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Metastasis is the main culprit of the great majority of cancer- 
related deaths. However, the complicated process of the inva-
sion-metastasis cascade remains the least understood aspect of 
cancer biology. Telomerase plays a pivotal role in bypassing 
cellular senescence and sustaining the cancer progression by 
maintaining telomere homeostasis and genomic integrity. Telo-
merase reverse transcriptase (TERT) exerts a series of fund-
amental functions that are independent of its enzymatic cellular 
activity, including proliferation, inflammation, epithelia-mesen-
chymal transition (EMT), angiogenesis, DNA repair, and gene 
expression. Accumulating evidence indicates that TERT may 
facilitate most steps of the invasion-metastasis cascade. In this 
review, we summarize important advances that have revealed 
some of the mechanisms by which TERT facilitates tumor 
metastasis, providing an update on the non-canonical functions 
of telomerase beyond telomere maintaining. [BMB Reports 
2020; 53(9): 458-465]

INTRODUCTION

Telomerase is a large ribonucleoprotein complex responsible 
for adding telomeric repeats to the 3’ ends of chromosomes, 
thereby alleviating the telomere attrition from each round of 
replication (1, 2). Telomerase is essentially composed of the 
TERT and telomerase RNA component (TR), which serves as a 
template for the TERT to synthesize telomeric repeats. hTR is 
ubiquitously expressed in both normal cells and cancer cells. 
Conversely, hTERT is repressed in normal cells, re-activated in 
85-90% of cancer types, and closely associated with telome-
rase activity in cancers, suggesting that TERT is the deter-
minant for telomerase activity, which makes telomerase an 

attractive therapeutic target (3-6). 
Tumor metastasis, termed the invasion-metastasis cascade, is 

a multi-step process that involves dissemination of cancer cells 
from primary tumors to distant organs and their subsequent 
seeding of new tumor colonies into foreign soil (7). The 
invasion-metastasis cascade is a succession of cell-biology 
events: (a) local invasion of primary tumor cells into the 
adjacent parenchyma through the surrounding extracellular 
matrix and stromal cell layers, (b) intravasation of invasive 
tumor cells into the circulatory system, (c) survival and dis-
semination during hematogenous transit through the vascula-
ture, (d) arrest at distant organs, (e) extravasation of tumor cells 
from the microvasculature into the adjacent parenchyma of 
distant organ sites, (f) formation of micrometastase colonies in 
the parenchyma of distant tissues, and (g) growth of micro-
metastase colonies and establishment of a full-fledged tumor at 
the distant site (7). Metastatic disease is largely incurable 
because of it is complex and systemic and resists current 
therapeutic strategies, which results in more than 90% of 
deaths of cancer-associated patients (8). Recently, a growing 
number of evidence suggests that TERT may play a pivotal role 
in the invasion-metastasis cascade. Here, we highlight the 
functional regulation of TERT in each step of the tumor 
metastasis, which providing new insights for understanding 
tumor metastasis and developing new diagnostic and thera-
peutic strategies.

