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ABSTRACT Hepatocellular carcinoma (HCC) is the fourth leading cause of cancer-associated death worldwide. Angiogenesis, the process of
formation of new blood vessels, is required for cancer cells to obtain nutrients and oxygen. HCC is a typical hypervascular solid
tumor with an aberrant vascular network and angiogenesis that contribute to its growth, progression, invasion, and metastasis.
Current anti-angiogenic therapies target mainly tyrosine kinases, vascular endothelial growth factor receptor (VEGFR), and platelet-
derived growth factor receptor (PDGFR), and are considered effective strategies for HCC, particularly advanced HCC. However,
because the survival benefits conferred by these anti-angiogenic therapies are modest, new anti-angiogenic targets must be identified.
Several recent studies have determined the underlying molecular mechanisms, including pro-angiogenic factors secreted by HCC
cells, the tumor microenvironment, and cancer stem cells. In this review, we summarize the roles of pro-angiogenic factors; the
involvement of endothelial cells, hepatic stellate cells, tumor-associated macrophages, and tumor-associated neutrophils present
in the tumor microenvironment; and the regulatory influence of cancer stem cells on angiogenesis in HCC. Furthermore, we
discuss some of the clinically approved anti-angiogenic therapies and potential novel therapeutic targets for angiogenesis in HCC.
A better understanding of the mechanisms underlying angiogenesis may lead to the development of more optimized anti-angiogenic
treatment modalities for HCC.
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Introduction are curative treatments that may provide long-term survival
benefits. For patients with advanced-stage HCC, systemic

. . treatment remains the main option, although its therapeutic
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. . benefits remain unsatisfactory. HCC is a solid tumor with a
mon cancer and the fourth leading cause of cancer-associated . . .
) ) ) : ) high degree of capillarization and arterialization. Therefore,
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metastasis of HCC, particularly advanced-stage HCC.
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the lesion exceeds 1-2 mm. With rapid tumor growth, hypoxia
develops within solid tumors, because of the high interstitial
pressure and the distance between the tumor cells and adjacent
capillaries. Angiogenesis is subsequently activated through a
shift in the balance between pro-angiogenic and anti-angio-
genic factors toward a pro-angiogenic mode. Pro-angiogenic
factors stimulate the proliferation and migration of ECs from
the vessels in the surrounding tissues. Because of its hypervas-
cular nature, anti-angiogenic therapy is recognized as a prom-
ising therapeutic strategy for HCC. Sorafenib is the first tyros-
ine kinase inhibitor (TKI) approved as a standard first-line
treatment for advanced HCC. Lenvatinib has been approved
as a first-line treatment for advanced HCC, and regorafenib
is recommended as a second-line treatment in patients with
disease progression after sorafenib treatment. Cabozantinib is
also used as an alternative second-line treatment®. Although
these anti-angiogenic therapies are widely prescribed in HCC
treatment, and some benefits have been noted, the survival
benefits conferred by these anti-angiogenic therapies are mod-
est’. In this review, we summarize current research progress
in understanding the mechanisms and signaling molecules
involved in angiogenesis in HCC, and discuss potential angio-

genesis-targeting strategies for HCC treatment.
Angiogenic factors

Angiogenesis in HCC is robustly stimulated by hypoxia>®.
HCC consists of tumor cells, basal membrane, and surround-
ing stroma, and hypoxia often occurs inside tumors, owing to
dense tissue structures and rapid tumor growth’. Hypoxia-
inducible factor-1o (HIF-10), the primary transcription fac-
tor induced by hypoxia, activates a sequence of target genes,
including vascular endothelial growth factors (VEGFs), plate-
let-derived growth factors (PDGFs), fibroblast growth factors
(FGFs), and angiopoietins, which are involved in cell survival
and angiogenesis under hypoxic conditions®’. In this section,
we summarize the confirmed and potential mechanisms of

pro-angiogenic pathways in HCC cells (Figure 1).
VEGF

VEGFs, the most potent and specific regulators of ECs'?, are
critical for initiating physiological and pathological angiogen-
esis!!. The VEGF family comprises 5 ligands (VEGFA, B, C,
D, and E). VEGF levels reflect the aggressiveness of tumors'2.

VEGF overexpression in HCC cells enhances tumor growth
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and metastasis by promoting angiogenesis. Circulating plasma
VEGEF levels are elevated in patients with HCC and correlate
with high tumor microvessel density (MVD) and poor prog-
nosis'®. Binding of VEGFA and VEGFB to VEGF receptor 1
(VEGFR1) leads to the formation of new vessels. The binding
of VEGFA, B, C, and D to VEGFR2 stimulates the prolifera-
tion and migration of ECs, and angiogenesis®. The actions of
VEGFC and VEGFD through VEGFR3 result in lymphangio-
genesis. VEGFR?2 is expressed in almost all ECs and is activated
by binding of VEGFA, B, C, or D. VEGFA is the most critical
ligand among these VEGFs. The binding of VEGFA/VEGFR2
leads to a phosphorylation cascade that triggers downstream
cellular signaling pathways, including the PI3K/AKT and
RAF/MAPK pathways, thereby resulting in ECs proliferation
and migration, and the formation of branches of new blood
vessels necessary for rapid tumor growth and metastasis'®!>.
Furthermore, the permeability of the newly formed vessels
usually increases, thus forming areas of high interstitial pres-
sure and severe hypoxia or necrosis, which further promote

HCC progression and angiogenesis!®.

PDGF

PDGFs are encoded by 4 genes (PDGFA, B, C, and D) belong-
ing to the cystine knot protein superfamily and are secreted
as homodimeric proteins. PDGFs stimulate the growth and
migration of glial cells, fibroblasts, and vascular smooth
muscle cells!”. PDGFs and PDGF receptors (PDGFRs) are
also expressed in a variety of tumors, including HCC'®!°.
Activation of the PDGF/PDGER signaling pathway is corre-
lated with tumor cell proliferation and metastasis via modu-
lation of multiple downstream pathways, including the PI3K/
PKB and MAPK/ERK pathways?’. In addition to stimulating
cancer cell proliferation, PDGF promotes angiogenesis?!.
In HCC, elevated PDGFR-0. levels correlate with MVD and
poorer prognosis®. Olsen et al.?? have reported that the appli-
cation of TKIs, such as imatinib, attenuates cancer cell prolif-
eration, migration, and invasion, and affects angiogenesis by
inhibiting the PDGFD/PDGFR-J axis. Li et al.?* have reported
that the miR-325-3p-regulated CXCL17/CXCRS8 axis in HCC
cells regulates PDGF expression and consequently affects angi-
ogenesis. At the molecular level, NUPR1 enhances PDGFA
expression in HCC cells, and the released PDGFA facilitates
angiogenesis via the PDGFA/MEK/ERK cascade in ECs*.
However, the potential mechanism of the PDGF pathway as

a target for angiogenesis inhibition in HCC remains unclear.
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Figure 1 Mechanisms of pro-angiogenic factors inducing angiogenesis and new potential targets inhibiting angiogenesis in HCC. Pro-
angiogenic factors secreted by HCC cells, including VEGFA, Ang2, FGF2, PDGFA, CXCL12, and TGF-B, bind the receptors expressed on ECs and
promote angiogenesis in HCC. Hypoxia promotes expression of VEGFA, FGF2, and PDGFA in HCC cells. Leptin also promotes VEGFA expression
by binding Ob-R in HCC cells. VEGFA binds VEGFR2 and subsequently activates the PI3K/AKT and RAF/MAPK pathways, thereby promoting
angiogenesis. By interacting with FGFR1, FGF2 promotes angiogenesis in HCC by activating the RAF/MAPK pathway. PDGFA activates MEK/ERK

signaling via PDGFR, thus promoting angiogenesis. TGF-f binds CD

105 and activates the ALK/SMAD1/5 pathway, which promotes angiogen-

esis. COX2 and VEGFA induced Ang2 promotes angiogenesis by binding the Tie2 receptor. SOX4 induced CXCL12 promotes angiogenesis by
binding the CXCR4 receptor. Nvp-bep800 inhibits HSP90P in ECs and subsequently attenuates angiogenesis in HCC. AMD3100 inhibits CXCR4

on ECs, thus attenuating angiogenesis in HCC. TRC105 inhibits CD1

FGF

FGFs are heparin-binding growth factors. The FGF family
consists of 22 members including 18 ligands and 4 homol-
ogous factors®. Abnormal FGF/FGFR signaling has been
reported to induce HCC; therefore, FGFs have great value
as biomarkers for detecting heterogeneity in patients with
HCC?. The FGF1, FGF2, FGF4, and FGF8 subfamilies are
the most frequently investigated FGFs in the angiogenic pro-
cess of HCC. Among these factors, FGF2 is the best known
and researched. FGF2 is expressed in HCC cells, but is
scarcely detectable in nonparenchymal cells or noncancer-
ous liver tissue. It interacts mainly with its receptor, FGFR1,
and subsequently mediates angiogenesis through the RAF/
MAPK pathway?’. FGF2 plays multiple roles in various stages

05 on ECs and consequently attenuates angiogenesis in HCC.

of angiogenesis?®. FGF2 not only recruits various host cells
to the tumor microenvironment (TME) but also enhances
VEGFA-dependent neovascularization during tumor pro-
gression—a process essential for subsequent tumor growth
and metastasis?>. FGF2 and VEGFA are associated with
increased capillarization of sinusoids during angiogenesis
in HCC?’, and FGF upregulates integrin expression, which
in turn alters the cellular state of ECs during angiogenesis.
Wang et al.’! have generated the FGF2 specific monoclonal
antibody GAL-F2, which not only inhibits the prolifera-
tion and migration of HCC cells, but also blocks angiogenic
signals in vivo, thus indicating the roles of FGF2 in tumor
growth and angiogenesis. These observations suggest that
targeting FGF is a promising therapeutic option for anti-an-
giogenesis in patients with HCC.
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Endoglin

