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Abstract

Telomerase reverse transcriptase (TERT) gene aberration is detectable in >8000 of cases with hepatocellular
carcinoma (HCC). TERT reactivation is essential for cellular immortalization because it stabilizes telomere length,
although the role of TERT in hepatocarcinogenesis remains unelucidated. To elucidate the significance of aberrant
TERT expression in hepatocytes in inflammation-associated hepatocarcinogenesis, we generated Alb-Cre;TertTg
mice, which overexpress TERT in the liver and examined their phenotype during chronic inflammation. Based on
transcriptome data from the liver tissue of Alb-Cre;TertTg mice, we examined the role of TERT in hepatocarci-
nogenesis in vitro. We also evaluated the relationship between TERT and cell-cycle-related molecules, including p21,
in HCC samples. The liver tumor development rate was increased by TERT overexpression during chronic inflamma-
tion, especially in the absence of p53 function. Gene set enrichment analysis of liver tissues revealed that gene sets
related to TNF-NFkB signaling, cell cycle, and apoptosis were upregulated in Alb-Cre;TertTg liver. A luciferase
reporter assay and immunoprecipitation revealed that TERT interacted with NFkB p65 and enhanced NFxB
promoter activity. On the other hand, TERT formed protein complexes with p21, cyclin A2, and cyclin E and promoted
ubiquitin-mediated degradation of p21, specifically in the G1 phase. In the clinical HCC samples, TERT was highly
expressed but p21 was conversely downregulated, and TERT expression was associated with the upregulation of
molecules related to the cell cycle. Taken together, the aberrant upregulation of TERT increased NFkB promoter
activity and promoted cell cycle progression via p21 ubiquitination, leading to hepatocarcinogenesis.
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of telomerase [5,6], a ribo-nucleo protein composed of
multiple components that protects telomeres from short-
ening by repairing their ends after every round of cell
division [7-10]. TERT aberrations, including promoter
mutations, hepatitis B virus (HBV) integrations, chro-
mosomal translocations, and promoter methylation
[11-13], have been reportedly found in >80% of cases
of HCC [4,14]. Most of these alterations lead to the
re-expression of the TERT gene, which is transcription-
ally silenced in normal differentiated somatic cells [7].
TERT gene aberration has already been found in 19% of
cases at the stage of precancerous dysplastic nodule, and
the frequency of the mutations increases up to 61%

Introduction

Liver cancer is the second most lethal tumor in terms of
S-year survival [1] and will affect an estimated one
million people each year by 2025 [2]. Hepatocellular
carcinoma (HCC) accounts for >90% of all liver cancers
and often occurs in the context of accumulated genetic
mutations caused by chronic hepatitis or cirrhosis [3].
Although the comprehensive analysis of genetic alterations
in HCC has been extensively performed using high-
throughput next-generation sequencing technologies [1,4],
the functional significance of gene aberrations previ-

ously reported in hepatocarcinogenesis remains unclear.

The most frequently altered gene in HCC is telome-
rase reverse transcriptase (TERT) encoding a component

in early-stage, well-differentiated HCC [15]. We previ-
ously reported that regenerative nodules harbored no
TERT promoter mutations and showed levels of TERT
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expression comparable to those of normal liver tissues.
However, HCC tissues with TERT aberrations showed
unexceptionally high levels of gene expression, for
example, eight- to 100-fold for promoter mutation and
several hundred- to several thousand-fold for structural
variation in gene loci [11,16]. In addition, we recently
detected types of TERT gene aberrations as trunk muta-
tions during multistep hepatocarcinogenesis through the
whole-genome sequencing analysis of HCC samples
collected by a multiregional sampling method [11].
These results suggest that TERT gene aberration is the
initial step in hepatocarcinogenesis.

Although TERT gene aberrations are a major feature
of hepatocarcinogenesis as described earlier, its biolog-
ical significance has not been sufficiently examined.
Aberrant reactivation of telomerase has been considered
to induce cell immortalization by protecting the ends of
telomeres from critical shortening [7]. However, it is not
clear whether the re-expression of TERT fuels the early
stages of hepatocarcinogenesis before telomeres are
shortened to a critical degree. Notably, several studies
have indicated that telomerase affects not only telomere
repair but also other molecular functions, such as the
activation of oncogenic pathways and changes in mito-
chondria metabolism [17-19].

