plasmids were constructed using standard DNA manipulation techniques
involving DNA restriction digestion, DNA ligation via T4 DNA ligase (New
England Biolabs), cloning in E. coli DH5α or TOP10F’ strains and DNA
isolation using QIAprep Spin Miniprep Kit according to the manufacturer’s
instructions (QIAGEN® Chatsworth, CA). Cdc13-hTERT-FLAG sequence
was constructed in the StrataClone blunt PCR cloning vector (Stratagene)
using sequential subcloning steps and pVL1091 (Cdc13-Est1) was used as the
parental plasmid (Evans and Lundblad, 1999) (Figure 7). To induce the overexpression of Cdc13-hTERT-FLAG, the CDC13 promoter of pVL1091 was
replaced by GAL1 promoter (Longtine et al., 1998), which was PCR amplified
from the genomic DNA of NK1 strain by using primers (forward: 5’cccggatctcaaaATGGATACCTTAGAAG-3’ and reverse: 5’ccccACGCGTTCGGACTG-3’), to yield a pGAL1-pVL1091 plasmid (Figure
7). To tether human telomerase reverse transcriptase to the yeast telomere,
the hTERT gene is fused downstream of the CDC13 sequence, similarly to the
Cdc13-Est1 fusion construct in pVL1091. First, the 1.2 kbp of the 3‘ terminal
fragment of CDC13 was PCR amplified and digested with SphI and NheI
restriction enzymes. The digested fragment was subcloned in the StrataClone
vector to generate strataclone-Cdc13SphI. The hTERT-FLAG sequence was
PCR amplified from pCR3-FLAG-hTERT-FLAG (Beattie et al., 1998) using
primers containing overhangs with NheI sites. The PCR product was
digested with NheI and subcloned downstream of CDC13 sequence into the
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previously constructed strataclone-Cdc13SphI plasmid. Additional digestion
with SpeI and Klenow filling in 5’ overhang reaction was required to achieve
an in-frame Cdc13SphI-hTERT-FLAG fusion sequence. To achieve efficient
transcription termination of Cdc13-hTERT-FLAG, the terminator sequence of
the ADH1 gene (Adhter) was also inserted downstream of the Cdc13SphIhTERT-FLAG sequence. The intermediate fragment Cdc13SphI-hTERT-ADHter
was finally digested with SphI and NotI and subcloned into SphI and PspOMI
digested pGAL1-pVL1091 plasmid.

The phTR plasmid was made by PCR amplifying the hTR sequence from a
pUC19-hTR plasmid (Beattie et al., 2000) with primers containing overhang
sequences with EcoRI sites, digested with EcoRI enzyme and subsequently
subcloned into the EcoRI digested 2-micron plasmid, pIIIEx426 to generate
pIII-hTR plasmid (Figure 8) (Good and Engelke, 1994). All plasmid
constructs including promoter insertions, gene and fusion sequences were
confirmed by DNA sequencing. For simplicity, pGAL1-Cdc13-hTERT-FLAG
and pIII-hTR were referred as pCdc13-hTERT-FLAG and phTR hereafter. To
create a mutant hTR190, the sequence in hTR at positions 190–199 (5’CCCGTTCGCC-3’) in phTR was substituted with 5’-GGGCAAGCGG-3’ by
PCR. The mutant sequence was PCR amplified from a pUC19-hTR190
plasmid (Autexier et al., 1996) with primers containing overhang sequences
with EcoRI sites (forward: 5’-ggtggcgaattcGGGTTGCGGAGGGTGGGCC-3’
and reverse: 5’-ccaccgcttaagGCATGTGTGAGCCGAGTCCTGG-3’). The PCR
product was digested with EcoRI enzyme and subsequently subcloned into
EcoRI linearized pIII-hTR plasmid. To create truncated TERT (Cdc13-TERT1-
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+ hTR), pCdc13-hTERT-FLAG was digested with MluI restriction enzyme

and the linearized plasmid was ligated with T4 DNA ligase. Cdc13(-DBD)hTERT-FLAG construct was made by digesting pGAL1-Cdc13-hTERT-FLAG
with BglII restriction enzyme. The linearized plasmid was then ligated with
T4 DNA ligase to create a construct that lacks the DNA binding domain
(DBD) of CDC13. Finally, catalytically inactive TERT fused to CDC13 (Cdc13TERTD868/A868) was created by PCR amplifying the sequences containing
D868A mutation from a pCR3-FLAG-TERTD868/A868 plasmid (Harrington et al.,
1997). All mutants constructs were confirmed by DNA sequencing and
summarized in Figure 9.
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A

B

Figure 7: Strategy for making pGAL1-Cdc13-hTERT-FLAG construct to induce expression of human telomerase at the yeast telomere. (A) Overview
of the strategy used to replace the promoter of CDC13 with GAL1 via PCR reactions. (B) Overview of the strategy used to generate the final pGAL1Cdc13-hTERT-FLAG-Adhter plasmid. P represents the PspOMI site used for subcloning the Cdc13-hTERT-Adhter sequence into the pGAL1 plasmid;
Se and Sh correspond to SpeI and SphI sites, respectively.
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Figure 8: The pIII-hTR construct used to express hTR in W303-1a cells. E represents the EcoRI site used for subcloning the hTR gene into the
pIIIEx426 plasmid (Good and Engelke, 1994); S and B represent SalI and BamHI sites, respectively, which were used for analytical digest analysis.
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Figure 9: Summary of mutant constructs made from the wild-type Cdc13-hTERTFLAG and hTR expression plasmids by PCR and DNA cloning techniques. To
construct phTR190 plasmid, a block of alanine substitutions was introduced
between 190 and 199 positions of hTR in the phTR plasmid. To make TERT1-677

and catalytic inactive TERT constructs, the hTERT-FLAG sequence in the
pCdc13-hTERT-FLAG plasmid was digested with restriction enzyme and
ligated with T4 DNA ligase with PCR amplified mutant TERT fragments, as
detailed in the main text. To create Cdc13(-DBD)-hTERT-FLAG construct
that lacks the the DNA binding domain (DBD) of CDC13, Cdc13-hTERTFLAG fragment was digested and linearized fragment was ligated with T4
ligase without the DBD region of CDC13. All constructs were confirmed by
DNA sequencing.
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Plasmid

Description

phTR
phTR190
pUC19-hTR
pCdc13-hTERT-FLAG
pCdc13-hTERTinactive-FLAG
pCdc13(-DBD)-hTERT-FLAG
pGAL1-empty vector
pCR3-FLAG-hTERT-FLAG

pIIIEx426-hTR
pIIIEx426-hTR190
pUC19-hTR (Beattie et al., 2000)
pGal1-Cdc13-hTERT-FLAG
pGal1-Cdc13-hTERTinactive-FLAG
pGal1-Cdc13(-DBD)-hTERT-FLAG
pGal1-empty vector (Longtine et al., 1998)
pCR3-FLAG-hTERT-FLAG (Beattie et al., 1998)
pCR3-hTERT-FLAG 5-1 (Harrington, Zhou et al.
1997)
pdr1DBD-cyc8 (Stepanov et al., 2008)

pCR3-hTERT-FLAG 5-1
pdr1DBD-cyc8

Table 1: Plasmids used in this work. Plasmids were prepared using the
QIAprep Spin Miniprep Kit according to the manufacturer’s instructions
(QIAGEN® Chatsworth, CA) and verified by sequencing.

Strain

Genotype

W303-1a
NK1
NK399
BY4741

MATa {leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15}
MATa {ura3-52 trp1-289 leu2-3,112 bar1::LEU2}
Matα {ura3-52 trp1-289 his3Δ200 leu2-3,112}
MATa {his3Δ0 leu2Δ0 met15Δ0 ura3Δ0}

Table 2: Yeast strains used in this work.
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Primers
EcoRI-hTR forward
EcoRI-hTR reverse
pUC19-hTR190 forward
pUC19-hTR190 reverse
RT-PCR hTR forward
RT-PCR hTR reverse
1.2 kbp-CDC13 forward
1.2 kbp-CDC13 reverse
NheI-hTERT-FLAG forward
NheI-hTERT-FLAG reverse
RT-PCR TERT forward
RT-PCR TERT reverse
pGAL1 forward
pGAL1 reverse
RT-PCR PDR1 forward
RT-PCR PDR1 reverse
RT-PCR YOR1 forward
RT-PCR YOR1 reverse
RT-PCR ACT1 forward
RT-PCR ACT1 reverse
human telomeric probe
yeast telomeric probe
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Sequence
5’-ggtggcgaattcGGGTTGCGGAGGGTGGGCC-3’
5’-ccaccgcttaagGCATGTGTGAGCCGAGTCCTGG-3’
5’- ggtggcgaattcGGGTTGCGGAGGGTGGGCC -3’
5’-ccaccgcttaagGCATGTGTGAGCCGAGTCCTGG-3’
5’- GGGTTGCGGAGGGTGGGCC -3’
5’- GCATGTGTGAGCCGAGTCCTGG -3’
5’-GTTTGGCATGCTAGTCTCCTG-3’
5’-GGAAATAGTGATCCGGGC-3’
5’-ccccgctagcATGCCGCGCGCTCCCCGC-3’
5’- CCCCGCTAGCGTTAACTCACTTGTCATCGTCGTC -3’
5-GCGAGCTGCGGTCACCCC-3’
5’-AGCTCCTGCAGCGAGAGC -3’
5’-cccggatctcaaaATGGATACCTTAGAAG-3’
5’-ccccACGCGTTCGGACTG-3’
5’-TCCAAATGCGAGATTTTTCC-3’
5’- CGAAGATGGGGTTGAAGGTATA-3’
5’-AGCATTAACAAGGGCATTGG-3’
5’- TTCTGCGACTTCACCCTTCT-3’
5’-ATGGATTCTGAGGTTGCTGCTTTGGTTA-3’
5’-TGTTCTTCTGGGGCAACTCTCAATT-3’
5’-CCCTAACCCTAAACCCTAA-3’
5’-CCACACCCACACCCACAC-3’

Table 3: Primers used in this work.
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Yeast manipulations
To co-express Cdc13-hTERT-FLAG and hTR, yeast strains were transformed
with pCdc13-hTERT-FLAG and phTR plasmids using the standard lithium
acetate heat shock method (Gietz and Woods, 2002). Cells bearing the
plasmids were selected by growing cells in synthetic dropout medium
lacking uracil and leucine amino acids. This selective medium supports
growth of only cells bearing the plasmids that express these amino acid
markers. Single cell colonies were streaked in selective agar plates and used
for subsequent galactose induction studies.

The integration plasmid that contains the pdr1DBD-cyc8 knockin integrant, was
used to create pdr1DBD-cyc8 mutant. The integrant is flanked by XhoI
restriction sites, which was digested with XhoI restriction enzyme to release
the pdr1DBD-cyc8 DNA fragment and replace the genomic PDR1 sequence of
W303-1a cells by homologous recombination (Gietz and Woods, 2002).
Pdr1DBD-cyc8 integration was confirmed by sequencing. Pdr1DBD-cyc8 was
transformed with pCdc13-hTERT-FLAG and phTR plasmids as described
above.

Liquid passage growth assay
Strains, transformed with pCdc13-hTERT-FLAG and phTR plasmids, were
pre-grown on synthetic dropout media without uracil and leucine amino
acids that contain 3% w/v raffinose, which does not induce expression of
genes under the GAL system. Once cells reached the exponential phase at
optical density at 600 nm wavelength (O.D.600nm) of 0.3, pre-washed cell

	
  

37	
  

Chapter 2

pellets were resuspended in selective media containing 2% w/v galactose to
induce expression of Cdc13-hTERT-FLAG or 2% w/v glucose to repress
fusion protein expression (as negative control). Cell growth was estimated
based on O.D.600nm readings measured using a spectrophotometer, which
assumes that an O.D.600nm reading of 1 is equivalent to 3 x 107 cells/mL.
Cultures were diluted in fresh media to O.D.600nm 0.3 for each additional 24-hr
growth period. For 96-well based growth assays, strains were pre-grown in
selective media containing 3% w/v raffinose until O.D.600nm 0.3. Cells were
then cultured in media containing 2% w/v galactose before dispensing 98 μl
of yeast cells (3 x 105 cells /mL) into a 96-well clear flat-bottomed microplates
(Corning Costar) containing containing fresh selective media and 2% w/v
galactose. To study the effect of caffeine upon cell growth, caffeine (6 mM)
was added to the selective media in the microplates. Plates were sealed with
tape and cell growth was measured on a Sunrise plate reader (Tecan) at
absorbance 595 nm, maintained at 30°C and shaking at normal intensity
settings (564 r.p.m.). After the first time course (“time course 1”), cells were
diluted 1/30 into fresh media containing 2% w/v galactose and 2% v/v
DMSO with 3.3 μl of cells from each well being added to 97 μl fresh media in
a new 96-well plate. The plate was sealed before returning to a Sunrise plate
reader, where O.D.595nm measurements resumed for another time course
(“time course 2”).

Total RNA extraction
Total cellular RNA was isolated from yeast cells at O.D.600nm 1 as described in
Methods of Yeast Genetics (Burke et al., 2000). Concentration and purity of
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total RNA samples were estimated using a spectrophotemer (Thermo
Scientific NanoDrop 1000). Integrity of total RNA samples was confirmed by
resolving the RNA in an ethidium bromide stained gel.

RT-PCR analysis of TERT, hTR YOR1 and PDR1
Yeast strains were grown on selective media containing 2% w/v glucose or
galactose to O.D.600nm 1. To study the effect of DMSO or compound upon coexpression of hTR and TERT, cells pre-grown in selective media containing
2% w/v galactose (or glucose) were treated with compound at 20 μM or 2%
v/v DMSO and cultured at 30°C for 2 h 30 min. Total RNA (30 ng) was
extracted and treated with DNaseI (2U/20-μL reaction) and used to
synthesize cDNA using a primer (5’-GGGTTGCGGAGGGTGGGCC-3’ for
hTR; 5’-ATGGATTCTGAGGTTGCTGCTTTGGTTA-3’ for Act1; 5’TCCAAATGCGAGATTTTTCC-3’ for Pdr1; and 5’AGCATTAACAAGGGCATTGG-3’ for Yor1) according to the
manufacturer's protocol in the RT-PCR sensiscript kit (QIAGEN). For hTR
analysis, hTR synthesized in RRL (Rabbit Reticulocyte Lysate; TNTR System
from Promega) was used as positive control and titration for estimating the
levels of hTR expressed in yeast. The cDNA of hTR from test and control
samples was amplified in a PCR reaction mixture containing hTR specific
forward and reverse oligonucleotides (forward: 5’GGGTTGCGGAGGGTGGGCC-3’; reverse: 5’GCATGTGTGAGCCGAGTCCTGG-3’). To confirm TERT expression levels
in cells expressing wild-type Cdc13-hTERT-FLAG + hTR or inactive Cdc13TERTD868/A868 + hTR, forward (5’-GCGAGCTGCGGTCACCCC-3’) and reverse
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(5’- AGCTCCTGCAGCGAGAGC-3’) primers were used. RT-PCR analysis of
PDR1 and YOR1 mRNA levels was carried out using forward primers
(PDR1: 5’-TCCAAATGCGAGATTTTTCC-3’ and YOR1: 5’AGCATTAACAAGGGCATTGG-3’) and reverse primer (PDR1: 5’CGAAGATGGGGTTGAAGGTATA-3’ and YOR1: 5’TTCTGCGACTTCACCCTTCT-3’). For Actin loading control, forward 5’ATGGATTCTGAGGTTGCTGCTTTGGTTA-3’ and reverse 5’TGTTCTTCTGGGGCAACTCTCAATT-3’) primers were used. Amplified
products were resolved through a 1.5% w/v agarose gel and visualized with
ethidium bromide.

Cdc13-hTERT-FLAG expression by western blotting
Yeast cells transformed with pCdc13-hTERT-FLAG and phTR plasmids were
grown in selective media to O.D.600nm 1. Pre-washed cell pellets were
resuspended in a lysis buffer (100 mM KCl, 50 mM Tris-HCl at pH 7.5, 1%
v/v Triton X-100, 10% v/v glycerol, EDTA-free Complete protease inhibitor
cocktail (Roche), 1 mM PMSF, 1 μg/mL leupeptin, 1 μg/mL pepstatin); and
lysed using a Ribolyser (Eppendorf) for 20 seconds with zircon beads
(BioSpec Products, Inc). Crude cell extracts were centrifuged at 900 g for 1
min at 4°C and the supernatants recovered. Protein concentration of lysates
was determined by the Bradford assay (BioRad) (Bradford 1976). To detect
FLAG-tagged Cdc13-hTERT protein, lysates of 500 μg were
immunoprecipitated with monoclonal anti-FLAG M2-agarose beads (Sigma),
which were pre-equilibrated with hypo buffer (23 mM HEPES, 7 mM KCl,
2.3 mM MgCl2, 0.1 mM NaCl, 0.5% v/v Triton X-100, EDTA-free Complete
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protease inhibitor cocktail (Roche), 1mM PMSF, 1 μg/mL leupeptin, 1
μg/mL pepstatin), for 2 hours via rotation at room temperature.
Immunoprecipitated lysates were washed 3 times with hypo buffer and
resuspended in 5 μL of Laemmli buffer (100 mM Tris-HCl at pH 6.8, 25% v/v
glycerol, 2% w/v SDS, 0.5% w/v bromophenol blue and 10% v/v βmercaptoethanol). Samples were pre-heated at 98°C for four minutes before
loading on a gradient 4–12% SDS-PAGE (Invitrogen). Rainbow recombinant
marker (GE Healthcare Amersham™) was used as the protein marker. The
gel was transferred to a PVDF membrane, which was probed with antiFLAG mouse monoclonal or a RT anti-TERT rabbit polyclonal (Oulton and
Harrington, 2004) antibodies followed by incubation with horseradish
peroxidase conjugated anti-mouse or anti-goat antibodies, respectively, and
chemiluminescence detection. IgG (heavy chain; 53 kDa) of anti-FLAG was
used as an immunoprecipitation loading control.

Chromatin immunoprecipitation
Yeast cells were grown to O.D.600nm 1 and resuspended in 1% v/v
formaldehyde at room temperature for 1 hour. Glycine (125 mM) was added
to each culture for 5 min at room temperature before collecting cell pellets
that were washed with ice cold 1X PBS. Cells were resuspended in FA buffer
(50 mM Hepes-KOH at pH 7.6, 140 mM NaCl, 1 mM EDTA, 1% v/v Triton
X-100, 0.1% Sodium deoxycholate and protease inhibitor cocktail) and lysed
using a Ribolyser (Eppendorf) for 1 hour at 4°C with zircon beads (BioSpec
Products, Inc). Crude lysates were collected and sonicated for 10 seconds
followed by 30 seconds pause for 4 cycles. Samples were centrifuged at 20800
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g at 4°C and supernatants were filtered through columns (Milipore ultrafree
MC 0.45 μM). The latter procedure was repeated twice. Input samples were
stored in -20°C. Remaining lysates were immunoprecipitated with
monoclonal anti-FLAG M2-agarose beads (Sigma), which were washed with
FA buffer, for 3 hours via rotation at room temperature. Immunoprecipitated
lysates were washed with FA buffer and filtered in Milipore ultrafree MC
0.45 μM columns 3 times before washing in FA-HS buffer (50 mM hepesKOH at pH 7.6, 500 mM NaCl, 1 mM EDTA, 1% v/v Triton X-100, 0.1%
Sodium deoxycholate and protease inhibitor cocktail) for 3 times and
deoxycholate buffer (10 mM Tris at pH 8, 0.25 M LiCl, 0.5% NP40, 0.5%
sodium deoxycholate and 1 mM EDTA) once. Immunoprecipitated lysates
were eluted by incubating with 100 μL of 3X FLAG peptide at 0.3 mg/mL
(Sigma F3290) for 30 min at room temperature followed by centrifugation at
900 g for 2 min. Elution procedure was repeated twice. Both
immunoprecipitated and input samples were incubated with 10x reverse
crosslinking solution (100 mM Tris-HCl at pH 8, 20 mM EDTA and 1 M
NaCl) at 65°C overnight. The following day, samples were resuspended in
glycogene and protease K for 3 hours at 56°C followed by extraction with
phenol/chroform/isamilic-alcohol at 20800 g for 15 min. Phenol extraction
was repeated at least twice. DNA was precipitated from samples with 1/10
volume of NaOAc and 2 volumes of 50% v/v ethanol. Samples were
resuspended in 1X TE buffer at pH 8 and stored in -20°C overnight to aid
DNA resuspension. Protein enrichment at the yeast telomere was analyzed
by quantitative multiplex PCR using primer pair specific for the subtelomeric
region of the right arm of chromosome IV (TEL VI-R) and a sequence near
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origin of replication (ARS607). Immunoprecipitation data shown in Figure 11
were quantified by dividing the averaged raw intensity of TEL VI-R
amplification signal with the averaged raw intensity of ARS607 signal. This
ratio was then normalized to the corresponding input values.

Rad53p phosphorylation by western blotting
Yeast cells transformed with pCdc13-hTERT-FLAG and phTR plasmids were
lysed as described previously for Cdc13-hTERT-FLAG protein detection. The
same strain was treated with 0.1 M HU drug for 2 hours at 30°C was
included as a positive control to detect Rad53p phosphorylation. Protein
concentration was determined by the Bradford assay (BioRad) (Bradford
1976) and lysates of 250 μg were resuspended in Laemmli buffer (100 mM
Tris-HCl at pH 6.8, 25% v/v glycerol, 2% w/v SDS, 0.5% w/v bromophenol
blue and 10% v/v β-mercaptoethanol). Samples were pre-heated at 98°C for
4 minutes before loading on a 10% SDS-PAGE (Invitrogen). Rainbow
recombinant marker (GE Healthcare Amersham™) was used as the protein
marker. Gel was transferred to a PVDF membrane, which was probed with
anti-Rad53 rabbit polyclonal antibody followed by incubation with
horseradish peroxidase conjugated anti-goat antibody and
chemiluminescence detection.

Cell viability assays
Phloxine B dye (10 μg/ml) was supplemented to selective agar plates to
assess the number of inviable colonies present in the cell population based on
the incorporation of the red colour Phloxine B in yeast cells grown in the agar
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plates (Tsukada and Ohsumi, 1993). Cells were spread in Phloxine B
containing media plates and incubated for 3 days at 30°C before colonies
were scored and images taken. Trypan blue exclusion assay was used to
assess inviable cells in liquid cultures by counting the number trypan blue
stained cells with compromised cell membrane potential using a
haemocytometer (Karpova et al., 1993). To study MMS sensitivity of esc4Δ
cells, a spot assay was conducted, whereby cells pre-grown in YPD media to
O.D.600nm 0.3 were serially diluted with 5 μL of cells spotted in agar plate
containing YPD media alone or with 0.02% w/v MMS. Plates were incubated
at 30°C and photographed after 3 days.

