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Abstract: Telomerase, regulated primarily by the transcription of its catalytic subunit telomerase
reverse transcriptase (TERT), is critical for controlling cell proliferation and tissue homeostasis
by maintaining telomere length. Although there is a high conservation between human and
mouse TERT genes, the regulation of their transcription is significantly different in these two
species. Whereas mTERT expression is widely detected in adult mice, hTERT is expressed at
extremely low levels in most adult human tissues and cells. As a result, mice do not exhibit
telomere-mediated replicative aging, but telomere shortening is a critical factor of human aging
and its stabilization is essential for cancer development in humans. The chromatin environment
and epigenetic modifications of the hTERT locus, the binding of transcriptional factors to its
promoter, and recruitment of nucleosome modifying complexes all play essential roles in restricting
its transcription in different cell types. In this review, we will discuss recent progress in understanding
the molecular mechanisms of TERT regulation in human and mouse tissues and cells, and during
cancer development.
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1. Introduction

Telomeres are the protective caps on chromosomal ends that are required for chromosomal
stability and cell survival. Telomeres are replenished by telomerase, a ribonucleoprotein complex
containing a catalytic subunit (TERT), an RNA template (TERC), and other associated proteins [1].
Telomerase maintains telomere length by adding the hexametric TTAGGG repeats to the 31 end of
chromosomes [2]. In most tissues and cells, TERT is the limiting component of the telomerase complex
and telomerase activity is associated with the levels of TERT mRNA and protein. In humans, telomeres
serve as an aging clock because most somatic cells lack telomerase (i.e., hTERT) expression and
their telomeres progressively shorten upon successive cell division. Indeed, studies have shown
that telomere shortening is a critical factor of human aging and its stabilization is essential for the
development of most human cancers [3]. Human TERT (hTERT) expression increases significantly
during tumorigenesis, correlating with the increased proliferative potential of cancer cells [4].

Telomere length regulation and mechanisms of proliferative senescence are not evolutionarily
conserved, even among mammals. In a comparative analysis of telomere length and telomerase
expression in cells of over 60 mammalian species, Gomes and colleagues concluded that the ancestral
mammalian had human-like short telomeres and repressed telomerase expression [5]. Cells in these
animals undergo replicative aging, providing a barrier for tumor progression. On the other hand,
many other mammals, especially some of the smaller and shorter-lived animals, such as rodents,
telomeres become much longer, and telomerase is found in most somatic tissues. These studies
provided a conceptual framework for understanding different telomere homeostasis in mammals
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and identified the need to use appropriate models for studying the role of telomere in human cancer
and aging.

Laboratory mice are the most commonly used animal models for human development, aging,
and diseases. While telomere length serves as a critical counting mechanism for cellular senescence in
human cells, mice do not exhibit telomere-mediated replicative aging. Compared to humans, telomere
homeostasis in mice is distinctive in two ways: Laboratory mice express ubiquitous telomerase
activities in somatic tissues and possess long heterogeneous telomeres [6,7]. There exist significant
differences in telomerase expression between humans and mice [8]. Unlike the hTERT, which is not
expressed or expressed at extremely low levels in the most of human somatic tissues and cells, the
mouse TERT expression is found in most adult tissues and organs [9,10]. This difference likely results
in, or at least contributes to, much longer telomeres (50–100 kb) in laboratorial mice, in comparison to
human telomere (5–15 kb) [11]. As a result, telomere length is not apparently a limit to cellular lifespan
in mouse cells.

Mouse models of human diseases have become a central part of biomedical research. Laboratory mice
provide the most experimentally accessible mammalian models that share genes, organs, and systemic
physiology with humans. However, many mouse models do not comprehensively mimic human
disease progression, posing challenges in their exploitation to study human diseases. This may have
contributed to the high failure rates of human clinical trials, particularly in oncology, predicating
the need for improved preclinical data from mouse models [12]. A principal difference between
mice and humans relates to a longtime observation that murine fibroblasts grow in culture undergo
spontaneous immortalization at a high frequency, owing to their long telomeres and constitutive
telomerase expression [13].