In the current study, we generated a mouse model of
liver specific Tert overexpression and examined the
phenotype under chronic inflammation recapitulating
the clinical course of human hepatocarcinogenesis. We
identified a novel role of TERT in driving cell cycle
progression via p2l ubiquitination, independent of
telomere maintenance, which could explain why TERT
gene aberrations, leading to its upregulation, frequently
occur in the very early phase of hepatocarcinogenesis.

Materials and methods

Mice

All mice used in this study were housed in a specific
pathogen-free, temperature-controlled facility with 12-h
light/dark cycles at the Kyoto University Faculty of
Medicine. Male and female TERT conditional trans-
genic mice (TertcTg) with a C57/BL6 background were
self-crossed to obtain transgenic mice [20]. The Alb-Cre
mice were provided by the Center for iPS Cell Research
and Application (Kyoto University, Kyoto, Japan) [21].
The Trp53-floxed mice were purchased from the
Jackson Laboratory (JAX strain 008462; Farmington,
CT, USA). The primers used for PCR genotyping are
listed in supplementary material, Table S1.

Animal experiments

Thioacetamide (TAA) (Sigma-Aldrich, St. Louis, MO,
USA) was dissolved in drinking water at a concentration
of 0.02%, starting at the age of 8—10 weeks. Before
tissue collection, animals were anesthetized by injec-
ting at a concentration of 30 pg/mg chloral hydrate
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(NACALAI TESQUE, Kyoto, Japan) peritoneally. All
animal experiments were approved by the Ethics
Committee for Animal Experiments and performed
(Approval No. 23167) according to the Guidelines for
Animal Experiments of Kyoto University.

Human samples

Human HCC samples surgically resected from 2 cases at
the Kyoto University Hospital were used for immuno-
histochemistry. Written informed consent or an opt-out
consent was obtained from all participants. This study
conformed to the provisions of the Declaration of
Helsinki, and the study protocol was approved by the
Ethics Committee of Kyoto University (G1317).

Histology and immunohistochemistry

Details are presented in Supplementary materials and
methods. The antibodies used in this study are listed in
supplementary material, Table S2.

Reverse transcription-quantitative polymerase chain
reaction (RT-qPCR)

Quantitative real-time PCR was performed on a
LightCycler 96 System (Roche, Basel, Switzerland) using
the primers listed in supplementary material, Table S3.

RNA sequencing

After passing a strict quality check, each library was
constructed using TruSeq RNA Sample Prep Kit v2
(Illumina, San Diego, CA, USA) according to the
manufacturer’s instructions. RNA sequencing (RNA-seq)
was performed using the NovaSeq 6000 (Illumina) plat-
form. RNA-seq generated 100-bp paired-end sequences
that were aligned to the reference genome sequence
(GRCh37 or GRCm38). Sequence data analyses, including
alignment and raw read counts, were performed using the
Genomon? pipeline (version 2.6) [22,23]. The expression
level of each gene was normalized using the TMM
algorithm, and differentially expressed genes (DEGs)
were extracted using edgeR [24].

Gene set enrichment analysis and pathway analysis

Gene set enrichment analysis (GSEA) and pathway
analysis were performed on GSEA 3.0 software (Broad
Institute, Cambridge, MA, USA) with 1,000 gene-set
permutations [25] using the gene-ranking metric #-test
with mouse-ortholog hallmark and Kyoto Encyclopedia
of Genes and Genomes (KEGG) collection and the
Database for Annotation, Visualization and Integrated
Discovery (DAVID 6.8) using the public software
obtained from the Broad Institute [26].

DNA extraction and measurement of telomere length
of liver cells

The telomere length of the liver cells was measured
using Absolute Telomere Length Quantification qPCR
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Assay Kit (ScienCell Research Laboratories, Carlsbad,
CA, USA) following the manufacturer’s protocol.

Western blotting and co-immunoprecipitation

The details are presented in Supplementary materials
and methods. The antibodies used in this study are listed
in supplementary material, Table S2.

Cell culture and transfection

Human hepatoma-derived cell lines, HepG2 and Huh7.5
cells, were obtained from the Institute for Virus
Research, Kyoto University (Kyoto, Japan), and Huh7
was obtained from RIKEN (Yokohama, Japan). All
these cell lines were authenticated by short-tandem
repeat analysis at the JCRB Cell Bank, National
Institute of Biomedical Innovation (Osaka, Japan).
Details are presented in Supplementary materials and
methods.