Endoglin (also known as CD105), a 180 kDa type-1 integral
transmembrane glycoprotein, consists of a large extracellu-
lar domain, hydrophobic transmembrane domain, and short
serine/threonine-rich cytoplasmic tail®’. CD105 activates the
activin receptor-like kinase-1 (ALK1)/SMAD1/5 or ALK4/
SMAD?2/3 pathways, thereby regulating cell proliferation,
migration, extracellular matrix synthesis, and angiogene-
sis?>. CD105 exists in both long and short isoforms. The long
isoform of CD105 (L-ENG) is abundant in the human liver
and has pro-angiogenic activity, whereas the short isoform of
CD105 (S-ENG) is expressed mainly in senescent ECs and acts
as an anti-angiogenic molecule that counters L-ENG>**. Some
studies have shown that L-ENG activates the ALK1/SMAD1/5
pathway, whereas S-ENG activates the ALK5/SMAD2/3 path-
way>>. CD105 is also a co-receptor of transforming growth
factor-B (TGF-B) ligand, which is essential for fibrogenesis
and angiogenesis®®. CD105 interacts with the TGF-3 family by
binding TGF- serine/threonine kinase receptors (TGF-fRs)
3738 The receptor complex modulates TGF-3, SMAD1/5, and
SMAD2/3 pathways*. CD105-induced ALK1 activation and
SMAD1/5 phosphorylation are critical for enhancing the pro-
liferation and migration of ECs, in contrast to ALK5 activation
and SMAD2/3 phosphorylation-induced inhibitory effects*.
CD105 participates in the angiogenesis of HCC*! and is a cell
proliferation marker for vascular ECs and tumor vasculature?®.
CD105 expression is highest in well-differentiated HCC,
whereas it is downregulated in poorly differentiated HCC*2.
CD105 is expressed primarily in microvessels in the tumor
periphery, whereas TGF-B1 is present only within tumor
hepatocytes. HCC-released TGF-B1 promotes the expression
of CD105 in ECs and as a promoter of tumor angiogenesis*.
CD105 is also significantly correlated with tumor differen-
tiation, portal vein invasion, and lymph node metastasis**.
Expression of CD105 in microvessels appears to be more clin-
ically meaningful than that of CD31 or CD34*. In addition,
compared with ECs from adjacent normal tissues, tumor-de-
rived ECs (TECs) are resistant to drug treatment, and CD105
may play an important role in this resistance®. CD105+
TECs exhibit higher anti-apoptotic ability, cell motility, and
stronger pro-angiogenic characteristics than CD105+ normal
ECs. CD105+ TECs also demonstrate greater ability to survive
in tumors. On the basis of the above data, CD105 may be a
potential target for inhibiting angiogenesis and subsequent
progression of HCC. TRC105 (carotuximab), a chimeric IgG1
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anti-CD105 monoclonal antibody, inhibits angiogenesis and
causes antibody-dependent cellular cytotoxicity and apoptosis
of proliferating ECs. In an open-label single-arm phase study,
Duffy et al.*’ have combined TRC105 with sorafenib for the
treatment of sorafenib-naive patients with HCC and have
found that the 2 anti-angiogenic drugs were well tolerated in
combination and achieved a partial response rate of 25%. This
combination treatment is currently under further evaluation

in a multicenter phase II study to confirm its efficacy.
Angiopoietin

Angiopoietin-1 (Angl) and -2 (Ang2) are ligands of the tyros-
ine kinase receptor Tie2, which is expressed on ECs and pro-
motes angiogenesis*®. Angl and Ang2 are highly homologous
and have similar binding affinity toward Tie2. Angl is a widely
expressed pro-angiogenic factor in adult tissues that regulates
the stabilization and maturation of newly formed vessels by
enhancing endothelial cell-to-cell junctions and recruit-
ing pericytes and smooth muscle cells®. In contrast, Ang? is
generally expressed during vascular remodeling processes™.
Bupathi et al.*® have found that Ang2 expression increases in
liver cirrhosis and is further elevated in HCC, thus indicat-
ing that the angiopoietin pathway is involved in HCC angi-
ogenesis. Ang2, but not Angl, significantly increases from
early-stage to advanced-stage HCC, and has a high predictive
power for overall survival (OS) and progression-free survival
(PFS)>L. Therefore, Ang2 may be used as a potential biomarker
for both diagnosis and prognosis in HCC?2. Generally, Ang2
antagonizes the effect of Angl and induces vessel regression in
tumors in the absence of VEGFA. Although Ang2 attenuates
vascular integrity, it stimulates EC proliferation and migra-
tion in the presence of VEGF signaling®®. Co-overexpression
of Ang2 and VEGF in HCC results in markedly greater tumor
development and angiogenesis, and less intratumoral apopto-
sis and vessel maturation, than observed with overexpression
of either Ang2 or VEGF alone. In addition, inhibition of VEGF
signaling abolishes the effects of Ang2 and VEGF co-overex-
pression, thus indicating that Ang2 synergistically enhances
VEGF-mediated HCC development and angiogenesis®*. Wang
et al.>> have also demonstrated that elevated expression of
Ang2 and VEGFA promotes angiogenesis and stabilizes newly
formed blood vessels. Several studies have demonstrated that
Ang expression is not elevated in HCC cell lines; however,
Ang2 released from ECs is elevated under hypoxic conditions.

These observations indicate that ECs may contribute to Ang2
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overexpression in the hypoxic microenvironment of HCC.
Further studies have shown that hypoxia-induced VEGF may
upregulate the expression of Ang2 in HCC. Tanaka et al.>’
have demonstrated that specific inhibition of cyclooxygen-
ase-2 (COX2) attenuates Ang2 expression and angiogenesis in
HCC, thereby indicating the regulatory role of COX2 on Ang2
in HCC. Therefore, Ang2 may serve as a potential therapeutic
strategy for HCC, and the mechanisms underlying its regula-

tion must be explored further.
Leptin

Leptin is a 167-amino acid non-glycosylated protein encoded
by the leptin (LEP) gene. Leptin regulates body mass by regu-
lating energy homeostasis, and plays critical roles in immune
response, reproduction, and angiogenesis®®. During carcino-
genesis, leptin stimulates cell proliferation, migration, and
angiogenesis®. Binding of leptin to the leptin receptor (Ob-R)
generates the functional unit responsible for leptin-mediated
signaling. Huang et al.%®* have reported that Ob-R enhances
proliferation, migration, and invasion, and inhibits apop-
tosis, in HCC through regulating ERK1/2 and JAK2/STAT3
expression. Moreover, the leptin derivative OB3 abolishes
leptin-induced cell proliferation by decreasing PI3K activa-
tion and proinflammatory gene expression in HCC®!. Ribatti
et al.%2 have reported greater vascularization in poorly differ-
entiated HCC than in other stages, and have found that leptin
expression highly correlates with the degree of angiogenesis.
Therefore, leptin may be involved in HCC development and
angiogenesis. Leptin activates several pathways, such as JAK-
STAT3, MAPK/ERK, and PI3K-AKT, thereby inducing the
expression of various angiogenic factors in cancers®’. Whether
leptin might regulate angiogenesis in HCC through these
pathways requires further confirmation. Several groups have
developed compounds or antibodies targeting leptin/Ob-R
signaling that show significant anticancer effects in vitro or in

vivo, but have not been applied clinically®*©°.
Other pro-angiogenic factors

Recent studies have indicated that several cytokines, such
as interleukins (ILs), interferons (IFNs), and TNF-o, play
important roles in tumor angiogenesis. IL-1 signaling pro-
motes angiogenesis by upregulating VEGF and other angio-
genic molecules via the MAPK or JNK pathways®®. IL-6, IL-18,

and IL-33 also promote tumor angiogenesis by regulating the
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expression of angiogenic factors. Moreover, IFN-y promotes
HIF-10. expression in mesenchymal stem cells, thereby upreg-
ulating VEGF expression and promoting tumor angiogene-
sis®’. Previous studies have shown that TNF-o inhibits tumor
angiogenesis; however, recent studies have demonstrated that
TNF-0. may exert pro-angiogenic activity in tumors®. Tsai
et al.* have reported that knockout of SOX4 in HCC cells
decreases the expression of CXCL12, and consequently attenu-
ates tube formation in vitro and decreases angiogenesis in vivo
in a xenograft mouse model, by targeting CXCR4 in ECs. The
detailed regulatory mechanisms of tumor angiogenesis medi-
ated by these cytokines in HCC are not well understood and

deserve further investigations.
Anti-angiogenic factors

Contrary to the effects of pro-angiogenic factors, anti-angi-
ogenic factors such as thrombospondin-1 (TSP1), endosta-
tin, and endorepellin antagonize angiogenesis during HCC
progression.

TSP1 is a matricellular glycoprotein that modulates various
cellular functions by binding extracellular proteins or cell sur-
face receptors. It plays important roles in multiple biological
processes, including angiogenesis, apoptosis, and immune
regulation. TSP1 inhibits angiogenesis by directly regulating
ECs proliferation, apoptosis, and migration, or by antagoniz-
ing VEGF activity’’. Yang et al.”! have demonstrated that the
HDAC6-let-7i-5p-TSP1 regulatory pathway suppresses neo-
plastic and angiogenesis in HCC. Currently, only limited stud-
ies have evaluated the role of TSP1 in HCC. Further studies are
needed to identify the roles and signaling pathways of TSP1 in
HCC angiogenesis.

Endostatin, generated from collagen XVIII, acts as a modi-
fier of angiogenesis. Endostatin plays an anti-angiogenic role
by inhibiting matrix metalloproteinases (MMPs), or binding
05- and oV-integrins’?. Furthermore, endostatin mediates
anti-angiogenic effects via activation of the downstream path-
ways involving the Src/Rho/Actin axis, inhibition of the FAK/
Ras/MAPK/ERK  signaling cascade through o5B1-integrin
binding, and suppression of HIF-10./VEGFA. Furthermore,
endostatin-induced autophagy has been reported to act in
concert with anti-angiogenesis and prevent HCC progres-
sion”?. Endorepellin, the C-terminal segment of the large
proteoglycan perlecan, is another anti-angiogenic factor that
is involved in tumor progression and has activity similar to

that of endostatin. Endorepellin binds a2f1-integrin, thus
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inducing disassembly of the cytoskeleton, and inhibits ECs
migration. In addition, endorepellin downregulates VEGFR2
and consequently attenuates angiogenesis’*. The specific role
and mechanism of anti-angiogenic factors must be further
studied.

TME-associated cells in HCC
angiogenesis

The TME is the cellular environment in which tumors develop.
Apart from tumor cells, the TME comprises various other
cell types, extracellular matrix, growth factors, proteolytic
enzymes, and signaling molecules’>. The TME is closely asso-
ciated with tumor growth, metastasis, angiogenesis, and drug
resistance. Among the TME-associated stromal cells, hepatic
stellate cells (HSCs), cancer-associated fibroblasts (CAFs),
tumor-associated macrophages (TAMs), and tumor-associ-
ated neutrophils (TANs) play key roles in HCC angiogenesis
(Figure 2). Several studies on the TME, particularly TME-
associated stromal cells, such as ECs, HSCs, TAMs, and TANSs,

(8) | LncRNA COX2,
! miR-140, CSF-1
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have provided valuable information for the development of

anti-angiogenic therapies.
ECs

ECs are direct target cells involved in angiogenesis. VEGFA is
a specific and potent pro-angiogenic stimulator of ECs, and
VEGEFR2 is the most important receptor found on ECs. In
addition to the hypoxia-mediated VEGFA/VEGEFR, angiopoi-
etin/tie, and CD105/TGF-f pathways, several other signaling
pathways and molecules involved in angiogenesis of ECs have
been identified in recent studies’®.

