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Editorial on the Research Topic

Epithelial-mesenchymal transition (EMT) as a therapeutic target in cancer
Tumor local invasion and metastases are the main factors leading to death of patients, and

their occurrence depends on the malignant evolution of tumor cells (1). Epithelial–mesenchymal

transition (EMT) is a major theory used to explain malignant progression. The phenomenon of

EMT, first observed in the formation of embryonic gastrum and neural crest, is a precise

regulatory mechanism of cell population differentiation. In cancer, EMT is closely associated with

tumor metastasis but is also related to the maintenance of cancer stem cells (2). The occurrence of

EMT requires specific biological signals, the generation of which being in part dependent on

microenvironmental conditions. In particular, local tumor microenvironment stress induces the

production of stress molecules, which in turn induces the expression of transcription factors prone

to support EMT (3). The occurrence of EMT can enhance the invasiveness, anti-apoptotic ability,

and drug resistance of tumor cells (4). Therefore, inhibition of EMT can be an important direction

for the development of antitumor drugs.

In this research, Jiang et al. analyzed the latest research advancements in the contribution

of exosomes to the regulation of the EMT process in tumor cells. Moreover, the author

summarized the potential and challenges of using exosomes as a tool for cancer treatment.

Wang et al. focused on the role of TGF-b1 in autophagy and apoptosis in breast cancer.

Their results showed that TGF-b1 promotes autophagy and inhibits the apoptosis of breast

cancer cells by inhibiting the expression of TP63. This study provides a potential marker for

the prognosis of breast cancer and a potential target for the treatment of breast cancer.

Zheng et al. identified multiple oncogenic genes (e.g., midkine [MDK]) associated with

tumor metastasis. Their study found that IFN-g treatment can induce the activation of the

EMT process in a variety of cancer cell lines and even promote tumor metastasis.

Furthermore, MDK is a common response target for IFN-g in these cell lines. Ultimately,

they suggested that targeted inhibition of MDK can eliminate IFN-g-induced metastatic

cancer from all sources. The combined use of MDK may expand the use of IFN-g in cancer

and improve the clinical efficacy of IFN-g therapy.
Song et al. analyzed and reported the research trends and hotspots of glioma stem cells (GSCs)

in the world in recent years through bibliometrics. The authors analyzed the most cited articles.

Their results showed that “epithelial–mesenchymal transition” and “immunotherapy” have
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become new focus issues. Geographically, the United States is a leader in

the field of GSC research. The focus of GSC research has gradually shifted

from basic cell biology to clinical problem solving.

The field of cancer metabolism has evolved from a simple Warburg

effect model to an understanding of the complexity of tumormetabolism,

but some key issues still need to be addressed in the future. In the past few

decades, the development and application of new technologies have not

only revealed the heterogeneity and plasticity of tumors but also

identified new metabolic pathways to sustain tumor growth. Yang

et al. reported that ginseng nanoparticles inhibit EMT in lung cancer

cells by inhibiting pentose phosphate pathway activity. We describe the

typical characteristics of GDNP and the possible underlying mechanisms

of GDNP’s antitumor activity. Our study showed that GDNPs induced

the downregulation of thymidine phosphorylase (TP) expression, which

led to the inhibition of the pentose phosphate pathway and lung cancer

cell metastasis. As a new and promising anticancer drug, nanomaterials

are worthy of further study.

Circulating tumor cells (CTCs) are tumor cells that shed from the

primary site or metastasis and enter the bloodstream during tumor

formation and progression. The formation of CTCs runs through the

whole process of tumor development. The CTC test may represent an

important new type of “liquid biopsy.”The number and type of CTCs are

helpful in the differential diagnosis of early hepatic malignancies. Li Hua

et al. systematically reviewed the clinical application of CTCs in

hepatocellular carcinoma (HCC). The authors suggested that EMT

plays a crucial role in distant metastasis. EMT also contributes to the

powerful aggressiveness of CTCs. CTCs can also provide complete cell

biology information, making CTCs one of the most promising targets for

liquid biopsies. The clinical application of CTCs in HCC has a

broad prospect.

Chen et al. reported that puerarin inhibits oxaliplatin (OXA)-

induced EMT by targeting carbonic anhydrase (CA) XII. This study

evaluated the anticancer effects of puerarin combined with OXA in

vitro and in vivo. The author found that puerarin can reverse the

resistance of platinum anticancer drugs and enhance the antitumor

effect of OXA on breast cancer. Mechanistic studies suggested that CA

XII is a potential target of puerarin. Puerarin has potential as an

adjuvant chemotherapy drug and may be one of the “drug and food

homologous” molecules in patients with breast cancer.

Zhang et al. investigated the expression of ZEB1 in three cases of

hepatocellular sarcoma (HCS). Liu et al. found that during the

malignant evolution of HCS, cancer cells acquire the mesenchymal

phenotype and lose epithelial properties through the dynamic process

of EMT. EMT-related transcription factor ZEB1 is highly expressed in

sarcoma components. The high expression of ZEB1 in the HCS

nucleus may be the key factor promoting EMT.
Frontiers in Oncology 025
Cui et al. analyzed a novel EMT-related gene signature of predictive

value for the survival outcomes in lung adenocarcinoma. They believe

that the risk model based on E-signature is superior to the risk model

reported in the literature. In patients with LUAD, E-signature risk scores

are associated with stages T, N, M, and TNM. Their study explored an

innovative EMT-based prognostic signature that may serve as a potential

target for personalized and precision medicine.

Overall, EMT is an important cancer cell phenotype leading to tumor

metastasis and drug resistance (5). Inhibitors of this cellular process can

be used as chemotherapy or targeted therapeutic agents to provide

clinical strategies for improving the efficacy of cancer therapy.

Although many preclinical models have shown that EMT is involved

in tumor metastasis, translating EMT into clinical application remains

difficult. Targeting EMT is considered a new therapeutic direction to

overcome cancer drug resistance. This topic includes some studies on the

biological characteristics of EMT in tumor cells and its multilevel

regulatory mechanisms. In addition, the relationship between EMT

and cancer metastasis and the use of EMT as a potential therapeutic

target were reported. In the personalized medicine of patients with

cancer, EMT may serve as a useful therapeutic target to identify and

intervene with disease-related EMT regulators, which is expected to

promote the development of precision medicine and bring about

technological changes in disease diagnosis and treatment.
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Exosomes Regulate the Epithelial–
Mesenchymal Transition in Cancer
Jingwen Jiang†, Jiayu Li†, Xiumei Zhou, Xueqin Zhao, Biao Huang* and Yuan Qin*

College of Life Sciences and Medicine, Zhejiang Sci-Tech University, Hangzhou, China

Exosomes are important mediators of intercellular communication and participate in
complex biological processes by transferring a variety of bioactive molecules between
cells. Epithelial–mesenchymal transition (EMT) is a process in which the cell phenotype
changes from epithelioid to mesenchymal-like. EMT is also an important process for
cancer cells by which they acquire invasive and metastatic capabilities, which aggravates
the degree of tumor malignancy. Numerous studies have demonstrated that exosomes
encapsulate various components, such as microRNAs and proteins, and transfer
information between tumor cel ls or between tumor cel ls and the tumor
microenvironment, thereby regulating the EMT process. Exosomes can also be used
for cancer diagnosis and treatment or as a drug delivery platform. Thus, they can be used
as a therapeutic tool to control the occurrence of EMT and affect cancer progression. In
this review, we summarize the latest research advancements in the regulation of the EMT
process in tumor cells by the contents of exosomes. Furthermore, we discuss the
potential and challenges of using exosomes as a tool for cancer treatment.

Keywords: cancer, epithelial–mesenchymal transition, exosome, tumor metastasis, contents in exosomes
INTRODUCTION

Malignant tumors are complicated structures composed of cancer cells and tumor stromal cells,
such as fibroblasts, immune cells, and epithelial cells. These tumor stromal cells continuously release
a variety of cytokines and active substances, which directly or indirectly affect the tumor
microenvironment (TME), thereby affecting the tumor cells themselves and the nearby normal
cells. Tumor-derived exosomes (TDEs) are one of the tools for the interchange of substances
between tumor cells and the TME. The main physiological role of TDEs is to mediate cell–cell
communication by transferring small RNAs, such as microRNAs (miRNAs) (1), long noncoding
RNAs (lncRNAs) (2), proteins (3), DNAs, and messenger RNAs (mRNAs) (4).

Metastasis significantly increases cancer malignancy. Before metastasis, a pre-metastasis niche
(PMN) is established in the target organ, providing a suitable microenvironment to support the
colonization of metastatic tumor cells (5). A large number of studies have shown that TDEs are
involved in the formation of PMNs by inducing vascular permeability and angiogenesis, activating
fibroblasts, and promoting inflammation (6–9). TDEs also mediate intercellular communication
and play an essential role in epithelial–mesenchymal transition (EMT). EMT is a reversible process
in which cell morphology transforms from the epithelial state into the mesenchymal state; it is a key
process before tumor cells migrate and invade. During EMT, E-cadherin expression in tumor cells is
March 2022 | Volume 12 | Article 86498016
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decreased, resulting in decreased adhesion and loss of apical
polarity and basal anchoring, which enable tumor cells to easily
leave the primary lesion and migrate to other organs (10). TDEs
carry metabolites and signaling molecules from donor organs
and are taken up by target organ cells through endocytosis. These
contents activate intracellular EMT-related signaling pathways
and promote the occurrence of EMT (1, 11–13).

In this review, we summarize the effects of different exosome
contents on tumor cell metastasis, particularly EMT, and
describe the related molecular mechanisms. Furthermore, we
present the current research progress in the treatment of cancer
with exosomes and discuss the prospects and potential
challenges of using exosomes as therapeutic tools for
cancer treatment.
EXOSOMES

Exosomes are extracellular vesicles (EVs) with a lipid bilayer
(30–100 nm in diameter) that arise from the luminal membranes
of multivesicular bodies (MVBs) and are released into the
extracellular matrix after MVBs fuse with the cell membrane
(14). Exosomes are produced by many cell types, including T
cells (15), B cells (16), epithelial cells (17), and tumor cells (18).
In 1987, Johnstone et al. (19) first isolated these extracellular
vesicles from an in vitro culture of sheep reticulocytes and named
them “exosomes”. However, exosomes were largely ignored
because they were initially considered cellular “garbage bags”.
In 1996, exosomes were found to play a role in antigen
presentation during T-cell responses restricted by B
lymphocyte-induced antigen-specific MHC class II (20). Since
then, exosomes have begun to be appreciated for their active
function in intercellular communication.

Exosomes contain a variety of bioactive molecules, some of
which are related to their physiological functions. For example,
some proteins are involved in exosome biogenesis (TSG101,
flotillin, and Alix), MVB transformation, and exosome release.
Tetraspanins (CD9, CD63, CD81, and CD82) and heat shock
proteins (Hsp90 and Hsp70) are involved in exosome transport
and membrane fusion with target cells (21–23). Some of these
proteins have been used as markers for exosome detection
(TSG101, Hsp70, and CD63).

TDE-mediated long-distance intercellular communication
plays a key role in cancer occurrence and development.
Increasing evidence indicates that TDEs regulate the TME and
promote cancer cell proliferation, angiogenesis, EMT generation,
and PMN formation (3, 7, 24, 25). However, not all news about
TDEs is negative. Recently, the modification of exosomes as a
cancer treatment tool has become a hot research topic. In
addition to investigating the use of exosomes for cancer
diagnosis and prognostic analysis (26), researchers examined
the use of exosomes for EMT reversal and drug delivery (27, 28).
Notably, animal cells are not the only cells that produce
exosomes. Plant cells also produce similar extracellular vesicles,
called plant exosome-like nanovesicles (PELNVs), which have
Frontiers in Oncology | www.frontiersin.org 27
received increasing attention as natural drug delivery
nanoplatforms (29).
EMT IN CANCER CELLS

In the 1970s, Hay first observed the EMT process during
embryonic development and proposed the concept of EMT
(30). Subsequently, the roles of EMT in embryonic
development, gastrulation, organ development, and maturation
were discovered one after another (31). EMT is a process in
which cell morphology changes from the epithelial state to the
mesenchymal state. This process also occurs in cancer cells.

EMT is usually accompanied by tumor occurrence, invasion,
metastasis, and resistance to therapy. Recent studies have shown
that EMT occurs in different cellular states and is not a binary
process (32–35). In monolayer cultures, epithelial cells are
polygonal in shape with apical polarity and are closely
connected to each other into sheets. In contrast, mesenchymal
cells are spindle-shaped, lose the polarity of the apical group, and
loosely adhere to the extracellular matrix. Hence, mesenchymal
cells have better mobility and invasion ability than epithelial
cells, and tumor cells are more prone to vascular infiltration and
metastasis after EMT.

Figure 1 presents an overview of the EMT process. Epithelial
cells are connected by tight junctions and adhesion junctions.
Molecules involved in establishing the epithelial cell state also
play an essential role in maintaining cell polarity. When the
expression of genes involved in maintaining the cell state is
changed in epithelial cells, their cellular properties are gradually
lost and they gradually acquire mesenchymal properties.

EMT is a reversible process, in contrast to mesenchymal–
epithelial transition (MET), but it is not a bipolar process; that is,
the cells are either in the epithelial or mesenchymal state. E-
cadherin is a membrane protein that increases cell–cell adhesion,
and its high expression is a marker of epithelial cells. However,
mesenchymal cells often lack E-cadherin and express vimentin
and N-cadherin (36, 37). Studies have demonstrated co-
expression of E-cadherin, N-cadherin, and vimentin in some
cells during EMT, indicating that these cells are between the
epithelial and mesenchymal states (called hybrid E/M cells)
(38–40). This phenomenon proves that EMT (or MET) is not
a binary process; it occurs gradually, and cells with different
phenotypes can transform into one another.

EMT is widely considered as a key process in the generation
of cancer stem cells (CSCs). EMT occurs after non-CSCs are
stimulated by EMT-inducing signals, which induce the
expression of cell stemness markers CD133 and CD44. As a
result, these cells gain self-renewal capability, the invasion–
metastasis cascade is activated, tumor metastasis is promoted
in vivo, and even drug resistance develops (41–44). Exosomes
often act as “accomplices” in this process by facilitating the
communication between cells and the extracellular matrix to
complete the EMT process and convert more non-CSCs to CSCs,
accelerating the progression of cancer deterioration (13, 45).
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EXOSOMES CARRY EMT-RELATED
ACTIVE MOLECULES

The various bioactive molecules carried by exosomes have
different regulatory effects on the EMT process in cancer and
Frontiers in Oncology | www.frontiersin.org 38
different underlying mechanisms. In this section, we describe the
four main types of molecules carried by exosomes, namely,
proteins, microRNAs (miRNAs), long non-coding RNAs
(lncRNAs), and circular RNAs (circRNAs), and discuss those
that have been studied the most (Figure 2). However, the active
FIGURE 2 | The effects of molecules carried by exosomes on epithelial–mesenchymal transition (EMT).
FIGURE 1 | Outline of a typical epithelial–mesenchymal transition (EMT) program.
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components in exosomes are not limited to the biomolecules
listed here; other components need to be further studied.

Exosomal Proteins and Peptides
Exosomes contain various proteins and peptides, some of which
are enclosed in the exosome cavity or membrane (Table 1).

