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Abstract: Liver cancer is a global health challenge as it is the third leading cause of cancer death
worldwide. Hepatocellular carcinoma (HCC) is the most common type of liver cancer and is often
found in liver cells, where it is associated with high morbidity and mortality rates. Recent studies have
shown that extracellular vesicles (EVs) secreted by HCC cells play a critical role in HCC progression
and metastasis. EVs contain proteins, nucleic acids, lipids, and metabolites as cargos. EVs derived
from HCC cells can transfer oncogenic factors to surrounding cells leading to increased tumor growth,
cell invasion, and angiogenesis. In this review, we summarize the roles that EVs play and the specific
effects of their cargos on HCC progression and metastasis and identify potential therapeutic targets
for HCC treatment.
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1. Introduction

Liver cancer is a global disease, with an estimated incidence of >1 million cases per
year by 2025. Liver cancer is a group of cancers with different incidences. Hepatocellular
carcinoma (HCC) is the most common type of liver cancer, which starts in the liver cells.
Less common types of liver cancer are called hepatobiliary cancers, which affect bile
duct cells (cholangiocarcinoma), liver blood vessels (angiosarcoma), or gallbladder cells
(gallbladder cancer). Hepatocellular carcinoma (HCC) accounts for ~90% of cases of liver
cancer [1]. Many risk factors contribute to the development of HCC including infections
with the hepatitis B virus (HBV), which accounts for about 50% of cases [2], and hepatitis C
virus (HCV), which contributes as a risk factor with lesser HCC incidence [3] due to the
success of antiviral drugs [4]. Other liver diseases such as cirrhosis, diabetes, or obesity-
related non-alcoholic steatohepatitis (NASH) are growing risk factors for HCC [5].

Extracellular vesicles (EVs) are membrane-originated vesicles shed from all types
of living cells and carry cargos of proteins, nucleic acids, lipids, metabolites, and even
organelles from the parent cells [6,7]. The extracellular and vesicular properties of EVs
had been recognized by researchers in the 1970s and the term EV was first used in 1970 [8].
EVs are grouped into exosomes, microvesicles, and apoptotic bodies as guided by the
International Society of Extracellular Vesicles; they cannot replicate themselves and are
generated by different mechanisms of biogenesis (Figure 1) [9]. In 1983, the laboratories of
Rose Johnstone and Phil Stahl independently described exosomes as intraluminal vehicles
to clear transferrin receptors from red blood cells upon maturation [10,11]. In general,
exosomes with a diameter of 30-200 nm are produced through the invagination of the cell
membrane and then the assembly of these vesicles into a multivesicular body, which are
either cleared by the lysosomal pathway or fused to the cell membrane, releasing these
exosomes into the extracellular milieu [12]. Microvesicles with a diameter of 0.2-1.0 um
originate from direct outward blebbing of the cell membrane. Apoptotic bodies range
from 50 nm to 5 um in diameter and are formed through a process termed apoptotic cell
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disassembly, which is characterized by a series of tightly regulated morphological steps
including plasma membrane blebbing, apoptotic membrane protrusion formation, and
fragmentation into apoptotic bodies.
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Figure 1. Biogenesis of different types of EVs. Exosomes are produced when the cell membrane buds
inwards and creates an endosome. Exosomes are formed from internal budding of the endosome and
multivesicular bodies (MVBs). Once the MVB docks to the membrane, the exosomes are released
through exocytosis. Microvesicles and apoptotic bodies are formed from budding and blebbing of
the plasma membrane, respectively, before being released from the membrane. Apoptotic bodies are
the remnants of cells having undergone apoptosis, or programmed cell death.

The importance of EVs in cancer biology stems from their molecular cargo of proteins,
mRNAs, miRNAs, and DNAs. Another fascinating field capturing scientists” imagination
is the role of EVs as vehicles for the intercellular exchange of various materials. The
intercellular exchange of membrane receptors [13] and miRNAs [14] are the starting points
of the reinvention of the role of EVs as an intercellular communication mode in cancer. EVs
have also been found to transport active nuclear receptors [15] and tumor suppressors [16],
to name a few. Additionally, cargos in EVs are of huge interest as a source of biomarkers in
various cancers [16,17], including HCC [18-20]. Herein, we will review the recent advances
in the field of EVs as they pertain to HCC. We will also review the various roles of a
few EV-encapsulated proteins and circular RNAs (circRNAs) and their effects on other
proteins with enzymatic activities and pathways in HCC. If “exosomes” were used in
a cited publication without proving experimental evidence for their MVB origin by the
authors, we use “extracellular vesicles”, rather than “exosomes”, to describe their findings
in this review.

2. Effect of Glycolytic Enzymes as EV Cargos on HCC Progression

EV cargos contain a broad spectrum of proteins such as receptors, growth factors,
enzymes, and others [6,7]. One of the important proteins found to be frequently down-
regulated in HCC cells is protein Rab20 [21]. This protein is a 26 kDa GTPase and has
been shown to play a role in EV biogenesis. The downregulation of Rab20 in HCC cells
causes them to release EVs that enhance these cells” tumorgenicity in vitro and in vivo [21].
Moreover, the under-expression of Rab20 is found to be associated with under-expression
of the triosephosphate isomerase 1 (TPI1) in EVs released by HCC cells with Rab20 knock-
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down [21]. TPI1 is a glycolytic enzyme which is positively correlated with Rab20 expression
in EV-releasing cells. The restoration of TPI levels in EVs derived from cells with Rab20
knockdown suppresses the oncogenic effects of these EVs. TPI1 is involved in aerobic
glycolysis, which is beneficial to the survival, growth, and proliferation of tumor cells [21].
The enhanced cell growth and motility are driven by the enhanced aerobic glycolysis
induced by EVs with reduced TPI1 [21]. In addition, EVs from highly metastatic HCC cells,
MHCC97H, stimulate migration and invasion of low metastatic HCC cells [22]. Knock-
down of Rab27a, a 25 kDa GTPase, in MHCC97H cells inhibits MHCC97H-derived EV
secretion and promotes migration, chemotaxis, and invasion of these cells [22]. Blocking EV
secretion in these cells increases lung and intrahepatic metastasis in vivo, while injection
of MHCC97H cell-derived EVs promotes the recurrence of HLE tumors in the liver of
experimental animals [22].

