
Review
Noncoding RNA-mediatedmacrophage and cancer
cell crosstalk in hepatocellular carcinoma
Zhixia Zhou,1 Zhan Wang,2 Jie Gao,1 Zhijuan Lin,3 Yin Wang,1 Peipei Shan,1 Mengkun Li,1 Tingting Zhou,1

and Peifeng Li1

1Institute for Translational Medicine, The Affiliated Hospital of Qingdao University, College of Medicine, Qingdao University, Qingdao 266021, China; 2Departments of

Pediatrics, Second Clinical Medical College of Qingdao University, Qingdao 266042, China; 3Key Laboratory for Immunology in Universities of Shandong Province, School

of Clinical Medicine, Weifang Medical University, Weifang 261053, China
The tumor microenvironment (TME) is a well-recognized sys-
tem that plays an essential role in tumor initiation, develop-
ment, and progression. Intense intercellular communication
between tumor cells and other cells (especially macrophages)
occurs in the TME and is mediated by cell-to-cell contact
and/or soluble messengers. Emerging evidence indicates that
noncoding RNAs (ncRNAs) are critical regulators of the rela-
tionship between cells within the TME. In this review, we pro-
vide an update on the regulation of ncRNAs (primarily micro
RNAs [miRNAs], long ncRNAs [lncRNAs], and circular
RNAs [circRNAs]) in the crosstalk between macrophages and
tumor cells in hepatocellular carcinoma (HCC). These ncRNAs
are derived from macrophages or tumor cells and act as onco-
genes or tumor suppressors, contributing to tumor progression
not only by regulating the physiological and pathological pro-
cesses of tumor cells but also by controlling macrophage infil-
tration, activation, polarization, and function. Herein, we also
explore the options available for clinical therapeutic strategies
targeting crosstalk-related ncRNAs to treat HCC. A better
understanding of the relationship between macrophages and
tumor cells mediated by ncRNAs will uncover new diagnostic
biomarkers and pharmacological targets in cancer.
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INTRODUCTION
Each year, 900,000 people are diagnosed with hepatocellular carci-
noma (HCC), with 800,000 people dying of it.1 HCC has become
the most common primary malignancy in the adult population, but
the rate of early detection is very low, as most HCC cases are not diag-
nosed until reaching advanced tumor stages.2 At present, surgical
resection is still the primary treatment for HCC, but as many as
70% of HCC patients who undergo resection relapse after 5 years.3

Moreover, for most patients with advanced HCC, sorafenib appears
to be the most clinically effective chemotherapy drug, but its use
and function are limited by many uncertain factors.4 Therefore, the
overall 5-year survival rate of HCC is less than 18%, and new thera-
pies are urgently needed to improve diagnostic efficiency and prolong
the survival period of patients.5

Increasing evidence suggests that targeting the tumor microenviron-
ment (TME) represents a potential novel therapeutic approach for
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cancer treatment, as the TME is responsible for the continued uncon-
trolled growth, metastasis, immunosuppression, and drug resistance
of cancer.6–8 Depending on the type of tumor, the TME comprises
many different elements, but it generally includes stromal cells, fibro-
blasts, endothelial cells, and immune cells as well as various cytokines,
chemokines, and other factors secreted by the host and tumor cells.9

Intercellular communication among these cells mediated by various
cytokines, chemokines, and other factors from the host or tumor cells
determines the direction of tumor development, particularly the
communication between tumor cells and macrophages.10 Macro-
phages in the TME, which are referred to as tumor-associated macro-
phages (TAMs), are the primary infiltrating immune cell population
in most tumor types.11,12 TAMs are becoming a promising target for
cancer immunotherapeutic strategies and are being used in many par-
aclinical and clinical attempts to treat tumors, including HCC.13,14

Recently, the potential of noncoding RNAs (ncRNAs) as biomarkers
and targets for HCC diagnosis and treatment has been evaluated in
multiple reports.15–17 ncRNA is a functional RNA molecule that is
transcribed from DNA but not translated into protein.18 ncRNAs
can be divided into two categories based on their length: long ncRNAs
(lncRNAs) and short ncRNAs. lncRNAs are transcribed RNA mole-
cules longer than 200 nucleotides (nt) in length and include two sub-
classes: pseudogenes and circular RNAs (circRNAs).19 In contrast,
short ncRNAs are less than 200 nt and usually <30 nt. The short
ncRNAs include at least four types: microRNAs (miRNAs), transfer
RNA-derived small RNAs (tsRNAs), small nucleolar RNA (snoR-
NAs), and piwi interacting RNAs (piRNAs).19–21 Both short and
lncRNAs have been shown to play roles in gene expression at multiple
levels, such as gene silencing, chromatin remodeling, DNA methyl-
ation, and histone modification.22 Dysregulation of these ncRNAs
rs.
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Figure 1. The polarization of macrophages and their characteristics

In response to different inducers in cell microenvironment, macrophages polarize

into two extreme phenotypes (M1 and M2) and display distinct functions. M2

macrophages can be divided into four advanced subtypes, M2a, M2b, M2c, and

M2d, based on their different stimuli and roles.
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plays important roles in the development of many human diseases,
notably tumorigenesis.19,22–24 In HCC, ncRNAs have been proved
to be key contributors to various biological and pathologic processes
for tumor development and progression, making them potential ther-
apeutic targets for HCC treatment.25,26

In this review, we describe the biology, function, and therapeutic stra-
tegies of macrophages and ncRNAs in tumors. Moreover, we focus on
the crosstalk between macrophages and tumor cells mediated by
ncRNAs and their functions and mechanisms in HCC. We primarily
summarize the regulation ofmiRNAs, lncRNAs, and circRNAsderived
frommacrophages or tumor cells, as oncogenes or tumor suppressors,
on the biological activity and function of their source cells and target
cells. In addition, we explore the options available for clinical therapeu-
tic strategies targeting crosstalk-related ncRNAs for HCC treatment.

MACROPHAGES IN TUMORS
According to their origins, TAMs are primarily divided into two sub-
groups: tissue-resident or monocyte-derived TAMs. Tissue-resident
TAMs originate from fetal/embryonic hematopoietic progenitors
and express high levels of F4/80, CX3CR1, and major histocompati-
bility complex (MHC) class II.27,28 Monocyte-derived TAMs origi-
nate from adult bone marrow hematopoietic stem cells with high
expression of CD11b, CCR2, and MHC class II27. Tissue-resident
TAMs often settle in specific tissues and organs and have many his-
torical names, such as Langerhans cells (epidermis), Kupffer cells
(liver), and microglia (brain).29–32 Obviously, these macrophages
are one of the earliest cells interacting with transformed cells in the
process of tumor formation.33 Monocyte-derived TAMs originate
from circulating monocytes in the peripheral circulation. In response
to the internal environment after tumor formation, these cells are re-
cruited to the TME and rapidly differentiate into macrophages.34 A
variety of regulatory factors within the TME, including growth fac-
tors, chemokines, cytokines, peptides, and adhesion molecules, are
involved in the recruitment and differentiation of monocyte-derived
TAMs, and they are secreted or expressed by host or tumor cells.35

Both tissue-resident TAMs and monocyte-derived TAMs are associ-
ated with tumor progression. Tissue-resident TAMs appear to partic-
ipate in at least the occurrence of tumors based on their specificity of
tissue residency. Currently, the roles and molecular mechanisms of
tissue-resident TAMs in tumorigenesis remain to be further investi-
gated, which may be due to the lack of a deeper understanding of
the origin and ontology of these macrophages.36,37 Recently, tissue-
resident TAMs have been demonstrated to play important roles in
cancer development by enhancing tumor growth and metastasis,38,39

while depletion of these cells significantly inhibits tumor progres-
sion.36 Moreover, tissue-resident macrophages can further promote
cancer progression through their enhanced proliferation and expan-
sion mediated by interleukin (IL)-4 within the TME.40 In general,
tissue-resident TAMs are more related to the generation of tumor
extracellular matrix and tumor vascular signals.27 However, mono-
cyte-derived TAMs are more often induced to an immunosuppressive
state in the body with the inhibition of immune cells and the activa-
tion of immunosuppressive cells.35,41,42 In addition, monocyte-
derived TAMs are traditionally regarded as classic TAMs and have
been well characterized to play important roles in tumor development
by stimulating the proliferation and survival of tumor cells through
various signaling pathways.27,35

Macrophages are highly plastic, with polarized and nonpolarized
states. Nonpolarized macrophages are known as the M0 type and
can be reprogrammed into polarized M1 (classical activated macro-
phages) and M2 (alternatively activated macrophages) types, as
shown in Figure 1. Moreover, the M1 or M2 type can also be reprog-
rammed into each other.27 Macrophage polarization is induced by
microbial agents and cytokines in the local cell microenviron-
ment.27,35 The inducers of M1 mainly include lipopolysaccharide
(LPS), granulocyte macrophage colony-stimulating factor (GM-
CSF), interferon gamma (IFN-g), and tumor necrosis factor alpha
(TNF-a), whereas M2 polarizes in response to Th2 cytokines, such
as IL-4, IL-6, IL-10, IL-13, transforming growth factor b (TGF-b),
glucocorticoid (GC), immune complex (IC), Toll-like receptor
(TLR) or IL-1R ligands, and leukemia inhibitory factor (LIF) hor-
mones.42,43 Moreover, based on the different stimulants, the M2
type can be divided into four subgroups (M2a, M2b, M2c, and
M2d) (Figure 1). Differential cytokine production is a key biomarker
of polarized macrophages; the M1 feature is typically IL-12, while the
M2 feature is IL-10. M1 macrophages are highly potent effector cells
that have anti-inflammatory and immunoregulatory roles, while M2
cells are involved in proinflammatory processes, adaptive Th1 immu-
nity, tissue remodeling and repair, and tumor progression.27

In the tumor environment, polarization of TAMs is regulated by the
type of cancer, the stage of the tumor, clinical interventions, and the
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Figure 2. TAM-involved tumor immune microenvironment

Various tumor-infiltrating cells, mainly including TAMs (i.e. M0, M1- and M2-like

type), NK cells, CD8+ cells, gd T cells, and regulatory T (Treg) (CD4+ CD25+ Foxp3+

Treg) cells, form a niche in the tumor microenvironment. Within the niche, intense

communication occurs between macrophages and other immune cells through

cell-to-cell contact and/or soluble messengers, resulting in tumor suppression or

progression.

