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Abstract: Hepatocellular carcinoma (HCC) is the second leading cause of cancer-related mor-
tality. Molecular heterogeneity and absence of biomarkers helping patient allocation to the best
therapeutic option contribute to poor prognosis in advanced stages. MicroRNAs’ (miRNAs)
deregulated expression contributes to tumor development and progression and influences drug
resistance in HCC. Accordingly, miRNAs have been extensively investigated as both biomarkers
and therapeutic targets. The diagnostic and prognostic roles of circulating miRNAs have been
ascertained, though with some inconsistencies across studies. From a therapeutic perspective,
miRNA-based approaches demonstrated safety profiles and antitumor efficacy in HCC animal
models. Nevertheless, caution should be used when transferring preclinical findings to the clinic,
due to possible molecular inconsistency between animal models and the heterogeneous patterns of
human diseases. A wealth of information is offered by preclinical studies exploring the mechanisms
driving miRNAs’ aberrant expression, the molecular cascades triggered by miRNAs and the
corresponding phenotypic changes. Ex-vivo analyses confirmed these results, further shedding
light on the intricacy of the human disease often overcoming pre-clinical models. This complexity
seems to be ascribed to the intrinsic heterogeneity of HCC, to different risk factors driving its
development, as well as to changes across stages and previous treatments. Preliminary findings
suggest that miRNAs associated with specific risk factors might be more informative in defined
patients’ subgroups. The first issue to be considered when trying to envisage a possible translational
perspective is the molecular context that often drives different miRNA functions, as clearly
evidenced by “dual” miRNAs. Concerning the possible roles of miRNAs as biomarkers and
therapeutic targets, we will focus on miRNAs’ involvement in metabolic pathways and in the
modulation of tumor microenvironment, to support their exploitation in defined contexts.
Keywords: HCC, microRNA, biomarkers

Plain Language Summary

The prognosis of hepatocellular carcinoma (HCC) in the advanced stages remains poor, even
though novel treatments have entered clinical practice in the recent years. Unfortunately, there are
no biomarkers of individual prognosis and response to therapies to help patient allocation to
treatments. MicroRNAs’ deregulated expression contributes to HCC development, progression,
and response to treatments, thus this class of molecules represents a possible source of prognostic
and predictive biomarkers as well as therapeutic targets to be investigated. Here we focused on
some characteristics of microRNAs, which should always be considered, in order to adequately
utilize this class of molecules. First, the molecular context dictates relevance and functions of
microRNAs and the presence of defined genetic lesions may strongly influence the function of
microRNAs. Second, microRNAs participate in metabolic changes, which are a pivotal aspect of
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HCC aggressiveness. Findings collected so far suggest that specific
microRNA panels might be informative in different etiologies of
background liver disease, as well as in the setting of specific treat-

ments, such as the immune-modulating ones.

Introduction

Hepatocellular carcinoma (HCC) arises in the background
of cirrhosis in about 80-90% of cases. Main risk factors
driving cirrhosis are hepatitis B and C virus (HBV and
HCV) infection, alcohol intake, aflatoxin exposure, meta-
bolic syndrome and NAFLD, these last ones gaining more
and more relevance due to changes in life style and
advancements in the cure of hepatitis viruses.! Events
leading to HCC development recapitulate the hallmarks
of cancer, including increased proliferation, cell cycle
alterations, metabolic changes, gaining of invasive and
metastatic capabilities, epithelial to mesenchymal transi-
tion and stem-like features. The activation of several sig-
naling pathways is associated with all these alterations,
which are usually combined. Remarkably, the correspond-
ing phenotypic changes were incorporated into molecular
of HCC as
identification.” Despite the fact that a molecular classifica-

classifications criteria for subgroups’
tion of HCC has been proposed and validated, this tool
never entered clinical practice. Indeed, the imaging-driven
diagnostic work-up of HCC, instead of tissue sampling,
has contributed to hampering the introduction and the
development of molecular biomarkers in clinical practice.

MicroRNAs (miRNAs) are a class of small RNAs able to
modulate mRNA expression either by impairing translation,
or by promoting its degradation. Mechanistically, they bind
to target mRNAs by base pair complementarity between
their seed sequence and the matching sequence in the 3’
untranslated region (3’'UTR) of the target mRNA. Each
miRNA recognizes complementary sequences in hundreds
of mRNAs and, at the same time, each mRNA can be
targeted by many miRNAs, with variable base-pairing
strength of the miRNA-target duplex. This scenario
becomes more and more complex with the recognition of
feedback and feedforward loops underlying the physiologic
role of miRNAs in the fine-tuning of mRNA expression at
multiple levels. The disruption of physiologic conditions
occurring in cancer cells alters the relationships between
miRNAs and targets, as frequently reported. In specific
contexts, some miRNA functions become prevalent, gaining
relevance in the development of cancer hallmarks, as shown

by animal models and ex-vivo series.

Studies have shown that tissue miRNA signatures are
associated with HCC stage, viral etiology, aggressive pheno-
type, and molecular subgroups.® During liver carcinogenesis,
miRNAs were shown to contribute to almost all features of
the neoplastic cells, contributing to increased proliferation,
survival and migration, as well as to reduced apoptosis and
altered drug sensitivity. Beside mechanistic insights, they
were also proposed as putative biomarkers of diagnosis, prog-
nosis, and response to treatments. Indeed, miRNA-based sig-
natures define prognostic subgroups of HCC and their
circulating fraction holds promise as a non-invasive tool to
predict response to systemic therapies. The relevant molecular
heterogeneity of HCC and the use of different experimental
approaches and control groups in profiling studies have lim-
ited the validation of inter-laboratory findings. Despite the
discrepancies across different studies, several miRNAs are
consistently deregulated in HCC tissue, such as miR-122,
let-7, miR-21, miR-221-222, miR-30 family, miR-26, miR-
29a/b/c, miR-200a/b/c, miR-199a, miR-34a, and C19 miRNA
cluster (C19MC), highlighting their contribution to hepato-
cyte de-differentiation and tumor progression. A huge amount
of data allows us to hypothesize regarding their role as bio-
markers and possible novel therapeutic targets.

Hereafter we will focus on a few examples explaining
the role of the molecular context in dictating miRNA
specific behavior. Next, we will review miRNAs’ involve-
ment in cellular metabolism and mechanisms occurring in
metabolic-related liver diseases, aiming at identifying pos-
sible novel biomarkers and therapeutic candidates to be
proposed in this rapidly spreading condition. Then we will
focus on the role of miRNAs in the crosstalk between
microenvironment cell populations and in the modulation
of the immune checkpoint molecules, due to the emerging
perspective of immuno-oncology in HCC.