The glycolysis process is augmented in cancer cells to support the anabolic require-
ments to maintain homeostasis in response to various stresses. Another protein that is
important in the process is pyruvate kinase M2 isoform (PKM2), which catalyzes the final
step of glycolysis. PKM2 is highly expressed in cancer cells, and it promotes tumor anabolic
metabolism, survival, and proliferation [23]. PKM2 was found to be incorporated into the
cargos of EVs and it contributes to the development of HCC via intercellular communica-
tion between HCC and monocyte/macrophage [23]. HCC induces the differentiation of
monocytes into infiltrating macrophages via EV-PKM2 promoting HCC development [23].

Enolase is a metalloenzyme that catalyzes the conversion of 2-phosphoglycerate to
phosphoenolpyruvate in the glycolysis process. Its enzymatic reaction is reversible and
depends on the availability of 2-phosphoglycerate and phosphoenolpyruvate in the envi-
ronment. There are three isotypes of this enzyme in mammals: o-enolase (ENO1) expressed
in most tissues, -enolase (ENO-3) expressed in muscle tissue, and y-enolase (ENO-2)
expressed in neural tissues. The three isotypes form homodimers with two magnesium
ions bound at their active sites [24]. ENO1 is important because, in addition to glucose
metabolism, it plays a role in autoimmune response, hypoxia endurance, and growth regu-
lation. ENOL1 also plays a role in tumorigenesis and cancer progression in various cancer
types, including HCC [25]. It is considered a biomarker for HCC, and is highly expressed
in HCC cells with high metastatic potential and metastatic tumor tissues [25]. Highly
metastatic HCC cells shed ENO1 within the cargos of EVs (EV-ENO1). EV-ENO1 can be
transported to nonmetastatic HCC cells, conferring aggressive and metastatic properties to
low ENO1-expressing HCC cells [26]. ENO1 confers such characteristics by upregulating
the expression of integrin o634 and activating the FAK/Src-p38MAPK pathway. As such,
EV-ENOI1 promotes the growth and metastasis of HCC [26].

3. Caspase-3 Activators Incorporated into EVs Affect HCC Development

Caspase-3, a crucial player in programmed cell death (apoptosis), is a frequently
activated death protease catalyzing the specific cleavage of many cellular proteins [27].
Caspase-3 deficiency in tumor cells or tumor stroma causes significant tumor sensitivity to
radiotherapy in experimental animals [28]. Activated caspase-3 levels in tumor tissues of
HCC patients are associated with a higher rate of recurrence and death [28]. Caspase-3 is
activated by neutral sphingomyelinase 1 (NSMasel). Sphingomyelinase (SMase) cleaves the
phosphodiester bond in sphingomyelin (SM) to form ceramide (Cer) and phosphocholine.
Ceramide acts as a second messenger in activating the apoptotic cascade [29]. Ceramide
levels have also been shown to be greatly reduced in HCC tissues [30]. HCC tissues
have significantly low expression of NSMasel, which contributes to poor survival of HCC
patients (Figure 2A) [31]. This NSMasel down-regulation in HCC tissue leads to the
accumulation of SM and reduced Cer levels, leading to an increased SM/Cer ratio [31].
Both NSMasel expression level and NSMase activity have been found to decrease in EVs
derived from HCC tissues [31]. Overexpression of NSMasel in HCC cells LO2 results in
high levels of NSMase activity in EVs isolated from the culture medium of these cells [31].
NSMasel enriched EVs inhibit cell growth and induce apoptosis of HCC cells by decreasing
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the ratio of SM/Cer (Figure 2B) [31]. It is believed that NSMasel, through its ability to
cleave SM into Cer, acts as a key factor in the activation of the Caspase-3 apoptotic pathway
in HCC cells by increasing Cer levels.
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Figure 2. Effects of NSMasel level in extracellular vesicles released from HCC Cells. (A) HCC cells in
patients frequently produce extracellular vesicles with decreased NSMasel level, leading to lower
ceramide levels and higher sphingomyelin levels which result in increased HCC cell proliferation.
(B) When HCC cells overexpress NSMasel their extracellular vesicles have higher NSMase activity
leading to higher ceramide levels and lower sphingomyelin leading to a decrease in HCC cell growth
and increased apoptosis.

4. EV-Bound p120 Catenin Effects on HCC Proliferation and Metastasis

The function of many organs is dependent on the generation of epithelium. The transi-
tion from unconnected, unpolarized cells to connected, polarized epithelial cells requires
the assembly of cell junctions. There are three types of cell junctions that support epithelium
integrity, and they are adherens junctions, tight junctions, and desmosomes. p120 catenin
(p120ctn) is a member of the Armadillo family and a component of the cadherin—catenin
complex in the adherens junction. p120ctn performs many functions depending upon its
subcellular localization. Besides cell-cell adhesion, p120ctn stabilizes cadherins at the cell
membrane by modulating cadherin membrane trafficking and degradation, regulates the
activation of small Rho GTPases in the cytoplasm, and modulates nuclear transcription.