Chemokine receptors on ECs are involved in angiogenesis
in HCC. Treatment with the CXCR4 antagonist AMD3100
inhibits tube formation by ECs in HCC®. In addition, new
roles of some EC molecules that may facilitate angiogenesis in
HCC have been reported in recent years. Hsp90P expression
is positively correlated with CD31+ MVD, and the underlying
mechanism involves Hsp903-mediated promotion of VEGFR
expression via enhancement of their promoter activities in
ECs.NVP-BEP800, a specific inhibitor of Hsp90p, significantly

VEGFA, 1L8,
CCN1, Angs,
PDGFB

VEGF, MMP2,
MMP9, TGF-B

IL-10, TGF-p,
PGE2

Angiogenesis

Figure 2 Schematic representation of TME associated cells mediating angiogenesis in HCC. The HSCs undergo a phenotypic transformation,

from quiescent type to a-HSCs or to transdifferentiated CAFs, which secrete pro-angiogenic factors or cytokines that promote angiogenesis

in HCC. The M2-like TAMs and TANSs also secrete pro-angiogenic factors or cytokines that promote angiogenesis in HCC. PDGF-BB and SHh

secreted by HCC cells activates HSC, and a-HSCs release VEGFA, IL8, CNN, Angs, and PDGFB, which in turn promote angiogenesis. Exosomal
miR-21 converts HSCs to CAFs, which in turn promote angiogenesis by secreting VEGF, MMP2, MMP9 and TGF-f. LncRNA cox-2, miR-140, and
CSF-1 facilitate the polarization of macrophages toward the M2 subtype, which secretes IL-10, TGF-B, and PGE2 and consequently promotes
angiogenesis in HCC. TGF- and IL-17 stimulate TANs to secrete MMP9, BV8, and S100A8/9, which promote angiogenesis in HCC.



Cancer Biol Med Vol 20, No 1 January 2023

decreases VEGFR expression, and attenuates ECs prolifera-
tion, migration, invasion, and tubular differentiation””. RhoC
is not only a regulator of VEGF in tumor cells but also a down-
stream target of VEGF in ECs, and is essential for angiogene-
sis. Activated RhoC is associated with increased invasion and
migration of ECs through the reorganization of F-actin, which
enhances the vessel network and sprout formation’®. Dong
et al.”? have reported that TMPRSS4 significantly promotes
the expression and secretion of HB-EGE, thereby facilitating
HCC angiogenesis. Treatment with specific HB-EGF inhibi-
tor cross-reacting material 197 (CRM197) alone or in combi-
nation with sorafenib significantly inhibits angiogenesis and
HCC progression.

Several studies have demonstrated that human endothe-
lial progenitor cells (EPCs) directly mediate angiogenesis.
Jamshidi-Parsian et al.> have examined the intercellular cross-
talk between HepG2 and human EPCs in a co-culture system
mimicking some aspects of the initial tumor parenchyma and
stroma interactions. Remote cell-to-cell paracrine interac-
tions between HepG2 cells and EPCs play a critical role in
the differentiation and angiogenic activity of ECs, possibly
through the intercellular signaling of exosomes released in the
medium by HepG2 cells. Sun et al.®® have transplanted green
fluorescent protein (GFP)+ bone marrow cells into the bone
marrow of HCC mice and found that CD31 and GFP dou-
ble-positive cells are incorporated into the vessel walls, thus
indicating that EPCs promote HCC angiogenesis by integrat-
ing directly into tumor vessels. Therefore, targeting ECs, even
EPCs, constitutes the most direct and effective anti-angio-

genic therapy for HCC.
HSCs

HSCs, also known as liver pericytes, are located in the space of
Disse. They are crucial components of the TME and promote
HCC growth, metastasis, and angiogenesis®!. In response to
the TME of HCC, HSCs undergo phenotypic transforma-
tion from quiescent to activated or transdifferentiated states,
thus leading to morphological, behavioral, and biochemical
changes. Generally, activated HSCs (a-HSCs) express pro-an-
giogenic factors, including VEGFA, PDGFB, and Angs, which
promote angiogenesis by binding their cognate receptors on
the surfaces of ECs®1:82. Recently, several novel mechanisms
associated with a-HSC-mediated angiogenesis have been
reported. A-HSCs promote hepatic vascular EC growth and

microtubule formation via Raf signaling pathway-mediated
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Angl overexpression®?. In addition to releasing pro-angi-
ogenic growth factors, o-HSCs release proinflammatory
chemokines that stimulate angiogenesis. Angiogenesis is
active at the invading edge close to the a-HSCs, and IL-8
is enriched in the TME of HCC tissues and contributes to
HCC angiogenesis via activation of the STAT3 signaling
pathway in tumor cells®4. Additionally, interleukin-8 (IL-8)
is derived mainly from a-HSCs, but not from hepatoma cells,
in HCC. Cellular communication network factor-1 (CCN1)
expressed by a-HSCs promotes the growth of HCC xeno-
grafts in vivo, affects the function of a-HSCs, and regulates
the formation of the xenograft microenvironment, such as
fibrogenesis and angiogenesis®>. Mufibach et al.3¢ have found
that proteinase-activated receptor-2 (PAR2) expressed by
LX-2 cells promotes tumor growth and angiogenesis in HCC
xenografts in mice. Inhibition of PAR2 attenuates TGF-$1
induced Smad2/3 activation, and blocks the secretion of
pro-angiogenic and pro-mitotic factors and proteinases;
therefore, HSC-derived PAR2 plays a key role in promoting
HCC progression by mediating tumor cell migration and
angiogenesis.

The crosstalk between HCC cells and HSCs also affects
angiogenesis. PDGF-BB secreted by HCC cells under hypoxic
conditions stimulates the proliferation and accumulation of
HSCs in the TME and consequently leads to the release of
VEGFA, which in turn promotes HCC angiogenesis®’. Huh-
7-derived sonic hedgehog (SHh) activates hedgehog signaling
in HSCs, thus leading to increased secretion of angiogenic fac-
tors, which in turn promote angiogenesis in HCC3®. On the
basis of these data, Li et al.® have developed a novel GA-sHA-
doxorubicin polymer for targeted co-delivery of capsaicin
and doxorubicin to tumor cells and HSCs, which effectively
inhibits SaP-HSCs-HCC axis-induced tumor metastasis and

angiogenesis.
CAFs

CAFs are major components of the tumor stroma in HCC
and are closely associated with tumor initiation, angiogenesis,
progression, and chemoresistance®®. CAFs not only interact
directly with HCC cells and other stromal cells in a paracrine
manner, but also remodel the TME components and conse-
quently create a microenvironment conducive to tumor cell
invasion and metastasis,and HCC progression. Activated CAFs
exhibit increased secretory capacity and secrete cytokines,
such as TGF-B, insulin-like growth factor, hepatocyte growth
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factor, and interleukin-6 (IL-6), thus promoting proliferation,
metastasis, and angiogenesis in HCC!.

Current research has indicated that CAFs are derived from
multiple cell types including normal resident fibroblasts,
HSCs, mesenchymal stem cells, epithelial cells, and ECs®2.
One study has established that 85% of CAFs transdifferenti-
ate from HSCs in HCC??. HCC cell-derived exosomal miR-
21 converts HSCs to CAFs by inhibiting PTEN and activating
PDK1/AKT?. Transdifferentiated CAFs further promote angi-
ogenesis by secreting angiogenic cytokines, including VEGE,
MMP2, MMPY, and TGF-B. Huang et al.?> have shown that
CAFs promote HCC angiogenesis by secreting VEGF and con-
sequently the enhancer of Zeste homolog-2 (EZH2)/vasohibin
1 (VASHI1) pathway in ECs. A recent study has also shown
that CAFs overexpress placental growth factor (PLGF), which
is specifically associated with angiogenic markers, including
CD31, CD34, and CD105%. Thus, CAF-derived PLGF may
be an effective therapeutic target for arresting CAF-regulated
tumor angiogenesis in HCC. In addition to their supportive
role in angiogenesis, some specific CAF subsets play opposite
roles in tumor blood vessels. The various origins of CAFs may
contribute to the heterogeneity of their functions in angiogen-
esis. For instance, a subset of CAFs derived from portal fibro-
blasts secrete prolargin, which binds and antagonizes pro-an-
giogenic growth factors, including TGF-B1, FGF1, FGF2, and
hepatocyte growth factor, and subsequently inhibits angiogen-
esis in HCC””.

TAMs

The phenotypes of macrophages change dynamically depend-
ing on the duration and degree of inflammation, fibrosis, and
cancer. Macrophages are classified into M1 and M2 subtypes
according to their functional heterogeneity. M1 macrophages
constitute the proinflammatory and anti-tumorigenic sub-
types, which express TNF-o,, IL-1f, IL12, CCL2, iNOS, and
ROS, all of which are important for HCC initiation. In con-
trast, M2 macrophages represent the anti-inflammatory and
pro-tumorigenic phenotype that express arginase-1 and
CD206, which creates an immunosuppressive environment
favorable for HCC development.

Oliveira et al.”® have found that the macrophage influx
number did not change in the lesions of a high fat diet fed
zebrafish HCC model; however, the number of TNFo-
positive macrophages and the level of angiogenesis were
higher in the HCC + high fat diet group than the HCC control
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group. This result suggests that macrophages, and specifically
macrophage polarization, play key roles in the early progres-
sion and angiogenesis of non-alcoholic fatty liver disease/
non-alcoholic steatohepatitis-associated HCC. In addition,
metformin treatment rescues macrophage polarization,
angiogenesis, and tumor progression. Suppression of the
long noncoding RNA (IncRNA) COX2 attenuates the ability
of M1 macrophages to inhibit HCC cell proliferation, inva-
sion, migration, and angiogenesis, while strengthening the
ability of M2 macrophages to promote the proliferation of
HCC cells and angiogenesis®’. HCC-derived HOMER3-AS1
promotes HCC progression by increasing macrophage
recruitment and M2-like polarization. Investigation of the
mechanism has revealed that HOMER3-AS1 promotes the
HCC malignant phenotype by activating HOMER3/Wnt/(3-
catenin signaling, and facilitates macrophage infiltration and
M2-like polarization by upregulating CSF-1'%°, Hou et al.!%!
have reported that MALAT1 in HCC promotes the pro-
duction of VEGFA and facilitates the polarization of mac-
rophages toward the M2 subset via miR-140, thus acceler-
ating HCC metastasis and angiogenesis. Recent studies have
suggested that the M2-like TAMs enhance the production of
IL-10, TGF-B, and PGE2, and consequently promote tumor
angiogenesis'?2. In addition, TAMs may inhibit anti-tumor T
cells in the initial stage of HCC development and contribute
to early T cell exhaustion, thus enhancing tumor progression

and angiogenesis.
TANs

TANs have emerged as important components of the TME
that play important roles in angiogenesis and tumor prolif-
eration'®®. During hepatocarcinogenesis, neutrophil density
significantly increases in HCC®. TANS facilitate the recruit-
ment and polarization of macrophages and regulatory T
cells, thereby enhancing angiogenesis in HCC!. Yan et al.!%
have found that suppressing neutrophil differentiation
inhibits hepatocarcinogenesis; therefore, TANs are pro-tu-
morigenic during the initiation of hepatocarcinogenesis, in
agreement with previous data suggesting that TANs promote
tumor proliferation and angiogenesis. TANs sustain tumor
angiogenesis through the release of the pro-angiogenic fac-
tors MMP9, BV8, and S100 proteins S100A8/9. TAN-derived
MMP9 enhances the liberation and activation of VEGFA and
consequent angiogenesis, whereas BV8 acts as a mitogen for
ECs!00,
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Other TME-associated cells

Other TME-associated cells, such as T-regulated cells, dendritic
cells, and tumor-associated adipose cells, also secrete pro-angi-
ogenic factors, such as VEGFA, MMP9, IL10, TGF-f3, and leptin,
and consequently promote cancer angiogenesis®®?’. Cytotoxic
T lymphocytes (CTLs) play anti-angiogenic roles in tumor
angiogenesis. Recruitment of both endogenous and exogenous
CTLs specifically targets tumor vasculature!®®, CD8+ CTLs
efficiently secrete IFN-vy, thus inhibiting tumor growth and
angiogenesis in hepatocellular carcinoma'%’. However, research
on the role of these adaptive immunes cells in HCC angiogene-

sis is lacking, and further investigation is required.