Molecular Context and ‘“Dual”

miRNAs

With the deepening of the knowledge on miRNA func-
tions, the role of the molecular context has gained strong
relevance. The original paradigm linking one miRNA to
a single target has become more complex. Indeed, it is not
surprising that both oncogenes and tumor suppressor genes
have been identified among putative targets of the same
miRNA. Of course, most of the validated targets are those
that confirm the working hypothesis, thus most mechan-
istic

studies provide focused evidence, disregarding

a  comprehensive  evaluation. By  questioning
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bioinformatics tools, it appears evident that one miRNA
might target both positive and negative regulators of the
same molecular pathway. From a physiologic perspective,
this can be ascribed to the role of miRNAs as fine regula-
tors of signaling pathways. However, in the neoplastic
context, where the constitutive expression of molecules
belonging to a specific signaling cascade is altered and
different from the physiologic counterpart, it is difficult to
affirm, “a priori”, the net result of miRNA deregulation,
especially when the expression of targets is unknown. As
an example we can cite miR-519d that belongs to the
C19MC and is aberrantly overexpressed, with a mean 10-
fold increase, in half of HCCs. MiR-519d promotes cell
proliferation, invasion but also drug sensitization of HCC
cells through CDKN1A/p21, AKT3 and PTEN targeting.”
Notably, miR-519d targets both an oncogene (AKT3) and
a tumor suppressor gene (PTEN), belonging to the same
signaling cascade. On one side, this explains its dual role
in other cancer types,’ on the other side it is intuitive that
constitutive expression of AKT3 and PTEN is crucial to
figure out the net functional relevance of miR-519d over-
expression. Similarly, miR-221 effects were found to be
partly dependent on the molecular context. MiR-221 pro-
motes proliferation by inhibiting cell cycle checkpoints
such as p27 and p57 and undermines apoptosis by target-
ing anti-apoptotic factors such as Bmf and Puma.
However, the presence of wild type (WT) TP53 enables
the establishment of a miR-221/mdm2/p53 loop that is
responsible for the concomitant activation of p53-
dependent pathways triggering apoptosis and sensitization
to genotoxic damage. Conversely, in 7P53-mutated con-
texts, the miR-221/mdm?2/p53 loop cannot work, and miR-
221 expression exerts pro-cancerous behavior only. In
these TP53
a promising condition to be evaluated when therapeutic

principle, findings outline status  as
inhibition of miR-221 is considered. Accordingly, down-
regulated miR-30e-3p is associated with poor prognosis,
proliferation, stemness and drug resistance in HCC, and
simultaneously targets oncogenes (MDM2, EpCAM) and
tumor suppressor genes (CDKNIB/p27 and PTEN). We
recently reported its “dual” role in HCC, highlighting
opposite effects based on different molecular backgrounds
and 7P53 mutations. Indeed, in 7P53 WT HepG2 cells,
miR-30e-3p behaves as a tumor suppressor miRNA due to
mdm?2 targeting, leading to p53 pathway activation.
Conversely, in the absence of a functional 7P53, mdm2
silencing becomes irrelevant and p27 and PTEN inhibition

prevails, leading to increased proliferation, stemness

properties, and drug resistance.® The relevance of TP53
as a modulator of miRNA functions is not a marginal
observation (Figure 1), since in the case of HCC, mutated
isoforms of 7P53 can be recognized in approximately 30%
of cases and its impaired function is recognizable in an
even wider proportion of cases. These examples highlight
the importance of accurate molecular characterization
when defining miRNA functions in cancer, and especially
when therapeutic exploitation might be envisaged.

MicroRNAs and Metabolism in HCC

Metabolic reprogramming is a survival strategy of cancer
cells to adapt to harsh environments where glucose and
oxygen supplies are limited. Glucose uptake is increased
in cancer cells which shift their metabolism to “aerobic
glycolysis” leading to energy production independent from
oxygen availability, which can be insufficient especially in
fast-growing tumors. Metabolic reprogramming, also
known as Warburg effect, is considered a hallmark of
cancer and is associated with poor prognosis.” Cancer
cells adopt this metabolic change to face increased ener-
getic and anabolic requirements needed for rapid prolifera-
tion and clonal expansion. The Warburg effect favors the
employment of glucose as a carbon source to obtain
energy and metabolic intermediates from non-oxidative
phosphorylation giving advantages to highly proliferating
malignant cells.® In addition to the Warburg effect, the
stabilization of hypoxia-inducible factor 1 (HIF-1a)
enables the reduction of mitochondria-associated reactive
oxygen species (ROS) that have deleterious effects on
highly proliferating cells.”

The Warburg effect is a very early event in hepatocar-
cinogenesis. Indeed, preneoplastic foci adopt a metabolic
shift to progress toward full-blown HCCs with decreased
oxygen consumption, inhibition of oxidative phosphoryla-
tion (OXPHOS) and redirection of glucose utilization
toward the phosphate pentose pathway (PPP). All these
metabolic alterations are governed by transcriptional
changes directed by NRF2-mediated increase of the PPP-
limiting enzyme glucose 6-phosphate dehydrogenase
(G6PD), and by the increased expression of the mitochon-
drion chaperone TRAPI that inhibits respiratory complex
IV and succinate dehydrogenase (SDH). MiR-1 expression
is regulated by NRF2 and takes part in rewiring these
metabolic circuitries by targeting G6PD in preclinical
models.'® These findings suggest that miR-1 upregulation
might be investigated as a biomarker of HCC sustained by
this field of

a glycolytic phenotype. Interestingly,
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Figure | TP53 status and “dual” microRNAs in HCC.

Notes: Upper panel: in the presence of wild type (WT) TP53, mdm2 targeting by miR-221 and miR-30e-3p activates the p53 axis. Lower panel: in the presence of mutant
(mut) TP53, mdm?2 targeting by miR-221 and miR-30e-3p is ineffective favoring the regulation of tumor suppressor genes leading to increased cell proliferation (by blocking
p27 and p57), invasion (by blocking PTEN), and reduced apoptotic cell death (by blocking puma and bmf).

HCC cell

investigation is gaining more and more relevance, also in
light of advisable therapeutic implications.'' ™3

Wang et al recently underscored the relevance of meta-
bolic changes as drivers and prognostic factors in HCC."
These authors analyzed the ICGC and the TCGA data sets
and found 178 commonly deregulated metabolic genes.
Among these, 17 metabolism-related genes displayed an
association with overall survival in HCC patients and
a signature of six genes was further validated in the
TCGA data set as an independent prognostic tool. This
study remarks on the role of deranged metabolism as
a driver of HCC aggressiveness, with prognostic and pre-
dictive implications. In the context of oncometabolic path-
ways, miR-21 was recently reported to play a pivotal role
in the progression from NASH, to NAFLD to NAFLD-
related HCC."> MiR-21 directly participates in lipid meta-
bolism disorders, inflammation, fibrosis and oncogenic
changes by modulating multiple signaling pathways,
among which PI3K/AKT, TGF-beta, and STAT3 together
with several oncogenic factors. The contribution of miR-
21 to NASH, NAFLD, and NAFLD-related HCC devel-
opment was demonstrated both in a zebrafish HCC model
and in human HCC. Thus, miR-21 resumes the multi-
target function of miRNAs which are able to impact on

multiple and different changes, promoting the develop-
ment of diseases and cancer.