Cell proliferation assay and cell cycle analysis

Cell cycle analyses were performed using a BrdU kit
(BioLegend, San Diego, CA, USA) following the
manufacturer’s instructions. Details are presented in
Supplementary materials and methods.

Isolation and culture of murine primary hepatocyte

Primary hepatocytes were cultured as described
previously [27].

Luciferase assay

The reporter plasmid assay was performed as reported
previously [28]. Details are presented in Supplementary
materials and methods.

Measurement of the level of ubiquitinated p21

Details are presented in Supplementary materials and
methods.

Reanalysis of public database records

RNA-seq datasets of 366 HCC tissues were downloaded
from the National Cancer Institute website (https:/www.
cancer.gov/about-nci/organization/ccg/research/structur
al-genomics/tcga). Reads per million mapped reads
(RPMs) for each dataset were processed and analyzed.
Nineteen cases with a high expression level of TERT
mRNA (RPM > 100.0) and 29 cases without TERT
mRNA expression (RPM = 0.0) were selected as
TERT™E" and TERT™", respectively. Pathway analysis
was conducted using DAVID Bioinformatics Resources
software with default settings.

Statistics

Statistical analyses were performed using R version
4.1.2. Categorical values were analyzed using Fisher’s
exact test, whereas continuous values were analyzed
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using the Wilcoxon rank-sum test or Welch two-sample
t-test. The Kruskal-Wallis test was used to compare
three or more groups.

Results

A mouse model with liver-specific TERT
overexpression

To investigate the Tert function in the liver in vivo, we
generated a mouse model with liver-specific Tert
overexpression using the Cre-loxP system by crossing
TertcTg mice with transgenic mice carrying the Cre
gene under the control of an Albumin promoter
(Alb-Cre;TertTg) (Figure 1A). Overexpression of
Tert mRNA in the liver tissue was confirmed by
RT-qPCR (Figure 1B). Alb-Cre;TertTg mice showed
normal systemic development. The body and the liver
weights of Alb-Cre;TertTg mice were comparable to
those of the control mice (TertcTg) (supplementary
material, Figure S1A). There was no difference in the
liver tissue macroscopically or histologically between
control mice and Alb-Cre;TertTg mice, at both 4 and
48 weeks of age (Figure 1C and supplementary mate-
rial, Figure S1B). Spontaneous tumor development
was not detected in mice with either genotype at the
age of 48 weeks.

Telomere shortening was paradoxically accelerated
in the liver of Alb-CreTertTg mice under chronic
inflammation

Although TERT is a component of telomerase, it
remains unclear whether TERT overexpression causes
telomere elongation. Thus, we examined the telomere
length of cells collected from the livers of the control
mice and Alb-Cre; TertTg mice. In the tissues of 4-week-
old mice, telomere length was almost the same for both
phenotypes. However, in the liver tissues of mice with
chronic inflammation induced by 0.02% TAA for
50 weeks, unexpectedly, telomere length became shorter
in Alb-Cre;TertTg than in control mice (Figure 1D).
These results indicate that Alb-Cre;TertTg mice
presented significant shortening of telomere length in the
liver under chronic inflammation, suggesting that TERT has
noncanonical roles independent of telomere maintenance.

Tert overexpression under chronic inflammation
upregulated gene sets related to NFkB, cell cycle, and
apoptosis pathway

We examined the phenotype of Alb-Cre;TerfTg mice
(N =25) and control mice (N = 28) treated with
0.02% TAA for up to 30 weeks. Macroscopically,
mild irregularities were observed on the liver surface
of both groups. Pathologically, similar levels of
inflammation and fibrosis were observed in both
genotypes (Figure 2A, supplementary material, Table S4).
Liver weight was also similar in both genotypes, in either
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Figure 1. Mouse model with liver-specific TERT overexpression. (A) Structure of transgenes used to generate Tert conditional transgenic mice
and structure after Cre-mediated recombination allowing the expression of Tert cDNA driven by the CAG promoter. Yellow triangles indicate
loxPsites. (B) Relative expression level of Tert gene in primary hepatocytes of control mice and Alb-Cre;TertTg mice at 4 weeks of age. N = 3
for both genotypes. Data are presented as mean = SD. **p < 0.01. (C) Representative macroscopic appearance (upper panels, scale bar:
10 mm) and histological images stained with hematoxylin and eosin (lower panels, scale bar: 100 pm) of liver collected from a control mouse
and an Alb-Cre;TertTg mouse at 4 weeks of age. (D) Comparison of telomere lengths between control mice and Alb-Cre;TertTg mice at 4 weeks
of age or with TAA treatment for 50 weeks. *p < 0.05. CTR, control; N.S., not significant. Created with R version 4.1.2.