Cancer stem cells (CSCs) in HCC
angiogenesis

CSCs are a rare population of tumor-initiating cells that drive
tumor initiation and growth as well as tumor metastasis,
recurrence, and resistance to chemo- or radiotherapy. Some
cell surface proteins, including CD133, EpCAM, CD90, CD44,
CD24, CD13, and ICAM-1, have been identified as CSC bio-
markers'!?. Among them, the stemness properties of CD133-,
CD90-, and EpCAM-enriched cells has been characterized in
primary HCC!V!2, Therapies targeting CSCs significantly
affect cancer progression.

Emerging evidence indicates that CSCs are directly asso-
ciated with angiogenesis, promotion of tumor growth, and
metastasis in HCC'’. High expression levels of HSC/hemato-
poietic progenitor cell biomarkers are positively correlated
with tumor angiogenesis and poor prognosis in HCC'!?,
These results imply that CSCs may affect angiogenesis in
HCC, and thus cooperatively promote tumor development,
and may have negative effects on patient outcomes in HCC.
More recently, several studies have elucidated the effects
of CSCs on angiogenesis in HCC. Tang et al.!'* have deter-
mined that CD133+ CSCs have an enhanced ability to secrete
IL-8 and markedly induce tumor angiogenesis. One possible
underlying mechanism is that neurotensin enhances IL-8 and
CXCL1 expression, and consequently activates the MAPK sig-
naling cascade in CD133+ CSCs, thus increasing the ability of
CSCs to induce angiogenesis. Conigliaro et al.!'> have reported
that exosomes containing IncRNA H19 released by CSC-like
CD90+ cells, but not by parental hepatoma cells, modulate
the angiogenic phenotype of ECs and cell-to-cell adhesion,
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thus promoting angiogenesis in HCC. Dickkopf-1 (DKK-1) is
highly expressed in CSCs in HCC, and DKK-1 supplementa-
tion activates angiogenesis in vascular ECs''®. Cheng et al.!!”
have reported that Src/FAK phosphorylation activates CSCs,
thereby inducing cell migration and angiogenesis. The authors
have further documented that combination treatment with
sorafenib and dasatinib suppresses cell migration and angio-
genesis by targeting Src/FAK phosphorylation, thus decreas-
ing cell-to-cell contact, cancer stem cell activation, and VEGF
secretion, and suppressing angiogenesis. These studies have
demonstrated that CSCs play critical roles in angiogenesis in
HCC and therefore contribute to recurrence and resistance
to angiogenic treatment in patients with HCC. In addition
to general angiogenesis, vasculogenic mimicry (VM) is a new
tumor vascular paradigm in which aggressive cancer cells form
vessel-like networks that provide adequate blood supply for
tumor growth and metastasis. VM is also an important mech-
anism contributing to the failure of currently available angio-
genesis inhibitors for HCC!!8. Recent studies have highlighted
that CSCs are closely associated with VM formation!!*120, The
IncRNA n339260 promotes VM by inducing CSC in HCC!?.
Frizzled2 (FZD2) promotes CD44+ stem-like properties and
a VM phenotype in HCC via the Hippo signaling pathway,
which may serve as a potential therapeutic target in HCC!2°,
Briefly, CSCs secrete pro-angiogenic factors and exosomes
that promote angiogenesis. In contrast, CSCs contribute to
resistance to anti-angiogenic therapy in HCC via VM forma-
tion. On the basis of these results, an effective anti-angiogenic
therapy should target CSCs for HCC treatment (Figure 3).

Anti-angiogenic therapies in HCC
angiogenesis

Anti-angiogenic therapy is a promising strategy for the treat-
ment of HCC (Table 1). Sorafenib is the first TKI approved as
a first-line treatment for advanced HCC!2!. Sorafenib blocks
receptors involved in oncogenesis and angiogenesis, including
VEGFR2, PDGFR, Raf-1, c-Kit, FLT3, and RET. In the Sorafenib
HCC Assessment Randomized Protocol (SHARP) trial, the
sorafenib group showed a longer OS than the placebo group
(10.7 months vs. 7.9 months; HR 0.69; P < 0.001)'22. Another
phase III trial has indicated similar results demonstrating a sig-
nificant improvement in OS (6.5 months vs. 4.2 months; HR
0.68; P = 0.014) and time to progression (2.8 months vs. 1.4
months; HR 0.57; P = 0.0005) in patients treated with sorafenib
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Figure 3 Mechanisms of CSCs in HCC angiogenesis. SOX2 and
¢-MYC regulate IncRNA n339260, thus promoting VM through the
induction of a CSC-like phenotype in HCC. FZD2 also promotes VM
through the induction of the CSC-like phenotype through the YAP/
TAZ pathway. Meanwhile, CSCs promote angiogenesis by secreting
IL8 and CXCL1 through the RAF/ERK pathway, or secreting VEGF
through the Src/FAK pathway. CSCs also secrete IncRNA H19 and
DDK1, thus promoting angiogenesis in HCC.

rather than placebo!?. Analysis of the 2 phase III trials test-
ing sorafenib has revealed a consistent survival benefit across
all clinical subgroups. Common treatment-associated adverse
events of sorafenib include diarrhea (39%), fatigue (22%),
hand-foot skin reaction (21%), rash or desquamation (16%),
and anorexia (14%). Lenvatinib!24, an oral inhibitor of VEGFR,
FGFR, PDGFR, RET, and c-Kit, has been approved as a first-
line treatment for HCC, on the basis of an open-label, phase I1I,
multicenter, non-inferiority trial. This clinical trial showed that
lenvatinib was non-inferior to sorafenib in terms of OS (13.6
months vs. 12.3 months; HR 0.92)'2%, Furthermore, lenvatinib,
compared with sorafenib, also elicited a significant improve-
ment in PFS (7.4 months vs. 3.7 months; HR 0.66; P < 0.0001)
and objective response rate (ORR) (40.6% vs. 12.4%; OR 5.01; P
< 0.0001). In a subgroup analysis, patients with baseline serum
AFP levels >200 ng/mL had greater benefit from lenvatinib
than sorafenib (HR 0.78, 95% CI 0.63-0.98). The most com-
mon adverse events in lenvatinib treatment included hyperten-
sion (42%), diarrhea (39%), decreased appetite (34%), weight
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loss (31%), and fatigue (30%). Donafenib, a novel multi-kinase
inhibitor with efficacy and safety superior to those of sorafenib,
is reccommended as a first-line agent for HCC in China'?® An
open-label, randomized, parallel-controlled, multicenter phase
II-1IT trial has indicated that donafenib exhibited superior
OS outcomes to sorafenib (12.1 months vs. 10.3 months; HR
0.831; P = 0.0245), although the PFS was 3.7 vs. 3.6 months (P
= 0.057). Moreover, drug-associated grade > 3 adverse events
occurred in fewer patients receiving donafenib than sorafenib
(38% vs. 50%; P = 0.0018)'?’. The superior OS benefit with
donafenib was observed across most subgroups, and a statis-
tically significant improvement in OS was achieved in some
subgroups. Hand-foot skin reactions (50%), diarrhea (30%),
decreased platelet count (28%), hypertension (26%), and ele-
vated AST (23%) were the most common adverse events asso-
ciated with donafenib treatment.

Regorafenib is recommended for HCC progression after
sorafenib treatment!?®. Regorafenib—a multi-kinase inhib-
itor that targets VEGFR, c-Kit, RET, PDGFR, and FGFR1—
provides a survival benefit regardless of the rate of disease
progression during prior sorafenib treatment or since the last
sorafenib administration!?. Regorafenib treatment resulted
in a longer OS than did the placebo (10.6 months vs. 7.8
months; HR 0.63; P < 0.0001)'28, The PFS also improved sig-
nificantly (3.1 months vs. 1.5 months; HR 0.46; P < 0.0001).
The improvement in OS and PFS with regorafenib was main-
tained in all subgroups. Hand-foot skin reactions (53%),
diarrhea (41%), fatigue (40%), hypertension (31%), and
anorexia (31%) were more common during treatment with
regorafenib. Cabozantinib is also used as an alternative sec-
ond-line treatment for HCC. Cabozantinib is a TKI that inhib-
its VEGFR, hepatocyte growth factor receptor (HGFR), c-Kit,
RET, FLT-3, Tie2, and Axl. Both the median OS (10.2 months
ys. 8.0 months; HR 0.76; P = 0.005) and PES (5.2 months vs.
1.9 months; HR 0.44; P < 0.001) were longer in the cabozan-
tinib arm than the placebo arm. Furthermore, the ORR in the
cabozantinib arm was higher than that in the placebo arm (4%
vs. less than 1%)'. All subgroup analyses favored treatment
with cabozantinib in PFS and OS, except in patients with HCV
or patients of Asian descent. Further analyses are necessary to
help understand these differences. Diarrhea (54%), decreased
appetite (48%), palmar-plantar erythrodysesthesia (46%),
fatigue (45%), and nausea (31%) were common adverse events
associated with cabozantinib.

