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Telomerase reverse transcriptase (TERT) mutations are reportedly the most frequent somatic genetic alterations in

hepatocellular carcinoma (HCC).

telomere TERT liver neoplasm biomarkers treatment outcome

| 1. Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver cancer and the fifth leading cause of cancer-
related mortality worldwide (. The major risk factors for HCC include liver cirrhosis, hepatitis B or C virus infection,
alcohol abuse, nonalcoholic steatohepatitis, and metabolic disease. The mutation landscape in liver carcinogenesis
is reportedly complicated, involving a number of pathways as well as somatic mutations in a multitude of genes 23]
4. Among the genetic alterations, telomerase reverse transcriptase (TERT) promoter mutations were reported to
occur early and most frequently, affecting approximately 30-60% of all HCC patients €l Two hotspot mutations at
-124 and -146 positions from the ATG start site in the TERT promoter have been shown to

regulate TERT expression or the telomerase activation of human malignancies, including HCC B2,

Telomeres, repetitive DNA sequences (TTAGGG in vertebrates) found at the ends of the chromosome, are
gradually shortened by each cell division in somatic cells, finally reaching senescence or apoptosis B2, Telomeres
are elongated by telomerase, a ribonucleoprotein—reverse transcriptase complex that uses its RNA as a template
for the addition of simple telomeric repeats. Telomerase activity is regulated by the telomere-binding protein
complex, called shelterin, which is composed of six proteins, including the telomeric repeat-binding factors (TRF) 1
and TRF2, the TRF1-interacting protein 2 (TIN2), protection of telomeres 1 (POT1), the POT1-TIN2 organizing
protein (TPP1), and repressor/activator protein 1 (RAP1) . However, embryonic stem cells and most cancer cells
can maintain telomeres to overcome cell senescence or apoptosis. This process is controlled by TERT, the
catalytic component of the telomerase complex that maintains telomere ends by addition of the telomere repeat

TTAGGG BIQ, Thus, TERT plays an important role in oncogenesis and the immortality of cancer cells.

Abnormalities in TERT expression or promoter mutations in HCC have been sporadically studied and reported to
be associated with cancer recurrence and progression LIILIUI2R3II4] - However, the clinical implications and
molecular mechanisms underlying HCC initiation and progression are still unclear because only limited studies
have been conducted and the previous studies included only a small number of patients or were limited only to the
surgical setting of early-stage HCC. Thus, there is insufficient knowledge about how and what changes

in TERT occur from early- to late-stage HCC. Moreover, no studies have attempted to evaluate the impact of
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the TERT-telomere network and alterations on the outcomes of various stages of HCC treated by surgical and non-

surgical options.

To address these issues, the present study correlated the genetic alterations in TERT, gene expression, and
telomere length with the clinicopathological features of HCC. In addition, the potential roles of the TERT-telomere
network as a prognostic biomarker within the setting of hepatectomy and transarterial chemoembolization (TACE)

were evaluated and compared.

2. Protein—Protein Interaction with TERT Gene Sets and
Gene Expression

The protein—protein interaction (PPI) analysis was performed through CBS probe PINGS™ based on the STRING
database to establish a set of genes interacting with TERT. Functional clustering of the PPI analysis identified eight
genes, including TERT, AKT1, CCT5, mTOR, RPS6KB1, TUBA1B, YWHAQ, and YWHAZ, as protein complexes
related to TERT (Figure 1A). Functional interactions between the eight proteins are summarized in Table S1. Within
the eight genes, we performed gene expression analysis in the tumor and non-tumor paired samples. TERT mRNA
was significantly overexpressed in the tumors compared to the non-tumors (p < 0.001), whereas the expression