Growth sensitivity analysis of pdr1DBD-cyc8 mutant
Sensitivity of pdr1DBD-cyc8 cells to the exposure of crystal violet (CV) and
etoposide was assessed by spot assay and post-survival growth analysis,
respectively. In the spot assay, early log-phase pdr1DBD-cyc8 or W303-1a cells
at O.D.600nm 0.3, which were pre-grown in YPD liquid media, were serially
diluted 10-fold before 5 μL of cells were spotted in agar plate containing
either YPD with 2% w/v glucose or YPD containing CV (1 μg/mL) and 2%
w/v glucose. Plates were incubated at 30°C and photographed after four
days. Sensitivity to cycloheximide was analyzed in 96-well growth
conditions where growth was assessed based on O.D.595nm readings taken by a
Sunrise plate reader (Tecan) overnight. Post-survival rate was also included
to assess growth sensitivity to cycloheximide. Following pre-treatment with
100 or 200 μg/mL cycloheximide or 2% v/v DMSO for twenty-four hours at
30°C, serially diluted cells at O.D.600nm 0.3 was spotted in YPD with 2% w/v
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glucose. Plates were incubated at 30°C for 4 days and post-survival rate was
calculated based on the number of colonies formed following DMSO
treatment over the number of colonies formed following cycloheximide
treatment. Values are shown as percentage and consist of an average of three
independent experiments.

BIBR1532 effect upon W303-1a and pdr1DBD-cyc8 cell growth
For liquid growth analysis, early log phase W303-1a cells expressing wildtype Cdc13-hTERT-FLAG + hTR or empty vector, at O.D.600nm 0.3 by
spectrophotometer, were cultured for two hours in selective media
containing 2% w/v galactose before transferring to 96-well microplates
containing media with 2% w/v galactose and BIBR1532 (500, 150, 50, 10 or 1
μM) or 2% v/v DMSO solvent control. Growth curves were generated based
on O.D.595nm readings taken by a Sunrise plate reader (Tecan) that was
maintained at 30°C over 24 to 48 hours. For pdr1DBD-cyc8 analysis, the same
growth conditions previously described was applied with the exception that
a lower titration range of BIBR1532 (1, 0.5, 0.25, 0.125, 0.062 and 0.03 μM) and
1% v/v DMSO were used instead. In the spot assay, W303-1a strain
expressing wild-type Cdc13-hTERT-FLAG + hTR or empty vector at O.D.600nm
0.3 were pre-treated with 500, 100 and 35 μM BIBR1532 or 2% v/v DMSO
control for 48 hours at 30°C. Following treatment, cell density was adjusted
to O.D.600nm 0.3 and serially diluted with 5 μL of cells spotted in agar plate
containing selective media with 2% w/v galactose. Plates were incubated at
30°C and photographed after three days. Post-survival rate upon BIBR1532
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treatment was assessed based on the number of colonies formed in the
presence of compound relative to DMSO.

Growth sensitivity of W303-1a expressing wild-type Cdc13-hTERTFLAG + hTR upon cyclohemixide treatment
W303-1a cells bearing pCdc13-hTERT-FLAG and phTR plasmids were pregrown in selective media containing 3% w/v raffinose until O.D.600nm 0.3 was
reached. After a 2-hour pre-growth in media containing 2% w/v galactose,
cells were transferred to 96 well flat-bottomed microplates containing fresh
media containing 2% w/v galactose and cycloheximide (0.06, 0.2, 0.6 or 2
μM), and O.D.595nm levels were read overnight by a Sunrise plate reader.

Yeast cell morphology analysis via light microscopy
Yeast cultures were grown to log-phase O.D.600nm 0.6–0.8 in galactose and
glucose containing media prior to cellular morphology analysis by light
microscopy. Brightfield images were obtained using 100x objective lens.

High-throughput chemical screening assay
Chemical genetic screens were assisted by a Biomek FX liquid handling robot
(Beckman Coulter) and conducted with two consecutive treatments over 90
hours growth in galactose (see Figure 27). W303-1a cells bearing pCDC13hTERT-FLAG and phTR plasmids were pre-grown in selective media
containing 3% w/v raffinose until O.D.600nm 0.3 was reached. After a 2-h pregrowth in media containing 2% w/v galactose, 98 μl of yeast cells (3 x 105
cells /mL) was robotically dispensed into 96 well flat-bottomed microplates
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(Corning Costar) as described previously. A small molecule bioactive library
was utilized for the screen, consisting of 678 compounds selected from the
Maybridge collection (Thermo Fisher Scientific) (Ishizaki et al., 2010). Two μl
compound from the library plate was robotically dispensed into assay plate
(to yield final concentration 20 μM, 2% v/v DMSO). 2% v/v DMSO (Sigma)
and 20 μM cycloheximide (Sigma) were added as controls to each assay
plate, into alternate wells in columns 1 and 12 using the Span 8 module of the
Biomek FX. Nine plates were performed per run, 80 compounds per plate,
with 8 wells per control. After compound addition, the plates were sealed
with tape and read for 48 hours on a Sunrise plate reader (Tecan) at
absorbance 595 nm, maintained at 30°C and shaking at normal intensity
settings (564 r.p.m.). After reading for 36 hours (end of “time course 1”), the
assay plates were diluted 1/30 into fresh media using Biomek FX, with 3.3 μl
from each assay plate being added to 97 μl fresh media in a new plate. Then 2
μl from the library plates and control reagents were robotically dispensed to
the new diluted assay plates. The plates were sealed and pre-incubated at
30°C for 3 hours before adding compounds or control drugs. O.D.595nm
readings were resumed in Sunrise plate readers for another 86 hours (end of
“time course 2”) as described above. To confirm exponential growth delay is
resumed in each assay plate during time course 2, the time required for
query strain to reach O.D.595nm 0.62 in the presence of DMSO was averaged in
all assay plates and plotted for side-by-side comparison (Figure 10).
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Figure 10: Growth recovery of W303-1a query strain induced with wild-type Cdc13hTERT-FLAG + hTR after treatment with DMSO. Average time difference (min) to
reach O.D.595 0.62 in the presence of DMSO was determined for each 96-well assay
plate (total of 9, x-axis) after “time course 1” and “time course 2”. Error bars indicate
standard deviations, n=16.

Identification of human telomerase inhibitors and statistical analysis
Growth curves were analyzed using a growth curve analysis tool
implemented in the R software. After smoothing of growth curves, time
required to reach O.D.595nm 0.62 was derived using a data-based approach
(Warringer and Blomberg, 2003). Values of this parameter were visualized in
heatmap plates, where a scale bar from white to yellow reflects slower to
faster growth recovery. Complete inhibition is also illustrated in white.
Concordance between the two HTSs was predicted based on the Pearson
correlation. “Hits” against human telomerase were identified based on the
calculated time difference (in hours) required for W303-1a cells expressing
active human telomerase (Cdc13-hTERT-FLAG + hTR) to reach O.D.595nm 0.62
in the presence of a ‘x’ compound compared to DMSO during “time course
2”. Time difference to reach mid-log exponential growth upon treatment
with the bioactive library was averaged; and Z-scores were calculated based
on the equation: z = (x - μ) / σ, where μ is the mean time difference for
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compounds in the bioactive library and σ is the standard deviation. The
number of false positive hits was predicted in HTSs based on the number of
DMSO controls that recovered O.D.595nm 0.62 by 8 h 45 min. False positive rate
was then calculated based on the formula: 1 - (atrue positives / total) x 100%,
where ‘a’ corresponds to the number of DMSO controls that did not show
time difference in growth equal or above 8 h 45 min and ‘total’ corresponds
to the number of DMSO controls included in the HTS. Only compounds that
allowed query strain to recover mid-log exponential phase at O.D.595nm 0.62 at
least 8 hours faster than DMSO were further analyzed in subsequent
validation studies.

Low-throughput growth assays for compound validation
Growth effect upon treatment with 20 µM compounds or 2% v/v DMSO was
assessed in the W303-1a query strain expressing wild-type Cdc13-hTERTFLAG + hTR, inactive Cdc13-TERTD868/A868 + hTR, Cdc13(-DBD)-hTERTFLAG + hTR, Cdc13-TERT1-677 + hTR and empty vector. Active or mutant
telomerase constructs were induced in W303-1a cells over a two-day assay
and growth curves were generated based on the O.D.595nm readings as
described previously. Compounds were validated based on the time
required for cells to reach O.D.595nm 0.62 after normalizing to the DMSO i.e.
values lower than one indicate faster growth recovery than DMSO.

Reconstitution of telomerase
Human and murine telomerase was reconstituted in rabbit reticulocyte
lysates (RRLs) as previously described (Beattie et al., 1998). In vitro hTR was
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synthesized by T7 RNA polymerase from the RiboMax kit (Promega) and
confirmed by resolving a heat-treated sample through a 1.2% w/v agarose
gel stained with ethidium bromide. Human telomerase was reconstituted in
a coupled in vitro transcription-translation reaction (TNT T7-coupled
reticulocyte lysate system by Promega), using pCR3-FLAG-hTERT-FLAG
plasmid DNA (1 μg/50-μL reaction), and phenol-extracted hTR (1 μg/50-μL
reaction). Chimeric mTERT+hTR telomerase complex was reconstituted by
using in vitro synthesized hTR and mTERT enzyme via the TNT T7-coupled
reticulocyte lysate system. RRL-reconstituted telomerase was prepared with
final 20% v/v glycerol and stored at -80°C to retain telomerase activity for up
to 3 weeks.

Telomerase activity assays
Telomere Repeat Amplification Protocol (TRAP) was performed using the
TRAPeze kit (Millipore) with some modifications to the manufacturer's
protocol. Crude extracts from cells induced with wild-type or inactive
Cdc13-hTERT-FLAG (in galactose) or repressed with wild-type or inactive
Cdc13-hTERT-FLAG (in glucose) were immunoprecipitated onto anti-FLAG
resins prior to telomerase reaction. RRL-reconstituted human telomerase was
pre-heated at 85°C for 10 minutes prior to 15-minute compound or control
treatment at room temperature in RNase-free water. Pre-heated RRL samples
reduced background and yielded clearer telomere elongation products. For
HeLa nuclear extracts - positive amplification control supplied by
manufacturer (TSR8, TRAPEZE kit), samples were resuspended in CHAPS
buffer and added directly to the reaction mixture, as instructed by the
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supplier. Following telomerase reaction at 30°C for thirty minutes and 94°C
for 2 minutes, 0.5 μL (2.5U) Taq polymerase (New England Biolabs) was
added to the reaction and PCR amplification was complete after 25 cycles at
94°C for 30 seconds, 50°C for 30 seconds, 72°C for 90 seconds. 20 μL of PCR
products were resolved through a 10% w/v 29:1 acrylamide/bisacrylamide
gel in 0.5X TBE at 15–20 V/cm and visualized on a PhosphorImager after
staining with SYBR Green I (Sigma) for 15 minutes. For quantification, RRLreconstituted telomerase activity was analyzed by using a TeloTAGGG
Telomerase PCR ELISA-PLUS kit (Roche Diagnostics), which allows semiquantification of the relative telomerase activity (RTA) present in telomere
elongation products based on a photometric enzyme immunoassay. The TS
primer used for telomerase reaction is biotin-labelled, which is hybridized to
digoxigenin-(DIG)-labelled probe and detected by incubation with
horseradish peroxidase conjugated anti-DIG antibody followed by
chemiluminescence. The internal control (IC) generated by the primers
supplied produces a 216-bp PCR product. IC50 value of BIBR1532 was
estimated based on arbitrary RTA, which was normalized to the 216-bp IC,
and plotted against a titration of concentrations of BIBR1532 and DMSO.

Telomere terminal restriction fragment analysis
Yeast cultures were grown to O.D.600nm 1 and genomic DNA was extracted
using an adapted protocol (Philippsen et al., 1991). Genomic DNA (5 μg) was
digested with XhoI restriction enzyme (New England Biolabs) overnight at
37°C. The following day, digested restriction DNA fragments were resolved
through a 0.7% w/v agarose gel in a 25 X 15 cm gel tray at constant 50V
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overnight. The next day, the gel was denatured for thirty minutes in
denaturation buffer (0.5 M NaOH, 1.5 M NaCl) with gentle agitation
followed by 2 washes in neutralization buffer (1.5 M NaCl, 0.5 M Tris pH 7.5)
of 15 minutes each. Treated genomic DNA was transferred via upward
capillary transfer to a nylon membrane (Hybond N+, Amhersham) in 20X
saline-sodium citrate (SSC) buffer overnight. The membrane was UVcrosslinked and rinsed in 2X SSC. The air-dried membrane was prehybridized in Church hybridization buffer (0.5 M NaPO4 pH 7.2, 1% w/v
BSA, 7% w/v SDS, 1 mM EDTA) for 30 minutes at 37°C. Telomeric probes
(yeast: 5’-CCACACCCACACCCACAC-3’ and human: 5’CCCTAACCCTAAACCCTAA-3’, each at 0.1 μg) were end-labelled with
~100 μCi of gamma-32P-dATP using T4 polynucleotide kinase (Fermentas)
and incubated for 30 minutes at 37°C. The gamma-32P-dATP labelled probe
was added directly to the pre-hybridized membrane and incubated
overnight at 37°C with gentle rotation. The following day, the membrane
was washed with 1X SSC, 0.1% w/v SDS twice for 5 minutes and 3 times for
15 minutes at 37°C. The membrane was exposed to a phosphorimager screen
overnight and scanned using the Fluoro Image Analyzer FLA-5000.

Mammalian cell culture and compound treatment
HTR cells were cultured in alpha-Minimal Essential Medium (α-MEM) with
15% v/v FBS, 2 mM L-glutamine, 125 μg of amphotericin B, 5 mL of
Pen/Strep (10000 units/mL Pen and 10000 μg/mL Strep) and 2.5 mg of
plasmocin (InvivoGen) (Sealey et al., 2010; Taboski et al., 2012). When 90%
confluency was reached, 2mL of TrypLE Express (Invitrogen) was added to
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the cells and incubated for 5 minutes at 37°C. Cells were collected and 1 mL
was diluted 1:5 with media and counted using a haemocytometer and the
Population Doubling Level (PDL) was determined, based on the formula: n =
3.32(logX2 - logX1) + S, where X2 is the final cell count; X1 the initial cell count
and S is the starting PDL (Hayflick, 1973). To study the effect of candidate
compounds, HTR cells were seeded in 6-well plates at a density of 2x106 cells
/well in α-MEM with supplements detailed above. Cells were treated with
compounds daily at a final concentration of 50, 5, 0.5, 0.05, 0.005 and 0.0005
μM over a period of forty days. For comparison, cells were also treated with
0.01% v/v DMSO and 10 μM cycloheximide controls. When the cells were
90% confluent, cell concentration was diluted to 2x106 cells /well with media
containing compound or control drugs.

Mammalian cell viability assays
To assess the effect of compounds upon human cell growth, a fluorometric
microplate-based alamarBlue assay (AbD Serotec) was used whereby the
degree of alamarBlue dye oxidation is proportional to the degree of cell
proliferation. Optimized cell density at final 2 x 105 cells /well was dispensed
at 200 μL volume with 10% v/v alamarBlue dye in a 96-well plate and
incubated at 37°C until colour change from blue to pink was observed in the
wells, which varied from thirty minutes to one hour thirty minutes
depending on the growth rate of the cell line. Media only (blank) and
cycloheximide (positive) controls were added in at least 3 replicate wells.
Fluorescence was measured using an Infinite M200 microplate reader (Tecan)
with excitation at 570 nm and emission at 600 nm. Fluorescence units (FU) in
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test wells were assessed after normalizing to the FU measured in wells
containing media only. Proliferation was analyzed using the following
equation: [(atreated cells-bmedia)/cuntreated cells] x 100%, where FU measured in
cells treated with a compound is normalized to FU measured in media and
divided by FU measured in untreated cells exposed to 0.01% v/v DMSO.
Cellular toxicity can also be assessed by morphological changes. Following
compound treatment, cells usually at 60–70% confluency, were examined by
phase microscopy using QImagePro.

Telomere Terminal Restriction Fragment analysis in HTR cells
Genomic DNA was extracted from HTR cells using the GenEluteTM
Mammalian Genomic DNA Miniprep Kit (Sigma), and quantified using a
spectrophotemer (Thermo Scientific NanoDrop 1000. Genomic DNA (8 μg)
was double digested with 80 units of RsaI and HinfI (New England Biolabs)
overnight at 37°C. On the following day, an additional 80 units of each RsaI
and HinfI enzyme were added to the reaction mixture for another hour at
37°C. Restriction fragment digests (5 μg) were resolved through a 0.7% w/v
agarose gel in a 25 X 15 cm gel tray at constant 50 V between 24 and 30 hours.
The gel was then denatured for 30 minutes in denaturation buffer (0.5 M
NaOH, 1.5 M NaCl) with gentle agitation followed by two washes in
neutralization buffer (1.5 M NaCl, 0.5 M Tris pH 7.5) of 15 minutes each.
Treated genomic DNA was transferred via upward capillary transfer to a
nylon membrane (Hybond N+, Amhersham) in 20X saline-sodium citrate
(SSC) buffer overnight. The membrane was UV-crosslinked and rinsed in 2X
SSC. The air-dried membrane was pre-hybridized in Church hybridization
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buffer (0.5 M NaPO4 pH 7.2, 1% w/v BSA, 7% w/v SDS, 1 mM EDTA) for 30
minutes at 37°C. The human telomeric probe (5’CCCTAACCCTAAACCCTAA-3’) (0.1 μg) was end-labelled with ~100 μCi of
gamma-32P-dATP using 5 units of T4 polynucleotide kinase (Invitrogen) and
1X forward reaction buffer and incubated for 30 minutes at 37°C. The
gamma-32P-dATP labelled probe was added directly to the pre-hybridized
membrane and incubated overnight at 37°C with gentle rotation. The
following day, the membrane was washed with 1X SSC, 0.1% w/v SDS twice
for 5 minutes and 3 times for 15 minutes at 37°C. The membrane was
exposed to a phosphorimager screen overnight and scanned using the Fluoro
Image Analyzer FLA-5000. The average telomere length was determined by
calculating the average molecular weight of TRF bands based on the formula
Σ(ODi x MWi)/ΣOD, where ODi is the optical density at position i and MWi
is the molecular weight as position i. Background signal readings were taken
and averaged across the width of each lane. ODi data was analysed using
ImageJ by Jennifer Dorrens. The size of an averaged TRF band was
extrapolated from the HindIII/ lambda DNA marker (Thermo Scientific),
which was visualized by staining the gel with ethidium bromide following
the electrophoresis step.
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Chapter 3
Reconstitution of a functional human telomerase in
Saccharomyces cerevisiae

Portions of chapters 3 to 5 have been included in a manuscript, which has
been accepted for publication at Chemistry & Biology: Lai H. Wong, Asier
Unciti-Broceta, Michaela Spitzer, Rachel White, Mike Tyers, Lea Harrington.
‘A yeast chemical genetic screen identifies new inhibitors of human
telomerase’.
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3.1. Rationale
Previous findings support the feasibility of reconstituting an active human
telomerase ribonucleoprotein in budding yeast via the co-expression of
hTERT and hTR core subunits (Bachand and Autexier, 1999; Bah et al., 2004).
In addition, when hTR and hTERT are tethered to the yeast telomere through
fusion of hTERT with the DNA binding domain (DBD) of the yeast telomeric
DNA binding protein, Cdc13p, cell senescence was observed after a period of
20 generations (Bah et al., 2004; Bah et al., 2011). Nevertheless, yeast
telomerase function could not be bypassed and human telomeric DNA was
undetected at yeast telomeres. These results suggest that yeast telomeres
have evolved to accommodate only the yeast telomerase machinery, and that
functional human telomerase at the yeast telomere may trigger a rapid DNA
damage checkpoint that leads to abrupt cell death in the absence of native
yeast telomerase (Bah et al., 2004; Bah et al., 2011). These observations
prompted us to hypothesize whether functional human telomerase
expressed in wild-type W303-1a yeast could sensitize cell growth conferring
an inducible and reversible growth phenotype, which could be explored as
readout for a cell-based screen for telomerase inhibitors. Expression of
human telomerase in wild-type background is preferable so that cells
proficient in endogenous telomerase activity can support continuous growth
in the event a candidate compound inhibits human telomerase.

To reconstitute functional human telomerase at the yeast telomere, we
adapted an approach described previously whereby phTR and pCdc13hTERT-FLAG expression plasmids were constructed and introduced into
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wild-type W303-1a strain (Bah et al., 2004). The expression of Cdc13-hTERTFLAG is regulated by the galactose-inducible GAL1 promoter, which is
commonly used for gene overexpression studies (Longtine et al., 1998), and
hTR transcript is expressed and stably accumulated under the control of the
RPR1 promoter, which is a polymerase III type of promoter used to express
small RNAs in yeast (Good and Engelke, 1994). Human telomerase was
tethered to the yeast telomere via the recruitment activity of Cdc13p (Bah et
al., 2004; Evans and Lundblad, 1999). Supporting evidence suggests that
similarly to the yeast telomerase enzyme Est2p, hTERT is also subject to a
positive regulation to mediate its access to the telomere (Counter et al.,
1998b; Ouellette et al., 1999). Transfection of hTERT into telomerase-deficient
cells cannot recover telomere length, even though telomerase catalytic
activity is restored. Expression of hPOT1-hTERT protein rescues a DAT
mutant phenotype by targeting telomerase to the telomere leading to
telomere extension (Armbruster et al., 2004).