Figure 3. ncRNA functions in tumor progression

miRNAs regulate gene expression by inducing RNA cleavage or degradation or

blocking RNA translation. lncRNAs function asmolecular signals, decoys, guides, or

scaffolds to mediate gene expression by interacting with DNAs, mRNAs, proteins,

or other ncRNAs. circRNAs mediate gene expression by acting as miRNA sponges

and protein scaffolds. Both of those ncRNAs play important roles in cancer pro-

gression, such as tumor transformation, growth, and angiogenesis.
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TME in particular.44 Some cytokines and molecules in the TME, such
as IFN-g, TNF-a, monoacylglycerol lipase (MGLL), and CD68, can
induce TAM M1 polarity with corresponding antitumor activ-
ity.42,44–50 Hypoxia-inducible factors (HIFs), peripheral cannabinoid
CB2 receptors (CB2Rs), CD163, signal transducer and activators of
transcription (STATs), and arginase (Arg) are primarily responsible
for TAM M2 polarity and tumor progression.42,44,47,51 M1 TAMs
function as the main killer cells for suppressing tumors, while the
role of M2 TAMs is to promote tumorigenesis and development.
Moreover, in the special tumor microenvironment, polarized TAMs
usually interact with other immune cells, such as natural killer
(NK) cells, B cells, CD8+ cells (CTLs), gd T cells, or CD4+ CD25+

Foxp3+ regulatory T (Treg) cells, to regulate each other, further result-
ing in tumor suppression or progression (Figure 2).27,35 Recently,
many clinical studies have also observed that high levels of M1
TAMs in tumor tissue predict better survival outcomes in patients
with cancer,52,53 while M2 TAM enrichment predicts poor prog-
nosis.54 Moreover, TAMs in many types of cancer usually exhibit
M2 polarity, making TAMs an attractive target for cancer therapy.55

Emerging therapeutic strategies targeting TAMs, especially M2
TAMs, have been investigated to remove them and/or re-educate
them by inhibiting monocyte/macrophage recruitment or activation,
directly eliminating macrophages, or modulating macrophage polar-
ization from the M2 to M1 state.12,56,57

NcRNAs IN TUMORS
A growing number of studies have shown that ncRNAs, especially
miRNAs, lncRNAs, and circRNAs, play important roles in cancer
progression, including cancer transformation, growth, angiogenesis,
100 Molecular Therapy: Oncolytics Vol. 25 June 2022
metastasis, and drug resistance (Figure 3). Among ncRNA species,
miRNAs are the most well-characterized group in cancer thus
far.19,58 miRNAs are small endogenous ncRNAs with a length of
21–24 nt that are encoded in introns, exons, or intergenic regions
of protein-coding genes.59 miRNAs recognize and bind to other
RNAs, especially messenger RNAs (mRNAs) involved in funda-
mental cellular processes, in a base-complementation-dependent
manner and regulate the expression of their target RNAs by inducing
RNA cleavage or degradation or blocking RNA translation.19,60

Deregulation or genetic changes in miRNAs have been observed in
all cancer types studied and have been demonstrated to act as tumor
suppressors or oncogenes that play crucial roles in the pathogenesis of
cancer in transformation, proliferation, survival, apoptosis, and
several steps of the metastatic cascade.24,61–63 In addition, variation
in the levels of some miRNAs is helpful for diagnosing early-stage
cancer or defining the prognosis of late-stage cancer patients, which
makes miRNAs useful as biomarkers and therapeutic targets.19,64

Currently, the application of biotechnologies targeting miRNAs in
cancer includes eliminating oncogenic miRNAs using anti-miRNA
oligonucleotides or small-molecule inhibitors and restoring suppres-
sor miRNAs using viral vector-based gene restoration or miRNA
mimics.65

Compared with miRNAs, lncRNAs can be either cis acting or trans
acting to regulate gene expression at all levels: epigenetic, transcrip-
tional, and posttranscriptional.66 lncRNAs were discovered a long
time ago, although the term “lncRNA”was not coined until recently.19

Similar to mRNAs, lncRNA transcripts also consist of multiple exons
and are enriched for H3K4 trimethylation at transcription start sites
and H3K36 trimethylation across the genome.19,67 There are at least
four groups of lncRNAs: intergenic, intronic, overlapping, and anti-
sense.67,68 These lncRNAs function as molecular signals, decoys,
guides, or scaffolds to mediate gene expression, which is usually
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Figure 4. Macrophage-derived ncRNA-mediated crosstalk between macrophages and HCC cells

Macrophage-derived ncRNAs not only regulate the activation or polarization of macrophages but also are involved in cancer cell proliferation, migration, invasion, EMT

progress, stem cell properties, aerobic glycolysis, chemoresistance, or the progression from NAFLD to HCC, by cell-to-cell contact, cytokines, exosomes, or microvesicles.
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achieved by interacting with DNAs, mRNAs, other ncRNAs, each
other, or proteins.69–71 To date, many lncRNAs are often overex-
pressed in cancer and have been associated with poor outcomes.72,73

These lncRNAs have been elucidated as oncogenes that promote tu-
mor progression by enhancing tumor growth, metastasis, and inva-
siveness.19 However, some lncRNAs acting as suppressors of cancer
development are expressed at low levels in cancer and are related to
good prognosis.72,73 These lncRNAs can be targeted usingmultiple ap-
proaches in cancer treatment, including knockdown of pathogenic
RNAs byRNA interference (RNAi), antisensemorpholino oligonucle-
otides, nucleic acid limitation, CRISPR-Cas9, transcriptional
upregulation, and steric inhibition of lncRNA function using small
molecules or therapeutic manipulation of lncRNA promoters.19,74

circRNAs are a newly described type of ncRNA with a covalently
closed circular structure without 30 or 50 tails that is produced by
back-splicing of premRNA. circRNA is widely expressed in eukary-
otes and primarily located in the cytoplasm with highly stable and
conservative properties that protect themselves from degradation
by ribonuclease R (RNase R).75,76 According to their different compo-
sitions, circRNAs are classified into three categories: exonic circRNAs
(ecircRNAs), intronic circRNAs (ciRNAs), and exon-intron circR-
NAs (eIciRNAs).77 Although the detailed mechanism of the
biogenesis of cyclic RNAs is still being elucidated and confirmed,
most circRNAs are formed by exon cyclization, and some cyclic
RNAs are lasso structures formed by intron cyclization.78,79 However,
an understanding of the biogenesis mechanisms, complexity, and
functionality of these circRNAs remains elusive and needs further
study. At present, some circRNAs have been found to be involved
in gene expression by acting as miRNA sponges or decoys, as protein
scaffolds, as insulators of RNA-binding protein (RBP), or as regula-
tors of nuclear splicing and transcription.75,80 Regarding tumors, an
increasing number of circRNAs have been discovered to be dysregu-
lated in several types of tumors and are involved in the development
of cancer with respect to tumor growth, invasion, metastasis,
apoptosis, drug resistance, and angiogenesis.78,81,82 In addition, circR-
NAs can be detected in body fluids, such as blood, exosomes, and
urine, indicating that circRNAs may represent potential diagnostic
and prognostic biomarkers and therapeutic targets in cancer.77,83

To date, no effective approach has been reported regarding circRNA
clinical applications, which requires further investigation.

REGULATION OF ncRNAs IN THE CROSSTALK
BETWEEN MACROPHAGES AND CANCER CELLS IN
HEPATOCELLULAR CARCINOMA
As described above, both macrophages and ncRNAs have been
proved to play very important roles in tumor development and pro-
gression. As shown in Figures 4 and 5, crosstalk exists between mac-
rophages and tumor cells, as both macrophages and tumor cells have
been proved to directly transfer cellular components to other cells
through cell-to-cell contact mediated by costimulation, secreted cyto-
kines, or secreted extracellular vesicles (EVs), such as exosomes and
microvesicles (MVs).84–89 Among them, exosomes are the smallest
vesicles (30–150 nm in diameter) and are produced as components
of the plasma membrane of multivesicular bodies (MVBs) and
released by the fusion of MVBs.90 They can mediate communication
between tumor cells and their microenvironment through the transfer
of information via their cargo and protect information molecules,
including proteins, DNA, and ncRNAs, from degradation.91–93 In
addition, these costimulatory molecules, cytokines, and EVs can
Molecular Therapy: Oncolytics Vol. 25 June 2022 101
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Figure 5. Tumor-derived ncRNA-mediated crosstalk between macrophages and HCC cells

Tumor-cell-derived ncRNAs not only regulate cancer cell proliferation, cell cycle, migration, invasion, EMT progress, stem cell property, mitochondrial metabolism, glucose

metabolism, apoptosis, autophagy, and radio- or drug resistance but also are involved in the polarization or reprogramming, immunosuppression, secretion of inflammatory

mediators, recruitment, or infiltration of macrophages by exosomes, cytokines, soluble protein, or chemokines.
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influence each other within the TME and mediate the crosstalk be-
tween macrophages and tumor cells, resulting in the deterioration
or slowing down of tumors.86,93

In recent years, an increasing number of studies have demonstrated
that ncRNAs can be expressed in both macrophages and tumor cells
and are secreted in exosomes or microvesicles from these cells.94,95

These ncRNAs that are expressed extracellularly or secreted within
EVs are well characterized to be involved in the biology of tumor cells
and macrophages, making them important regulators of the crosstalk
that occurs between these cell types. On the one hand, ncRNAs act as
oncogenes or tumor suppressors in the proliferation, invasion, migra-
tion, apoptosis, or drug resistance of tumor cells, as mentioned above.
On the other hand, they alsomediate the infiltration, recruitment, acti-
vation, or polarization of macrophages.96 For example, miRNA-34-a
(miR-34-a), miR-155, and lncRNACCAT1were found to play impor-
tant roles in macrophage activation and M1 polarization.97–100

Conversely, high levels of miR-21, miR-Let-7, and lncRNA
MALAT1 are beneficial to macrophageM2 polarization.101–104 More-
over, the regulation of ncRNAs in tumor cells has been demonstrated
to be mediated by controlling macrophage phenotype and func-
tion.94,105,106 That is, ncRNAs, whether they arise from tumor cells
or macrophages or whether they are self-expressed or derived from
cell-derived EVs, can mediate the crosstalk between tumor cells or
macrophages, hence affecting the development and progression of
cancer, as shown in Tables 1, 2, and 3. We summarize the regulation
of ncRNAs in the crosstalk between these two types of cells and their
primary functions and mechanisms in HCC.
102 Molecular Therapy: Oncolytics Vol. 25 June 2022
Regulatory functionsmediated bymacrophage-derived ncRNAs

Macrophage-derived miRNAs

Function as oncogenes by modulating macrophage polarization and

promoting tumor cell proliferation, migration, and invasion.

