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Abstract

Hepatocellular carcinoma (HCC) is one of the most lethal and widespread cancers in the human race. Despite its fatal attrib-
utes, there is only a limited understanding of the factors contributing to its pathogenesis at the cellular and molecular levels.
Consequently, unraveling new facets involved in HCC progression is elemental for establishing novel targets and biomarkers
for this disease. Over the last few years, emerging evidence signifies the role of RNA-induced silencing complex in mediating
gene silencing and contributing to HCC. Recent studies also highlight the importance of human telomerase holoenzyme and
its complex accessory proteins in the development of HCC. The current review encompasses the multifaceted roles of RNA-

induced silencing complex and telomerase activity as well as their synergistic function in HCC.

Introduction

Hepatocellular carcinoma (HCC) is a malignant tumor known
for its heterogeneity owing to several factors associated with its
development. Viral infection, aflatoxin, alcoholism, nonalcoholic
steatohepatitis, smoking, and, in rare cases, genetic conditions are
the main factors contributing to HCC. It is the fourth most com-
mon cause of cancer-related death worldwide! and affects all seg-
ments of the human population. The substantial variation in HCC
incidence reflects the prevalence of specific etiological factors as
well as the effects of ethnicity. The occurrence of HCC in develop-
ing regions like Asia and Africa contributes to viral hepatitis. On
the contrary, diet-associated conditions like fatty liver diseases are
said to be the driving factor of HCC in developed regions.? The
pathogenesis of HCC is not completely deciphered; thus, early di-
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agnosis and treatment are not always possible.

Several theories have been put forward to understand the pro-
gression of HCC; of these, microRNA (miRNA)-based regulatory
mechanisms mainly involving gene silencing have been an impor-
tant focus of research in molecular biology.? In particular, RNA
interference (RNA1) is a dynamic operation of gene silencing that
influences several facets of eukaryotic biology. At the molecular
level, RNA-induced silencing complex (RISC), a ribonucleopro-
tein complex, governs RNAi.# The programming of RISC to mark
relevant RNAs and execute gene silencing has favored its potential
as an effective therapeutic target for HCC.

Another approach to explain the underlying principles of HCC
progression reflects on telomere biology as a potential target for
hepatocarcinogenesis.’ Telomere shortening and telomerase reac-
tivation are hallmarks of HCC.® Telomerase reactivation in HCC
maintains the telomere functionality for the continuous prolifera-
tion of cancer cells and the development of carcinoma. Thus, tar-
geting telomerase could also be a promising approach to control
the progression of HCC.

Owing to the current limitations of treatment options for HCC,
it is important to identify novel therapeutic targets. This review
highlights the alliance between two key cellular pathways, RISC
and telomerase, which could be a promising molecular approach
for tackling HCC.

RISC-a multifaceted gene-silencing composite

RISC is a heterogeneous ribonucleoprotein complex in eukaryotic
cells involved in RNAI. In 2006, two eminent scientists, Andrew
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Fig. 1. Schematic representation of miRNA biogenesis and RISC assembly. miRNAs play an important role in the regulation of genes. Primary miRNAs are
cleaved in the nucleus to generate precursor miRNAs. Furthermore, precursor miRNAs undergo processing in the cytoplasm to form a miRNA duplex. RISC,
via its catalytic AGO2 or SND1, specifically incorporates the guide strand, which is base paired with the target mRNA, leading to gene silencing. AGO2, argo-
naute2; miRNAs, microRNAs; mRNA, messenger RNA; RISC, RNA-induced silencing complex; SND1, Staphylococcal nuclease and Tudor domain-containing 1.