absolute terms or relative to body weight (supplementary ~ (Figure 2B). These phenotypes remained almost
material, Figure S2A). Liver tumor development was  identical when the duration of TAA administration
observed in 28.0% (7/25) and 17.9% (5/28) of Alb-Cre; was extended to 50 weeks (supplementary material,
TerfTg mice and control mice, respectively, but the  Figure S2B—D and Table S5). To examine the changes
difference between the two groups was not significant  in gene expression caused by Tert overexpression,
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Figure 2. Tert overexpression under chronic inflammation increased tumorigenic potential. (A) (i) Representative images of noncancerous liver
tissues stained with hematoxylin and eosin (HE) (upper panels, scale bar: 100 um) and Masson's Trichrome (lower panels, scale bar: 100 pm). Both a
control mouse and an Alb-Cre;TertTg mouse were treated with 0.02% TAA for 30 weeks. (ii) Representative HE staining images of liver tumors
developed in an Alb-Cre;TerfTg mouse after 30 weeks of 0.02% TAA treatment. A dotted line indicates a border between regions of tumor and
nontumor (upper panel, scale bar: 100 um; lower panel, scale bar: 100 pum). (B) The percentage of mice in which liver tumors were detected after
0.02% TAA treatment for up to 30 weeks. N = 28 for control and N = 25 for Alb-Cre;TertTg. p value was determined using Fisher's exact test. N.S.,
not significant. (C) Normalized enrichment score of HALLMARK gene sets significantly enriched in noncancerous liver tissues of Alb-Cre;TertTg mice
(N = 6; male = 3, female = 3) compared with control mice (N = 4; male = 3, female = 1) after TAA treatment for up to 30 weeks. Gene sets
related to inflammation, cell cycle, and apoptosis pathway are shown in pink, green, and blue, respectively. Cut-off of FWER p value is 0.02.
(D) Representative macroscopic appearance (upper panels, scale bar: 10 mm) and histological images with HE staining of liver sections (lower panels,
scale bar: 100 pm) collected from AIb—Cre,'TrpS.?f/‘c mouse and Alb-Cre;TertT g;TrpS&’f/f mouse after 0.020% TAA treatment for 30 weeks. Dotted lines
indicate border between regions of tumor and nontumor. Scale bar: 10 mm. (E) The tumor incidence rate and (F) the number of liver tumors per
individual in control, Alb-Cre;TertTg, Alb-Cre;Trp53™, and Alb-Cre;TerfTg; Trp53™ mice after 0.029% TAA treatment for up to 30 weeks. p values were
determined by Kruskal-Wallis test in both (E) and (F). CTR, control; N.S., not significant, NES, normalized enrichment score. Created with R
version 4.1.2.
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we performed RNA-seq using noncancerous liver
tissue samples from control (N =4) and Alb-Cre;
TertTg mice (N = 6) treated with TAA for up to
30 weeks. GSEA revealed that several gene sets asso-
ciated with inflammatory carcinogenesis were signif-
icantly upregulated in Tert-overexpressed liver tissue
followed by TAA treatment, including gene sets related
to TNF-NFxB signaling, cell cycle progression, and
apoptosis (Figure 2C). Together, under chronic inflam-
mation, Tert overexpression did not increase the inci-
dence of liver tumors but upregulated several gene sets
involved in inflammatory carcinogenesis in liver tissues.

Tert overexpression worked oncogenically in the
absence of Trp53

The enrichment of gene sets associated with apoptosis
by Tert overexpression led us to speculate that Tert may
promote tumorigenesis under conditions of Trp53 loss
because TP53 is one of the most frequently altered genes
in human HCC along with TERT [14]. To test this hypoth-
esis, we generated a mouse model with liver-specific
Trp53 deletion and Tert overexpression: Alb-Cre;
Terz‘Tg;TrpSSf/f mice. The deletion of Trp53 in the
liver tissues was confirmed by RT-qPCR (supplementary
material, Figure S3A). They developed multiple liver
tumors more frequently than other mice after treatment
with 0.02% TAA up to 30 weeks (Figure 2D,E and sup-
plementary material, Table S4). The number of liver
tumors per mouse also increased in them (Figure 2F). At
the age of 90 weeks, Alb-Cre;TerfTg; Trp53™ mice spon-
taneously developed liver tumors, whereas no liver tumors
were observed in Alb-Cre;Trp53f/f mice, indicating that
TERT tended to promote tumorigenesis even without
inflammatory  stimulation (supplementary  material,
Figure S3B). These results suggested that TERT
overexpression promoted tumorigenesis, particularly
in the absence of adequate p53 function.