2. Regulation of TERT Genes

hTERT is a limiting subunit of telomerase in most human tissues. Whereas TERC RNA and other
telomerase-associated proteins are expressed in most cell types, hTERT expression is highly regulated
and its expression correlated with telomerase activity in many cell types. Studies have indicated
that hTERT transcription is the primary step of telomerase regulation [14]. hTERT transcriptional
regulation is a complex process that involves both binding of transcription factors, such as Sp1 and
c-Myc, to the promoter [15–17] and epigenetic mechanisms that regulate chromatin environment of
the hTERT locus [17].

hTERT expression is stringently regulated in most adult somatic tissues. It was previously
shown that the hTERT gene was embedded in a condensed chromatin domain in many somatic
cells [18]. This result was correlated well with more recent data from genome-wide chromatin
immunoprecipation (ChIP) and high through-put DNA sequencing published at the UCSC genome
browser, which shows that this entire region is enriched for repressive histone markers, including
H3K9me3 and H3K27me3, but extremely low for H3K36me3, which is correlated with active
transcription, in many cells. Consistently, most tissues and organs express no or very low levels
of hTERT mRNA (Figure 1). However, there are several exceptions [6,7]. For example, thymus contains
the highest level of hTERT mRNA among all human adult tissues, indicating that the hTERT gene is
highly expressed in immature T cells. hTERT mRNA is also detectable in ovary, testis, bone marrow,
and skin, all of which contain multipotent adult stem cells and/or germline cells. On the other hand,
moderate to high levels of mTERT mRNA were found in all tissues and organs, with the exception of
heart and skeletal muscle.

One of the bottlenecks in the study of hTERT gene regulation is that the transiently transfected
hTERT promoter reporters often do not recapitulate the regulation of endogenous promoter in
host cells. For example, transient reporters of the hTERT promoter were similarly active in
both telomerase-positive and negative cells [19,20]. This technical issue was overcome by using
a chromosomally integrated BAC reporter, which contained a 160-kb human genomic sequence
encompassing three consecutive loci, CRR9 (also known as CLPTM1L), hTERT, and Xtrp2 (SLC6A18)
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(Figure 2A) [21]. The hTERT promoter in this chromosomal reporter was highly active in pluripotent
stem cells and silenced upon differentiation into osteogenic cells [21]. A transgenic mouse line Tg
(hTERT-Rluc) was created using this BAC reporter (117B23-tR) [7]. In the mouse lines, the level
of reporter luciferase mRNA, transcribed from the transgenic hTERT promoter, was the highest in
thymus and detectable in testis, ovary, and skin, but negligible in other mouse tissues. This expression
profile was identical to that of hTERT mRNA in human tissues, but significantly different from
endogenous mTERT expression, which was readily detected in most tissues. Together, these data
demonstrated that mouse cells contained the trans-acting factors and epigenetic machineries required
for the developmental regulation of hTERT gene.
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Figure 1. TERT mRNA expression in adult tissues in Tg (hTERT-Rluc) transgenic mice and normal
human tissues. mTERT and Rluc (Renilla luciferase) mRNA levels in (left) and (middle) are expressed
as percentage of those in pluripotent stem cells. (right) shows relative levels of hTERT mRNA. The data
were normalized to 18S rRNA. * ND, not determined. The data was originally published in [7].

3. Genomic Sequences Underlining the Differential Regulation of hTERT and mTERT Genes

The lack of somatic hTERT expression, compared to those of mTERT, are most likely resulted
from its much stronger repression—in human cells, owing to the genomic sequences of the hTERT
locus. Indeed, while ectopic hTERT expression is sufficient for the immortalization of many human
cell types [22], spontaneous immortalization of human cells occurs extremely rarely, indicating that
the repression of hTERT gene is remarkably stringent and stable. On the other hand, it has been
known for decades that mouse cells undergo spontaneous immortalization in culture at much higher
frequencies than normal human cells. Consequently, mouse cells are much easier to immortalize and
transform due to their longer telomere and telomerase expression [9]. Yet, the molecular mechanisms
and genomic sequences that underline this stringent repression in human cells remain to be elucidated.