TERT AND LOCAL INVASION 

Primary tumor cells breach the basement membrane (BM) and 
enter into the surrounding tumor-associated stroma, which 
leads to the first step in tumor metastasis. It has been demon-
strated that metalloproteinases (MMPs), which disintegrate the 
extracellular matrix and promotes tumor cell invasion. Therefor, 
MMPs are key factors for determining the invasive potential of 
cells (9). It has been shown that hTERT associates with the 
expression of MMPs in many tumor entities. For example, 
knockdown hTERT in oral squamous-cell carcinoma decreases 
the MMP2 and MMP9 expression, thereby inhibiting invasi-
veness (10). Moreover, hTERT promotes the invasive ability of 
the cell by regulating MMP9 expression in a NF-B-dependent 
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manner independently of its catalytic activity in osteosarcoma 
and cervical carcinoma cell line, such as U2OS and HeLa (11). 
Importantly, Ghosh et al. revealed that TERT directly regulates 
NF-B-dependent transcription (11, 12). To mention briefly, 
TERT interacts with NF-B p65 and binds many NF-B tar-
geting genes, such as IL6, IL8, and TNF, which are critical for 
inflammatory response (12). IL6 and TNF play a central role 
in linking inflammation and cancer (13). It’s worth noticing 
that IL-6 can act as an inducer of EMT in breast cancer cells 
(14). Ectopic expression of IL-6 in breast adenocarcinoma cells 
induces an EMT phenotype by upregulating vimentin, N-cadherin, 
Snail and Twist. It’s important to mention that TNF enhances 
the invasive property of renal carcinoma cells by inducing 
EMT through Snail or ZEB1/ZEB2 (15, 16). EMT is believed to 
be an important step in the conversion of primary cancer cells 
into a migratory population capable of systemic metastasis 
(17-19). Thus, it seems that TERT contributes to the formation 
of migratory cell by inducing EMT in a NF-B-dependent 
manner. Interestingly, one study demonstrated that hTERT 
directly stimulates EMT of gastric cancer cells by occupying 
the promoter of vimentin in cooperation with -catenin and in 
a telomere-independent manner (20). Collectively, hTERT 
promotes the invasiveness of cancer cells by inducing an 
extracellular protease and EMT program in a NF-B-dependent 
transcription manner. However, the detailed mechanisms by 
which TERT regulate NF-B for primary tumor cells in local 
invasion remains to be revealed. TERT can use other extra-
cellular proteases to remodel the ECM, thereby promoting the 
invasiveness of cells. It has been shown that cathepsins and 
heparanase can cleave the E-cadherin, a key cell-cell adhesion 
molecule, and degrade heparan sulfate proteoglycans (HSPG) 
secreted by ECM and BM, respectively, enabling primary 
tumor cells to cross the adjacent parenchyma (21-25). Impor-
tantly, Young et al. found that hTERT activates tumor invasi-
veness by upregulating cathepsin D via early growth response 
1 (EGR-1) in oral squamous-cell carcinoma cells (22). Tang et 
al. found that hTERT expression is highly associated with an 
advanced TNM stage and lymphatic metastasis in gastric 
cancers. They further revealed that hTERT promotes gastric 
cancer-cell invasion and metastasis by cooperating with c-Myc 
to induce the expression of Hpa (23). These findings suggest 
that TERT may facilitate invasion of primary tumor cells via 
cathepsins and heparanase. However, this hypothesis needs 
more experimental support. Furthermore, whether TERT regulates 
the expression of cathepsins and heparanase dependent on its 
catalytic activity remains to be answered. Recently, studies 
demonstrated that TERT promote gastric cancer invasion by 
upregulating the expression of ITGB1 (Integrin 1) adhesion 
molecules for cancer cells and the extracellular matrix (26, 
27). The hTERT-MDM2 complex enhances the ubiquitin-me-
diated degradation of FOXO3a, alleviating FOXO3a-repressed 
ITGB1 expression, which eventually leads to the upregulation 
of ITGB1. Both hTERT and ITGB1 were highly expressed in the 
advanced tumor-node metastases (TNM) stage group and the 

lymphatic metastasis positive group. The group of higher 
expression of both hTERT and ITGB1 is linked to the worst 
survival rate in gastric-cancer patients. These findings suggest 
that TERT may contribute to tumor metastasis via ITGB1. Early 
studies showed that Integrin 1 is a critical effector in pro-
moting invasion by the primary tumor cells and cancer meta-
stasis, which further supports that ITGB1 is a driver in tumor 
metastasis (28, 29). 

Recently, Chen et al. showed that hTERT promotes the 
invasion of colorectal cancer cells by increasing chemokine 
CCL2 expression in collaboration with the -catenin/TCF-4 
complex. They further found that MDSCs accumulated in areas 
where hTERT and CCL2 were colocalized (30). Early studies 
revealed that primary tumor cells can use CCL2 to recruit 
MDSCs, regulatory T cells (TRegs) and tumor associate macro-
phage (TAM) to evade immune surveillance, which is a crucial 
step for preparing a metastatic journey to start the invasion- 
metastasis cascade (31-35). These results suggest that hTERT 
may also play a regulatory role in the recruitment of mye-
loid-derived suppressor cells (MDSCs) and evasion of tumor 
immunity.