TERT had an enhancing effect on NFkB promoter
activity

Next, we explored the role of TERT in hepatocarci-
nogenesis based on the results of the transcriptome
analysis using human hepatoma cell lines. Because
TERT is highly expressed in most hepatoma cell lines,
we analyzed the function of TERT using gene silencing
experiments. Among the gene sets upregulated by Tert
overexpression under chronic inflammation, we first
focused on TNF-NF«kB signaling-related genes because
they were also upregulated in the liver tissues of
48-week-old Alb-Cre;TertTg mice without TAA treat-
ment (supplementary material, Figure S4A), suggesting
that TERT could intrinsically affect the activity of the
NFxB pathway. To assess the function of TERT on
NFxB activity in vitro, we silenced TERT expression
using siRNA specific to TERT (siTERT) in the human
HCC cell lines HepG2 and Huh7 (Figure 3A,B and
supplementary material, Figure S4B). By transfecting
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the cells with siTERT followed by a luciferase reporter
plasmid containing a cis reporter of NFxB, NFxB
promoter activity was measured with or without TERT
knockdown (Figure 3C). As shown in Figure 3D, the
NFxB promoter activity was substantially repressed in
the cells treated with siTERT. As previously reported
in ovarian carcinoma cell lines [18], the direct interaction
between TERT protein and NF«xB p65 subunit was con-
firmed by immunoprecipitation in HepG2 cells as well
(Figure 3E). Immunohistochemistry for NFkB p65 using
liver tissue from 48-week-old mice revealed that the
expression of nuclear NFkB p65 was observed more
frequently in hepatocytes of Alb-Cre;TerfTg mice
(N=23) than in those of TerfTg mice (N =3)
(Figure 3F,G). This aligns with the finding that TERT
binds to the NFkB promoter and increases its activity.
Collectively, TERT had an enhancing effect on NFxB
promoter activity along with direct interaction with
NFxB p65 and contributed to the augmentation of
inflammation.

TERT drives cell cycle progression in vitro and in vivo

We examined the proliferation of human hepatoma cell
lines after TERT silencing to investigate the function of
TERT in regulating the cell cycle. The cell proliferation
significantly decreased by TERT knockdown (Figure 4A).
Flow cytometric analysis revealed that the proportion of
cells in the S phase of the cell cycle was markedly
decreased in the group treated with siTERT, but not in
the GO/1 and G2/M phases (Figure 4B,C and supplementary
material, Figure S5A,B). Consistent with this result, immu-
noblotting showed that all cyclins (A2/B1/D2/E) were
downregulated by TERT knockdown (Figure 4D).
Immunohistochemistry revealed that the number of
hepatocytes stained with Ki67 and phosphorylated Rb
was significantly increased in the livers of Alb-Cre;TerfTg
mice compared to that in control mice (Figure 4E,F).
These findings indicated that elevated TERT expres-
sion could contribute to cell cycle progression.

TERT promoted the ubiquitin-mediated degradation
of p21 dependent on CUL1 in G1/S phase