In addition to the above-mentioned multi-target inhibitors,

ramucirumab, a single-target inhibitor, is also recommended
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Table 1 Continued

Common adverse events

Clinical results

Trial name (identifier)

Targets

Application

Anti-angiogenic

agents

Fatigue (24%), peripheral oedema (24%),
decreased appetite (22%), bleeding or

0OS: 8.5 vs. 7.3 months (HR 0.71; 95% CI:

0.531-0.949, P

REACH-2 (NCT02435433)

VEGFR2

Second-line

Ramucirumab

0.0199)

hemorrhage events (19%), proteinuria

(18%)

PFS: 2.8 vs. 1.6 months (HR 0.452; 95% CI:

0.339-0.603, P < 0.0001)

ORR: 5% vs. 1%

Hand—foot skin reaction (56%),

OS: 8.7 vs. 6.8 months (HR 0.785; 95% CI:

0.617-0.998, P

AHELP (NCT02329860)

VEGFR2

Second-line

Apatinib

hypertension (48%), platelet count

0.048)

decreased (46%), proteinuria (44%),

PFS: 4.5 vs. 1.9 months (HR 0.471; 95% CI:

0.369-0.610, P < 0.0001)

aspartate aminotransferase increased

(38%)

ORR: 11% vs. 2%
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as a second-line targeted agent for HCC. Ramucirumab, a
human recombinant IgGl monoclonal antibody targeting
VEGEF2, has been associated with better survival benefits in
patients with HCC with AFP > 400 ng/mL or higher!31132,
Patients in the ramucirumab arm, compared with the pla-
cebo arm, showed a significantly prolonged OS (8.5 months
ys. 7.3 months; HR 0.710; P = 0.0199) and PFS (2.8 months
ys. 1.6 months; HR 0.452; P < 0.0001). All subgroup analy-
ses favored treatment with ramucirumab in OS and PFS,
except in female patients, which included only 16 patients
in the placebo group. However, no statistical difference in
ORR was observed between the ramucirumab and placebo
arms!3l. Fatigue (24%), peripheral edema (24%), decreased
appetite (22%), bleeding or hemorrhage events (19%), and
proteinuria (18%) were the adverse events associated with
ramucirumab treatment. Notably, apatinib, a novel VEGFR2
TKI, has attracted considerable attention and shown prom-
ising anti-tumor effects in sorafenib-resistant HCC!?*. In the
AHELP trial, a randomized, double-blind, placebo-controlled,
phase III trial, the OS was significantly longer in the apatinib
group than the placebo group (8.7 months vs. 6.8 months; HR
0.785; P = 0.048). The PFS was also significantly longer in the
apatinib than the placebo group (4.5 months vs. 1.9 months;
HR 0.471; P < 0.0001). The superior OS benefit with apatinib
was observed across most subgroups, except in patients older
than 65 years of age. The most common treatment-associated
adverse events included hand-foot syndrome (56%), hyper-
tension (48%), decreased platelet count (46%), proteinuria
(44%), and increased aspartate aminotransferase (38%)!3*.
Furthermore, a combination of targeted therapy with
immune checkpoint inhibitors (ICI) achieved superior effi-
cacy to monotherapy in HCC!¥. Atezolizumab plus bevaci-
zumab was approved as a first-line therapy for patients with
unresectable or metastatic HCC, on the basis of the phase III
IMbravel50 trial in 2020'%. Atezolizumab is a human mono-
clonal IgG1 antibody that targets PD-L1 and blocks its interac-
tions with PD-1 and B7.1. Bevacizumab is a monoclonal anti-
VEGEF antibody. In this phase III study, the OS at 12 months
in the atezolizumab plus bevacizumab arm was longer than
that in the sorafenib arm (67.2% vs. 54.6%). The median PFS
in atezolizumab plus bevacizumab arm was also longer than
that in the sorafenib arm (6.8 months vs. 4.3 months; HR 0.59;
P < 0.001)'%. The benefit of OS and PES with atezolizum-
ab-bevacizumab, compared with sorafenib, was generally con-
sistent across the clinically relevant subgroups analyzed. The

most common treatment-associated adverse events included
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hypertension (29.8%), fatigue (20.4%), proteinuria (20.1%),
increased aspartate aminotransferase (19.5%), and pruri-
tus (19.5%). The combination of ICI with anti-angiogenesis
agents appears likely to change the treatment paradigm for
HCC. The possible underlying mechanism is that the combi-
nation of ICI with anti-angiogenesis agents may activate more
anti-tumor immune cells and decrease the immune inhibitory
components to a greater extent than ICI alone!%”.

Despite the impressive results of anti-angiogenic therapies
in HCC, several challenges remain. First, current anti-angi-
ogenic clinical trials induce only a modest improvement in
OS, measurable in just several months. Given that HCC has

multiple pathways for recruiting vessels, blocking one target

Table 2 Molecules and mechanisms of angiogenesis in HCC
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alone may have incomplete effects on tumor angiogenesis,
because the tumor cells may switch from one mechanism to
another!*2138, However, the use of anti-angiogenic molecules
may lead to a hypoxic TME, which alters the cell phenotype
and enhances tumor invasiveness, whereas the tumor-infil-
trating cells, including TAMs, TANs, and TAFs, may decrease
the response to anti-angiogenic therapies'®. Drug resistance
is also a major cause of failure of anti-angiogenic therapies.
The underlying mechanisms may be tumor heterogeneity and
clonal evolution during treatment. In addition, drug-associ-
ated adverse events may lead to dose reduction, interruption,
or discontinuation, thereby decreasing the therapeutic effect.

Consequently, overcoming these challenges and exploring

Cell types Molecules or factors Mechanism

Phenotype Reference

HCC cells VEGFA

VEGFA/VEGFR2/PI3K/AKT

VEGFA/VEGFR2/RAF/MAPK

Angiogenesis 1

PDGFA PDGFA/PDGFR/MEK/ERK 24
FGF2 FGF2/FGFR1/RAF/MAPK 2
TGFB TGFB/CD105/ALK1/SMAD1/5 43
Ang2 COX2/Ang2/Tie2 >7
CXCL12 SOX4/CXCL12/CXCR4 69
TSP1 HDAC6-let-7i-5p-TSP1 Anti-angiogenesis I
HSCs Angl Raf/Angl Angiogenesis 83
IL8 IL8/STAT3 84
CCN1 CCN1/Cyr6l 85
PAR2 PAR2/TGFpB/Smad2/3 8
CAFs VEGF VEGF/EZH2/VASH1 Angiogenesis 95
PLGF - 96
TAMs IL10, TGFB, PGE2 - Angiogenesis 102
TANs MMP9, BVS, S100A - Angiogenesis 106
CTLs IFN-y - Anti-angiogenesis 109
CSCs IL-8, CXCL1 RAF/ERK/IL-8, CXCL1 Angiogenesis 114
IncRNA H19 - 115
DKK-1 - 116
VEGF Src/FAK/VEGF 17

LncRNA n339260

FZD2

SOX2, c-MYV/LncRNA n339260

FZD2/YAP/TAZ

Vasculogenic mimicry

120
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more efficient strategies with low-toxicity are directions for

future research.
Conclusion and perspectives

HCC is the seventh most common malignancy. Patients are
usually diagnosed with HCC in advanced stages and conse-
quently have unfavorable clinical prognosis. HCCs are hyper-
vascular tumors that tend to develop an aberrant vascular
network and angiogenesis. Accumulating evidence indicates
that angiogenesis is closely correlated with HCC growth, pro-
gression, invasion, and metastasis. In this review, we provided
an overview of the current research on signaling pathways that
regulate angiogenesis via pro-angiogenic factors secreted by
HCC and CSCs, and other TME-associated cells (Table 2).

To develop anti-angiogenic therapies with better efficacy,
studies have focused on mechanisms that may influence angi-
ogenesis in HCC. ECs are the most relevant cells directly asso-
ciated with angiogenesis, and all pro-angiogenic factors and
other molecules ultimately act on ECs. Consequently, under-
standing the mechanisms of ECs during angiogenesis is crucial
for developing new anti-angiogenic therapies. HSCs undergo
phenotypic changes resulting in the expression of pro-angi-
ogenic factors, including VEGFA, PDGFB, and Ang, thereby
enhancing angiogenesis. Additionally, HSCs can transdiffer-
entiate into CAFs and consequently promote angiogenesis.
TAMs and TANs are immune cells that exist in tumors and
mediate tumor progression. The role of CSCs in angiogenesis
in HCC has been elucidated in recent years. CSCs not only
release pro-angiogenic factors and exosomes that enhance
angiogenesis, but also facilitate VM formation, thus enhancing
resistance to anti-angiogenic therapy. Current understanding
of the TME is limited. Therefore, an in-depth investigation of
TME associated cells may provide new therapeutic strategies
for the treatment of HCC angiogenesis.

Although anti-angiogenic therapies for HCC have achieved
some impressive results, several challenges remain, including
a modest improvement in OS and drug resistance. Alternative
therapeutic strategies, including the use of multiple anti-an-
giogenic compounds or anti-angiogenic drugs in combina-
tion with other treatment therapies, may improve therapeutic
effects and overcome resistance to anti-angiogenic therapy.
For instance, TKI and ICI combination treatment has achieved
positive results in several clinical trials and has been approved
as a breakthrough first-line therapy for advanced HCC.
In addition, the efficacy of combined therapies should be
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monitored during disease progression to optimize and coun-
teract the development of further resistance. The integration
of multidisciplinary therapies for angiogenesis in HCC and
development of personalized treatments will contribute to the
improvement of HCC treatment.

Multiple mechanisms are involved in angiogenesis in HCC.
Further studies are needed to explore the mechanisms of angi-
ogenesis in diverse compositions of HCC to identify new tar-
gets for anti-angiogenic therapies or novel combination ther-

apies aimed at improving outcomes for patients with HCC.
Grant support

This work was supported by the National Key Research and
Development Program of China (Grant No. 2020YFA0803700),
the National Natural Science Foundation of China (Grant
Nos. 91639108, 81770272, and 81970425), the Beijing Natural
Science Foundation (Grant No. 7212044), and the Beijing
Hospital Authority Youth Program (Grant No. QML20190306).

Conflict of interest statement
No potential conflicts of interest are disclosed.
Author contributions

Conceived and designed the review: Wenbing Sun and Lemin
Zheng.

Searched the literature: Yiwen Sun, Ruhang Zhu, Zhuxin Li.
Wrote the paper: Changyu Yao and Shilun Wu.

Made the illustrations: Changyu Yao and Shilun Wu.

Revised the manuscript: Jian Kong and Yannan Bai.

References

1.  WangC, Cao, Yang C, Bernards R, Qin W. Exploring liver cancer
biology through functional genetic screens. Nat Rev Gastroenterol
Hepatol. 2021; 18: 690-704.

2. Jamshidi-Parsian A, Griffin RJ, Kore RA, Todorova VK, Makhoul
I. Tumor-endothelial cell interaction in an experimental model of
human hepatocellular carcinoma. Exp Cell Res. 2018; 372: 16-24.

3. YanT,YulL, Zhang N, Peng C, Su G, Jing Y, et al. The advanced
development of molecular targeted therapy for hepatocellular
carcinoma. Cancer Biol Med. 2022; 19: 802-17.

4.  Ribatti D, Annese T, Ruggieri S, Tamma R, Crivellato E. Limitations
of anti-angiogenic treatment of tumors. Transl Oncol. 2019; 12:
981-6.



Cancer Biol Med Vol 20, No 1 January 2023

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Cheng W, Cheng Z, Weng L, Xing D, Zhang M. Asparagus
polysaccharide inhibits the hypoxia-induced migration, invasion
and angiogenesis of hepatocellular carcinoma cells partly through
regulating HIF10/VEGF expression via MAPK and PI3K signaling
pathway. J Cancer. 2021; 12: 3920-9.

Xiong XX, Qiu XY, Hu DX, Chen XQ. Advances in hypoxia-
mediated mechanisms in hepatocellular carcinoma. Mol
Pharmacol. 2017; 92: 246-55.