The expression pattern of p120ctn is abnormal in many human tumors [32,33]. p120ctn
is absent or altered in most human tumors, and its derangement is often correlated with a
poor prognosis. p120ctn can act as a proto-oncogene or as an invasion suppressor. Loss of
p120ctn results in decreased E-cadherin levels. E-cadherin is frequently down-regulated in
epithelial cancers, in which it acts as a tumor suppressor [34-36]. Cheng et al. reported that
p120ctn incorporated into EVs, secreted by liver cancer cells, inhibits the proliferation and
metastasis of hepatoma cells and the expansion of liver cancer stem cells (Figure 3) [37].
The EV-transmitted p120ctn has also been found to thwart HCC progression by inhibiting
the STAT3 pathway, suggesting that p120ctn-containing EV's derived from cancer cells may
be used as a therapeutic agent to treat liver cancer [37].
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Figure 3. Effects of p120ctn containing EVs on HCC cells. When extracellular vesicles containing
higher levels of p120ctn were introduced to HCC cells they had reduced cell proliferation, inhibition
of metastasis, and a lower cancer stem cell population.
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Another enzyme that plays an important role in 3-Catenin signaling is the Vacuolar
Protein Sorting 4 Homolog A (Vps4A). Vps4A is a member of the AAA protein family,
which are ATPases associated with diverse cellular activities. Based on functional studies,
Vps4A is associated with endosomal compartments in humans and plays a role in intra-
cellular protein trafficking, such as the Vps4 protein in yeast. Han et al. [38] investigated
the role of Vps4A in sorting proteins into extracellular vesicles of HCC cells. They per-
formed mass spectrometry analysis for the protein complex associated with Vps4A upon
immunoprecipitation, confirming that Vps4A is associated with 3-catenin and Charged
Multivesicular Body Protein 4B (CHMP4B). The authors concluded that through this inter-
action, Vpas4A promotes the plasma membrane localization and release of (3-catenin via
EVs [38]. The release of 3-catenin into EVs suppresses (3-catenin signaling within the cells.
Furthermore, the authors investigated the effect of silencing Vps4A or CHMP4B on the
plasma membrane localization and release of 3-catenin through EVs [38]. Silencing Vps4A
or CHMP4B decreases both plasma membrane localization and EV sorting of (3-catenin,
leading to enhanced signaling of 3-catenin in the cells, where overexpression of these pro-
teins resulted in decreased [3-catenin signaling due to the increased secretion of (3-catenin
via EVs. The authors also investigated the relation between Vps4A expression in HCC
tissues and the level of 3-catenin loaded into EVs in patients with metastatic HCC [38].
The authors found that EV (3-catenin expression in metastatic HCC patients is significantly
lower than in patients with nonmetastatic tumors. Prior to this work, the authors showed
that Vpas4A, as a key regulator of EV biogenesis, is frequently downregulated in HCC
tissues and the downregulation is associated with tumor progression and metastasis [39].
Their in vitro experiments showed that Vps4A inhibits the growth, colony formation, mi-
gration, and invasion of HCC cells. The authors also studied the involvement of Vps4A in
suppressing the bioactivity of EVs and characterized its ability to weaken the cell response
to EVs [39]. Vps4A is found to facilitate the incorporation of oncogenic miRNAs into EVs,
and the authors concluded that Vps4A is a tumor suppressor as mentioned above [39].

5. Upregulation of the 14-3-3( Protein Impairs Antitumor Functions

The antitumor functions of tumor-infiltrating T lymphocytes (TILs) are often inhibited
in HCC, but the inhibitory mechanisms are not fully understood. Wang et al. found that the
14-3-3( protein, a negative regulator of the cell cycle, is incorporated into EVs derived from
HCC cells [40]. Identified as a p53-inducible gene product, the 14-3-3( protein is responsible
for controlling cell cycle checkpoints after DNA damage. Decreased expression of 14-3-3(
in several cancers suggests a negative regulatory role of 14-3-3¢ in the cell cycle, which is
compromised during tumorigenesis [41]. The 14-3-3( protein, however, has been shown to
be upregulated in HCC cells and enhances invasion when under hypoxic condition [42].
Interestingly, 14-3-3( is also overexpressed in TILs in HCC [40]. The upregulation of 14-3-3(
results in impaired activation, proliferation, and antitumor functions of TILs in HCC [40].
TIL cells with high levels of 14-3-3C have a high frequency of exhausted phenotypes as
measured by the inhibitory receptors PD-1, TIM-3, LAG3, and CTL-4 [40]. Thus, Wang
et al. concluded that the antitumor functions of TILs are inhibited once the TILs uptake the
EVs carrying the 14-3-3( protein and 14-3-3( can be transmitted from HCC cells to T cells
through EVs [40].

6. Impact of Lysyl Oxidase-Containing EVs on HCC Proliferation and Migration

Lysyl oxidase (LOX), a copper-containing amine oxidase, is a member of a heteroge-
neous family of enzymes that oxidize primary amine substrates to reactive aldehydes. The
enzyme is known for its function of extracellular catalysis to form lysine-derived cross
links in fibrillar collagens and elastins. Lysyl oxidases have been found to contribute to a
spectrum of biological functions such as developmental regulation, tumor suppression, cell
motility, and cellular senescence. LOX can be found in intracellular and intranuclear loca-
tions. Other LOX functions such as a potential role in cell adhesion and cell growth control
can be determined by the conserved domains of LOX, such as the cytokine receptor-like
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domain that is shared by all LOXs and by multiple scavenger receptor cysteine-rich (SRCR)
domains present in LOX-like 2 (LOXL2), 3 (LOXL3), and 4 (LOXL4) [43]. Furthermore, these
functions may be carried out in a temporally and spatially regulated fashion [43]. LOXL4 is
known to be upregulated in HCC tumor tissues and such upregulation is associated with
a poor prognosis for HCC patients. LOXL4 has even been shown to play an important
role in hepatocarcinogenesis by creating a microenvironment that is immunosuppressed
during tumor development [44]. In vitro, LOXL4 knockdown inhibits HCC cell migration
and invasion, and its upregulation in vivo promotes intrahepatic and pulmonary metas-
tasis of HCC [45]. Interestingly, LOXLA4 is present in the cargo of HCC-secreted EVs, and
HCC cells that have lower expression levels of LOXL4 are targeted by the EVs secreted by
HCC cells with higher LOXL4 expression (LOXL4-EVs) [45]. These LOXL4-EVs transfer
LOXL4 to the HCC cells with lower expression levels of LOXL4 and promote migration
of the cells by activating the FAK/Src pathway via its amine oxidase activity through the
hydrogen peroxide-mediated mechanism (Figure 4) [45]. These LOXL4-EVs also transfer
LOXL4 to human umbilical vein endothelial cells to promote angiogenesis via the paracrine
mechanism [45].

LOXL4-EV from high . LOXL4
LOXL4 HCC cell

LOXL4 protein —\ .ii.) LOXL4 containing EV

fa

Extracellular Fluid ‘
HCC cell with low
LOXL4 expression

& @
FAK ) ‘ ‘
) —

Promotion of cell proliferation and —
migration, increased intrahepatic and
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Figure 4. LOXL4-containing extracellular vesicles from high LOXL4-expressing HCC cells travel to
low LOXL4-expressing HCC cells. LOXL4 then activates the FAK/Src pathway through hydrogen
peroxide leading to promotion of cell proliferation and migration as well as increased intrahepatic
and pulmonary metastasis.