MiRNA signatures differentiate HCV and HBV
infected livers. Conversely, very few data are available
on miRNA deregulation in metabolic liver diseases and
HCC. The hepatospecific miR-122 is deregulated early in
liver cancer progression. Its role in lipid metabolism and
cholesterol synthesis is well known and has been studied
from a therapeutic perspective with the in vivo delivery of
anti-sense oligonucleotides'® and in miR-122 knockout
(KO) mouse models.'”” Among miR-122 direct targets,
human Agpatl and Dgatl mRNAs, involved in triglycer-
ide synthesis, were validated in the liver where a feedback
loop with free fatty acids is established.'® Esau et al
inhibited miR-122 by 90% in liver tissue. They employed
a diet-induced obesity mouse model using antisense oligo-
nucleotides, to demonstrate a reduction in plasma choles-
terol, resulting from a decrease in hepatic fatty-acid and
cholesterol synthesis, and an increase of hepatic fatty-acid
oxidation, ultimately leading to a significant improvement
in liver steatosis. Over a 4 week period of 90% inhibition
of the most abundant liver miRNA, any untoward effect
was not observed. The demonstration of miR-122 as a key
regulator of cholesterol and fatty acid (FA) metabolism in
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the adult liver makes this miRNA an attractive putative
therapeutic target for metabolic disease unresponsive to
style life corrections and traditional drugs. Since miR-
122 is essential for HCV replication, its inhibition was
exploited in human trials to prevent HCV replication in
the pre-direct antiviral agents (DAAs) era.'? Initial results
were favorable in terms of safety and prolonged dose-
dependent reduction in HCV RNA levels without evidence
of viral resistance in patients with chronic HCV genotype
1 infection (ClinicalTrials.gov number, NCT01200420).
However, the high effectiveness of DAAs prevented future
development of this approach toward HCV infection.
Meanwhile, the “metabolic epidemic” seems to acquire
more and more relevance in the scenario of chronic liver
diseases and HCC, now making the miR-122 manipulation
approach interesting from a “metabolic” rather than
a “viral” perspective.

MiR-122 deregulation is observed not only in cancer
tissue but also in precancerous lesions such as liver cir-
rhosis and viral hepatitis where it is associated with
impairment of mitochondrial function, showing a positive
correlation with mitochondrion-associated genes (second-
ary targets) involved in amino acids and fatty acids meta-
bolism. In agreement, miR-122 secondary targets are
expressed to a lesser extent in HCC and non-tumor tissue
from HCC patients with poorer prognosis, highlighting
their central role in tumor aggressiveness.”” An inverse
correlation between miR-122 and pyruvate kinase (PK)
mRNA was detected in HCC and functional studies
revealed PKM2, the most abundant pyruvate kinase iso-
enzyme in liver tumors, as a direct target of miR-122 in
HCC cells. PK is a glycolytic enzyme involved in the last
step of glycolysis responsible for the de-phosphorylation
of phosphoenolpyruvate (PEP) to pyruvate. MiR-122 over-
expression in HCC cells decreases lactate production and
increases oxygen consumption, reversing their oxygen-
independent glycolytic metabolism. PK expression is
associated with overall survival in HCC patients, suggest-
ing the deep implication of an miRNA-based therapeutic
intervention in cancer metabolic pathways.?' Indeed, con-
sidering the high avidity of hepatocytes to small RNAs
uptake, the direct injection of miR-122 into the tumor
nodule might be proposed during standard of care proce-
dures such as trans-arterial chemo-embolization (TACE),
thus allowing the delivery of miRNAs analogs quite
entirely into the tumor nodule, thus avoiding distant
unwanted side effects. We should also consider that other
targets of miR-122 such as cyclin Gl, ADAMIO,

ADAM17 and IGF1R might be inhibited as well, increas-
ing the anti-oncogenic effect of miR-122 restoration.
Remarkably, other signaling pathways converge on the
modulation of PK. Among these, the mineralocorticoid
receptor (MR) is downregulated in 80% of HCCs due to
chromosome deletion or histone deacetylation and its low
expression is associated with increased lactate production,
increased proliferation and tumorigenic properties as well
as worse survival of HCC patients. Specifically, MR tran-
scriptionally activates miR-338-3p which, in turn, inhibits
liver and red blood cells pyruvate kinase isoforms
(PKLR), interfering with the Warburg effect in HCC
cells.”? Circular RNA MAT2B (circMAT2B) is upregu-
lated in HCC where it is associated with poor prognosis
and altered glucose metabolism, as detected by positron
emission tomography combined with computer tomogra-
phy (PET/CT) imaging with ['®F]-Fluorodeoxyglucose
(["*F]-FDG). CircMAT2B upregulation contributes to the
metabolic shift of HCC cells by sequestering miR-338-3p
due to its sponging activity, disabling the regulation of its
target gene PKM2 leading to increased proliferation, inva-
sion, spheroid formation, and organoid dimensions espe-
cially in hypoxic conditions.”® Thus, the combined assay
of miR-1, miR-122 and miR-338-3p might be investigated
as a possible surrogate biomarker of the Warburg pheno-
type in HCC.

Gluconeogenesis is at the base of glucose homeostasis
and it is altered in liver cancer too, leading to enhanced
glycolysis. Mice fed a choline-deficient diet (CDD) develop
HCC in a non-alcoholic steatohepatitis (NASH) background
and show marked reduction of the transcription factor
PPARGCI1A (Pgc-1a) that regulates the expression of key
gluconeogenic enzymes such as glucose-6-phosphatase
(G6pc), phosphoenolpyruvate carboxykinase (Pepck) and
fructose-1,6-phosphatase (Fbpl). CDD-fed mice display
reduced serum glucose levels and, on the contrary, increased
interleukin-6 (IL-6) levels activating the STAT3 pathway that
triggers miR-23a upregulation in tumor tissue. Wang et al
reported G6pc and Pgc-1a as miR-23 direct targets demon-
strating a complex IL-6/STAT3/miR-23/G6pc/Pgc-1 net-
work responsible for reduced gluconeogenesis contributing
to exacerbated cancer cells aerobic glycolysis in HCC.**

Abnormal lipid metabolism is a hallmark of cancer too,
aiding cancer cell sustenance through accumulation of
large amounts of FAs due to increased intracellular lipo-
neogenesis or lipolysis. Liu et al reported an intriguing
mechanism contributing to aberrant lipolysis in HCC by
identifying the long non-coding RNA (IncRNA) NEAT1
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as a master regulator of adipose triglyceride lipase (ATGL)
through miR-124-3p sequestration. ATGL initiates the
metabolism of tri-acyl-glycerol (TAG) hydrolyzing it in di-
acyl-glycerol (DAG) and free FAs. It is upregulated in
most of HCC, associates with poor survival and increases
proliferation and tumorigenesis in preclinical models.*’
These data emphasize the role of aberrant metabolism
and activation of abnormal metabolic pathways as co-
factors favoring malignant development. Unfortunately,
this is still a poorly explored topic, which however holds
promise as a source of biomarkers of increased risk of
neoplastic development and prognosis linking metabolo-
mics to miRNAomics profiles.

Rapid proliferation of tumor cells together with abnor-
mal blood vessel generation is responsible for poor oxygen
supply in the center of tumor masses leading to a hypoxic
microenvironment. Cancer cell adaptation to hypoxic con-
ditions requires gene modulation. Hypoxia influences
miRNA biogenesis and expression”® and, in turn,
miRNAs play a central role in the regulation of hypoxia-
associated pathways establishing entangled feedback loops
that contribute to survival of cancer cells in hostile
conditions.”” MiR-885-5p is downregulated in in vitro
hypoxic models and its enforced expression decreases
proliferation and migration capabilities and triggers apop-
totic cell death. MiR-885-5p is a tumor suppressor miRNA
downregulated in HCC. It influences the metabolic repro-
gramming of cancer cells through the direct regulation of
hexokinase 2 (HK2), a critical enzyme that catalyzes the
first irreversible and rate-limiting step of glycolysis,
entrapping glucose inside the cells following its phosphor-
ylation to glucose-6-phosphate (G6P). Both miR-885-5p
and HK2 are independent risk factors for HCC and
associated with a shorter overall survival, confirming the
relevance of targeting metabolic pathways in HCC.?® HK2
regulation by the hypoxia-induced miR-885-5p provides
a link between hypoxia and metabolism in HCC cells.
Remarkably, the standard of care in intermediate stage
HCC is represented by TACE, which occludes the HCC
feeding artery, causing acute hypoxia. We can hypothesize
that the molecular events described previously might con-
tribute to the partial or absent response to TACE in some
cases, as well as to disease reactivation after an initial
response. If confirmed, these findings might open the
way to combined treatments with miRNA delivery inside
the HCC nodule during TACE.