Transcription factors (TFs) can be bind specific gene
sequences to control the expression of target genes. Members
of the zinc finger transcription factor Snail superfamily often
“travel” between cells in exosomes. Cancer-associated fibroblast
(CAF)-derived exosomes carry Snail1 to inhibit E-cadherin
expression and thus induce the occurrence of EMT in A549
lung cancer cells (46). SLUG and SOX2 are significantly
upregulated in exosomes secreted from thyroid CSCs and can
initiate EMT programming in recipient cells (2). In addition to
members of the Snail superfamily, other common TFs are found
in exosomes, serving as a “bridge” for tumor cells to interact with
the TME. For example, under hypoxic conditions, paclitaxel-
resistant breast cancer (PR-BC) cells upregulate the expression of
HSP gp96. Then, the overexpressed HSP gp96 and hypoxia-
inducible factor (HIF-1) are transported to paclitaxel-sensitive
breast cancer (PS-BC) cells through exosomes to degrade p53,
increase PS-BC resistance, and accelerate EMT (47). In
nasopharyngeal carcinoma (NPC) cells, hypoxic exosomes
carry MMP-13, which significantly upregulates the expression
of vimentin in recipient cells and reduces the level of E-cadherin,
thereby promoting the EMT of NPC cells and enhancing their
migratory and invasive abilities (48).

The exosomal cavity also contains proteins and TFs. A previous
study confirmed that CAF-derived exosomes can promote EMT in
non-invasive bladder cancer cells and transform these cells into an
aggressive phenotype by secreting IL-6 (3). A small protein,
MAP17, is transferred between subsets of tumor cells by TDEs
to promote the horizontal transmission of metastasis and EMT
(49). Ji et al. (50) found that exosomal integrin beta-like 1
(ITGBL1) from primary tumors can convert fibroblasts in distal
organs into CAFs by combining with TNFAIP3 and activating the
NF-kB signaling pathway, thereby promoting the formation of
PMNs and EMT. As previously mentioned, TFs participate in the
Frontiers in Oncology | www.frontiersin.org 49
information exchange between tumor cells and the TME through
exosomes. This, however, is not a privilege of TFs. Breast cancer
cells overexpress survivin (member of the inhibitor of apoptosis
protein family) and secrete it into the extracellular environment
through exosomes. CAFs then internalize the exosomes,
upregulate the expression of SOD1, and transform into
myofibroblasts, which in turn promote breast cancer cell
proliferation, EMT, and stem cell formation (53).

Some proteins are present in the exosomal membrane.
Prostate-specific G-protein coupled receptor (PSGR) is
overexpressed in prostate cancer (PC) cells and can spread to
surrounding cells along with TDEs, thereby mediating the
enrichment of mRNA in exosomes in EMT-related pathways
and facilitating the migration, invasion, stem cell differentiation,
and EMT of PC cells and normal prostate epithelial cells (51).
Proteins located in the exosomal membrane play a role in
determining the target organs for metastasis during tumor
migration and EMT. For example, exosomal integrins a6b4
and a6b1 target lung metastasis, whereas exosomal integrin
aVb5 is associated with liver metastasis (52).

Moreover, peptides with a smaller molecular weight than that
of proteins can also be delivered to target cancer cells. Exosomes
modified to secrete tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) have remarkable efficacy in inducing
cancer cell apoptosis (54). Survivin has anti-apoptotic effects in
many types of cancers. Exosomes that transfer mutated survivin
(T34A) can promote apoptosis in pancreatic cancer (55). In the
presence of antigen-presenting cells, dendritic cell-derived
exosomes load different types of peptide antigens (e.g., major
histocompatibility complex class I and class II) and then
stimulate T cells to participate in the anti-tumor response (56).
However, the regulation of EMT in tumor cells by peptides
carried by exosomes has rarely been reported. However, there is a
reasonable prospect that more advances in this research field can
be made in the near future.

Exosomal MiRNAs
MiRNAs, noncoding RNAs that contain 20–24 nucleotides,
are the most widely studied molecules in exosomes (Table 2).
TABLE 1 | The effects of proteins carried by exosomes on EMT.

Proteins Cancer
Type

Effect Reference

Snail1 Lung
cancer

Inhibit E-cadherin expression, induce the occurrence of EMT. (46)

HSP gp96, HIF-1 Breast
cancer

Degrade p53, increases therapy resistance and accelerate EMT. (47)

MMP-13 NPC Upregulate vimentin, down-regulate E-cadherin, promote EMT. (48)
IL-6 Bladder

cancer
Increase pSTAT3 and pAKT level, activate the STAT3 signaling pathway, promote EMT. (3)

MAP-17 Breast
cancer

Interact with NUMB protein, activate the Notch signaling pathway, increase secretion of extracellular vesicles, promote
the horizontal transmission and metastasis of EMT.

(49)

ITGBL1 CRC Combine to TNFAIP3 and activate the NF-kB signaling pathway, convert fibroblasts into CAFs, promote the formation
of PMN and the generation of EMT.

(50)

PSGR PC mediate the enrichment of mRNA in exosomes in EMT-related pathways to facilitate EMT. (51)
Intergrin(a6b4, a6b1,
aVb5.etc)

Determine the target organs of exosomes. (52)
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They cannot be translated into proteins, but they regulate gene
expression at the post-transcriptional and translational levels by
binding to mRNA. Under the protection of exosomes, exosomal
miRNAs can avoid digestion by ribonucleases and are more
stable. Thus, they can safely reach the target organ through the
systemic circulation (61). However, different exosomal miRNAs
have opposite effects, namely, promotion or inhibition of the
tumor EMT process.

Exosomal miR-92a-3p is highly expressed in hepatocellular
carcinoma (HCC) and colorectal cancer (CRC) (12, 57). In HCC,
exosomal miR-92a-3p inhibits the expression of the tumor
suppressor gene PTEN, activates the Akt/Snail signaling
pathway, and facilitates EMT and metastasis (57). In CRC, the
increased expression of miR-92a-3p activates the Wnt/b-catenin
signaling pathway and inhibits mitochondrial apoptosis by
inhibiting FBXW7 and MOAP1, thereby helping CRC cells
obtain stemness and promote EMT and metastasis (12).
Exosomal miR-181d-5p targets the transcription factor CDX2
in breast cancer, thereby inhibiting the expression of HOXA5
and promoting cancer cell proliferation, invasion, metastasis,
and EMT (11).

The expression of some miRNAs in exosomes negatively
correlates with the degree of EMT. Tumor-derived exosomal
miR-375-3p promotes E-cadherin expression, downregulates
vimentin expression, inhibits EMT, and promotes MET (58, 62).
In addition, miR-34a-5p expression is reduced in CAF-derived
exosomes and can be transferred to oral squamous cell cancer
(CSCC) cells by exosomes from fibroblasts. However, following
miR-34a-5p overexpression in CAFs, exosomal miR-34a-5p can
Frontiers in Oncology | www.frontiersin.org 510
reduce the activity of b-catenin by binding to its downstream
target AXL, thereby inhibiting EMT in CSCC cells (59).

Exosomal miRNAs can also “incite” macrophages as
accomplices in EMT. There are two subtypes of tumor-associated
macrophages (TAMs): M1 and M2. The pro-tumorigenic M2
subtype can restrain T-cell function and promote tumor immune
escape (63, 64). Exosomes from CRC cells transport miR-253p,
miR-130b-3p, miR-425-5p, and miR-934 to macrophages. These
miRNAs downregulate PTEN expression and activate the PI3K/
Akt signaling pathway to induce the M2 polarization of TAMs.
M2-polarized TAMs enhance EMT (60) and secrete B lymphocyte
chemoattractant (BLC) to induce PMN formation and promote
CRC liver metastasis (8).

Exosomal LncRNAs
LncRNAs, belonging to the noncoding RNA family, are also
commonly present in exosomes (Table 3). In contrast to
miRNAs, lncRNAs are more than 200 kb in length, less
conserved across species, and have higher tissue-specificity (70).

In CRC, CAF-derived LINC00659 directly binds to the tumor
suppressor miR-342-3p in cancer cells, enhances the expression
of ANXA2, which is involved in the EMT process, and promotes
the development of CRC (65). LncRNA RPPH1 can also induce
EMT in CRC cells. It binds to TUBB3 to prevent ubiquitination
and induces EMT by affecting the TME (66). In gastric cancer
(GC) cells, the exosomal lncRNA HOTTIP activates its target
HMGA1, causing GC cells to undergo EMT and acquire cisplatin
resistance (67). In pancreatic ductal adenocarcinoma (PADC),
exosomal lncRNA-Sox2ot competitively binds to the miR-200
TABLE 3 | The effects of lncRNAs carried by exosomes on EMT.

LncRNAs Cancer
Type

Effect Reference

LINC00659 CRC Bind to tumor suppressor miR-342-3p, enhance the ANXA2 expression, promote cancer development. (65)
LncRNA RPPH1 CRC Influence the occurrence of EMT induced by the tumor microenvironment (66)
HOTTIP GC Activate HMGA1, cause the GC cells to undergo the EMT process and acquire cisplatin resistance. (67)
LncRNA-Sox2ot PADC Regulates Sox2 expression and promotes PADC metastasis, invasion and EMT (68)
MALAT1, linc-
ROR

Thyroid
cancer

Secreted by CSC, induce non-cancer thyroid cells to produce EMT (2)

LINC00960,
LINC02470

Bladder
cancer

upregulate the b-catenin signaling pathway, the Notch signaling pathway, and the Smad2/3 signaling pathway, activate
EMT process and promote deterioration.

(69)
March 2022 | Volume 12 | Art
TABLE 2 | The effects of miRNAs carried by exosomes on EMT.

miRNAs Cancer
Type

Effect Reference

miR-92a-3p HCC inhibit the expression of the tumor-suppressor gene PTEN, activate the Akt/Snail signaling pathway, facilitates the
occurrence of EMT.

(57)

CRC activate the Wnt/b-catenin signaling pathway, inhibit mitochondrial apoptosis by inhibiting FBXW7 and MOAP1, helping
CRC cells to obtain stemness and promote EMT.

(12)

miR-181d-5p Breast
cancer

Reduce CDX2 expression, inhibit the expression of HOXA5, thereby promoting EMT. (11)

miR-375-3p Colon
cancer

promote E-cadherin expression, downregulate the expression of vimentin, inhibit EMT, and promote MET (58)

miR-34a-5p CSCC Binding to AXL, reduce the activity of b-catenin, inhibit EMT. (59)
miR-253p, miR-130b-
3p, miR-425-5p, miR-
934

CRC Target macrophages, downregulate PTEN expression, activate the PI3K/Akt signaling pathway to induce the M2
polarization of TAMs. M2-polarized TAMs enhance EMT, secrete BLC to induce PMN formation and promote CRC
liver metastasis.

(8, 60)
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family, affecting Sox2 expression and resulting in changes in
PADC metastasis, invasion, and EMT (68).

LncRNAs also act in a hierarchical order. Hardin et al. (2)
found that exosomes secreted by thyroid CSCs can carry lncRNA
MALAT1 and linc-ROR as “infection factors” and induce EMT
in non-cancerous thyroid cells. Highly malignant bladder cancer
cells transmit LINC00960 and LINC02470 to early bladder
cancer cells through exosomes, thereby inducing further
deterioration and activating the EMT process by upregulating
the b-catenin, Notch, and Smad2/3 signaling pathways (69).

Exosomal CirRNAs
CircRNAs act as competing endogenous RNAs (ceRNAs) in
many tumors by capturing miRNAs (71). Similar to other
noncoding RNAs, exosomal circRNAs can also play different
roles in different tumor cells (Table 4).

In PC, exosomal circ_0001359 activates the TGF-b signaling
pathway by capturing miR-582-3p and promoting EMT in
RWPE-1 cells (72). CircRNAs also play a significant role in
EMT in bladder cancer. In urothelial carcinoma of the bladder
(UCB), the expression of exosomal circPRMT5 is upregulated to
capture miR-30c, regulate the Snail1/E-cadherin signaling
pathway, and promote EMT in UCB cells (73). In papillary
thyroid carcinoma (PTC), exosomal circ007293 inhibits the
activity of miR-653-5p by trapping miR-653-5p, thereby
upregulating the expression of paired box 6 in PTC cells and
accelerating the EMT of tumor cells (74). Exosomes can also
deliver circNRIP1, promote GC metastasis via EMT, and
upregulate EMT markers in GC cells (71). circRNAs affect the
progression of non-small cell lung carcinoma (NSCLC) via
multiple pathways. For example, exosomal circFARSA secreted
by NSCLC cells induces the polarization of macrophages toward
the M2 phenotype, thereby promoting EMT (75). Exosomal
circPTPRA can stimulate mir-96-5P to inhibit metastasis and
EMT in NSCLC cells (76). In addition, Circ-CPA4 can affect the
migration and EMT of NSCLC cells by targeting the let-7
miRNA/PD-L1 axis (77). Thus, circRNAs can function not
only as oncogenes but also as tumor suppressors.
EXOSOMES AS A THERAPEUTIC
TOOL FOR EMT

Exosomes can transport contents between cells and protect them
from degradation, making them more suitable for material
Frontiers in Oncology | www.frontiersin.org 611
delivery than liposomes (78). In a study by SS et al. (79), miR-
381-3p mimics were encapsulated in ADMSC-exosomes using
electroporation. Scratch assays and cell invasion experiments
showed that the ADMSC-exosomes wrapped with miR-381-3p
could target the Wnt signaling pathway and EMT transcription
factors. This reduced the metastatic and invasive abilities of the
TNBC cells. TDEs can also be used as vectors for tumor therapy.
In a previous study, TDEs were loaded with miR-375 mimics as
vectors and delivered to cancer cells. miR-375-loaded exosomes
reduced the migratory and invasive abilities of SW480 and HT-
29 CRC cells by reversing EMT (58). siRNA protected by
exosomes can also be used for cancer therapy. In head and
neck cancer, transfection of FaDu cells with the exosome/TRPP2
siRNA complex increased the expression of E-cadherin and
decreased the expression levels of vimentin and N-cadherin,
thereby suppressing FaDu cell invasion and metastasis (80).

The behavior of exosomes from different sources can provide
new insights into cancer treatment. Exosomes derived from bone
marrow mesenchymal stem cells promote tumor development.
Exosomes may regulate tumor characteristics by activating the
sonic hedgehog signaling pathway. The study of bone marrow
mesenchymal stem cell-derived exosomes that activate the Sonic
Hedgehog signaling pathway to regulate tumor invasion and
metastasis will contribute to revealing tumor pathogenesis and
possible therapeutic approaches (81, 82). In addition, a study has
shown that CSC-derived exosomes preserve the biological
characteristics of CSCs, promoting the proliferation and migration
of human umbilical cord mesenchymal stem cells and vascular
endothelial cells, and enhancing the resistance of tumor cells to
chemotherapy by promoting the expression of tumor-related drug
resistance genes. It is possible to discover potential targets for tumor
therapyby studying the correlationbetween tumor stemcell-derived
exosomes and drug resistance genes (83, 84). Exosomes as vectors
cannot only be used for cancer treatment but also for overcoming
drug resistance. LT et al. (78) encapsulatedmiR-128-3p in FHC cell-
derived exosomes and delivered it to oxaliplatin-resistant cells. The
inhibited expression of drug transporters reduced the efflux of
oxaliplatin and alleviated chemotherapy resistance in colorectal
cancer cells. Moreover, oxaliplatin-induced EMT was inhibited by
the overexpression of miR-218-3p.