3.1.1. Hypothesis
We hypothesized that co-expression of Cdc13-hTERT-FLAG and hTR allows
the reconstitution of a functional human telomerase in budding yeast and
that an inducible growth inhibition could be triggered in wild-type cells. By
taking advantage of a reversible cellular response, a W303-1a query strain
expressing Cdc13-hTERT-FLAG + hTR could be used in a high-throughput
chemical screen for inhibitors of human telomerase.
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3.2. Results
Reconstitution of an active human telomerase in yeast
Following introduction of pCdc13-hTERT-FLAG and phTR plasmids in
W303-1a cells (see Methods), the levels of inducible Cdc13-hTERT-FLAG and
constitutive hTR were confirmed by western blot and RT-PCR, respectively
(Figure 11). Induction of FLAG-tagged Cdc13-hTERT fusion protein was
undetectable by anti-FLAG antibody. Unspecific cross-hybridization to lower
molecular weight proteins present in immunoprecipitation lysates suggests
that anti-FLAG is a poor antibody (Figure 11A). Hence, anti-TERT antibody
was used instead (Oulton and Harrington, 2004), which detected robust
induction of Cdc13-hTERT-FLAG in anti-FLAG immunoprecipitates after 1 h
30 min of growth in galactose containing media (Figure 11C). In raffinose
and glucose conditions, cells showed undetectable levels of Cdc13-hTERTFLAG protein. Thus, the GAL1 promoter used to regulate Cdc13-hTERTFLAG expression proved to be a robust and tightly inducible system. In
addition, RT-PCR analysis detected similar expression levels of hTR
transcript from total cellular RNA isolated from W303-1a cells grown in
glucose and galactose conditions (Figure 11B). In 30 ng of total RNA, 0.2 to
0.5 ng of hTR was detected based on a titration of in vitro synthesized hTR
levels. The above studies confirmed that Cdc13-hTERT-FLAG protein and
hTR mRNA can be expressed in budding yeast.
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Figure 11: Expression of human telomerase in W303-1a cells. (A) Detection of
Cdc13-hTERT-FLAG by using anti-FLAG antibody. Immunoprecipitation of crude
lysates (500 µg) onto anti-FLAG resin followed by detection with anti-FLAG after 0,
2 and 4 hours growth in galactose or glucose containing media. One or 1/10
volume of immunoprecipitated samples were resolved through SDS-PAGE (see
Methods). RRL-reconstituted human telomerase onto anti-FLAG resin (1 volume)
was included as control. The predicted mass of Cdc13-hTERT-FLAG is 232 kDa
and M indicates protein marker with molecular mass indicated at the right of each
image. Results were confirmed at least in three independent western blots. (B) RTPCR analysis of hTR expression from total cellular RNA (30 ng) isolated from cells
expressing pCdc13-hTERT-FLAG and phTR plasmids grown in galactose (gal) or
glucose (glc) containing media (Methods). A titration of in vitro synthesised hTR
(lanes 1–3; 0.5 ng, 0.2 ng, 0.05 ng) was included at positive control. Irrelevant
lanes between lanes 7–8 and 9–10 were omitted. RT, Reverse Transcriptase; Taq,
Taq polymerase; M, DNA markers. Constitutive expression of hTR was confirmed
at least in three independent RT-PCR reactions. (C) Detection of Cdc13-hTERTFLAG protein after 1 h 30 min of galactose induction by western blot.
Immunoprecipitation crude lysates (500 µg) onto anti-FLAG resin followed by
detection with anti-TERT antibody after growth in raffinose (raf), glucose (glc) and
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galactose (gal) containing media. Molecular mass (kDa) is indicated at the left. The
predicted mass of Cdc13-hTERT-FLAG is 232 kDa as indicated by the arrow at the
right. Asterisk shows the IgG heavy chain (53 kDa) of anti-FLAG antibody used as
an IP loading control. Results were reproduced in four independent experiments.

To confirm that co-expression of Cdc13-hTERT-FLAG and hTR reconstituted
an active human telomerase complex in yeast, TRAP analysis was performed
(Figure 12A). Human telomerase activity was assessed in
immunoprecipitated lysates prepared from W303-1a cells expressing active
human telomerase (Cdc13-hTERT-FLAG + hTR) versus catalytically inactive
telomerase (with Cdc13-TERTD868/A868 + hTR) (see Methods).
Immunoprecipitated lysates of neither active nor inactive TERT expressing
cells showed enzymatic activity in vitro (Figure 12A). Crude lysates assayed
under the same conditions also led to negative results in the TRAP (data not
shown). Lack of TRAP activity is not due to differential levels of Cdc13hTERT-FLAG, Cdc13-TERTD868/A868 and hTR expression because comparable
induction of active and inactive human telomerase was observed in W303-1a
cells that constitutively expressed hTR (Figure 12B–C). Also, preliminary
results on ChIP experiment suggested that Cdc13-hTERT-FLAG protein may
be bound to the yeast telomere. A subtle telomere enrichment by ~1.5-fold
more in the anti-FLAG Cdc13-hTERT immunoprecipitates was observed in
W303-1a cells expressing wild-type Cdc13-hTERT-FLAG + hTR following 24
hours of induction (Figure 11A). This enrichment difference is not
statistically significant. Due to the growth impediment exhibited by cells
expressing active human telomerase (see Figure 12), insufficiently low
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concentrations of crude lysate were collected on the second day of induction.
Thus, cells induced with Cdc13-hTERT-FLAG alone, which grew robustly
like wild type on day 2 (see Figure 13), were also tested for ChIP analysis
(Figure 11B). Up to 6 days of continuous induction, W303-1a cells expressing
Cdc13-hTERT-FLAG alone showed a steady ~1.5 fold-enrichment of the
FLAG-tagged protein at telomeric chromatin. On day 7, a higher enrichment
by 2-fold more in the anti-FLAG immunoprecipitates was observed from the
strain induced with Cdc13-hTERT-FLAG protein than the same strain with
repressed Cdc13-hTERT-FLAG levels (Figure 11B). Unlike the enrichment
differences observed in the first 6 days of induction, Cdc13-hTERT-FLAG
enrichment on day 7 is statistically significant. Although human telomerase
activity could not be reconstituted in vitro, the above results suggest that
Cdc13-hTERT-FLAG and hTR are expressed in yeast and these components
are most likely recruited to the yeast telomere.

	
  

62	
  

gal

glc

gal

Cdc13-hTERT-FLAG  +  hTR
active
inactive

glc

buffer

A

telomerase

Chapter 3

IC

B

2

3

4

Inactive  

5

6

a  

Active  

C

Cdc13-hTERT-FLAG Cdc13-hTERT-FLAG  

+hTR
+
-
+
+
+
-

Active  

Inactive  

Cdc13-hTERT-FLAG+hTR   Cdc13-hTERT-FLAG+hTR  
                     glc                    
                  glc                    
                  gal                    
                  gal                    
kDa

  

RT  
Taq  

+hTR
+
-
+
+
+
-

TERT  

225  

hTR  

52  

  

1

*  

WB:  TERT  

ACT  
1

2

3

4

5

6

Figure 12: The effect of active and inactive human telomerase in W303-1a cells.
(A) Representative gel of the TRAP analysis of immunoprecipitated lysates after
growth in galactose (gal) or glucose (glc) containing media. Lanes 1, buffer
alone; lane 2, RRL-reconstituted human telomerase onto anti-FLAG resin; lanes
3–4, cell lysates with active human telomerase (Cdc13-hTERT-FLAG + hTR) in
galactose (gal) and glucose (glc) media; lanes 5–6, lysates with inactive human
telomerase (Cdc13-TERTD868/A868 + hTR) as in lanes 3–4. IC, internal PCR
control (36 bp). Irrelevant lanes between lanes 2–3 and 4–5 were omitted.
TRAP results were confirmed in three independent reactions. (B) RT-PCR
analysis of TERT, hTR and yeast actin (ACT) expression from total RNA (30
ng) extracted from cells expressing active Cdc13-hTERT-FLAG + hTR (lanes
1–3) or inactive Cdc13-TERTD868/A868 + hTR (lanes 4–6) grown in galactose
containing media. RT, Reverse Transcriptase; Taq, Taq polymerase; M, DNA
markers. Results were reproduced in three independent RT-PCR reactions. (C)
Immunoprecipitated lysates onto anti-FLAG resin followed by detection with
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anti-TERT antibody after growth in galactose (gal) and glucose (glc) media as in
Figure 11C. Western blot results were confirmed in three independent
experiments.
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Figure 13: Fold-enrichment of Cdc13-hTERT-FLAG protein in yeast telomere by
chromatin immunoprecipitation. Human protein enrichment at the telomere,
which is expressed as the ratio of the immunoprecipitated telomeric DNA from
chromosome VI-right arm to that of the non-telomeric DNA after normalization
to the input chromatin DNA, was analyzed in two replicate immunoprecipitation
lysates prepared from W303-1a expressing Cdc13-hTERT-FLAG + hTR (A) or
Cdc13-hTERT-FLAG alone (B), at indicated times of induction (gal) or
repression (glc). (A) Following 24 hours of Cdc13-hTERT-FLAG + hTR
induction, a mean value of 1.52 (P = 0.09) was obtained (indicated by asterisk).
(B) After 7 days of Cdc13-hTERT-FLAG induction, a mean value 1.84 (P =
0.04) was calculated (indicated by asterisk). Each data point represents the
average of two independent chromatin samples and each was analyzed in three
technical replicates. Error bars indicate standard deviation, n=2.
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The effect of active human telomerase upon wild-type yeast
The growth capacity of W303-a cells maintained with pCdc13-hTERT-FLAG
and phTR plasmids was evaluated in both inducible galactose and repressive
glucose conditions by liquid passage growth assay (see Methods). Although
robust Cdc13-hTERT-FLAG expression was confirmed in W303-1a cells after
1 h 30 min of galactose induction (Figure 11C), growth levels remained
similar between cells expressing active human telomerase and cells
expressing an empty vector in the first 6 hours to Day 1 of induction (Figure
14). Of note, different carbon sources caused different growth rates in the
same strain i.e. cells cultured in glucose containing media grew more
vigorously than the same cells in galactose containing media. This difference
was apparent in the first 6 hours of induction but less significant by
comparing each 24-h time-point (Figure 14). On day 2, growth was
significantly inhibited in W303-1a cells expressing Cdc13-hTERT-FLAG +
hTR. This growth retardation, which was confirmed by low O.D.600nm
readings measured by spectrophotometer, persisted for 4 consecutive days
(Figure 14B). On day 6, wild-type growth was restored in cells expressing
Cdc13-hTERT-FLAG + hTR. In comparison, W303-1a expressing hTR or an
empty vector grew similarly to the W303-1a cells alone in the presence of
galactose containing media every liquid passage growth assayed. W303-1a
cells induced with Cdc13-hTERT-FLAG alone, on the other hand, exhibited a
delayed growth inhibition between days 5 and 6 of induction (Figure 15).
This growth behaviour coincided with the time-points when fold-enrichment
of human protein was observed at the yeast telomere (Figure 15B). These
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findings suggest that co-expression of Cdc13-hTERT-FLAG and hTR
subunits are necessary to rapidly inhibit W303-1a cell growth.
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Figure 14: The effect of Cdc13-hTERT-FLAG and hTR co-expression upon
W303-1a cell growth. Cell number was calculated based on O.D.600nm readings
taken during the first 6 hours (A) and 8 days (B) of growth in galactose (gal) or
glucose (glc) containing media (Methods). W303-1a cells expressing an empty
vector (pGal1-empty vector) or hTR alone (phTR) were included as negative
control strains. Error bars indicate standard deviation, n=3.
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Figure 15: The effect of Cdc13-hTERT-FLAG in W303-1a cells.
Representative growth analysis showing cell number based on O.D.600nm
readings at indicated times of induction (gal) or repression (glc) over 8 days
of growth in galactose (gal) containing media. W303-1a cells expressing
pGAL1-empty vector, phTR alone or pCdc13-hTERT-FLAG and phTR
plasmids were included as control strains. Results were replicated in four
independent growth assays.

The effects of wild-type Cdc13-hTERT-FLAG + hTR upon yeast telomere
length and composition after each growth period were investigated by
terminal restriction fragment (TRF) southern blot (Methods). TRF blot
analysis confirmed no human-like telomeric DNA was detectable in W303-1a
cells expressing active human telomerase (Figure 16). Also, the average
telomere length of the same strain remained the same over 8 days when
active human telomerase was induced (Figure 17).
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Figure 16: Detection of human-like telomeric DNA in W303-1a
cells expressing wild-type Cdc13-hTERT-FLAG + hTR by
Southern blotting. Genomic DNA isolated from cells after growth
in raffinose (raf), galactose (gal) and glucose (glc) containing
media was detected with a human telomeric probe (5’CCCTAACCCTAAACCCTAA-3’) at indicated passages (see
Methods). Human genomic DNA was included as a positive
control. Results were confirmed in three independent
experiments.
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Figure 17: Telomere analysis of W303-1a expressing wild-type Cdc13hTERT-FLAG + hTR by Southern blot. Genomic DNA from cells after
growth in raffinose (raf), galactose (gal) and glucose (glc) containing media
was analyzed and detected with a yeast telomeric probe (5’CCACACCCACACCCACAC-3’) at indicated passages (see Methods). The
average size of the terminal, telomere DNA-containing restriction fragment
(TRF) of 1.2 kbp is shown with an arrow. Results were confirmed in three
independent experiments.
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Furthermore, inducible growth inhibition upon active human telomerase
expression can be reversed to normal growth when galactose is replaced
with repressive glucose carbon source (Figure 18). Also, cells induced with
active human telomerase were confirmed to be viable by trypan blue
exclusion viability assay. Over 95% of cells expressing active human
telomerase were unstained with proficient cell membrane potential
suggesting that the majority of cells were viable (data not shown). Phloxin B
was also used to assess cell viability by counting the number of dyeincorporated (dark pink) colonies formed in agar plates containing Phloxin B
(Tsukada and Ohsumi, 1993) (see Methods). Consistent with the growth
defects observed in liquid passage growth, cells expressing Cdc13-hTERTFLAG + hTR produced microcolonies on day 2 (Figure 19A), and normal
colonies thereafter when growth returned to normal in liquid passage (data
not shown). In contrast, control strain with repressed Cdc13-hTERT-FLAG
produced normal colonies (Figure 19A). Additionally, W303-1a cells
expressing active human telomerase exhibited an aberrant cell shape (Figure
19B). Of note, the abnormal size observed could potentially lead to biased
O.D.600nm readings by spectrophotometer. This possibility was ruled out,
because low cell density upon active human telomerase expression was also
confirmed in W303-1a strain by haemocytometer count (compare Figure 14B
and Figure 20).
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Figure 18: Reversibility of growth arrest upon Cdc13-hTERT-FLAG repression.
Mean concentration of W303-1a cells expressing pGAL1-empty vector,
pCdc13-hTERT-FLAG and phTR plasmids was calculated based on O.D.600nm
readings of two replicate cultures grown in galactose (gal) or glucose (glc)
containing media (shown in bars). Strains initially grown in media containing
galactose (gal) were replaced with glucose (gal/glc, shown in triangles) at
indicated days. Error bars indicate standard deviation, n=3.
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Figure 19: The cellular response upon Cdc13-hTERT-FLAG and hTR coexpression in W303-1a background. (A) Microcolony formation upon active
human telomerase induction (by expressing pCdc13-hTERT-FLAG and phTR in
galactose containing media) or repression (by expressing phTR in glucose
containing media) (Methods). Strain with Cdc13-hTERT-FLAG induction grew as
microcolonies and strain with human protein repression grew as robust (light
pink) colonies. (B) Morphological changes upon active human telomerase
induction (by expressing pCdc13-hTERT-FLAG and phTR in galactose
containing media) or repression (by expressing phTR in glucose containing
media). Brightfield images were taken at 100x with microbar image showing
scale (Methods).
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Time

W303-1a  +  pCdc13-hTERT-FLAG+phTR  +  gal   W303-1a  +  pGAL1-empty  vector  +    gal  
W303-1a  +  pCdc13-hTERT-FLAG+phTR  +  glc   W303-1a  +  pGAL1-empty  vector  +  glc  

Figure 20: Growth analysis of W303-1a cells expressing pCdc13-hTERT-FLAG
and phTR plasmids by haemocytometer. Readings were taken during the first 4 h
30 min and 8 days of growth in galactose (gal) or glucose (glc) containing media
as in Figure 14. W303-1a cells expressing pGAL1-empty vector were included as
negative control strain. Results were reproduced in two independent
experiments.
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Cells induced with active human telomerase exhibit a cell cycle phenotype,
which suggests a DNA damage checkpoint activation (Weinert and Hartwell,
1993). In fact, growth analysis confirmed that the growth defect in response
to active human telomerase can be abolished in the presence of caffeine – a
G2/M DNA damage checkpoint abrogator (Zhou et al., 2000a) or absence of
DNA damage-responsive protein kinase, Mec1p (human ATR ortholog)
(Figure 21). In the absence of caffeine, W303-1a cells expressing active
telomerase showed a delayed growth relative to the W303-a cells alone
(Figure 21A). Upon addition of caffeine to the growth media, cells induced
with human protein were nearly 100% inhibited whereas wild-type cells
showed some growth sensitivity. Co-expression of Cdc13-hTERT-FLAG and
hTR in mec1Δ sml1Δ mutant, which was confirmed by RT-PCR (Figure 21B),
led to wild type-like growth behaviour over the 8 days of galactose induction
(Figure 21C). Wild-type growth was also observed in mec1Δ sml1Δ mutant
expressing Cdc13-hTERT-FLAG alone (Figure 21D). Mec1Δ sml1Δ mutant
was created from a NK399 parental strain (Makovets et al., 2004) and SML1
gene was deleted in this mutant strain to suppress lethality by MEC1
deletion (Zhao et al., 1998). Normal growth observed in mec1Δ sml1Δ cells
expressing active human telomerase was not due to NK399 and W303-1a
strain differences, because co-expression of Cdc13-hTERT-FLAG and hTR
also induced a growth arrest in the NK399 background similarly to the
W303-1a (Figure 22). Thus, the above results confirm that induction of active
human telomerase inflicts a DNA damage signal triggering a Mec1pdependent cell cycle arrest.
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Figure 21: Induction of a DNA damage response upon human telomerase
expression in yeast. (A) The effect of caffeine upon delayed cell growth in W303-1a
cells expressing active human telomerase (pCdc13-hTERT-FLAG + phTR). Cell
density was evaluated in W303-1a expressing pGAL1-empty vector or pCdc13hTERT-FLAG and phTR plasmids in the presence or absence of caffeine (6 mM) in
the growth media, which are indicated by ‘+’ and ‘-‘ signs respectively (Methods).
Error bars indicate standard deviation, n=6. (B) RT-PCR analysis of TERT, hTR and
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ACT expression from total RNA (30 ng) extracted from mec1Δ sml1Δ cells
expressing pCdc13-hTERT-FLAG and phTR plasmids grown in glucose (glc, lanes
1–3) and galactose (gal, lanes 4–6) containing media. RT, Reverse Transcriptase;
Taq, Taq polymerase; M, DNA markers. Results were reproduced in three
independent RT-PCR reactions. (C) Growth analysis of mec1Δ sml1Δ mutant cells
expressing pCdc13-hTERT-FLAG and phTR plasmids. Cell density was evaluated
in galactose (gal) and glucose (glc) conditions (Methods). Error bars indicate
standard deviation, n=3. Mutant strain was provided by Svetlana Makovets. (D)
Growth analysis of mec1Δ sml1Δ mutant cells expressing pCdc13-hTERT-FLAG
alone. Cell density was evaluated after growth in galactose (gal) and glucose (glc)
containing media at indicated days. Error bars indicate standard deviation, n=3.
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Figure 22: Effect of active human telomerase in NK399 cells. (A) Growth analysis of
NK399 cells expressing pCdc13-hTERT-FLAG and phTR plasmids based on cell
density evaluated after growth in galactose (gal) and glucose (glc) containing media
at indicated days. Error bars indicate standard deviation, n=3. (B) RT-PCR analysis
of hTR, TERT and ACT expression from total RNA (30 ng) extracted from NK399
cells expressing pCdc13-hTERT-FLAG and phTR plasmids. RT, Reverse
Transcriptase; Taq, Taq polymerase; M, DNA markers. Results were reproduced in
three independent RT-PCR reactions. NK399 strain was provided by Svetlana
Makovets.
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Since Rad53p is activated and phosphorylated in response to DNA damage
including the presence of T2AG3 3’ overhangs in yeast (di Domenico et al.,
2009; Lee et al., 2003), Rad53p phosphorylation was assessed upon human
telomerase induction in W303-1a cells by western blot (Methods). Crude
lysates extracted from cells expressing active human telomerase versus nonfunctional human telomerase (Cdc13-hTERT-FLAG + hTR190) were resolved
through SDS-PAGE. None of the strains tested showed a mobility shift in
Rad53p after one-day growth in galactose (Figure 23). To further investigate
whether the DNA damage response was a consequence of replication stress,
proteins other than Rad53p, which could be involved in tolerating human
telomerase and facilitating cell survival via re-initiation of DNA synthesis,
were investigated. Esc4p, for example, which is a target of Mec1p that is
required for resumption of normal fork progression after DNA lesion (Chin
et al., 2006; Rouse, 2004), was deleted in W303-1a cells induced with active
human telomerase to assess growth sensitivity in response to ESC4 loss.
ESC4 deletion in the W303-1a background was confirmed by colony PCR and
sensitivity to DNA-alkylating agent methyl methanesulphonate (MMS) that
is characteristic of esc4Δ cells (Figure 24) (Hanway et al., 2002). Although
esc4Δ strain expressing Cdc13-hTERT-FLAG + hTR grew less vigorously in
glucose than wild-type strain expressing Cdc13-hTERT-FLAG + hTR, cell
arrest following day 2 was resumed in esc4Δ cells similarly to the wild-type
background (Figure 25). Interestingly, esc4Δ cells expressing active human
telomerase showed a growth defect after the end of day one (Figure 25).
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Figure 23: Rad53p phosphorylation in W303-1a cells expressing active human
telomerase by western blot. Crude lysates extracted from W303-1a cells expressing
indicated plasmid constructs after growth in media containing glucose (glc) or
galactose (gal) were detected with anti-Rad53 antibody. W303-1a cells alone
untreated or treated with 0.1 M of HU drug were included as controls (Methods).
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Figure 24: The growth sensitivity of esc4Δ cells to MMS by spot assay. Esc4Δ and
W303-1a strains were spotted in serial 10-fold dilutions in two replicates on plates
containing YPD media with or without 0.02% w/v MMS drug (Methods). Plates were
photographed after three days incubation at 30°C.
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Figure 25: Cellular response upon Cdc13-hTERT-FLAG and hTR co-expression in
esc4Δ background. Cell density was evaluated in W303-1a and esc4Δ cells
expressing pCdc13-hTERT-FLAG and phTR plasmids in the presence growth media
containing galactose (gal) or glucose (glc) (Methods). Error bars indicate standard
deviation, n=3.
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Inducible growth arrest is a specific readout of human telomerase
function
To confirm that the compromised growth behaviour in response to Cdc13hTERT-FLAG + hTR expression is a readout of human telomerase function,
the effects of several mutant telomerase constructs upon growth will be
compared to the wild-type Cdc13-hTERT-FLAG + hTR (Figures 27 and 28). To
abolish human telomerase activity, hTR190 and truncated Cdc13-TERT1-677
were made. Mutant hTR190, which contains a block of substitutions between
nucleotides 190 and 199 of hTR, has altered RNA functional structure that
affects the reconstitution of telomerase activity (Autexier et al., 1996).
Truncated Cdc13-TERT1-677 lacks reverse transcriptase motifs and
downstream amino acids from the C terminus, known to be important for
the activity of human telomerase (Banik et al., 2002; Harrington et al., 1997).
Further, alanine substitution D868A within the RT motif 5 of hTERT that is
sufficient to render telomerase catalytically inactive was also co-expressed
with hTR to assess the role of hTERT catalytic subunit in inducing growth
sensitivity (Bachand and Autexier, 1999; Harrington et al., 1997).
Additionally, a mutant Cdc13(-DBD)-hTERT-FLAG protein that lacks the
DNA binding domain of Cdc13p (Evans and Lundblad, 1999; Pennock et al.,
2001; Qi and Zakian, 2000; Taggart et al., 2002) was also assessed for the
requirement of Cdc13p recruitment activity to induce a growth defect that is
telomere driven. For simplicity, we hereafter use active human telomerase to
represent Cdc13-hTERT-FLAG + hTR, unless otherwise stated. Growth in
galactose was assayed during the first 2 days, i.e. during the time-points
when cell arrest can be induced upon active human telomerase expression
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(see Methods). Expression of mutant constructs in W303-1a was confirmed
by western and/or RT-PCR analysis (Figure 26). Further, W303-1a strains
expressing hTR alone, truncated TERT (Cdc13-TERT1-677 + hTR), Cdc13 fused
with a catalytically inactive TERT (Cdc13-TERTD868/A868 + hTR), mutant
hTR190 (Cdc13-hTERT-FLAG + hTR190) and hTERT-FLAG fused to CDC13
deficient in recruitment activity (Cdc13(-DBD)-hTERT-FLAG + hTR) were all
confirmed to induce normal growth behaviour like W303-1a cells alone
(Figures 27 and 28). Thus, these results confirm that the growth defect
depended on telomere recruitment and the catalytic activity of human
telomerase, which is conferred by hTERT and hTR subunits.
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Figure 26: Expression of mutant telomerase constructs expressed in yeast by RTPCR. Analysis of TERT, hTR (or hTR190) and ACT expression in W303-1a cells
expressing plasmids with Cdc13-hTERT-FLAG + hTR190 (A), Cdc13-TERT1-677 +
hTR (C) and Cdc13(-DBD)-hTERT-FLAG + hTR (D) in media containing glucose
(glc, lanes 1–3), galactose (gal, lanes 4–6) in reactions with or without reverse
transcriptase (RT) or Taq polymerase (Taq) as indicated. (B) Expression of Cdc13hTERT-FLAG in W303-1a cells expressing hTR190 by western blot as in Figure
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11C. Fusion protein expression in immunoprecipitated lysates of 500 µg was
detected with anti-TERT after growth in glucose (glc) and galactose (gal) containing
media. The predicted mass of Cdc13-hTERT-FLAG is 232 kDa, as indicated by an
arrow. Asterisk indicates IgG heavy chain (53 kDa) of anti-FLAG antibody.
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Figure 27: The effect of mutant hTR190 and Cdc13(-DBD)-hTERT-FLAG constructs
upon W303-1a growth. Plasmids containing mutant constructs were made based on
the wild-type pCdc13-hTERT-FLAG and phTR (as summarized in the cartoons) and
expressed in W303-1a cells. Cell density was evaluated in W303-1a strains induced
with wild-type Cdc13-hTERT-FLAG and an inactive hTR mutant (hTR190, top
graph); and cells lacking the DNA-binding domain (DBD) of Cdc13p (Cdc13(-DBD)hTERT-FLAG) and hTR (bottom graph) after two days of growth in galactose (gal)
or glucose (glc) containing media. Error bars indicate standard deviation, n=3.