MiR-199a mature miRNAs third most
expressed miRNAs in the liver, and among the most

are the

downregulated miRNAs in HCC tissue. These data pro-
vide the background for their therapeutic exploitation.?**°
MiR-199a-5p is a tumor suppressor miRNA able to bind to
the 3'UTR of HK2 mRNA contributing to regulate its
expression and, consequently, to alter the glycometabo-
lism. MiR-199a-5p overexpression determines lower
levels of the glycolytic intermediate G6P and adenosine
triphosphate (ATP). Due to the strict dependence of cancer
cells from aerobic glycolysis, miR-199a-5p-mediated
interference with this metabolic phenotype leads to impair-
ment of cell proliferation in vitro and tumorigenic proper-
ties in vivo. Rescue experiments confirmed HK2 as being
responsible for the anti-proliferative effect of miR-199a-5p
and for mediating the miRNA-induced metabolic shift in
HCC. Importantly, miR-199a-5p is associated with large
high
metastasis (TNM) stage and tumor thrombus. Both low

tumor size, poor differentiation, tumor-node-
miR-199a-5p and high HK2 are independent risk factors in
HCC. In the human genome, miR-199a is encoded by two
loci, mir-199a-1 and mir-199a-2. Interestingly, hypoxia
leads to decreased pri-mir-199a-1 transcript and mature
miR-199a-5p levels through HIF-1a binding to responsive
elements (HRE) in pri-miR-199a-1 region, suggesting
hypoxia as responsible for miRNA-mediated glycometa-
bolic shift through HK2 targeting.’’ By modulating two
central glycolytic enzymes, HK2 and PKM2, miR-199a
replacement therapy might exert a consistent anti-tumor
effect, decreasing glucose uptake of cancer cells that can
also be monitored by using PET/CT (['*F]-FDG) imaging.
In this

a promising candidate for a miRNA-based strategy but

scenario, miR-199a-5p represents not only
hypothetically may favor patient follow-up by imaging
techniques.™?

Mutual regulation between miR-199a-5p and its target
gene HIF-1a has been reported in HCC cell lines establish-
ing a positive feedback loop that leads to HIF-1a down-
stream pathways’ activation influencing metabolic
reprogramming. In particular, under hypoxic conditions
miR-199a-5p expression falls down to barely detectable
levels in cardiomyocytes®’ as well as in HCC cells where
HIF-1a activation per se is able to inhibit miRNA expres-
shift.

revealed a decrease of glucose uptake, lactate production

sion reinforcing glycolytic Functional studies
and LDH activity in miR-199a-5p overexpressing HepG2
and Huh-7 cells together with a pH value increase in
culture medium. HIF-1a is a miR-199a-5p direct target
in HCC orchestrating metabolic changes induced by
miR-199a-5p itself. MiR-199a-5p not only decreases
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HIF-1a protein expression but also impairs the transcrip-
tional activation of several HIF-la downstream genes
involved in glycolysis, such as glucose transporter 1
(GLUT1), HK2, PKM2 and lactate dehydrogenase
A (LDHA). Interestingly miR-199a-5p exerts multi-target
activity by regulating a single gene (HIF-1a) that, func-
tioning as a transcription factor, amplifies miRNA down-
stream activity affecting the expression of multiple
glucose-related genes.”> In addition, as previously
reported, many HIF-la transcriptional genes are direct
targets of miR-199a-5p itself (eg, HK2 and PKM?2) rein-
forcing its final effect on aerobic glycolysis. MiR-199a-5p
is an independent prognostic factor for HCC survival,
displaying a strong inverse correlation with HIF-la in
HCC specimens, confirming this feedback loop as pivotal
in hepatocarcinogenesis. Strikingly, miR-199a-3p, the
other mature miR-199a isoform, is also downregulated in
HCC and triggers apoptotic cell death in hypoxic
conditions through mTOR targeting, therefore concurring
with the aggressiveness of HCC even in the absence of
altered lactate production.’'** Similarly, miR-139-5p is
downregulated in human HCCs. Through the regulation
of ETS1 transcription factor it mediates the regulation of
the metabolic genes hexokinase 1 (HK1) and 6-phospho-
fructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3)
controlling the metabolic shift of HCC cells by increasing
glucose uptake and lactate production.®® Notably, miR-
125a is another tumor suppressor miRNA downregulated
under hypoxic conditions contributing to HK2 regulation,
supporting the importance of hypoxia and HK2 in meta-
bolic switch and HCC malignant phenotype. MiR-125a/
HK2 axis regulates glucose uptake as well as lactate, ATP
and ROS production modulating cell growth and tumori-
genic properties and contributing to the metabolic pheno-
type of HCC in hypoxic microenvironment.*® HIF-la
stabilization is a central event during metabolic switch
and molecules affecting this process might be considered
as promising candidates for HCC treatment. The overex-
pression of tumor suppressor miR-592 inhibits aerobic
glycolysis and cell proliferation by WD repeat and SOCS
box containing 1 (WSBI1) targeting, leading to HIF-la
destabilization and impairing the Warburg effect of HCC
cells.”’

The liver is an ideal organ to readily take-up nucleic
acids, such as siRNAs and miRNAs. Therefore, the iden-
tification of miRNAs involved in tumor regression opens
the path toward the development of small nucleic acid-
based formulations as

promising therapeutics. An

intriguing example is represented by tumor suppressor
miR-342-3p whose increased expression is a key event in
HCC regression. The employment of conditional c-Myc
transgenic (TG) models allowed gaining insight into
miRNAs’ involvement in tumor regression. MiR-342-3p
resulted among the most upregulated ones in regressing
lesions and its direct targeting of monocarboxylic acid
transporter 1 (MCT1) influences cell metabolism and in
particular lactate transport and glucose uptake. Indeed,
miR-342-3p overexpression not only decreases prolifera-
tion and invasion capabilities but also reduces intracellular
glucose and lactate in the presence of enhanced extracel-
lular lactate levels, by interfering with MCT1 functions.
TG mouse models demonstrated the long-term antitumor
efficacy of adeno-associated vector (AAV8)-mediated
miR-342-3p delivery system blocking tumor progression
and driving increased survival, postulating miR-342-3p as
a candidate for replacement therapy in HCC.*®* MiRNAs
deeply affect the metabolic profile of HCC cells (Table 1)
and appear to be promising targets for HCC treatment,
adding a new dimension to the interference of cancer
metabolism as a therapeutic option. Laboratory models
are very useful to produce proof of concept studies.
However, as detailed previously, the complex scenario in
which multiple miRNAs converge and cooperate with
hypoxia resistance and metabolic changes, reinforces the
need to test miRNA panels instead of single miRNAs and
to evaluate the modulation of more than one miRNA when
replacement or inhibition strategies are to be considered.