Although the majority of tumor treatment studies have used
exosomes to inhibit EMT, a number of studies have attempted to
inhibit the production of exosomes and regulate the anti-tumor
effects of EMT. TF et al. (85) used cetuximab to prevent the
production of exosome vesicles and reduce exosome secretion to
induce EMT in oral cancer cells.
TABLE 4 | The effects of circRNAs carried by exosomes on EMT.

CircRNAs Cancer Type Effect Reference

circ_0001359 PC Capture miR-582-3p to activate the TGF-b signaling pathway, promote EMT. (72)
circPRMT5 UCB capture miR-30c, regulate the Snail1/E-cadherin signaling pathway, promote EMT. (73)
circ007293 PTC inhibit the activity of miR-653-5p to upregulate the expression of paired box 6, accelerate EMT (74)
circNRIP1 GC Promotes GC metastasis and upregulates EMT markers in GC cells (71)
circFARSA NSCLC induce polarization of macrophages toward the M2 phenotype, thereby promoting EMT. (75)
circPTPRA NSCLC stimulate mir-96-5P to inhibit metastasis and EMT (76)
circ-CPA4 NSCLC Targeting the let-7 miRNA/PD-L1 axis to modulate the mobility and EMT of NSCLC cells (77)
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In addition to human exosomes, which can be used to treat
diseases, plant exosomes can also function in humans across
races. In animal experiments, PELNVs secreted by ginger
inhibited the expression of the secreted protein hemagglutinin,
promoted wound healing, reduced the level of cyclin D1 mRNA
in a mouse model of colon cancer, and inhibited the occurrence
and development of CRC (86).
CHALLENGES AND PROSPECTS

In this review, we summarize the latest research advancements in
the regulation of the EMT process in tumor cells by the contents
of exosomes. However, several outstanding issues remain. There
are many challenges in this research field. In terms of
mechanistic research, the analysis of exosome components is
incomplete, and the biogenesis of exosomes and the principle of
content screening are unclear. Considering that cancer is a highly
heterogeneous disease, the mechanism underlying the different
effects of exosomes on EMT in different cancers is still unknown.

The exploration space for research on exosomes as a tool for
cancer treatment is broad. At present, the treatment of cancer
with exosomes is limited to the laboratory level and has not been
applied in clinical practice. In addition, efficient and high-purity
exosome isolation technology is lacking, which poses certain
difficulties for the detection of cancer-related indicators using
exosomes in research and clinical treatment. The relationship
between different cell-derived exosomes and their therapeutic
effects on EMT is still unknown. Elucidating this problem will
help to formulate more effective treatment options. Researchers
are also working on the accurate remolding of exosomes.
Existing research has indicated that exosomes can be organ-
targeted. Whether this feature can accurately regulate cancer
progression, including EMT, remains unknown.

Although the treatment of cancer with PELNVs is receiving
increased attention, we still have a limited understanding of the
Frontiers in Oncology | www.frontiersin.org 712
process of PELNV internalization by animal cells. Compared
with exosomes derived from animals, PELNVs are slightly
inferior because of their low toxicity and immunogenicity,
which are some of the problems to be solved. Thus, there are
many gaps in research on the regulation of EMT by exosomes in
cancer. Nevertheless, this research field is promising.

In this review, we summarize the latest research advances in the
regulation of the EMT process in tumor cells by the contents of
exosomes. Furthermore, we discuss the potential and challenges of
using exosomes as a tool for cancer treatment. Determining the
mechanisms underlying EMT regulation by exosomes will
contribute to designing new therapeutics that target exosome-
mediated tumor metastasis and chemoresistance. We hope that
our review will help researchers comprehend the relationship
between exosomes and EMT and conduct further investigations
in this area.
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Background: Breast cancer (BC) is a prevalent female cancer, which has high morbidity
and mortality. However, the pathogenesis of BC has not been fully elucidated. Studies
have shown that TGF-b1 plays an important role in regulating the balance between
autophagy and apoptosis of tumor. We aim to clarify the specificmechanism of autophagy
and apoptosis in breast cancer maintaining the tumor microenvironment.

Methods: The clinical characteristics of 850 BC patients were retrieved from the TCGA
database. Differentially expressed autophagy-related genes (DEARGs) between tumor
and normal tissues were obtained by the Wilcox test. Through Cox proportional hazard
regression analysis, the prognostic risk model was constructed and verified by the ROC
curve. We used MDC staining, colony formation assay, CCK-8, flow cytometric analysis to
confirm the importance of TGF-b1 on the autophagy and apoptosis of breast cancer cells.
Furthermore, western blot was performed to determine the relative expression of protein.
The Kaplan-Meier Plotter database was utilized to identify the prognostic value of TP63.

Results: We successfully constructed a prognostic risk model of breast cancer and
screened out an autophagy-related prognostic gene -TP63. We predicted that TGF-b1
and TP63 have a binding site in the JASPAR database as expected. Additionally, TGF-b1
promoted autophagy and inhibited apoptosis of breast cancer cells by inhibiting the
expression of TP63.

Conclusion: Our study demonstrated that the molecular mechanism of TGF-b/TP63
signaling in regulating autophagy and apoptosis of breast cancer and provided a potential
prognostic marker in breast cancer.

Keywords: autophagy-related genes, TGF-b1, TP63, autophagy, apoptosis, breast cancer
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INTRODUCTION

Breast cancer (BC) is a common female cancer worldwide. In
2019, there were approximately 268,600 new cases of invasive
breast cancer among American women, of which 41,760 women
will die from the disease (1). For women, breast cancer alone
accounting for 30% of female cancers (2). Breast cancer is also the
most ordinary cancer among Chinese women during the last two
decades. For instance, breast cancer cases in China accounted for
12.2% of newly diagnosed breast cancers worldwide and 9.6% of
global breast cancer deaths, respectively (3). The common causes
of breast cancer death are invasion, metastasis, and recurrence
(4, 5). However, the mechanism of breast cancer occurrence
and development is still unclear after years of research and
extensive progress.

Autophagy can achieve cell renewal by degrading
macromolecules in cells, which is conducive to maintaining the
stability of the cell’s internal environment and improving cell
viability (6, 7). In most cases, autophagy is considered to inhibit
the occurrence of early tumors and promote the development of
formed tumors (8). Apoptosis is a physiological form of
programmed cell death that removes damaged cells orderly
and effectively, which affects the occurrence and development
of tumors. Studies have supposed that autophagy and apoptosis
are related to the occurrence and development of breast cancer
(9–11) and that autophagy and apoptosis play an important
regulatory role in the tumor microenvironment (12–14). One of
the hallmarks of cancer is that the disorder of apoptosis
mechanism (15). The cytoprotective function of autophagy is
achieved through negative regulation of apoptosis in many cases,
and the apoptotic signal plays a role in inhibiting autophagy in
turn (16). Thereby, it is worth exploring the molecular
mechanism about the occurrence and development of breast
cancer through regulating autophagy and apoptosis.

Transforming growth factor-b (transforming growth factor-
b, TGF-b) as a key factor modulates the transformation of
endothelial cells (17), which plays a dual role in promoting
and inhibiting the occurrence of tumors. In the early stages of
carcinogenesis, TGF-b inhibits tumorigenesis mainly by
inhibiting cell growth. However, when the growth inhibitory
effect of TGF-b is broken by tumor cells, TGF-b will promote the
progression and metastasis of advanced tumors. TGF-b1 takes
part in various cellular processes such as cell growth,
differentiation, and immunity, which is necessary for regulating
the tumor microenvironment (18). Studies have shown that
TGF-b can induce or inhibit autophagy (19–21) and apoptosis
(22) to affect the occurrence and development of tumor cells.
TGF-b1, TGF-b2, and TGF-b3 are three subtypes of mammals,
among which TGF-b1 shows the strongest activity. This article
explores the role of TGF-b1 in the occurrence and development
of breast cancer.

As a transcription factor, TP63 has a conservative basic
domain structure, which belongs to the p53 transcription
factor family. Compared with p53 and p73, TP63 has different
functions, although they have high amino acid similarity (23).
TP63 is located on chromosome 3q27-29 and consisted of 15
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exons distributed over 220 kilobases. Due to two different
promoters (P1 and P2), two types of proteins are produced:
TAp63 and DNp63. TAp63 contains the N-terminal
transactivation (TA) domain, and DNp63 is the N-terminal
truncated isoform without the TA domain (24). Studies have
found that TP63 is a downstream effector of the TGF-b pathway
and plays an important role in primary breast cancer (25).

Based on bioinformatics analysis, this study first constructed
a prognostic risk model successfully and screened the prognostic
gene TP63 as one of the autophagy-related genes (ARGs) in
breast cancer. We explored the interaction and effects between
TGF-b1 and TP63 in breast cancer on autophagy and apoptosis.
Clarifying the importance of TGF-b1 and TP63 in breast cancer
cells may provide a theoretical basis and a new idea for breast
cancer treatment in the future.
MATERIALS AND METHODS

Data Collection
Corresponding clinical data and mRNA expression profiles of
breast cancer patients are obtained from the TCGA database
(https://portal.gdc.cancer.gov/). A total of 232 autophagy-related
genes were extracted from the human autophagy database
(HADb, http://autophagy.lu/Clusters/index.html).

Analysis of ARGs
Wilcox test was used to obtain differentially expressed
autophagy-related genes (DEARGs) between tumor and
normal tissues. ARGs with at least two-fold change in
expression level and the P value of less than 0.05 were
screened out. These ARGs were deemed to be differentially
expressed autophagy-related genes. Gene function enrichment
analysis of DEARGs was used Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis, p and q
values less than 0.05 will be considered statistically significant.

Construction of Prognostic Model Related
to ARGs
After integrating the expression value of each specific gene,
multivariate Cox regression analysis was used to weight the
regression coefficients to successfully construct a risk score
formula for each patient. Based on the risk score formula,
breast cancer patients can be divided into low-risk groups and
high-risk groups, and the cutoff point is the median risk score.
The Kaplan-Meier method was used to assess the survival
difference between the two groups. Eventually, ROC curve
verified the accuracy of the prediction model. Data was divided
into two groups based on clinicopathological characteristics such
as age, tumor stage, tumor size, and lymph node metastasis. Age
was divided into two groups for those age greater than or equal to
65 and less than 65 years old. The group of Stage was divided into
Stage I & II and Stage III &IV. Tumor size for T1-2 belongs to
one group, and T3-4 are another group. The group of lymph
node status were divided into two groups: N0 and N1-3.
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Cells and Reagents
MDA-MB-231 and MCF-7 cells were obtained from the cell
bank of Taizhou University in June 2020, and were preserved in
the laboratory of Taizhou University. MDA-MB-231 and MCF-7
cells were cultivated in DMEM and MEM medium (Gibco, CA,
USA) with 10% fetal bovine serum (Gibco, CA, USA), and placed
at 37°C with 5% CO2. All cells used in this study were tested for
absence of mycoplasma contamination and the authenticity of
the cells was determined by short tandem repeat analysis through
PCR following the instructions of ATCC in July 2020.

MDC Staining
MDA-MB-231 and MCF-7 cells were grown in 24-well plates and
cultivated at 37°C with 5% CO2. TGF-b1 intervention treatment
was performed for 24h before staining (Solarbio, Beijing, China).
After washing 3 times, the cells were incubated in the dark at room
temperature for 45 min. Under a fluorescent microscope, the cells
were immediately observed and photographed.

Colony Formation Assay
MDA-MB-231 andMCF7 cells (1000 cells/well) were seeded into
6-well plates and cultivated in DMEM and MEM medium
treated with TGF-b1 for 10 days. The cells were fixed with 4%
polymethanol for 20 minutes and stained with 0.1% crystal violet
(Solarbio, Beijing, China) at room temperature. Count and image
cell colonies instantly.

CCK-8 Assay
MDA-MB-231 and MCF-7 cells were cultivated in 96-well plates
and under the conditions of 37°C and 5% CO2. On the second
day, different concentrations of TGF-b1 protein (5, 10ng/ml)
were added for intervention. Finally, the cell counting kit
(Solarbio, Beijing, China) was used to measure the absorbance
of OD450 at different times (24, 48 and 72h). CCK-8 (10mL) was
added to each well and we should pay attention to operate in the
dark during the whole process. After incubating at 37°C for 2 h,
the absorbance at 450 nm was detected with a microplate reader.

Annexin V-FITC/PI Flow
Cytometric Analysis
The apoptotic cells were counted with Annexin V-FITC
apoptosis detection kit (Solarbio, Beijing, China). After TGF-
b1 treatment for 24 hours, cells were collected with 0.25% trypsin
without EDTA and washed twice with pre-cooled PBS. Then, the
cells were resuspended in 500mL of 1x binding buffer and
transferred to a sterile flow cytometer glass tube. The cell
suspension was incubated with 5mL Annexin V-FITC and
propidium iodide (PI) solution for 15 min in dark conditions
at room temperature. The cell apoptosis rates were detected by a
flow cytometer (Beckman Coulter Inc, CA, USA) within 1 h.

Western Blot
The total protein was extracted with RIPA lysis buffer (Solarbio,
Beijing, China) containing protease inhibitors and phosphatase
inhibitors. Then, the total protein was quantified with the BCA
protein analysis kit (Solarbio, Beijing, China). The protein was
separated by sodium dodecyl sulphate polyacrylamide gel
Frontiers in Oncology | www.frontiersin.org 318
electrophoresis (SDS-PAGE) and then transferred to PVDF
membrane. Block the membrane in TBST buffer with 5% milk
for 90 minutes, and incubate at 4°C overnight with anti-TP63
(Santa cruz, dilution 1:200), anti-P62/SQSTM1 (Abnova,
dilution 1:1000), anti-Beclin1 (ABclonal, dilution 1:1000), anti-
Bax (BOSTER, dilution 1:1000), anti-Bcl-2 (ABclonal, dilution
1:1000) and anti-GAPDH (ABclonal, dilution 1:40000) primary
antibodies. Next, the secondary antibody (EarthOx, dilution
1:40000) labeled with horseradish peroxidase (HRP) was used
for 2 hours at room temperature. A chemiluminescence imaging
system (Amersham Imager 680, GE, USA) was used to detect the
band intensity. The results were normalized to GAPDH, and
Image J (National Institute of Mental Health, Bethesda, USA)
was applied for band density analysis.

Statistical Analysis
Use SPSS26.0 and R3.6.3 software for statistical analysis. The log-
rank test was used for comparison. Established a Cox
proportional hazards model by Multivariate analysis. Kaplan-
Meier Plotter was used to draw survival curves. Student’s t-test
and one-way ANOVA were used to analyze the statistical
differences between the two groups and multiple groups,
respectively. The experiment was repeated at least three times.
P<0.05 was considered statistically significant.
RESULTS

Screening of DEARGs
The detailed workflow for the construction of the prognostic risk
model was presented in Figure S1. There are 1085 cases of
clinical data were collected from the TCGA database (https://
portal.gdc.cancer.gov/). Finally, a total of 850 cases of primary
breast cancer with follow-up time of more than 1 month and a
complete gene expression profile were included for follow-up
analysis. We extracted the expression value of 232 ARGs.
According to the criteria of p<0.05 and log2(fold change)>1,
we lastly obtained 17 up-regulated DEARGs and 13 down-
regulated DEARGs (Figures 1A, B). The box plot showed the
expression patterns of 30 DEARGs between tumor and normal
tissues (Figure 1C).

Functional Enrichment of DEARGs
The functional enrichment analysis of 30 differentially expressed
ARGs provides a biological understanding of these genes. It can
be seen from GO and KEGG analysis that DEARGs are mainly
involved in autophagy, apoptosis signaling pathway, ERBB2
signaling pathway, etc. (Figures 1D–F).