FengJ,LiJ, WuL,YuQ,JiJ, WuJ, et al. Emerging roles and the
regulation of aerobic glycolysis in hepatocellular carcinoma. J Exp
Clin Cancer Res. 2020; 39: 126.

Shah AA, Kamal MA, Akhtar S. Tumor angiogenesis and VEGFR-
2: mechanism, pathways and current biological therapeutic
interventions. Curr Drug Metab. 2021; 22: 50-9.

Muppala S. Growth factor-induced angiogenesis in hepatocellular
carcinoma. Crit Rev Oncog. 2021; 26: 61-8.

Elaimy AL, Mercurio AM. Convergence of VEGF and YAP/TAZ
signaling: Implications for angiogenesis and cancer biology. Sci
Signal. 2018; 11: 1165.

Pulkkinen HH, Kiema M, Lappalainen JP, Toropainen A, Beter

M, Tirronen A, et al. BMP6/TAZ-Hippo signaling modulates
angiogenesis and endothelial cell response to VEGFE. Angiogenesis.
2021; 24: 129-44.

Aguilar-Cazares D, Chavez-Dominguez R, Carlos-Reyes A,
Lopez-Camarillo C, Hernadez de la Cruz ON, Lopez-Gonzalez JS.
Contribution of angiogenesis to inflammation and cancer. Front
Oncol. 2019; 9: 1399.

Lacin S, Yalcin S. The prognostic value of circulating VEGF-A level
in patients with hepatocellular cancer. Technol Cancer Res Treat.
2020; 19: 1533033820971677.

Apte RS, Chen DS, Ferrara N. VEGF in signaling and disease:
beyond discovery and development. Cell. 2019; 176: 1248-64.
Chen H, Nio K, Tang H, Yamashita T, Okada H, Li Y, et al.
BMP9-ID1 signaling activates HIF-10. and VEGFA expression to
promote tumor angiogenesis in hepatocellular carcinoma. Int ] Mol
Sci. 2022; 23: 1475.

Zhu AX, Duda DG, Sahani DV, Jain RK. HCC and angiogenesis:
possible targets and future directions. Nat Rev Clin Oncol. 2011; 8:
292-301.

Demoulin JB, Essaghir A. PDGF receptor signaling networks in
normal and cancer cells. Cytokine Growth Factor Rev. 2014; 25:
273-83.

Chen B, Liu J, Wang X, Shen Q, Li C, Dai C. Co-expression of
PDGEF-B and VEGFR-3 strongly correlates with poor prognosis

in hepatocellular carcinoma patients after hepatectomy. Clin Res
Hepatol Gastroenterol. 2018; 42: 126-33.

Papadopoulos N, Lennartsson J. The PDGF/PDGFR pathway as a
drug target. Mol Aspects Med. 2018; 62: 75-88.

Zou X, Tang XY, Qu ZY, Sun ZW, Ji CF, Li Y], et al. Targeting the
PDGF/PDGER signaling pathway for cancer therapy: a review. Int J
Biol Macromol. 2022; 202: 539-57.

Tsioumpekou M, Cunha SI, Ma H, Ahgren A, Cedervall J,

Olsson AK, et al. Specific targeting of PDGFRP in the stroma

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

38.

39

inhibits growth and angiogenesis in tumors with high PDGF-BB
expression. Theranostics. 2020; 10: 1122-35.

Olsen RS, Dimberg J, Geffers R, Wigsiter D. Possible role and
therapeutic target of PDGF-D signalling in colorectal cancer.
Cancer Invest. 2019; 37: 99-112.

LiL,JiY, Chen YC, Zhen ZJ. MiR-325-3p mediate the CXCL17/
CXCRS axis to regulate angiogenesis in hepatocellular carcinoma.
Cytokine. 2021; 141: 155436.

Chen CY, Wu SM, Lin YH, Chi HC, Lin SL, Yeh CT, et al. Induction
of nuclear protein-1 by thyroid hormone enhances platelet-
derived growth factor A mediated angiogenesis in liver cancer.
Theranostics. 2019; 9: 2361-79.

Presta M, Chiodelli P, Giacomini A, Rusnati M, Ronca R. Fibroblast
growth factors (FGFs) in cancer: FGF traps as a new therapeutic
approach. Pharmacol Ther. 2017; 179: 171-87.

Szybowska P, Kostas M, Wesche J, Wiedlocha A, Haugsten EM.
Cancer mutations in FGFR2 prevent a negative feedback loop
mediated by the ERK1/2 pathway. Cells. 2019; 8: 518.

Wang Y, Liu D, Zhang T, Xia L. FGF/FGFR signaling in
hepatocellular carcinoma: from carcinogenesis to recent
therapeutic intervention. Cancers (Basel). 2021; 13: 1360.

Lieu C, Heymach J, Overman M, Tran H, Kopetz S. Beyond

VEGF: inhibition of the fibroblast growth factor pathway and
antiangiogenesis. Clin Cancer Res. 2011; 17: 6130-9.

Pallotta MT, Nickel W. FGF2 and IL-1f - explorers of unconventional
secretory pathways at a glance. J Cell Sci. 2020; 133: 250449.

Morse MA, Sun W, Kim R, He AR, Abada PB, Mynderse M, et al.
The role of angiogenesis in hepatocellular carcinoma. Clin Cancer
Res. 2019; 25: 912-20.

Wang L, Park H, Chhim S, Ding Y, Jiang W, Queen C, et al. A novel
monoclonal antibody to fibroblast growth factor 2 effectively
inhibits growth of hepatocellular carcinoma xenografts. Mol
Cancer Ther. 2012; 11: 864-72.

Margioula-Siarkou G, Margioula-Siarkou C, Petousis S, Margaritis
K, Vavoulidis E, Gullo G, et al. The role of endoglin and its soluble
form in pathogenesis of preeclampsia. Mol Cell Biochem. 2022;
477:479-91.

Ungogo MA. Targeting Smad-mediated TGFf pathway in coronary
artery bypass graft. ] Cardiovasc Pharmacol Ther. 2021; 26: 119-30.
Alsamman M, Sterzer V, Meurer SK, Sahin H, Schaeper U,
Kuscuoglu D, et al. Endoglin in human liver disease and murine
models of liver fibrosis - a protective factor against liver fibrosis.
Liver Int. 2018; 38: 858-67.

Jeng KS, Sheen IS, Lin SS, Leu CM, Chang CEF. The role of endoglin
in hepatocellular carcinoma. Int ] Mol Sci. 2021; 22: 3208.
Kasprzak A, Adamek A. Role of endoglin (CD105) in the
progression of hepatocellular carcinoma and anti-angiogenic
therapy. Int ] Mol Sci. 2018; 19: 3887.

Li L, Zhong L, Tang C, Gan L, Mo T, Na J, et al. CD105: tumor
diagnosis, prognostic marker and future tumor therapeutic target.
Clin Transl Oncol. 2022; 24: 1447-58.

Schoonderwoerd MJA, Goumans MTH, Hawinkels LJAC.
Endoglin: beyond the endothelium. Biomolecules. 2020; 10: 289.



40

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Pomeraniec L, Hector-Greene M, Ehrlich M, Blobe GC, Henis YI.
Regulation of TGF-f receptor hetero-oligomerization and signaling
by endoglin. Mol Biol Cell. 2015; 26: 3117-27.

Hong JM, Hu YD, Chai XQ, Tang CL. Role of activin receptor-like
kinase 1 in vascular development and cerebrovascular diseases.
Neural Regen Res. 2020; 15: 1807-13.

Yang Y, Guan Q, Guo L, Han C. The prognostic correlation between
CD105 expression level in tumor tissue and peripheral blood and
sunitinib administration in advanced hepatocellular carcinoma.
Cancer Biol Ther. 2018; 19: 1006-14.

Zhao W, Yang L, Chen X, Qian H, Zhang S, Chen Y, et al.
Phenotypic and functional characterization of tumor-derived
endothelial cells isolated from primary human hepatocellular
carcinoma. Hepatol Res. 2018; 48: 1149-62.

Benetti A, Berenzi A, Gambarotti M, Garrafa E, Gelati M, Dessy

E, et al. Transforming growth factor-betal and CD105 promote
the migration of hepatocellular carcinoma-derived endothelium.
Cancer Res. 2008; 68: 8626-34.

LiY, Zhai Z, Liu D, Zhong X, Meng X, Yang Q, et al. CD105
promotes hepatocarcinoma cell invasion and metastasis through
VEGF. Tumour Biol. 2015; 36: 737-45.

Yao Y, Pan Y, Chen J, Sun X, Qiu Y, Ding Y. Endoglin (CD105)
expression in angiogenesis of primary hepatocellular carcinomas:
analysis using tissue microarrays and comparisons with CD34 and
VEGF. Ann Clin Lab Sci. 2007; 37: 39-48.

Xiong YQ, Sun HC, Zhang W, Zhu XD, Zhuang PY, Zhang JB, et al.
Human hepatocellular carcinoma tumor-derived endothelial cells
manifest increased angiogenesis capability and drug resistance
compared with normal endothelial cells. Clin Cancer Res. 2009; 15:
4838-46.

Duffy AG, Ma C, Ulahannan SV, Rahma OE, Makarova-Rusher

O, Cao L, et al. Phase I and preliminary phase II study of TRC105
in combination with sorafenib in hepatocellular carcinoma. Clin
Cancer Res. 2017; 23: 4633-41.

Bupathi M, Kaseb A, Janku F. Angiopoietin 2 as a therapeutic target
in hepatocellular carcinoma treatment: current perspectives. Onco
Targets Ther. 2014; 7: 1927-32.

Vanderborght B, Lefere S, Vlierberghe HV, Devisscher L. The
angiopoietin/Tie2 pathway in hepatocellular carcinoma. Cells.
2020; 9: 2382.

Akwii RG, Sajib MS, Zahra FT, Mikelis CM. Role of angiopoietin-2
in vascular physiology and pathophysiology. Cells. 2019; 8: 471.
Choi GH, Jang ES, Kim JW, Jeong SH. Prognostic role of plasma
level of angiopoietin-1, angiopoietin-2, and vascular endothelial
growth factor in hepatocellular carcinoma. World J Gastroenterol.
2021; 27: 4453-67.

Ao J, Chiba T, Kanzaki H, Kanayama K, Shibata S, Kurosugi A,

et al. Serum angiopoietin 2 acts as a diagnostic and prognostic
biomarker in hepatocellular carcinoma. J Cancer. 2021; 12:
2694-701.

Roskar L, Rogkar I, Rizner TL, Smrkolj S. Diagnostic and
therapeutic values of angiogenic factors in endometrial cancer.
Biomolecules. 2021; 12: 7.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Yao et al. Angiogenesis in hepatocellular carcinoma

Yoshiji H, Kuriyama S, Noguchi R, Yoshii J, Ikenaka Y, Yanase

K, et al. Angiopoietin 2 displays a vascular endothelial growth
factor dependent synergistic effect in hepatocellular carcinoma
development in mice. Gut. 2005; 54: 1768-75.

Wang Q, Lash GE. Angiopoietin 2 in placentation and tumor
biology: the yin and yang of vascular biology. Placenta. 2017; 56:
73-8.