MicroRNAs and Microenvironment
in HCC

In the last decades, most studies focused on the effects of
miRNAs in cancer development and progression, charac-
terizing their intracellular functions and regulation of tar-
Recently, the

get genes. activity of miRNAs in

intercellular communication has been emerging as
a crucial point in liver diseases promoting the recruitment
of stromal and immune cells that play pivotal roles in
tumor aggressiveness, metastasis and immune system eva-
sion of cancer cells, providing a wealth of putative novel
biomarkers. Indeed, tumor infiltrating cell populations can
be actively recruited from the bone marrow, like endothe-
lial progenitor cells, lymphocytes, myeloid cells and
mesenchymal cells. Notably, once in the tumor microen-
vironment (TME), these infiltrating cells can be “edu-

cated” as in the case of tumor-associated macrophages
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Table | Metabolic-Associated miRNAs in HCC

Deregulated miRNA Target Genes Metabolic Effect Reference
miR-1 G6PD Increased Pentose Phosphate Pathway [10]
miR-122 PKM2 Increased aerobic glycolysis [21]
miR-338 PKLR, PKM2 Increased aerobic glycolysis [22,23]
miR-23 Gépc; Pgc-1 Decreased gluconeogenesis [24]
miR-124-3p ATGC Increased lipolysis [25]
miR-885-5p HK2 Increased aerobic glycolysis [28]
miR-199a-5p HK2, PKM2, HIFIA Increased aerobic glycolysis [31-33]
miR-139-5p ETSI Increased aerobic glycolysis [35]
miR-125a HK2 Increased aerobic glycolysis [36]
miR-592 WSBI Increased aerobic glycolysis [37]
miR-342-3p MCTI Impaired lactate transport [38]

(TAMs) or cancer-associated fibroblasts (CAFs). This
represents a dynamic and multi-lateral process that
involves the participation of soluble molecules and micro-
vesicles to promote active and bidirectional inter-cellular
communication between cancer cells and the different

their protumorigenic role (Figure 2). In this context, the
development of therapeutic agents interfering with the
recruitment of pro-tumorigenic cells or promoting the
infiltration of immune-modulatory cells represents an
interesting anticancer therapeutic option. In the following

TME cell populations that progressively switch toward paragraphs we reported a few examples of the recruitment

Increased vascular permeability

CE"EECENEEED  endothelial cells

CAF

VEGF, bFGF

tight junctions
Treg
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Intracellular
multivescicular
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AN 9% NK

J @
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Figure 2 Bi-directional interactions between HCC cells and tumor microenvironment cell populations.

Notes: HCC cells secrete chemokines and cytokines to attract different cell types that acquire a pro-tumorigenic phenotype favoring HCC aggressiveness. MiRNAs and
soluble factors take part in this complex intercellular crosstalk. Straight orange and blue arrows represent the initial signal from HCC or TME cells, respectively. Curved
orange and blue arrows represent the feedback signal from HCC or TME cell, respectively.

Abbreviations: CAF, cancer-associated fibroblasts; Treg, T regulatory cells; TAM, tumor-associated macrophages; NK, natural killer lymphocytes; TAN, tumor-associated
neutrophils; MSC, mesenchymal stem cells; HSC, hepatic stellate cells; EMT, epithelial-to-mesenchymal transition.
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of TME cells following the release of soluble factors by
HCC cells as well as their feedback regulation of the
cancer cell itself.

HBV and HCV infections are responsible for chronic
inflammation and liver regeneration progressing from
to HCC.
Intracellular miRNAs can guide the release of soluble

chronic hepatitis, fibrosis and cirrhosis
chemokines/cytokines from cancer cells participating in
a paracrine crosstalk between different cell types, thus
contributing to leukocyte recruitment and tumor infiltra-
tion promoting tumor cell proliferation, metastasis and
immune escape. TGF-f signaling is activated in HBV-
associated HCCs with portal vein tumor thrombosis and
is involved in immune suppression through the recruitment
of regulatory T (Treg) cells. In particular, TGF-f is
responsible for reduced miR-34a expression in HCC
cells, which, in turn, was associated with increased risk
of venous metastasis.’” Interestingly, miR-34a functional
studies revealed no autonomous effect on cell prolifera-
tion, invasion and tumorigenic potential showing, on the
other side, that miR-34a has impact on tumor microenvir-
onment through the regulation of chemokine CCL22 that
mediates Treg cells’ recruitment into the tumor bulk pro-
moting immune escape.*’

MiR-28-5p is another metastasis-associated miRNA
that exerts its paracrine activity by recruiting tumor-
infiltrating macrophages through regulating interleukin 34
(IL-34) secretion. MiR-28-5p is downregulated in meta-
static HCCs and its downregulation correlates with tumor
metastasis, recurrence, and poor survival. MiR-28-5p defi-
ciency results in the up-regulation of its direct target, IL-
34, which mediates tumor-associated macrophage (TAM)
infiltration. On the other side, IL-34 further reduces miR-
28-5p expression following TGF-f1 secretion by TAMs.
The establishment of a miR-28-5p/IL-34/macrophage
feedback loop potentiates the final effect of a pro-
oncogenic signaling cascade that prevents miR-28-5p
expression in HCC cells enhancing 1L-34 secretion and
macrophages’ infiltration.*' Strikingly, modulating TAMs’
switch from pro-tumorigenic M2-polarization toward an
anti-tumor MI-like phenotype is emerging as a valid
option for the treatment of cancers. Wang et al demon-
strated that TAMs-targeted delivery of miR-99b in HCC
and lung cancer models is sufficient to obtain TAMs’
repolarization to M1-like immune suppressive phenotype
by cellular reprogramming mediated by NF-kB activation
and kB-RAS2 and mTOR direct targeting.42

Among tumor-infiltrating lymphocytes, natural killer
(NK) cells are mediators of the innate immune response
and contribute to the clearance of transformed cell clones.
MiR-561-5p is a lung metastasis-associated miRNA that
acts through a non-autonomous mechanism by targeting
CX;CL1 chemokine in HCC cells. This chemokine trig-
gers chemotactic migration and cytotoxicity of NK cells
following STAT3 signaling activation. As proof of con-
cept, the injection of CX3CR1+ NK cells in a metastatic
HCC mouse model reduced lung colonization and tumor
foci. Notably, lung metastases displayed increased miR-
561-5p levels with respect to primary specimens, high-
lighting the contribution of miRNAs in modeling the cell
composition of the metastatic niche avoiding immune-
surveillance.*® In line with this, the exosomal secretion
of circular ubiquitin-like with PHD and ring finger domain
1 RNA (circUHRF1) from cancer cells prevents NK tumor
infiltration and blocks their anti-cancer function via miR-
449c-5p sequestration and T cell immunoglobulin and
which has
a critical role in immune evasion. CircUHRF1 expression

mucin domain 3 (TIM-3) degradation,

is increased in HCC tissue, predicts poor prognosis, and is
associated with decreased NK plasma levels. Exosomal
circUhRFT1 is internalized by NK cells determining their
dysfunction due to decreased IFN-y and TNF-a secretion.
As proof of principle, an increase in lung metastatic
nodules was observed in circUHRF1 overexpressing
PLC/PRF/5 xenograft model showing decreased NKG2-
positive infiltrating cells. Intriguingly, a negative correla-
tion between circUHRF1 and NK cells was present in
HCC patients with progressive disease, representing
a promising target from a combined therapeutic
perspective.*

