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Abstract

Alternative splicing affects ~95% of eukaryotic genes, greatly expanding the coding capacity of

complex genomes. Although our understanding of alternative splicing has increased rapidly,

current knowledge of splicing regulation has largely been derived from studies of highly expressed

mRNAs. Telomerase is a key example of a protein that is alternatively spliced, but it is expressed

at very low levels, and although it is known that misregulation of telomerase splicing is a hallmark

of nearly all cancers, the details of this process are unclear. Here we review work showing that

hTERT expression is in part regulated by atypical alternative splicing, perhaps due to its

exceptionally low expression level. We propose these differential regulatory mechanisms may be

widely applicable to other genes and may provide new opportunities for development of cancer

therapeutics.
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Telomerase is an attractive yet challenging target for cancer therapeutics

Telomeres are dynamic DNA-protein structures at the end of chromosomes that prevent

chromosome ends from being recognized as DNA damage [1]. Telomere repeats are bound

by a shelterin protein complex composed of TRF1, TRF2, TIN2, RAP1, TPP1, and POT1

[2]. Together, the proteins of the shelterin complex recognize and bind to telomere repeats to

promote the formation of a structure called a T-loop at telomeric ends by interacting with the

3′ guanine-rich termini of the telomere overhang, thereby concealing overhangs and

preventing telomere degradation at DNA checkpoints [3, 4]. Initially, each human

chromosome is capped by 15-20kb of telomeric TTAGGG repeats. Throughout the course of

an organism's lifetime, these repeats slowly erode due to incomplete replication of the DNA
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lagging strand at the ends of the chromosomes (Figure 1). This process is called the end-

replication problem [5, 6]. When a telomere becomes critically short, DNA damage

signaling is induced, and cell growth is arrested, resulting in replicative senescence [7, 8].

The limited proliferative capacity of cells is widely accepted as an “aging time clock”

mechanism in humans and most other large long-lived organisms. Such cells use this

counting mechanism to prevent unlimited cell growth, which could lead to the accumulation

of mutations over time and potentially progression to malignancy [7, 9, 10].

To overcome this brake on replicative aging, cancer cells almost universally up-regulate or

re-express telomerase to re-elongate or maintain telomeres at lengths sufficient to avoid

triggering DNA damage signaling [11]. Cancer cells have varying amounts of telomerase

activity and almost all cancer cells have very short telomeres [9, 10, 12]. However, little is

known about the regulation of this telomere maintenance program in either normal or cancer

development. Telomerase is a ribonucleoprotein complex composed of a catalytic protein

component with reverse transcriptase activity (hTERT) that uses a functional RNA

component (hTR or hTERC) as a template to elongate telomeres [13]. Although telomerase

is initially expressed in all cells during early fetal development, its expression is rapidly

repressed to almost undetectable levels in somatic cells. Only a small subset of proliferating

stem-like progenitor cells are capable of transient telomerase expression post-development

[14].

Telomerase is subject to transcriptional, post-transcriptional, and epigenetic levels of

control, but there is no consensus on the precise mechanism(s) regulating telomerase

repression during development and re-expression of telomerase in cancer progression.

Regardless of whether a cell has telomerase activity or not, almost all cells have an excess

amount of hTR (hTERC), the telomerase RNA template [15]. By contrast, hTERT can be

detected at relatively low levels in stem cells, progenitor cells, and even in cancer cells.

Recently it was demonstrated that both hTR and hTERT have a subpopulation in reserve that

is not assembled into activate telomerase [16]. Although hTR is present in great excess over

hTERT, only the assembled telomerase with both components can have telomere elongation

activity. Therefore, only when the other component is in excess will more active telomerase

be assembled, thereby making both hTR and hTERT limiting factors. The current best

estimate for the number of catalytically active telomerase molecules per in vitro

immortalized (telomerase-positive) cell or cancer cell is ~100-500 [17], produced from

approximately 20 mRNA molecules per cell [15].

Because telomerase expression is restricted to cancer cells and some but not all proliferating

stem cells, it offers a potentially highly specific target for cancer treatment. Moreover,

telomeres are short in ~90% of primary cancers and cancer cell lines in comparison to the

longer telomeres seen in the rarely dividing stem cells and actively dividing progenitor cells

(Figure 2). Thus, inhibiting telomerase activity should result in telomere shortening leading

to apoptosis of cancer cells while having little to no effect on quiescent stem cells.