	
  

82	
  

Chapter 3

hTERT  

CAAUCCCAAUC  
hTR  

TERT1-677  

wlld-type  Cdc13-hTERT  +  hTR  
    Cdc13  

No.  cells  /mL  (x106)  

  Cdc13  

35  
30  
25  
20  
15  
10  
5  

CAAUCCCAAUC  
hTR  

0  

TERTD868A  

Cdc13-TERTD868A  +  hTR  

hTR  +  glc

Cdc13-TERT1-677+hTR  +  gal

Cdc13-TERT1-677  +  gal

Cdc13-hTERT-FLAG+hTR  +  gal

35  
No.  cells  /mL  (x106)  

CAAUCCCAAUC  
hTR  

2    
Time  (days)  

Cdc13-TERT1-677  +  hTR  

    Cdc13  

1    

30  
25  
20  
15  
10  
5  
0  

1    

2    
Time  (days)  

hTR  +  glc
Cdc13-hTERTinactive-FLAG+hTR  +  gal
Cdc13-hTERT-FLAG+hTR  +  gal

Figure 28: The effect of inactive TERT constructs upon W303-1a growth. Plasmids
containing mutant TERT constructs were made based on the wild-type pCdc13hTERT-FLAG plasmid (as summarized in the cartoons) and expressed in W303-1a
strain. Cell density was evaluated in W303-1a strain expressing truncated TERT1-677
and hTR (top graph); and cells expressing inactive hTERT (containing an amino
acid substitution in the catalytic site, D868A) and hTR after two days of growth in
galactose (gal) or glucose (glc) containing media. Error bars indicate standard
deviation, n=3.
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3.3. Discussion

In an attempt to reconstitute functional human telomerase in S. cerevisiae,
Cdc13-hTERT-FLAG and hTR were co-expressed in wild-type strain W3031a. However human enzyme activity was undetectable in vitro (Figure 12A),
perhaps due to a technical failure in retaining stable and active human
ribonucleoprotein in yeast extracts. Expression levels of both Cdc13-hTERTFLAG and hTR components were confirmed in W303-1a cells in accordance
to published results (Bachand and Autexier, 1999; Bah et al., 2004).
Additionally, in vivo findings suggest that the core hTERT-hTR was
complexed to reconstitute a catalytically active human telomerase at the
yeast telomere resulting in a rapid growth arrest (Figure 14B). Human
telomerase variants defective in enzyme activity, such as catalytic inactive
allele of TERT (Cdc13-TERTD868/A868 + hTR), did not induce cell arrest
phenotype consistent with that it is the activity of human telomerase
reconstituted in yeast that is required (Figure 28). Yeast growth was also
sensitive to telomere recruitment via expression of wild-type CDC13 fused to
hTERT-FLAG (Figure 27). Although less pronounced than expected, FLAG
tagged Cdc13-hTERT protein seems to be enriched at telomeric chromatin in
cells induced with Cdc13-hTERT-FLAG (Figure 13). This result is supported
by previous work that detected telomere enrichment of exogenously
expressed Cdc13p or Cdc13p-Est2p in a CDC13 background (Alexander and
Zakian, 2003). Cdc13p-Est2p complements Cdc13p function but outcompetes the endogenous protein, thus bypassing the cell-cycle regulation
upon Est2p to tether Cdc13p-Est2p at the telomere. As a consequence,
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Cdc13p-Est2p expression leads to telomere elongation in a cell cycleindependent manner. Based on these results and our preliminary ChIP data,
functional Cdc13p fused to hTERT-FLAG could also potentially out-compete
endogenous Cdc13p and alter the regulation of telomere replication. To
further pursue this hypothesis, a complementation assay should be followed
up to assess whether cells expressing Cdc13-hTERT-FLAG can complement
the growth and telomere defects of cdc13-1 and cdc13-2 mutants (Chandra et
al., 2001). The protein turnover profiles between endogenous Cdc13p and
Cdc13-hTERT-FLAG could then be compared by western blotting and
followed by ChIP analysis to confirm correlation of expression values with
telomeric enrichment of exogenous Cdc13 fusion protein over endogenous
Cdc13p during S phase. If Cdc13-hTERT-FLAG competition is a plausible
cause for the onset of cellular arrest, we could also predict that active human
telomerase expression in a synchronized manner would give a cell-cycle
inducible growth arrest.

Furthermore, a Mec1p-dependent DNA damage response (DDR) was elicited
in response to active human telomerase (Figure 21C). The resulting cell cycle
arrest was induced with a lag time that is likely to depend on the levels of
expression and assembly of active human telomerase after GAL induction.
Expression of Cdc13-hTERT-FLAG alone induced a Mec1-dependent growth
delay after day 4 of induction (Figure 21D). But when Cdc13-hTERT-FLAG
was co-expressed with hTR, an abrupt growth crisis was observed after 48
hours of induction that is equivalent to ~40 generations by solid passage
(Figure 14B). This observation resembles the classic Est phenotype of a
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telomerase defective strain, which causes a cellular senescence after ~50
generations as a result of progressively shortening telomeres (Lundblad and
Szostak, 1989). Although active human telomerase did not cause significant
telomere attrition in W303-1a cells (Figure 17), Cdc13-hTERT-FLAG + hTR
expression seemed to favour a telomere uncapping response. Unlike the
irreversible arrest in response to a DNA strand break at a yeast telomere
(Sandell and Zakian, 1993), human telomerase induced a reversible growth
arrest, suggesting that functional yeast telomerase remained present and
thus, cell viability was not affected (Figure 18). These observations somewhat
resemble a Trf1 conditionally deleted mouse model, which has normal
telomere length and yet demonstrate telomere uncapping with persistent
DNA damage activated phosphorylation of the ATM/ATR kinases (the yeast
Tel1p/Mec1p counterparts) (Donate and Blasco, 2011; Karlseder et al., 2003).

In this heterologous yeast model, Rad53 phosphorylation was not discernible
upon the first day of human telomerase induction, which explains the lack of
growth defect on day one (Figure 23). Human telomerase activity has elicited
a delayed DDR in yeast that may be overcome eventually through
mechanisms that remain to be determined. For example, the RAD52dependence of this growth recovery has not been examined. Also, cells could
also possibly outgrow by alleviating exogenous expression of telomerase
below a critical background threshold, which can be determined by western
blotting and RT-PCR analysis. Consistent with the restorable-growth
phenotype, the action and/or consequence of human telomerase at yeast
telomere is unlikely to trigger an irreversible telomere damage, which would
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have activated a Rad53p-dependent intra-S-phase checkpoint response
(Lopes et al., 2001). Elevation of single-stranded DNA near telomeres is
therefore also unlikely to have occurred in cells induced with active human
telomerase, which can be confirmed by in-gel hybridisation and sequencing
techniques. Interestingly, the reduced viability after 24 hours in an esc4∆
strain (Figure 24) suggests the possibility that human telomerase does, at
some level, induce a transient intra-S-phase arrest from which cells can
recover. Esc4p, which responds to DNA damage primarily during DNA
replication in a distinct manner to Rad53p (Lee et al., 2003; Rouse, 2004;
Schwartz et al., 2002), may be essential to cope with the initial hTERTinduced telomeric perturbation in DNA replication and/or other indirect
roles to maintain cell growth in this heterologous system. Further genetic
experiments would be required to fully elaborate the checkpoint networks
that control the growth arrest induced by human telomerase. Since Esc4p
activation and phosphorylation by Mec1p is known to be critical for Esc4p
function, western blotting could be conducted to confirm Esc4p
phosphorylation upon active human telomerase induction in a S-phase
dependent manner. The cell outgrowth observed at later days of induction is
independent of Esc4p, which might be due to the removal of human
telomerase via a protein degradation pathway. Wild-type cells have
proficient proteasome-mediated degradation mechanisms, which can target
TERT for ubiquitination and thus, degradation (Kim et al., 2005). Additional
support to this argument includes studies using G-quadruplex stabilizers,
which illustrated that the telomerase enzyme was co-localized to ubiquitin in
the cytoplasm upon loss of nuclear hTERT expression (Burger et al., 2005).
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Taken together, these results suggest that human telomerase activity might
have triggered a telomere-driven growth arrest upon Mec1p-dependent DDR
activation. This inducible and restorable yeast growth behaviour, which
enables proficient yeast telomerase function and confers wild-type telomere
length homeostasis, provides important pre-requisites and output measures
that could be explored in a chemical screen for human telomerase inhibitors.
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Chapter 4
High-throughput screen for inhibitors of human
telomerase
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4.1. Rationale
To our knowledge, the activity of a human telomerase target has never been
assayed in a yeast-based screening system. Reconstitution of active human
telomerase via Cdc13-hTERT-FLAG and hTR co-expression did not inhibit
the yeast telomerase machinery but conferred an inducible yeast growth
arrest (Figures 14B and 18). Hence, reversibility of the induced growth delay
by a candidate compound able to target human telomerase is a feasible
output of human enzyme activity.

To assess the proof-of-principle of this novel screening assay for small drug
candidates against human telomerase, a small non-nucleosidic inhibitor of
human telomerase, known as BIBR1532 (Pascolo et al., 2002), was
synthesized in collaboration with Mark Bradley Lab (Appendix A). BIBR1532
was used to assess whether the growth arrest can be rescued in W303-1a
query strain expressing wild-type Cdc13-hTERT-FLAG + hTR. The effect of
BIBR1532 is unknown in budding yeast and we predicted that, in theory, if
the compound is bioavailable that it should have activity against wild-type
human telomerase exogenously expressed in yeast and thus abolish the
growth inhibition phenotype. Hence BIBR1532 could be included as a
positive control in the HTS for human telomerase inhibitors.

4.1.1. Hypothesis
We hypothesized that the yeast growth arrest induced by catalytically active
human telomerase could be employed in a novel high-throughput assay to
identify human telomerase inhibitors. Cell-permeable compounds with anti-
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telomerase potential should be able to reverse the growth delay in query
strain expressing active human telomerase.

4.2. Results

Inducible growth arrest analysis as a parameter for the chemical HTS
To assess whether the inducible growth assay can be recapitulated in a HTS,
the growth profiles of W303-1a cells expressing wild-type Cdc13-hTERTFLAG + hTR versus inactive Cdc13-TERTD868/A868 + hTR were compared in
the the 96-well based HTS settings (Figures 29 and 30). Expression of hTR,
active and inactive TERT mRNA levels under 96-well growth conditions
were confirmed by RT-PCR, which are comparable to the previous results
(compare Figure 12B with Figure 30A). Growth of W303-1a cells expressing
wild-type Cdc13-hTERT-FLAG + hTR or inactive counterpart were very
similar following the first time course (“time course 1) (Figure 30B). At the
end of “time course 2”, cells expressing wild-type Cdc13-hTERT-FLAG +
hTR showed delayed exponential phase growth when compared to the strain
expressing inactive Cdc13-TERTD868/A868 + hTR (Figure 30B). To quantify this
delay, an arbitrary O.D.595nm 0.62 was chosen as a reference of the mid-log
exponential phase growth. Cells induced with active human telomerase
reached O.D.595nm 0.62 an average of 525 min (8 h 45 min) later than the strain
expressing inactive Cdc13-TERTD868/A868 + hTR (Figure 30B). This mid-point
exponential phase delay based on O.D.595nm 0.62 was confirmed to be a
specific readout for human telomerase function and therefore was employed
as the main parameter for the chemical genetic screen (Figure 30B). Since
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expression of inactive human telomerase (Cdc13-TERTD868/A868 + hTR)
allowed W303-1a cells to recover O.D.595nm 0.62 by a time difference of 8 h 45
min, candidate anti-telomerase compounds (“hits”) were screened based on
their ability to accelerate mid-point of exponential growth phase of query
strain expressing active human telomerase at least 8 hours faster than DMSO
(Figure 29). A cut-off of 8 hours was chosen purposely to include false
positive compounds that could be later employed as negative controls in
validation assays.
Day  0:  Cell  
preparation

2-h  pre-growth
in  galactose

Time  course  1:  
Induction/Treatment    

Time  course  2:  
Induction/Treatment    
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5
5
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+
+
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+
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+
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media  and  
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compounds  
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Time  difference    =  TOD0.62  (DMSO) –  T OD0.62 (compound  x)
          =       8h  (x  is  a  ‘hit’)  

Figure 29: Schematic of the HTS assay design. Cells expressing pCdc13-hTERTFLAG and phTR plasmids were pre-grown in galactose and dispensed in assay
plates at 3x105 cells/mL.O.D.595nm was measured up to 48 h. This induction period
is summarized as “time course 1”. Following “time course 1”, cell density was
adjusted to 3x105 cells/mL in a new assay plate with fresh media. After a 3-h pregrowth, O.D.595nm was read for another 86 hours, which is summarized as “time
course 2” (see Methods). The main parameter established to identify candidate
inhibitors (“hits”) is based on the time difference to rescue mid-point of
exponential growth phase of query strain relative to DMSO control. Potential
human telomerase inhibitors were screened based on their ability to recover
O.D.595nm 0.62 by a time difference of 8 h 45 min growth delay in query strain
expressing active human telomerase.
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Figure 30: W303-1a strain expressing pCdc13-hTERT-FLAG and
phTR plasmids in the 96-well based growth assay. (A) RT-PCR
analysis of TERT, hTR, and actin (ACT mRNA expression from
cellular total RNA extracted from W303-1a cells expressing wild-type
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Cdc13-hTERT-FLAG + hTR or inactive Cdc13-TERTD868/A868 + hTR
treated in reactions with or without reverse transcriptase (RT) or Taq
polymerase as indicated (Methods). ACT was included as a total RNA
loading control. RT-PCR results were confirmed in three independent
reactions. (B) Growth analysis of W303-1a cells expressing wild-type
Cdc13-hTERT-FLAG + hTR versus inactive Cdc13-TERTD868/A868 +
hTR based on O.D.595nm measurements after “time course 1” and
“time course 2”. The mid-point exponential growth delay at O.D.595nm
0.62 is indicated by the open two-sided arrow. Error bars indicate
standard deviation, n=16.

Validation of the chemical HTS
To validate the yeast-based screening assay for small inhibitors of human
telomerase, human telomerase inhibitor BIBR1532 (Pascolo et al., 2002), was
tested against the query strain expressing active human telomerase.
BIBR1532 was synthesized using a synthetic route (Appendix A) and
confirmed to target the catalytic activity of TERT (Figure 31). BIBR1532
inhibited recombinant human telomerase activity that was reconstituted in
rabbit reticulocyte lysate (RRL) in a dose-dependent manner with 50%
inhibition observed near 0.1 μM (Figure 31C-D). This estimated IC50 value
was consistent with the previously published in vitro data (Cohn et al., 2012;
Damm et al., 2001), which validates the use of TeloTAGGG Telomerase PCR
ELISA-PLUS kit to determine the relative telomerase activity in a semiquantitative TRAP assay (Methods). The presence of internal control (IC)
across all non-toxic doses also confirmed that BIBR1532 does not interfere
with the Taq polymerase activity required in the TRAP reaction (Figure 31C).
Furthermore, BIBR1532 also inhibited the activity of human telomerase in
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HeLa nuclear extracts up to 0.2 μM non-toxic concentration (Figure 31B). A
higher BIBR1532 titration was required to inhibit human telomerase activity
from HeLa extracts, which was expected given the abundance of proteins as
well as high levels of human telomerase present (Morin, 1989). In-house
made BIBR1532 has, therefore, a similar inhibition profile as previously
characterized. However the compound, at any high concentration tested, was
unable to rescue the growth defect in W303-1a strain expressing active
human telomerase (Figure 32). Growths of W303-1a cells expressing active
human telomerase or empty vector were comparable in both 96-well based
and serial-dilution growth assays. The survival fraction of cells upon
exposure to BIBR1532 or DMSO was the same (Figure 32B)
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Figure 31: BIBR1532 and its inhibitory effects in vitro. (A) Chemical structure of
BIBR1532 compound (generated by Asier Unciti-Broceta). (B) Inhibition of human
telomerase from HeLa nuclear extracts by TRAP analysis using the TRAPeze kit
(Methods). Extracts were treated with 50, 100, 200, 1000 and 2000 nM BIBR1532
before (lanes 3–7) or after (lanes 8–12) the telomere elongation reaction. Lane 1,
DMSO pre-treated control; and lane 2, pre-heat at 80°C. The gel image between
lanes 7 and 8 was omitted. (C) BIBR1532 effect in recombinant human telomerase
reconstituted in RRL by TRAP using the TeloTAGGG Telomerase PCR ELISAPLUS kit (Methods). Recombinant human telomerase was treated with 1, 0.5, 0.2
and 0.1 µM BIBR1532 before the telomere elongation reaction (lanes 1–4).
Recombinant human telomerase pre-treated with ribonuclease A (lane 5) and
DMSO (lane 6); RRL mock control (lane 7); ribonuclease A (lane 8) and DMSO
(lane 9) pre-treated positive amplification control supplied by manufacturer (TSR8).
The gel image between lanes 4 and 5 was omitted. IC; internal PCR control (216
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bp). (D) The relative telomerase activity (RTA) of telomerase-mediated elongation
products was plotted against DMSO and a titration of 0.1, 0.5, 1 µM BIBR1532.
Error bars indicate standard deviation, n=3.
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Figure 32: The effect of BIBR1532 upon growth of W303-1a cells expressing wildtype Cdc13-hTERT-FLAG + hTR during time course 2 (see Methods). (A) 96-well
based cell growth was assessed based on O.D.595nm readings after 24 hours
treatment with 2% v/v DMSO and 1, 10, 50, 150 and 500 µM BIBR1532. Error bars
indicate standard deviation, n=3. (B) Post-survival effect of W303-1a cells
expressing wild-type Cdc13-hTERT-FLAG + hTR or empty vector pre-treated with
500, 100 and 35 µM BIBR1532 or 2% v/v DMSO (see Methods). Cultures were
diluted 10-fold before transferring to media plates. The image between spotted
strains treated with 100 µM BIBR1532 was omitted.
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To enhance intracellular compound uptake and circumvent the endogenous
multi-drug resistance in S. cerevisiae (Ernst et al., 2005; Moye-Rowley, 2003), a
query strain defective in pleiotrophic drug response e.g. pdr1DBD-cyc8 was
also made and alternatively assessed as a query strain for the chemical screen
(Stepanov et al., 2008). Integration of pdr1DBD-repressor in the PDR1 locus of
W303-1a cells was achieved by PCR-based gene deletion strategies (Figure
33A). RT-PCR analyses confirmed that pdr1DBD-cyc8 mutant expressed downregulated multi-drug resistance mRNA levels including PDR1 itself and
YOR1, which encodes for a pleiotrophic ABC transporter (Rogers et al., 2001)
(Figure 33B). In contrast to the W303-1a control, enhanced growth sensitivity
to crystal violet and cycloheximide, and poor clonogenic survival rates
following etoposide treatment were observed in pdr1DBD-cyc8 cells (Figure
33C–E). The latter are in agreement with the published phenotypes of a
pdr1DBD-cyc8 background (Stepanov et al., 2008). Moreover, wild-type Cdc13hTERT-FLAG and hTR co-expression did not induce a growth arrest in the
pdr1DBD-cyc8 background and hence BIBR1532 was not tested in this mutant
background (Figure 34C). These results altogether have, therefore,
discouraged the use of pdr1DBD-cyc8 mutant and BIBR1532, as a validation
compound control, for the screening assay (Figures 33 and 34).
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Figure 33: The effect of pdr1DBD-cyc8 in drug sensitivity. (A) Pdr1DBD-cyc8 knockin
fragment (a gift from the Nitiss Lab) was used to replace the PDR1 locus in W3031a by recombination and create pdr1DBD-cyc8 mutant. (B) RT-PCR analysis of total
RNA extracts from pdr1DBD-cyc8 mutant was conducted to confirm multi-drug
resistance gene down-regulation of PDR1 and YOR1. Actin (ACT) was included as
a total RNA loading control. RT, Reverse transcriptase; Taq, Taq polymerase
enzyme used in the PCR reaction. (C) Effect of crystal violet (CV) upon pdr1DBDcyc8 cell growth. CV resistant W303-1a cells were included as negative control
(Methods). (D) Representative growth profile of pdr1DBD-cyc8 and W303-1a cells
upon exposure to cycloheximide. W303-1a (columns 1–6) and pdr1DBD-cyc8 cells
(columns 7–12) were treated with a 2-fold serial dilution of cycloheximide from 2 to
0.062 µM and O.D.595nm levels were measured over twenty-four hours by a Sunrise
plate reader (Tecan). Cells treated with a titration of DMSO solvent were included as
negative control. Growth sensitivity analysis was assessed in four independent 96well based assays. (E) Clonogenic survival growth of pdr1DBD-cyc8 mutant upon
etoposide treatment (Methods). Cells pre-treated with etoposide (100 or 200 µg/mL)
or DMSO (0) were grown in YPD media alone and post-survival rate was assessed.
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W303-1a strain was included as a negative control. Error bars indicate standard
deviation, n=3.
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Figure 34: Growth analysis of pdr1DBD-cyc8 mutant in the presence of BIBR1532. (A)
Representative growth profile of pdr1DBD-cyc8 and W303-1a cells upon exposure to
BIBR1532. Cells were treated with a 2-fold serial dilution of BIBR1532 from 1 to
0.03 µM (columns 2–7) and compared to DMSO (column 1) and untreated control
(cells alone, column 8). Growth sensitivity to BIBR1532 was assessed at least in
four independent 96-well based assays. (B) Dose-response curve of pdr1DBD-cyc8
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cells alone or exposed to BIBR1532 and DMSO, legends as in (A). (C) Growth
analysis of pdr1DBD-cyc8 cells expressing wild-type Cdc13-hTERT-FLAG + hTR
(Tel.) in galactose (gal) or glucose (glc) containing media. Error bars indicate
standard deviation, n=3.