TERT AND INTRAVASATION 

Intravasation is local invasive cancer cells entering into the 
lumina of lymphatic or blood vessels to disseminate through-
out the body before adhering to the endothelial cells lining the 
microvasculature (36). Tumor-associated microvasculature, gene-
rated by the process of angiogenesis, harbors the weak inter-
actions between adjacent endothelial cells and the absence of 
extensive pericyte coverage, which are considered to facilitate 
intravasation (7). Therefore, the mechanics of intravasation are 
likely to be strongly influenced by angiogenesis. It has been 
well established that vascular endothelial growth factor (VEGF) 
is a key inducer in angiogenesis, which can stimulate tumor 
cells to form new blood vessels within their local microenvi-
ronment via neoangiogenesis (9). Importantly, it has been shown 
that hTERT induces VEGF gene expression independently of its 
telomerase reverse transcriptase activity, which provides a 
cornerstone for hTERT driving angiogenesis (37). Liu et al. 
reported that hTERT induces VEGF gene expression by 
occupying the VEGF promoter in cooperation with Sp1 (38). 
They further found that TERT promotes the vascular tube 
formation and deficiency of TERT-compromised tumor growth 
and vascular development. Furthermore, hTERT expression is 
positively correlated with VEGF in patient samples. These 
findings suggest that TERT may facilitate the intravasation by 
inducing angiogenesis. It has been previously reported that 
VEGF can induce hTERT and telomerase activity (39, 40). 
There may be a positive regulatory feedback circuit between 
hTERT and VEGF that has a collaborative role in tumorigenesis 
and cancer progression. Besides VEGF, sufficient studies 
showed that MMPs are involved in angiogenesis-dependent 
intravasation and metastasis, and that MMPs can directly or 
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indirectly affect the VEGF-mediated development of angiogenic 
vasculature. These findings suggest that TERT may also contri-
bute to the induction of intravasation and metastasis-sustaining 
neo-vasculature via MMPs. A growing number of studies 
showed that TGF- promote intravasation (41, 42). In order to 
identify the role of mTert in prostate-cancer progression, Ding 
et al. compared an mTert-deficiency mouse (G3/4-LSL- mTert−/−- 
Pten/p53) with an mTert knock-in mouse (G3/4-LSL- mTert+/+- 
Pten/p53) and found that the TGF-/Smad4 pathway is required 
for mTERT-mediated bone metastasis (43). It seems that mTert 
acts as an active driver for tumor metastasis in a telomere- 
based crisis. We can assume that the TGF-/Smad4 pathway 
may be implicated in the process of intravasation. However, 
the mechanisms by which mTERT regulate TGF- in bone 
metastasis need to be discovered.

TERT AND CIRCULATING TUMOR CELLS’ (CTCS) 
SURVIVAL IN CIRCULATION 

The bloodstream represents a hostile environment for CTCs, 
exposing various cellular stresses that include oxidative stress 
and endoplasmic reticulum (ER) stress (7, 44, 45). It has been 
found by using animal models (46) that less than 0.02% of 
tumor cells in circulation can survive to form metastasis. To 
survive and disseminate in the circulation, CTCs not only 
induce survival-related pathways and the EMT program, but 
also interact with bioactive factors and stroma cells to facilitate 
their passage to extravasation at distant sites (8, 44). Tumor 
cells and tumor-associated stromal cells secrete abundant 
reactive oxygen species (ROS) into the tumor microenvironment 
(47). ROS exerts an important role in cellular activities, 
including genomic instability, cell death, and cellular sene-
scence (48). CTCs use multiple pathways to adapt to the 
increased ROS, including modification of metabolism and 
up-regulation of -hemoglobin (49, 50). More recently, evidence 
showed that oxidative stress inhibits distant metastasis (49, 51). 
To mention briefly, several studies demonstrated that TERT 
alleviates the production of ROS, improves mitochondrial 
function, and inhibits ROS-induced apoptosis in cancer cells 
(52-54). Moreover, CTCs are also exposed to various stress 
stimuli that activate the unfolded protein response (UPR), a 
homeostatic pathway, that is mainly composed of the IRE1-xbp1, 
ATF6, and PERK-eIF2 pathways and orchestrates several 
events to restore the ER folding capacity or can induce cell 
death when restoration fails (47, 55). Importantly, we previous 
reported that ER stress promotes hTERT expression in both 
human cancer cells and murine neural cells, which protects 
cells from ER stress-induced cell death (56). Moreover, over-
expression of hTERT reduces ER stress-induced cell death, 
which is independent of catalytically active enzymes or DNA 
damage signaling, whereas depletion of hTERT sensitizes cells 
to undergo apoptosis under ER stress. Additionally, Yu et al. 
demonstrated that CTCs of breast tumors exhibit combinations 
of epithelial and mesenchymal traits, suggesting an important 