Fire, and Craig C. Mellow, shared the Noble Prize in Physiology or
Medicine for their landmark work on RNAIi in nematodes, which
was published in 1998.7 Shortly after this discovery, Gregory Han-
non and his colleagues identified the components of the RISC ma-
chinery at the Cold Spring Harbor Laboratory, New York, USA.3
Later, at Virginia Commonwealth University, Richmond, Virginia,
USA, Devanand Sarkar and his coworkers Prasanna K. Santheka-
dur and Byoung Kwon Yoo identified a novel constituent of this
regulatory complex, called astrocyte elevated genel (AEG1). They
elucidated the RISC activity using HCC cells and showed the ma-
jor roles of Staphylococcal nuclease and Tudor domain-containing
1 (SND1) and AEGI1 in RISC activity.®

The molecular weight of RISC ranges from 200 kDa to 400
kDa, depending on the characteristics of the cells, tissues, and or-
gans as well as the phase of the cell cycle.!” Broadly, the RISC
machinery is triggered by the occurrence of double-stranded RNA
in the eukaryotic cytoplasm, which is then modified into compact
regulatory RNAs (20-30 nucleotides in length).* Argonaute pro-
tein, a prominent protein of RISC, aids in the recruitment of guide
miRNA to the 3'-untranslated region of target mRNA and regu-
lates transcript expression through RISC-mediated mRNA cleav-
age (Fig. 1).%1112

In the aftermath of target recognition, several patterns of RISC
effector processes are exhibited. In one such approach, RISC sub-
jects its complementary mRNA to slicing or hydrolysis by cellular
exonucleases, which obstructs protein encoding.'? In the mamma-
lian system, the mode of gene silencing by RISC is ubiquitously
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through translational repression guided by miRNAs.'* In some
cases, RISCs are also found to directly act on the genome.'S Ad-
ditionally, as governors of gene expression, miRNAs regulate an
array of vital cellular processes like proliferation, differentiation,
apoptosis, etc.'® These versatile miRNAs can serve as oncogenes
or oncosuppressor genes, depending on their association with the
target mRNAs.!7 Anomalous activation and inactivation of these
genes are vital processes contributing to malignancy.'® Therefore,
understanding the operation of RISC at the molecular level could
furnish a foundation for risk analysis, timely diagnosis, and suc-
cessful treatment.

Telomerase—a catalyst of continuance

In October 2009, Elizabeth H. Blackburn, Carol W. Greider, and
Jack W. Szostak were jointly awarded the Nobel Prize for Physi-
ology or Medicine for their discovery of “how chromosomes are
safeguarded by the telomeres and the enzyme telomerase”.!8-20
Telomerase is composed of two core components: the telomer-
ase RNA component (TERC) and the telomerase reverse tran-
scriptase protein (TERT). TERT congregates with the intrinsic
RNA template within the telomerase RNA component to recur-
rently synthesize tandem repeats of DNA at the telomeric region
of the chromosome.?! Telomeres are the repetitive end regions of
the chromosomes that preserve genomic integrity. The cumula-
tive shortening of telomeres in normal cells during consecutive
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cell divisions promotes chromosomal instability and triggers cell
death. In the vast majority of cells that gain oncogenic character-
istics, cellular senescence is bypassed and the telomere length is
preserved by telomerase.?? This signifies that telomere-telomerase
functionality is critical for cancer initiation and tumor endurance.
The mechanisms underlying telomerase expression and telomere
length maintenance are regulated by transcriptional, post-tran-
scriptional, and epigenetic processes. A thorough understanding
of these processes may offer novel biomarkers and targets for the
timely diagnosis and prognosis of disease and the development of
therapeutics.??

Significance of RISC in HCC

The regulatory function of RISC makes it a crucial mediator of
cancer signaling in HCC.® The coordinated functioning of every
constituent of this cellular machinery is vital for gene silencing. It
is a very well-established fact that eukaryotic cells contain several
miRNAs, which regulate the traits of an individual cell, tissues,
organs, or organism as a whole via the RISC complex. In addition,
the expression of each constituent of the complex has a key role in
gene silencing.!” Therefore, targeting this versatile gene silencing
machinery for HCC therapy is indispensable.

Several miRNAs have been linked to the development of HCC,
either directly or indirectly. Most of these are upregulated, while a
few are downregulated. The chief regulatory mechanisms of miR-
NAs in HCC include proliferation, invasion, epithelial-mesenchy-
mal transition, metastasis, drug resistance, apoptosis, angiogen-
esis, and autophagy.!” Some important miRNAs associated with
hepatocarcinogenesis are miR-21, miR-155-5p,miR-25, miR-221,
miR-210, miR-1246, etc.''"** Furthermore, Drosha and DiGeorge
syndrome critical region 8, the principle enzymes involved in the
processing phase of primary miRNA to precursor miRNA in sever-
al types of cancer cells are constantly overexpressed in HCC.!5 To
summarize, some of these miRNAs have the potential to be used
as diagnostic and predictive markers for the detection of HCC.25:26