Leveraging the high stability and specificity in the body, exosome-
derived ncRNAs are emerging as mediators of intercellular communi-
cation between cells of the same species or between cells of different
species, as shown in Table 1. Li et al. showed that both the expression
level and secretion level of miR-15b within exosomes were signifi-
cantly increased in THP-1-derivedmacrophages treated with arsenite,
an environmental toxin that is consequently present in air, food, and
water.205,206 miR-15b is commonly upregulated in a variety of tumor
tissues, including HCC, and it can be considered an indicator of poor
prognosis when found in the serum of cancer-bearing patients.107,108

Downregulation of miR-15b suppresses cell proliferation, invasion,
and epithelial–mesenchymal transition (EMT) in HCC cells by
inhibiting TGF-b or programmed cell death 4 (PDCD4).107,109 Over-
expression of miR-15 in macrophages treated with arsenite induced
macrophage M2 phenotype polarization. When these miR-15b-en-
riched macrophages were cocultured with HCC cells, miR-15b was
transferred frommacrophages to HCC cells via exosomes. This trans-
fer was demonstrated to promote cell proliferation, migration, and in-
vasion by targeting LATS1 to inhibit activation of the Hippo pathway.
In addition, the transfer was involved in the promotion ofHCC forma-
tion in xenografts of nude mice.110 These results suggest that miR-15b
not only favors the protumor ability ofM2TAMsonHCCcells but can
also be transferred from macrophages to HCC cells via exosomes,
leading to the deterioration of tumors.108,110
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Table 1. miRNAs associated with the crosstalk between macrophages and HCC cells

miRNAs Origin cells Expression in HCC Role in HCC Ways for crosstalk Function in macrophages and/or HCC cells Reference

miR-15b macrophages upregulated oncogene exosomes

induce macrophage M2 polarization by
LATS1; enhance HCC cell proliferation,
invasion, and EMT progress by TGF-b or
PDCD4

107–110

miR-101 macrophages downregulated oncogene or suppressor cytokines
induce macrophage M2 polarization by
USP1/TGF-b axis; inhibit HCC cell prolifer-
ation, migration, and invasion

111–113

miR-125a/b macrophages downregulated suppressor exosomes
inhibit the biology of HCC cells or stem cells
by CD90

114

miR-142-3p macrophages downregulated suppressor microvesicles
inhibit HCC cell aerobic glycolysis,
proliferation, migration, and invasion by
HMGB1, RAC1, or LDHA

115–118

miR-142/miR-
223

macrophages downregulated suppressor cell-to-cell contact
inhibit HCC cell proliferation by STMN1 or
IGF-1R

110,119,120

miR-98 macrophages downregulated suppressor cytokines
induce IL-10 secreting of macrophages;
inhibiting HCC cell migration and invasion
by Wnt/b-catenin/EZH2 axis

64,121

miR-214 macrophages downregulated suppressor ND
promote macrophage M1 polarization;
inhibit HCC cell growth and invasion by
b-catenin

122–125

miR-146a-5p HCC cells
upregulated or
downregulated

oncogene (in mice) or
suppressor

exosomes
induce macrophage M2 polarization and
immunosuppression; promote HCC
progression by SALL4 (in mice)

126–130

miR-23a-3p HCC cells upregulated oncogene exosomes

induce macrophage M2 polarization and
immunosuppression by PTEN/AKT/PD-L1
axis; promote HCC cell G1/S transition by
PCDH17

63,131

let-7 HCC cells upregulated oncogene
stimulating
molecules

inhibit immune surveillance of macrophages
by CD47-SIRPa axis; promote HCC cell
growth and proliferation

132–134

miR-362-3p HCC cells upregulated oncogene cytokines

macrophages increase miR-362-3p
expression in HCC cells by TGF-b/Smad2/3
axis; promote HCC cell proliferation,
invasion, and metastasis by Tob2, CD82, or
E-cadherin

135,136

miR-149-5p HCC cells downregulated suppressor cytokines

reduce macrophage M2 polarization by
M-CSF; inhibit HCC cell invasion and
migration by MAP2K1, LRIG2L, LRIG2, or
MMP9

4,137,138

miR-144/miR-
451a

HCC cells downregulated suppressor cytokines

re-educate macrophages from M2 to M1
polarization by HGF and MIF; inhibit HCC
cell proliferation, invasion, and EMT progress
by EZH2, YWHAZ, or MMP9

139–142

miR-26a HCC cells downregulated suppressor cytokines
suppress macrophage recruitment and M2
polarization by M-CSF; inhibit HCC cell
growth and metastasis

113,143–146

miR-148b HCC cells downregulated suppressor cytokines

Reduce macrophage infiltration and M2
polarization by M-CSF; suppress the biology
of HCC cells or stem cells by WNT1/b-cate-
nin or neuropilin-1

147–149

miR-28-5p HCC cells downregulated suppressor cytokines
reduce macrophage infiltration by FAK/
ERK1/2/IL-34; suppress the biology of HCC
cells or stem cells by IGF-1

150–153
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Table 2. lncRNAs associated with the crosstalk between macrophages and HCC cells

lncRNAs Origin cells Expression in HCC Role in HCC Ways for crosstalk Function in macrophages and/or HCC cells Reference

SNHG20 macrophages upregulated oncogene ND
induce macrophage M2 polarization by STAT6;
promote HCC cell invasion and EMT progress,
enhance the progression from NAFLD to HCC

154–157

uc.306 macrophages downregulated suppressor ND
induce macrophage M1 polarization by the Wnt/
BTRC signaling

158

lncRNA cox-2 macrophages ND suppressor ND
induce macrophage M1 polarization; inhibit HCC
cell proliferation, invasion, and migration

99,159

GAS5 macrophages downregulated suppressor ND
reduce macrophage M2 polarization by PTEN;
inhibit HCC cell migration, invasion, and
chemoresistance by miRNA/mRNA

160–164

ELMO1-AS1 macrophages downregulated suppressor ND
inhibit HCC cell proliferation, migration, and
invasion by ELMO1

158,165

CCAT1 HCC cells upregulated oncogene ND

induce macrophage infiltration by the Let-7/
HMGA2 axis; promote HCC cell proliferation,
migration, and invasion by many miRNA/mRNA
axis

166–168

H19 HCC cells upregulated oncogene ND

induce macrophage infiltration and M2
polarization by the miR-193b/MAPK1 axis;
promote HCC cell growth, migration, invasion,
radio-, or drug resistance by many
miRNA/mRNA axis

169–171

MALAT1 HCC cells upregulated oncogene ND

re-educate macrophages from M1 to M2
polarization; promote HCC cell proliferation,
migration, chemotherapy, resistance,
mitochondrial and glucose metabolism, inhibit cell
apoptosis and autophagy by many miRNA/mRNA
axis

172–176

PCED1B-AS1 HCC cells upregulated oncogene exosomes

induce macrophage immunosuppression by the
miR-194-5p/PD-L1/2 axis; promote HCC cell
proliferation, decrease cell apoptosis by mTOR
signaling

177

TUC339 HCC cells upregulated oncogene exosomes
induce macrophage activation and M2
polarization; promote HCC cell cycle,
proliferation, and adhesion

105,178

DLX6-AS1 HCC cells upregulated oncogene exosomes
induce macrophage M2 polarization by miR140;
promote HCC cell viability, invasion, migration,
and EMT progress by many miRNA/mRNA axis

108–135; 136–170; 171–212

LINC00662 HCC cells upregulated oncogene soluble protein

induce macrophage M2 polarization by the
AWNT3A/Wnt/b-catenin signaling; promote
HCC cell proliferation and invasion by
miR-15a/16/107/AWNT3A/Wnt/b-catenin
signaling

179,180

TP73-AS1 HCC cells upregulated oncogene cytokines

induce macrophage M2 polarization by TGF-b;
promote HCC cell proliferation, survival, and
radioresistance by many miRNA/mRNA axis,
including the miR-539-MMP-8 axis

181–183

PPIAP22 HCC cells upregulated oncogene chemokines
induce macrophage infiltration by CCL15 or
CXCL12; promote HCC cell growth by the miR-
197-3p/PPIA axis

184

HOTAIR HCC cells upregulated oncogene chemokines

induce macrophage recruitment by CCL2;
promote HCC cell aerobic glycolysis, drug
resistance, and EMT progress by many miRNA/
mRNA axis

185–188

GIHCG HCC cells upregulated oncogene ND
induce macrophage infiltration; promote HCC cell
proliferation and metastasis by miR-200b/a/429

189,190

ND, not determined.
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Table 3. circRNAs associated with the crosstalk between macrophages and HCC cells

circRNAs Origin cells Expression in HCC Role in HCC
Ways for
crosstalk

Function in macrophages and/or
HCC cells Reference

hsa_circ_0007456 hsa_circ_0091570hsa_circ_
0001955hsa_circ_0072088hsa_circ_0004913hsa_
circ_0000520hsa_circ_0002980

macrophages
Or HCC cells

upregulated or
downregulated or ND

oncogene or
suppressor
Or ND

ND

induce or reduce macrophage
infiltration, or ND; promote or
inhibit the biology of HCC cells by
the miRNA-mRNA axis, or ND

191–199

circASAP1 HCC cells upregulated oncogene cytokines

induce macrophage infiltration by
regulating CSF-1; promote HCC
cell proliferation, migration, and
invasion by miR-326/miR-532-5p/
MAPK1 signaling

200,201

hsa_circ_0074854 HCC cells upregulated oncogene exosomes

induce macrophage M2
polarization; promote HCC cell
migration, invasion, and EMT
progress by regulating HuR

202

hsa_circ_0110102 HCC cells downregulated suppressor chemokines

inhibit COX-2/PGE2 production of
macrophages by the CCL2/CCR2/
p38MAPK/FoxO1 signaling;
inhibit HCC cell proliferation,
migration, and invasion on the
miR-580-5p-PPARa axis

203,204
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Culturedmedium frommacrophages, which includes many cytokines
and chemokines, is commonly used to investigate the relationship be-
tween macrophages and HCC cells mediated by ncRNAs. Wei et al.
found that, when cultured with medium derived from M2 macro-
phages treated with sorafenib, HCC cells exhibited decreased migra-
tion and invasion compared with cells treated with medium from
untreated M2 macrophages.111 However, the decreased migration
and invasion of HCC cells was reduced when cultured in the medium
of M2 macrophages treated with sorafenib plus TGF-b.111 TGF-b is
an essential factor for the protumor effects of TAMs on HCC cells.207

Moreover, the expression of miR-101 in M2-polarized macrophages
was inhibited by sorafenib. Furthermore, inhibition of miR-101
enhanced the expression of its direct target DUSP1 to decrease the
activation of ERK1/2, p38, and JNK as well as the production of
TGF-b. Clinical data have also revealed that TGF-b levels in HCC
tissues and serum are increased and positively correlated with the
M2 macrophage marker CD206.111 This suggests that the miR-101/
DUSP1/TGF-b axis is involved in the influences exerted by M2
TAMs on HCC progression. However, miR-101 was reported to be
frequently downregulated in HCC tissues and plays suppressive roles
in cell proliferation, migration, and invasion.112,113 Therefore, the
expression and role of miR-101 in HCC tissues and TAMs need
further investigation and verification.