Construction and Verification of the BC
Prognostic Risk Model
In order to analyze the role of ARGs in the prognosis of breast
cancer, we first screened the ARGs that are significantly related to
the prognosis of breast cancer. Using univariate Cox regression
analysis, a total of 4 autophagy-related genes (EIF4EBP1, IFNG,
NRG1, TP63) were significantly correlated with overall survival
(OS) of breast cancer (Table 1). Multivariate Cox regression analysis
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showed that a total of 3 genes (EIF4EBP1, IFNG, TP63) were
significantly related to the prognosis (Table 2). The results showed
the distribution of ARGs signals in the TCGA data set (Figure 2A),
the risk score of different groups of patients (Figure 2B), and the
heatmap of the included ARGs expression profile (Figure 2C). The
K-M survival curve revealed the different survival time between the
Frontiers in Oncology | www.frontiersin.org 419
high-risk group and the low-risk group, verifying the performance
of the prognostic model in predicting OS in BC patients. We
observed that the survival time of the low-risk group was
significantly higher than the high-risk group (Figure 2D), and
there was a significant difference between the two groups(P<0.05).
After adjusting the clinicopathological characteristics such as age,
A

D

B

E F

C

FIGURE 1 | The heatmap (A) and volcano map (B) showed 30 differentially expressed autophagy-related genes in breast cancer tissues. Red represented high
expression level, green represented low expression level, and black represented no significant difference. (C)The box plot showed the expression patterns of 30
differentially expressed ARGs. Red dots indicated tumor tissues, and green dots indicated normal tissues. (D) GO analysis showed the biological processes, cellular
components, and molecular functions involved in ARGs; the green, pink, and blue bubbles represented biological processes, cellular components, and molecular
functions, respectively. (E, F) The potential enrichment pathways of ARGs in breast cancer were obtained by KEGG analysis.
TABLE 1 | Univariate cox regression analysis identified 4 ARGs related to the BC risks.

Genes HR 95% CI p value

EIF4EBP1 1.224 1.051-1.426 0.009
IFNG 0.601 0.386-0.934 0.024
NRG1 0.642 0.418-0.985 0.042
TP63 0.795 0.658-0.959 0.017
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A B

C D

E F

G

FIGURE 2 | (A) The distribution of prognostic indicators in different groups of breast cancer patients. (B) The distribution of risk score in different groups of breast
cancer patients. (C) Heatmap of the expression profile of DEARGs. (D) Survival curves of breast cancer patients in the high and low risk groups. The forest plots
showed univariate Cox regression analysis (E) and multivariate Cox regression analysis (F) in breast cancer. (G) The survival-dependent receiver operating
characteristic (ROC) curve confirmed the prognostic significance of risk score based on ARGs.
TABLE 2 | Multivariate cox regression analysis identified 3 ARGs that are independent factors for BC risks.

Genes Co-efficient HR 95% CI p value

EIF4EBP1 0.191 1.211 1.039-1.412 0.015
IFNG 0.565 0.568 0.367-0.880 0.011
TP63 0.197 0.821 0.680-0.992 0.041
Frontiers in Oncology | www.frontiersin
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tumor stage, tumor size, and lymph node metastasis, univariate
analysis (HR=2.293, 95%CI, 1.597~3.393; P<0.001; Figure 2E) and
multivariate analysis (HR= 1.913, 95% CI, 1.295~2.826; P=0.001;
Figure 2F) indicated that the risk value is an independent
prognostic indicator for breast cancer patients. The AUC value
for 5 years of risk score is 0.708, which is significantly higher than
tumor stage (0.685), metastasis status (0.568), and lymph node
status (0.621), which indicated that the prognostic risk index based
on ARGs had certain potential in survival prediction (Figure 2G).

Clinical Correlation Analysis of TP63
The clinical significance of TP63 in breast cancer was evaluated
by analyzing the correlation between the expression of TP63 and
clinical parameters. These parameters demonstrated that TP63
was significantly related to patient’s age (Figure 3A), lymph node
metastasis (Figure 3B), TNM stage (Figure 3C), and tumor
size (Figure 3D).

TGF-b1 Promoted Autophagy in Breast
Cancer by Targeting TP63
As shown in Figure 4A, the JASPAR database (http://jaspar.
genereg.net/) predicted that TP63 was located as a transcription
Frontiers in Oncology | www.frontiersin.org 621
factor on the TGF-b1 promoter sequence, and there was a
potential binding site between them. In order to illuminate the
correlation between TGF-b1 and TP63, we detected the
expression level of TP63 in breast cancer cells with TGF-b1
induced. We clearly observed that TGF-b1 inhibits TP63 in
breast cancer cells (Figure 4B).

MDC staining was performed on MDA-MB-231 and MCF-7
cells to directly observe the autophagosomes. The results
confirmed that TGF-b1 is related to the degree of autophagy.
We can find that the two kinds of cells treated with TGF-b1 (5ng/
ml, 10ng/ml) showed stronger fluorescent spots (Figure 4C) by
MDC staining, that is, highly autophagy is activated in treated
cells. Moreover, TGF-b1 inhibited P62 and TP63 protein levels
in MDA-MB-231 (Figure 4D) and MCF-7 cells (Figure 4E), and
increased Beclin1 protein levels. It is obvious that TGF-b1
enhanced the autophagy level in breast cancer cells by
inhibiting TP63.

TGF-b1 Inhibited Apoptosis in Breast
Cancer by Targeting TP63
In order to further explore the relationship between TGF-b1 and
the ability of proliferation in breast cancer cells, TGF-b1 protein (5,
A B

C D

FIGURE 3 | The expression of TP63 between different clinical features of breast cancer. The P values of (A) age, (B) lymph node metastasis, (C) TNM stage and
(D) tumor size between the two groups were all less than 0.05.
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10ng/ml) was acted on MDA-MB-231 and MCF-7 cells
respectively. Compared with the control group, we observed that
the number of cell colonies with TGF-b1 treatment was much
smaller (Figure 5A). The cell proliferation abilities after 24, 48, 72h
Frontiers in Oncology | www.frontiersin.org 722
induced by TGF-b1 were tested by the CCK-8 method. As shown
in Figure 5, TGF-b1 inhibited the proliferation of MDA-MB-231
(Figure 5B) and MCF-7 (Figure 5C) cells in a concentration and
time-dependent manner.
A

C

D

E

B

FIGURE 4 | (A) Predicted the TGF-b1 target TP63 potentially by using JASPAR database (http://jaspar.genereg.net/) and verified the TGF-b1 is negatively correlated
with TP63 (B). MDC staining was used to analyze autophagy (C). When MDA-MB-231 cells and MCF-7 cells were induced by TGF-b1 for 24 hours, MDC staining
was performed in the dark and observed under a fluorescence microscope immediately. Fluorescence intensity was quantified by ImageJ and shown as mean ± SD.
The expression level of the autophagy-related proteins and TP63 in MDA-MB-231 cells (D) and MCF-7 cells (E) with TGF-b1 induced. GAPDH was used as an
internal control. Quantitative analysis of TP63, Beclin1, and P62 are expressed as the mean ± SD (*p < 0.05, **p < 0.01).
April 2022 | Volume 12 | Article 865067

http://jaspar.genereg.net/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wang et al. TGF-b1 Affects Autophagy and Apoptosis
A

B

D

E

F

G

C

FIGURE 5 | (A) Proliferation ability of MDA-MB-231 and MCF-7 induced by TGF-b1 by plate cloning experiment. The effect of TGF-b1 on the proliferation of MDA-
MB-231 cells (B) and MCF-7 (C) cells were analyzed by CCK-8 (*p < 0.05, **p < 0.01). Analysis of the effect of TGF-b1 on the apoptosis of MDA-MB-231 cells
(D) and MCF-7 (E) cells by Annexin V-FITC/PI stain flow cytometry (*p < 0.05, **p < 0.01). The expression level of the apoptosis and TP63 proteins in MDR-MB-231
cells (F) and MCF-7 (G) cells with TGF-b1 induced. GAPDH was used as an internal control. Quantitative analysis of TP63, Bcl-2 and Bax are expressed as the
mean ± SD. *, **p < 0.01 vs. control group.
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The Annexin V-FITC/PI flow cytometric analysis was used to
detect the apoptosis rates of MDA-MB-231 andMCF-7 cells with
TGF-b1 treatment. The apoptotic rates of MDA-MB-231 cells
(Figure 5D) with TGF-b1 treated in each group were (12.93 ±
0.18) %, (6.54 ± 0.66) %, (4.31 ± 0.28) %, and the apoptosis rates
of MCF-7 cells (Figure 5E) with TGF-b1 treated in each group
were (16.8 ± 1.23) %, (9.72 ± 0.42) %, (7.35 ± 0.94) %,
respectively. From the results, we can find that the apoptosis
rates of MDA-MB-231 and MCF-7 cells were inhibited by TGF-
b1 (p<0.05). In terms of WB results, the expression level of TP63
and Bax were decreased, while the expression level of Bcl-2
gradually was increased with the increasing of TGF-b1
(Figures 5F, G). The results supposed that TGF-b1 can inhibit
the ability of cell apoptosis by inhibiting TP63.
Prognostic Value of TP63 in Breast Cancer
Based on the Kaplan-Meier Plotter database (http://www.kmplot.
com/analysis/), the prognostic potential of TP63 in breast cancer
was explored. A total of 397 untreated breast cancer (BC) patients
were included in the analysis. The results showed that the
expression level of TP63 in breast cancer was positively
correlated with the overall survival (OS) of patients [HR=0.41
(0.23-0.72), p=0.0013] (Figure 6). According to the different
clinicopathological characteristics in the Kaplan-Meier Plotter
database, the relationship between TP63 and the prognosis in
breast cancer was explored. As shown in Table 3, it can be seen
that TP63 is related to ER, HER2, subtype, Grade stage, and
TP53 status in breast cancer patients, and the difference is
statistically significant.
Frontiers in Oncology | www.frontiersin.org 924
DISCUSSION

Although the treatment for breast cancer has made great
progress in cancer research, it is still a major health problem
that plagues all mankind. In China and even all over the world,
breast cancer is a common cancer among women and its
morbidity and mortality are increasing gradually (26–29).
Recently, it has been reported that autophagy is related to
breast cancer invasion and metastasis (30), and even drug
resistance (31, 32). Interestingly, there are numerous studies
have found that autophagy can be considered as a new target for
breast cancer treatment, but more in-depth researchs are still
needed to clarify the specific mechanism of autophagy in the
development of breast cancer. Breast cancer is a kind of highly
heterogeneous type of cancer with high invasion and metastasis
ability. The current standard systemic therapies (hormonal,
cytotoxicity, and HER2 targeted therapy) are not suitable for
every patient (33). Therefore, it is very necessary to find new
targets for the treatment of breast cancer. The 5exploration of
ARGs may provide a more adequate theoretical basis for breast
cancer prognosis prediction and treatment.

From the current study, we firstly screened out prognostic-
related ARGs based on the clinical information of 1085 breast
cancer in the TCGA data by bioinformatics analysis. Using
multivariate Cox regression analysis, we confirmed three ARGs
(EIF4EBP1, IFNG, and TP63). These ARGs have shown a strong
ability in the prognosis of breast cancer or other malignant
tumors. EIF4EBP1 is a direct target of mTOR and a key effector
of protein synthesis. Loss of EIF4EBP1 is associated with poor
overall survival in patients with head and neck squamous cell
carcinomas (HNSCC) (34). Also, EIF4EBP1 frequently increased
in breast cancer, which is considered to be an indicator of poor
prognosis and resistance to endocrine therapy (35). SK
Ganapathi et al. reported that the expression level of IFNG in
peripheral blood mononuclear cells (PBMCs) of patients with
recurrent colorectal cancer (CRC) was significantly lower (36). It
is reported that TP63 can predict the progression and survival of
bladder cancer, kidney cancer, low-grade glioma, and skin cancer
(37, 38). We successfully constructed a breast cancer prognostic
risk model based on ARGs which can effectively evaluate the
prognosis of breast cancer patients.

Based on the literature (39–41) and the clinical correlation
analysis, we eventually screened out an autophagy-related gene-
TP63. Adorno M et al. have reported that TGF-b1 promoted the
invasion and metastasis of breast cancer by inhibiting the
expression of TP63 (42). It has been reported that TGF-b may
play an important role in the progression of breast cancer
through DNp63 or inducing/inhibiting autophagy, and TGF-b-
regulated miRNA network is crucial for regulating the expression
of DNp63 in breast cancer progression (25, 43, 44). In addition,
we predicted a binding site between TGF-b1 and TP63 by
JASPAR database. WB results verified that TGF-b1 can inhibit
the expression of TP63, and there were negatively correlated
between TGF-b1 and TP63. This result was consistent with the
previous research. The balance between autophagy and apoptosis
is closely related to the tumor microenvironment (45–47).
However, studies in regulating autophagy and apoptosis in
FIGURE 6 | Kaplan-Meier analysis was used to determine the prognostic
role of TP63 in breast cancer. The prognostic potential of TP63 expression in
breast cancer (p < 0.05).
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breast cancer about TGF-b1 and TP63 have not been reported in
word. Therefore, the effects of TGF-b1 and TP63 on autophagy
and apoptosis in breast cancer cells were explored in this study.

Chen Liang et al. demonstrated that TGF-b1 induced
autophagic flux in pancreatic ductal adenocarcinoma (PDAC)
(48). TGF-b1 activated cancer-associated fibroblasts to promote
breast cancer invasion, metastasis, and epithelial-mesenchymal
transition by autophagy (49). These studies showed that TGF-b1
can promote autophagy in the development of cancer. In our
research, the autophagy level was determined by MDC staining
and WB, which showed that the autophagy level of breast cancer
cells was affected by TGF-b1 and was increased when TGF-b1
induced. We found that the autophagy levels of MDA-MB-231
and MCF-7 cells treated with TGF-b1 were improved, and there
was a concentration-dependent relation between TGF-b1 and
autophagy levels. Furthermore, WB results proved that the
expression of TP63 was decreased with TGF-b1 induced. The
above results proved that TGF-b1 can target TP63 to promote
autophagy in breast cancer cells.

Autophagy and apoptosis are inseparable (50, 51). Therefore,
TGF−b1 can also regulate tumor progression by affecting apoptosis.
A study has suggested that TGF-b1 can influence cervical cancer cell
proliferation and apoptosis and TGF-b is a potential target for
cervical cancer therapeutics (52). TGF−b1 treatment protects tumor
cells from various apoptotic stresses, including 5−fluorouracil,
etoposide, and g−irradiation in human colon cancer (53). TGF-b1
even plays an important role in the apoptosis of breast cancer (54).
From the colony formation experiment, the number of cell clones in
the experimental group treated with TGF-b1 was less than that in
the control group. According to CCK-8 results, TGF-b1 had no
effect on the proliferation ability of breast cancer cells until 48h.
There was a time-dependent and concentration-dependent relation
Frontiers in Oncology | www.frontiersin.org 1025
between TGF-b1 and the proliferation ability of breast cancer cells.
In addition, we used flow cytometry to detect the apoptosis rates of
MDA-MB-231 and MCF-7 cells after TGF-b1 treatment. The
results of Annexin V-FITC/PI flow cytometric analysis showed
that TGF-b1 inhibited the apoptosis level of MDA-MB-231 and
MCF-7 cells. Similarly, TGF-b1 was determined to inhibit apoptosis
of breast cancer cells by targeting TP63 from the WB results. In the
future, we need to further explore about how autophagy and
apoptosis regulating the tumor microenvironment via the TGF-
b1/TP63 signaling pathway in breast cancer.