Intriguingly, an inverse crosstalk starting from TME
cell populations and directed toward liver cancer cells can
take place in liver tumors where the secretion of chemo-
kines and cytokines, such as TGF-$2 and bone morphoge-
netic protein 2 (BMP2) by tumor-associated neutrophils
(TANSs) drives miR-301b-3p expression in HCC recipient
cells modifying their phenotypes. In more detail, miR-
301b-3p upregulation in TANs-activated HCC cells
increases proliferation, migration, sphere formation, stem-
associated genes and in vivo tumorigenicity through the
direct regulation of CYLD lysine 63 deubiquitinase
(CYLD) and limbic system-associated membrane protein
(LSAMP). In addition, CYLD targeting activates NF-xB
signaling to promote chemokine CXCLS5 release from
HCC cells establishing a positive feedforward loop that
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further attracts TANs to infiltrate the tumor mass, contri-
buting to tumor aggressiveness and poor prognosis.*’
Cancer associated mesenchymal stem cells (MSCs) repre-
sent another tumor infiltrating cell population that, follow-
ing co-culturing, influences cancer phenotype by
increasing stemness and EMT properties of HCC cells
through IncRNA-MUF (MSCs upregulated factor) upregu-
lation in MSCs-HCC co-cultured cells. LncRNA-MUF per-
forms its oncogenic function through both RNA and
protein binding activity, triggering EMT process and
tumor progression. Specifically, /ncRNA-MUF binds to
both Annexin A2 (ANXA2) and GSK-3p in the cytoplasm
of HCC cells preventing the latter from (-catenin phos-
phorylation and degradation, leading to WNT signaling
activation. On the other side, ncRNA-MUF exerts its
competitive endogenous RNA (ceRNA) activity through
sequestering miR-34a in HCC cells further promoting
EMT program due to the upregulation of its target gene
Snaill that influences tumor spreading through E-cadherin
inhibition.*® Similarly, hepatic stellate cells (HSCs) mod-
ulate HCC malignant behavior by increasing onco-miR
-1246 expression leading to retinoic acid receptor-related
orphan receptor alpha (RORa) inhibition and WNT/B-
catenin signaling activation inducing epithelial-to-
mesenchymal conversion. In the liver, cancer-associated
fibroblasts (CAFs) are mainly derived from HSCs playing
a pivotal role in hepatocarcinogenesis due to cytokine and
growth factor secretion that promotes HCC proliferation in
a Treg-associated immune-suppressive context.*’

Cancer cells can further modify the composition of the
through the

into nanoparticle-sized vesicles,

microenvironment milieu secretion of
miRNAs embedded
termed extracellular vesicles (EV) and exosomes. The
latter are small-sized (30-100 nm) EV released into the
extracellular space upon fusion of multivesicular bodies to
the plasma membrane. The peculiarity of EVs is their
ability to carry cell-specific cargos of nucleic acids, pro-
teins and lipids that can be selectively internalized by
neighboring or distant recipient cells, reprogramming
their activities. It is well known that tumor-secreted exo-
somes can influence angiogenesis, immune system infiltra-
tion, parenchymal remodeling to promote tumor
proliferation and metastasis. Vice versa, extracellular sti-
muli and chemical composition of the tumor milieu might
modulate the transcriptional profile of cancer cells as well
as their secretion of cell-to-cell crosstalk molecules.
Strikingly, an acidic extracellular microenvironment

might influence exosome content and favor its release

from cancer cells to stimulate HCC migration.
Interestingly, the metabolic reprogramming of cancer
cells (eg, aerobic glycolysis) is responsible for extracellu-
lar acidification creating a pH gradient from the inner
tumor region to the surrounding normal tissue promoting
metabolic adaptation through the activation of pH-
dependent proteins involved in tumor spreading to distant
sites. Interestingly, acidic conditions increased intracellu-
lar and exosomal levels of miR-21 and miR-10b in
an HIF-1o/HIF-20 transcriptional dependent manner.
Isolated exosomes from HCC cells grown in acidic condi-
tions showed in vitro and in vivo oncogenic properties
triggering Vimentin and Snaill expression while down-
regulating PTEN and E-cadherin levels. Patients with
early HCC (eHCC) showed increased miR-21 and miR-
10b exosomal levels with respect to healthy volunteers,
associated with tumor size and recurrence. Multivariate
analysis confirmed the prognostic potential of these two
miRNAs in the survival of eHCC, whereas their targeting
in vivo reduced tumor growth and lung metastasis, high-
lighting their role not only as prognostic markers but also
as therapeutic targets.*® Regarding the influence of extra-
cellular signals from HCC cells, exosomal miR-21 is
a well-fitting example. MiR-21 is one of the most repre-
sented circulating miRNAs in HCC and its release from
cancer cells impacts on different cell types of the extra-
cellular milieu. Indeed, exosome-secreted miR-21 can
reprogram HSC converting this major source of liver
fibroblasts into CAFs, critical players that foster cancer
progression through the secretion of pro-inflammatory and
pro-angiogenic cytokines, such as VEGF, bFGF, TGFpj,
and metalloproteinases.*’ Similarly, highly metastatic can-
cer cells secrete much more exosomes, which convert
fibroblasts to CAFs improving their migratory potential
and enhancing the expression of pro-inflammatory genes,
such as IL-1p, IL-8, IL-6 and different collagen types that,
in turn, foster microenvironment inflammation and tumor
Exosomal-miR-1247-3p CAFs
through the direct targeting of B-1,4-galactosyltransferases

progression. activates
11T (BAGALT3), a mediator of protein glycosylation whose
deregulation promotes 1-integrin stabilization and NF-kB
signaling activation that leads to transcription of pro-
inflammatory cytokines. IL-6 and IL-8 secretion by
CAFs take part in a bilateral interaction with cancer cells
inducing enhanced stemness gene expression, spheroid
formation, EMT, migration and sorafenib resistance. In
human HCCs, exosomal miR-1247-3p is higher in lung
metastatic patients with respect to non-metastatic ones
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whereas higher tissue levels correlate with AFP expres-

cirrhosis, tumor thrombus and

50

sion, extra-hepatic
metastasis.

Active angiogenesis and lack of endothelial cell integ-
rity are two major factors further influencing tumor pro-
gression toward an advanced metastatic stage. Secreted
miRNAs might also influence vascular integrity by weak-
ening cell-to-cell adhesion contacts aiding tumor cells’
extravasation and metastasis. High miR-103 serum levels
are associated with higher metastatic potential, TNM
stage, and recurrence risk and represent an independent
predictor of shorter recurrence-free survival in HCC
patients. HCC cells secrete exosome-associated miR-103
to be captured by endothelial cells where its overexpres-
sion directly blocks both adherence and tight junction-
such as VE-Cad, pl20, Zona
Occludens 1 (ZO-1) increasing vascular permeability

associated molecules

and, as a consequence, the number of circulating tumor
cells and pulmonary metastatic foci in xenograft mice. In
addition, miR-103 also plays an autonomous role in HCC
cells where the loss of pl120/E-cadherin/B-catenin mem-
brane-associated complex facilitates [-catenin nuclear
translocation leading to WNT pathway activation and pro-
moting cell migration.’