7. Targeting the Complement System in HCC Progression

The complement system contains a large number of plasma proteins that react with
one another to opsonize pathogens and induce a series of inflammatory responses that
help fight various infections. Many complement proteins are proteases that are themselves
activated by proteolytic cleavage [46]. The system is an essential component of the innate
immune system that eliminates pathogens and altered host cells such as cancer cells. The
complement system links innate and adaptive immune responses. There are two types
of complement regulators that protect the tissue from complement-mediated injuries.
The regulators are soluble and membrane-bound complement regulators. Complement
factor H (CFH) is one of the complement regulators that inhibits the alternative pathway
of the complement activation in blood and cell surfaces. Cancer cells utilize CFH to
escape immune surveillance and use it as an invasion factor. Mao et al. showed that
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metastatic HCC cells shed EVs enriched with CFH [47]. These EVs stimulate HCC cell
growth, migration, and invasiveness and enhance liver tumor formation and metastasis
in mice. Treating EVs containing CFH with anti-CFH antibodies significantly inhibits
the abovementioned stimulation effects of the EVs [47]. These facts indicate that the EVs
enriched with CFH protect HCC cells from complement system attack, leading to increased
tumorgenicity and metastasis. The role of CFH in HCC is controversial, however, as
other studies have shown that the absence of CFH can lead to chronic alternative pathway
activation and thus development of HCC [48]. While the role of this protein in HCC is up
for debate, recent studies show the importance of further investigation of its impact on
HCC.

8. Encapsulated Circular RNAs Affect the Progression of HCC

Circular RNAs are a group of single-stranded RNA molecules that are categorized
by having a covalently closed continuous loop structure with no 5’ and 3’ ends and are
caused by RNA splicing events [49-51]. These RNA molecules are mostly found in the cyto-
plasm and are shown to act as miRNA sponges by binding to miRNAs and inhibiting their
function. CircRNAs have been shown to have many effects on HCC including invasion, pro-
liferation, metastasis, and immune suppression [52]. CircRNAs do not have 5 and 3’ ends
and are resistant to exonuclease-mediated degradation, leading to higher stability than most
linear RNA in cells [53]. Extracellular vesicles are excellent vehicles to carry and deliver
circRNAs between cells for intercellular signaling. Exosomal circRNAs are utilized by HCC
cells to enhance growth, metastasis, and immunosuppression. Z. Hu et al. have identified
a novel circRNA, circCCAR1, and showed that through a circCCAR1/miR-127-5p/WTAP
feedback loop, HCC growth and metastasis increases in vitro and in vivo [54]. This cir-
cRNA has also been shown to be released by HCC cells as one of the cargos of EVs, which
leads to CD8+ T-cell dysfunction in HCC [54]. Other exosomal circRNAs have been shown
to also promote HCC progression. Y. Zhou et al. showed that exosomal circZFR released
from cancer-associated fibroblasts enhances HCC cell chemoresistance [55]. These studies
open the floodgate to search and find other circRNAs contained by HCC-secreted EVs and
establish new targets for combatting chemoresistance and HCC progression. For example,
it is possible to load DNA or RNA oligomers into HCC-derived extracellular vesicles
through cell-penetrating peptides [56] in order to bind to targeted circRNAs, resulting in
their functional inhibition and possible destruction in vivo.

9. Conclusions

Extracellular vesicles contain various circRNAs and proteins including enzymes that
could modulate the tumor microenvironment. Tumor cells secrete EVs to assist in creating
a favorable microenvironment to help tumor cell survival, growth, and metastasis. EVs
containing circRNAs and enzymes can pass these cargos between cancer cells and assist
tumor progression by stimulating the growth, proliferation, and invasiveness of cancer
cells. These delivered cargos also contribute to the activation of the process of angiogenesis,
which is essential to tumor growth. Lastly, these EV cargos contribute to the inhibition of
the host response to the existence of cancer cells, providing cancer cells the opportunity to
escape immunosurveillance. As a result of these functions and others beyond the scope
of this review, EVs are major players in the progression and metastasis of HCC. To help
readers to read and follow this review, Table 1 summarizes the sources, targets, cell and
animal models, clinical samples, and cited publications for the discussed proteins and
circular RNAs encapsulated by HCC-derived EVs. The cited references for each discussed
topic in this review are listed in Table 2.
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Table 1. Exosomal cargos relevant to HCC and their cellular targets, cell and animal models, and

clinical samples.

Protein  Source Target Cell Model/Line Animal Model Clinical Samples Reference
. . Obtained from Queen Mary
Rab20 HCC cells Secretory pathway MIHA cell line BALB/C nude mice Hospital, Hong Kong [21]
Derived from
Tumor C57BL/6 mice bone . Obtained from Zhongshan
PKM2 HCC cells microenvironment marrow, blood, and C57BL/6 mice Hospital, Xiamen University 23]
liver
Integrin o634 and HepG2, LO2,
the MHCC97L, BALB/c-nu/nu nude
ENOL  HCCeells  pry/srep3sMAPK ~ MHCC97H, and mice Not used [26]
pathway HCCLM3
Obtained from Affiliated
NSMasel HCC cells Sphingomyelin (SM) SMMC7721 and LO2 ~ Not used Hospital of Guilin Medical [31]
University
Liver CSQT-2, HCCLM3 . Obtained from Eastern
p120ctn cancer cells STATS pathway (LM3), 7701, and 7702 Male nude mice Hepatobiliary Surgery Hospital 371
SMMC-7721, Obtained from Sun Yatsen
Vps4A HCC cells E_Hl\:ﬂzﬁﬁ and MHCC97H, and Not used Memorial Hospital, Sun Yat-sen  [38,39]
cate Huh-7 University
o . Obtained from First Affiliated
14_3_% HCC cells Tumor-infiltrating T Human PBTC cells Male C57BL/6 mice Hospital of Nanjing Medical [40]
protein lymphocytes (TILs) Uni .
niversity
SK-Hep1, SUN-423,
Hep3B, Huh7, ~ Obtained from Ren Ji Hospital,
LOXL4 HCCecells FAK/Srcpathway  SMMC-7721, Male BALB/cnu/M4 - Sehool of Medicine, Shanghai  [45]
MHCC-97 L, and Jiao Tong University
MHCC-LM3
Hep3B, Huh?7
PLC/PRF/5, human Male BALB/cAnN-nu
Complement and 293FT, murine mice, BALB/c nude
CFH HCC cells immune system Hepal-6, HLE, mice, and C57BL/6N Not used [47]
MHCC97L, and mice
MHCCLM3
. . LO2, Huh7, and Obtained from First People’s
circRNAs HCC cells miRNAs MHCCY7L Not used Hospital of Kunming City [51,52]
Table 2. Cited publications in discussed topics.
Topics Relevant References
Effect of glycolytic enzymes as EV cargos on HCC progression [21-26]
Caspase-3 activators incorporated into EVs affect HCC development [27-31]
EV-bound p120 catenin effects on HCC proliferation and metastasis [32-39]
Upregulation of the 14-3-3( protein impairs antitumor functions [40-42]
Impact of lysyl oxidase-containing EVs on HCC proliferation and migration [43-45]
Targeting the complement system in HCC progression [46-48]
Encapsulated circular RNAs affect the progression of HCC [49-56]

