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23Telomerase reverse transcriptase (TERT) is the catalytic component of telomerase, especially the rate-
24limiting determinant of telomerase activity. So far, TERT has been reported to be over-expressed in more
25than 90% of cancers, thereby playing a critical role in sustained proliferation and survival potentials of var-
26ious cancer cells. Over the past decade, a comprehensive network of transcription factors has been shown to
27be involved in the regulation of TERT. Furthermore, accumulating evidence has suggested that TERT could
28modulate the expression of numerous genes involved in diverse group of cellular processes, including cell
29cycle regulation and cellular signaling. Therefore, it indicates that TERT is both an effector and a regulator
30in carcinoma. However, the mechanisms of the interaction between TERT and its target genes are still not
31fully understood. Thus, it is necessary to consolidate and summarize recent developments of the cross-
32talk between TERT and related genes in cancer cells or other cells with cancer cell characteristics, and elu-
33cidate these relevant mechanisms. In this review, we focus on various signaling pathways and genes that
34participate in the feedback regulation of TERT and the underlying feedback loopmechanism of TERT, further
35providing new insights into non-telomeric functions of telomerase and potentially to be used as a novel
36therapeutic target for cancer.
37© 2013 Published by Elsevier Inc.
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56 1. Introduction

57 The ends of linear eukaryotic chromosomes are formed by a
58 special heterochromatic structure, known as the telomere, which
59 protects them from degradation and therefore plays a pivotal role in
60 ensuring chromosome stability and integrity [1,2]. Most somatic
61 cells have a finite proliferative capacity, largely caused by the inability
62 of DNA polymerase to replicate the distal ends of chromosomes,
63 finally leading to a continuously shortening of telomere after each
64 cell division. However, immortal tumor cells overcome this barrier
65 mainly by increasing telomerase transcription, a specialized reverse
66 transcriptase which can extend telomeric ends [3]. So far, telomerase
67 activation is observed in over 90% of human cancers, while most
68 normal tissues and cells contain inactivated telomerase [4]. It has
69 been known that the catalytic core of telomerase is a ribonucleopro-
70 tein (RNP) composing of at least two components, the telomerase
71 reverse transcriptase catalytic subunit (TERT) and the telomerase
72 RNA (TR), which act as a template for the synthesis of TTAGGG repeats
73 by TERT [5,6].
74 It has long been recognized that TERT was a highly attractive target
75 for the development of cancer therapeutics [7,8]. Recentmajor advances
76 in the rapidly evolving field of cancer stem cells (CSCs) have opened
77 novel insights and exciting opportunities for telomerase-targeted
78 cancer therapies [9,10]. Similar to normal stem cells, CSCs also have
79 the ability to self-renew as well as undergo differentiation to give rise
80 to the diverse phenotypes of cancer cells. Thus, although CSCs are
81 maintained at low numbers in most tumors, the treatment of human
82 cancer with TERT inhibition may shift the population of stem cell from
83 a maintenance mode to a depletion mode, eventually resulting in loss
84 of the putative stem cell population. In a word, TERT is a universal ther-
85 apeutic target for the CSCs as well as the bulk of the tumor [11–13].
86 Apart from the telomere elongation, many biological functions
87 of TERT have been shown to be associated with tumorigenesis
88 and tumor progression. During the past decades, a large body of ev-
89 idence has accumulated concerning the non-telomeric functions of
90 TERT, independently of telomere maintenance. These functions
91 included regulation of gene expression [14–16] and modulation of
92 cellular signaling [17,18] or cell cycle regulation [19], protection
93 of mitochondria and mtDNA [20,21], inhibition of apoptosis
94 [22–24] and modulation of DNA damage response [25]. After the
95 discovery of TERT, it took almost twenty years for scientists to
96 realize that TERT is not a final effector. High throughput analyses
97 of gene expression showed that TERT could modulate the expres-
98 sion of about 300 genes, including genes involved in cellular
99 processes ranging from cell cycle regulation to cellular signaling
100 and cell proliferation [26]. Thus, the functions and importance of
101 TERT were evidently underestimated. The biological significance
102 of these findings implicated novel molecular mechanisms of TERT
103 functions in many essential cellular processes by targeting genes
104 and pathways besides its well defined function in telomere biology
105 for cancer.
106 Meanwhile, when research of the structure and function of TERT
107 had begun, attempts to regulate the expression of TERT were initi-
108 ated soon. Nevertheless, TERT expression is subject to multiple
109 factors which may be crucial regulators of TERT in cancer cells or
110 other cells with cancer cell characteristics [27–30]. Further discov-
111 eries have led to characterization of various genes and pathways
112 that participate in the negative or positive feedback regulation of
113 TERT. However, the mechanisms of the interaction between TERT