Function as tumor suppressors by modulating macrophage polariza-

tion and inhibiting the biology of tumor cells or stem cells. Compared
with miR-15b, which has protumor effects, miR-125a/b in exosomes
from TAMs has been shown to exhibit antitumor potential. TAMs
were isolated from human HCC tissues, and then the exosomes of
TAMs were extracted and cocultured with human HCC cells.
TAM-derived exosomes significantly promoted HCC cell prolifera-
tion, metastasis, and stem cell properties.114 miRNA profile assays
determined that the expression of miR-125a/b was decreased in
both the exosomes and cell lysates of TAMs isolated from HCC tis-
sues. Not surprisingly, the expression of miR-125a/b was also down-
regulated in HCC cells. Overexpression of miR-125a/b suppressed
HCC cell growth and stem cell properties (sphere formation). In addi-
tion, when HCC cells were transfected with miR-125a or miR-125b
combined with TAM-derived exosomes, they exhibited a low prolif-
erative state. That is, restoration of miR-125a or miR-125b in HCC
cells antagonized the effect of TAM-derived exosomes. Furthermore,
the suppressive effects of miR-125a/b on the proliferation of HCC
cells were revealed to be mediated by targeting CD90.114 These data
indicate that these TAMs tend to be the M2 type, and the promoting
effect of these M2 TAM-derived exosomes on HCC cells is mediated
by decreased secretion of miR-125a/b.114

Similar to exosome-derived miRNAs, microvesicle-derived miRNAs,
including miR-142-3p, can also be transferred from TAMs to HCC
cells. miR-142-3p, which is decreased in human HCC tissues and
cell lines, was found to act as a tumor suppressor in aerobic glycolysis,
proliferation, migration, and invasion of HCC cells by regulating
HMGB1, RAC1, or LDHA.115–117 Interestingly, plasma levels of
miR-142-3p within microvesicles were increased in a murine HCC
model treated with propofol (2,6-diisopropylphenol, an intravenous
antitumor agent).118,208 However, the expression of miR-142-3p
was not upregulated in HCC cells treated with propofol, while HCC
cells cocultured with TAMs or even microvesicles isolated from
TAMs of propofol-treated HCC tissues exhibited significantly
increased miR-142-3p, indicating that these TAMs tend to be the
M1 type. In addition, miR-142-3p was demonstrated to be involved
in the antitumor effects of propofol on HCC, suggesting that miR-
142-3p in the MVs of TAMs is taken up by HCC cells, leading to tu-
mor suppression.118
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Aucher et al. demonstrated that macrophages transfer miRNAs to
HCC cells primarily by delivering miRNAs to HCCs across intercel-
lular contacts.110 Interestingly, not all miRNAs but only some specific
miRNAs, such as miR-142 and miR-223, can be transferred from
macrophages to HCC cells. Both miR-142 and miR-223 are downre-
gulated inHCC tissues and considered good prognostic biomarkers of
HCC.119,120 The two transferred miRNAs were found to be involved
in the antitumor ability of primary human monocyte-derived macro-
phages against HCC cells. When cocultured with macrophages, the
proliferation of HCC cells was significantly inhibited, and it could
be restored by inhibitors of gap junctions, such as 18-alpha-GA,
2-octanol, and oleamide, suggesting that these TAMs tend to be the
M1 type. In addition, the inhibitory effect of miR-142 and miR-223
on HCC cell proliferation was mediated by decreasing stathmin-1
(STMN1) and insulin-like growth factor-1 receptor (IGF-1R) in
HCC cells.119,120 These data indicate that the transfer of miR-142
and miR-223 from macrophages to HCC cells occurs in a contact-
dependent manner and plays an important role in the antitumor ef-
fects of primary human monocyte-derived macrophages on HCC
cells.119,120

In addition to TGF-b, IL-10 is also an important anti-inflammatory
molecule in the TME.209 Recently, IL-10 was shown to be involved
in the miR-98-mediated relationship between macrophages and
HCC cells.121 miR-98 is significantly decreased in HCC tissues and
inhibits tumors by reducing the Wnt/b-catenin signaling pathway
targeting EZH2.64 Similarly, the expression of miR-98 was also
downregulated in HCC-associated TAMs. When cultured with me-
dium from TAMs transferred with miR-98 mimics, the migration
and invasion of HCC cells was significantly inhibited, while that
of HCC cells was increased in miR-98 inhibitor-treated TAM me-
dium, indicating that these TAMs tend to be the M2 type. Further-
more, IL-10, which was highly upregulated in HCC tissues and
HCC-conditioned TAMs, was demonstrated to be a direct target
of miR-98.121 Overexpression of IL-10 in HCC-conditioned TAMs
reversed the inhibitory effects of TAMs treated with miR-98 mimics
on HepG2 cells, indicating that the enhancing effect of TAM me-
dium on HCC cells is mediated by IL-10 due to the low levels of
miR-98 in TAMs.121

In addition, miR-214 was shown to be involved in the antitumor ef-
fects of M1-type TAMs against HCC cells in a murine HCCmodel.122

Transfecting TAMs isolated from HCC-bearing mice treated with
norcantharidin (NCTD) with premiR-214 significantly increased
the expression of miR-214 in TAMs. These miR-214-enriched
TAMs displayed an M1 phenotype with higher levels of NOS2 but
lower levels of Arg-1.122 The expression of miR-214 is downregulated
in human HCC tissues and associated with tumor progression and
poor prognosis. Ectopic expression of miR-214 suppressed tumor
growth and angiogenesis in a murine xenograft model of human
HCC.123 Further study found that overexpression of miR-214 in
HCC cells inhibited tumor cell growth and invasion through suppres-
sion of b-catenin.124,125 Similarly, when TAMs isolated from an
NCTD-treated murine HCCmodel were cocultured with H22murine
106 Molecular Therapy: Oncolytics Vol. 25 June 2022
HCC cells, they significantly decreased the survival and inhibited the
invasion of H22 cells.122 These data suggest that overexpression of
miR-214 not only directly inhibits tumor cells but also induces M1
polarization of TAMs to further inhibit tumor cells.122–125

Macrophage-derived lncRNAs

Function as oncogenes by inducing macrophage M2 polarization and

promoting tumor cell invasion and EMT progression. Small nucleolar
RNA host gene 20 (SNHG20), an lncRNA upregulated in many
cancer types, has been frequently identified as an oncogene that con-
tributes to cancer development and progression.210 Similar to other
cancers, SNHG20 expression is upregulated in HCC tissues, including
in nonalcoholic fatty liver disease (NAFLD)-related HCC, and pre-
dicts poor prognosis of patients. SNHG20 overexpression has been
reported to play a promoting role in the invasion of HCC cells by tar-
geting hepatocyte growth factor receptor (MET).154–156 In liver
macrophage Kupffer cells (KCs) with the M2 phenotype isolated
from HCC or NAFLD-HCC, SNHG20 was also markedly upregu-
lated compared with that in KCs isolated from NAFLD and
NAFLD-HCC adjacent tissues in both humans andmice. Knockdown
of SNHG20 inducedM1 polarization of macrophages, while SNHG20
overexpression causedM2 polarization.154 In addition, the promoting
effect of SNHG20 on macrophage M2 polarization was shown to be
mediated by STAT6 signaling, which is a key factor in the activation
of M2 macrophages.154,157 Moreover, injection of macrophages in-
fected with shRNA lentivirus targeting SNHG20 delayed the progres-
sion from NAFLD to HCC in mice.154 This finding indicates that the
protumor effects of SNHG20 on HCC development and progression
are further enhanced by SNHG20-induced M2 polarization. Knock-
down of SNHG20 may represent a promising strategy for treating
HCC and at least may delay malignant progression of NAFLD to
HCC by regulating macrophage polarization.154,157

Function as tumor suppressors by modulating macrophage polariza-

tion and inhibiting tumor cell proliferation, invasion, migration, or che-

moresistance. Transcribed ultraconserved regions (T-UCRs) are a
special class of lncRNAs that are highly evolutionarily conserved
across many species. Increasing results have shown that T-UCRs
are involved in the pathogenesis and diagnosis of many human dis-
eases, including cancer. In hepatobiliary cancers, compared with
the normal liver and biliary epithelia, T-UCR uc.158 was increased
in cholangiocarcinoma and exerted a promoting function in tumor
growth. Mechanistically, the Wnt signaling pathway, which plays
promoting roles in malignant tumor progression, and miR-193b,
which functions as a tumor suppressor, were identified upstream
and downstream, respectively.211 Unlike T-UCR uc.158, T-UCR
uc.306 was found to be downregulated in HCC tissues and positively
associated with poor survival outcomes in patients. Interestingly,
uc.306 expression was significantly increased in M1-type TAMs but
decreased in M2-type TAMs. In addition, BTRC, a key molecule in
Wnt signaling, was predicted to be a target of uc.306, indicating
that uc.306 may be a tumor suppressor involved in the antitumor ef-
fects of M1-type TAMs by targeting the Wnt signaling pathway in
HCC cells.158
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The lncRNA cox-2 is an lncRNA originating close to the COX-2 gene
and has been demonstrated to regulate the transcription of immune
and inflammatory genes.212,213 Recently, it was reported that cox-2
expression was also upregulated in M1 macrophages compared
with Mo and M2 macrophages. In addition, suppression of the
lncRNA cox-2 decreased macrophage polarization to the M1 type
and depressed the antitumor ability of M1 macrophages to suppress
proliferation, invasion, and migration of HCC cells. However,
lncRNA cox-2 silencing in M2 macrophages strengthened tumor
progression.95 The lncRNA cox-2 has been shown to regulate the pro-
gression of liver fibrogenesis.214 However, there are few reports con-
cerning the lncRNA cox-2 in HCC at present. However, the lncRNA
cox-2 is upregulated in HCC tissues and acts as a regulator of differ-
entiation grade in HCC. Silencing of the lncRNA cox-2 in HCC cells
significantly inhibits cell growth and induces apoptosis.159 These
studies demonstrate that the lncRNA cox-2 is responsible for the
M1 polarization of macrophages that suppresses tumor develop-
ment.159,214 Nonetheless, the expression and function of the lncRNA
cox-2 in HCC tissues and cells still need to be further elucidated.