As TERT knockdown reduced the expression of
multiple cyclins, we considered the possibility that
TERT interacted with the cyclin-dependent kinase
(CDK) inhibitor p21, which functions as a universal
regulator of the cell cycle. The expression level of p21
protein in HepG2 cells was increased by TERT knock-
down (Figure 5A). The expression level of the p21
protein was repressed in primary hepatocytes from
Alb-Cre; TertTg mice treated with TAA for 30 weeks
compared to those from control mice (Figure 5B). The
p21 (Cdknla) mRNA in the liver of Alb-Cre;TertTg
mice did not decrease, contrary to p21 protein levels,
with or without TAA treatment (supplementary material,
Figure S6A,B), strongly suggesting that TERT inter-
feres with p21 expression via post-transcriptional
modifications. To examine whether TERT directly
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Figure 3. TERT had an enhancing effect on NFKB promoter activity. (A) Relative expression level of TERT gene with siNT and siTERT in HepG2.
p values were determined by Welch's two-sample t-test. Data are presented as mean * SD, *p < 0.05. (B) Imnmunoblotting analysis for TERT
and GAPDH in HepG2 with siNT and siTERT. (C) Protocol of plasmid transfection and measurement of luciferase activity. (D) Relative luciferase
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100 pm). Data are presented as mean + SEM. **p < 0.01. siNT, nontargeting control; siTERT, siRNA specific to TERT. Created with R
version 4.1.2.
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Figure 5. TERT promoted ubiquitin-mediated degradation of p21 dependent on CUL1 in G1/S phase. (A) Immunoblotting analysis for p21 and
GAPDH in lysates of HepG2 cells transfected with siNT or SiTERT. (B) Immunoblotting analysis for p21 and GAPDH in lysates of primary
hepatocytes from control mouse and Alb-Cre;TertTg mouse after 0.02% TAA treatment for 30 weeks. (C) Immunoblotting analysis for TERT
and p21 in (i) HepG2 cell lysates and (ii) Huh7.5 cell lysates after immunoprecipitation using anti-p21 antibody. (D) Detection of
ubiquitinated p21 by immunoblotting analysis in lysates of HepG2 treated with MG132. (E) Immunoblotting analysis for cyclin A2, cyclin
B1, cyclin D2, cyclin E, and TERT in HepG2 cell lysates after immunoprecipitation using anti-TERT antibody. (F) Immunoblotting analysis for
TERT, CUL1, p21, and GAPDH in HepG2 cell lysates after transfection of siTERT and/or siCUL1. CTR, control. siNT, nontargeting control; siTERT,
siRNA specific to TERT; siCUL1, siRNA specific to CUL1.

interacted with p21, immunoprecipitation analysis
was performed. We found that TERT and p21 directly
bound to each other (Figure 5C). We considered that
this inhibitory effect of TERT on p21 might occur
through the ubiquitin—proteasome system because
the expression of the p21 protein is regulated by

© 2024 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

ubiquitin-mediated degradation, which occurs during
the cell cycle [29,30]. To test this hypothesis, we
examined the amount of ubiquitinated p21 in cell
lysates of cells treated with MG132 by immuno-
blotting. The ubiquitinated p21 level was decreased
by TERT silencing (Figure 5D), indicating that
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TERT expression promoted p21 ubiquitination and
contributed to p21 protein degradation. To verify the
molecules included in the TERT-p21 complex, we
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performed co-immunoprecipitation and found that
TERT bound to cyclin A2 and cyclin E but not to
cyclin B1 or cyclin D2 (Figure SE). As p21 forms a
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protein complex with cyclin A and cyclin E in the G1
phase [30], we hypothesized that TERT might guide
the p21-cyclin A/E complex to ubiquitin-mediated
proteolysis induced by CULI1, which consists of an
E3 ubiquitin ligase complex that specifically acts in
the G1 phase for p21 degradation [31]. Indeed, p21
expression increased when the cells were treated with
siTERT, CULI siRNA (siCUL1), or both (Figure 5F).
Taken together, these data support that TERT directly
interacts with the p21 protein and promotes the
ubiquitin-mediated degradation of p21 dependent on
CULI, leading to cell cycle progression, especially in
the G1/S phase.

Human HCCs with TERT upregulation are associated
with downregulation of p21 and upregulation of
cell-cycle-related genes

To verify the relationship between TERT and p21 in a
clinical setting, we examined the protein expression
levels of p21 and TERT using immunohistochemistry
in liver tissues of patients with HCC surgically resected
at Kyoto University Hospital. Consistent with the results
of our experiments, higher TERT expression and lower
p21 expression were observed in HCC tissues than in
noncancerous tissues (Figure 6A). We also examined
gene expression profiles associated with TERT expres-
sion in human HCC samples using The Cancer Genome
Atlas (TCGA) database. We identified 3,275 DEGs
between TERT"®" HCCs and TERT™" HCCs using
edgeR (false discovery rate < 0.05) (Figure 6B and sup-
plementary material, Table S6). Pathway analysis
performed for the DEGs using DAVID revealed that
the pathway related to the cell cycle appeared in the
top five gene sets (Figure 6C). Indeed, several well-
known genes important for cell cycle progression were
included in the DEGs (Figure 6D,E). GSEA also
demonstrated that the gene set related to the cell cycle
was upregulated in the TERT"€" group (Figure 6F and
supplementary material, Figure S7A,B). Furthermore, a
total of 1,077 genes were extracted from the RNA-seq
data of 366 HCC cases in TCGA database that corre-
lated with TERT expression (r > 0.2) (supplementary
material, Table S7). Pathway analysis using these genes
revealed that the cell-cycle-related pathway was the
most upregulated (Figure 6G). Taken together, TERT
expression showed an inverse correlation with p21
expression, which could be related to accelerated cell
cycle progression in human HCCs.