114and its target genes are still not fully elucidated. Deciphering the
115network of TERT interacting factors is necessary to better under-
116stand the non-telomic function of telomerase in tumorigenesis. In
117this review, we highlight some pathways and genes which existed
118in the underlying feedback loop of TERT regulation, further poten-
119tial to be used as a novel therapeutic target for telomerase-based
120anti-cancer therapy.

1212. The structure and function of hTERT

122hTERT is encoded by a single copy gene, mapped to the short arm of
123human chromosome 5 (5p15,33), more than 2 Mb away from the telo-
124mere [31]. The gene consists of 15 introns and 16 exons spanning about
12540 kb [32,33]. Sequence analysis revealed that the hTERT promoter
126lacked both TATA and CAAT boxes, but contained many binding sites
127for several transcription factors, including the suppressor genes p53
128and p21, and the oncogenes Sp1 and c-Myc [34,35]. The core region of
129hTERT promoter extends from 330 bp upstream of the translational
130start site to 37 bp of the second exon [32]. Furthermore, this regulatory
131region aswell as upstream sequences interplayswith various regulators
132of hTERT via an abundance of transcriptional binding sites [33].
133In addition, the protein encoded by hTERT consists of 1132 amino
134acid residues. Current models define four distinct domains of hTERT
135protein based on various functions [36]. These are: telomerase essential
136N-terminal (TEN) domain; TERT RNA-binding (TRB) domain; reverse
137transcriptase (RT) domain; and TERT C-terminal extension (CTE)
138domain. These regions are all responsible for the telomere lengthening
139function of telomerase. The TENdomain is indispensable for appropriate
140action of telomerase at the telomere, as mutations in the dissociated
141activities of telomerase (DAT) region abolish telomere lengthening
142in vivo but not the catalytic activity. The TRB domain contains several
143conserved RNA binding sequences, including the telomerase-specific T
144motif which is required for binding of TERC. The RT domain contains
145five conserved RT motifs that are responsible for telomerase activity.
146The CTE domain participates in numerous protein–protein interactions
147and regulates enzyme localization and processivity. Together, these
148domains contain seven functional motifs and one telomerase-specific
149T motif. It has been demonstrated that these motifs in human telome-
150rase are the vital determinant of enzymatic activity.
151Transfection of hTERT into normal telomerase-negative human cells
152could protect the cells from senescence, thereby extending the replica-
153tive life span [37]. Furthermore, introduction of hTERT into U2OS cells, a
154hTERT-negativemalignant cell line, enabled telomerase activity and fur-
155ther promoted their invasive and metastatic potential [38]. Meanwhile,
156hTERT-transduced cells had a significantly increased expression of cell
157proliferation-related signaling pathways and genes. Conversely, the
158inhibition of hTERT expression remarkably abrogated the cell viability
159in the short term [39].

1603. The feedback regulation of TERT via cellular signaling

1613.1. pRb/E2F pathway

162Cell proliferation is regulated by cell cycle. Before cell mitosis and
163division, the cell is required to pass through several checkpoints, includ-
164ing the pivotal G1/S restriction point governed by the successive
165phosphorylation of the retinoblastomaprotein (pRb) [40,41]. This phos-
166phorylation is controlled by the interaction between CDKs and cyclin D
167or E. Upon mitogenic stimulation, cyclin D activates its associated CDK4
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