HTS for human telomerase inhibitors
In collaboration with Mike Tyers Lab, the chemical screening assay based on
the growth delay specific to active human telomerase was conducted in a
high-throughput fashion by a Biomek FX liquid handling robot (Beckman
Coulter). This robot was used to assist two independent HTSs on a chemical
library of 678 cell-permeable and drug-like compounds from Maybridge
screening compound collection (Ishizaki et al., 2010). These bioactive
compounds were chosen based on screens depicting their ability to sensitize
and/or inhibit 20–80% growth in yeast strains including the pdr1∆ mutant (J.
Wildenhain, D. Bellows, M. Spitzer and M. Tyers, unpublished data).
Compounds were robotically dispensed into nine 96-well assay plates at a
final concentration of 20 μM (see Methods). DMSO solvent control was
included in eight replicate wells in each assay plate and the average DMSO
value calculated for each assay plate was used to normalize the time of
growth recovery for each compound screened in the same assay plate. Eight
replicates of cycloheximide were also included as a positive control for
growth inhibition in each assay plate. Dose response curve analysis of
cycloheximide confirmed 2 μM as the optimum concentration to cause severe
growth phenotype over the 2-day screening interval (Figure 35). DMSO and
cycloheximide controls were dispensed in alternated wells in the first and
last columns of each assay plate to assess the risk of cross-contamination
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between wells during the liquid HTS procedure. Heatmap plates that
illustrate the time difference in growth recovery at O.D.595nm 0.62 showed that
some compounds severely affected cell growth, which were comparable to
the action of cycloheximide control (Figure 36). Cross-contamination was not
observed at a significant rate between DMSO and cycloheximide controls in
heatmap analysis and thus, validating the robotic procedure of the HTS
assay (Figure 36). Large-scale HTSs can give rise to false positive readings as
a result of plate-based errors. Although our screen only consists of 9 assay
plates, cell growth recovery was affected by a “plate-effect” possibly due to
the time difference liquid handling procedures were completed between the
first and last assay plates (Figure 37). Thus normalization to the mean DMSO
value is essential prior to any compound analysis.
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Figure 35: Dose-response curve of cycloheximide against W303-a cells expressing
wild-type Cdc13-hTERT-FLAG + hTR. Error bars indicate standard deviations of 16
independent growth assays.
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Figure 36: Representative heatmap plates illustrating time difference (hr) in restoring
growth at O.D.595nm 0.62 upon bioactive compound treatment of cells induced with
active human telomerase. Columns 1 and 12 of each assay plate show wells with
DMSO (“D” in rows A, C, E and G) and cycloheximide (“C” in rows B, D, F and H)
controls. Open red boxes indicate the wells whereby compounds RH01505 (panel
A) and SEW05920 (panel B) were screened, as examples. Colours from white to
yellow represent slower to faster growth recovery than DMSO at O.D.595nm 0.62,
respectively. Cells with complete growth inhibition are also shown in white. Values
equal or higher than 8 h 45 min cut-off show as yellow. Rachel White assisted with
the HTSs and Michaela Spitzer generated the heatmaps and helped with the
statistical analysis.
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Assay  plates

Figure 37: The effect of bioactive compounds versus DMSO in recovering growth at
O.D.595nm 0.62. Representative plot illustrating compounds’ ability to recover
O.D.595nm 0.62 by various time durations (min) in each assay plate (x-axis). DMSO at
2% v/v and cycloheximide (CHX, at 2 µM) were included in each 96-well assay
plate.

To identify potential inhibitors of human telomerase, the growth of query
strain expressing active human telomerase following compound treatment
was compared to DMSO control after “time course 2” (Figure 38). Growth
recovery at O.D.595nm 0.62 was extensively variable amongst the bioactive
compounds as well as between the screens (Figure 38). The Pearson
correlation was carried out to assess the concordance between screens and a
coefficient value of 0.4 was calculated. The latter value is not significantly
high possibly due to the prolonged time and dilution steps involved in these
screening assays. Hence compounds with significant growth recovery at
O.D.595nm 0.62 from each individual screen were taken into consideration in
the final analysis. In each HTS, over 200 compounds accelerated growth at
O.D.595nm 0.62 by between 0.5 and 12 hours relative to DMSO (Figure 38A).
The time difference for each compound to reach O.D.595nm 0.62 relative to
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DMSO was averaged in the two screens, and Z-scores were calculated based
on the equation: z=(x-μ)/σ, where μ is the mean time difference for all
compounds of the chemical library and σ is the standard deviation. A Z-score
value of 1.65 or above corresponds to the top 5% “hits” with significant
growth recovery. Based on the number of DMSO controls that were able to
recover O.D.595nm 0.62 by 8 h 45 min, a rate of 1.39% was predicted for false
positives (see Methods). About 15% of compounds (101 out of 678
compounds) were competent to accelerate the mid-point exponential growth
phase faster than DMSO, of which 6% and 3% of compounds come from the
first (n1) and second (n2) screens, respectively; whereas the remaining 6% of
compounds were found in both screens (n1,2) (Figure 38D). Amongst the
compounds that were able to accelerate growth delay at O.D.595nm 0.62, 10
compounds rescued the growth delay at O.D.595nm 0.62 by between 8 and 12
hours (Figure 38B). Out of 10 compounds, 7 “hits” had a Z-score value above
1.65 (Table 4). These findings confirm that S. cerevisiae can be employed to
screen for anti-telomerase compounds and 7 compounds permeable to yeast
were able to recover wild-type growth in strains expressing catalytically
active human telomerase.
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Figure 38: HTS of inhibitors of human telomerase. (A) Time difference (hr) in
growth recovery at O.D.595nm 0.62 relative to DMSO amongst the bioactive
compounds in HTS repeats 1 and 2. (B) Number of compounds able to rescue
relative growth delay at O.D.595nm 0.62 by various time categories. Compounds
able to rescue relative growth delay by between 8 and 12 hours are indicated in
red. (C) Scatterplot comparing compounds’ time difference (hr) to reach growth at
O.D.595nm 0.62 relative to DMSO in HTS repeat 1 (n1, y-axis) and repeat 2 (n2, xaxis). Compounds with positive growth recovery are in blue box. (D) Summary of
“hits” able to restore the mid-point of exponential growth phase faster than DMSO
from individual (n1 and n2) and both HTSs (n1,2).
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Compounds

Time difference at mid-log phase
relative to DMSO

Z score

CD11359
RH00646
RH01505
RJC00417
SEW05920
SPB03922
SPB03924

8 h 15 min
12 h 15 min
11 h 30 min
10 h
9 h15 min
12 h 30 min
11 h 30 min

1.71
2.39
2.26
2.01
1.88
2.43
2.26

Table 4: Candidate compounds with significant growth acceleration relative to
DMSO and corresponding Z-scores from HTS repeats 1 and 2.
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4.3. Discussion

We have successfully established a yeast surrogate system in which to
conduct an effective target-based high-throughput chemical screen against
human telomerase. In contrast to existing yeast-based screening strategies,
which usually measure relative growth or survival rates as the main output
for a given activity assayed (Ceyhan et al., 2012; Hughes, 2002; Kirsch, 1993;
Munder and Hinnen, 1999; Perkins et al., 2001), we have validated an
inducible and reproducible growth delay of 8 h 45 min at O.D.595nm 0.62,
which is dependent on catalytic activity of human telomerase TERT, in the
96-well based HTS settings (Figure 30B). Since the growth delay was elicited
in “time course 2”, we adopted a two sequential treatment strategy (Figure
29). Given the prolonged time and dilution steps involved in this novel
screening assay, variability between screens is predicted to be higher than
other standard cell-based screens, which generally involve one time-course
in which a growth phenotype is evaluated (Ceyhan et al., 2012). Thus, the
correlation coefficient number of 0.4 is not unpredicted.
Failure to include BIBR1532 as a validation control did not discourage the
use of this novel in vivo screening assay to identify potential human
telomerase inhibitors in yeast. Lack of response to BIBR1532 is thought to
result from cell impermeability rather than inability of the compound to
target human telomerase expressed in yeast. This presumption is based on
the absence of growth sensitivity of W303-1a cells to a high-toxic 500 μM
dose of BIBR1532, as suggested by growth assays (Figure 32). These results
are in agreement with previous reports, which showed inconsistent IC50
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values of BIBR1532 between in vitro and in vivo models and ultimately
discouraged further BIBR1532 testing in pre-clinical trials (Damm et al., 2001;
El-Daly et al., 2005; Pascolo et al., 2002). Similar to BIBR1532, other existing in
vitro anti-telomerase compounds display low bioavailability and toxicity
issues due to lack of cellular context in which compounds were screened
(Olaussen et al., 2006). Hence these in vitro candidates commonly face
challenges in drug development leading to complicated use in subsequent
clinical studies. To circumvent yeast cell impermeability in our screening
system, we attempted to enhance compound sensitivity by using an
alternative query strain i.e. pdr1DBD-cyc8 mutant (Figure 33). In the absence of
active membrane efflux pumps that are regulated by the Pdr1p network
(Balzi and Goffeau, 1991; Moye-Rowley, 2003), pdr1DBD-cyc8 were highly
sensitive to the exposure of DMSO and BIBR1532 at low concentration in
comparison to the wild-type background (Figure 35A-B). Pdr1DBD-cyc8 cells
were presumably permeable to the extent of inducing toxic accumulation of
DMSO solvent. Readily incorporated BIRB1532 might have also reached a
certain threshold, over which effective levels of a compound can exert their
action without inducing cytotoxicity in pdr1DBD-cyc8 cells. Further work will
be needed to understand whether BIBR1532 can inhibit functional core
human telomerase reconstituted in yeast. Due to technical difficulties in
studying stable and purified native human telomerase, activity and
processivity of human telomerase reconstituted in yeast could be
extrapolated by testing yeast extracts in the direct telomerase activity assay
(Morin, 1989). In the hypothetical outcome that human telomerase Cdc13hTERT-FLAG + hTR has unaltered processivity rates in yeast, BIBR1532
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accumulation can be monitored in a drug uptake assay (van den Hazel et al.,
1999). In a similar principle to rhodamine 6G, arbitrary fluorescence units of
a BIBR1532 analogue could be analyzed upon exposure to yeast cells by
spectrofluorimetry. In the event of achieving optimized BIBR1532
accumulation in yeast, the compound’s effect upon human telomerase
processivity could be further assessed. These future studies will give further
insights to the in vivo requirements to achieve and regulate human
telomerase function and processivity.

Interestingly, the growth impediment induced by wild-type Cdc13-hTERTFLAG + hTR was abolished in the pdr1DBD-cyc8 background (Figure 34C).
This result suggests that up-regulation of ABC transporter genes via a Pdr1p
transcription activator might be important for the flux and/or response of
active human telomerase induced in budding yeast. There is evidence, in
fact, to suggest that pleiotropic drug resistance regulators are involved in
stress responsive pathways and control the expression of DNA damage
inducible genes (Zhu and Xiao, 2004). Hence in the repressed regulatory
system of pdr1DBD-cyc8, a proficient DNA damage response might not have
been activated in the event of active human telomerase induction.

Nevertheless, these results did not impede the use of a W303-1a query strain
with wild-type uptake activity because the HTS was performed against a
library enriched for cell-permeable compounds with established bioactivity
in yeast (Ishizaki et al., 2010). Most compounds that pass through the yeast
cell wall and plasma membrane would also be expected to pass into
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mammalian cells, and the yeast Pleiotropic Drug Resistance exporter
proteins are structurally similar to the mammalian Multiple Drug Resistance
efflux pumps (Kolaczkowska and Goffeau, 1999). Indeed, our in vivo
approach proved to contribute and accelerate the drug discovery pipeline by
identifying seven new candidate compounds that specifically rescued the
growth of yeast expressing active human telomerase. These data sets another
rapid and automated example of how budding yeast can serve as a powerful
surrogate system to facilitate target-based screening for cell-permeable
inhibitors before compound optimization and validation take place.
BIBR1532 provides a good counterexample, displaying low cellular uptake
both in mammalian and yeast models even though it represents a rare
selective human telomerase inhibitor of its chemical class (Pascolo et al.,
2002) (Figure 32).
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5.1. Rationale
The previously described surrogate yeast high-throughput assay adopted a
phenotype-driven approach, whereby growth arrest induced by active
human telomerase was confirmed to be chemically reversible. Based on a
read-out that is sensitive to telomerase catalytic activity, we isolated seven
“hits” that are capable of rescuing the delayed exponential phase growth in
W303-1a cells induced with active human telomerase (Table 4). These
candidate compounds should be specific to human telomerase, however
their activities could go beyond inhibition of the intended human target.
Undesirable compound off-target effects present a major and common
challenge in drug discovery, which is not only costly and unsafe but also
complicates the clinical use of resulting successful drug candidates
(Hellerstein, 2008). Hence, we aimed to perform in vitro and in vivo studies to
validate the initial “hits”, which could be ultimately ranked for warrant lead
optimization and yield clinical candidates to target telomerase in cancer.

5.1.1. Hypothesis
We hypothesized that this yeast surrogate system could be used to develop
secondary screening assays for compound validation; and illustrate that
modulation of human telomerase by novel inhibitors can achieve a desired
physiological outcome in the absence of off-target cellular effects in vivo.
Further, specificity and toxicity properties of in vitro validated candidates
could be predicted in human cancer cell models such as in HTR cell lines.
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5.2. Results

Validation studies of candidate human telomerase inhibitors
In order to validate the initial “hits” identified in HTSs, growth rescue in
W303-1a strain expressing wild-type Cdc13-hTERT-FLAG + hTR was
assessed in a low-throughput growth assay and compared to the DMSO
control (see Methods). In order to further validate the compounds’ action
against human telomerase target, W303-1a strains expressing inactive
telomerase (Cdc13-TERT1-677+hTR and Cdc13-TERTD868/A868 + hTR), defective
telomere recruitment (Cdc13(-DBD)-hTERT-FLAG + hTR) and empty vector
(pGAL1-empty vector) were also tested for growth sensitivity upon
compound exposure. Time required to reach O.D.595nm 0.62 in the presence of
a compound was normalized to the time induced by DMSO during “time
course 2”. None of the seven compounds caused significant growth defects
against control strain expressing empty vector or a truncated TERT (Cdc13TERT1-677 + hTR) i.e. with values near 1, which suggest that compounds at 20
μM are non-toxic against these control strains during the growth period
screened (Figure 39A). Interestingly, five out of seven compounds (SPB03924,
SPB03922, SEW05920, RH00646 and CD11359) delayed growth in the strain
expressing Cdc13(-DBD)-hTERT-FLAG + hTR (Figure 39A). The latter result
could be due to an indirect effect caused by compounds upon expression of
Cdc13(-DBD)-hTERT-FLAG + hTR. Three out of the seven compounds
(SPB03924, SPB03922 and RH00646) confirmed a significantly faster growth
recovery relative to DMSO in W303-1a cells expressing wild-type Cdc13hTERT-FLAG + hTR than in the inactive counterpart (Cdc13-TERTD868/A868 +
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hTR) (Figure 37B). RH01505 compound, on the contrary, caused a more
pronounced growth recovery in the screen against inactive human
telomerase (Cdc13-TERTD686/A686 + hTR) than in active telomerase (Figure
39B). The above findings suggest that SPB03924, SPB03922, SEW05920,
RH00646 and CD11359 compounds are non-toxic and given the high degree
of conservation between yeast and human protein function in cellular
processes including small-molecule metabolism and DNA repair (Hughes,
2002), these compounds are most likely non-toxic in human cells too.
Furthermore, SPB03924, SPB03922 and RH00646 are likely to be true and
specific inhibitors of catalytically active human telomerase expressed in
yeast. Also, RH01505 could possibly inhibit the expression or assembly of
Cdc13-hTERT-FLAG and/or hTR in yeast.
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Figure 39: Representative secondary growth assays established in W303-1a query
and control strains to validate compounds against human telomerase target. Time
required to reach O.D.595nm 0.62 of W303-1a strains expressing an inactive hTERT
truncation (Cdc13-TERT1-677 + hTR), Cdc13 lacking its DNA binding domain
(Cdc13(-DBD)-hTERT-FLAG + hTR), empty vector (grouped in panel A), wild-type
Cdc13-hTERT-FLAG + hTR or an inactive Cdc13-hTERT-FLAG + hTR (Cdc13TERTD686/A686 + hTR) (grouped in panel B) treated with compounds at 20 µM (see
Methods). Values were normalized to DMSO treatment, i.e. a compound with
statistically higher or lower value to 1 indicate slower or faster growth recovery
effect in comparison to DMSO, respectively (P values lower than 0.05 are
indicated with two asterisks and P values equal to 0.05 are indicated with one
asterisk). Compounds with values equal to 1 are comparable to DMSO-induced
growth effects. Results of each screen were reproducible in two independent
assays and each screening assay contained at least 3 intra-replicates.
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In vitro validation
To confirm whether any candidate compounds are telomerase inhibots, the
in vitro telomeric repeat amplification protocol (TRAP) assay (Kim et al.,
1994) was carried out to screen for inhibitors with potential against
telomerase activity (see Methods). The inhibition potential of compounds
were assessed against native human telomerase from HeLa cell extracts and
recombinant telomerase hTERT-hTR core complex reconstituted in RRL and
then compared to the existing telomerase inhibitor BIBR1532 (Pascolo et al.,
2002). Compounds were first tested against HeLa cell extracts; and out of the
seven compounds, SEW05920, SPB03924 and CD11359 were confirmed to
inhibit native human telomerase activity in a similar dose-dependent manner
to BIBR1532 (Figure 40). SPB03924 and CD11359 compounds are more potent
than SEW05920 causing disappearance of the synthesized extension products
in the presence of lower concentrations. The remaining 4 compounds
showed an insignificant effect against human telomerase activity within the
same concentration range (Figure 40). To estimate IC50 values of SEW05920,
SPB03924 and CD11359, TeloTAGGG Telomerase PCR ELISA-PLUS kit was
used to quantify relative telomerase activity (RTA) in purified human
telomerase hTERT-hTR complex reconstituted in RRL (Methods).
Comparably to the TRAP results on HeLa cell extracts, SEW05920, SPB03924
and CD11359 also inhibited the activity of purified human telomerase
(Figure 41). The presence of the internal control (IC) confirmed that these
compounds directly inhibited enzyme activity up to 10 μM concentration. In
comparison to BIBR1532, all compounds inhibited human telomerase at
noticeably higher IC50 values i.e. ~4 μM in SEW05920, ~1 μM in CD11359 and
~6.5 μM in SPB03924 (Figure 41C).
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Figure 40: Inhibition of native human telomerase activity by TRAP analysis.
HeLa cell extracts were treated with 2, 10, 20, 100 µM of CD11359 (lanes 1–
4) and SPB03924 (lanes 5–8); 2, 10, 20, 100, 200 µM of RH00646 (lanes 36–
40), RH01505 (lanes 24–28), BIBR1532 (lanes 29-33), RJC00417 (lanes 21–
25), SEW05920 (lanes 26–30) SPB03922 (lanes 31-35) and RH00646 (lanes
36–40). Heat (lane 19), DMSO (lanes 20 and 41) and ribonuclease A (RNase,
lane 42) pre-treated HeLa extracts were included as controls. The gel image
between lanes 3 and 4, 7 and 8 and 9 were omitted. M; DNA marker. IC;
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internal PCR control (35 bp). Results were repeated in three independent
reactions.
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Figure 41: Inhibition of purified human telomerase by SEW05920, SPB03924 and
CD11359 compounds. RRL-reconstituted human telomerase was treated with a
titration of BIBR1532 (A: lanes 1–4), SEW05920 (A: lanes 5–8), SPB03924 (B:
lanes 5–7) and CD11359 (B: lanes 8–10) and analyzed by TRAP (Methods). DMSO
(A: lane10 and B: lane 3) and ribonuclease A pre-treated human telomerase were
included as controls. The gel image in (A) between lanes 4-5 and in (B) between
lanes 4 and 5, 6 and 7 and 8 were omitted. IC; internal PCR control (216 bp). (C)
Relative telomerase activity (RTA) of human telomerase upon treatment with
CD11359, SEW05920, SPB03924 and BIBR1532 compounds. Error bars indicate
standard deviation, n=3.
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In addition, given the conserved function of murine and human telomerase
catalytic activities (Autexier and Lue, 2006), the effect of compounds upon
murine TERT (mTERT) activity was also assessed. Murine telomerase
mTERT-mTR complex reconstituted in RRL has a weak telomerase activity in
vitro, hence chimeric mTERT-hTR telomerase, which retains higher mTERTdependent catalytic activity, was also included in the analysis (Fakhoury et
al., 2010). SEW05920, SPB03924 and CD11359 compounds also inhibited the
activity of heterologous mTERT-hTR telomerase complex reconstituted in
RRL (Figure 42). In contrast to human telomerase inhibition, SEW05920
caused greater inhibition against mTERT-hTR complex with an estimated
IC50 value lower than 1 μM (compare Figure 42B with Figure 41C), whereas
SPB03924 and CD11359 compounds inhibited mTERT-hTR telomerase
activity with dose-independent effects (Figure 42A). However, CD11359 and
SPB03924 did not inhibit significantly the activity of purified murine
telomerase (Figure 43). SEW05920, SPB03924 and CD11359 compounds are,
therefore, selective inhibitors of telomerase and their effects are not an
artefact against Taq DNA polymerase used in TRAP reactions (Figures 40–
44). Specifically, SEW05920 seems to be a novel inhibitor of human
telomerase because it did not affect the expression levels of human
telomerase TERT or hTR mRNA or the activity of purified murine telomerase
complex (Figure 44). In fact, a Pubchem search confirmed that none of
SEW05920, SPB03924 or CD11359 compounds were identified as “hits” in
previous bioassay screens conducted against various human targets, which
include toll-like receptor 4, Sphingosine 1-Phosphate receptor 1, NADPH
oxidase 1 and NOTCH1.
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Figure 42: (A) Inhibition of mTERT-hTR telomerase activity by
SEW05920, SPB03924 and CD11359. Telomerase was treated
with 1, 5 and 10 µM of SEW05920 (lanes 5–7), CD11359 (lanes
8–10) and SPB03924 (lanes 12–14). DMSO pre-treated (lanes 2
and 4), ribonuclease A pre-treated RRL-telomerase (lanes 1 and
4) and SEW05920 treatment at IC50 value 4 µM (lane 11) were
included as controls. The gel image between lanes 2 and 3 was
omitted. IC; internal PCR control (216 bp). (B) RTA of mTERThTR telomerase treated with 1, 5 and 10 µM of SEW05920
(Methods). DMSO pre-treated telomerase was included as
negative control. Error bars indicate standard deviation, n=3.
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Figure 43: Murine telomerase inhibition by SPB03924 and CD11359. RRLreconstituted murine mTERT-mTR telomerase complex was treated with 1,
5 and 10 µM of SPB03924 (lanes 1–3) and CD11359 (lanes 6–8). DMSO
(lanes 5 and 10) and ribonuclease A (lanes 4 and 9) pre-treated murine
telomerase. M; DNA marker. IC; internal PCR control (36 bp). Results were
repeated in 3 independent reactions.
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Figure 44: Telomerase inhibition by SEW05920. (A) RT-PCR analysis of TERT,
hTR, and ACT mRNA expression from cellular total RNA extracted from W303-1a
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In vivo cell studies
To predict the in vivo efficacy and toxicity properties of any in vitro validated
human telomerase inhibitors, SEW05920, SPB03924 and CD11359
compounds were tested against a human tumour cell model, known as HTR,
which is an immortalized human embryonic cell line HA5 that was
genetically engineered to stably express human telomerase TERT for
telomere length maintenance (Sealey et al., 2010; Taboski et al., 2012) (Figure
45). Initial “hits” identified from commercially available chemical libraries
usually lack sufficient structure-activity relationship understanding and
optimum pharmacokinetic and pharmacodynamic profiles. So the candidate
telomerase inhibitors might also exhibit potency and latency issues against
the human cell model. A lag period was predicted for inhibitors to render
telomerase unable to preserve functional telomeres, induce critically short
telomeres, activate the p53 and retinoblastoma protein pathways and
consequently result in cellular crisis (Itahana et al., 2004). Thus, HTR cells
were treated daily with 10-fold serially diluted compounds and DMSO
solvent control over a month period. Given the long-term treatment, toxicity
were assessed by alamarBlue indicator dye and cell morphology analysis at
frequent intervals throughout the treatment period. Also, early passaged
HTR (HTRE) cells that have comparably shorter telomeres than late passaged
HTR (HTRL) cells and, therefore, are more susceptible to telomere-induced
apoptosis, will be assessed in parallel (Taboski et al., 2012). In theory, HTRE
and HTRL cells should be sufficiently permeable to accumulate effective
concentrations of candidate inhibitors that may be efficacious to cause a
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time-dependent decrease in telomere length, and in the case of HTRE cells, an
earlier entry to cellular crisis.
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Figure 45: Representative gel of the relative telomerase activity (RTA) of HTR cells
by ELISA-TRAP (TeloTAGGG Telomerase PCR ELISA-PLUS, Roche Diagnostics).
Cellular extracts were analysed from HTR cells expressing telomerase (+) early
(lanes 3-4, PDL 18) or late passaged (lanes 5-6, PDL 136) and HTR cells lacking
telomerase (-) (lanes 7-8). Ribonuclease A (R) pre-treated cellular extracts were
included as controls. M; DNA marker. IC; internal PCR control (216 bp). Results
were repeated in three independent reactions.
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Figure 46: Proliferation ability of HTR cells (early and late passaged) upon
exposure to DMSO. HTR cells that do not express human telomerase (-) were
included as control. Cells were exposed to 0.01, 0.02, 0.04, 0.08, 0.16, 0.32,
0.64 and 1.28% v/v of DMSO for 5 h 30 min prior to alamarBlue assay
(Methods). Error bars indicate standard deviation, n=3.