M Mishima et al

Discussion

TERT is the most frequently mutated gene in human
HCC tissues. It is transcriptionally silenced in normal
differentiated cells, whereas an aberration of TERT leads
to gene upregulation [7,32,33]. Telomerase consists of
the TERT protein and telomere RNA component
(TERC) and maintains telomere length by adding six
bases, TTAGGG, to the 3’-end of shortened telomeres
after cell division. Therefore, it has been considered that
TERT reactivation would contribute to cell immortali-
zation in cancer tissues [10,33].

In the current study, we generated a mouse model of
liver-specific Tert overexpression, Alb-Cre; TertTg, and
examined its phenotype to elucidate the role of TERT
upregulation in hepatocarcinogenesis. Although telo-
mere length was almost comparable in the liver between
Alb-Cre;TertTg and control mice without inflammatory
stimulation, telomeres became paradoxically short in
Alb-Cre;TertTg livers under the conditions of chronic
inflammation, suggesting that high expression levels of
TERT in hepatocytes with chronic inflammation lead to
telomere shortening by an unknown mechanism. This
unanticipated result prompted us to explore the
noncanonical role of TERT in hepatocytes independent
of telomere maintenance.

Various functions, other than telomere maintenance,
have been reported for TERT. TERT interacts with
several key molecules, such as f-catenin and BRGI.
TERT—B-catenin interaction activates resting hair [34]
and epithelial stem cells [35]. TERT interacts with
BRGI in a Wnt/B-catenin-dependent manner; however,
the role of this interaction is largely unknown and may
be strongly context dependent [36]. Sharma et al
reported that TERT was localized in the mitochondria
and acted as a reverse transcriptase for mitochondrial
RNA without carrying TERC [37]. TERT also displays a
RNA-dependent RNA polymerase (RdRP) activity and
produces double-stranded RNAs that are processed into
small interfering RNA [38]. Phosphorylation of threo-
nine 249 of TERT by CDK1 regulates RARP activity and
contributes to cancer progression independent of the
telomeric effect [39]. In the current study, as genes
associated with TNF-NFxB signaling were highly
upregulated in Alb-Cre;TerfTg liver, even without
inflammatory stimulation, we examined the activity of
NFxB in HCC cells with TERT upregulation and con-
firmed that TERT directly interacted with p65 subunit,
leading to the increase of the NFxB promoter activity,