Similarly, lncRNA growth arrest-specific transcript 5 (GAS5) is also
upregulated in M1-type macrophages but downregulated in M2-
type macrophages and TAMs.160 However, the expression levels of
GAS5 are reduced in HCC tissues, and GAS5 functions as a tumor
suppressor.161,162 Overexpression of GAS5 in HCC cells suppressed
migration and invasion and overcame tumor cell chemoresistance
by upregulating tumor suppressor genes, including phosphatase
and tensin homolog deleted from chromosome 10 (PTEN).163,164 In
TAMs, GAS5 overexpression enhanced M1-like polarization of
TAMs but inhibited TAM M2-like polarization by upregulating
PTEN.160 Taken together, these data indicate that the GAS5-PTEN
axis plays important inhibitory roles in TAM M2 polarization and
the tumor cell phenotype, leading to tumor suppression.160,163,164

In addition, lncRNA engulfment and cell motility 1 (ELMO1) anti-
sense RNA 1 (ELMO1-AS1) was also discovered to be markedly
increased in M1-type TAMs and decreased in M2-type TAMs from
HCC tissues.158 In contrast, the expression of ELMO1-AS1 is down-
regulated in HCC tissues and negatively correlated with good patient
outcomes. ELMO1-AS1 overexpression in HCC cells significantly in-
hibited cell proliferation, migration, and invasion by targeting engulf-
ment and cell motility 1 (ELMO1).165 However, there is little research
on the influence of ELMO1-AS1, discovered as a macrophage-related
lncRNA in HCC, on the polarization and function of TAMs.158,165

The ELMO1-AS1-associated relationship between macrophages and
tumor cells and its mechanism need to be further explored.

Macrophage-derived circRNAs

To date, there have been few studies on macrophage-derived circR-
NAs in tumors. Even in HCC, no relevant reports have been
retrieved, as shown in Table 3. Zhou et al. constructed a
circRNA-miRNA-mRNA regulatory network based on macro-
phage-related differentially expressed mRNAs (DEmRNAs) in
HCC by calculating the immune cell fractions of HCC from The
Cancer Genome Atlas (TCGA) and International Cancer Genome
Consortium (ICGC) databases.191,192 In a circRNA-miRNA-
mRNA regulatory network, the hsa_circ_0007456-hsa-miR-139-5p
axis was identified. hsa_circ_0007456 has some binding sites for
miR-139-5p and may act as a miRNA sponge for hsa-miR-139-
5p. Low expression of hsa-miR-139-5p is associated with a low infil-
tration level of macrophages, malignant clinicopathological features
of tumors, and poor patient prognosis.191 miR-139-5p has been re-
ported to be decreased in HCC samples and acts as a tumor sup-
pressor to regulate cell invasion and proliferation.193 In addition,
four DEmRNAs were predicted as targets of hsa-miR-139-5p:
CDCA8, KPNA2, PRC1, and TOP2A, most of which are oncogenes
that are increased in HCC tissues.191,192,194 These data indicate that
hsa_circ_0007456 may act as an oncogene in the progression of
HCC by sponging miR-139-5p.193,194

In addition, six other macrophage-related DEcircRNAs in HCC were
included in the circRNA-miRNA-mRNA regulatory network: hsa_
circ_0091570, hsa_circ_0001955, hsa_circ_0072088, hsa_circ_
0004913, hsa_circ_0000520, and hsa_circ_0002980.192 Among
them, hsa_circ_0001955 and hsa_circ_0072088 have been demon-
strated to be upregulated in HCC and to function as protumor
agents.195,196 In contrast, hsa_circ_0091570 and hsa_circ_0005075
have been shown to be downregulated in HCC and to function as
antitumor agents.197–199 However, none of them have been found
to be involved in the biology, polarization type, or function of macro-
phages related to HCC. Therefore, the expression relationships
among these circRNAs and their downstream miRNAs and mRNAs
need more detailed research.

Taken together, these studies focused on macrophages and identified
the relationship between macrophages and HCC cells mediated by
circRNAs. Unfortunately, as the results were all obtained from whole
HCC tissue, including macrophages, tumor cells, and other immune
cells, the source of the circRNAs in this network could not be
confirmed (Table 3). Therefore, future studies should focus on the
expression and function of circRNAs in bothmacrophages and tumor
cells as well as the relationship between these two cell types and their
mechanisms.

The regulatory effects mediated by tumor-cell-derived ncRNAs

Similar to the ncRNAs derived from macrophages described above
(Figure 4), many tumor-derived miRNAs, lncRNAs, or circRNAs
are also involved in the relationship between macrophages and
HCC cells (Figure 5), acting as oncogenes or tumor suppressors
through cell-to-cell contact, costimulatory molecules, exosomes, mi-
crovesicles, soluble proteins, cytokines, or chemokines (Tables 1, 2,
and 3).

Tumor-cell-derived miRNAs

Function as oncogenes by modulating macrophage polarization and

immunosuppression and promoting tumor cell proliferation, the cell cy-

cle, invasion, andmetastasis. Increasing reports have shown that tu-
mor-derived exosomes can be taken up by macrophages, leading to
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their infiltration, activation, M2 polarization, and immunosuppres-
sive activity.215 Some miRNAs, such as miR-146a-5p, are also selec-
tively packaged into the exosomes of HCC cells and play important
roles in macrophage features and functions. The present research
on the expression level and function of miR-146a-5p in human
HCC is contradictory. Some studies have shown that miR-146a-5p
is highly expressed in HCC and plays an antitumor role, while other
studies have reported the opposite views.126–129 Recently, miR-146a-
5p was shown to be significantly increased in both human andmurine
HCC cell lines and to be abundantly contained within exosomes.
When cultured with miR-146a-5p-enriched exosomes from the mu-
rine HCC cell line Hepa1–6, the generation of CD206+ macrophages
was increased, while the expression levels of TNF-a were downregu-
lated. In addition, HCC exosome-treated macrophages exhibited
enhanced immunosuppressive activity by inhibiting the T cell
response and inducing T cell exhaustion.215 Mechanistically, unlike
miR-146a-5p, which is regulated by STAT3 in human HCC cells,
miR-146a-5p in murine HCC cells was shown to be regulated by
Sal-like protein-4 (SALL4).130,215 In a murine model, blocking
SALL4/miR-146a-5p signaling induced a T cell response, reversed
T cell exhaustion, and inhibited HCC progression.215 These results
suggest that transferring miR-146a-5p from HCC exosomes pro-
motes TAM M2 polarization and immunosuppression by targeting
SALL4, resulting in the promotion of HCC progression.130,215

Interestingly, the release of exosomes byHCC cells was recently shown
to be increased by endoplasmic reticulum (ER) stress.131 ER stress plays
an important role in tumor progression not only by regulating the
intracellular biology of tumor cells but also by influencing the tumor
microenvironment and immune responses.216 In human HCC, ER
stress is upregulated and positively correlated with a decreased patient
survival rate. Moreover, ER stress activation is also associated with
increased programmed death ligand 1 (PD-L1) expression by macro-
phages in HCC cells through secretion of a higher number of exo-
somes.131 The programmed cell death protein 1 (PD-1)/PD-L1 axis
is an important immune checkpoint that is responsible for tumor im-
mune escape by suppressing the host antitumor immune response.217

PD-1 is expressed on immune cells, such asmacrophages, T cells, andB
cells, while PD-L1 is expressed on tumor cells.218,219 Therefore, the
expression of PD-L1 inmacrophages is unusual. These PD-L1highmac-
rophages treated with exosomes derived from ER-stressed HCC cells
were shown to significantly decrease the ratio of CD8+ T cells and
induce the apoptosis of T cells. Mechanistically, miR-23a-3p in exo-
somes derived from ER-stressed HCC cells was shown to be involved
in the upregulation of PD-L1 expression in macrophages by targeting
the PTEN/protein kinase B (AKT) pathway.131 miR-23a-3p is upregu-
lated in HCC tissues and cells and promotes G1/S cell cycle transition
by regulating PCDH17.63 That is, the transfer ofmiR-23a-3p from ER-
stressed tumor cells to macrophages induces PD-L1 expression in
macrophages to polarize M2 type, resulting in the inhibition of T cell
function and the promotion of HCC progression.63,131

Lethal-7 (let-7) was the first discovered human miRNA and generally
functions as a tumor suppressor in human cancer.220 However, let-7i-
108 Molecular Therapy: Oncolytics Vol. 25 June 2022
5p was recently found to be significantly overexpressed in HCC tis-
sues and shown to be an oncogenic molecule related to tumor im-
mune escape.132 Although let-7i-5p expression is low in HCC cell
lines, its silencing by antisense let-7i-5p (AS-let-7i-5p) significantly
suppressed tumor cell growth and proliferation. In particular, let-
7i-5p is involved in restoring the antitumor effects of histone deace-
tylase 6 (HDAC6) in HCC.132 HDAC6 is a tumor suppressor in HCC
that functions by decreasing cell proliferation, invasion, and migra-
tion and increasing apoptosis.132,133 When HDAC6-treated HCC
cells were cotransfected with a let-7i-5p mimic, all of the tumor-sup-
pressing effects of HDAC6 were rescued. Further study indicated that
the tumor-promoting effect of let-7i-5p occurs through inhibition of
the thrombospondin-1 (TSP1)/CD47 signaling pathway.132 CD47
also serves as a ligand for signal regulatory protein a (SIRPa) expres-
sion on macrophages. The CD47-SIRPa axis inhibits the phagocy-
tosis of tumor cells by M1 macrophages.134 Furthermore, let-7i-5p
blocks the TSP1/CD47 pathway by targeting TSP1 to inhibit the anti-
tumor roles of TSP1. Meanwhile, let-7i-5p indirectly releases more
CD47 to bind SIRPa, thus escaping the immune monitoring function
of M1 macrophages to further favor HCC development.132,134

miR-362-3p is upregulated in HCC tissues and cell lines and acts as an
oncogene by promoting cell proliferation, invasion, and metastasis by
targeting Tob2, CD82, or E-cadherin.135,136 TGF-b is one of the major
cytokines in the TME and can be secreted by M2 TAMs.207 Interest-
ingly, the expression of miR-362-3p can be increased by TGF-b,
which indicates that TAMs are involved in the upregulation of
miR-362-3p in HCC.136 When human HCC cells were cocultured
with M2 TAMs derived from THP-1 cells, the expression of miR-
362-3p in HCC cells was significantly increased. Moreover, TGF-b
also positively regulated the miR-362-3p-mediated EMT process of
HCC cells by increasing the expression of CD82 and E-cadherin,
especially the phosphorylation of Smad2/3. Furthermore, Smad2/3
positively regulates the transcription of miR-362-3p by binding to
its promoter.136 These results suggest that the protumor effects of
M2 TAMs are also manifested by upregulation of the oncogene
miR-362-3p through the TGF-b/Smad2/3 pathway.136