A large number of studies have reported that TP63 can be
used as a prognostic factor for cancers such as salivary gland
adenoid cystic carcinoma, anaplastic large cell lymphoma, and
squamous cell carcinoma (55–58). The following analysis
demonstrated that TP63 as an autophagy-related gene is a
low-risk factor for the prognosis of breast cancer, that is, the
lower the expression of TP63, the worse the prognosis of breast
cancer. One point in our result is that TP63 was related to
advanced Clinicopathological indicators from bioinformatics
analysis. Possibly due to two different promoters of TP63 (P1
and P2), and two types of proteins are produced: TAp63 and
DNp63. TP63 has two subtypes, but which one responsible for
breast cancer is not specified. And also, breast cancer has many
subtypes. In the bioinformatics analysis, it is not clearly that
which subtype plays the important role in the database. In
future studies, we will focus on this doubt. We explored that
the prognostic value of TP63 in breast cancer by the Kaplan-
Meier Plotter database. Therefore, TP63, as an important
prognostic gene, may be expected to become a potential
prognostic biomarker.

In summary, our study constructed a prognostic model
related to autophagy in breast cancer, and TP63 was screened
TABLE 3 | Correlation between TP63 expression and different clinical pathological factors by Kaplan-Meier plotter.

Clinicopathological characters OS (Overall Survival)

N HR p value

Total 397 0.41(0.23-0.72) 0.0013
ER
positive 259 0.25(0.1-0.58) 0.00049
negative 96 0.54(0.22-1.34) 0.18

unknown 42 – –

HER2
Positive 57 2.03(0.66-6.2) 0.21
negative 340 0.44(0.26-0.75) 0.0021

Intrinsic subtype
basal 58 0.44(0.13-1.53) 0.18
luminal A 225 0.36(0.16-0.8) 0.0095
luminal B 95 0.26(0.07-0.88) 0.02
HER2+ 19 – –

Grade
1 95 0.32(0.08-1.25) 0.085
2 176 0.33(0.17-0.66) 0.00091
3 121 1.83(0.91-3.65) 0.084

unknown 5 – –

TP53 status
mutated 29 0.25(0.05-1.29) 0.073
wild type 111 0.2(0.06-0.65) 0.003
unknown 257 – –
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out as a key factor in the prognostic model. TGF-b1 can promote
autophagy and inhibit apoptosis on MDA-MB-231 and MCF-7
breast cancer cells by targeting TP63 to affect the occurrence
and development of breast cancer. This may provide a new
theoretical basis to the research on the mechanism of occurrence
and development in breast cancer, as well as the value of
prognostic prediction.
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H, Pérez-Yepez EA, Meza I. IL-1b Inflammatory Cytokine-Induced TP63 Isoform
DNp63a Signaling Cascade Contributes to Cisplatin Resistance in Human Breast
Cancer Cells. Int J Mol Sci (2019) 20. doi: 10.3390/ijms20020270

41. Ding L, Su Y, Fassl A, Hinohara K, Qiu X, Harper NW, et al. Perturbed
Myoepithelial Cell Differentiation in BRCA Mutation Carriers and in Ductal
Carcinoma in Situ. Nat Commun (2019) 10:4182. doi: 10.1158/1557-
3125.ADVBC17-B62

42. Adorno M, Cordenonsi M, Montagner M, Dupont S, Wong C, Hann B, et al.
A Mutant-P53/Smad Complex Opposes P63 to Empower TGFbeta-Induced
Metastasis. Cell (2009) 137:87–98. doi: 10.1016/j.cell.2009.01.039

43. Klein K, Habiger C, Iftner T, Stubenrauch F. A TGF-b- and P63-Responsive
Enhancer Regulates IFN-k Expression in Human Keratinocytes. J Immunol
(2020) 204:1825–35. doi: 10.4049/jimmunol.1901178

44. Bui NHB, Napoli M, Davis AJ, Abbas HA, Rajapakshe K, Coarfa C, et al.
Spatiotemporal Regulation of Dnp63 by Tgfb-Regulated miRNAs Is Essential
for Cancer Metastasis. Cancer Res (2020) 80:2833–47. doi: 10.1158/0008-
5472.CAN-19-2733

45. Zhao X, Su L, He X, Zhao B, Miao J. Long Noncoding RNA CA7-4 Promotes
Autophagy and Apoptosis via Sponging MIR877-3P and MIR5680 in High
Frontiers in Oncology | www.frontiersin.org 1227
Glucose-Induced Vascular Endothelial Cells. Autophagy (2020) 16:70–85. doi:
10.1080/15548627.2019.1598750

46. Chung Y, Lee J, Jung S, Lee Y, Cho JW, Oh YJ. Dysregulated Autophagy
Contributes to Caspase-Dependent Neuronal Apoptosis. Cell Death Dis
(2018) 9:1189. doi: 10.1038/s41419-018-1229-y

47. Wu J, Zhou Y, Yuan Z, Yi J, Chen J, Wang N, et al. Autophagy and Apoptosis
Interact to Modulate T-2 Toxin-Induced Toxicity in Liver Cells. Toxins
(Basel) (2019) 11(1). doi: 10.3390/toxins11010045

48. Liang C, Xu J, Meng Q, Zhang B, Liu J, Hua J, et al. TGFB1-Induced
Autophagy Affects the Pattern of Pancreatic Cancer Progression in Distinct
Ways Depending on SMAD4 Status. Autophagy (2020) 16:486–500. doi:
10.1080/15548627.2019.1628540

49. Huang M, Fu M, Wang J, Xia C, Zhang H, Xiong Y, et al. TGF-b1-Activated
Cancer-Associated Fibroblasts Promote Breast Cancer Invasion, Metastasis
and Epithelial-Mesenchymal Transition by Autophagy or Overexpression of
FAP-a. Biochem Pharmacol (2021), 114527. doi: 10.1016/j.bcp.2021.114527

50. Su Z, Yang Z, Xu Y, Chen Y, Yu Q. Apoptosis, Autophagy, Necroptosis, and
Cancer Metastasis. Mol Cancer (2015) 14:48. doi: 10.1186/s12943-015-0321-5

51. Yoshida GJ. Therapeutic Strategies of Drug Repositioning Targeting
Autophagy to Induce Cancer Cell Death: From Pathophysiology to
Treatment. J Hematol Oncol (2017) 10:67. doi: 10.1186/s13045-017-0436-9

52. Cao Z, Zhang G, Xie C, Zhou Y. MiR-34b Regulates Cervical Cancer Cell
Proliferation and Apoptosis. Artif Cells Nanomed Biotechnol (2019) 47:2042–
7. doi: 10.1080/21691401.2019.1614013

53. Moon JR, Oh SJ, Lee CK, Chi SG, Kim HJ. TGF-b1 Protects Colon Tumor
Cells From Apoptosis Through XAF1 Suppression. Int J Oncol (2019)
54:2117–26. doi: 10.3892/ijo.2019.4776

54. Moses H, Barcellos-Hoff MH. TGF-Beta Biology in Mammary Development
and Breast Cancer. Cold Spring Harb Perspect Biol (2011) 3:a003277. doi:
10.1101/cshperspect.a003277

55. Ferrarotto R, Mitani Y, McGrail DJ, Li K, Karpinets TV, Bell D, et al.
Proteogenomic Analysis of Salivary Adenoid Cystic Carcinomas Defines
Molecular Subtypes and Identifies Therapeutic Targets. Clin Cancer Res
(2021) 27:852–64. doi: 10.1158/1078-0432.CCR-20-1192

56. Parrilla Castellar ER, Jaffe ES, Said JW, Swerdlow SH, Ketterling RP, Knudson
RA, et al. ALK-Negative Anaplastic Large Cell Lymphoma is a Genetically
Heterogeneous Disease With Widely Disparate Clinical Outcomes. Blood
(2014) 124:1473–80. doi: 10.1182/blood-2014-04-571091

57. Yi M, Tan Y, Wang L, Cai J, Li X, Zeng Z, et al. TP63 Links Chromatin
Remodeling and Enhancer Reprogramming to Epidermal Differentiation and
Squamous Cell Carcinoma Development. Cell Mol Life Sci (2020) 77:4325–46.
doi: 10.1007/s00018-020-03539-2

58. Li LY, Yang Q, Jiang YY, Yang W, Jiang Y, Li X, et al. Interplay and
Cooperation Between SREBF1 and Master Transcription Factors Regulate
Lipid Metabolism and Tumor-Promoting Pathways in Squamous Cancer. Nat
Commun (2021) 12:4362. doi: 10.1038/s41467-021-24656-x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Wang, Lu, Wang, Li and Chen. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
April 2022 | Volume 12 | Article 865067

https://doi.org/10.3322/caac.21203
https://doi.org/10.1016/j.bcp.2017.06.120
https://doi.org/10.1016/j.semcancer.2019.08.012
https://doi.org/10.1016/j.devcel.2020.02.005
https://doi.org/10.1038/s41467-020-17395-y
https://doi.org/10.1016/j.lfs.2020.118212
https://doi.org/10.1016/j.cell.2017.11.010
https://doi.org/10.1158/0008-5472.CAN-18-1220
https://doi.org/10.1158/0008-5472.CAN-18-1220
https://doi.org/10.1186/s12885-019-5667-4
https://doi.org/10.1186/s12885-019-5667-4
https://doi.org/10.1038/bjc.2014.477
https://doi.org/10.1016/j.ebiom.2019.11.022
https://doi.org/10.3390/ijms20225781
https://doi.org/10.1172/JCI99673
https://doi.org/10.3390/ijms20020270
https://doi.org/10.1158/1557-3125.ADVBC17-B62
https://doi.org/10.1158/1557-3125.ADVBC17-B62
https://doi.org/10.1016/j.cell.2009.01.039
https://doi.org/10.4049/jimmunol.1901178
https://doi.org/10.1158/0008-5472.CAN-19-2733
https://doi.org/10.1158/0008-5472.CAN-19-2733
https://doi.org/10.1080/15548627.2019.1598750
https://doi.org/10.1038/s41419-018-1229-y
https://doi.org/10.3390/toxins11010045
https://doi.org/10.1080/15548627.2019.1628540
https://doi.org/10.1016/j.bcp.2021.114527
https://doi.org/10.1186/s12943-015-0321-5
https://doi.org/10.1186/s13045-017-0436-9
https://doi.org/10.1080/21691401.2019.1614013
https://doi.org/10.3892/ijo.2019.4776
https://doi.org/10.1101/cshperspect.a003277
https://doi.org/10.1158/1078-0432.CCR-20-1192
https://doi.org/10.1182/blood-2014-04-571091
https://doi.org/10.1007/s00018-020-03539-2
https://doi.org/10.1038/s41467-021-24656-x
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Frontiers in Oncology | www.frontiersin.org

Edited by:
Tao Sun,

Nankai University, China

Reviewed by:
Yi Zhang,

First Affiliated Hospital of Zhengzhou
University, China

Junyan Tao,
University of Pittsburgh, United States

Ke Li,
Peking Union Medical College

Graduate School, China

*Correspondence:
Jian Liu

liujian2004811@126.com
Tao Wen

wentao5281@163.com
Changzhi Huang

huangcz@cicams.ac.cn

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Pharmacology of Anti-Cancer Drugs,
a section of the journal
Frontiers in Oncology

Received: 28 February 2022
Accepted: 18 May 2022
Published: 07 June 2022

Citation:
Zheng L, Liu Q, Li R, Chen S,
Tan J, Li L, Dong X, Huang C,

Wen T and Liu J (2022) Targeting MDK
Abrogates IFN-g-Elicited Metastasis

in Cancers of Various Origins.
Front. Oncol. 12:885656.

doi: 10.3389/fonc.2022.885656

ORIGINAL RESEARCH
published: 07 June 2022

doi: 10.3389/fonc.2022.885656
Targeting MDK Abrogates
IFN-g-Elicited Metastasis in
Cancers of Various Origins
Luyu Zheng1†, Qun Liu2†, Ruijun Li1, Shibin Chen1, Jingyu Tan1, Lina Li1, Xichen Dong1,
Changzhi Huang3*, Tao Wen1* and Jian Liu1,4*

1 Medical Research Center, Beijing Chao-Yang Hospital, Capital Medical University, Beijing, China, 2 Department of
Obstetrics and Gynaecology, Beijing Anzhen Hospital, Capital Medical University, Beijing, China, 3 State Key Laboratory of
Molecular Oncology, Beijing Key Laboratory for Carcinogenesis and Cancer Prevention, Department of Etiology and
Carcinogenesis, National Cancer Center/Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medical
College, Beijing, China, 4 Department of Oncology, Beijing Chao-Yang Hospital Capital Medical University, Beijing, China

IFN-g is a pleiotropic cytokine with immunomodulatory and tumoricidal functions. It has
been used as an anti-tumor agent in adjuvant therapies for various cancers. Paradoxically,
recent advances have also demonstrated pro-tumorigenic effects of IFN-g, especially in
promoting cancer metastasis, with the mechanism remains unclear. This will undoubtedly
hinder the application of IFN-g in cancer treatment. Here, we verified that IFN-g treatment
led to activation of the epithelial-to-mesenchymal transition (EMT) programme and
metastasis in cell lines of various cancers, including the kidney cancer cell line Caki-1,
the lung cancer cell line A549, the cervical carcinoma cell line CaSki, the breast cancer cell
line BT549 and the colon cancer cell line HCT116. We further disclosed that midkine
(MDK), an emerging oncoprotein and EMT inducer, is a common responsive target of IFN-
g in these cell lines. Mechanistically, IFN-g upregulated MDK via STAT1, a principle
downstream effector in the IFN-g signalling. MDK is elevated in the majority of cancer
types in the TCGA database, and its overexpression drove EMT activation and cancer
metastasis in all examined cell lines. Targeting MDK using a specific MDK inhibitor (iMDK)
broadly reversed IFN-g-activated EMT, and subsequently abrogated IFN-g-triggered
metastasis. Collectively, our data uncover a MDK-dependent EMT inducing mechanism
underlying IFN-g-driven metastasis across cancers which could be attenuated by
pharmacological inhibition of MDK. Based on these findings, we propose that MDK
may be used as a potential therapeutic target to eliminate IFN-g-elicited pro-metastatic
adverse effect, and that combined MDK utilization may expand the application of IFN-g in
cancer and improve the clinical benefits from IFN-g-based therapies.
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INTRODUCTION

Interferons (IFNs) constitute a family of cytokines that have
antiviral, antiproliferative and immunomodulatory properties
(1). There are three main classes of cytokines in the IFN
family: IFN-I (IFN-a, b, ϵ, k, and w), IFN-II (IFN-g), and
IFN-III (IFN-l1, l2, l3, and l4) (2). These cytokines play
pivotal roles in host defense against viral and bacterial
infections, as well as immunosurveillance for malignant cells (3).

IFN-g, encoded by the gene IFNG, is the only member of IFN-
II. It is a pleiotropic cytokine with a long history of clinical trials in
cancer treatment (4, 5). Since the first clinical trial conducted
in 1985 (6), the therapeutic application of IFN-g has been tested in
a variety of malignancies, including melanoma, leukemia, ovarian
cancer, renal cell carcinoma, hepatocellular carcinoma, lung
cancer, breast cancer, bladder cancer and colorectal cancer (7).
Clinical benefits derived from IFN-g-based therapies have been
reported in several cancers (8–10), highlighting the therapeutic
value of IFN-g in combating cancers.