The order of TERT and its neighboring loci, upstream gene CRR9 and downstream Xtrp gene,
is the same in human and mice (Figure 2A). The intergenic sequence between CRR9 and hTERT
is 23 kb and 6 kb in human and mice, respectively. There are multiple Alu elements and other
human-specific repetitive sequences within the 51 intergenic region and introns of the hTERT locus [23].
In most cells examined, the chromatin of entire hTERT genomic region, from 51 intergenic region to the
downstream Xtrp2 locus, were highly resistant to nuclease-digestion, compared to the corresponding
regions of the mTERT locus, indicating that the hTERT gene was embedded in a condensed chromatin
domain [18]. There data were consistent with the more recent data of ChIP and high through-put DNA
sequencing. hTERT gene region is enriched for repressive histone marker H3K27me3, but extremely
low for active marker H3K9ac in K562 cells (Figure 2A) (data from UCSC genome bioinformatics,
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genome.ucsc.edu). Unlike hTERT promoter, mTERT promoter activity is less dependent on its
surrounding chromatin structure. Transfected mTERT promoter was downregulated during cell
differentiation [23]. Furthermore, the expression profile of transgenic BAC reporter 117B23-tR,
recapitulated the endogenous hTERT gene in human tissues [7], indicating the cis-acting regulatory
elements mediated hTERT repression in normal cells. Wilson et al. also demonstrated that the
genetic sequence of hTERT locus played a more important role in regulating hTERT expression
than the transcription factors and epigenetic modifications [24]. The interspecies differences of
genetic sequences and genomic environments around hTERT and mTERT loci are likely critical
to the regulatory modes of hTERT and mTERT genes.

Taken together, the interspecies difference of TERT regulation resulting from divergent chromatin
environment of hTERT and mTERT loci likely contributes to different telomere length regulation in
human and mice. Although primary functions of the TERT protein are evolutionarily conserved,
the differential telomerase regulation and telomere length between human and mice have profound
impact on the uses of laboratory mice as models of human aging and diseases.
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Figure 2. Genomic structures of human and mouse TERT loci. (A) Comparison of genomic region
containing TERT and neighboring genes in human and mice. The arrows indicate the transcriptional
direction of genes. Multiple Alu elements and other human-specific repetitive sequences locate
within the 51 intergenic region and introns of the hTERT locus. hTERT gene region is enriched with
repressive histone marker H3K27me3, but extremely low with active marker H3K9ac in K562 cells
(date from UCSC website). The dash line indicates a condensed chromatin domain over the hTERT
locus. (B) Protein factors involved in the regulation of hTERT and mTERT core promoters. The arrows
indicate the transcriptional start site (TSS) of TERT gene. ERE: estrogen receptor element; TRE: TPA
response element.
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4. Transcriptional Regulation of hTERT Promoter

While chromatin environment and epigenetic regulation control hTERT regulation during
development and cell differentiation, hTERT transcription is also regulated by binding of transcription
factors (TFs) to its promoter. The hTERT promoter contains abundant potential TF binding sites and
these sites may play important roles in hTERT transcription in response to changes of physiological
conditions and during tumorigenesis. Several sequence-specific transcriptional factors have been
identified to bind directly to the hTERT promoter, like c-Myc, USFs, Sp1, Ets, E2F1, AP-1 and ER
(Figure 2B) [2,25]. Most of TF binding motifs are conserved between human and mouse TERT core
promoters (Figure 2B).

4.1. Transcriptional Factors Involved in hTERT Regulation

4.1.1. Myc Family TFs

There are two canonical E-box consensus sites at the hTERT core promoter, located at upstream
165 bp and downstream 45 bp relative to the hTERT transcriptional start site (TSS). These sites
are known binding sites for c-Myc super family TF complexes. c-Myc is a proto-oncogene and
its overexpression increases telomerase activity by elevating hTERT transcription level in normal
human epithelial cells and primary fibroblasts [15]. The repression of hTERT promoter via binding
with negative members of Myc super family Max/Mad1 heterodimer was also been reported [26].
Furthermore, hTERT promoter activation was also induced upon c-Myc knockdown through
mechanisms independent of E-boxes [27]. Knocking down c-Myc increased the recruitment of multiple
TFs, like USF1/2, Sp1 and E2F family proteins, to hTERT promoter, via mechanisms that remained to
be elucidated.