Function as tumor suppressors by modulating macrophage polariza-

tion and inhibiting the biology of tumor cells or stem cells. In contrast
to miR-362-3p, miR-149-5p expression levels in HCC cells were
decreased by M2 TAMs.4 miR-149-5p is decreased in HCC tissues
and has been widely demonstrated to be a tumor suppressor gene
by targeting MAP2K1, LRIG2 L, or LRIG2.137,138 When HCC cells
were cocultured with M2 TAMs, the expression levels of miR-149-
5p decreased in HCC cells with enhanced invasion and migration.
Overexpression of miR-149-5p in HCC cells reversed the promoting
function of M2 macrophages.4 In addition, MMP9 was shown to be a
direct target of miR-149-5p, indicating that miR-149-5p/MMP9
signaling in HCC cells is involved in the pro-invasion and pro-migra-
tion effects of M2 TAMs on HCC.4,137,138

The expression levels of the miR-144/miR-451a cluster are decreased
in HCC tissues and positively correlated with increased patient
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survival.139,140 As a tumor suppressor, the tumor-suppressive roles of
the miR-144/451a cluster include inhibiting proliferation, EMT, and
invasion of HCC cells by targeting EZH2 or YWHAZ.139,140 Recently,
the tumor-suppressive roles of these miRNAs were found to be also
mediated by regulating the tumor immune microenvironment. In a
murine HCC model, TAMs isolated from miR-144/451a-overex-
pressing tumors exerted an increase in antitumor cytokines or mole-
cules with the M1 phenotype but a decrease in M2-type cytokine
production.141 Similarly, clinical data showed that the expression
levels of miR-144 and miR-451a were positively correlated with the
M1 marker HLA-DR but negatively associated with the M2 marker
CD163.141 Mechanistically, miR-144/451a-induced remodeling of
TAM polarization was mediated by targeting hepatocyte growth fac-
tor (HGF) and macrophage migration inhibitory factor (MIF) in
HCC cells. MIF and HGF are essential cytokines that mediate the
recruitment, differentiation, and M2 polarization of macrophages.142

In addition, the miR-144/miR-451a cluster is involved in the feedback
circuit with EZH2 and the catalytic subunit of the polycomb repres-
sive complex (PRC2) to repress its expression in HCC.141 These data
indicate that restoring the expression of the miR-144/miR-451a clus-
ter in HCC cells could not only directly inhibit tumor biology but also
reprogram TAMs from the protumor M2 phenotype into the anti-
tumor M1 phenotype.141,142

miR-26a in different tumor types has been reported to function as
either an oncogene or tumor suppressor gene. In HCC, although the
expression levels and roles of miR-26a are still controversial, miR-
26a is generally identified as a tumor suppressor that is downregulated
in HCC tissues and cell lines.113,143,144 Overexpression of miRNA-26a
was reported to not only directly inhibit tumor growth and metastasis
but also suppress the recruitment of macrophages to the TME.145,146

When macrophages derived from THP-1 cells were cultured in me-
dium frommiR-26a-enriched HCC cells, the migration of THP-1 cells
was markedly decreased, and the expression of M1-type cytokines,
such as IL-12b and IL-23, was upregulated. Conversely, those derived
fromTHP-1 cells culturedwith themedium ofmiR-26a-silencedHCC
cells were increased. Comparing themedium fromdifferentHCC cells,
the secretion of macrophage colony-stimulating factor 1 (M-CSF or
CFS1) was found to be significantly decreased in the medium from
miR-26a-enriched HCC cells compared with that in control or miR-
26a-silenced HCC cells.146 M-CSF (CFS1) plays a pivotal role in the
regulation of monocyte/macrophage characteristics in tumors.221 In
addition, a clinical investigation showed that HCC patients displayed
higher miR-26a expression and lower M-CSF expression and CD68+

macrophage (M0 type) numbers.146

Similar to miR-26a, miR-148b expression is downregulated in HCC
tissues and negatively associated with the metastasis and prognosis
of patients.147–149 miRNA-148b overexpression suppresses the bio-
logical characteristics of HCC cells or liver cancer stem cells (CSCs)
by regulating the WNT1/b-catenin pathway or neuropilin-1.148

Moreover, miRNA-148b silencing increased the infiltration and M2
polarization of macrophages by targeting M-CSF (CSF1) to promote
HCC growth and metastasis. The relationship among miR-148b,
M-CSF expression, and TAM infiltration was also confirmed in
HCC patients.149 These data suggest that overexpression of miR-
26a or miR-148b in HCC cells inhibits the infiltration of macrophages
by inhibiting the expression and secretion of M-CSF and by inducing
M1 polarization of infiltrated macrophages, ultimately inhibiting
HCC progression.148,149

In addition to CSF-1, IL-34 is another essential cytokine involved in
monocyte/macrophage infiltration, differentiation, and function.150

CSF-1 and IL-34 have been described as "twin" cytokines sharing
the common receptor CSF-1R and common signaling pathways,
indicating that IL-34 might also be a target of miRNA in the cross-
talk between cancer cells and macrophages.221 IL-34 has been shown
to be a direct target of miR-28-5p in HCC cells. Similar to miR-148b,
miR-28-5p was decreased in human HCC tissues, HCC cell lines,
and liver CSCs.151 miR-28-5p overexpression markedly inhibits the
proliferation and migration of HCC cells, and miR-28-5p overex-
pression inhibits the self-renewal and tumorigenesis of CSCs by tar-
geting insulin-like growth factor-1 (IGF-1).152,153 In addition, miR-
28-5p-silenced HCC cells express and secrete high levels of IL-34.
When macrophages were cultured with IL-34-enriched medium
from HCC cells, the chemotaxis and proliferation of macrophages
were significantly increased, which could be rescued by anti-IL-
34.151 Moreover, the promoting effects of miR-28-5p-IL-34 on
TAM infiltration were also confirmed. Mechanistically, the focal
adhesion kinase (FAK) and extracellular signal-related kinase 1
and 2 (ERK1/2) signaling pathways were revealed to be involved
in IL-34-mediated anti-macrophage activity. Interestingly, TGF-b
derived from TAMs suppressed the expression of miR-28-5p in
HCC cells. The relationship between miR-28-5p-IL-34 expression
and TAM infiltration was confirmed in HCC samples.151 Taken
together, these data identified a miR-28-5p-IL-34 HCC-macro-
phage-positive feedback signaling loop that mediates TAM (M0
type) infiltration and HCC progression and metastasis.151–153

In addition, several other macrophage-related miRNAs have
been identified in HCC, such as mir-194-5p, miR-424-5p, and
miR-139-5p.177,191,222 Most of these miRNAs are involved in other
ncRNA regulatory networks and play important roles in the anti-
tumor or protumor functions of other ncRNAs, particularly
lncRNAs and circRNAs, which will be discussed in the subsequent
sections.

Tumor-cell-derived lncRNAs

Interestingly, all tumor-derived lncRNAs that can mediate the rela-
tionship between tumor cells and macrophages promote tumorigen-
esis and development. As shown in Figure 6, these oncogenic tumor-
cell-derived lncRNAs not only can regulate their own biological
functions but also can modulate macrophage infiltration, activation,
polarization, or immunosuppression to facilitate tumor progression
via costimulatory molecules, exosomes, soluble proteins, or cytokines.

The lncRNA CCAT1 is markedly increased in HCC tissues and is
associated with poor prognosis. Overexpression of CCAT1 promotes
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the proliferation and migration of HCC cells, while silencing CCAT1
inhibits these phenotypes. Mechanistically, CCAT1 can act as a
miRNA sponge of let-7, miR-30c-2-3p, or miR-181 to antagonize
their functions, resulting in the derepression of miRNA targets,
such as HMGA2, c-Myc, and ATG7.166–168 Recently, it was reported
that, when cocultured either with TAMs in a Transwell system or with
TAM supernatant, the expression levels of CCAT1 and HMGA2 were
increased, while the expression level of let-7 was decreased. In addi-
tion, HMGA2 expression in HCC tissues was confirmed to be posi-
tively associated with TAM markers (CD68, CD163, and CD204).
Interestingly, in a Transwell coculture system, HMGA2 overexpres-
sion in HCC cells promoted TAM migration and IL-10 expression,
while IL-12 was inhibited.166 This indicates that a positive feedback
signaling loop between TAMs enhances HCC progression by target-
ing CCAT1-Let-7-HMGA2 HCCmacrophages, leading to TAM (M0
type) infiltration and HCC progression.166,168

Similarly, the lncRNA H19 and its competitive endogenous RNA
(ceRNA) network are also enhanced by TAM.169 H19 is also upregu-
lated in HCC tissues, correlates with worse patient outcomes, and acts
as an oncogene to promote tumor growth, metastasis, and radioresist-
ance or chemotherapeutic resistance. Mechanistically, many signaling
pathways have been demonstrated to participate in the protumor ef-
fects of H19, which involves several miRNAs and their targets, such
as miR-520a-3p-LIMK1, miR-193b-MAPK1, and miR-200b-3p-
Zeb1.169–171 Moreover, H19 upregulation was recently revealed to be
positively correlated with TAM infiltration, particularly M2-type
TAMs. In the Transwell coculture system, H19 expression in HCC
cells was significantly increased in response to TAM stimulation. In
addition, the migration and invasion of HCC cells mediated by the
110 Molecular Therapy: Oncolytics Vol. 25 June 2022
H19-miR-193b-MAPK1-EMT axis was enhanced. Knockdown of
H19 dramatically reduced the enhanced HCC aggressiveness induced
by M2-like TAMs.169