Wang E, Dong X, Xiu P, Zhong J, Wei H, Xu Z, et al. T7 peptide
inhibits angiogenesis via downregulation of angiopoietin-2 and
autophagy. Oncol Rep. 2015; 33: 675-84.

Tanaka S, Wands JR, Arii S. Induction of angiopoietin-2 gene
expression by COX-2: a novel role for COX-2 inhibitors during
hepatocarcinogenesis. ] Hepatol. 2006; 44: 233-5.

Terlikowska KM, Dobrzycka B, Terlikowski R, Sienkiewicz A,
Kinalski M, Terlikowski SJ. Clinical value of selected markers of
angiogenesis, inflammation, insulin resistance and obesity in type 1
endometrial cancer. BMC Cancer. 2020; 20: 921.

Modzelewska P, Chludzinska S, Lewko J, Resze¢ J. The influence of
leptin on the process of carcinogenesis. Contemp Oncol (Pozn).
2019; 23: 63-8.

Huang H, Zhang J, Ling F, Huang Y, Yang M, Zhang Y, et al. Leptin
receptor (LEPR) promotes proliferation, migration, and invasion
and inhibits apoptosis in hepatocellular carcinoma by regulating
ANXA7. Cancer Cell Int. 2021; 21: 4.

Ho Y, Wang SH, Chen YR, Li ZL, Chin YT, Yang YSH, et al. Leptin-
derived peptides block leptin-induced proliferation by reducing
expression of pro-inflammatory genes in hepatocellular carcinoma
cells. Food Chem Toxicol. 2019; 133: 110808.

Ribatti D, Belloni AS, Nico B, Di Comite M, Crivellato E, Vacca

A. Leptin-leptin receptor are involved in angiogenesis in human
hepatocellular carcinoma. Peptides. 2008; 29: 1596-602.

Lin TC, Hsiao M. Leptin and cancer: updated functional roles in
carcinogenesis, therapeutic niches, and developments. Int ] Mol Sci.
20215 22: 2870.

Zabeau L, Wauman J, Dam J, Van Lint S, Burg E, De Geest ], et al. A
novel leptin receptor antagonist uncouples leptin’s metabolic and
immune functions. Cell Mol Life Sci. 2019; 76: 1201-14.

Fiedor E, Gregoraszczuk EL. Superactive human leptin antagonist
(SHLA), triple Lan1 and quadruple Lan2 leptin mutein as a
promising treatment for human folliculoma. Cancer Chemother
Pharmacol. 2017; 80: 815-27.

Jiang X, Wang J, Deng X, Xiong F, Zhang S, Gong Z, et al. The role
of microenvironment in tumor angiogenesis. ] Exp Clin Cancer
Res. 20205 39: 204.

LiuY, Han ZP, Zhang SS, Jing YY, Bu XX, Wang CY, et al. Effects of
inflammatory factors on mesenchymal stem cells and their role in
the promotion of tumor angiogenesis in colon cancer. ] Biol Chem.
2011; 286: 25007-15.

Mu HQ, He YH, Wang SB, Yang S, Wang YJ, Nan CJ, et al.
MiR-130b/TNF-a/NF-kB/VEGFA loop inhibits prostate cancer
angiogenesis. Clin Transl Oncol. 2020; 22: 111-21.

Tsai CN, Yu SC, Lee CW, Pang JS, Wu CH, Lin SE, et al. SOX4

activates CXCL12 in hepatocellular carcinoma cells to modulate



Cancer Biol Med Vol 20, No 1 January 2023

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

endothelial cell migration and angiogenesis in vivo. Oncogene.
2020; 39: 4695-710.

LiY, Turpin CP, Wang S. Role of thrombospondin 1 in liver
diseases. Hepatol Res. 2017; 47: 186-93.

Yang HD, Kim HS, Kim SY, Na MJ, Yang G, Eun JW, et al.

HDACS6 suppresses let-7i-5p to elicit TSP1/CD47-mediated anti-
tumorigenesis and phagocytosis of hepatocellular carcinoma.
Hepatology. 2019; 70: 1262-79.

Poluzzi C, Iozzo RV, Schaefer L. Endostatin and endorepellin: a
common route of action for similar angiostatic cancer avengers.
Adv Drug Deliv Rev. 2016; 97: 156-73.

Ji'Y, Fan H, Yang M, Bai C, Yang W, Wang Z. Synergistic effect of
baculovirus-mediated endostatin and angiostatin combined with
gemcitabine in hepatocellular carcinoma. Biol Pharm Bull. 2022;
45:309-15.

Kapoor A, Chen CG, Iozzo RV. Endorepellin evokes an angiostatic
stress signaling cascade in endothelial cells. ] Biol Chem. 2020; 295:
6344-56.

Wang K, Qiu X, Zhao Y, Wang H, Chen L. The Wnt/f-

catenin signaling pathway in the tumor microenvironment of
hepatocellular carcinoma. Cancer Biol Med. 2021; 19: 305-18.
Yang W, Li Z, Qin R, Wang X, An H, Wang Y, et al. YY1 promotes
endothelial cell-dependent tumor angiogenesis in hepatocellular
carcinoma by transcriptionally activating VEGFA. Front Oncol.
2019;9: 1187.

Meng J, Liu Y, Han J, Tan Q, Chen S, Qiao K, et al. Hsp90
promoted endothelial cell-dependent tumor angiogenesis in
hepatocellular carcinoma. Mol Cancer. 2017; 16: 72.

Wang W, Wu E Fang E, Tao Y, Yang L. RhoC is essential for
angiogenesis induced by hepatocellular carcinoma cells via regulation
of endothelial cell organization. Cancer Sci. 2008; 99: 2012-8.

Dong ZR, Sun D, Yang YE, Zhou W, Wu R, Wang XW, et al.
TMPRSS4 drives angiogenesis in hepatocellular carcinoma

by promoting HB-EGF expression and proteolytic cleavage.
Hepatology. 2020; 72: 923-39.

Sun XT, Yuan XW, Zhu HT, Deng ZM, Yu DC, Zhou X, et al.
Endothelial precursor cells promote angiogenesis in hepatocellular
carcinoma. World J Gastroenterol. 2012; 18: 4925-33.

Ruan Q, Wang H, Burke LJ, Bridle KR, Li X, Zhao CX, et al.
Therapeutic modulators of hepatic stellate cells for hepatocellular
carcinoma. Int J Cancer. 2020; 147: 1519-27.

Lin JZ, Meng LL, Li YZ, Chen SX, Xu JL, Tang Y], et al. Importance of
activated hepatic stellate cells and angiopoietin-1 in the pathogenesis
of hepatocellular carcinoma. Mol Med Rep. 2016; 14: 1721-5.

Lin N, Meng L, Lin J, Chen S, Zhang P, Chen Q, et al. Activated
hepatic stellate cells promote angiogenesis in hepatocellular
carcinoma by secreting angiopoietin-1. J Cell Biochem. 2020; 121:
1441-51.

Zhu B, Lin N, Zhang M, Zhu Y, Cheng H, Chen §, et al. Activated
hepatic stellate cells promote angiogenesis via interleukin-8 in
hepatocellular carcinoma. J Transl Med. 2015; 13: 365.

Li ZQ, Wu WR, Zhao C, Zhao C, Zhang XL, Yang Z, et al. CCN1/

Cyr61 enhances the function of hepatic stellate cells in promoting

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

41

the progression of hepatocellular carcinoma. Int ] Mol Med. 2018;
41:1518-28.

Muflbach E, Ungefroren H, Giinther B, Katenkamp K, Henklein

P, Westermann M, et al. Proteinase-activated receptor 2 (PAR2)

in hepatic stellate cells - evidence for a role in hepatocellular
carcinoma growth in vivo. Mol Cancer. 2016; 15: 54.

LuY, Lin N, Chen Z, Xu R. Hypoxia-induced secretion of platelet-
derived growth factor-BB by hepatocellular carcinoma cells
increases activated hepatic stellate cell proliferation, migration and
expression of vascular endothelial growth factor-A. Mol Med Rep.
2015; 11: 691-7.

Li W, Miao S, Miao M, Li R, Cao X, Zhang K, et al. Hedgehog
signaling activation in hepatic stellate cells promotes angiogenesis
and vascular mimicry in hepatocellular carcinoma. Cancer Invest.
2016; 34: 424-30.

Li Z, Wang F, Li Y, Wang X, Lu Q, Wang D, et al. Combined
anti-hepatocellular carcinoma therapy inhibit drug-resistance
and metastasis via targeting “substance P-hepatic stellate cells-
hepatocellular carcinoma” axis. Biomaterials. 2021; 276: 121003.
Peng H, Zhu E, Zhang Y. Advances of cancer-associated fibroblasts
in liver cancer. Biomark Res. 2022; 10: 59.

Khan GJ, Sun L, Khan S, Yuan S, Nongyue H. Versatility of cancer
associated fibroblasts: commendable targets for anti-tumor therapy.
Curr Drug Targets. 2018; 19: 1573-88.

Biffi G, Tuveson DA. Diversity and biology of cancer-associated
fibroblasts. Physiol Rev. 2021; 101: 147-76.

Wang SS, Tang XT, Lin M, Yuan J, Peng Y], Yin X, et al. Perivenous
stellate cells are the main source of myofibroblasts and cancer-
associated fibroblasts formed after chronic liver injuries.
Hepatology. 2021; 74: 1578-94.

Zhou Y, Ren H, Dai B, Li ], Shang L, Huang J, et al. Hepatocellular
carcinoma-derived exosomal miRNA-21 contributes to tumor
progression by converting hepatocyte stellate cells to cancer-
associated fibroblasts. ] Exp Clin Cancer Res. 2018; 37: 324.
Huang B, Huang M, Li Q. Cancer-associated fibroblasts promote
angiogenesis of hepatocellular carcinoma by VEGF-mediated
EZH2/VASH1 pathway. Technol Cancer Res Treat. 2019; 18:
1533033819879905.

Liu Z, Chen M, Zhao R, Huang Y, Liu F, Li B, et al. CAF-

induced placental growth factor facilitates neoangiogenesis in
hepatocellular carcinoma. Acta Biochim Biophys Sin (Shanghai).
2020; 52: 18-25.

Chiavarina B, Ronca R, Otaka Y, Sutton RB, Rezzola S, Yokobori
T, et al. Fibroblast-derived prolargin is a tumor suppressor in
hepatocellular carcinoma. Oncogene. 2022; 41: 1410-20.

de Oliveira S, Houseright RA, Graves AL, Golenberg N, Korte BG,
Miskolci V, et al. Metformin modulates innate immune-mediated
inflammation and early progression of NAFLD-associated
hepatocellular carcinoma in zebrafish. ] Hepatol. 2019; 70: 710-21.
YeY,XuY, Lai Y, He W, Li Y, Wang R, et al. Long non-coding RNA
cox-2 prevents immune evasion and metastasis of hepatocellular
carcinoma by altering M1/M2 macrophage polarization. J Cell
Biochem. 2018; 119: 2951-63.