IFN-g exerts anti-tumor effects by boosting antitumor
immunity and by direct effects on cancer cells (1, 11). IFN-g
enhances the activity of cytotoxic CD8 T cells, NK cells, Th1
cells, dendritic cells and macrophages; stimulates the expression
of the major histocompatibility complex (MHC) class I and II
molecules in tumor cells and APCs; promotes differentiation of
macrophages towards a pro-inflammatory (M1-like) phenotype;
and bridges the innate and adaptive immune responses (3, 12,
13). IFN-g also exerts direct cytotoxic effects on neoplastic cells
through anti-proliferative, anti-angiogenic and pro-apoptotic
mechanisms (7, 14, 15).

Despite these anti-tumor activities, IFN-g has been
paradoxically reported to increase the risk of tumor metastasis
(16–22). This pro-tumorigenic activity has been reported in
colon adenocarcinoma (16), non-small cell lung cancer (20),
prostate cancer (17), renal cancer (18), triple-negative breast
cancer (21), and melanoma (19, 22) via multiple mechanisms.
However, the mechanisms underlying IFN-g-induced metastasis
remain unclear, and whether there is a shared mechanism
mediating IFN-g-induced metastasis in cancers of different
origins is still unknown.

Here, we reveal, for the first time, that the EMT inducerMDK, is
a common responsive target of IFN-g in all examined five cancer
cell lines, and that MDK confers the pro-metastatic function of
IFN-g in these cell lines by activating the EMT programme; while
pharmacologically targetingMDK using a specific inhibitor globally
attenuated IFN-g treatment-induced EMT and metastasis in all
examined cancers. We thus propose that blocking the pro-
tumorigenic activities of IFN-g using MDK inhibitors may help
to improve the clinical benefits from IFN-g-based therapies.
MATERIALS AND METHODS

Cell Lines and Culture
The human renal cancer cell line Caki-1, human lung cancer cell
line A549, human colorectal adenocarcinoma cell line HCT116,
Frontiers in Oncology | www.frontiersin.org 229
cervical cancer cell line CaSki, human breast cancer cell line
BT549 and human embryonic kidney cell line HEK293T were
acquired from National Collection of Authenticated Cell
Cultures (Beijing, China). Caki-1, A549 and HCT116 cells
were maintained in McCoy’s 5A medium modified (KeyGEN
BioTECH, Jiangsu, China). CaSki and BT549 cells were cultured
in RPMI-1640 medium (SIGMA, Vienna, Austria). HEK293T
were maintained in DMEM medium (Gibco, California, USA).
All mediums contained 10% fetal bovine serum (FBS, Ausbian,
Australia) and 1% penicillin–streptomycin mixture (Solarbio,
Beijing, China). All cell lines were incubated at 37°C with 5%
CO2 in a humidified incubator.

Antibodies and Reagents
MDK antibody (1:1000 dilution, 11009-1-AP) was purchased
from Proteintech Group Inc (Rosemont, IL, USA). E-cadherin
antibody (1:1000 dilution, 3195T), ZO1 antibody (1:1000 dilution,
8193T), Vimentin antibody (1:1500 dilution, 5741T) and Snail
antibody (1:500 dilution, 3879T) were from Cell Signaling
Technology (Danvers, Massachusetts, USA). STAT1 antibody
(1:5000 dilution, ab109320) and phospho-STAT1 (phosphor
Y701) antibody (1:1000 dilution, ab109457) were purchased
from Abcam (Cambridge, UK). b-actin antibody (1:1000
dilution, AF5001) was from Beyotime Biotechnology (Shanghai,
China). Recombinant human IFN-gwas acquired from PeproTech
(Rocky Hill, NJ, USA) and used at a concentration of 50 ng/ml for
48h. The MDK inhibitor iMDK was bought fromMerck Millipore
(Darmstadt, Germany) and diluted to a final concentration of
100nM in growth mediums. The STAT1 inhibitor Fludarabine
was purchased from Med Chem Express (New Jersey, USA) and
used at a concentration of 5 mM for 48h.

RNA Isolation and Quantitative Real-Time
PCR (qRT-PCR)
Total RNA was extracted using TRIeasy reagent (Yeasen
Biotechnology, Shanghai , China) according to the
manufacturer’s instruction. The concentration and purity of
RNA were determined by Nanodrop 1000. The ratio of OD 260/
OD 280 falling between 1.8 and 2.0 indicates acceptable values.
Reverse transcription was achieved with a total of 1 mg RNA using
the cDNA Synthesis SuperMix (Yeasen Biotechnology, Shanghai,
China). The primers (5′-3′) synthesized by Rui Biotech (Beijing,
China) were listed in Table S1. QRT-PCR was performed using
qPCR SYBR Green Master Mix (Yeasen Biotechnology, Shanghai,
China). Each sample was run in 3 duplicate wells, and the relative
RNA expression levels between different samples were analyzed by
2 –DDCt method, with b-actin as an internal control.

Lentivirus Production and
MDK Overexpression
The human MDK overexpression lentiviral vector (YOE-LV004-
hMDK) with neomycin resistance and the corresponding control
vector (YOE-LV004-Ctrl) were purchased form UBIGENE
(Guangzhou, China). Lentivirus was produced in HEK293T
cells by co-transfecting the lentiviral vector with the psPAX2
and pMD2G packaging vectors using Lipofectamine 3000
June 2022 | Volume 12 | Article 885656
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(Invitrogen, Carlsbad, CA, USA). Caki-1, A549, HCT116, CaSki
and BT549 cells were infected with the packaged lentiviruses
with polybrene, and then selected with G418 (Solarbio, Beijing,
China) at a concentration of 400 mg/ml. The empty plasmid
(YOE-LV004-Ctrl) was used as a control.

Transwell Assay
Transwell assays were used to assess the invasion and migration
abilities of cancer cells. Briefly, 1×105 cells in serum-free medium
were seeded into the upper chamber of transwell plates (Corning,
NY, USA), while the lower chamber was added with 10% FBS
medium. For invasion assay, the transwell chambers were pre-
coated with Matrigel (BD Biosciences, Palo Alto, CA).
Approximately 16-24 h after seeding, the cells remaining on
the upper chamber were carefully wiped off with cotton swabs,
while the migrated cells were fixed in 4% paraformaldehyde for
20 minutes and then stained in 0.2% crystal violet solution
for 20-25 minutes. After cleaning the chamber with wash
buffer for three times, the migrated cells were counted under
an inverted bright-field microscope.

Western Blotting Assay
Cell lysates were prepared in RIPA lysis buffer (Beyotime
Biotechnology, Shanghai, China) supplemented with 1x protease
inhibitor cocktail (Beyotime Biotechnology) and 1x
phenylmethylsulfonyl fluoride (PMSF, APPLYGEN, Beijing,
China). Protein concentrations were measured with a BCA assay
kit (KeyGEN BioTECH, Jiangsu, China). The protein samples (50
mg) were boiled at 100°C for 10 minutes, separated by 10-12%
SDS-PAGE, and then transferred onto PVDF membranes (Merck
Millipore, MA, USA) via semi-dry transfer unit. After blocked in
5% skim milk at room temperature for 1h, the membranes were
incubated overnight at 4°C with primary antibodies, and then
incubated with anti-rabbit or mouse IgG-HRP secondary antibody
for 2h at room temperature. Membranes were visualized using
Baygene Chemilmaging system (Baygene Biotech, Beijing, China)
with Super ECL Detection Reagent (Yeasen Biotechnology,
Shanghai, China).

Statistical Analysis
All statistical analysis was performed in GraphPad Prism 8.0
(GraphPad Software, La Jolla, CA, USA). Unpaired and multiple
T-test were used to assess the differences between control and
experimental groups. P value < 0.05 was considered statistically
significant. The results were presented as mean ± standard
deviation (SD). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
RESULTS

IFN-g Treatment Enhances EMT and
Metastasis in Various Tumors
Interferon-gamma (IFN-g) is a pleiotropic cytokine with
antiproliferative, pro-apoptotic and immunomodulatory
functions. IFN-g has been used to treat a variety of malignancies
in pre-clinical and clinical trials; however, limited benefits have
Frontiers in Oncology | www.frontiersin.org 330
been achieved, presumably due to its pro-tumor adverse effects,
including eliciting metastasis (23). Prior to deciphering the
mechanism underlying IFN-g-induced cancer metastasis, we first
verified the pro-metastatic effect of IFN-g in five cell lines of
different human cancers (Figure 1A): the kidney cancer cell line
Caki-1, the lung cancer cell line A549, the cervical carcinoma cell
line CaSki, the breast cancer cell line BT549, and the colon cancer
cell line HCT116. Transwell assays demonstrated that IFN-g
exposure obviously increased the migration and invasion
abilities of all the five cancer cell lines (Figure 1A). This is in
line with the previous findings in colon cancer (16), prostate
cancer (17), non-small cell lung cancer (20), and melanoma (19),
suggesting that IFN-g treatment could globally enhance metastasis
of cancers.

EMT is a common mechanism driving metastasis of cancers
(24). We then examined the role of IFN-g in the EMT
programme. Western blotting results showed that IFN-g
treatment led to decreased expression of epithelial markers,
including ZO-1 and E-cadherin, and concomitant upregulation
of mesenchymal markers, such as Vimentin, Snail and Slug in the
above cell lines at the protein level (Figure 1B). The alterations in
expression of EMT markers were further verified at the mRNA
level (Figure 1C). These data indicate that IFN-g may promote
metastasis by activating the EMT programme in cancers.

IFN-g Exposure Promotes MDK Expression
in Cancers
MDK is a heparin-binding growth factor well-documented to
promote EMT and cancer metastasis (25). Though there is no
evidence suggesting the regulatory relationship between IFN-g
and MDK in the cancerous context, we found a previous report
indicating that the MDK expression in lymphocytes is
upregulated in response to IFN-g treatment (26). This gave rise
to the speculation that whether IFN-g treatment in cancers
would result in MDK activation, thereby triggering EMT and
metastasis. To verify this hypothesis, we treated different cancer
cell lines with IFN-g (50 ng/ml) and then examined the
alterations of MDK expression in the mRNA and protein
levels. Real-time qPCR assays demonstrated a dramatic
upregulation of MDK mRNA by IFN-g in all examined cancer
cell lines (Figure 2A), including the kidney cancer Caki-1, the
lung cancer A549, the cervical carcinoma CaSki, the breast
cancer BT549, and the colon cancer HCT116, which was
further validated by Western blotting at the protein level
(Figure 2B), suggesting that this is a shared regulation across
different types of cancers.

To further validate the IFN-g-MDK regulatory axis, we
treated the HCT116 cancer cell l ine with different
concentrations of IFN-g and verified that activation of MDK
by IFN-g was dose-dependent at both the mRNA (Figure 3A)
and protein (Figure 3B) levels. Furthermore, IFN-g treatment
also caused an obviously time-dependent upregulation of MDK
at both the mRNA (Figure 3C) and protein (Figure 3D) levels,
as well as time-dependent activation of EMT evidenced by time-
dependent downregulation of E-cad and ZO-1 but upregulation
of Slug and Snail (Figures 3D, E).
June 2022 | Volume 12 | Article 885656

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zheng et al. Targeting MDK Abrogates IFN-g-Elicited Metastasis
IFN-g Activates MDK in a
STAT1-Dependent Manner
STAT1 is a key downstream effector in the IFN-g signalling (2),
which leads us to speculate that the IFN-g-MDK regulation may
rely on IFN-g-induced STAT1 activation. This speculation was
preliminarily supported by the significant correlations between
STAT1 and MDK in various cancers in the TCGA database
(Figure 4A). Moreover, as reported, real-time qPCR and
Western blotting assays showed that IFN-g exposure caused a
significant upregulation in levels of STAT1 abundance and
Frontiers in Oncology | www.frontiersin.org 431
phosphorylation (Figure 4B). Then we blocked STAT1
activation using a specific STAT1 inhibitor Fludarabine and
assessed its influence on IFN-g activation of MDK. Notably,
STAT1 inhibitor remarkably diminished IFN-g-induced
STAT1 activation, and substantially abrogated IFN-g-
induced MDK activation at the mRNA level in all examined
cell lines (Figure 4C), which was further validated at the protein
level by Western blotting analyses (Figure 4D). All these
demonstrate that IFN-g activates MDK via STAT1 in
cancer cells.
A B C

FIGURE 1 | IFN-g treatment enhances epithelial-mesenchymal transition (EMT) and metastasis in various tumors. (A) Transwell assays to detect the migration and
invasion abilities of different cancer cell lines without and with IFN-g treatment (50 ng/ml, 48 h). (B) Western blotting assays to examine the effect of IFN-g treatment
(50 ng/ml, 48 h) on expression of EMT markers at the protein level. (C) RT-qPCR assays to detect the changes in expression of EMT markers at the mRNA level
after IFN-g treatment (50 ng/ml, 48 h). Data are shown as the mean ± standard deviation (SD). *P < 0.05, **P < 0.01, ****P < 0.0001.
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MDK Promotes Cancer Metastasis by
Activating the EMT Programme
To further explore the possibility that MDK is a shared
mechanism underlying IFN-g-triggered metastasis in various
cancers, we first examined the effect of MDK on cancer
metastasis in the above cancer cell lines. Transwell assays clearly
showed that MDK overexpression (Figure 5A) enhanced the
migration and invasion capacities of all five cancer cell lines
(Figure 5B). In accordance, MDK overexpression resulted in
activation of the EMT programme, as evidenced by loss of
epithelial markers, and concomitant gain of mesenchymal
Frontiers in Oncology | www.frontiersin.org 532
markers at the both protein (Figure 5C) and mRNA
(Figure 5D) levels. To further validate that MDK is necessary
for cancer metastasis, we silencedMDK expression using a specific
MDK inhibitor iMDK, which demonstrated high efficiency in
decreasing endogenous MDK expression (Figure 5E) and
subsequent EMT activation in all five cell lines (Figure 5F). In
accordance, iMDK suppressed the migration and invasion in all
five cell lines in transwell assays (Figure 5G). In line with its
oncogenic role, MDK is elevated in the majority of cancer types in
the TCGA dataset (Figure S1).

Pharmacologically Targeting MDK
Abrogates IFN-g-Induced Metastasis
To test whether MDK inhibition would attenuate IFN-g-induced
metastasis, we added iMDK (100 nM) to the IFN-g-treated
cancer cells, which resulted in no conspicuous cell death under
microscope. As expected, iMDK efficiently eliminated IFN-g-
induced MDK expression at both the mRNA and protein levels
(Figures 6A, B), reversed IFN-g-driven EMT activation
determined by Western blotting and RT-qPCR (Figure 6B),
and subsequently abrogated IFN-g-triggered migration and
invasion as shown in transwell assays (Figure 6C) in all
examined cancer cell lines. These data suggest that MDK
confers the IFN-g-elicited metastasis in various cancers, and
that pharmacologically inhibiting MDK can broadly and
efficiently abrogate IFN-g treatment-induced cancer metastasis.
DISCUSSION

Accumulative evidence suggests that IFN-g functions as a ‘‘two-
edged sword’’ in cancer treatment (15, 23). IFN-g is conventionally
considered a promising cancer therapeutic agents for its potent
tumoricidal and immunoregulatory activities, and certain positive
responses have been reported in multiple pre-clinical and clinical
trials (7). Tamura et al. reported that intralesional injection of
IFN-g could induce lasting remissions of T cell leukemia (8).
Giannopoulos et al. demanstrated that intravesicle instillation of
IFN-g was effective in preventing bladder cancer recurrence (9). A
randomized phase III trial showed that inclusion of IFN-g in the
first-line chemotherapy could prolong the progression-free
survival of ovarian cancer patients (10).