We conducted a viability assay based on the reduction levels of alamarBlue
chemical dye, to assess the effect of compounds and DMSO upon cell
proliferation over time (Figures 46 and 47). HTR cells exhibited unaltered
proliferation at any DMSO concentrations tested, so cells were dosed with
the lowest concentration of DMSO (0.01% v/v) for the long-term control
treatment (Figure 46). On day 4, CD11359 treatment at the highest
concentration (50 μM) led to a proliferation defect similar to the toxic
cycloheximide response, which resulted in less than 20% and 40% viability in
HTR cells that express and lack telomerase activity, respectively (Figure
47A). This toxic effect was also observed in SPB03924 and SEW05920
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compounds tested at 50 μM (data not shown). Compound dosing at 50 μM
was, therefore, removed from subsequent studies. Since HTR cells that do
not express telomerase activity proliferated very slowly, the number of cell
passages required to yield sufficient cell concentration halted the progress on
viability studies. Hence this cell line was also removed from subsequent
alamarBlue assays.
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Figure 47: Proliferation ability of HTR cells upon exposure to CD11359, SEW5920
and SPB03924 by alamarBlue assay. HTR cells (at early passage, PDL 18 and late
passage PDL 136), which express (+) or lack (-) telomerase activity were dosed with
5, 0.5, 0.05, 0.005 and 0.0005 µM CD11359 for 4 (A), 26 (B) and 35 days (C) prior
to alamarBlue dye addition. For other compounds, HTR cells were dosed with 5,
0.5, 0.05, 0.005 and 0.0005 µM for 4, 11 and 28 days in SPB03924 (D– F) and
SEW05920 (G– I) prior to alamarBlue dye addition (Methods). Fraction of cells with
proliferation capacity was assessed in percentage by calculating the ratio of dye
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reduction in untreated cells (DMSO) over dye reduction in cells treated with
compound. Cycloheximide at 10 µM (Cyclo 10) was included as a positive control
for cell growth inhibition. Error bars indicate standard deviation, n=6.

HTR (+, late)

Day 0

Day 35

DMSO

SPB03924

SEW05920

CD11359

Figure 48: Representative morphology assessment of HTR cells treated with
candidate inhibitors. HTR cells that express human telomerase (+) at PDL 136 (late
passage) were treated with 0.01% v/v DMSO, SPB03924 (5 µM), CD11359 (5 µM)
and SEW05920 (5 µM) at indicated days and visualized by light-phase microscopy
(10X objective lens).

Compound treatment up to 5 μM maintained at least a 80% proliferative cell
population over 30 days (Figure 47) and did not induce any signs of toxicity
inferred by cellular morphological changes (Figure 48). Analysis of the mean
telomere length of human tumour cells expressing telomerase activity show
insignificant telomere shortening effect after prolonged treatment with the
most potent candidate inhibitor identified, i.e. CD11359, which has an
estimated IC50 of ~1 µM (Figure 49 and Table 5). Treatment with SEW05920
or SPB03924 also did not induce a dramatic telomere length change in HTR
cells (data not shown).
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Figure 49: Mean telomere restriction fragment (TRF) length analysis of HTR cells
treated with CD11359 and DMSO. HTR cells expressing telomerase activity (+, at
early passage, lanes 1–6; +, at late passage, lanes 7–12) or lacking telomerase
activity (-, lanes 13–18) were treated with CD11359 (0.5 µM and 5 µM) and 0.01%
v/v DMSO at indicated passages (PDL). Mean terminal restriction fragment (TRF)
lengths were quantified by Jennifer Dorrens (Methods). DNA marker (kbp) is
indicated at the right of the image. Results were replicated in three independent
experiments.
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HTR cell
line

+, early
+, early
+, early
+, early
+, early
+, early
+, late
+, late
+, late
+, late
+, late
+, late
-

PDL

Treatment

ΣOD

Σ(ODi x MWi)

Mean
TRF

28
32
28
32
28
32
151
158
151
158
151
158
30
32
30
32
30

DMSO
DMSO
5
5
0.5
0.5
DMSO
DMSO
5
5
0.5
0.5
DMSO
DMSO
5
5
0.5

82.76
57.63
55.40
45.60
71.20
56.44
93.08
63.95
91.70
123.65
122.36
130.41
57.43
55.22
87.68
93.92
134.54

205.34
205.34
156.30
137.20
201.56
172.82
593.98
459.62
627.97
695.24
713.90
752.89
223.58
198.39
353.39
353.39
549.39

2.48
3.56
2.82
3.01
2.83
3.06
6.38
7.19
6.85
5.62
5.83
5.77
3.89
3.59
4.03
3.76
4.08

32

0.5

99.18

365.16

3.68

Table 5: TRF length quantification of HTR cells treated with CD11359 and DMSO as
in Figure 47. TRF length quantification was carried out by Jennifer Dorrens.
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5.3. Discussion

This heterologous and genetically tractable system not only proved useful to
circumvent cell impermeability at an early stage of drug discovery, but also
helped to establish secondary validation assays. These studies were useful in
rapidly validating compound specificity against human telomerase while
counter selecting against compounds with off-target activities on cell growth
(Figure 39). The final three compounds (SEW05920, SPB03924 and CD11359)
were confirmed to inhibit human telomerase in HeLa extracts and are
specific against purified human telomerase in vitro. These validated
compounds have rather high but typical IC50 values of compounds derived
from commercial libraries (Figure 41C). These findings suggest that the
newly discovered inhibitors might have low potency and possibly low target
binding affinity. In fact, toxicity data suggest that SEW05920, SPB03924 and
CD11359 compounds are suitable for testing in vivo for a prolonged period of
time (Figures 47 and 48). Lack of telomere shortening effect is not
unpredicted given the lag time necessary to detect telomere erosion upon
telomerase inhibition. In agreement, studies on breast carcinoma, chronic
myeloid leukemia and Ewing sarcoma cell lines showed that a change in the
average telomere length was only detectable after 3 months of treatment with
telomerase inhibitor GRN163 even though telomerase activity was inhibited
after 24 hours of treatment (Uziel et al., 2010). As SEW05920, SPB03924 and
CD11359 compounds present structural moieties, which are amenable for
modification, compound optimization and refinement could, in principle,
yield more potent derivatives. Hence it is more logical to pursue in vivo on
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target effects and telomere attrition responses on more potent derivatives.
Importantly, we cannot exclude the possibility that the candidate derivatives
could have differential target binding affinity between in vitro and in vivo
models. Since the function and native conformation of human telomerase
TERT-TR core complex are maintained and regulated by several proteins
(Dragon et al., 2000; Mitchell et al., 1999), these inhibitors might prove
effective against TERT-TR function in vitro and yet vary in their cellular
response in vivo. Hence, understanding the precise mechanism-of-action of
these compounds is as critical as any further in vivo validation.

SEW05920, SPB03924 and CD11359 hetero-aromatic chemicals differ
structurally from known anti-telomerase compounds and from each other
(Figure 50) (Harley, 2008). Further, lack of significant activity against murine
mTERT-mTR telomerase complex suggests that SEW05920, SPB03924 and
CD11359 have inherent specificity against human telomerase at least in vitro
(Figures 43 and 44). Differential inhibition profiles against human TERT-TR
and heterologous mTERT-hTR telomerase complexes also suggest that these
inhibitors are likely to target different sites within the ribonucleoprotein
complex. SEW5920 dose-dependent inhibition was observed in both human
and murine TERT complexed with human TR (Figures 42 and 44). Higher
murine telomerase activity retained in heterologous mTERT-hTR complex
has been related to hTR function (irrespective of hTR preferential binding to
TERT) and differential amenability of mTERT (Fakhoury et al., 2010). Hence,
SEW05920 is more likely to modulate human enzyme activity by targeting
TERT-TR and/or TR-DNA interactions. On the other hand, SPB03924 and
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CD11359, which exhibited dose-independent and unpredicted inhibition
against murine TERT complexed with hTR (Figure 42A), might target
common structural sites between human and murine TERT-TR complexes
with different binding affinities, to cause overlapping effects in murine and
human cells. This hypothesis could be investigated by performing enzymekinetic studies in vitro and comparing inhibition rates between murine and
human enzymes by telomerase activity assays. If these compounds target
distinct sites within telomerase, synergistic effects would also be an expected
outcome. To investigate this hypothesis further, combinations of compound
derivatives could be assessed for relative telomerase inhibition levels by
TRAP and direct telomerase assays and telomere attrition rate in vivo by
multicolour flow-FISH (Alter et al., 2007). This technique is more informative
than Southern blot analysis in detecting minimal telomere shortening (up to
0.2–0.5 kbp range) in a small cell population (Baerlocher and Lansdorp,
2003). If synergism can be detected, these inhibitors would be of great clinical
relevance and applicability for reducing the lag period and thus triggering a
stronger anti-tumour response.
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Figure 50: Chemical structures of BIBR1532, SEW5920, SPB03924 and CD11359
compounds (generated by Asier Unciti-Broceta).

Moreover, not all of the compounds identified exerted their function by
modulating directly the activity of human telomerase. For example
SPB03922, RJC00417, RH00646 and RH01505 compounds, which did not
inhibit purified human telomerase (Figure 40), could have targeted different
or multiple pathways to ultimately recover the growth delay in response to
functional human telomerase induced in yeast. In theory, these candidate
compounds could have attenuated the Mec1p-dependent DNA damage
response that was activated to counteract Cdc13-hTERT-FLAG and hTR coexpression (Figure 21C). To further understand the mechanism of action of
these inhibitors, growth sensitivity assays could be conducted to assess the
effects of compounds on yeast cell growth when exposed to various DNA
damaging conditions. Compounds that suppress signal transduction protein

	
  

136	
  

Chapter 5

activities, which are involved in the induction of cell cycle arrest upon DNA
damage, are expected to cause a checkpoint defective phenotype in W303-1a
cells inflicted with DNA damage by HU drug for example (Yarbro, 1992). In
these conditions, cells would continue to replicate in the presence of DNA
damage and eventually undergo lethal mitosis. Identification of such DNA
damage checkpoint abrogators would also be important for clinical use,
because this class of inhibitors has been shown to selectively sensitize cancer
cells to DNA-damaging therapies (Hirai et al., 2010; Suganuma et al., 1999).
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Chapter 6
Concluding Remarks

	
  

138	
  

Chapter 6

S. cerevisiae proves to be a powerful, genetically and chemically tractable
system to streamline the search for novel inhibitors of human telomerase – a
universal and specific target for cancer. This system is one of the first
successful and reproducible examples of how the multi-subunit human
telomerase target can be functionally reconstituted and modulated in yeast,
which makes the HTS assay an achievable prospect. Our results validated
novel candidate compounds with specificity against human telomerase, even
though these compounds were identified in a yeast model. Thus this
surrogate system has proven to be a cost-effective alternative and fruitful
approach to accelerate drug discovery for cancer diseases.

Targeted drug insults can lead to development of mutations in enzyme
targets leading to altered drug binding affinity and dis-regulation of enzyme
activity, which in turn can reduce drug efficacy and cause tumour relapse
(Gorre et al., 2001; Haber et al., 1981; Hinds et al., 1991; Kubota et al., 1992;
Pommier et al., 1986; Vassetzky et al., 1995). Evolutionarily related HIV
reverse transcriptase also provides a good example for acquired drug
resistance, which is a major concern in prolonged treatment with nonnucleoside reverse transcriptase inhibitors (NNRTIs) that are necessary for
children and young adults infected with HIV (Mirski et al., 1993; Penazzato
and Giaquinto, 2011). Since telomerase inhibition is a time- and celldependent therapy that depends on the initial telomere length distribution
and kinetics of cell turnover, telomerase inhibition may be best used against
cancer cells adapted with high levels of telomerase (Li et al., 2005). For
example, prolymphocytic leukemia (T-PLL), which has high telomerase
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activity and critically short telomeres, might be the ideal target for
telomerase inhibition (Roth et al., 2007). However single anti-telomerase
therapy may not be immediately effective in triggering a strong and fast antitumour response against cells with longer telomeres and low telomerase
expression. Emergence of resistance mechanisms could rapidly evolve in
genetically unstable cancer cells that are under selective pressure of repeated
drug exposure. Hence, drug combinations that yield improved efficacy and
potency against telomerase activity would anticipate greater therapeutic
potential and reduce the lag time necessary to trigger a telomere-induced
apoptosis. Furthermore, we anticipate that this heterologous system will
prove useful to develop additional screens for predicting active human TERT
variants, which can confer drug resistance phenotypes. Given the number of
existing domains in hTERT involved in the recognition and utilization of
DNA substrate and telomerase elongation activities (Wyatt et al., 2007), we
could pinpoint TERT variants that are able to alter compound sensitivity by
modulating the growth recovery levels in our yeast model. This work could
potentially accelerate research on particularly more efficacious compounds
or compound combinations with reduced toxicity profiles for therapeutic
interventions in clinical settings. Other prevalent challenges include how,
when and for how long should telomerase-based therapies be administered
to meet the best needs for cancer management.

Over the past fifteen years, lack of structural information on telomerase
target has hampered the progress in drug discovery for cancer, but emerging
heterologous eukaryotic models have proven themselves useful to develop
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alternative screening approaches. We hope that our rational approach, which
bridges synthetic chemistry with a surrogate yeast system, opens a new
scope of biological and chemical tools to further probe telomerase function in
vivo, which will be of interest and benefit to both academia and industry.
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Appendix A
Synthesis of 2-[(E)-3-naphthalen-2-yl-but-2-enoylamino]-benzoic acid
(BIBR1532)
Synthesis of BIBR1532 was performed by Asier Unciti-Broceta in collaboration with
the Mark Bradley Lab. This work has been submitted in:
Lai Hong Wong, 1 Asier Unciti-Broceta, 2 Rachel White, 1 Michaela Spitzer, 1 Mike
Tyers, 1,3 and Lea Harrington1,3*. ‘A yeast chemical genetic screen identifies new
inhibitors of human telomerase’. Chemistry & Biology.