Max dimerization protein 1 (Mad1) was identified as a transcriptional repressor during
a screening for hTERT regulators [28]. The expression level of Mad1 was very low in most human
normal cells, and it was further reduced in some clinical cancer samples [29,30]. Knocking down
Mad1 with siRNA induced hTERT transcription in U2OS cells. The Mad1/Max complex binds
to E-boxes and represses hTERT transcription while the binding of c-Myc/MAX complex leads
to gene activation. The Mad1/Max complex replaced c-Myc/Max at the E-boxes upon cell
differentiation [26,28,29]. Further study found that Akt, a serine/threonine kinase, directly bounded
to Mad1 and phosphorylated Ser-145 of Mad1, suppressing its interaction with target E-boxes [31].
A dynamic switch between c-Myc and Mad1 to form the heterodimer complex with Max might be one
mechanism to control hTERT transcription level in different cell lines.

4.1.2. E2F1

E2F1 promotes cell proliferation and mediates cell apoptosis. There are two non-canonical
E2F1 binding sites (E2F) at the hTERT promoter, ´174 and ´98 (CGCGC) relative to the start
of transcription [32]. E2F1 overexpression in SCC25 cells decreased hTERT mRNA level about
four-fold [32]. One mutation at ´172 (T > C), which located very close to the upstream E2F site,
decreased E2F1 binding with hTERT promoter in Huh7 cells [33]. Furthermore, crosstalk between
E2F1 and c-Myc might occur because c-Myc overexpression suppressed E2F1 activity [34]. It was
proposed that a negative feedback loop, which involved E2F1 and c-Myc, limited c-Myc induction of
hTERT expression in normal somatic cells [35,36]. Furthermore, the E2F1-induced negative regulation
of c-Myc/hTERT was mediated by miR-17-92 cluster [36]. However, E2F1 played different roles in
some cancer cells. Exogenous E2F1 induced hTERT promoter activity in a number of cancer cells, like
sarcoma, gliomas, medulloblastoma, and cervical carcinoma cell lines [37,38]. A correlation between
E2F1 and hTERT expression was also detected in the malignant gliomas [39], indicating that E2F1
regulated hTERT expression via different mechanisms in different cell types.
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4.1.3. TGF-β signaling

Transforming growth factor-β (TGF-β) represses telomerase activity by down-regulating hTERT
mRNA level. Snail, one of the downstream targets of TGF-β induction, is highly expressed during
embryogenesis and plays a critical role in the stem cell division. Expression of snail was increased in
immortalized human cells, in which hTERT transcription was activated [40]. Up-regulated Snail interacted
with two E-boxes in hTERT core promoter by competing with c-Myc, which is down-regulated
in response to TGF-β induction. Another downstream protein of TGF-β induction, zinc finger
transcription factor Smad interacting protein-1 (SIP1), was found to repress hTERT. Depletion of
SIP1 with siRNA in U2OS cells did not affect hTERT transcription or translation, but knocking down
SIP1 in TGF-β treated MCF7 cells increased hTERT mRNA level [28]. In addition, Smad family member
Smad3, also a TGF-β target, repressed hTERT transcription via a c-Myc independent pathway [41].

4.2. Histone Acetylation and Deacetylation

Histone acetylation and deacetylation are critical for gene regulation. Trichostatin A (TSA),
an inhibitor of classes I and II histone deacetylases (HDACs), increased hTERT mRNA level in normal
cells and telomerase-negative immortal cell lines [41–43]. Mad1 antagonized c-Myc by binding the
E-boxes and recruiting HDACs to the hTERT promoter [44]. Recent study in our lab revealed that
the binding of TFs, such as Sp1, to hTERT promoter was essential, but not sufficient, for hTERT
transcription. Indeed, HDAC-mediated chromatin remodeling played a central role in repressing
hTERT expression in telomerase-negative immortal cells [45].