role for EMT in the blood-borne dissemination of human 
breast cancer (57). It seems reasonable that TERT may protect 
CTCs from oxidative stress or ER stress. So far, the mechanisms 
by which oxidative stress or ER stress regulates the CTCs 
survival are largely unknown. As mentioned above, there are 
less than 0.02% of tumor cells that can survive in circulating 
blood, which leads to a big bottleneck in collecting enough 
CTCs.

TERT AND EXTRAVASATION 

CTCs may cross from vessel lumina into the tissue parenchyma 
by traversing the endothelial cell and pericyte layers, which is 
considered as extravasation (58). Accordingly, CTCs secret a 
series of factors to affect the microenvironments and promote 
vascular hyperpermeability, which leads to tumor cells across 
the barriers to extravasation in tissues (58). For example, it has 
been demonstrated that VEGF promotes the process of extra-
vasation by inducing pulmonary hyperpermeability, which 
was prior to the arrival of CTCs in the lungs (59, 60). Moreover, 
MMPs facilitate the extravasation of breast tumor cells by 
disrupting pulmonary vascular endothelial cell-cell junctions 
(42, 61). Given that TERT can induce the expression of MMPs 
and VEGF, these findings suggest that TERT may contribute to 
the process of extravasation during metastasis. VEGF and 
MMPs may promote the processes of both intravasation and 
extravasation, suggesting that certain traits which were favorable 
previously in the process of tumor invasion also prove useful 
at the later steps in the invasion-metastasis cascade. However, 
the mechanisms by which TERT regulates the extravasation 
need to be addressed. Recently, studies have demonstrated 
that CCL2 promotes the extravasation and subsequent meta-
static growth by directly increasing the vascular permeability 
in lung parenchyma (58, 62). Moreover, inflammatory monocytes 
facilitate the extravasation of breast carcinoma cells via a 
CCL2-dependent mechanism (62). It has been reported that 
hTERT promotes invasion and migration of colon- cancer cells 
by upregulating expression of CCL2 (30). Therefore, we 
speculate that TERT may contribute to the extravasation via 
CCL2. Taken together, TERT could induce VEGF, CCL2, and 
MMPs expression and enhance the vascular hyperpermeability, 
thereby promoting the intravasation. However, the detailed 
mechanisms by which TERT regulates the intravasation remain 
to be found.

IMPLICATIONS OF TERT IN MICROMETASTASIS 
FORMATION AND MACROMETASTATIC GROWTH

Cancer cells extravasate into the parenchyma of target tissues 
and start colonization after CTCs are arrested in capillaries at 
distant sites. Disseminated tumor cells (DTCs) land in a new 
tissue microenvironment, where they lack the familiar stromal 
cells, growth factors, cytokines, and ECM constituents that had 
been present in the primary tumor site (7). Hence, most DTCs 
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arrive at the metastatic site as solitary tumor cells and have to 
resume growth to develop a new colony and establish a 
micrometastasis. Otherwise, they will die or enter dormancy 
(63). Early studies demonstrated that the ratio between the p38 
mitogen-activated protein kinase (p38) and extracellular signal- 
regulated kinase1/2 (ERK1/2) determines whether DTCs enter 
proliferation or dormancy (63-65). The activities of p38 and 
ERK are regulated by altered intrinsic signaling pathways and 
external dormancy-inducing signals (65-72). Of note, the 
property of tumor initiation in cancer stem cells (CSCs) is a 
prerequisite for successfully forming a metastatic colony (7). 
Interestingly, Okamoto et al. revealed that hTERT forms a 
complex with nucleolar GTP-binding protein nucleostemin 
(GNL3L/NS) and BRG1, which act in a telomere-independent 
manner to maintain the state of tumor-initiating cells or cancer 
stem cells (73). Thus, we speculate that TERT may drive DTCs 
in the status of cancer stem cells, which contributes to the 
formation of metastastic colonies. Moreover, some studies 
have demonstrated that external dormancy-inducing signals, 
including bone morphogenetic protein (BMP) ligand 7 (BMP7) 
and TGF-, induce dormancy of tumor cells (65, 69). Impor-
tantly, Lucy et al. revealed that BMP7 negatively regulates 
telomere maintenance by suppressing hTERT, inducing cervical 
tumor-growth arrest (74). Li et al. found that TGF- suppresses 
TERT expression by Smad3 interacting with c-Myc and TERT 
promoter (75). Given that BMP7, TGF-, and hTERT are impor-
tant for underpinning cancer stem-cells renewal and prolife-
ration, we speculate that the functional regulation of hTERT by 
BMP7 or TGF- may take an important role in establishing a 
balance between tumor dormancy and metastatic colonies’ 
growth. Interestingly, Xu’s lab reported that hTERT promotes in 
vivo tumorigenesis and metastastic colonies of gastric-cancer 
cells (20). It’s the first direct evidence to support the assump-
tion that hTERT facilitates the formation of metastastic colonies. 
The detailed mechanisms by which TERT maintains the dorman-
cy of DTCs and promotes micrometastasis remain to be dis-
covered. 