Significant efforts have been expended to develop cancer therapeutics targeting telomerase,

yet the development of telomerase inhibitors has been largely unsuccessful. Although many

telomerase-directed therapeutic approaches demonstrate inhibitory effects in in vitro

systems, they rarely progress beyond early stage clinical trials due to lack of potency, low
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specificity, and/or increased toxicities (Box 1). A major challenge for developing an

effective therapeutic agent against telomerase has been that telomerase is expressed at

exceptionally low abundance even in cancer cells.

Alternative splicing is a dynamic and highly regulated process

It is surprising that almost two decades after the cloning of hTERT it remains unclear how

telomerase is regulated. During development it has been suggested that hTERT is in part

regulated by alternative splicing [15, 18], which adds another layer of complexity to the

problem for dissecting the mechanism(s) regulating telomerase. Mechanistically

understanding hTERT alternative splicing offers the possibility of developing a novel anti-

cancer agent that targets splicing to reduce telomerase activity in cancer. However, studying

the alternative splicing of hTERT poses a new challenge because previous studies of splicing

have largely been based on highly-expressed genes and the splicing of hTERT does not

appear to conform to the established norm of alternative splicing regulation.

Alternative splicing affects about 95% of genes in multicellular eukaryotes, allowing for the

generation of over 100,000 proteins from about 20,000 protein-coding sequences, thus

greatly expanding the coding capacity of eukaryotic genomes [19]. RNA splicing, the

joining of exon sequences via the removal of the noncoding intron sequences, occurs co-

transcriptionally, and the splicing machinery, the spliceosome, is recruited and assembled

around emerging splice sites as polymerase II transcribes the nascent pre-mRNA (Figure 3)

[20, 21]. The spliceosome is a large and dynamic ribonucleoprotein that is composed of five

small nuclear ribonucleic particles (snRNP) core components (U1, U2, U4, U5, and U6) and

about 300 other proteins [22]. Spliceosome components assemble in an ordered and step-

wise manner at each 5′ and 3′ splice site, branch point, and polypyrimidine tract in order to

facilitate intron removal in the form of a lariat and subsequent exon ligation [23, 24].

An exon may be constitutive (always included in the mRNA of a gene) or alternative (may

be included or excluded in the mRNA), giving rise to alternative splice variants. The usage

of a splice site may be enhanced or suppressed by its proximity to local cis-regulatory

sequences such as exonic splicing enhancers (ESEs), exonic splicing silencers (ESSs),

intronic splicing enhancers (ISEs), and intronic splicing silencers (ISSs) [25]. The cis-

regulatory sequences are in turn bound by trans-acting factors, or splicing factors. There are

more than 500 splicing factors that can participate in alternative splicing.

The regulation of alternative splicing is intricately related to many other cellular processes.

Splice site selection and pre-mRNA splicing are intimately connected to transcription, 5′-

end capping, and 3′-end polyadenylation (Figure 3) [26, 27]. The coordinated control of

splicing with other processes makes the regulation of alternative splicing an exciting and

rapidly evolving field. Understanding the regulation of alternative splicing is especially

important because deregulation of splicing factor expression has been linked to a variety of

human disorders such as muscular dystrophies, premature aging disorders, and cancer

[28-32].

Although our understanding of splicing regulation has greatly increased, most of what we

know comes from studying the splicing of highly abundant genes. At present it is unknown
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if splicing regulation is similar for all genes or whether more unique forms of splicing

regulation exist outside of the scope of the typical high abundant genes. Although there is

little to no evidence for differential splicing regulation of low- versus high- abundant

transcripts, based on recent studies of hTERT splicing, we speculate that low-abundant

transcripts that are regulated by alternative splicing may require more specific mechanisms

to fine-tune regulation and assist in recognition.