In addition,MALAT1 is also upregulated inHCC tissues and is closely
related to tumor progression, metastasis, and recurrence in patients.
Knockdown of MALAT1 in HCC cells inhibits cell proliferation,
migration, chemotherapy resistance, and mitochondrial and glucose
metabolism while promoting apoptosis and autophagy.172–175 When
cultured inmedium fromMALAT1-silencedHCC cells, themigration
andproliferation of humanumbilical vein endothelial cells (HUVECs)
are inhibited, leading to inhibition of tumor angiogenesis. MALAT1
downregulation significantly suppresses the M2-like polarization of
macrophages but promotes their M1-like polarization. Furthermore,
the reducing effects of MALAT1 silencing in HUVECs and macro-
phages were demonstrated to be due to the restoration of miR-140
expression in HCC cells.176 These results demonstrated that M2-like
TAMs have the ability to reprogram HCC cells by targeting the
lncRNA-centered signaling network, resulting in more aggressive
tumors.176

PD-L1 is frequently expressed on many types of tumors to escape im-
mune surveillance.219 InHCC tissues, both PD-L1 and PD-L2 were up-
regulated and positively associated with tumor size and tumor-node-
metastasis (TNM) stage.177 In addition, the expression of lncRNA
PCED1B-AS1 was increased and correlated with the clinical character-
istics ofHCC. Itwas further confirmed that PCED1B-AS1promotes the
expression of PD-L1 and PD-L2 by sponging miR-194-5p. In addition,
PCED1B-AS1 exerted significant promoting roles in cell proliferation
and colony formation through mammalian target of rapamycin
(mTOR) signaling in HCC cells.177 Moreover, PCED1B-AS1 could be
released from HCC exosomes and then taken up by M1 macrophages
and T cells, resulting in an increase in apoptosis and inhibition of pro-
liferation.177 These findings indicate that PCED1B-AS1 not only pro-
motes tumor immune escape through thePD-1/PD-L1 axis but also en-
hances the malignant process of tumors through other pathways.177

The lncRNA TUC339 and distal-less homeobox 6 antisense 1 (DLX6-
AS1) are also likely overexpressed in HCC tissues and HCC-derived
exosomes.223,224 TUC339 promotes cycle progression, proliferation,
and adhesion of HCC cells, and TUC339 transferred in exosomes
fromHCC cells to HCC cells further promotes tumor growth and pro-
gression.223 Meanwhile, HCC exosome-derived TUC339 can also be
taken up by macrophages to regulate their activation and M2-like po-
larization.178 Downregulation of DLX6-AS1 in HCC cells was found to
dramatically inhibit the biological functions of HCC cells, including
cell viability, invasion, and migration, by targeting miRNA-involved
signaling pathways.225–229 The density of TAMs in HCC tissues was
positively correlated with the expression level of HCC exosome-
derived DLX6-AS1.224 Further study demonstrated that, when treated
with HCC-derived exosomes, TAMs could take up the transferred
DLX6-AS1 and induce M2 polarization, leading to their antitumor
ability to inhibit HCC cell migration, invasion, and EMT. Then, the
transfer of DLX6-AS1 was confirmed to increase the expression of
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CXCL17 by sponging mmiR-15a-5p to mediate the polarization and
function of TAMs.224 These results indicated that, in addition to
directly affecting tumor cell characteristics, lncRNAs could also be
secreted in tumor-derived exosomes and regulate immunological sur-
veillance or M2-like polarization of macrophages, further accelerating
the progression and metastasis of HCC.224

LINC00662 is upregulated in HCC tissues and associated with the
clinical characteristics and prognosis of HCC patients.179,180

LINC00662 promotes HCC cell proliferation and invasion and sup-
presses apoptosis in HCC cells. In addition, LINC00662 induces
M2-like macrophage polarization of macrophages cultured with
conditioned medium from LINC00662-enriched HCC cells. Mecha-
nistically, LINC00662 in HCC cells increased the expression and
secretion of wingless-type MMTV integration site family member 3
(AWNT3A) by sponging miR-15a/16/107 to activate Wnt/b-catenin
signaling, resulting in tumor cell proliferation and invasion.180 More-
over, secreted WNT3A was taken up by macrophages to trigger cell
M2 polarization through Wnt/b-catenin signaling, suggesting that
soluble proteins are involved in the LINC00662-mediated relation-
ship between HCC cells and macrophages.179,180

Asmentioned above,TGF-b can be increasedbybothmacrophages and
HCCcells andparticipates inmiRNA-related intercellular communica-
tion.107,111,136,207 Recently, it was also reported that lncRNAs improve
the expression of HCC-derived TGF-b, leading to M2 polarization of
macrophages.181 The lncRNA TP73-AS1 was upregulated in HCC tu-
mor tissues and was positively associated with patient survival. TP73-
AS1 overexpression plays important promoting roles in proliferation,
survival, and radioresistance through multiple signaling pathways by
sponging certain miRNAs.182,183 The lncRNA TP73-AS1 modulates
HCC cell proliferation through miR-200a-dependent HMGB1/RAGE
regulation. In particular, activation of the TP73-AS1-miR-539-MMP-
8 axis was revealed to not only participate in tumor cell growth but
also augment the M2 polarization of macrophages in response to
HCC-secreted TGF-b, enhancing HCC tumor progression.181

Pseudogenes are a special type of lncRNA that have been less inves-
tigated in HCC. Recently, pseudogene peptidylprolyl isomerase A
pseudogene 22 (PPIAP22) was found to be significantly upregulated
in HCC tissues and negatively associated with good patient outcomes.
Further study found that PPIAP22 may act as a ceRNA by sponging
miR-197-3p to relieve repression of its parental gene peptidylprolyl
isomerase A (PPIA).184 Similar to PPIAP22, upregulation of PPIA
is also associated with tumor size and poor patient survival and has
been shown to promote tumor growth.184,230 The expression levels
of PPIAP22 or PPIA were correlated with the infiltration levels of tu-
mor-infiltrating immune cells (TIICs), such as T cells, dendritic cells,
and macrophages, and with the expression of several chemokines,
including C-C motif chemokine ligand 15 (CCL15) and C-X-C motif
chemokine ligand 12 (CXCL12).184 Chemokines are likely also
involved in the lncRNA HOTAIR-mediated relationship in HCC.
HOTAIR was upregulated in HCC tissues and associated with poor
prognosis of patients. Many reports have shown that HOTAIR con-
tributes to HCC progression primarily through the lncRNA-
miRNA-mRNA axis.185–187 In addition, HOTAIR plays an important
role in the recruitment of macrophages andmyeloid-derived suppres-
sor cells (MDSCs) into the TME by upregulating CCL2 expression in
HCC cells.188 These results suggest that activation of PPIAP22 or
HOTAIR promotes a malignant phenotype in cancer cells and regu-
lates the infiltration of TIICs through the CCL-CCR or CXCL-CXCR
pathway to enhance tumor progression.188

In addition, lncRNA GIHCG levels are highly expressed in HCC tis-
sues compared with nontumor liver tissues and correlated with tumor
clinicopathological characteristics and patient survival.189,190 GIHCG
has been reported to be an oncogene that promotes the proliferation
and metastasis of HCC by silencing the miR-200b/a/429 axis 224. In
addition, upregulation of GIHCG is positively or negatively correlated
with the proportions of TIICs, including macrophages.190 However,
the expression and function of GIHCG in macrophages still need to
be studied further.

Tumor-cell-derived circRNAs

Functionasoncogenesbymodulatingmacrophage infiltrationandpolar-

ization and promoting tumor cell proliferation, migration, and invasion.

circASAP1 is a newly identified circRNA derived from the ASAP1
gene. It is frequently upregulated inHCC tissues and is positively corre-
lated with HCC metastasis and prognosis. Overexpression of circA-
SAP1 in HCC cells significantly promotes cell proliferation, migration,
and invasion in vitro as well as lung metastasis in vivo.200 Additionally,
the promoting effects of circASAP1 on tumor progression were medi-
ated by sponging miR-326 and 532-5p to activate p-MAPK1 signaling.
In addition, the circRNA-miR-326/miR-532-5p axis increased the pro-
duction and secretion of CSF-1 and promoted the infiltration levels of
M2-like TAMs through CSF-1-CSF-L1 signaling.200,201 These results
suggest that circASAP1 is involved in tumor progression not only by
promoting HCC metastasis through miR-326/miR-532-5p-MAPK1
signaling but also by enhancing M2-like TAM infiltration through
miR-326/miR-532-5p-CSF-1 signaling.200,201

Similarly, hsa_circ_0074854 was also found to be upregulated in HCC
tissues and cells.202 Knockdown of hsa_circ_0074854 in HCC cells
significantly reduced cellmigration and invasionby inhibiting the stabil-
ity of human antigen R (HuR) to suppress EMT. In addition, hsa_-
circ_0074854 in cells can be released via exosomes, and its levels in
HCC cell-derived exosomes were upregulated compared with those in
exosomes from noncancerous human hepatic cells. Knockdown of
hsa_circ_0074854 in exosomes suppressed the M2-like polarization of
macrophages, further inhibiting the migration, invasion, and EMT of
HCC cells.202 These results indicate that hsa_circ_0074854 acts as an
oncogene to promote tumor progression by inhibiting cell invasion
andmigration through regulatingHuR-METsignaling andby suppress-
ing the M2-like polarization of macrophages mediated by exosomes.202

Function as tumor suppressors by decreasing macrophage infiltration

and inhibiting HCC cell proliferation, migration, and invasion. Unlike
the low expression of circASAP1 and hsa_circ_0074854,
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hsa_circ_0110102 is downregulated in HCC cell lines and tissues.
hsa_circ_0074854 is a newly identified circRNA derived from the
ZNF562 gene, and its low expression is associated with poor prog-
nosis.203 Knockdown of hsa_circ_0110102 in HCC cells markedly
enhanced cell proliferation, migration, invasion, and metastasis
in vitro and in vivo. Furthermore, hsa_circ_0110102 functions as a
sponge for miR-580-5p, which is overexpressed in HCC with protu-
mor ability. miR-580-5p significantly upregulates CCL2 expression
and secretion by reducing the expression of the CCL2 inhibitor
PPARa.203,204 The CCL2-CCR2 axis plays an important role in the
chemotaxis of M1 TAMs to contribute to cancer progression.204