Author Contributions: Conceptualization, TW.S. and Z.S.; writing—original draft preparation, T.W.S.
and Z.S.; visualization, T.W.S.; writing—review and editing, T.W.S. and Z.S.; funding acquisition, Z.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Florida State University startup fund to Z.S.

Institutional Review Board Statement: Not applicable.



Cells 2023, 12,1879 9of11

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created in this study. Data sharing is not applicable
to this article.

Acknowledgments: All figures were created with Biorender.com (accessed on 14 July 2023).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

Llovet, ] M.; Kelley, R.K,; Villanueva, A.; Singal, A.G.; Pikarsky, E.; Roayaie, S.; Lencioni, R.; Koike, K.; Zucman-Rossi, J.; Finn, R.S.
Hepatocellular carcinoma. Nat. Rev. Dis. Prim. 2021, 7, 6. [CrossRef]

Global Burden of Disease Liver Cancer, C.; Akinyemiju, T.; Abera, S.; Ahmed, M.; Alam, N.; Alemayohu, M.A.; Allen, C,;
Al-Raddadi, R.; Alvis-Guzman, N.; Amoako, Y.; et al. The Burden of Primary Liver Cancer and Underlying Etiologies From 1990
to 2015 at the Global, Regional, and National Level: Results From the Global Burden of Disease Study 2015. JAMA Oncol. 2017,
3, 1683-1691. [CrossRef] [PubMed]

Kishta, S.; Tabll, A.; Omanovic Kolaric, T.; Smolic, R.; Smolic, M. Risk Factors Contributing to the Occurrence and Recurrence
of Hepatocellular Carcinoma in Hepatitis C Virus Patients Treated with Direct-Acting Antivirals. Biomedicines 2020, 8, 175.
[CrossRef] [PubMed]

Kanwal, F.; Kramer, J.; Asch, S.M.; Chayanupatkul, M.; Cao, Y.; El-Serag, H.B. Risk of Hepatocellular Cancer in HCV Patients
Treated With Direct-Acting Antiviral Agents. Gastroenterology 2017, 153, 996-1005 e1001. [CrossRef] [PubMed]

Suresh, D.; Srinivas, A.N.; Kumar, D.P. Etiology of Hepatocellular Carcinoma: Special Focus on Fatty Liver Disease. Front. Oncol.
2020, 10, 601710. [CrossRef] [PubMed]

Hade, M.D.; Suire, C.N.; Suo, Z. Mesenchymal Stem Cell-Derived Exosomes: Applications in Regenerative Medicine. Cells 2021,
10, 1959. [CrossRef]

Hade, M.D.; Suire, C.N.; Mossell, J.; Suo, Z. Extracellular vesicles: Emerging frontiers in wound healing. Med. Res. Rev. 2022, 42,
2102-2125. [CrossRef]

Bonucci, E. Fine structure and histochemistry of “calcifying globules” in epiphyseal cartilage. Z. Zellforsch. Mikrosk. Anat. 1970,
103, 192-217. [CrossRef]

Thery, C.; Witwer, KW.; Aikawa, E.; Alcaraz, M.].; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F;
Atkin-Smith, G.K.; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the
International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750.
[CrossRef]

Harding, C.; Heuser, J.; Stahl, P. Receptor-mediated endocytosis of transferrin and recycling of the transferrin receptor in rat
reticulocytes. J. Cell Biol. 1983, 97, 329-339. [CrossRef]

Pan, B.T.; Johnstone, R.M. Fate of the transferrin receptor during maturation of sheep reticulocytes in vitro: Selective externaliza-
tion of the receptor. Cell 1983, 33, 967-978. [CrossRef] [PubMed]

Lee, T.H.; D’Asti, E.; Magnus, N.; Al-Nedawi, K.; Meehan, B.; Rak, ]. Microvesicles as mediators of intercellular communication in
cancer—The emerging science of cellular ‘debris’. Semin. Immunopathol. 2011, 33, 455-467. [CrossRef] [PubMed]

Al-Nedawi, K.; Meehan, B.; Micallef, J.; Lhotak, V.; May, L.; Guha, A.; Rak, J. Intercellular transfer of the oncogenic receptor
EGEFRvVIII by microvesicles derived from tumour cells. Nat. Cell Biol. 2008, 10, 619—-624. [CrossRef] [PubMed]

Skog, J.; Wurdinger, T.; van Rijn, S.; Meijer, D.H.; Gainche, L.; Sena-Esteves, M.; Curry, W.T,, Jr.; Carter, B.S.; Krichevsky, A.M.;
Breakefield, X.O. Glioblastoma microvesicles transport RNA and proteins that promote tumour growth and provide diagnostic
biomarkers. Nat. Cell Biol. 2008, 10, 1470-1476. [CrossRef]