4.3. DNA and Histone Methylation

Genomic sequence around the hTERT promoter is highly GC-rich. Methylation of two CpG
islands near the promoter, located at ´900 bp and ´4000 bp upstream of ATG codon, respectively, was
reported to be associated with lower hTERT expression in B-cell lymphocytic leukemia [46]. Aberrant
DNA methylation in the promoter was accompanied by alteration of hTERT expression in different
cancer cells, like melanoma, esophageal squamous cell carcinoma, and pituitary adenomas [47–49]. In
addition to DNA methylation, covalent histone modifications are another important factor for gene
regulation. Our lab examined the profile of dimethylation of histone H3 lysine 4 (H3K4Me2) and
trimethylation of H3 lysine 9 residue (H3K9Me3) in a transgenic hTERT promoter in mouse embryo
fibroblasts (MEFs) and induced pluripotent stem cells (iPSCs) derived from them [50]. While H3K4Me2,
an active mark of gene expression, was low in MEFs but high in iPSCs, the repressive mark H3K9Me3
decreased progressively in the cells undergoing reprogramming and almost vanished in completely
reprogrammed iPSCs [50]. Similar correlation between histone methylations and telomerase activity
was also observed in the other studies: H3K9me3 was lower in hTERT positive cells after comparing
to the normal cells [51]. Investigation of H3K4Me2 and H3K9Me3 at the hTERT promoter in the
cancer cells by combining DNA methylation analysis with ChIP revealed that unmethylated DNA was
associated with active chromatin while DNA methylation was preferentially detected around inactive
chromatin [52].

4.4. hTERT Regulation in Cancer Cells

hTERT expression is induced in cancer cells but absent in most somatic cells. First, transcription
activators lead to up-regulation of TERT expression in cancer cells. Increased c-Myc expression
in cancer cells resulted in the binding of c-Myc/Max complex to E-boxes at hTERT promoter [28].
Sp1 bonded five consensus GC-boxes at the hTERT core promoter and cooperated with c-Myc to
activate hTERT transcription. hTERT transcription was dramatically decreased following the mutation
of one GC-box and was eliminated when all five sites were mutated [45,53]. Hormone estrogen
was also a regulator of hTERT transcription [54]. Inhibition of estrogen receptor or a mutation of
an estrogen response element at the hTERT promoter abolished hTERT reactivation in cancer cells and
resulted in cancer cell apoptosis [55,56]. High-risk human papillomavirus type 16 (HPV 16) E6 protein,
an E3 ubiquitin ligase, activated hTERT transcription in epithelial cells. The two E-boxes were also
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essential for the E6-mediated up-regulation of hTERT expression [57], indicating that c-Myc functioned
as a downstream effector of E6 protein. In addition, another TF NFX1-123, one variant of NFX1
(nuclear transcription factor, x-box binding 1), was also shown to cooperate with E6 to regulate TERT
expression [58].

Second, germline and somatic mutations of the hTERT promoter affect hTERT transcription
expression, and impact cancer development. Multiple mutations at the hTERT promoter have
been discovered in recent years with the use of next-generation sequencing techniques (Table 1).
Two hotspot point mutations, which frequently occurred in urothelial cancer, melanoma, and several
other cancers, 124(C/T) and 146(C/T) base pairs upstream of the hTERT ATG codon were found to
generate new Ets binding motifs (GGA(A/T)) [59–62]. hTERT mRNA levels in urothelial cancer cell
lines with ´124/´146 promoter mutations significantly increased comparing to those without the
mutations. As a result, hTERT protein expression level and telomerase activity also were induced [60].
Reversion of ´146T to C in urothelial cancer cells decreased the elevated hTERT transcription levels [63].
This result indicated the hTERT reactivation in cancer cell was directly associated with these two
mutation sites. The ´124/´146 mutant sites recruited more Ets factors to the promoter. Among four
Ets factors examined by ChIP, GA-binding protein (GABP) was found to be the critical one that
activated hTERT expression in cells containing the ´124/´146 mutation [64]. Furthermore, active
chromatin mark H3K4me2/3 was detected in the context of hTERT promoter mutant 124(C/T) [65].
Li et al. found 146(C/T), not 124(C/T), recruited Ets1/2 binding by non-canonical NF-κB signaling.
146(C/T) mutation also generated a new half binding site (51-GGGGG-31 or 51-GGAA-31) for p52.
Then, Ets1/2 heterodimer cooperated with p52 to drive hTERT transcription in the presence of
146(C/T) mutation [66]. In addition to regulating hTERT expression and telomerase activity, these two
noncoding mutations were found to give rise to monoallelic expression of hTERT [67].