Low-abundance transcripts are often less conserved between species compared to high-

abundant transcripts [33-35]. Although the coding sequence of hTERT is conserved among

species, some of the intronic elements regulating hTERT splicing (discussed below) are only

conserved amongst old-world primates [36]. In mouse, mTERT is constitutively expressed in

many tissues, whereas expression of hTERT in humans is more tightly regulated [37]. This

suggests that perhaps specific regulatory elements evolved with the need to fine-tune gene

regulation ofhTERT and perhaps other low abundant transcripts with more specialized

functions. Additionally, low-abundant transcripts have to compete with high-abundant

transcripts for splicing machinery and the necessary splicing factors. Failure to recruit the

necessary proteins for proper splicing is likely to be more detrimental to the low-abundant

transcripts due to their inherent low transcript levels. Hence, it is feasible that cells might

have evolved more specialized regulatory mechanisms for low-abundant transcripts to

ensure proper splicing.

Telomerase (hTERT) splicing is regulated by unique elements

The 42 kb telomerase (hTERT) gene on human chromosome 5p15.33 contains 16 exons and

can be spliced into multiple isoforms [38]. To date, 22 isoforms of hTERT has been

identified [39]. Besides the full length transcript with all 16 exons, none of the identified

alternative spliced forms have reverse transcriptase activity and they cannot elongate

telomeres [40, 41]. The alternatively spliced isoforms within the reverse transcriptase

domain of hTERT include minus alpha, minus beta, or both (minus alpha beta) (Figure 4).

The minus alpha splicing isoform uses an alternative 3′ splice acceptor site 36 bp into exon

6, resulting in an in-frame transcript that is translated into a dominant negative protein

without reverse transcriptase activity [41, 42]. Overexpression of the minus alpha transcript

inhibits telomerase activity in telomerase positive cell lines, resulting in either cell death or

senescence [42]. It is not known if the alteration of levels of the minus alpha splicing

isoform is part of telomerase activity regulation in cancer cells to fine tune telomere length.

The minus beta splicing isoform skips exons 7 and 8, creating a frame-shift leading to a pre-

mature stop codon in exon 10. The minus beta isoform is often the major alternatively

spliced component of hTERT transcripts in cultured cancer cells [36], but hTERT splicing

pattern varies greatly in cancerous patient samples with different tissue origins possibly due

to tumor heterogeneity [43-44]. Although minus beta has a pre-mature stop codon and is

therefore subject to non-sense mediated decay, its transcripts have been shown to be

translated into protein, and overexpression of the minus beta protein has been reported to

confer a growth advantage to breast cancer cells [45]. Thus, although the minus beta protein

does not exhibit telomerase activity, it may have other potentially oncogenic functions. In

addition, two hTERT splice variants with intron retentions (INS3 and INS4) have been

shown to be expressed primarily in telomerase positive cells and act as dominant negative
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proteins that can bind DNA substrate but not the telomerase RNA component [46].

Although it is assumed that most variants encountering a premature stop codon would lead

to degradation and unlikely be translated into proteins, whether the other isoforms of hTERT

can be translated into proteins or not remains to be experimentally determined. The high

amount of unspecific binding of the currently available TERT antibodies adds further

difficulty to the task of identifying translated hTERT isoforms.

During fetal development, telomerase activity disappears before transcripts do because of a

dramatic shift in splicing pattern from full length hTERT to mostly minus beta and other

isoforms without reverse transcriptase activity [18]. This shift in hTERT splicing is a highly

regulated process that in humans is both tissue- and time- dependent. hTERT was

traditionally believed to be transcriptionally silenced in somatic cells post-development

because the common method of examining hTERT splicing uses primers that examine the

inner reverse transcriptase region of the gene, leading to the false assumption that no

transcription of hTERT occurs in somatic cells after development [39, 47]. Rather, a large

proportion of the pre-mRNA in normal somatic cells is spliced into isoforms with the bulk

of the middle portion of the transcript spliced out, rendering these isoforms undetectable

using primers restricted within the reverse transcriptase domain [39]. This suggests that

alternative splicing may have a key role in the regulation of telomerase activity during

development.

In a wide variety of telomerase-positive embryonic stem cells, adult proliferating stem cells,

and cancer cells examined, only a small fraction of the hTERT transcripts are spliced into the

full length form that generates the catalytically active protein [18, 36]. The need to fine-tune

the regulation to produce “just the right amount” of telomerase may be because too little

telomerase would not be enough to maintain telomere length leading to increased genomic

instability in cancer cells, but too much telomerase may lead to runaway elongation of

telomeres and result in adverse effects including growth inhibition of the cancer cells. A

working hypothesis to explain this observation is that the basal transcription machinery is

unable to reduce transcription to a very low level that is optimal for telomerase function so

the cell disposes of this excess transcription by alternatively splicing most transcripts into

non-functional forms to produce the very low levels of protein needed to maintain telomere

length in cancer cells [36]. Besides maintaining telomeres, TERT (full-length protein with

reverse transcriptase activity) has been shown to have non-telomeric functions [48-50].