This network of events involving cancer drivers and
miRNAs in the modulation of HCC cell metabolism,
adaptation to hypoxia, modulation of the TME, displays
clinical correlates that deserve attention. Understanding
these mechanisms and defining their contribution in spe-
cific subgroups of patients might represent an additional
tool both in biomarker research and in the identification of
possible novel treatments. Due to the high complexity of
miRNAs’ interactions, miRNA panels instead of single
miRNAs appear more promising as novel biomarkers or
therapeutic targets.

MicroRNAs and Immune-Oncology
Immunotherapy targets immune-checkpoint molecules
instead of cancer cells. The interaction between pro-
grammed cell death protein 1 (PD-1) and programmed
death-ligand 1 (PD-L1) or programmed death-ligand 2
(PD-L2) inactivates T cells and halts the immune system
reactions against cancer cells. Even though immunother-
apy has opened a promising avenue for cancer treatment,
the low response rate and the development of resistance
still represent unmet needs. Knowing the mechanisms
underneath immune-checkpoint regulation, might favor
the understanding of resistance and help to develop

biomarkers for patients’ selection and response prediction
from the perspective of possible combined strategies. Here
we will focus on PD-1 and PD-L1 because they are the
most commonly targeted immune checkpoints (ICPs) in
HCC. MiRNAs can modulate PD-1 and PD-L1 expression
either directly, by targeting the 3'UTR of their mRNAs, or
indirectly, by modulating upstream pathways like PTEN/
PI3K/Akt or JAK/STAT (Figure 3). Post-transcriptional
regulation by epigenetic changes strongly influences the
overexpression of ICPs.>

In pancreatic cancer cells, miR-142-5p inhibits PD-
L1 Even though miR-142-5p targeting of PD-LI
has not been directly proven in HCC yet, this miRNA
has been demonstrated to reduce cell viability and promote
apoptosis in HCC-derived cell lines.>* In addition, its
downregulation in HCC was associated with disease pro-
gression, while its restored expression suppressed HCC
cell migration, emphasizing its role in HCC too.” Thus,
it is conceivable that miR-142-5p downregulation in HCC
cells might contribute to increased expression of PD-L1,
as reported for pancreatic cancer. Taken together, the find-
ings of a downregulated expression of microRNA-142-5p
in advanced HCC and its role in the modulation of PD-L1
expression warrant its validation in the setting of advanced
HCC undergoing immunotherapy, aiming to identify pos-
sible combined treatments in specific patients’ subgroups.

MiR-138 is another interesting miRNA, reported to
target both PD-L1 and PD-1. In more detail, miR-138
directly inhibits PD-L1 in colorectal cancer,”® PD-L1 and
PD-1 in NSCLC,”” and PD-1 in glioblastoma.’® Even
though data on PD-L1 targeting have not been directly
obtained in HCC, we know that this miRNA is down-
regulated in HCC and especially in HBV-related cases,’
outlining this subgroup of HCC patients as the most sui-
table for possible miR-138 restoration. Remarkably, miR-
138 downregulation is associated with a worse prognosis
and its restored expression drives anti-proliferative effects
through targeting many oncogenic factors including cyclin
D3,60 S0X9,°! SIRT1%? and others. Very recently, miR-
138 was found to target PD-1 in patients with HBV-related
hepatitis, cirrhosis, and HCC.%> By restoring miR-138
expression in primary T cells, the authors obtained PD-1
inhibition and an increased cytokine secretion, suggesting
that this approach might be promising not only in the
setting of HBV infection, but also in the setting of HCC.
Indeed, the simultaneous inhibition of PD-1 and PD-L1
and the accumulated data on the inhibition of other HCC-

drivers make this miRNA very interesting for future
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exploitations. Besides PD-1, miR-138 was also demon-
strated to inhibit CTLA-4 by directly targeting its
3'UTRs in glioma cells, thus obtaining the simultaneous
inhibition of another crucial ICP.’® Whether these findings
can be extrapolated to HCC is still unknown and
deserves further investigations.

Other miRNAs, such as miR-570, hold promise for
future investigations as possible biomarkers or even ther-
apeutic targets in patients with chronic liver diseases and
HCC. MiR-570 emerged as the most relevantly deregu-
lated miRNA in the progression of alcoholic liver disease
to HCC by controlling the expression of 24 downstream
genes,”* and it was demonstrated to inhibit HCC cell
proliferation and invasion capability by targeting PD-
L1.% In addition, Lin et al®® demonstrated miR-570’s
effects on apoptosis, angiogenesis, and T cell activation
and proliferation in a mouse model obtained by HCC-
derived SMMC7721 cells injection. In this model, miR-
570 mimicked suppressed tumor growth, increased apop-
totic-related factors, reduced CD31 and VEGF expression.
Remarkably, a lower ratio of CD3'CD4" T cells and

a higher ratio of CD8'TFN-y" T cells were observed in
peripheral blood and tumor tissues of miR-570 overex-
pressing tumors, suggesting a role in immune escape of
HCC. Since PD-L1 and PD-L2 are both upregulated in
HCC and share redundant functions, a common strategy
targeting both of them holds promise from a therapeutic
perspective. Fan et al reported the upregulation of
IncRNAs PCED1B-AS1 in HCC tissue and demonstrated
its sponging activity on miR-194-5p as functionally impli-
cated in PD-L1/PD-L2 upregulation in HCC cells through
an exosomal-mediated paracrine effect. Specifically,
PCEDIB-ASI1 can be secreted in an exosomal-associated
manner and picked-up by other recipient HCC cells where
it exerts its oncogenic function by sequestering miR-194-
5p that cannot further suppress PD-L1/PD-L2 expression,
leading to their membrane localization. PD-L1/PD-L2
overexpression is therefore responsible for immune
exhaustion of T cells due to increased apoptotic cell
death and impaired IL-2 secretion.’” These findings need
to be further validated in other HCC models as well as in
the subgroup of human HCC characterized by immune-
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evasion profiles; however, they provide a preliminary
background for future investigations on treatments aimed
to control both the neoplastic changes and the immune-
related TME.

MiR-513, miR-34a, and miR-200 also display an
inverse relationship with PD-L1 expression, even though
they have been mostly investigated in other cancers rather
than HCC.®®*’' Notwithstanding, these miRNAs are
deregulated in HCC where they play pivotal roles as
drivers of neoplastic changes such as increased prolifera-
tion, reduced apoptosis, increased cell motility, EMT, and
metabolic changes.”” In particular, miR-34 is downregu-
lated in HCC,”® where it modulates cell growth by indu-
cing metabolic changes™® and influences the metastatic
capability of HCC cells.”> Remarkably, miR-34 directly
targets PD-L1 in acute myeloid leukemia’® and in NSCLC
where its therapeutic delivery was shown to promote
tumor-infiltrating lymphocytes (TILs), reduce CD8(+)
PDI(+) cells as well as radiation-induced macrophages
and T-regulatory cells, supporting the possible combina-
tion of miRNAs with standard therapies.”® Collectively,
these preliminary data suggest the rationale to investigate
the expression of these miRNAs in different subsets of
HCC, with particular regard to the immune-related and
immune exhausted subgroups, in order to identify possible
biomarkers of likelihood of response to ICPI, but also
from the perspective of testing the effects of their restored
expression in combined regimens.