Despite these encouraging results, a lack of beneficial effect
has been observed in small-cell lung cancer, advanced colon
cancer, metastatic renal cell carcinoma, and breast cancer (12, 15,
23). On the contrary, the pro-metastatic adverse effect of IFN-g
mediated by multiple mechanisms have been reported.
Preincubation of murine colon adenocarcinoma cells with
IFN-g produced a significant increase in pulmonary metastases
in mice (16). IFN-g induced cancer invasiveness in prostate
cancer via transcription of IFN-induced tetratricopeptide
repeat 5 (IFIT5) (17). Low-dose IFN-g enhanced the stemness
and metastasis of non–small cell lung cancer via the intercellular
adhesion molecule-1 (ICAM1)-PI3K-Akt-Notch1 axis (20). IFN-
g withdrawal after immunotherapy potentiates B16 melanoma
invasion and metastasis by intensifying tumor integrin avb3
A B

FIGURE 2 | IFN-g treatment promotes MDK expression in different cancers.
(A) RT-qPCR assays to detect the expression of MDK in five cancer cell lines
without and with IFN-g treatment (50 ng/ml, 48 h). (B) Western blotting assay
to determine the influence of IFN-g treatment (50 ng/ml, 48 h) on MDK protein
levels in five cancer cell lines. Data are shown as the mean ± standard
deviation (SD). **P < 0.01, ***P < 0.001, ****P < 0.0001.
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signaling (19). More recently, Singh et al. reported that loss of the
tumor suppressive transcription factor Elf5 in triple-negative
breast cancer mediated IFN-g signalling-promoted tumor
progression and metastasis (21).

Though the IFN-g-mediated metastasis has been indicated in a
variety of cancers, no shared mechanism has been revealed. Here,
Frontiers in Oncology | www.frontiersin.org 633
we verified that IFN-g exerted its pro-metastatic effect via a
common EMT activating mechanism in all examined cancer cell
lines, including the kidney cancer Caki-1, the lung cancer A549,
the cervical carcinoma CaSki, the breast cancer BT549, and the
colon cancer HCT116. The EMT programme is a developmental
program broadly promoting metastasis of various cancers.
A B

D

E

C

FIGURE 3 | Dose- and time-dependent effects of IFN-g on MDK induction. (A) RT-qPCR assays to examine the effect of IFN-g concentration on MDK induction in
the HCT116 cell line. (B) Western blotting assays to examine the effect of IFN-g concentration on MDK induction in the HCT116 cell line. (C) RT-qPCR assays to
examine the effect of IFN-g treatment time on MDK induction in the HCT116 cell line. (D) Western blotting assays to examine the effect of IFN-g treatment time on
MDK induction and EMT activation in the HCT116 cell line. (E) RT-qPCR assays showing the effect of IFN-g treatment time on EMT markers in the HCT116 cell line.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, not significant.
June 2022 | Volume 12 | Article 885656

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zheng et al. Targeting MDK Abrogates IFN-g-Elicited Metastasis
A

B

D

C

FIGURE 4 | IFN-g activates MDK via STAT1. (A) Correlation analyses using the GEPIA 2 online tool (http://gepia2.cancer-pku.cn/#correlation) to shown the
correlation relationship between STAT1 and MDK using the RNA-seq data of different cancers from the Cancer Genome Atlas (TCGA) database. KIRC, kidney renal
clear cell carcinoma; LUSC, Lung squamous cell carcinoma; CESC, Cervical squamous cell carcinoma and endocervical adenocarcinoma; BRCA, breast invasive
carcinoma; COAD, colorectal adenocarcinoma. (B) RT-qPCR and Western blotting assays to detect the effect of IFN-g treatment (50 ng/ml, 48h) on levels of STAT1
and phosphorylated STAT1 (p-STAT1) in five cancer cell lines. (C) RT-qPCR assays to the effect of STAT1 inhibitor on mRNA levels of STAT1 and MDK in five
cancer cell lines. (D) Western blotting assays to examine the effect of STAT1 inhibitor on protein levels of STAT1, p-STAT1 and MDK in five cancer cell lines. Data are
shown as the mean ± standard deviation (SD). **P < 0.01, ***P < 0.001, ****P < 0.0001.
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A

B

D

E

F

G

C

FIGURE 5 | MDK promotes cancer metastasis by activating the EMT programme. (A) RT-qPCR validation of MDK overexpression in five cancer cell lines.
(B) Transwell assays to assess the alteration of cell invasion and migration abilities by MDK overexpression in five cancer cell lines. (C) Western blotting assays to
assess the effect of MDK overexpression on expression of EMT markers. (D) RT-qPCR assays to assess the effect of MDK overexpression on expression of EMT
markers. (E) RT-qPCR validation of MDK inhibition by iMDK (100nM, 48h). (F) RT-qPCR and Western blotting assays to assess the effect of iMDK on EMT in five
cancer cell lines. (G) Transwell assays to assess the effect of iMDK on cell invasion and migration in five cancer cell lines. Data are shown as the mean ± standard
deviation (SD). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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A B C

FIGURE 6 | Targeting MDK abrogates IFN-g-induced tumor metastasis. (A) RT-qPCR validation of MDK suppression by MDK inhibitor in IFN-g-treated cancer cells.
(B) Western blotting and RT-qPCR assays to assess the effect of iMDK on IFN-g-activated EMT in five cancer cell lines. (C) Transwell assays to examine the effect of
iMDK on IFN-g-driven cell invasion and migration. Data are shown as the mean ± standard deviation (SD). **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Activation of EMT enables cancer cells to lose their epithelial
property but acquire a mesenchymal, migratory phenotype
through downregulating epithelial markers including ZO-1 and
E-cadherin and upregulating mesenchymal markers such as N-
cadherin and Vimentin (24). In consistence with our finding, IFN-
g activation of EMT has also been reported in prostate cancer (17),
suggesting that EMT activation is a common mechanism
underlying IFN-g-driven metastasis in different cancers.

To further deep into the mechanism mediating IFN-g-
triggered EMT activation, we focused on MDK, which is a
heparin-binding growth factor and an emerging oncoprotein
well implicated in induction of EMT and cancer metastasis (25).
Indeed, we validated that MDK overexpression led to EMT and
metastasis in all five cancer cell lines. MDK has been reported to
promote cancer EMT via TGF-b, WNT and Notch 2 signalings
(25). Additionally, MDK has also been implicated in promoting
cancer proliferation (27), angiogenesis (28), stemness (29), drug
resistance (30), immunosuppression (31), and resistance to
immune checkpoint blockade (31), closely correlated with
advanced cancer progression and poor survival (27, 32, 33).

Our data demonstrated that IFN-g exposure resulted in a
dramatic upregulation of MDK in all examined five cancer cell
lines, suggesting this is a universal regulatory mechanism across
cancers. To our knowledge, this is the first report demonstrating
the common IFN-g-MDK transduction cascade in the cancerous
context. However, MDK was also previously reported to be
elevated in peripheral blood lymphocytes in response to IFN-g
treatment when investigating its anti-HIV function (26),
suggesting that this regulation may also exist in non-
cancerous cells.

MDK is upregulated in the majority of cancers (at least 20
different cancer types), such as breast, lung, ovary, prostate,
colon, gastric and pancreatic cancers, whereas its expression is
generally low or undetectable in normal adult tissues (25, 34).
However, the regulatory mechanismmediating MDK elevation is
still largely obscure. There is evidence indicating that MDK is
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induced by hypoxia in a HIF-1a dependent manner (35). Here,
we further indicate that MDK is also an IFN-g inducible protein,
which provides more insights into the MDK regulatory network
in cancer.

STAT1 is the major IFN-g-activated transcription factor
responsible for the downstream signaling triggered by IFN-g (2).
The binding of IFN-g to IFNGR1 triggers the formation of the
IFNGR complex consisting of two IFNGR1 and two IFNGR2
subunits. This complex induces JAK1 and JAK2 phosphorylation,
and further recruits and phosphorylates two STAT1 molecules.
Phosphorylated STAT1 homodimerizes and translocates to the
nucleus to initiate transcription of IFN-g induced genes (3, 13).
Our data demonstrated that STAT1 inhibition efficiently
abrogated IFN-g-induced MDK activation in all examined
cancer cell lines, suggesting that the IFN-g-MDK transduction is
dependent on STAT1 in cancer.

To validate the role of MDK in mediating IFN-g-activated
EMT and metastasis, we pharmacologically silenced MDK
expression using a specific inhibitor iMDK. The inhibitor iMDK
is a small low molecular weight compound, demonstrating high
efficiency and specificity in suppressing MDK expression in cancer
cells (36, 37). iMDK decreased cell viability of the MDK-positive
cancer cells in a dose-dependent manner, but less affected the
MDK-negative cancer and non-transformed cells (36). The
inhibitory effect of iMDK on cancer malignant behaviors has
been validated in oral squamous cell carcinoma (37), non-small
cell lung cancer (36, 38), and prostate cancer (39). Importantly,
systemic administration of iMDK in mouse didn’t cause obvious
systemic toxicity (36), highlighting a high safety for potential
clinical use. Our data indicated that iMDK application could
globally eliminate IFN-g-induced MDK, reverse IFN-g-induced
EMT activation, and ultimately abrogate IFN-g-triggered cancer
migration and invasion in all examined cancer cell lines.

Collectively, our data identify a novel IFN-g-STAT1-MDK
signalling axis (Figure 7), which confers the pro-metastatic
adverse effect of IFN-g in immunotherapy, whereas targeting
FIGURE 7 | Schematic diagram showing the IFN-g-STAT1-MDK signalling axis in driving cancer metastasis. The IFN-g-STAT1-MDK signalling axis promotes cancer
metastasis by activating EMT, whereas MDK inhibition by iMDK can abrogate IFN-g-induced EMT and tumor metastasis.
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MDK may efficiently abrogate IFN-g-elicited cancer metastasis.
Attenuation of the pro-metastatic activity of IFN-g may help to
augment its anti-tumor effects during cancer treatment, thus our
data propose a combined use of MDK inhibitors in IFN-g-based
cancer therapies.
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Lan Yang1, Wen-qi Jin1, Xiao-lei Tang1, Shuai Zhang2, Rui Ma1,
Da-qing Zhao2,3* and Li-wei Sun1,3*

1Research Center of Traditional Chinese Medicine, The Affiliated Hospital to Changchun University
of Chinese Medicine, Changchun, China, 2Jilin Ginseng Academy, Changchun University of Chinese
Medicine, Changchun, China, 3Key Laboratory of Active Substances and Biological Mechanisms of
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It is unclear whether ginseng-derived nanoparticles (GDNPs) can prevent

tumor cell epithelial-mesenchymal transition (EMT). Here, we describe typical

characteristics of GDNPs and possible underlying mechanisms for GDNP

antitumor activities. First, GDNPs particle sizes and morphology were

determined using nanoparticle tracking analysis (NTA) and transmission

electron microscopy (TEM), respectively, while cellular uptake of PKH67-

labeled GDNPs was also assessed. Next, we evaluated GDNPs antitumor

effects by determining whether GDNPs inhibited proliferation and migration

of five tumor cell lines derived from different cell types. The results indicated

that GDNPs most significantly inhibited proliferation and migration of lung

cancer-derived tumor cells (A549, NCI-H1299). Moreover, GDNPs treatment

also inhibited cell migration, invasion, clonal formation, and adhesion tube

formation ability and reduced expression of EMT-related markers in A549 and

NCI-H1299 cells in a dose-dependent manner. Meanwhile, Kaplan-Meier

analysis of microarray data revealed that high-level thymidine phosphorylase

(TP) production, which is associated with poor lung cancer prognosis, was

inhibited by GDNPs treatment, as reflected by decreased secretion of

overexpressed TP and downregulation of TP mRNA-level expression. In

addition, proteomic analysis results indicated that GDNPs affected pentose

phosphate pathway (PPP) activity, with ELISA results confirming that GDNPs

significantly reduced levels of PPP metabolic intermediates. Results of this

study also demonstrated that GDNPs-induced downregulation of TP

expression led to PPP pathway inhibition and repression of lung cancer cell

metastasis, warranting further studies of nano-drugs as a new and promising

class of anti-cancer drugs.
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Introduction

Lung cancer, a major threat to human health and survival,

accounts for the highest cancer incidence and mortality rates

worldwide (1). In fact, nearly 80% of lung cancer patients are

diagnosed during advanced stages of the disease, with very poor

prognosis for most patients resulting from disease recurrence

and distant metastasis. Non-small cell lung cancer (NSCLC)

accounts for approximately 85% of all lung cancer cases (2, 3).

During NSCLC disease progression a critical process occurs,

epithelial mesenchymal transition (EMT), that endows the cells

with enhanced migratory ability, invasiveness, and metastatic

capability, thereby increasing cancer cell survival rates (4).

The root of Panax ginseng C.A. Meyer (Araliaceae) is famous

for its many pharmacological properties that stem from

regulatory activities of its constituent components of signal

pathways related to inflammation, oxidative stress ,

angiogenesis, and cancer metastasis (5, 6). In recent years, it

has been reported that ginseng extract has good efficacy as a

cancer treatment, due to antitumor activities of components that

include Rh2, Rg3, and Rg5 saponins. However, mechanisms

underlying ginseng antitumor effects are still only partially

understood (7–9).

Physiological cell-to-cell communication is essential for

maintaining tissue homeostasis and biological integrity, with

most cell-to-cell communication coordinated through multiple

informational exchange mechanisms (10, 11). In recent years,

nanovesicle-mediated cell communication has become a

research hotspot, since nanovesicles can transfer diverse types

of molecules from producing cells to target cells through

extracellular transport as special extracellular vesicles (EVs)

called exosomes (12). Plant exosome-like nanovesicles, nano-

sized particles, are known to play a role in cell communication

by transporting mRNA, miRNA, bioactive lipids, and multiple

proteins between cells that allow different cells to work together

as a functional unit. Importantly, nanovesicles can freely enter

target cells and thus are viewed as a potentially useful vehicle for

drug delivery (13–15). Recent studies have indicated that

exosome-like nanoparticles released from edible plants (grapes,

grapefruit, ginger, and carrots) have anti-inflammatory

properties that appear to alleviate inflammatory bowel diseases

(16–20), while ginseng-derived nanoparticles have been shown

to exert an immunomodulatory effect on murine macrophages

to inhibit tumor growth (21). Notably, lemon-derived

nanovesicles have been shown to trigger TRAIL-mediated

apoptosis that can effectively kill tumor cells (11).

Tumor cells can grow rapidly in an uncontrolled manner

that is related to reprogramming of tumor cell metabolism.

Unlike normal cells, which obtain energy from glycolysis and

aerobic respiration, most tumor cells can also obtain energy
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through the pentose phosphate pathway (PPP), due to a

phenomenon known as the Warburg effect. In fact, cancer

cells are known to rely significantly on the PPP pathway to

obtain energy and reducing equivalents needed for cell

proliferation, invasiveness, drug resistance, and metastasis that

enhance cell survival (22). Therefore, inhibition of the PPP

pathway may significantly prevent tumor cell proliferation and

metastasis (23). At the same time, cancer cells can also avoid

metabolic regulatory roadblocks by deleting or acquiring key

tumor suppressor genes and oncogenes, respectively (24, 25).