Reports have demonstrated non-telomeric functions for a few of the hTERT variants, such as

the hTERT isoform with skipping of exons 4-13 functioning as an enhancer of Wnt signaling

[39]. Potential functions for the other isoforms of hTERT are largely uncharacterized and

may account for basal transcription of hTERT in telomerase-negative somatic cells. The

precise amount of hTERT transcripts needed may be regulated by non-productive splicing,

where most of the transcripts spliced are destined to be degraded. This may allow the cells to

respond to stress and other cellular changes more rapidly by changing the splicing of pre-

existing pre-mRNA. This has been demonstrated in clk-1 transcripts where a partially

spliced clk-1 is retained in the nucleus and rapidly spliced into the mature clk-1 messenger

RNA in response to stress [51].
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In addition to transcriptional changes, hTERT splicing in cancer cells largely reverts back to

the splicing pattern seen during development in which the pre-mRNA is often spliced into

non-functional isoforms with only a smaller proportion of full length transcripts that can be

translated into functional reverse transcriptase. Consistent with the common theme in

cancer, the alternative splicing of hTERT appears to be reprogrammed in cancer cells to

return to its embryonic/fetal status.

Instead of being regulated by elements near the splice sites, hTERT alternative splicing is

regulated by long range interactions using elements that are >1 kb away from the exon/

intron junction within introns 6 and 8. An unusual 1.1 kb region of 38 bp variable numbers

of tandem repeats (VNTR) that is conserved among old world primates was determined to

be essential for the exclusion of exons 7 and 8 to produce minus beta splicing [36]. Within a

minigene context, the VNTR described may use RNA:RNA pairing as a mechanism to

regulate splicing of hTERT [52]. Altogether, the use of a VNTR that is far from the exon/

intron junctions along with the potential usage of RNA:RNA pairing as the mechanism to

promote exon skipping makes the regulation of hTERT splicing atypical of those previously

described, which may have evolved in large and long-lived organisms in need of regulating

TERT expression more precisely [37].

The splicing of low abundant transcripts may provide unique targets for

cancer therapeutics

Cancers arise as a result of the inherent instability of the cancer genome leading to the

accumulation of hundreds of genetic aberrations over time which provide the collective

advantage for subsets of cancer cells to proliferate and survive [53, 54]. Whole-genome

sequencing and whole-gene expression analyses have identified a large number of mutations

and aberrant gene expression seen in cancer cells, but such analyses are often biased for

highly abundant genes while lowly abundant genes such as hTERT are often lost or

undetectable, leaving the cancer genome picture grossly incomplete.

Low-abundance genes play important roles in fundamental biological processes such as

cellular differentiation, metabolism, and development, and account for an estimated

20%-40% of the mRNA mass [55]. The function and the regulation of low-abundance genes

have been understudied due to the technical difficulties in isolating these transcripts [56, 57].

Yet, low-abundance transcripts may have more specialized functions compared to high-

abundance transcripts (which tend to have housekeeping functions). It has been suggested

that a better understanding of low-abundance transcripts could lead to the identification of

more suitable cancer-specific therapeutic targets [56]. A new appreciation for the

importance of low-abundance genes in cancer biology has recently gained momentum due to

technical advances that enable their examination systematically. RNA-seq can provide an

unbiased snapshot of the transcriptome, including both high- and low- abundance genes [58,

59]. However, more sensitive approaches need to be developed to detect extremely low-

abundance genes, such as hTERT. In addition, several groups have used PCR-based

suppressive subtractive hybridization to determine the differentially regulated low-

abundance and rare transcripts by comparing normal and cancer cells in a variety of cancer

cells types [60-63]. Using this method, several previously unexamined low-abundance
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transcripts were identified as new biomarkers and potential targets for cancer therapy.

Importantly, at the present time very little is known about how these genes are regulated.