When cocultured with miR-580-5p-enriched HCC cells treated
with miR-580-5p, the expression levels of CCR2 and secretion levels
of the protumor cytokines COX-2 and PGE2 were decreased in mac-
rophages.203,204 The inhibitory effects of miR-580-5p-enriched HCC
cells on macrophages can be recovered by hsa_circ_0110102. More-
over, CCL2 is involved in the production of COX-2/PGE2 in macro-
phages by regulating FoxO1 expression in a p38MAPK-dependent
manner.203,204 These results indicate that hsa_circ_0110102 acts as
a tumor suppressor to decrease CCL2 expression and secretion in
HCC cells by targeting the miR-580-5p-PPARa axis, suppressing
the secretion of COX-2/PGE2 from M1 macrophages by inhibiting
the CCL2-CCR2-p38MAPK-FoxO1 signaling pathway and attenu-
ating tumor progression.204

OUTLOOK ON HCC DIAGNOSTICS AND
THERAPEUTICS OF ncRNAs
With the development of chemistry, biology, and medical science, an
increasing number of miRNAs, lncRNAs, and circRNAs that could
mediate the crosstalk between macrophages and tumor cells will be
discovered in HCC. Their functions in the development, progression,
drug resistance, recurrence, and metastasis of HCC will also become
clearer. This suggests that crosstalk-related ncRNAs are potential
diagnostic and prognostic biomarkers and molecular therapeutic tar-
gets for HCC. Therefore, upregulation of macrophage-derived
ncRNAs or elimination of ncRNAs from tumor cells among these
crosstalk-related ncRNAs is one of the important options for prom-
ising biomarkers for HCC diagnosis and prognosis or as capacity tar-
gets for HCC treatment.

Focusing on macrophage-derived ncRNAs, one strategy in preclinical
or clinical trials for cancer treatment is RNA delivery-based reprog-
ramming of TAMs. Good examples include charge-altering releasable
transporters (CARTs) and nanoparticle (NP)-mediated RNA deliv-
ery. These two delivery systems can carry specific RNAs and deliver
them into specific target cells. Targeting ncRNAs may be encapsu-
lated in CARTs or NPs for subsequent delivery into TAMs, resulting
in the overexpression of specific ncRNAs in TAMs. Consequently,
these ncRNA-enriched TAMs could remodel their phenotype and
function to inhibit tumor growth or metastasis.

Similarly, in tumor-derived ncRNA-based therapeutics, siRNAs can
also be encapsulated within the two delivery systems to silence tar-
geted ncRNA in tumor cells. Then, the specific ncRNA-silenced
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tumor cells will subsequently lose the functions of proliferation, inva-
sion, and immune escape as well as the immunosuppressive function
of promoting macrophage infiltration, activation, or M2 polarization,
leading to tumor elimination and phenotype and function remodeling
to inhibit tumor growth or metastasis. In addition, many other
effective strategies, such as antisense morpholino oligonucleotides,
small-molecule inhibitors, nucleic acid limitation, CRISPR-Cas9, or
steric inhibition, as mentioned above about miRNA-, lncRNA-, or
circRNA-based therapeutics, can be used to deplete the selected onco-
genic RNA.19,65,74

In addition, miRNAs, lncRNAs, and circRNAs can all be detected in
many human body fluids, such as blood, saliva, urine, breast milk, and
serum exosomes in particular. Exosomes can protect these ncRNAs
from degradation to reflect their true levels in the body. Thus, exoso-
mal crosstalk-related ncRNAs may be stable tumor diagnosis and
treatment markers that could easily be detected in HCC. However,
uncertain factors in these ncRNA-based diagnoses and therapeutics
may limit HCC treatment. Therefore, additional preclinical and clin-
ical trials are required to verify the efficacy of existing methods and
identify new strategies.

CONCLUSIONS AND DISCUSSION
The tumor microenvironment is a well-characterized system that
plays a key role in the initiation and progression of HCC. Tumor-
related macrophages within the microenvironment form a niche for
cancer development. Within the niche, intense communication oc-
curs between macrophages and tumor cells through cell-to-cell con-
tact and/or soluble messengers. The increasing studies, based on
next-generation sequencing technologies, have shed light on the
implication of ncRNAs in the process of communication.231,232 Un-
locking the link between ncRNAs and cell communication may
open up new fields for the discovery of new diagnosis and treatment
strategies in HCC. This review focused on the regulation of ncRNAs
in the crosstalk between macrophages and tumor cells and its func-
tion and mechanism in HCC, as shown in Figures 4 and 5. These
ncRNAs are derived from macrophages or tumor cells and act as on-
cogenes or tumor suppressors not only to regulate almost all physio-
logical and pathological processes of tumor cells but also to control
macrophage infiltration, activation, polarization, and function, result-
ing in aggravation or delay of HCC progression (Tables 1, 2, and 3). In
addition, the regulatory networks among different types of ncRNAs,
such as lncRNA-miRNA or lncRNA-miRNA axes, indicate the
complexity of ncRNA regulation in the communication among
ncRNAs, macrophages, and tumor cells.233 Meanwhile, miRNAs
have also been suggested to be checkpoints in regulatory networks,
and this should be given more attention with respect to HCC diag-
nosis and treatment. Moreover, we found that ncRNAs derived
from tumor cells almost all exhibit tumor-promoting functions, espe-
cially tumor-derived lncRNAs, while macrophage-derived ncRNAs
exert antitumor functions (such as miRNAs and lncRNAs). In addi-
tion, the dynamic expression of these tumor-derived lncRNAs that
were upregulated and positively associated with tumor size and
TNM stage usually facilitates the progression of HCC, indicating
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that these lncRNAs may act as potential novel prognostic biomarkers
and therapeutic targets in HCC treatment. These findings also indi-
cate that although TAMs are generally considered to have character-
istics that promote tumor development, as important natural immune
cells, they are still trying to restore their immune monitoring function
in some way; for example, through the expression of antitumor
ncRNAs. This also suggests that, in the clinical treatment strategy
of tumors, the method of reprogramming tumor-related macro-
phages has greater development potential than that of removing
them.

In view of the regulatory roles of the aforementioned three types of
ncRNAs in the relationship between tumor cells and immune cells,
this suggests that other types of ncRNAs, such as enhancer RNAs (eR-
NAs), may also be involved in the relationship in HCC. eRNA is a
type of ncRNA transcribed from enhancers that does not encode a
protein but retains important functions in enhancer activation and
gene regulation.234,235 Increasing evidence suggests that some eRNAs,
such as eRNA-TAOK1e and eRNA-CELF2e, are abnormally ex-
pressed in tumors and may be key factors in tumorigenesis.236,237

In HCC, eRNA-APH1A is highly expressed in advanced tumor stages
with larger tumor sizes and higher histological grades.238 Further-
more, many immune-related eRNAs (IReRNAs) were identified in
HCC, and the prognostic role of IReRNAs was explored. Five
IReRNAs (AC073257.2, AL445524.1, FAM120AOS, LINC00513,
and STK3) were identified as an IReRNA signature (IReRS), and
they are positively correlated with poor survival but inversely corre-
lated with CD8+ T cells and M0 macrophage infiltration in HCC,
especially AL445524.1.239 These data indicate that these eRNAs
may play important roles in HCC immunity mediated by T cells
and TAMs.

In addition to macrophages, many types of immune cells exist in the
tumor microenvironment, and they play an important regulatory role
in tumor immunity (Figure 3). Among them, tumor infiltrating lym-
phocytes (TILs) have the largest number of infiltrating cells. TILs
include many subtypes of cells, such as CTLs, gd T cells, Treg cells,
and CD4+ IL-17+ (Th17) cells.35 Among them, CTL and gd T cell
subsets play a role in eliminating tumor cells, while Treg and Th17-
cell subsets can trigger severe chronic inflammation and play an auxil-
iary role in tumorigenesis, invasion, and metastasis.240,241 Increasing
evidence has shown that some novel ncRNAs are involved in the
reciprocal regulatory relationship between these T cells and tumor
cells in HCC. For example, Treg-derived lnc-EGFR was proved to
stimulate Treg cell differentiation and CTL inhibition, leading to
HCC progression by the lnc-EGFR-EGFR-NF-AT1/AP1-lnc-EGFR
forward-feedback loop.242 CTL-derived lnc-NEAT1 was also proved
to be involved in CTL cell apoptosis, and repression of NEAT1 could
restrain cell apoptosis while enhancing the cytolysis activity against
HCC by the miR-155/Tim-3 pathway.243 On the other hand, tu-
mor-cell-derived lnc-FENDRR acted as a suppressor to inhibit the
immune escape of tumor cells mediated by Treg cells by sponging
miR-423-5p.244 These data indicated that ncRNA-mediated crosstalk
between TILs and tumor cells plays an important role in mediating
tumor immune escape during HCC development, and cell-to-cell
contact and TIL- or tumor-secreted EVs may also act as a bridge in
the crosstalk mediated by ncRNAs. Similar to T cells, B cells, as a
core component of adaptive immunity, also play an important regu-
latory role in tumor immunity, although their infiltration in the tu-
mor microenvironment is relatively small. B cells were found to not
only secrete immunoglobulin (Ig) and express costimulatory mole-
cules to participate in tumor immunity but also provide high levels
of IL-10 secreted by the regulatory B (Breg) cell subset to suppress
host immune responses and play a tumor-promoting role in cancer,
including HCC.245,246 In addition, PD-1hi B cells, another newly
identified subtype, were discovered in advanced-stage HCC patients.
When activated by PD-1, these cells can produce large amounts of IL-
10 to suppress tumor-specific T cell immunity.247 Interestingly, B cells
were recently proved to be regulated by tumor cells. The expansion of
the TIM-1+ Breg cell subset can be promoted by HCC-derived exo-
somes, resulting in CTL inhibition and HCC progression via the
HMGB1-TLR2/4-MAPK pathway.248 This indicates that B cells and
tumor cells in the tumor microenvironment also have a mutual reg-
ulatory relationship, and cytokines and exosomes play a mediating
role in it. However, whether ncRNAs are involved in the relationship
needs clarification.

Therefore, more research is needed to uncover more critical tumor-
infiltrating cells and tumor cell crosstalk-related ncRNAs within the
microenvironment, especially circRNAs and eRNAs, which have
rarely been identified, to clarify their regulation, function, and mech-
anism in HCC.
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