BIBR1532 was synthesized following a synthetic route based on slightly modified
procedures found in the literature (Barma et al., 2003; Gürtler and Buchwald, 1999)
with an overall yield of 50%. BIBR was > 95% pure according to elemental analysis,
which showed values within the established purity limits (< 0.4% variation of the
calculated values). 2-Bromo-naphthalene, 1, (5.5 mmol, 1,114 mg), methyl
crotonate, 2, (5 mmol, 500 mg), tetraethylammonium chloride (5 mmol, 828 mg),
N,N-dicyclohexylmethylamine (7.5 mmol, 1.6 mL) and palladium acetate (0.15
mmol, 33 mg) were added into an oven-dried 10-20 mL Biotage’s microwave vial
with a magnetic stirrer. Subsequently, 20 mL of peptide-grade DMF was added and
the mixture microwave irradiated for 30 min at 120°C. The reaction mixture was
cooled down to room temperature (r.t.), diluted in ether (50 mL) and washed with
distilled water (3 x 50 mL). The crude was purified by flash chromatography (EtOAc
/ hexanes 1:3 to 1:2, in 4 cm column) to afford methyl (E)-(2-naphthyl)-3methylacrylate, 3, as a white solid. Yield: 790 mg (71%, E/Z ratio 6:1). 1H NMR and
MS spectral data of compound 3 were identical to the literature values (Gürtler and
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Buchwald, 1999). Compound 3 (1.75 mmol, 395 mg) was dissolved in a mixture of
LiOH (1 M aqueous solution) and THF (1:5, 25 mL) and stirred at room temperature
for 16 h. The reaction mixture was then diluted in 40 mL of distilled water, acidified
to pH 4 using a 1 N HCl solution and extracted with EtOAc (3 x 40 mL). The
combined organic extracts were dried over sodium sulphate anhydrous and
evaporated under reduced pressure to give (E)-(2-naphthyl)-3-methylacrylic acid, 4,
as a white powder (LRMS (ES-): m/z 211.1 [100, (M-H)-]). Without further
purification, compound 4 (1.5 mmol, 318 mg) was dissolved in a mixture of dry
DCM and SOCl2 (8:2, 20 mL). 2 drops of DMF were subsequently added and the
mixture refluxed for 2 h. After cooling down, all volatiles were removed under vacuo
and crude acid chloride 5 re-dissolved in 20 mL of dry DCM. Methyl anthranilate, 6,
(1.5 mmol, 226 mg) and pyridine (1.6 mmol, 130 μL) were then added and the
reaction stirred at room temperature for 2 h under an argon atmosphere. The reaction
mixture was poured into 20 mL of 0.1 N HCl, extracted with Et2O (3 x 40 mL), and
the combined organic extracts dried over sodium sulphate anhydrous and evaporated
in vacuo. The crude was purified by flash chromatography (EtOAc / hexanes 1:3 to
1:2, in 3 cm column) to afford methyl 2-[(E)-3-naphthalen-2-yl-but-2-enoylamino]benzoate, 7, as a light yellow solid. Yield: 404 mg (78%, two steps). 1H NMR and
MS spectral data of compound 7 were identical to published literature values(Barma
et al., 2003). Compound 7 (1 mmol, 345 mg) was dissolved in a mixture of 1 M
aqueous solution of LiOH and THF (1:5, 20 mL) and stirred at room temperature for
16 h. The reaction mixture was then diluted in 30 mL of distilled water, acidified to
pH 4 using a 1 N HCl solution and extracted with EtOAc (3 x 40 mL). The combined
organic extracts were dried over sodium sulphate anhydrous, evaporated under

	
  

143	
  

reduced pressure and the resulting crude purified by flash chromatography (EtOAc /
hexanes 1:1, in 3 cm column) to afford 2-[(E)-3-naphthalen-2-yl-but-2-enoylamino]benzoic acid, BIBR1532, as a white solid. Yield: 298 mg (90%). 1H NMR (CDCl3,
250 MHz) δ 11.10 (s, 1H), 8.83 (dd, 1H, J (Hz) = 0.9, 8.5), 8.06 (dd, 1H, J (Hz) =
1.5, 8.0), 7.91–7.74 (m, 4H), 7.60–7.38 (m, 4H), 7.17 (t, 1H, J (Hz) = 8.5), 6.30 (d,
1H, J (Hz) = 1.2), 2.69 (d, 3H, J (Hz) = 1.2). LRMS (ES-): m/z 330.0 [100, (M-H)-],
661.1 [15, (2M-H)-]. BIBR1532 spectroscopic data matched with published literature
values(Barma et al., 2003). Elemental Analysis of BIBR1532 (C21H17NO3): calcd C
76.12, H 5.17, N 4.23, O 14.49; found C 76.05, H 5.33, N 4.01, O 14.65.
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Telomerase is comprised of a reverse transcriptase and an internal RNA template that
maintains telomeres in many eukaryotes, and it is a well-validated cancer target. However,
there is a dearth of small molecules with efficacy against human telomerase in vivo. We
developed a surrogate yeast high-throughput assay to identify human telomerase
inhibitors. The reversibility of growth arrest induced by active human telomerase was
assessed against a library of 678 compounds pre-selected for bioactivity in S. cerevisiae.
Four of 8 compounds identified reproducibly restored growth to strains expressing active
human telomerase, and 3 of these 4 compounds also specifically inhibited purified human
telomerase in vitro. These compounds, which have not been previously identified as hits
against telomerase, represent new probes for human telomerase function, and potential
entry points for development of lead compounds against telomerase-positive cancers.

INTRODUCTION
The reactivation of telomerase is important for cancer cell survival. While primary somatic cells
do not normally express telomerase and undergo progressive telomere shortening that leads
subsequently to cell senescence, many malignant cell types activate telomerase expression to
counteract telomere attrition and support tumor growth. Given its selective expression in cancer
and requirement for cell immortality, telomerase in principle represents an ideal therapeutic
cancer target (Harley, 2008). Mounting preclinical and clinical data strongly suggest that
telomerase inhibition is a viable approach to suppress cancer progression, particularly in cancer
cells with shorter telomeres, low telomerase expression and rapid turnover (Harley, 2008).
Furthermore, telomerase inhibition augments the sensitivity of carcinoma cell lines to radiation

therapy and cytotoxic drugs (Gomez-Millan et al., 2007; Roth et al., 2010; Ward and Autexier,
2005).

Approaches to inhibit telomerase in cancer cells include direct or indirect enzyme inhibition
though gene therapy, oligonucleotides that are complementary to the RNA template, and small
molecule antagonists of enzyme activity (Harley, 2008). The most potent known in vitro
telomerase inhibitor, BIBR1532 is a non-nucleosidic compound that interferes with the
processivity of telomere elongation; however BIBR1532 has not been taken into clinical trials
due to issues with solubility and cell permeability (Damm et al., 2001; El-Daly et al., 2005;
Pascolo et al., 2002). Imetelstat (GRN163L) is an oligonucleotide template antagonist that
targets the active site of human telomerase through the telomerase RNA (hTR) template region,
and is the only telomerase inhibitor of its class to have progressed to phase II clinical trial (Roth
2010; Harley, 2008). Thus, there remains a pressing need for the development of additional
candidate telomerase inhibitors for cancer treatment.

Here, we report a surrogate genetic screening assay for human telomerase activity based on
conditional heterologous expression of the two core catalytic subunits of the human RNP,
telomerase RNA (hTR) and telomerase reverse transcriptase (hTERT) in budding yeast (Bachand
and Autexier, 1999; Bah et al., 2004). When hTERT is tethered to the yeast telomere via fusion
with a yeast telomeric DNA binding protein, Cdc13, growth arrest occurs upon co-expression
with hTR (Bachand and Autexier, 1999; Bah et al., 2004). We exploited this inducible growth
arrest phenotype in a high-throughput assay to identify thee novel compounds that reverse
growth suppression via the specific inhibition of human telomerase.

RESULTS
Induction of active human telomerase in budding yeast
To reconstitute functional human telomerase in S. cerevisiae we introduced phTR, for
constitutive expression of hTR, and pGAL1-CDC13-hTERT-FLAG, to permit galactose-inducible
expression of CDC13-TERT-FLAG (Bah et al., 2004; Evans and Lundblad, 1999) (Figure S1A).
Expression of hTR and Cdc13-hTERT-FLAG in galactose-containing medium was confirmed by
RT-PCR and western blot (Figure 1A-B). Galactose induction of CDC13-TERT-FLAG resulted
in microcolony formation and growth suppression by 48 h, and persisted up to 96 h (Figure 1C
and S1C). No growth delay was observed during the first 24 h, likely due to a lag in the assembly
and recruitment of active human telomerase to levels sufficient to induce a response (Figure
S2A, data not shown). As expected, strains expressing hTR alone, which is insufficient for
human telomerase activity in yeast (Bah et al., 2004), exhibited no growth delay (Figure 1C).
The growth impedance caused by human telomerase expression depended upon the presence of
the ATM-like kinase Mec1, which is the predominant DNA damage checkpoint kinase in
budding yeast (d'Adda di Fagagna et al., 2004) (Figure 1D; Figure S1E). The arrest did not
depend on Esc4, a key factor in DNA replication restart that is dispensable for the intra-S-phase
checkpoint arrest (Rouse, 2004) (Figure 1E). Expression of human telomerase did not interfere
with endogenous yeast telomerase function, since there were no changes in the terminal telomere
DNA-containing restriction fragment (TRF) length and no human telomeric repeats were
detected at yeast telomeres (Figure S1D and data not shown) (Bah et al., 2004). Unlike the
Mec1-dependent, irreversible arrest in response to a DSB at a native yeast telomere (Sandell and

Zakian, 1993), the growth inhibition induced by human telomerase was reversible, and growth
resumed if glucose was added to the medium to suppress CDC13-TERT-FLAG (Figure S1H).

To confirm the specificity of the inducible growth suppression, we assessed the effect of
mutations in hTR, hTERT, and Cdc13 upon growth after confirmation that the mutant mRNA
and proteins were expressed at levels comparable to their wild-type counterparts (Figure S1F-G).
A 10-nt substitution between nt 190-199 was introduced into hTR (hTR190), rendering it
catalytically inactive (Autexier et al., 1996). Two mutations of hTERT were also introduced: the
first (TERT1-677) lacks reverse transcriptase motifs essential for activity (Banik et al., 2002), and
the second (hTERT-D868A-FLAG) contains an alanine substitution at D868, a residue essential
for activity (Harrington et al., 1997). Finally, the telomere DNA binding domain within Cdc13,
which is essential for its telomere recruitment (Evans and Lundblad, 1999), was removed from
the hTERT fusion protein. All four mutations abolished the growth arrest (Figure 1F). Thus, the
arrest depended on telomere recruitment and the catalytic activity of human telomerase conferred
by hTR and hTERT.

A yeast-based HTS for human telomerase inhibitors
We used a Tecan shaker-reader platform to establish conditions in a 96-well format (Figure 2A)
that recapitulated the growth delay specific to active human telomerase (compare Figure 2B and
Figure 1F). Expression of hTERT and hTR was confirmed, and as anticipated no growth delay
was observed during the first 39 h of growth (this pre-assay phase is hereafter referred to as
„timecourse 1‟) (Figure S2A, B). Following an additional 86 h (the experimental growth assay
phase, hereafter referred to as „timecourse 2‟), strains expressing catalytically active human

telomerase (Cdc13-hTERT-FLAG + hTR) exhibited a delay in exponential phase growth when
compared to a strain expressing inactive telomerase (hTERT-D868/A868) (Figure 2B). Using an
O.D.595 0.62 as a reference for the mid-point of exponential phase (see Figure S2B), cells
expressing Cdc13-hTERT-FLAG + hTR reached this O.D. an average of 8.75 h later during time
course 2 than strains expressing inactive hTERT (Cdc13-hTERT(D868A)-FLAG + hTR). We
next screened two independent replicates of a library of 678 bioactive compounds against the
query strain expressing active human telomerase, and compared growth to the same strain treated
with 2% v/v DMSO. These 678 compounds were selected from a 50,000 member Maybridge
library based upon a spectrum of growth inhibitory bioactivity in a drug pump-deficient yeast
strain (Ishizaki et al., 2010). This bioactive library yields a hit rate of 6% in a HeLa cell
proliferation assay, such that most of the compounds are non-toxic to human cells at the
screening concentration used (Spitzer et al, in preparation). In each 96-well assay plate, growth
of the query strain in the presence of compound (20 μM), beginning at the onset of the
experimental growth phase (i.e. timecourse 2, from 43 h onward), was normalized against
DMSO treatment (Figure 2C, D; Figure S2D, E). As expected, the growth rate of the query strain
was consistent between both screens and individual assay plates upon treatment with DMSO
(Figure S2D); however the growth rates upon treatment with compounds between the two
screens was more variable, with a Pearson correlation coefficient of 0.4 (Figure S2E). Relative to
DMSO, a total of 8 compounds rescued the time to reach O.D.595 0.62 by at least 8 h (Figure 2C)
with a predicted false positive rate of 1.4% (see Experimental Procedures). Follow-up screens
that included the 8 putative hits (and 43 other compounds that did not initially meet the 8 h
threshold) confirmed that 3 of the 8 HTS hits reproducibly and specifically advanced the growth
rate of strains expressing active human telomerase (Table 1, Figure 2E; see Supplementary

Experimental Procedures for details). One of the re-screened compounds, SEW05920, did not
exhibit significant growth recovery in the initial HTS but exhibited a growth recovery of ~8 h in
follow-up screens and inhibited telomerase activity in vitro (Table 1, Figure 2E, Figure 3). In
contrast, the known in vitro telomerase inhibitor, BIBR1532 (Figure 3A, Figure S2F), had no
effect upon the growth of control strains or yeast expressing human telomerase (Figure 2F).
Furthermore, in a hyperpermeable strain, pdr1DBD-cyc8 (Stepanov et al., 2008), BIBR1532 was
toxic (Figure S2G).

In vitro characterization of inhibitors specific to human telomerase
We found that 3 of the 4 compounds (SEW05920, SPB03924 and CD11359) exhibited a dosedependent inhibition of both purified recombinant human telomerase and telomerase activity in
crude HeLa cell extracts using a telomerase repeat amplification protocol (TRAP) assay (Figure
3A-C). The fourth compound, RJC00417, did not inhibit telomerase activity in vitro and thus
may inhibit human telomerase in yeast through a mechanism distinct from catalytic inhibition
(Figure 3B). As a control, we observed no inhibition of the Taq polymerase used for
amplification of telomerase extension products in the TRAP (data not shown). In addition, as
negative controls two other compounds that were not identified as hits (SPB03922, RH00646)
were tested and confirmed to exert no effect upon telomerase activity in vitro (Figure 3B). Using
a semi-quantitative assay for the detection of telomerase elongation products (ELISA-TRAP) the
in vitro IC50 values of the compounds fell between 1-6.5 μM (Figure 3C-D). Similar IC50 values
were also observed against purified recombinant murine telomerase (data not shown). These
values are higher than that of BIBR1532 (IC50 = 0.1 μM) (Damm et al., 2001; Pascolo et al.,
2002) but within a concentration range typical of first hits from commercial libraries.

SEW05920, SPB03924 and CD11359 are hetero-aromatic small molecules that differ
structurally from BIBR1532 (Figure 3A; Figure S2F). A search of PubChem revealed that
SEW05920 had not been registered in a previous bioassay; similarly, CD11359 and SPB03924
were screened in 9 and 14 bioassays, respectively, against diverse targets including toll-like
receptor 4, Sphingosine 1-Phosphate receptor 1, NADPH oxidase 1, phosphatase methylesterase
1 and NOTCH1, but were not identified as hits.

DISCUSSION
Analysis of human enzymatic activity as a direct output of a high-throughput screen in yeast has
been employed previously (Ceyhan et al., 2012; Griffioen et al., 2006; Perkins et al., 2001). Our
results extend the utility of budding yeast as a model system to identify and validate novel
compounds, in particular its utility for a large multi-subunit ribonucleoprotein enzyme (383 kDa,
including hTERT-Cdc13 and hTR). This surrogate genetic system possesses several advantages
over conventional chemical screening approaches. The yeast-based assay obviates the need for
large quantities of purified human telomerase in vitro and allows the facile incorporation of
mutational controls. The heterologous expression system enables human telomerase to be
specifically targeted, unlike human cell line-based assays, and therefore allows rapid counterselection against compounds that exhibit off-target effects on cell growth. The yeast system also
selects for bioactive small molecules with well-balanced hydrophilic-lipophilic properties due to
the presence of two chemically different barriers, namely the hydrophilic polysaccharide wall
and the lipophilic phospholipid membrane. Notably, the compound library used in this study was
already highly enriched for yeast cell bioavailability, which allows a substantially higher hit rate
that conventional library screens (Ishizaki et al., 2010).

Aside from the general features of planar, aromatic groups that typify the Maybridge compound
collection, the three putative telomerase inhibitors span diverse chemical classes that do not
coincide with known telomerase inhibitors (Harley, 2008). The compounds were non-toxic in
isogenic human telomerase-positive or telomerase-negative cell lines with long telomeres
(Sealey et al., 2010; Taboski et al., 2012) over a concentration range of 0.5-5.0 μM after 28-35 d
of continuous treatment (data not shown). Although non-toxic, longer treatment periods will be
required to detect telomere shortening in human cells, since significant shortening in the
presence of GRN163L can take up to 3 months (Uziel et al., 2010). The chemical properties of
SEW05920, SPB03924 and CD11359 appear amenable to structure-activity-relationship
analysis, which will enable the design and synthesis of more potent derivatives to be tested for
efficacy in telomerase-positive human cancer cell lines, and for determination of their precise
mechanism-of-action in vitro.

SIGNIFICANCE
The specificity of yeast growth suppression for active human telomerase will also enable the
screening of active hTERT variants capable of drug resistance. We note that acquired drug
resistance to single drugs regimes against HIV reverse transcriptase is a prevalent concern in the
treatment of HIV infection (Penazzato and Giaquinto, 2011). The diverse compound structures
recovered in the screen suggest the possibility that more than one site can be targeted on active
telomerase. Combinations of inhibitors with different mechanisms of action may exhibit additive
or synergistic inhibition, and impede the emergence of single point mutations in hTERT that are
drug resistant. The surrogate budding yeast system thus provides a sensitive and cost-effective

assay for the identification of novel human telomerase inhibitors, and will accelerate classical
hit-to-lead chemistry in parallel with testing in human cell lines and animal models.

EXPERIMENTAL PROCEDURES
Construction of pGAL1-CDC13-hTERT-FLAG and phTR plasmids
Human TERT-FLAG cDNA was PCR amplified from pCR3-FLAG-hTERT-FLAG (Beattie et
al., 1998) and inserted downstream of the 3‟ terminal 1.2 kbp of CDC13 in an intermediate
StrataClone vector, to which the terminator sequence of the ADH1 gene (ADHter) was
subsequently inserted downstream of the fusion protein. This fragment, CDC13SphI-hTERTADHter, was inserted into pGAL1-pVL1091 (Evans and Lundblad, 1999). The hTR sequence
was amplified from pUC19-hTR (Beattie et al., 2000), digested with EcoRI, and inserted into
pIII426 (Good and Engelke, 1994). The final constructs were verified by DNA sequencing.

Galactose induction and growth assay
W303-1a haploid cells, MATa ade2-1 trp1-1 leu2-3,112 his3-11,15 ura3-1 can1-100 (Thomas
and Rothstein, 1989), or a mec1Δsml1Δ strain, MATa ura3-52 trp1-289 leu2-3,112 bar1::LEU2
(Makovets et al., 2004; Zhao et al., 1998), were transformed with pCDC13-hTERT-FLAG and
phTR plasmids (Gietz and Woods, 2002), and propagated on synthetic dropout liquid medium
lacking uracil and leucine and containing 3% (w/v) raffinose. At O.D.600 0.3, cells were pelleted,
washed, and re-suspended in selective media containing 2% (w/v) galactose (to induce
expression of Cdc13-hTERT-FLAG) or 2% (w/v) glucose.

Cdc13-hTERT-FLAG and hTR expression by RT-PCR analysis
Total cellular RNA was isolated as described in (Burke et al., 2000) and amplified using the RTPCR sensiscript kit protocol (QIAGEN); hTR, forward: 5‟-GGGTTGCGGAGGGTGGGCC-3‟,
reverse: 5‟-GCATGTGTGAGCCGAGTCCTGG-3‟; hTERT, forward 5‟-

GCGAGCTGCGGTCACCCC-3‟, reverse 5‟- AGCTCCTGCAGCGAGAGC-3‟; Act1, forward
5‟- ATGGATTCTGAGGTTGCTGCTTTGGTTA-3‟, reverse 5‟TGTTCTTCTGGGGCAACTCTCAATT-3‟.

High-throughput chemical screens
W303-1a cells bearing pCDC13-hTERT-FLAG and phTR plasmids were grown in selective
medium containing 3% (w/v) raffinose until an O.D.600 0.3, followed by a 2-h pre-growth in
medium containing 2% (w/v) galactose prior to addition of compounds. To conduct the HTS
(Figure 2A), 98 μL (3 x 105 cells /mL) was dispensed into 96 well clear flat-bottomed
microplates (Corning Costar) using a Biomek FX (Beckman Coulter). A small molecule
bioactive library of 678 compounds was utilized for the screen, consisting of compounds selected
from the Maybridge collection (Thermo Fisher Scientific). Two μL of each compound from the
master library plate was dispensed into the assay plate at a final concentration of 20 μM, 2%
(v/v) DMSO. DMSO at 2% (v/v) and 20 μM cycloheximide (Sigma) final concentration were
added as controls to each assay plate, into alternate wells in columns 1 and 12 using the Span 8
module of the Biomek FX. Nine plates were analyzed, 80 compounds per plate, with 16 wells for
controls. After compound addition the plates were sealed and followed for “time course 1” (up to
39 h) on a Sunrise plate reader (Tecan) at absorbance 595 nm, maintained at 30°C and shaking at
564 r.p.m. After “time course 1”, cells in assay plates were diluted to 3 x 105 cells/mL in fresh
media containing galactose using the Biomek FX. The plates were pre-incubated in galactosecontaining media at 30°C for 3 h (to allow a period of recovery from stationary phase in the
absence of compound), 2 μL of each compound or control was added to plates as above, returned
to the plate readers and followed for a second time course, “time course 2” (up to 86 h), for a

total of ~128 elapsed hours. In follow-up experiments, we confirmed that the ability of a
validated hit (SPB03924) to accelerate growth recovery did not differ significantly when the
compound was added immediately at the outset of timecourse 2 versus its re-addition after a 3 h
period in galactose only (data not shown).

Identification of human telomerase inhibitors
Growth curves were analyzed using a growth curve analysis tool implemented in R. After
smoothing of growth curves, the time required for cells induced with human telomerase to reach
O.D.595 0.62 in the presence of each compound during “time course 2” was derived using a databased approach (Warringer and Blomberg, 2003). The time to reach O.D.595 0.62 for each
compound was normalized to the average DMSO value from each assay plate (to arrive at a
normalized value „x‟ for each compound) and used to generate heatmaps as shown in Figure 2C.
Z-scores were calculated based on the equation: z = (x - μ) / σ, where μ is the mean time
difference for all compounds in the bioactive library and σ is the standard deviation for all
compounds in the bioactive library. The rate of false positives (1.4%) was estimated based on the
number of DMSO-treated wells that were able to accelerate the time to reach O.D.595 0.62 by 8 h
or more, using the equation: 1-(atrue positives/btotal) x 100%, where „a‟ corresponds to the number of
DMSO controls that exhibited a rescue in growth equal or above 8 h and „b‟ corresponds to the
total number of DMSO controls included in the screen. Four follow-up sub-screens were
performed after the high-throughput screen, leading to the identification of the validated hit
compounds listed in Table 1. These compounds were also analyzed for their ability to inhibit
human telomerase activity in vitro (see Supplementary Experimental Procedures for details).
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FIGURE LEGENDS
Figure 1. Reconstitution of active human telomerase in S. cerevisiae via co-expression of
wild-type Cdc13-hTERT-FLAG and hTR. (A) RT-PCR analysis of hTR expression from total
cellular RNA (30 ng) prepared from a W303-1a strain containing pCDC13-hTERT-FLAG and
phTR plasmids in media containing galactose (lanes 5-7) or glucose (lanes 8-10), and, as a
control, hTR synthesized in vitro (lanes 1-3; 0.5 ng, 0.2 ng, 0.05 ng). Irrelevant lanes between
lanes 7-8 and 9-10 were omitted. RT, Reverse Transcriptase; Taq, Taq polymerase; M, DNA
markers. (B) Immunoprecipitation of 500 μg crude lysate onto anti-FLAG resin followed by
detection with anti-FLAG (Oulton and Harrington, 2004) after growth in non-inducible
(raffinose, raf), repressive (glucose, glc), and galactose-containing (galactose, gal) media. The
predicted mass of Cdc13-hTERT-FLAG is 232 kDa, arrow at right. Asterisk indicates IgG heavy
chain (53 kDa) of anti-FLAG antibody. (C) Cell number during an 8-day growth period of
W303-1a in galactose (gal) or glucose (glc) or W303-1a in galactose containing an empty GAL1
plasmid (empty vector), hTR alone (hTR) or Cdc13-hTERT-FLAG and hTR. Error bars indicate
standard deviation, n=3. (D) Growth analysis as in (C) in strains expressing Cdc13-hTERTFLAG + hTR in a mec1Δ sml1Δ strain background. Error bars indicate standard deviation, n=3.
(E) Growth analysis as in (C) in strains expressing Cdc13-hTERT-FLAG + hTR in an esc4Δ
strain background. Error bars indicate standard deviation, n=3. (F) Cell number after 2 days of
growth of W303-1a strains expression an inactive hTR mutant (hTR190), truncated, inactive
hTERT (TERT1-677), inactive hTERT (containing an amino acid substitution in the catalytic site,
D868A), or lacking the DNA-binding domain (DBD) of Cdc13. Error bars indicate standard
deviation, n=3. See also Figure S1.