Due to the direct correlation of telomerase activity with cancer cell immortality, telomerase

is one of the very few low-abundance genes that have received wide-spread attention in the

cancer field. Although some aspects of the precise mechanism leading up to aberrant hTERT

splicing in cancer cells remain to be determined, the altered splicing of hTERT appears to be

a necessary event as hTERT is often spliced into a similar pattern in telomerase-positive

cancer cells [36]. In addition to changes in hTERT splicing, many oncogenes and tumor

suppressor genes are aberrantly spliced in cancer cells [64, 65]. Recent exon expression

arrays have shown differential inclusion/exclusion of exons when comparing cancer cells

with normal cells [66]. It is possible that the newly identified low-abundance cancer-related

transcripts may be subject to regulation by alternative splicing. Genome-wide studies have

shown that changes in splicing factor expression may activate splicing program changes in

many cancer-related genes that subsequently promote cancer growth [31, 67, 68]. This poses

a new avenue for cancer therapeutics by developing approaches to alter alternative splicing.

Any drug targeting splicing, however, will need to be restricted to a splicing factor that

regulates a limited number of splicing events. Because most splicing factors participate in

the splicing of a wide variety of genes, targeting such global splicing factors would be

predicted to result in increased toxicity to both cancer and normal cells. Overcoming this

challenge, however, may not be out of the realm of possibility. As the first of its kind,

hTERT alternative splicing has been shown to be regulated differently from more abundant

housekeeping transcripts, perhaps due to its low abundance. This suggests that examining

the alternative splicing of other low-abundance cancer genes may provide unique

opportunities for drug development.

Is hTERT splicing regulation a new paradigm or an isolated incident?

Although there is little current evidence for other low-abundance genes being regulated by

alternative splicing, we believe that the unique mechanisms regulating telomerase (hTERT)

splicing are not an isolated example. In 2011, it was reported that low-abundance human

Acyl-CoA binding protein (ACBP) is regulated by alternative splicing and alternative

promoter usage to achieve its multiple regulatory functions in the cell [69]. With advanced

tools, the alternative splicing of low-abundance genes can now be more thoroughly

examined, and additional examples such as ACBP may be found.

The discovery that hTERT alternative splicing is regulated by a VNTR that is far from the

exon/intron junctions along with the potential use of RNA:RNA pairing as the mechanism to

promote exon skipping is both provoking and puzzling. It begs the question whether hTERT

alternative splicing regulation is one of a kind or may be widely applicable to other genes. If

so, could this more specialized mode of splicing regulation have evolved for the fine-tuning

of low-abundance genes with specialized functions?

Bioinformatics analyses have discovered many potential splicing factor binding sites

including VNTRs far away from the intron/exon junctions in a number of low abundant

genes besides hTERT that await validation as to whether those sites are bound by splicing
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factors that can affect alternative splicing from a distance [70]. VNTRs have been reported

throughout the human genome with various functions identified [71]. The repeat sequence

varies in length from 5bp (microsatellites) to longer repeat sequences (minisatellites), such

as observed in the block of repeats in intron 6 in hTERT (38 bp). It is likely that other

VNTRs exist, participating in alternative splicing regulation in a similar manner as hTERT,

especially if it is highly conserved. In addition to the block of repeats in intron 6 of hTERT

that was characterized, there are three additional blocks of repeats within the hTERT pre-

mRNA. A second block of repeats in intron 6 is composed of repeats 36 bp long. Two

blocks of repeats are in intron 2 with repeats of 61 bp and 42 bp. The consensus sequences

of each of the four blocks of repeats are independent of one another. Although functioning

differently, a 60 bp VNTR within exon 2 of MUC1 (a transmembrane mucin) makes up part

of the extracellular domain (or cytoplasmic tail), which is important for cell-cell and cell-

matrix interactions [72, 73]. The VNTR of MUC1 exon 2 can be recognized as an intron and

is often spliced out in cancer cells but rarely in normal cells, which may result in changes in

the interactions with the extracellular environment and support tumor growth [74].