levels of the other seven genes were not significantly different between the tumors and non-tumors (Figure 1B).
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Figure 1. TERT expression and telomere length relationship in HCC. (A) Protein—protein interaction (PPI) analysis
of TERT using the CBS probe PINGS™ in HCC tissues. (B) Expression profiles of the eight TERT-interacting
genes from the STRING database in tumor versus adjacent non-tumor tissues. (C) Comparison of shelterin
complex TRF1, TRF2, POT1, TPP1, TINP2, and RAP1 between tumor and non-tumor tissues. (D) Comparison
of TERT promoter mutations, TERT expression and telomere length between tumor and non-tumor tissues. TRF,
telomeric repeat-binding factors; POTL1, protection of telomeres 1; TPP1, POT1-TIN2 organizing protein; TIN2,
TRF1 and TRF2 interacting nuclear protein 2; RAPL, repressor/activator protein 1. NS, non-significance; *** p <

0.001.

Besides the genes derived from the PPI analysis, we also analyzed the shelterin complex which is known to
regulate telomerase activity [Bl. As a result, all shelterin components (TRF1, TRF2, POT1, TIN2, and RAP1) except
TPP1 were significantly overexpressed in the non-tumors compared to the tumors (p < 0.001; Figure 1C). Negative
correlations were seen between the expression statuses of the shelterin complex proteins, TERT, and telomere

length (Table S2 and Figure S1).
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3. Comparison of TERT and Telomere Length in Tumors
versus Non-Tumors

Overall, the TERT gene and its function were markedly altered in the tumors compared to the adjacent non-tumor
samples. Two hotspot mutations in the TERT promoter region, —124 C>T (C228T) and -146 C>T (C250T), were
observed in 57 (27.8%) HCC samples but in only one (1.0%) non-tumor sample (p < 0.001; Figure 1D). Telomere
lengths were assessed in 86 evaluable samples. The absolute telomere length was 39.8 + 2.9 kb (interquartile
range: 10.79-110.41), with 55.9 = 4.1 kb for the tumor and 8.8 = 0.6 kb for the non-tumor samples.
The TERT expression and telomere length were significantly higher and longer, respectively, in the tumors than in
the adjacent non-tumor tissues (all p < 0.001; Figure 1D). These findings indicate an important role of TERT and

telomere dysfunction in hepatocarcinogenesis.

4. Alterations in TERT and Telomere Length in Relation to
Clinical and Tumor Characteristics

The 57 tumoral TERT promoter mutations included 54 (94.7%) with -124 C>T and 3 (5.3%) with -146 C>T
mutations. These two mutations were mutually exclusive in HCC. The prevalence of TERT promoter mutations
differed according to the etiology of liver disease. The 57 patients with the mutation consisted of 32 with HBV-
related HCC (23.2%), 7 with HCV-related HCC (43.8%), and 18 with NBNC (non-HBV and non-HCV) (35.3%),
showing that the mutation rates were highest in HCV-related HCCs and lowest in HBV-related HCCs (Eigure 2A).
In the tumors, the presence of TERT promoter mutation may be associated with an increasing level
of TERT expression and telomere length (Eigure 2B), which suggests that tumoral TERT expression and telomere

length were affected by the TERT promoter mutation status.
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Figure 2. (A) Frequency of TERT promoter mutations in HCC according to the etiology of HCC.
(B) TERT expression and telomere length in the presence or absence of TERT promoter mutations in HCC.
Frequency of TERT promoter mutations, TERT expression, and telomere length according to (C) tumor stage and
(D) tumor histological grade. HBV, hepatitis B virus; HCV, hepatitis C virus; NBNC, non-HBV non-HCV.

When analyzed by tumor characteristics, TERT promoter mutations tended to be more frequent in single (37/109,
33.9%) versus multiple (20/92, 21.7%) HCC (p = 0.056). With tumor stage progression, the TERT level was
significantly upregulated (p = 0.005), whereas telomere length significantly decreased (p = 0.011) (Eigure 2C).
Regarding pathological tumor differentiation, TERT expression levels were positively correlated with HCC
histological grade, while TERT promoter mutations or telomere length were not significantly different between the

grades (Eigure 2D).
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