AEGI, also known as lyric, 3D3, and metadherin, plays a key
role in carcinogenesis regulation.”” AEG1 has been found to be
overexpressed in a wide variety of cancers, including HCC. Ac-
cording to the analysis of cancer cell lines and a sizable group of
patient cohorts, there are inverse statistical correlations between
the AEG1 expression level and poor prognosis as well as decreased
patient survival. In-depth studies also have shown that AEG1 con-
trols various hallmarks of HCC development and provides resist-
ance to therapeutic intervention.?$

Argonaute 2 (AGO2) is a well-known component of RISC,
playing an important role in gene expression. It is known to arbi-
trate tumor-promoting transcriptomic alterations during carcino-
genesis, including HCC.? Of the four members of the argonaute
protein family, AGO?2 is characteristic of slicer activity in humans.
It is important for the maturation of miRNAs and the gene-silenc-
ing mechanisms regulated by small RNA.3%3! Studies have docu-
mented that upregulation of AGO2, a mediator of miRNA-guided
gene silencing, regulates HCC progression by particularly enhanc-
ing the scope of oncogenic miRNAs (e.g., miR-21) to suppress
their target oncosuppressor genes (e.g., phosphatase and tensin
homolog).3%33

Interestingly, SND1 regulates lipid metabolism, inflammation,
and other characteristic features of cancer by numerous processes,
indicating that targeting SND1 might be an effective treatment op-
tion for HCC.3* Studies have demonstrated that SND1 overexpres-
sion favors an underlying pro-inflammatory environment within
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the liver, which intensifies with age, creating favorable conditions
for tumorigenesis.?> SND1 has been shown to interact with a wide
range of proteins, thereby regulating elemental cellular processes
such as transcription, mRNA splicing, RNA editing, and miRNA
activity. Available evidence supports the interaction of SND1 with
monoglyceride lipase, which functions as an oncosuppressor in
HCC. The interaction results in the proteasomal degradation of
monoglyceride lipase, which favors SND1 to employ its protumo-
rigenic activity.3

Telomere biology and HCC

Telomere shortening has been delineated as a principal feature of
chronic liver diseases. This has fueled the postulation that telomere
shortening contributes to genomic instability, which drives HCC.
Furthermore, telomerase reactivation has been indicated to medi-
ate HCC development. Also, shorter lengths of telomeres preva-
lent in HCCs compared to normal livers point to the activation of
telomerase at a later stage of HCC progression. Collectively, the
available evidence suggests that during the preliminary phases of
hepatocarcinogenesis, telomere shortening leads to chromosomal
instability and cancer-stimulating lesions. On the contrary, telom-
erase reactivation is essential for malignant progression in the later
stages of hepatocarcinogenesis as it reinstates chromosomal stabil-
ity to a degree suitable for cancer-cell viability.?”

In HCC, the telomere length is maintained by several processes
that trigger TERT expression. Aggressive HCC is characterized by
long telomeres. TERT favors immortalization by preserving tel-
omeres in cancer cells. Thus, mediators of TERT transcription are
anticipated to be viable targets for HCC treatment. Several stud-
ies have supported the significance of TERT promoter mutations
in liver carcinogenesis. These are the most prevalent mutations
and earliest genetic events in HCC progression.’®3° It has been
found to be the most frequent in hepatitis C virus-related HCC and
has been linked with elevated TERT levels and longer telomere
lengths.***! These findings are significant in terms of understand-
ing the progression and prognosis of HCC.