RNA:RNA pairing is a splicing mechanism first observed for mutually exclusive exon

choice in a few insects (such as Dscam in D. melanogaster and related species) [75], and

until very recently it had not been seen in mammals [76]. It has now been demonstrated that

the human splicing factor (SF1, also termed zinc finger protein 162:ZFM162) uses

RNA:RNA pairing. hTERT may be the first examples of a VNTR participating in

RNA:RNA pairing to regulate splicing in a mammalian gene. A caveat of the study is that it

was performed using the hTERT minigene system. The precise RNA secondary structure the

block of repeats forms in vivo is expected to be different than the one predicted since only

selected portions of the hTERT sequence are included in the minigene. Furthermore, in vivo

RNA folding is a dynamic interplay between the RNA binding proteins coating the RNA

and the adaptation of the more stable secondary structure as nascent RNA is being

transcribed. Confirmation of whether RNA:RNA pairing is the mechanism governing minus

beta splicing in endogenous hTERT will require determination of the RNA secondary

structure of hTERT in vivo, which at present is not known.

However, the unconventional ways hTERT alternative splicing is regulated appears to have

been hinted at for other genes by large-scale genome-wide studies. The precise regulatory

mechanisms for each gene, especially for low-abundance cancer-relevant transcripts,

warrant careful examination to determine if alternative splicing manipulations are potential

approaches for cancer therapeutics. Overall, hTERT alternative splicing regulation may pose

a new paradigm for exploration in different types of splicing regulation.

Concluding Remarks

With the advance in technology, the depth of our understanding of alternative splicing has

increased tremendously. The unconventional ways telomerase (hTERT) splicing is regulated

shed new light on different mechanisms of splicing regulation. It remains to be determined

how prevalent this type of splicing regulation is and whether a distinct mechanism has

evolved to specifically regulate splicing of low-abundance transcripts with more specialized

functions in the cell. A better understanding of the unique features of hTERT splicing in
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cancer cells may serve as a springboard for the wider study of cancer-specific low-

abundance, alternatively spliced transcripts, and ultimately, the development of a novel class

of highly specific anticancer therapeutics.
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Glossary

Alternative
splicing

During pre-mRNA processing, particular exons of a gene maybe in

included or excluded from the final messenger RNA. This process

allows for the generation of multiple proteins with potentially multiple

functions from a single gene in the genome.

End-replication
problem

During DNA replication, the lagging strand cannot be completely

copied because no polymerase can fill in the resulting gap after the last

RNA primer is removed. As a result, each round of replication

generates shorter and shorter telomeres.

Replicative
senescence

Also known as the Hayflick limit. After so many cellular divisions

when telomere ends are too short to for the stable T-loop structure, a

DNA damage signal is induced and cells cease to divide.

Splicing factor Proteins that affect splice site selection by either directly binding to

the pre-mRNA or directly through binding to other proteins.

Variable
number of
tandem repeat
(VNTR)

Short tandem repeats of a repetitive nucleotide sequence are dispersed

throughout the genome. The repeat sequence varies in length and copy

number. An array of functions has been assigned to VNTRs.
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Box 1. The search for an ideal telomerase inhibitor

Telomerase expression is almost entirely specific to cancer cells with the exception of

proliferating stem cell progenitors. Due to the increased number of alterations that must

occur in pre-cancerous cell evolution, the vast majority of pre-neoplastic and cancer cells

have very short telomeres in comparison to the longer telomeres seen in the rarely

dividing stems cells. Thus, inhibiting telomerase activity should in theory result in

telomere shortening leading to apoptosis of cancer cells while having minimal effects on

stem cells. For these reasons, telomerase has been well recognized as an attractive and

almost universal target for cancer therapeutics.

Significant efforts have been expended to develop cancer therapeutics targeting

telomerase, yet the development of telomerase inhibitors has been largely unsuccessful.

A variety of approaches have been undertaken to inhibit telomerase activity, such as

antisense oligonucleotides, ribozymes, G-quadruplex stabilizers, natural compounds,

small molecule inhibitors (BIBR1532), and RNA interference [11, 77]. Although many

of these telomerase inhibitor approaches have encouraging effects in in vitro systems,

they rarely progress into clinical trials due to lack of potency, low specificity, and/or high

toxicity.