As observed for PD-L1, PD-1
miRNAs as well. Again, few data were directly generated

is modulated by

in HCC patients; however, many of the PD-1-modulating
miRNAs are well known players in HCC development and
progression, thus representing a promising field of inves-
tigation. Besides the aforementioned targeting of PD-1 by
miR-138 in HCC, we can recall the miR-15a/16
cluster,”””® miR-33b and miR-28-5p. This last miRNA
was described previously due to its ability to induce IL-
34 upregulation, contributing to tumor progression by
TAM infiltration.*' In addition, miR-28-5p directly inhib-
ited PD-1 in a melanoma mouse model,”’ leading us to
hypothesize similar mechanisms in HCC too. MiR-33b is
downregulated in HCC tissues and its expression is lower
in advanced stages.*® It is very interesting in the context of
immune therapy due to its ability to directly target PD-1, at
least in lung cancer cells.®' Besides PD-1 inhibition, miR-
33a is also responsible for beta-catenin inhibition®? whose
pathway activation is a frequent genetic lesion in HCC. If
the immuno-modulatory function should also be confirmed

in HCC, its restored expression might deserve attention in
liver cancer as well as in other tumors, due to its ability to
hit multiple driver pathways at one time.

HCC-derived exosome-embedded miRNAs might also
take part in a regulatory crosstalk network favoring
immune escape of cancer cells from CDS8+ cells. The
activation of specific molecules involved in the endoplas-
mic reticulum (ER) stress response often occurs in cancers
contributing to foster tumor progression. MiR-23a is the
most upregulated miRNA in exosomes from HCC cells
treated with tunicamycin, an activator of the unfolded
protein response (UPR), and it stimulates PD-L1 expres-
sion in tumor-infiltrating macrophages, leading to apopto-
tic cell death of T-cell population. Indeed, PTEN targeting
by miR-23a activates Akt pathway which is responsible
for PD-L1 expression in TAMs contributing to cancer cell
immune evasion.®® Sal-like protein 4 (SALL4)-mediated
transcriptional upregulation and exosomal internalization
of miR-146a-5p is a further mechanism triggering macro-
phage remodeling toward an M2 phenotype due to NF-«kB
activation, switching from an anti-tumor immune response
to pro-tumorigenic stimulation. In addition, exosome-
educated M2-polarized macrophages enhance the expres-
sion of PD-1 and CTLA-4 inhibitory receptors in CD3+
T cells leading to the impairment of IFN-y and TNF-a
secretion. Since SALL4 is critical for miR-146a promoter
regulation and exosomal enrichment, blocking SALL4/
miR-146a interaction represents a novel mechanism to
prevent T cell exhaustion and delay HCC progression.*

In the context of the recent approval of ICP for the
treatment of HCC,® both intracellular and exosomal-
associated miRNAs might represent promising targets
restoring and potentiating the immune surveillance in the
setting of novel anticancer strategies.

To sum up, even though very preliminary and needing
further validation in HCC patients, the concomitant inhibi-
tion of HCC drivers and ICPs, further reinforce the interest
toward exploitation of miRNAs as oncomarkers and possible
therapeutic targets, in order to modulate both intracellular
cancer-related pathways and immune tolerance promoters.

Concluding Remarks

In the early phases of miRNAs’ research, their functions
were mostly investigated in the context of simple inhibi-
tion of one or a few direct targets. We previously
addressed the role of some HCC-specific miRNAs in cell
cycle progression, promotion of invasion and angiogenesis
as well as reduction of apoptotic cell death, contributing to
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that
expressed miRNAs alter critical molecular pathways and

hepatocarcinogenesis. We  showed aberrantly
biologic functions, suggesting their targeting as a novel
strategy for HCC treatment.®® In the last years, a new look
of miRNAs’ contribution to the development of diseases
has emerged. It is now accepted that miRNA final effects
result from complex networks, often with feedback and
feedforward loops, where the molecular background plays
a pivotal role. In this regard, we previously summarized
the interplay between deregulated miRNAs and 7P53
highlighting the presence of mutual interactions. We also
reported the dual behavior of some miRNAs (eg, miR-221
and miR-30e) in relationship with 7P53 status emphasiz-
ing the need for an accurate genetic and molecular classi-
fication of HCC patients when a miRNA-based therapeutic
option is taken into account.®” In particular, when consid-
ering a potential future translation of miRNAs into the
clinic, we need to keep in mind the strict relationship
between miRNAs’ aberrant expression and the molecular
background. Indeed, the concept of onco- and tumor-
suppressor miRNAs should be contextualized as clarified
by the so-called “dual miRNAs” which display divergent
functions when acting in different contexts.

Many questions are still unanswered regarding the
translational exploitation of miRNAs in HCC. Indeed,
despite the great promise of preclinical studies, the trans-
lation of miRNA-based therapeutics into the clinic remains
a tricky aspect affecting the success of clinical trials in
oncologic patients. We previously described the represen-
tativeness of animal models with respect to human pathol-
ogy and reported their employment in preclinical
exploitations emphasizing their usefulness as tools for
assessing the therapeutic potential of miRNA-mediated
strategies in HCC.®® In this scenario, the field that appears
to hold more promise in the short run is that of miRNAs as
novel biomarkers, while their therapeutic exploitation is
still a work in progress. Indeed, miRNAs’ manipulation in
clinical trials has shown the effectiveness of target mod-
ulation as well as some effects on disease progression.
However, delivery still represents a challenge for
miRNAs therapeutics, as observed in the case of MRX34
trial (NCT01829971 - Phase 1 study of MRX34),
a liposomal miR-34a mimic, in patients with advanced
solid tumors which was stopped due to serious immune-
mediated adverse events.® Remarkably, different formula-
miR-122
showed that a hepatocyte targeted
anti-miR-122

tions such as those wused to deliver

(NCT01200420),

N-acetylgalactosamine conjugated

oligonucleotide is effective in viral load reductions and is
well tolerated when administered to patients with hepatitis
C virus infection.”® Encouraging findings were reported
from the MesoMiR-1, a phase 1 trial (NCT02369198)
delivering miRNA mimics in thoracic cancer patients
based on the miR-15/107 consensus sequence.”’ MiR-15/
107 consensus sequence were packaged in a bacterially
derived delivery system’® named EDV-TM nanocells
(EDVs), targeted with an anti-EGFR antibody. This study
proved the acceptable tolerability and safety profile of this
administration route. An issue to keep in mind when deal-
ing with HCC is the high avidity of liver cancer cells
toward the uptake of small RNAs. In addition, HCC
nodules can be reached easily and selectively for drug
administration by injection in the tumor-feeding artery as
it happens in the current standard care of patients. Thus,
HCC might be favored over other cancers from this
perspective.

Notwithstanding, much evidence still needs to be vali-
dated in HCC and specifically, in defined subgroups of
HCC, before considering a possible “bench-to-bedside”
translation. The promising success of such kind of treat-
ments mostly relies on an accurate selection of molecular
backgrounds suitable for gene expression modulation.
Here, we have addressed the importance of molecular
contexts in miRNA biologic functions and we have
described miRNA involvement in metabolic rewiring and
crosstalk between HCC cells and TME or immune system
cells as key aspects for the identification of novel thera-
peutic options. Remarkably, recent advances highlight the
strict relationships and convergence of multiple miRNAs
in the modulation of common pathways, signaling cas-
cades, and phenotypic changes. This clearly indicates
that miRNA panels over single miRNAs should be con-
sidered both from the perspective of biomarker identifica-
tion and therapeutic exploitation.
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