IMPLICATIONS OF TERT PROMOTER MUTATION IN 
TUMOR METASTASIS

The TERT promoter hotspot mutations (C228T and C250T) 
have been widely investigated and identified as driver muta-
tions with different frequencies from undetectable to 85% in 
various human cancer types (76, 77). Clinically, tumor samples 
carrying TERT promoter mutations promote the expression of 
TERT mRNA and telomerase activity compared to those having 
a wild-type promoter (78). Through experimentation, the 
introduction of either -124C ＞ T or -146C ＞ T into the TERT 
promoter reporter significantly increases the promoter activity 
(77, 79). It has been reported that GA-binding proteins were 
specifically recruited to the TERT mutant promoter compared 
to the wild-type TERT promoter, which enhances TERT tran-
scription and telomerase activity (79). Therefore, it has been 

considered that the interaction between GA-binding proteins 
and the TERT promoter mutations forms a novel mechanism 
for telomerase activation in malignant transformation. It’s 
interesting that accumulating evidence showed that TERT 
promoter mutations associate tumor metastasis with several 
cancer types, including melanoma, thyroid cancer, urothelial 
carcinomas, and glioblastomas. First, it has been reported that 
a higher frequency of TERT promoter mutations was observed 
in metastatic tissues than in primary melanomas. These mutations 
were associated with shorter survival or short disease-free 
survival in melanomas, suggesting the functional role of TERT 
promoter mutations in the metastatic process of melanoma 
cells (80). Second, it has been demonstrated that TERT promoter 
mutations are associated with distant metastasis, worse progno-
stic features, poor survival, and worse response to treatment in 
thyroid cancer (81-86). Third, evidence showed that TERT 
promoter mutations are related to distant metastases in glio-
blastomas and urothelial carcinomas (87). It’s worth men-
tioning that the simultaneous mutation of BRAF/RAS and TERT 
promoter leads a high aggressiveness in thyroid cancer, mela-
noma, and lung cancer with different mechanisms being identi-
fied. For example, it has been proposed KRAS activates the 
expression of TERT by promoting the activity of RAS/MEK 
pathway, which leads aggressiveness of lung cancer cells (88). 
Moreover, Liu et al. demonstrated a novel mechanism for the 
activation of mutant TERT by the BRAF V600E/MAP kinase 
pathway through FOS/GABP in human cancer (89, 90). In 
summary, TERT promoter mutations that are implicated in the 
tumor metastasis and mechanisms by which TERT promoter 
mutations regulate the tumor metastasis are largely unidentified.

CONCLUDING REMARKS

In the past few years, sufficient evidence indicates that TERT 
has non-canonical functions beyond telomere maintenance in 
several important cellular processes, including cell proliferation, 
inflammation, apoptosis, EMT, cell adhesion and migration, 
angiogenesis, DNA damage response, and transcriptional 
regulation of target genes (5, 91, 92). As summarized in this 
review, accumulating studies have revealed that TERT may 
facilitate most steps of invasion-metastasis cascade as 
summarized in Fig. 1 including: 

(1) Promotes local invasion of primary cancer cells by using 
different factors and cellular programs, mainly including NF-B, 
MMPs, EMT, and ITGB1.