Figure 6. In human HCCs, TERT upregulation was associated with downregulation of p21 and upregulation of cell-cycle-related genes.
(A) Representative images of HCC samples stained with HE (left panels), immunostained for p21 (middle panels) and TERT (right panels) (scale
bar: 100 um). (B) DEGs of TERT"" HCC and TERT™" HCC are shown in a volcano plot. Genes with m.value < and m.value >0.6 and p value
< 0.05 or m.value < —0.6 and p value < 0.05 are shown in red and blue, respectively. (C) KEGG g_ene sets enhanced in TERT"9" HCC using
DAVID. (D) Heatmap showing RNA expression of representative eight cell-cycle-related genes in TERT"9" and TERT™" groups. (E) Expression levels
of cell-cycle-related genes in TERT"" and TERT™" groups. (F) Normalized enrichment score of KEGG gene sets enriched in TERT"i9" group
detected through GSEA. (G) KEGG gene sets that fluctuate in correlation with TERT expression changes using DAVID. high, TERT"9"; null, TERT™",
Created with R version 4.1.2.
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which is one of the most important signaling pathways in
HCC development. Our data are consistent with previous
findings that telomerase directly controls NFkB-dependent
gene expression by binding to the NFxB p65 subunit and
contributes to inflammation and cancer progression [18].
In contrast, we found that TERT overexpression also
resulted in the upregulation of genes related to cell cycle
progression in transcriptome analysis using the Alb-Cre;
TertTg model. The increase in the S-phase population
and enhancement of proliferative activity in TERT-
upregulated hepatoma cells in vitro led us to assume that
TERT had a noncanonical function related to cell cycle
progression, which could explain why telomere shorten-
ing was promoted in Alb-Cre; TertT'g mice under chronic
inflammation. TERT is involved in the downregulation
of CDK inhibitors; however, the underlying mechanism
remains unelucidated [40]. As the expression levels of
multiple cyclins were decreased by TERT silencing, we
focused on the CDK inhibitor p21. p21 is encoded
by CDKNIA and is involved in cell proliferation signal-
ing in response to various stimuli by binding to and
inactivating CDKs [30,41-43]. CDK inhibition by p21
triggers cell-cycle arrest in the G1 and G2 phases of
the cell cycle [30]. p21 is negatively regulated by
the ubiquitin—proteasome system; in particular, the E3
ubiquitin ligase complex SKP1-CULI1-SKP2 promotes
the degradation of p21 combined with CDK2 and cyclin
A/E in the G1 phase [31,44-47]. We revealed that TERT
directly bound to the p21 protein and inhibited its func-
tion in cell cycle arrest by promoting its degradation via
the ubiquitin—proteasome system, leading to cell prolif-
eration. The inverse correlation between TERT and p21
expression observed in human HCC samples corrobo-
rated the results in vitro and in vivo. TERT is considered
to interact with p21 specifically in the G1 phase because
it binds to cyclin A2/E and not to cyclin B1/D2. The
mechanism by which TERT suppresses p21 expression
in the G1 phase needs to be elucidated in future studies.
We found that Alb-Cre;TertTg;Trp53f/f mice devel-
oped liver tumors more frequently than Alb-Cre;TertTg
mice or Alb-Cre;Trp53"" mice. These results indicated
that the combination of Tert upregulation with Trp53
loss promoted HCC development and recapitulated the
human multistep hepatocarcinogenesis in which gene
aberrations of TERT and TP53 were crucial events in
the early stage [11]. Indeed, the gene sets enriched in the
liver of Alb-Cre;TertTg mice included those related to
apoptosis, which might be a physiological response
to the increased carcinogenic potential triggered by
TERT upregulation. The present data suggested that, in
the clinical course of HCC, the promotion of cell prolifer-
ation induced by TERT upregulation accompanied by a
decrease of p21 expression might increase the carcinogenic
potential and enhance apoptosis pathway, which is prone to
HCC development by a second hit such as p53 loss.
Finally, we analyzed the molecular biological properties
of HCCs with high expression of TERT using RNA-seq
data of TCGA. Multiple genes related to cell cycle pro-
gression were enriched in HCC with TERT upregulation,

© 2024 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd
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suggesting that TERT expression is involved in cell cycle
acceleration. These clinical data are consistent with our
experimental results showing TERT promoted cell cycle
entry via p21 degradation.

This study had limitations. First, the contribution of
the TERT—p21 interaction to cell proliferation and prog-
nosis was not validated in a large number of clinical
cases owing to the absence of proteome data in the liver
cancer cohort. Because p21 is also regulated by other
molecules such as p53, it might be difficult to examine
the pure correlation between TERT and p21 expression
in HCC specimens, especially tumors harboring TP53
mutations, which was observed in approximately 40% of
cases with HCC [48]. However, as TERT expression
may be one of the factors useful for classifying HCCs
independent of other oncogenic pathways, further anal-
ysis in a large cohort is needed. Second, the possibility
that the physiological difference in telomere length
between mice and humans might have emphasized the
noncanonical role of TERT independent of telomere
maintenance in the phenotype of Alb-Cre;TertTg mice
because mouse telomeres are much longer than human
telomeres and will not be critically short even under
inflammation.

In conclusion, the aberrant upregulation of TERT
observed in the course of chronic liver inflammation
could contribute to carcinogenesis by increasing NFxB
promoter activity and by promoting cell cycle progres-
sion via ubiquitination of p21 protein, followed by
a second hit, such as p53 loss, might promote
hepatocarcinogenesis. This could be a reasonable
explanation of why TERT aberrations leading to
upregulation are observed so frequently in the early
phase of hepatocarcinogenesis. This study provides a
rationale for developing a novel therapeutic strategy
of HCC targeting TERT.
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