A major challenge to developing an effective therapeutic against telomerase is that

telomerase is expressed at low abundance in cancer cells. Therefore, therapeutic

approaches against telomerase at the splicing level may be more advantageous by

preventing the translation of functional TERT protein. An ideal telomerase-specific

anticancer agent would be a small molecule that targets very few transcripts in addition to

hTERT (minimizing toxicity) and one that alters splicing from functional hTERT to non-

functional splice variants, thereby inhibiting the production of sufficient telomerase

required to maintain telomere function.
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Highlights

Regulation of alternative splicing in abundant housekeeping genes is well-studied

Low-abundance gene regulation, including splicing, is understudied but may play key

roles in cancer

TERT, a low-abundance transcript, is alternatively spliced via unique regulatory

mechanisms

Understanding TERT splicing may provide new cancer therapy approaches
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Figure 1.
Telomerase expression contributes to cancer cell immortality. In normal somatic cells,

telomeres shorten with every cellular division due to the end-replication problem. During

DNA replication, DNA polymerase makes complementary DNA using RNA primers (in

red). The RNA primers are later removed. The newly synthesized fragments are used as

primers for DNA polymerase to fill in the gaps. Although replication on the leading strand is

complete, replication on the lagging strand is incomplete, resulting in telomere shortening

with every cellular division. When a telomere reaches a critically short length, a DNA

damage response is triggered and causes the cell to go into replicative senescence. In cancer

cells, telomerase uses its RNA component (hTR, in orange) as a template for its catalytic

component (hTERT) to elongate telomeres and evade cellular senescence, therefore cancer

cells have unlimited proliferative capacity (e.g., become immortal), permitting additional

alterations to occur to in more malignant tumors.
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Figure 2.
Cancer cells have short telomeres compared to stem cells. Quiescent stem cells (orange) are

telomerase-competent, but their telomerase activities remain silent most of the time and only

transiently turn on during amplification (green). Because stem cells rarely divide, their

telomere length remains long. Transit amplifying stem cells progressively lose telomere

length even though they can transiently express telomerase and they eventually differentiate

into tissues (red) that are telomerase-negative. All somatic cells including stem cells

progressively lose telomeres with every cellular division and eventually go into replicative

senescence when the telomeres become too short. Over time, a pre-malignant cell (blue)

acquires sufficient alterations to become oncogenic and capable of bypassing cellular M1

senescence checkpoints. Eventually, the telomeres become so short that end-end fusions

occur, leading to M2 crisis where there is a balance between cell growth and apoptosis. A

very rare cancer (purple) capable of re-expressing telomerase can elongate its telomeres and

maintain telomere length at a new steady state. Although both stem cells and cancer cells

express telomerase, the difference in telomere length makes cancer cells more susceptible to

telomerase inhibitor therapy.
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Figure 3.
RNA splicing occurs co-transcriptionally. DNA wraps around nucleosomes to form

chromatin structures. During transcription, these chromatin structures need to partially

disassemble and reassemble in order for RNA polymerase II (Pol II) to gain access to the

DNA. The C-terminal domain (CTD) of Pol II acts as a docking site for a variety of proteins,

facilitates pre-mRNA synthesis, and coordinates co-transcriptional processing events,

including the initiation of transcription, including 5′ end capping of the RNA transcript, 3′

end formation by cleavage/polyadenylation, and RNA splicing. As nascent pre-mRNA is

being transcribed, the spliceosome components (U1, U2, U4, U5, and U6) are recruited in a

step wise manner onto the pre-mRNA for RNA splicing. U1 and U2 assemble at the 5′

splice site and branch point A respectively to form complex A. Recruitment of U4-U5-U6

snRNPs forms complex B, which goes through several rearrangements to form the

catalytically active complex C. The intron is released as a lariat, the exons are ligated

together, and the snRNPs disassemble.

Wong et al. Page 18

Trends Genet. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4.
Telomerase (hTERT) is partially regulated by alternative splicing. Early in development,

hTERT pre-mRNAs can be spliced into 22 isoforms. The full length transcript (blue)

contains all 16 exons that can make telomerase with reverse transcriptase activity. Some

isoforms of hTERT have been shown to be translated into protein (red, with the minus alpha

isoform as an example), although the functions of most isoforms remain to be determined.

Many of the isoforms have a pre-mature stop codon (gray, with the minus beta isoform as an

example) and are presumed to be degraded by non-sense mediated decay. During

development the alternative splicing of hTERT changes, and for the most part, only short

transcripts can be detected. As no full length transcripts are made, the cells are telomerase-

negative. When telomerase activity is detected in transient amplifying stem cells and cancer

cells, the pattern of hTERT splicing reverts back to its early developmental stage where

some pre-mRNAs are spliced into full length hTERT and therefore can make functional

telomerase.
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