(2) Promotes the intravasation through VEGF and TGF-. 
(3) Promotes CTCs survival by using an EMT program or 

anti-oxidative stress or ER stress-induced apoptosis.
(4) Promotes the extravasation through tumor-secreted VEGF, 

MMPs, and CCL2.
(5) Promotes micrometastasis formation and macrometastatic 

growth, in which EMT, hTERT/ GNL3L/NS/BRG1 complex, 
and external dormancy-inducing signals (such as, BMP7 and 
TGF-) are involved.
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Fig. 1. TERT facilitates the invasion-metastasis cascade. TERT promotes local invasion via MMPs, NF-B, EMT, and ITGB1. TERT promotes 
intravasation via TGF- and VEGF. TERT promotes CTCs survival in circulation via EMT and anti-oxidative stress and ER stress-induced 
apoptosis. TERT promotes extravasation via VEGF, MMPs, and CCL2. TERT promotes the formation of micrometastasis and the 
macrometastatic growth partially through EMT and hTERT/ GNL3L/NS/BRG1 complex. The actions of TERT implicated in tumor metastasis 
are described in the text. ECM, extracellular matrix. BM, basement membrane.

TERT may facilitate the invasion metastasis cascade, which 
suggests that TERT is a new diagnostic and attractive thera-
peutic target in tumor metastasis. In line with this hypothesis, 
several approaches have been adopted, including oligonucleo-
tides (e.g., GRN163L), small-molecule inhibitors (e.g., BIBR1532), 
and anti-telomerase immune-therapeutics (GRVAC1, GV1001 
and Vx001), to selectively induce apoptosis and cell death in 
cancer cells (93). GRN163L can efficiently target glioblastoma 
tumor-initiating cells, which leads to a decreased proliferation 
and tumor growth (94). Similarly, clinical trial results demon-
strated that a vaccine (GV1001, hTERT peptide) is a promising 
as a telomerase-targeting vaccine and can stimulate CD4+ and 
CD8+ responses in telomerase-positive tumors, showing mini-
mal effects on normal cells and no autoimmunity (93). How-
ever, metastatic disease is complex and systemic and resists 
most of current therapeutic strategies, which are closely af-
fected by the tumor microenvironment, which plays a vital 
role in determining the success of therapeutic vaccination, but 
the mechanisms by which TERT is employed in the metastatic 
microenvironment are poorly understood. Thus, it’s urgent to 
arrive at a precise understanding of the contribution of TERT in 
each step of the invasion-metastasis cascade. 

It has been extensively studied how TERT promotes invasion 
by cancer cells. However, the detailed functional aspects and 
mechanisms by which TERT regulates the local invasion of 
primary tumor cells remain to be identified. Importantly, 
studies have shown that preparation for a metastatic journey, 
which is involved in evasion of tumor immunity and pre-meta-
static niche, is a crucial step for primary tumors to start the 
invasion-metastasis cascade (31, 32). More questions need to 

be answered in the future: 
(1) Whether TERT regulates the functional aspects of immune 

cells to affect the tumor invasion, including TAMs, TANs, 
MDSCs, Treg, and B cells.

(2) Whether TERT regulates the cytotoxicity of NK cells and 
CD8 T cells.

(3) Whether TERT promoter mutations (C228T and C250T) 
regulate the immune cells and the cytotoxicity of NK cells and 
CD8 T cells (76, 77).

Metastatic colonization may require several years or decades 
to complete, which provides a key therapeutic window for 
targeting metastatic colonization (95). Targeting CSCs may alle-
viate metastatic colonization (7). Importantly, several studies 
have suggested that TERT takes an important role in main-
taining the state of CSCs and dormancy of DTCs via the TERT- 
GNL3L-BRG1 complex and external dormancy-inducing signals 
(65, 69, 73). However, more questions need to be answered: 

(1) Whether both TERT and the TERT-GNL3L-BRG1 complex 
regulate the dormancy of DTCs. 

(2) Mechanisms by which TERT regulates the external dormancy- 
inducing signals, including BMP7 and TGF. 

(3) The detailed mechanism by which TERT promotes meta-
stastic colonies of gastric cancer cells (20).
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