5. Single Nucleotide Polymorphisms (SNPs) at the hTERT Locus

Genome-wide association studies revealed that SNP sites at the chromosomal region 5p15.33,
where hTERT gene located, were associated with increasing cancer risks [68]. SNPs within the
hTERT locus have been found to associate with increased risks of a variety of cancer types. One
SNP, rs2736098, which locates in the exon 2 of hTERT, increased the risk for lung cancer in Asian
people [69–71]. Another SNP in intron 2, rs2736100, was associated with various types of cancer, like
colorectal cancer and glioma [72–74]. rs2736100 was also found to associate with longer telomeres
in peripheral white blood cells in lung cancer patients [75]. Fine mapping on 5p15.33 revealed four
independent sites in this locus suspiciously leading to prostate cancer [76]. One variant rs2853669
within a DNase I hypersensitivity region of hTERT promoter linked to multiple cancers [77,78]. This
SNP decreased E2F1 binding to its consensus motifs and increased recurrence risks of liver cancer [33].
In addition, SNP rs2736108 in the promoter was predicted to be associated with longer telomeres by
analyzing about 480 SNPs at the TERT locus in ovary and breast cancer cell [68].

Table 1. Cancer associated mutations and SNPs at the hTERT promoter.

Site Position (GRCh37) A1/A2 Cancer risk References

124(C/T) 1,295,228 C/T multiple tumors, like melanoma glioblastomas [59,79–81]146(C/T) 1,295,250 C/T(CC/TT)

rs2853669 1,295,349 T/C glioblastomas [77,82,83]
thyroid cancer [61]
bladder cancer [78]
clear cell renal cell carcinoma [84]
hepatocellular carcinoma [33]

rs2735940 1,296,486 T/C lung cancer [85]
childhood acute lymphoblastic leukemia [86]

rs2736108 1,297,488 C/T longer telomere [68]

rs13174814 1,299,859 G/C endometrial cancer [87]

rs421629 1,320,136 C/T lung cancer [88]
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6. Chromosomal Rearrangement at the hTERT Locus

In addition to point mutations, chromosomal rearrangement and amplification involving the
hTERT locus have been discovered in immortal cells and cancer cells. In our studies, the chromosomal
breakage points have been mapped to the upstream regions of hTERT promoter in telomerase
positive immortal cells but not in the telomerase negative cells and their parent cells [89]. The levels
of hTERT mRNA were found to be correlated inversely with the distance between the breakage
points and the promoter, but not with copy numbers of the hTERT gene. This result suggested
that disruption of chromatin environment of the hTERT promoter was a primary cause of hTERT
activation. Another study indicated that hTERT, but not its neighboring genes SLC6A18 and SLC6A19,
was affected during chromosomal relocalization in neuroblastomas [90]. hTERT rearrangement may
be a critical step in cancer development. Thirty-one percent, 12 out of 39 cases, of the high-risk
neuroblastoma group contained chromosomal rearrangements at 5p15.33, where hTERT located [91].
These chromosomal rearrangements were associated with upregulated hTERT transcription in
neuroblastoma [90]. The ChIP data revealed that active epigenetic marks H3K4me3 and H3K27ac
at hTERT promoter were elevated in the hTERT-rearranged tumors comparing to those with no
rearrangements [91].

7. Conclusions

hTERT expression strictly limits telomerase activation in most of somatic cells, whereas mTERT
expression is detectable in most of mouse tissue cells. The interspecies differences between human
and mice suggest an improved mouse line, in which both telomerase regulation and telomere length
controls are humanized, would considerably benefit the studies of human aging and cancer using
mouse models.
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