Figure 2. High-throughput chemical screens of W303-1a expressing Cdc13-hTERT-FLAG
+ hTR. (A) Schematic of HTS design. Cells induced with active human telomerase were
dispensed in assay plates with media containing galactose and compounds and O.D.595 was
assessed throughout two serial time courses that totaled ~128 elapsed h (see Experimental
Procedures for details). (B) Growth profiles in a 96-well format, obtained with a Tecan shakerreader, of W303-1a cells expressing wild-type Cdc13-hTERT-FLAG + hTR or a catalytically
inactive hTERT mutant (D868A) + hTR during “time course 2” (commencing at 43 h in culture,
labels spaced every 4.5 h and rounded up or down accordingly). Horizontal double-sided arrow
indicates the relative growth delay of 8.75 h between the two strains at O.D.595 0.62. Error bars,
in black, indicate standard deviation, n=8. (C) Histogram of the number of compounds in
categories of time difference (h) to reach O.D.595 0.62 relative to DMSO treatment (screen 1,
light grey; screen 2, dark grey). Compounds that rescued relative growth delay by between 8-16
h are shown in pink or red, (D) Heatmap analysis of time difference (h) to reach O.D.595 0.62
relative to DMSO in a representative 96-well plate during the assay phase “time course 2”. C,
cycloheximide; D, DMSO. Wells containing compounds (or cycloheximide) that impeded
growth by more than 8 h relative to DMSO appear white. Wells in which the time to reach
O.D.595 0.62 relative to DMSO was advanced by 8 h or more are colored red (e.g. CD11359,
outlined in black). (E) Fold change in time difference (h) to reach O.D.595 0.62 relative to DMSO
of strains expressing active hTERT (Cdc13-hTERT + hTR), an inactive hTERT truncation
(Cdc13-TERT1-677 + hTR) or Cdc13 lacking its DNA binding domain (Cdc13(-DBD)-hTERT +
hTR) in the presence of re-purchased candidate compounds (20 μM). Values were normalized to
the time rescue observed in strains expressing catalytically inactive Cdc13-hTERT(D868A) FLAG + hTR treated with DMSO. Error bars indicate standard deviation, n=4. (F) Growth

profiles of W303-1a cells alone (left) or expressing wild-type Cdc13-hTERT-FLAG + hTR
(right) commencing at 35 h after induction (i.e. following 32 h of treatment during timecourse 1,
then 3 h in galactose only, and re-addition of compound or DMSO at 35h) containing 500, 150,
50, 10 or 1 μM BIBR1532 or 2% v/v DMSO. Error bars indicate standard deviation, n=3. See
also Figure S2.

Figure 3. Assessment of human telomerase inhibition in vitro. (A) Chemical structures of
BIBR1532 and hit compounds SEW05920, SPB03924 and CD11359. (B) Representative gel of
the telomerase repeat addition protocol (TRAPeze, Millipore) after addition of RJC00417,
SEW05920, SPB03922 and RH00646 to recombinant human telomerase purified in vitro
(Beattie et al., 1998; Oulton and Harrington, 2004) (n = 3). Lanes 1-5, treatment with 200, 100,
20, 10, 2 μM RJC00417; lanes 6-10, treatment with 200, 100, 20, 10, 2 μM SEW05920; lanes
11-15, treatment with 200, 100, 20, 10, 2 μM SPB03922; lanes 16-20, treatment with 200, 100,
20, 10, 2 μM RH00646; lane 21, treatment with 2% v/v DMSO; lane 22, pre-treatment with
ribonuclease A. IC; internal PCR control (36 bp), (C) Representative gel of the relative
telomerase activity (RTA) by ELISA-TRAP (TeloTAGGG Telomerase PCR ELISA-PLUS,
Roche Diagnostics) of purified human telomerase upon incubation with BIBR1532 (lanes 1-4),
SEW05920 (lanes 5-8), SPB03924 (lanes 11-14), CD11359 (lanes 15-18) (concentration
indicated in μM), 2% v/v DMSO (lane 9), or heat (lane 10). IC; internal PCR control (216 bp).
(D) Levels of RTA (%) after normalization to a 216 bp internal control, as shown in (C). Error
bars indicate standard deviation, n=3. For synthesis of BIBR1532, see Figure S2.
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Table

Compounds

Time (h) difference at O.D.595 0.62
relative to DMSO

Z score

CD11359
SPB03924
RJC00417
SEW05920

8.3
12
10
8.3*

1.7
2.3
2.0
1.7

Table 1. Screen hits and corresponding Z-score values. *SEW05920 did not significantly
rescue growth in the initial HTS analysis, but was validated as a hit based on significant
growth recovery in 2 follow-up sub-screens and upon re-purchase of the compound from
the commercial supplier. Please refer to Supplementary Experimental Procedures.
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Figure S1 (related to Figure 1) illustrates that the inducible growth arrest observed in
W303-1a cells is dependent on the catalytic activity of human telomerase via the coexpression of wild-type Cdc13-hTERT-FLAG and hTR. Figure S1A shows the strategy
used to exogenously induce functional human telomerase in W303-1a. Expression of
Cdc13-hTERT-FLAG + hTR activates a DNA-damage response as suggested by the
resultant microcolony formation (Figure S1B-S1C), which further support the Mec1pdependent growth arrest illustrated in Figure 1D. Lack of changes at the yeast telomere
upon expression of active human telomerase (Figure S1D) supports that human
telomerase at the yeast telomere does not target yeast telomere function, and hence rescue
of the induced growth delay by a potential human telomerase inhibitor is a feasible output
of human telomerase activity. Figure S1E confirms that the wild type-like growth
observed in mec1Δ sml1Δ cells is not due to differential levels of Cdc13-hTERT-FLAG
and hTR expression. Figure S1F-G illustrates that the growth delay in W303-1a cells is a
consequence of catalytically active human telomerase and that the levels of expression of
TERT and hTR, and corresponding mutants, are comparable. Figure S1H confirms that
the growth arrest induced by active human telomerase is reversible upon addition of
glucose (which suppresses hTERT expression) suggesting that the arrest is non-lethal and
therefore it should be possible to identify compounds that reverse the growth suppression.
Figure S2 (related to Figures 2 and 3) provides additional data regarding the suitability of
human telomerase expression in yeast as a system to identify human telomerase
inhibitors. The co-expression of Cdc13-hTER-FLAG and hTR recapitulates a growth
arrest only after “time course 2” (86 hours continuous growth) (as in Figures 1, 2); the
specificity of this latent growth delay is further supported by the lack of difference in
growth rates between query and control strains after the first 39 hours growth (time
course 1) (Figure S2A). RT-PCR analysis of TERT and hTR (Figure S2B) was conducted
to confirm that the levels of expression under 96-well growth conditions are in agreement
with previous results in Figure 1A-B. In Figure S2C, growth plots are compared using yaxes with non-logarithmic (i.e. as in Figure 2B) and logarithmic scales to further confirm
that the growth delay in Figure 2B occurred during the exponential growth phase. The
bioactive library consists of a total of nine 96-well assay plates and Figure S2D illustrates
the growth delay induced in the query strain expressing wild-type Cdc13-hTER-FLAG +
hTR in each assay plate upon DMSO treatment. The latter control is important to
normalize the effects between compounds screened. Figure S2E illustrates the diverse
effect of bioactive compounds in growth acceleration relative to DMSO between two
independent screens. A Pearson correlation coefficient value of 0.4 was determined
between HTS repeat 1 (n1) and repeat 2 (n2). Given the long screening period and

dilution steps involved, variability between screens is predicted and thus we analyzed
compounds from each individual screen that had significant Z-score values. BIBR1532
synthesis, which is summarised in Figure S2F, was necessary to conduct studies
comparing the uptake of BIBR1532 in yeast to other candidate compounds. An apparent
lack of uptake of BIBR1532 in W303-1a cells (Figure 2F) prompted us to assess whether
the compound exert a phenotype in a more permeable cell background such as pdr1DBDcyc8; the compound was cytotoxic across most concentrations, irrespective of human
telomerase expression status (Figure S2G).
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Supplemental Data
Supplemental Figures
Figure S1, related to Figure 1. Reconstitution of active human telomerase in W303-1a yeast.
(A) hTR gene is subcloned in a high copy plasmid (phTR) and constitutively expressed via the
RPR1 promoter and terminator (Good and Engelke, 1994). Fusion sequence Cdc13-hTERTFLAG is over-expressed via the GAL1-inducible promoter and ADH1 terminator (Thomas and
Rothstein, 1989) in the pGAL1-CDC13-hTERT-FLAG plasmid. (B) Brightfield images (100X) of
the indicated W303-1a strains. Microbar indicates scale. (C) Microcolony formation, after 5 days
incubation at 30°C of the indicated W303-1a strains. Microbar indicates scale. (D) Telomere
length analysis of W303-1a cells expressing wild-type Cdc13-hTERT-FLAG + hTR in raffinose
(raf), glucose (glc) or galactose (gal) at indicated passages. The terminal restriction fragment
(TRF) of 1.2 kbp is indicated with an arrow. (E) RT-PCR analysis of TERT, hTR and yeast actin
(ACT) expression in a mec1Δsml1Δ cells co-expressing Cdc13-hTERT-FLAG and hTR in media
containing glucose (glc, lanes 1-3), galactose (gal, lanes 4-6) in reactions with or without reverse
transcriptase (RT) or Taq polymerase (Taq) as indicated. (F) Expression of hTERT-FLAG in
W303-1a cells co-expressing Cdc13-hTERT-FLAG and hTR190, wild-type Cdc13-hTERTFLAG and hTR or catalytically inactive hTERT (D868A) and hTR by western blot.
Immunoprecipitation of 500 μg crude lysate onto anti-FLAG resin (followed by detection with
anti-FLAG) after growth in glucose (glc) and GAL1-inducible galactose (gal) media. The
predicted mass of Cdc13-hTERT-FLAG is 232 kDa, as indicated by an arrow. Asterisk indicates
IgG heavy chain (53 kDa) of anti-FLAG antibody. (G) RT-PCR analysis of hTR190, Cdc(DBD)-hTERT and Cdc13-TERT1-677, lanes as in (E). Upper gel image (TERT expression)
between lanes 5-6 was omitted. (H) Growth analysis of W303-1a cells expressing wild-type

Cdc13-hTERT-FLAG + hTR or a W303-1a cells alone after 8 days growth in galactose (gal,
represented with bars) or 4 days growth in galactose and subsequently shifted to glucose (gal/glc,
represented with triangles only). Error bars indicate standard deviation, n=3.

Figure S2, related to Figures 2 and 3. HTS validation of human telomerase inhibitors. (A)
Growth analysis of W303-1a cells expressing wild-type Cdc13-hTERT-FLAG + hTR or a
catalytically inactive hTERT mutant (D868A) + hTR after “time course 1”. Error bars indicate
standard deviation, n=8. Y-axis, optical density at 595 nm (O.D.595); x-axis, time elapsed in
minutes. (B) RT-PCR analysis of TERT, hTR and yeast actin (ACT) expression from total cellular
RNA (30 ng) prepared from a W303-1a strain containing wild-type Cdc13-hTERT-FLAG + hTR
(lanes 1-3) or inactive Tert (Cdc13-hTERT(D868A)-FLAG), + hTR (lanes 4-6). RT, Reverse
Transcriptase; Taq, Taq polymerase; M, DNA marker. (C) Growth analysis of W303-1a cells
expressing wild-type Cdc13-hTERT-FLAG + hTR or a catalytically inactive hTERT mutant
(D868A) + hTR as in Figure 2B using a log scale on the y-axis (right panel). The profile from
Figure 2B was reproduced (left panel) for side-by-side comparison of the two graph methods.
(D) Average time (min) to reach O.D.595 0.62 of W303-1a cells expressing wild-type Cdc13hTERT-FLAG + hTR in each 96-well assay plate (1-9) exposed to DMSO during “time course
2”. Error bars indicate standard deviations, n=8. (E) Scatterplot of the time to reach O.D.595 0.62
(normalized to DMSO values) (h) of HTS repeat 1 (n1, y-axis) versus HTS repeat 2 (n2, x-axis).
Red lines were plotted at 0.5 h and compounds able to rescue the growth delay relative to DMSO
by 0.5 h or more are shaded in blue. A Pearson correlation coefficient value of 0.4 was calculated
for the two chemical screens. (F) Synthetic Scheme of BIBR1532. Please refer to Supplemental
Experimental Procedures for details. (G) Representative growth profiles of pdr1DBD-cyc8 and

W303-1a cells treated with a 2-fold dilution of BIBR1532 (lanes 2-7; 0.03, 0.06, 0.12, 0.24, 0.48
and 1 μM), 2% v/v DMSO (lane 1) or untreated (lane 8; cells alone). Y-axis, optical density at
595 nm (O.D.595) with O.D.595 at 0.8 indicated; x-axis, time elapsed in minutes with 12.5 h timepoint indicated.

Supplemental Experimental Procedures
Follow-up analysis of compounds identified in HTS
From the high-throughput analysis, 51 compounds with a neutral effect or that rescued the
growth of strains expressing active human telomerase (relative to DMSO) were picked from the
master HTS plates and re-analyzed (Figure 2C, and data not shown). These compounds were
tested on a control strain, W303-1a expressing hTR and Cdc13-hTERT lacking the Cdc13 DBD,
and 7 compounds were excluded from further analysis because they elicited a non-specific
growth delay of the control strain. The remaining 44 compounds were subjected to secondary
screens against the query strain expressing active human telomerase (n=2). Based on these
results, twenty-eight compounds were purchased for further verification against the control and
query strain, and 3 HTS hits continued to exhibit a negligible effect on growth of the control
strain (-2 to + 2 h relative to DMSO) and rescued growth of the query strain by 8 h or more.
Furthermore, one compound that did not rescue growth in the HTS, SEW05920, was included in
follow-up analysis because it rescued growth of the query strain by 8 h when re-plated from the
master HTS plate (n=2) and after the compound was re-purchased (n=4), and it was
demonstrated to be a bona fide telomerase inhibitor in vitro. These four compounds are listed in
Table 1.

Telomerase elongation activity in vitro
Telomerase activity was assessed using the Telomere Repeat Amplification Protocol (TRAPeze,
Millipore) or ELISA-TRAP (TeloTAGGG Telomerase PCR ELISA-PLUS, Roche Diagnostics)
following manufacturers’ instructions. Compounds, where added, were incubated with
telomerase for 15 minutes at room temperature prior to addition of the oligonucleotide substrate.

Terminal Restriction Fragment Analysis by Southern blot
Genomic DNA was extracted from cells as described in Philippsen 1991 (Philippsen et al.,
1991), digested with XhoI (New England Biolabs) and subjected to Southern blot analysis with a
yeast telomeric probe (5’-CCACACCCACACCCACAC-3’) end-labelled with γ-32P-dATP as
described previously (Lebel et al., 2009). The washed membrane was exposed to a
phosphorimager screen overnight and scanned using the Fluoro Image Analyzer FLA-5000.

Cell inviability assays
Phloxine B (10 μg/mL) was added to selective agar plates to assess the fraction of inviable
colonies based on the incorporation of the red color Phloxine B dye (Tsukada and Ohsumi,
1993). Trypan blue exclusion assay was used to assess inviable cells in liquid culture by counting
the number of trypan blue-stained cells with compromised cell membrane potential (Karpova et
al., 1993).

Synthesis of 2-[(E)-3-naphthalen-2-yl-but-2-enoylamino]-benzoic acid (BIBR1532)
BIBR1532 was synthesized following a synthetic route based on slightly modified procedures
found in the literature (Barma et al., 2003; Gürtler and Buchwald, 1999) with an overall yield of
50% (Supplementary Figure 5). BIBR was > 95% pure according to elemental analysis, which
showed values within the established purity limits (< 0.4% variation of the calculated values). 2Bromo-naphthalene, 1, (5.5 mmol, 1,114 mg), methyl crotonate, 2, (5 mmol, 500 mg),
tetraethylammonium chloride (5 mmol, 828 mg), N,N-dicyclohexylmethylamine (7.5 mmol, 1.6
mL) and palladium acetate (0.15 mmol, 33 mg) were added into an oven-dried 10-20 mL

Biotage’s microwave vial with a magnetic stirrer. Subsequently, 20 mL of peptide synthesisgrade DMF was added and the mixture microwave irradiated for 30 min at 120°C. The reaction
mixture was cooled down to room temperature (r.t.), diluted in ether (50 mL) and washed with
distilled water (3 x 50 mL). The crude was purified by flash chromatography (EtOAc / hexanes
1:3 to 1:2, in 4 cm column) to afford methyl (E)-(2-naphthyl)-3-methylacrylate, 3, as a white
solid. Yield: 790 mg (71%, E/Z ratio 6:1). 1H NMR and MS spectral data of compound 3 were
identical to the literature values (Gürtler and Buchwald, 1999). Compound 3 (1.75 mmol, 395
mg) was dissolved in a 1:5 mixture of 1 M LiOH aqueous solution and THF (25 mL) and the
reaction mixture stirred at room temperature for 16 h. The resulting mixture was then diluted in
40 mL of distilled water, acidified to pH 4 using a 1 N HCl solution and extracted with EtOAc (3
x 40 mL). The combined organic extracts were dried over sodium sulphate anhydrous and
evaporated under reduced pressure to give (E)-(2-naphthyl)-3-methylacrylic acid, 4, as a white
powder (LRMS (ES-): m/z 211.1 [100, (M-H)-]). Without further purification, compound 4 (1.5
mmol, 318 mg) was dissolved in a mixture of dry DCM and SOCl2 (8:2, 20 mL). 2 drops of
DMF were subsequently added and the mixture refluxed for 2 h. After cooling down, all volatiles
were removed under vacuum and the crude acid chloride 5 re-dissolved in 20 mL of dry DCM.
Methyl anthranilate, 6, (1.5 mmol, 226 mg) and pyridine (1.6 mmol, 130 μL) were then added
and the reaction stirred at room temperature for 2 h under argon atmosphere. The reaction
mixture was poured into 20 mL of 0.1 N HCl, extracted with Et2O (3 x 40 mL), and the
combined organic extracts dried over sodium sulphate anhydrous and evaporated in vacuo. The
crude was purified by flash chromatography (EtOAc / hexanes 1:3 to 1:2, in 3 cm column) to
afford methyl 2-[(E)-3-naphthalen-2-yl-but-2-enoylamino]-benzoate, 7, as a light yellow solid.
Yield: 404 mg (78%, two steps). 1H NMR and MS spectral data of compound 7 were identical to

published literature values(Barma et al., 2003). Compound 7 (1 mmol, 345 mg) was dissolved in
a 1:5 mixture of 1 M LiOH aqueous solution and THF (20 mL) and the reaction mixture stirred
at room temperature for 16 h. The resulting mixture was then diluted in 30 mL of distilled water,
acidified to pH 4 using a 1 N HCl solution and extracted with EtOAc (3 x 40 mL). The combined
organic extracts were dried over sodium sulphate anhydrous, evaporated under reduced pressure
and the resulting crude purified by flash chromatography (EtOAc / hexanes 1:1, in 3 cm column)
to afford 2-[(E)-3-naphthalen-2-yl-but-2-enoylamino]-benzoic acid, BIBR1532, as a white solid.
Yield: 298 mg (90%). 1H NMR (CDCl3, 250 MHz) δ 11.10 (s, 1H), 8.83 (dd, 1H, J (Hz) = 0.9,
8.5), 8.06 (dd, 1H, J (Hz) = 1.5, 8.0), 7.91–7.74 (m, 4H), 7.60–7.38 (m, 4H), 7.17 (t, 1H, J (Hz)
= 8.5), 6.30 (d, 1H, J (Hz) = 1.2), 2.69 (d, 3H, J (Hz) = 1.2). LRMS (ES-): m/z 330.0 [100, (MH)-], 661.1 [15, (2M-H)-]. BIBR1532 spectroscopic data matched with published literature
values(Barma et al., 2003). Elemental Analysis of BIBR1532 (C21H17NO3): expected, C 76.12, H
5.17, N 4.23, O 14.49; found, C 76.05, H 5.33, N 4.01, O 14.65.

The effect of BIBR1532 on pdr1DBD-cyc8 by growth assay
Pdr1DBD-cyc8 and W303-1a cells were grown in synthetic complete media with 2% v/v glucose
until an O.D.600 0.3. Cells were transferred into a 96 well clear flat-bottomed microplate
(Corning Costar) containing fresh synthetic complete media with 2% v/v glucose and BIBR1532
compound at a final concentration of 0.03, 0.06, 0.12, 0.24, 0.46 and 1 μM. Cells alone and with
2% v/v DMSO were added as controls in wells. Plate was sealed and read overnight by a Sunrise
plate reader (Tecan) at absorbance 595 nm, maintained at 30°C and shaking at 564 r.p.m.

Supplemental Table
Plasmid (marker/vector)
phTR (URA3/pIIIEx426)
phTR190 (URA3/pIIIEx426)
pGAL1-Cdc13-hTERT-FLAG (LEU2)
pGAL1-Cdc13-TERT(D868A)-FLAG (LEU2)
pGAL1-Cdc13(-DBD)-hTERT (LEU2)
Empty GAL1 promoter (TRP5)(Longtine et al., 1998)
pCR3-FLAG-hTERT-FLAG(Beattie et al., 1998)
pCR3-hTERT-FLAG 5-1(Harrington et al., 1997)
pVL1091(Evans and Lundblad, 1999)
pUC19-hTR(Beattie et al., 2000)

Table S1. Plasmids employed in this study. Plasmids were prepared by cloning in E. coli DH5α
or TOP10F’ strains and isolated using QIAprep Spin Miniprep Kit (QIAGEN® Chatsworth,
CA). Plasmids carrying genes of interest were confirmed by sequencing.
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