42

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Pu J, Li W, Wang A, Zhang Y, Qin Z, Xu Z, et al. Long non-coding
RNA HOMER3-ASI drives hepatocellular carcinoma progression
via modulating the behaviors of both tumor cells and macrophages.
Cell Death Dis. 2021; 12: 1103.

Hou ZH, Xu XW, Fu XY, Zhou LD, Liu SP, Tan DM. Long non-cod-
ing RNA MALAT1 promotes angiogenesis and immunosuppressive
properties of HCC cells by sponging miR-140. Am ] Physiol Cell
Physiol. 2020; 318: 649-63.

Goswami KK, Bose A, Baral R. Macrophages in tumor: an inflam-
matory perspective. Clin Immunol. 2021; 232: 108875.

Yan C, Huo X, Wang S, Feng Y, Gong Z. Stimulation of hepato-
carcinogenesis by neutrophils upon induction of oncogenic kras
expression in transgenic zebrafish. ] Hepatol. 2015; 63: 420-8.

Zhou SL, Zhou ZJ, Hu ZQ, Huang XW, Wang Z, Chen EB,
et al. Tumor-associated neutrophils recruit macrophages and
T-regulatory cells to promote progression of hepatocellular car-
cinoma and resistance to sorafenib. Gastroenterology. 2016; 150:
1646-58.

Yan C, Yang Q, Gong Z. Tumor-associated neutrophils and mac-
rophages promote gender disparity in hepatocellular carcinoma in
zebrafish. Cancer Res. 2017; 77: 1395-407.

Jaillon S, Ponzetta A, Di Mitri D, Santoni A, Bonecchi R, Mantovani
A. Neutrophil diversity and plasticity in tumour progression and
therapy. Nat Rev Cancer. 2020; 20: 485-503.

Mossenta M, Busato D, Baboci L, Cintio FD, Toffoli G, Bo MD. New
insight into therapies targeting angiogenesis in hepatocellular carci-
noma. Cancers (Basel). 2019; 11: 1086.

Yang X, Zhao J, Duan S, Hou X, Li X, Hu Z, et al. Enhanced cyto-
toxic T lymphocytes recruitment targeting tumor vasculatures by
endoglin aptamer and IP-10 plasmid presenting liposome-based
nanocarriers. Theranostics. 2019; 9: 4066-83.

Duan S, Song M, He J, Zhou N, Zhou S, Zhao J, et al. Folate-modified
chitosan nanoparticles coated interferon-inducible protein-10 gene
enhance cytotoxic T lymphocytes’ responses to hepatocellular carci-
noma. ] Biomed Nanotechnol. 2016; 12: 700-9.

Yao H, Liu N, Lin MC, Zheng J. Positive feedback loop between can-
cer stem cells and angiogenesis in hepatocellular carcinoma. Cancer
Lett. 2016; 379: 213-9.

Lee TK, Guan XY, Ma S. Cancer stem cells in hepatocellular carci-
noma-from origin to clinical implications. Nat Rev Gastroenterol
Hepatol. 2022; 19: 26-44.

Zeng SS, Yamashita T, Kondo M, Nio K, Hayashi T, Hara Y, et al. The
transcription factor SALL4 regulates stemness of EpCAM-positive
hepatocellular carcinoma. ] Hepatol. 2014; 60: 127-34.

Yang XR, Xu Y, Yu B, Zhou J, Qiu SJ, Shi GM, et al. High expression
levels of putative hepatic stem/progenitor cell biomarkers related to
tumour angiogenesis and poor prognosis of hepatocellular carci-
noma. Gut. 2010; 59: 953-62.

Tang KH, Ma S, Lee TK, Chan YP, Kwan PS, Tong CM, et al.
CD133(+) liver tumor-initiating cells promote tumor angiogene-
sis, growth, and self-renewal through neurotensin/interleukin-8/
CXCL1 signaling. Hepatology. 2012; 55: 807-20.

Conigliaro A, Costa V, Lo Dico A, Saieva L, Buccheri S, Dieli F,
et al. CD90+ liver cancer cells modulate endothelial cell phenotype

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Yao et al. Angiogenesis in hepatocellular carcinoma

through the release of exosomes containing H19 IncRNA. Mol
Cancer. 2015; 14: 155.

Suda T, Yamashita T, Sunagozaka H, Okada H, Nio K, Sakai Y, et al.
Dickkopf-1 promotes angiogenesis and is a biomarker for hepatic
stem cell-like hepatocellular carcinoma. Int ] Mol Sci. 2022; 23: 2801.
Cheng CC, Chao WT, Shih JH, Lai YS, Hsu YH, Liu YH. Sorafenib
combined with dasatinib therapy inhibits cell viability, migra-
tion, and angiogenesis synergistically in hepatocellular carcinoma.
Cancer Chemother Pharmacol. 2021; 88: 143-53.

Zheng N, Zhang S, Wu W, Zhang N, Wang J. Regulatory mecha-
nisms and therapeutic targeting of vasculogenic mimicry in hepa-
tocellular carcinoma. Pharmacol Res. 2021; 166: 105507.

Zhao X, Sun B, Liu T, Shao B, Sun R, Zhu D, et al. Long noncoding
RNA n339260 promotes vasculogenic mimicry and cancer stem cell
development in hepatocellular carcinoma. Cancer Sci. 2018; 109:
3197-208.

Ou H, Chen Z, Xiang L, Fang Y, Xu Y, Liu Q, et al. Frizzled 2-induced
epithelial-mesenchymal transition correlates with vasculogenic
mimicry, stemness, and Hippo signaling in hepatocellular carci-
noma. Cancer Sci. 2019; 110: 1169-82.

Akce M, El-Rayes BF, Bekaii-Saab TS. Frontline therapy for advanced
hepatocellular carcinoma: an update. Therap Adv Gastroenterol.
2022; 15: 17562848221086126.

Llovet JM, Ricci S, Mazzaferro V, Hilgard P, Gane E, Blanc JF, et al.
SHARP Investigators Study Group. Sorafenib in advanced hepato-
cellular carcinoma. N Engl ] Med. 2008; 359: 378-90.

Cheng AL, Kang YK, Chen Z, Tsao CJ, Qin S, Kim J§, et al. Efficacy
and safety of sorafenib in patients in the Asia-Pacific region with
advanced hepatocellular carcinoma: a phase I1I randomised, dou-
ble-blind, placebo-controlled trial. Lancet Oncol. 2009; 10: 25-34.
Zhao Y, Zhang YN, Wang KT, Chen L. Lenvatinib for hepatocellu-
lar carcinoma: from preclinical mechanisms to anti-cancer therapy.
Biochim Biophys Acta Rev Cancer. 2020; 1874: 188391.

Kudo M, Finn RS, Qin S, Han KH, ITkeda K, Piscaglia F, et al.
Lenvatinib versus sorafenib in first-line treatment of patients with
unresectable hepatocellular carcinoma: a randomised phase 3
non-inferiority trial. Lancet. 2018; 391: 1163-73.

Guan H, Wang C, Zhao Z, Han S. Cost-effectiveness of donafenib
as first-line treatment of unresectable hepatocellular carcinoma in
China. Adv Ther. 2022; 39: 3334-46.

Qin S, Bi F, Gu S, Bai Y, Chen Z, Wang Z, et al. Donafenib versus
sorafenib in first-line treatment of unresectable or metastatic hepa-
tocellular carcinoma: a randomized, open-label, parallel-controlled
phase II-III trial. J Clin Oncol. 2021; 39: 3002-11.

Bruix J, Qin S, Merle P, Granito A, Huang YH, Bodoky G, et al.
Regorafenib for patients with hepatocellular carcinoma who pro-
gressed on sorafenib treatment (RESORCE): a randomised, dou-
ble-blind, placebo-controlled, phase 3 trial. Lancet. 2017; 389: 56-66.
Huang A, Yang XR, Chung WY, Dennison AR, Zhou J. Targeted
therapy for hepatocellular carcinoma. Signal Transduct Target Ther.
20205 5: 146.

Abou-Alfa GK, Meyer T, Cheng AL, El-Khoueiry AB, Rimassa L,
Ryoo BY, et al. Cabozantinib in patients with advanced and pro-
gressing hepatocellular carcinoma. N Engl ] Med. 2018; 379: 54-63.



Cancer Biol Med Vol 20, No 1 January 2023

131.

132.

133.

134.

135.

Zhu AX, Kang YK, Yen CJ, Finn RS, Galle PR, Llovet JM, et al.
Ramucirumab after sorafenib in patients with advanced hepato-
cellular carcinoma and increased o-fetoprotein concentrations
(REACH-2): a randomised, double-blind, placebo-controlled,
phase 3 trial. Lancet Oncol. 2019; 20: 282-96.

Niu M, Yi M, Li N, Wu K, Wu K. Advances of targeted therapy for
hepatocellular carcinoma. Front Oncol. 2021; 11: 719896.

Zhang XH, Cao MQ, Li XX, Zhang T. Apatinib as an alternative
therapy for advanced hepatocellular carcinoma. World ] Hepatol.
2020; 12: 766-74.

Qin S, Li Q, Gu S, Chen X, Lin L, Wang Z, et al. Apatinib as sec-
ond-line or later therapy in patients with advanced hepatocellular
carcinoma (AHELP): a multicentre, double-blind, randomised, pla-
cebo-controlled, phase 3 trial. Lancet Gastroenterol Hepatol. 2021;
6: 559-68.

YiM, Jiao D, Qin S, Chu Q, Wu K, Li A. Synergistic effect of immune
checkpoint blockade and anti-angiogenesis in cancer treatment.
Mol Cancer. 2019; 18(1): 60.

136.

137.

138.

139.

43

Finn RS, Qin S, Tkeda M, Galle PR, Ducreux M, Kim TY, et al.
Atezolizumab plus bevacizumab in unresectable hepatocellular car-
cinoma. N Engl ] Med. 2020; 382: 1894-95.

Luo XY, Wu KM, He XX. Advances in drug development for hepato-
cellular carcinoma: clinical trials and potential therapeutic targets. J
Exp Clin Cancer Res. 2021; 40: 172.

He M, Hu J, Fang T, Tang W, Lv B, Yang B, et al. Protein convertase
subtilisin/Kexin type 9 inhibits hepatocellular carcinoma growth by
interacting with GSTP1 and suppressing the JNK signaling pathway.
Cancer Biol Med. 2021; 19: 90-103.

Tang W, Chen Z, Zhang W, Cheng Y, Zhang B, Wu F, et al. The mech-
anisms of sorafenib resistance in hepatocellular carcinoma: theo-
retical basis and therapeutic aspects. Signal Transduct Target Ther.
20205 5: 87.

Cite this article as: Yao C, Wu S, Kong J, Sun Y, Bai Y, Zhu R, et al. Angiogenesis

in hepatocellular carcinoma: mechanisms and anti-angiogenic therapies.
Cancer Biol Med. 2023; 20: 25-43. doi: 10.20892/j.issn.2095-3941.2022.0449