Regardless of their heterochromatic feature, telomeres are
transcribed to give rise to long noncoding RNAs called telomeric
repeat-containing RNA (TERRA). The TERRA component is sig-
nificant in telomere biology and in the regulation of telomerase
activity. In HCC, both cellular and extracellular expression of
TERRA are dysregulated.*? This downregulation of TERRA con-
siderably promotes HCC cell proliferation and metastasis by in-
creasing telomerase activity and promoting telomere elongation.*

The alliance of telomerase and RISC in HCC

The functioning of human telomerase holoenzyme is regulated by
a complex of accessory proteins that are responsible for the as-
sembly, localization, and stability of the enzyme. Telomerase biol-
ogy-related gene defects impair the regeneration of vital stem cell
populations and result in clinical conditions like telomeropathies.
Conversely, telomerase activation in somatic cells favors neoplas-
tic cells to divide endlessly, thus promoting carcinogenesis. Recent
studies have suggested that the RNAi machinery adds a new level
of complexity to the action of human telomerase. RISC compo-
nents like AGO2 and SNDI are known to play pivotal roles in
TERC stability and function.*446

The significance of AGO2 as an important mediator of hepa-
tocarcinogenesis is well established. Through the formation of
the RISC-loading complex, AGO2 exerts its role in the progres-
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Fig. 2. Schematic representation of the interaction between RISC components and telomerase in promoting HCC. AGO2, a key component of RISC, binds to
TERC, favors the interlinkage of TERC and TERT, and enhances telomerase activity. STP6, a transcription elongation factor, binds to the TERT promoter region
and interacts with SND1, another key component of RISC to increase hTERT production and promote carcinogenesis. AGO2, argonaute2; HCC, hepatocellular
carcinoma; RISC, RNA-induced silencing complex; TERC, telomerase RNA component; TERT, telomerase reverse transcriptase protein; SND1, Staphylococcal

nuclease and Tudor domain-containing 1.

sion of HCC. In addition, recent studies have highlighted AGO2
as an important TERC-binding protein. AGO2 primarily interacts
with small RNA of TERC, originating from the 3’-end of TERC.
Thus, any disruptions in the TERC regions that are complemen-
tary to the small RNA of TERC lead to an impaired association
between TERC and AGO2.** AGO2 mediates telomerase activity
and favors the interlinkage between TERT and TERC. AGO2 de-
pletion results in shorter telomeres as well as decreased prolifera-
tion rates in vitro and in vivo, suggesting diminished telomerase
activity.*> Collectively, this lays the foundation for targeting the
association between AGO2 and TERC to treat HCC.

SNDI1 is another key component of the RNAi machinery,
whose role in the progression of liver carcinogenesis is well
known. The significance of SNDI1 for the activity of human tel-
omerase remains unexplored and demands further insights to un-
derstand its function in relation to telomerase activity. A study has
demonstrated the role of SPT6 synergized with SND1-promoted
colorectal cancer progression by targeting hTERT. Based on this
evidence, an analysis can be put forward that inhibits the SPT6-
SNDI-hTERT axis, which may create a therapeutic vulnerability
for HCC as well.*¢

There is no doubt that HCC is emerging at an alarming rate
worldwide. The current treatment modalities have several short-
comings. HCC is an aggressive cancer that can be tackled only
through improved therapeutic approaches. Accordingly, RISC has
proven to be an effective therapeutic target. It can be loaded with
a wide variety of naturally occurring guide RNA or in-vitro man-
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made artificial sSiRNA or miRNA and channeled for use in various
knockdown and knockout studies. The post-translational gene reg-
ulation and silencing activity of RISC can be pivotal in controlling
a wide array of diseases, including HCC. Thus, further exploration
of this RNAi machinery and its molecular mechanism could be a
viable treatment option for HCC. Furthermore, HCC progression
is also adversely affected by the human telomerase holoenzyme
machinery. Unraveling various mechanisms to prevent telomerase
activation could further disrupt telomere functionality and HCC
progression. Another promising approach could be targeting the
components exerting a role in RISC functionality as well as tel-
omerase activation. AGO2 and SNDI1 could be suitable targets
from this perspective, as they could hinder the progression of HCC
through multiple pathways (Fig. 2). In conclusion, targeting RISC
and telomerase activity as well as unraveling the synergistic action
of the two machineries could be important for the diagnosis and
prognosis of HCC.

Conclusions

The prevalence of HCC is increasing globally, and it is one of
the leading causes of cancer-related deaths worldwide. Thus, the
identification of novel targets is crucial for improving treatment
strategies. Our review highlights the synergistic role of RISC and
telomerase in the progression of HCC and their potential as thera-
peutic targets for HCC. Further analysis of these regulatory path-
ways may be beneficial for the management of liver carcinomas.
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