Read, J.; Ingram, A.; Al Saleh, H.A ; Platko, K.; Gabriel, K.; Kapoor, A.; Pinthus, J.; Majeed, F; Qureshi, T.; Al-Nedawi, K. Nuclear
transportation of exogenous epidermal growth factor receptor and androgen receptor via extracellular vesicles. Eur. J. Cancer
2017, 70, 62-74. [CrossRef]

Gabriel, K.; Ingram, A.; Austin, R.; Kapoor, A.; Tang, D.; Majeed, F,; Qureshi, T.; Al-Nedawi, K. Regulation of the tumor suppressor
PTEN through exosomes: A diagnostic potential for prostate cancer. PLoS ONE 2013, 8, €70047. [CrossRef] [PubMed]

Platko, K.; Haas-Neill, S.; Aziz, T.; Al-Nedawi, K. The role of circulating extracellular vesicles in breast cancer classification and
molecular subtyping. Breast ]. 2019, 25, 691-695. [CrossRef]

Trevisan Franca de Lima, L.; Broszczak, D.; Zhang, X.; Bridle, K.; Crawford, D.; Punyadeera, C. The use of minimally invasive
biomarkers for the diagnosis and prognosis of hepatocellular carcinoma. Biochim. Biophys. Acta Rev. Cancer 2020, 1874, 188451.
[CrossRef]

Von Felden, J.; Garcia-Lezana, T.; Schulze, K.; Losic, B.; Villanueva, A. Liquid biopsy in the clinical management of hepatocellular
carcinoma. Gut 2020, 69, 2025-2034. [CrossRef]

Mann, J.; Reeves, H.L.; Feldstein, A.E. Liquid biopsy for liver diseases. Gut 2018, 67, 2204-2212. [CrossRef]

Liu, BH.M,; Tey, S.K,; Mao, X.; Ma, A.PY,; Yeung, C.L.S.; Wong, SW.K,; Ng, T.H.; Xu, Y,; Yao, Y,; Fung, E.YM.; et al. TPI1-reduced
extracellular vesicles mediated by Rab20 downregulation promotes aerobic glycolysis to drive hepatocarcinogenesis. J. Extracell.
Vesicles 2021, 10, e12135. [CrossRef] [PubMed]


Biorender.com
https://doi.org/10.1038/s41572-020-00240-3
https://doi.org/10.1001/jamaoncol.2017.3055
https://www.ncbi.nlm.nih.gov/pubmed/28983565
https://doi.org/10.3390/biomedicines8060175
https://www.ncbi.nlm.nih.gov/pubmed/32630610
https://doi.org/10.1053/j.gastro.2017.06.012
https://www.ncbi.nlm.nih.gov/pubmed/28642197
https://doi.org/10.3389/fonc.2020.601710
https://www.ncbi.nlm.nih.gov/pubmed/33330100
https://doi.org/10.3390/cells10081959
https://doi.org/10.1002/med.21918
https://doi.org/10.1007/BF00337312
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1083/jcb.97.2.329
https://doi.org/10.1016/0092-8674(83)90040-5
https://www.ncbi.nlm.nih.gov/pubmed/6307529
https://doi.org/10.1007/s00281-011-0250-3
https://www.ncbi.nlm.nih.gov/pubmed/21318413
https://doi.org/10.1038/ncb1725
https://www.ncbi.nlm.nih.gov/pubmed/18425114
https://doi.org/10.1038/ncb1800
https://doi.org/10.1016/j.ejca.2016.10.017
https://doi.org/10.1371/journal.pone.0070047
https://www.ncbi.nlm.nih.gov/pubmed/23936141
https://doi.org/10.1111/tbj.13309
https://doi.org/10.1016/j.bbcan.2020.188451
https://doi.org/10.1136/gutjnl-2019-320282
https://doi.org/10.1136/gutjnl-2017-315846
https://doi.org/10.1002/jev2.12135
https://www.ncbi.nlm.nih.gov/pubmed/34401050

Cells 2023, 12,1879 10 of 11

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Chen, L.; Guo, P;; He, Y.; Chen, Z.; Chen, L.; Luo, Y.; Qi, L.; Liu, Y.; Wu, Q.; Cui, Y.; et al. HCC-derived exosomes elicit HCC
progression and recurrence by epithelial-mesenchymal transition through MAPK/ERK signalling pathway. Cell Death Dis. 2018,
9, 513. [CrossRef] [PubMed]

Hou, PP; Luo, L.J.; Chen, H.Z.; Chen, Q.T,; Bian, X.L.; Wu, S.E; Zhou, ].X.; Zhao, W.X,; Liu, ].M.; Wang, X.M.; et al. Ectosomal
PKM2 Promotes HCC by Inducing Macrophage Differentiation and Remodeling the Tumor Microenvironment. Mol. Cell 2020, 78,
1192-1206 €1110. [CrossRef] [PubMed]

Didiasova, M.; Schaefer, L.; Wygrecka, M. When Place Matters: Shuttling of Enolase-1 Across Cellular Compartments. Front. Cell
Dev. Biol. 2019, 7, 61. [CrossRef] [PubMed]

Zhu, W.; Li, H; Yu, Y; Chen, J.; Chen, X.; Ren, F;; Ren, Z.; Cui, G. Enolase-1 serves as a biomarker of diagnosis and prognosis in
hepatocellular carcinoma patients. Cancer Manag. Res. 2018, 10, 5735-5745. [CrossRef]

Jiang, K.; Dong, C.; Yin, Z; Li, R.; Mao, J.; Wang, C.; Zhang, ]J.; Gao, Z.; Liang, R.; Wang, Q.; et al. Exosome-derived ENO1
regulates integrin alpha6beta4 expression and promotes hepatocellular carcinoma growth and metastasis. Cell Death Dis. 2020,
11, 972. [CrossRef]

Porter, A.G.; Janicke, R.U. Emerging roles of caspase-3 in apoptosis. Cell Death Differ. 1999, 6, 99-104. [CrossRef]

Huang, Q.; Li, F; Liu, X; Li, W.; Shi, W.; Liu, EF.; O’Sullivan, B.; He, Z.; Peng, Y.; Tan, A.C; et al. Caspase 3-mediated stimulation
of tumor cell repopulation during cancer radiotherapy. Nat. Med. 2011, 17, 860-866. [CrossRef]

Haimovitz-Friedman, A.; Kolesnick, R.N.; Fuks, Z. Ceramide signaling in apoptosis. Br. Med. Bull. 1997, 53, 539-553. [CrossRef]
Krautbauer, S.; Meier, EIM.; Rein-Fischboeck, L.; Pohl, R.; Weiss, T.S.; Sigruener, A.; Aslanidis, C.; Liebisch, G.; Buechler, C.
Ceramide and polyunsaturated phospholipids are strongly reduced in human hepatocellular carcinoma. Biochim. Et Biophys. Acta
(BBA)-Mol. Cell Biol. Lipids 2016, 1861, 1767-1774. [CrossRef]

Lin, M.; Liao, W.; Dong, M.; Zhu, R.; Xiao, J.; Sun, T.; Chen, Z.; Wu, B,; Jin, J. Exosomal neutral sphingomyelinase 1 suppresses
hepatocellular carcinoma via decreasing the ratio of sphingomyelin/ceramide. FEBS ]. 2018, 285, 3835-3848. [CrossRef] [PubMed]
Van Hengel, J.; van Roy, F. Diverse functions of p120ctn in tumors. Biochim. Biophys. Acta 2007, 1773, 78-88. [CrossRef] [PubMed]
Thoreson, M.A.; Reynolds, A.B. Altered expression of the catenin p120 in human cancer: Implications for tumor progression.
Differentiation 2002, 70, 583-589. [CrossRef] [PubMed]

Bonnomet, A ; Polette, M.; Strumane, K.; Gilles, C.; Dalstein, V.; Kileztky, C.; Berx, G.; van Roy, F,; Birembaut, P.; Nawrocki-Raby,
B. The E-cadherin-repressed hNanos1 gene induces tumor cell invasion by upregulating MT1-MMP expression. Oncogene 2008,
27,3692-3699. [CrossRef]

Berx, G.; van Roy, F. Involvement of members of the cadherin superfamily in cancer. Cold Spring Harb. Perspect. Biol. 2009,
1, a003129. [CrossRef]

Pieters, T.; van Roy, F.; van Hengel, ]. Functions of p120ctn isoforms in cell-cell adhesion and intracellular signaling. Front. Biosci.
2012, 17, 1669-1694. [CrossRef]

Cheng, Z.; Lei, Z.; Yang, P; Si, A.; Xiang, D.; Tang, X.; Guo, G.; Zhou, J.; Huser, N. Exosome-transmitted p120-catenin suppresses
hepatocellular carcinoma progression via STAT3 pathways. Mol. Carcinog. 2019, 58, 1389-1399. [CrossRef]

Han, Q.; Lv, L.; Wei, ].; Lei, X; Lin, H.; Li, G.; Cao, ].; Xie, J.; Yang, W.; Wu, S.; et al. Vps4A mediates the localization and exosome
release of beta-catenin to inhibit epithelial-mesenchymal transition in hepatocellular carcinoma. Cancer Lett. 2019, 457, 47-59.
[CrossRef]

Wei, ].X.; Lv, LH.; Wan, Y.L,; Cao, Y.; Li, G.L,; Lin, HM.; Zhou, R.; Shang, C.Z; Cao, J.; He, H.; et al. Vps4A functions as a
tumor suppressor by regulating the secretion and uptake of exosomal microRNAs in human hepatoma cells. Hepatology 2015,
61,1284-1294. [CrossRef]

Wang, X; Shen, H.; Zhangyuan, G.; Huang, R.; Zhang, W.; He, Q.; Jin, K.; Zhuo, H.; Zhang, Z.; Wang, J.; et al. 14-3-3zeta delivered
by hepatocellular carcinoma-derived exosomes impaired anti-tumor function of tumor-infiltrating T lymphocytes. Cell Death Dis.
2018, 9, 159. [CrossRef]

Yang, H.Y.; Wen, Y.Y,; Chen, C.H.; Lozano, G.; Lee, M.H. 14-3-3 sigma positively regulates p53 and suppresses tumor growth. Mol.
Cell Biol. 2003, 23, 7096-7107. [CrossRef] [PubMed]

Tang, Y.; Liu, S.; Li, N.; Guo, W.; Shi, J.; Yu, H.; Zhang, L.; Wang, K.; Liu, S.; Cheng, S. 14-3-3( promotes hepatocellular carcinoma
venous metastasis by modulating hypoxia-inducible factor-1x. Oncotarget 2016, 7, 15854-15867. [CrossRef] [PubMed]

Csiszar, K. Lysyl oxidases: A novel multifunctional amine oxidase family. Prog. Nucleic Acid. Res. Mol. Biol. 2001, 70, 1-32.
[CrossRef] [PubMed]

Tan, H.Y.; Wang, N.; Zhang, C.; Chan, Y.T,; Yuen, M.E,; Feng, Y. Lysyl Oxidase-Like 4 Fosters an Immunosuppressive Microenvi-
ronment During Hepatocarcinogenesis. Hepatology 2021, 73, 2326-2341. [CrossRef] [PubMed]

Li, R.; Wang, Y.; Zhang, X.; Feng, M.; Ma, J.; Li, J.; Yang, X; Fang, F; Xia, Q.; Zhang, Z.; et al. Exosome-mediated secretion of
LOXL4 promotes hepatocellular carcinoma cell invasion and metastasis. Mol. Cancer 2019, 18, 18. [CrossRef]

Janeway, C.A].; Travers, P.; Walport, M.; Shlomchik, M.]. The Complement System and Innate Immunity, 5th ed.; Garland Science:
New York, NY, USA, 2001.

Mao, X.; Zhou, L.; Tey, S.K.; Ma, A.PY.; Yeung, C.L.S.; Ng, TH.; Wong, SW.K,; Liu, B.H.M.; Fung, YM.E,; Patz, E.E, Jr.; et al.
Tumour extracellular vesicle-derived Complement Factor H promotes tumorigenesis and metastasis by inhibiting complement-
dependent cytotoxicity of tumour cells. J. Extracell. Vesicles 2020, 10, €12031. [CrossRef]


https://doi.org/10.1038/s41419-018-0534-9
https://www.ncbi.nlm.nih.gov/pubmed/29725020
https://doi.org/10.1016/j.molcel.2020.05.004
https://www.ncbi.nlm.nih.gov/pubmed/32470318
https://doi.org/10.3389/fcell.2019.00061
https://www.ncbi.nlm.nih.gov/pubmed/31106201
https://doi.org/10.2147/CMAR.S182183
https://doi.org/10.1038/s41419-020-03179-1
https://doi.org/10.1038/sj.cdd.4400476
https://doi.org/10.1038/nm.2385
https://doi.org/10.1093/oxfordjournals.bmb.a011629
https://doi.org/10.1016/j.bbalip.2016.08.014
https://doi.org/10.1111/febs.14635
https://www.ncbi.nlm.nih.gov/pubmed/30106227
https://doi.org/10.1016/j.bbamcr.2006.08.033
https://www.ncbi.nlm.nih.gov/pubmed/17030444
https://doi.org/10.1046/j.1432-0436.2002.700911.x
https://www.ncbi.nlm.nih.gov/pubmed/12492499
https://doi.org/10.1038/sj.onc.1211035
https://doi.org/10.1101/cshperspect.a003129
https://doi.org/10.2741/4012
https://doi.org/10.1002/mc.23022
https://doi.org/10.1016/j.canlet.2019.04.035
https://doi.org/10.1002/hep.27660
https://doi.org/10.1038/s41419-017-0180-7
https://doi.org/10.1128/MCB.23.20.7096-7107.2003
https://www.ncbi.nlm.nih.gov/pubmed/14517281
https://doi.org/10.18632/oncotarget.7493
https://www.ncbi.nlm.nih.gov/pubmed/26910835
https://doi.org/10.1016/s0079-6603(01)70012-8
https://www.ncbi.nlm.nih.gov/pubmed/11642359
https://doi.org/10.1002/hep.31600
https://www.ncbi.nlm.nih.gov/pubmed/33068461
https://doi.org/10.1186/s12943-019-0948-8
https://doi.org/10.1002/jev2.12031

Cells 2023, 12,1879 11 of 11

48.

49.

50.

51.

52.

53.

54.

55.

56.

Laskowski, J.; Renner, B.; Pickering, M.C.; Serkova, N.J.; Smith-Jones, PM.; Clambey, E.T.; Nemenoff, R.A.; Thurman, J.M.
Complement factor H-deficient mice develop spontaneous hepatic tumors. J. Clin. Investig. 2020, 130, 4039-4054. [CrossRef]
Szabo, L.; Salzman, J. Detecting circular RNAs: Bioinformatic and experimental challenges. Nat. Rev. Genet. 2016, 17, 679-692.
[CrossRef]

Pamudurti, N.R.; Bartok, O.; Jens, M.; Ashwal-Fluss, R.; Stottmeister, C.; Ruhe, L.; Hanan, M.; Wyler, E.; Perez-Hernandez, D.;
Ramberger, E.; et al. Translation of CircRNAs. Mol. Cell 2017, 66, 9-21. [CrossRef]

Vromman, M.; Vandesompele, J.; Volders, PJ. Closing the circle: Current state and perspectives of circular RNA databases. Brief.
Bioinform. 2021, 22, 288-297. [CrossRef]

Xue, C; Gu, X,; Bao, Z; Su, Y,; Lu, J.; Li, L. The mechanism underlying the ncRNA dysregulation pattern in hepatocellular
carcinoma and its tumor microenvironment. Front. Immunol. 2022, 13, 847728. [CrossRef] [PubMed]

Jeck, WR.; Sorrentino, J.A.; Wang, K.; Slevin, M.K,; Burd, C.E.; Liu, J.; Marzluff, WE; Sharpless, N.E. Circular RNAs are abundant,
conserved, and associated with ALU repeats. RNA 2013, 19, 141-157. [CrossRef] [PubMed]

Hu, Z.; Chen, G.; Zhao, Y.; Gao, H; Li, L.; Yin, Y,; Jiang, J.; Wang, L.; Mang, Y.; Gao, Y.; et al. Exosome-derived circCCAR1
promotes CD8 + T-cell dysfunction and anti-PD1 resistance in hepatocellular carcinoma. Mol. Cancer 2023, 22, 55. [CrossRef]
Zhou, Y.; Tang, W.; Zhuo, H.; Zhu, D.; Rong, D.; Sun, J.; Song, J. Cancer-associated fibroblast exosomes promote chemoresistance
to cisplatin in hepatocellular carcinoma through circZFR targeting signal transducers and activators of transcription (STAT3)/
nuclear factor -kappa B (NF-«B) pathway. Bioengineered 2022, 13, 4786—4797. [CrossRef]

Hade, M.D.; Suire, C.N.; Suo, Z. An Effective Peptide-Based Platform for Efficient Exosomal Loading and Cellular Delivery of a
microRNA. ACS Appl. Mater. Interfaces 2023, 15, 3851-3866. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1172/JCI135105
https://doi.org/10.1038/nrg.2016.114
https://doi.org/10.1016/j.molcel.2017.02.021
https://doi.org/10.1093/bib/bbz175
https://doi.org/10.3389/fimmu.2022.847728
https://www.ncbi.nlm.nih.gov/pubmed/35281015
https://doi.org/10.1261/rna.035667.112
https://www.ncbi.nlm.nih.gov/pubmed/23249747
https://doi.org/10.1186/s12943-023-01759-1
https://doi.org/10.1080/21655979.2022.2032972
https://doi.org/10.1021/acsami.2c20728
https://www.ncbi.nlm.nih.gov/pubmed/36638205

	Introduction 
	Effect of Glycolytic Enzymes as EV Cargos on HCC Progression 
	Caspase-3 Activators Incorporated into EVs Affect HCC Development 
	EV-Bound p120 Catenin Effects on HCC Proliferation and Metastasis 
	Upregulation of the 14-3-3 Protein Impairs Antitumor Functions 
	Impact of Lysyl Oxidase-Containing EVs on HCC Proliferation and Migration 
	Targeting the Complement System in HCC Progression 
	Encapsulated Circular RNAs Affect the Progression of HCC 
	Conclusions 
	References