For example, Twist1, a key transcription factor associated with

tumor cell-associated EMT, promotes increased expression of

thymidine phosphorylase (TP), a rate-limiting PPP enzyme

belonging to the thymidine catabolic pathway. Importantly,

studies have demonstrated that TP is overexpressed in human

tumors, including those associated with non-small cell lung

cancer (NSCLC), with TP expression level shown to be

positively correlated with advanced-stage tumor metastasis and

poor prognosis (26, 27).

In this study, antitumor effects of GDNPs on five different

cancer cell lines were evaluated. The results demonstrated

that GDNPs exhibited excellent antitumor effects against

lung cancer-derived A549 and NCI-H1299 cells, warranting

further development of nano-drugs for use as anti-

cancer therapies.
Materials and methods

Cell culture

Cell lines used in this study, which included lines derived

from hepatocellular carcinoma cells (HpG2), lung cancer cells

(NCI-A549, hereafter referred to as A549 cells; NCI-H1299,

hereafter referred to as H1299 cells), breast cancer cells (MCF-7),

colorectal cancer cells (HCT-8), and pancreatic cancer cells

(PANC-1), were obtained from KeyGen Biotech (Nanjing,

China). All cells were cultured in RPMI 1640 or DMEM

media supplemented with 10% fetal bovine serum under

conditions of 37°C, 95% humidity, and 5% CO2 (hereafter

referred to as standard cell culture conditions). No primary

human tumor specimens were used in this study.
Plasmid construction and
cell transfection

The pcDNA3.1-TP plasmids were purchased from

GeneCopoeia (Guangzhou, China). TP enzyme inhibitor (TPI)

tipiracil (10mM,Meilunbio, China) was added to the medium for
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enzyme inhibition experiments. Plasmid vectors were

transfected into cells using Lipofectamine 2000 (Invitrogen,

Shanghai, China).
Isolation of GDNPs

For isolation of GDNPs, fresh ginseng roots were purchased

from Panax Ginseng Base Co. (Songyuan, Jilin, China). After

roots were washed three times with deionized water at room

temperature (RT), roots were pulverized using a juicer to yield

juice. The resulting juice was centrifuged 300 × g for 30 min then

was filtered through a 0.45-mm membrane and the supernatant

was retained. Next, the supernatant was centrifuged at 2000 × g

for 20 min and the resulting supernatant was retained and

centrifuged at 10000 × g for 40 min through a 0.45-mm
membrane to remove large particles and fibers. Thereafter, the

supernatant was filtered through a 0.22-mm membrane then the

resulting pellet that contained GDNPs was resuspended. The

suspension was then concentrated by ultracentrifugation at

100000 × g for 60 min (Beckman at Optima XE-100,

Beckman, USA). Next, the pellet was resuspended in 100 mL of

pre-cooled vesicle isolation buffer (VIB, 20 mm MES, 2 mM

CaCl2, 0.1 M NaCl, pH 6), then the protein concentration of the

GDNPs preparation was determined using a BCA protein assay

kit (12, 28).
GDNPs characterization and nanoparticle
tracking analysis

GDNPs size distribution and concentration were determined

via nanoparticle tracking analysis (NTA), a method based on

light scattering properties of particles. NTA was conducted using

a Zetasizer Nano ZS90 system (Malvern Instruments, England)

equipped with a blue laser (405 nm) according to the

manufacturer’s instructions provided with the system.
Transmission electron microscope
analysis of GDNPs

For TEM, 10 mL of sample solution was loaded onto copper

mesh-coated carbon film then the sample was allowed to adsorb

to the film for 1 min at room temperature. After removal of the

remaining solution by dabbing the film with filter paper, the

adsorbed sample was negatively stained with 10 mL uranyl

acetate for 1 min. Thereafter, the excess staining solution was

gently removed by dabbing the edge of the copper mesh with

filter paper then the mesh was allowed to air-dry. Imaging was

performed using a TEM system (HT-7700, Hitachi, Japan)

operated at 100 kV.
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PKH67 labeling of GDNPs

Isolated GDNPs were labeled with the green fluorescent,

lipophilic dye PKH67 (Umibio, UR52303) according to the

manufacturer’s protocol. Briefly, to prepare the fluorescent

dye, 1 mL PKH67 and 9 mL Diluent C were mixed and added

to GDNPs then the mixture was incubated in the dark at RT for

10 min. Next, 1 mL of PBS was added then the mixture was

ultracentrifuged at 100000 × g for 17 min and the supernatant

was discarded. The pellet containing fluorescently labeled

GDNPs was washed three times with phosphate-buffered

saline (PBS) and 10 mL was removed and analyzed for protein

content using a BCA protein assay kit. Next, PKH67-labeled

GDNPs were added to A549 cells (5 × 105/well) grown to 70%

confluence in wells of in 24-well sterile were incubated for 0 h,

6 h, or 12 h. After incubation, the co-cultured cells and GDNPs

in wells of plates were washed three times with PBS, fixed in 4%

paraformaldehyde (PFA) at RT for 30 min, washed three times

with PBS, then were stained with DAPI for 5 min. Images were

taken of cells viewed under a Nikon confocal microscope.
Flow cytometry

An A549 cell suspension (2 × 106 cells/well) was inoculated

into 6-well plates followed by incubation of plates under normal

culture conditions for 24 h. After incubation, PKH67-labeled

GDNPs were added to cells followed by incubation as mentioned

above for 6 or 12 h. Cells were collected then washed twice with

PBS after centrifugation at 1000 rpm for 5 min. Cell samples

were prepared and analyzed using a FACSAria™ II system (BD

Biosciences, USA).
Cell viability assay

After A549 and H1299 cells (4-6 × 103/well) were cultured

overnight in 96-well plates, various concentrations of GNDPs

were added to wells then the plates were incubated for 48 h

under normal cell culture conditions. Next, cytotoxicity was

determined via MTT assay whereby 10 mL of MTT solution (5

mg/mL) was added to each well then plates were incubated for

4 h. Next, 100 mL DMSO solution was added per well then

absorbance values of wells were measured at 490 nm using a

spectrophotometer, with untreated cells serving as the

negative control.
Wound healing assay

Cells were seeded into wells of 24-well plates (5 × 105 cells/

well). to create a confluent monolayer. Next, a scratch wound
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was made in the monolayer in a straight line using a 200-mL
pipette tip. The cells adhering to plates were removed and

incubated with serum-free medium containing GDNPs (40 or

80 µg/mL). Images of wounds were captured under a microscope

at 0 h and 48 h.
Cell invasion assay

Cell invasion capacity was assessed using transwell plates

containing membrane inserts with 0.8-mm pores (Corning,

USA). Membrane inserts were coated with Matrigel (BD

Biosciences) then complete culture medium (600 µL) was

added to the lower chamber followed by insertion of

membrane inserts into transwell plates. Next, 200 mL of cell

suspension in serum-free medium (1 × 105 cells/mL) with or

without GDNPs was added to the upper chamber. After 24 h of

incubation under standard cell culture conditions, non-invasive

cells were removed from the upper chamber with a cotton swab

then remaining cells on membrane inserts were fixed in 4% PFA

for 15 min at RT. Next, cells were stained with 0.1% crystal violet

solution for 20 min. Cell invasion was visually assessed

microscopically based on counting of cells in five random

fields per well.
Cell adhesion assay

Cells adhesion was assessed using 96-well plates coated with

Matrigel (30 mL/well). GDNPs-treated cell suspensions (5 × 104)

were added to wells then plates were incubated for 2 h. After

non-adherent cells were removed by washing with PBS,

remaining adherent cells were fixed in 4% PFA for 10 min

then were stained with 0.1% crystal violet solution for 10 min

then cell adhesion was observed under a microscope for five

randomly selected fields per well.
Colony formation assay

A549 and H1299 cell suspensions were seeded at 400 cells/

well in 6-well plates then medium containing GDNPs was added

to wells and replaced every 3 days. After 12 days of incubation,

cell colonies that had formed were fixed in 4% PFA and stained

with 0.1% crystal violet solution as described above. A digital

camera was used to record images of stained cells.
Tube formation assay

Wells of 96-well plates were coated with Matrigel (40 mL/
well, 0.3 mg/ml, BD, USA) then plates were incubated under
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standard cell culture conditions for 2 h. Next, A549 and H1299

cell suspensions pretreated with GDNPs were added into

Matrigel-coated plate wells then plates were incubated for 8 h

under standard cell culture conditions. After incubation, tube

formation ability of cells was evaluated based on images of cells

obtained under a microscope.
Immunofluorescent staining

Cells were seeded into wells of 24-well plates at an

appropriate concentration and incubated at 37°C overnight.

After treatment of cells with various concentrations of GDNPs

for 24 h, cells were fixed in 4% PFA for 10 min, permeabilized

in 0.1% Triton X-100 for 20 min, and washed three times with

PBS-T (3 min/wash). Next, cells were blocked in 3% BSA for

1 h then were incubated overnight with primary antibody

(anti-E-cadherin or anti-vimentin antibody) diluted 1:200

(Affinity) at 4°C. After three PBS washes, cells were

incubated with Alexa Fluor 546-conjugated secondary

antibody at RT for 2 h in the dark. Finally, nuclear staining

was performed by incubation of cells with DAPI for 5 min.

Images of labeled/stained cells were obtained using a laser

scanning confocal microscope.
Western blot analysis

Cells were lysed in radioimmunoprecipitation buffer (RIPA)

containing halt protease and phosphatase inhibitor cocktail for

10 min on ice then were centrifuged at 12000 rpm for 15 min.

Next, equal amounts of protein were separated by SDS-PAGE

and transferred to PVDF membranes. Thereafter, membranes

were blocked with 5% milk solution for 1 h then were incubated

with primary antibodies specific for Twist1, E-cadherin,

vimentin, or GAPDH (diluted 1:1000) at 4°C overnight. Next,

membranes were washed then incubated with appropriate HRP-

conjugated secondary antibodies at RT for 2 h. Finally, antibody-

bound proteins were visualized on membranes using an

enhanced chemiluminescent (ECL) kit.
Quantitative real-time PCR

Total RNA isolation from A549 cells was performed using

TRIzol Reagent (Invitrogen, USA) then cDNA synthesis was

performed using a cDNA reverse transcription kit (TIANGEN,

China). Next, quantitative real-time PCR (qRT-PCR) was

performed using a 2× Taq Plus PCR MasterMix kit

(TIANGEN, China) and PCR primers with sequences as listed

in Table 1.
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Mass spectrometric analysis and
bioinformatics analysis

Mass spectrometric assays were performed as previously

reported with modifications (29). First, GDNPs frozen in

liquid nitrogen were ground into powder then the powder was

transferred to a centrifuge tube. Subsequently, a volume of lysate

buffer equivalent to 4-times the powder volume was added to the

powder then the mixture was sonicated three times on ice

followed by centrifugation 2000 × g for 10 min to remove

debris. Next, precooled (-20°C) 20% TCA was added to the

supernatant followed by gentle mixing and incubation at -20°C

for 2 h to allow precipitation to occur. Finally, the mixture was

centrifuged at 12000 × g for 10 min then the supernatant was

removed and the precipitate was washed three times with pre-

cooled acetone (-20°C). The remaining protein-containing solid

was dissolved in 8 M urea and the protein concentration was

determined using a BCA kit according to the manufacturer’s

instructions. Next, the Gene Ontology (GO)-annotated

proteome was obtained using the UniProt-GOA database

(https://www.ebi.ac.uk/GOA/). First, the identified protein ID

was converted to a UniProt ID, then each protein was mapped to

a GO ID based on its UniProt ID. Subsequently, each protein

was assigned a Gene Ontology functional classification based on

three categories: biological process (BP), cellular component

(CC), or molecular function (MF). Kyoto Encyclopedia of

Genes and Genomes (KEGG) biological pathway analysis

(https://www.genome.jp/kegg/pathway.html).
Enzyme-linked immunosorbent assay

Cell culture supernatants collected from A549 and H1299

cell cultures were analyzed for human thymidine phosphorylase

(TP) and ribulose-5-phosphate (Ru5P) contents using ELISA

kits (J&l Biological, China) in accordance with the

manufacturer’s instructions.
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G6PD activity assay and
NADP+/NADPH assay

A549 cells were seeded into wells containing culture medium

and cultured for 24 h. Next, cells were lysed, cell lysates were

centrifuged, then supernatants were collected. G6PD activity of

supernatants was determined using a kit (Beyotime, China)

according to the manufacturer’s instructions based on

absorbance values measured at 450 nm. G6PD activity was

proportional to NADPH concentration, as determined using a

NADP+/NADPH Assay Kit (Beyotime, China) according to the

manufacturer’s instructions.
Cancer genome atlas -based data
analysis

Representative immunohistochemical assay images were

downloaded from the Human Protein Atlas (https://www.

proteinatlas.org) image archive. Lung cancer patient data

were downloaded from The Cancer Genome Atlas Lung

Adenocarcinoma (TCGA-LUAD) database (https://portal.

gdc.cancer.gov/projects/TCGA-LUAD) and additional data

were obtained from The Tumor Immune Estimation

Resource 2.0 (TIMER2.0) database, a publicly available

repository of data related to tumor immunity and tumor

gene expression (http://timer.cistrome.org/). For data

analysis, first the Gene DE module was used to study

differential expression of TP among various types of tumors

then the Gene Corr module was used to verify correlations

between TP and Twist1 expression based on Spearman analysis

of LUAD data. Kaplan-Meier Plotter (https://kmplot.com/

analysis/) was used for prognostic analysis. Based on the

median TP expression level, patient samples were divided

into two groups then the two groups were compared with

respect to overall survival (OS), first-progression (FP) survival,

and post-progression survival (PPS).
TABLE 1 PCR primer sequences.

Gene Forward primer ((5′- to 3′)) Reverse primer (5′- to 3′)

E-Cadherin CGAGAGCTACACGTTCACGG GGGTGTCGAGGGAAAAATAGG

Vimentin GACGCCATCAACACCGAGTT CTTTGTCGTTGGTTAGCTGGT

Twist1 GTCCGCAGTCTTACGAGGAG GCTTGAGGGTCTGAATCTTGCT

snail TCGGAAGCCTAACTACAGCGA AGATGAGCATTGGCAGCGAG

Slug TGGTCAAGAAACATTTCAACG GGTGAGGATCTCTGGTTTT GG

TP CACATGCAGCAACCAGTCCA GGGAGAAGCCTTGGTAGGGT

GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
frontiersin.org

https://www.ebi.ac.uk/GOA/
https://www.genome.jp/kegg/pathway.html
https://www.proteinatlas.org
https://www.proteinatlas.org
https://portal.gdc.cancer.gov/projects/TCGA-LUAD
https://portal.gdc.cancer.gov/projects/TCGA-LUAD
http://timer.cistrome.org/
https://kmplot.com/analysis/
https://kmplot.com/analysis/
https://doi.org/10.3389/fonc.2022.942020
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Yang et al. 10.3389/fonc.2022.942020
Statistical analysis

For each study involving A549 and H1299 cells, three

independent experiments were performed and statistical

analysis of results was conducted using GraphPad Prism. All

data in the study were evaluated using SPSS 24.0 statistical

software. For each group were analyzed by one-way analysis.

Measurement data were expressed as means ± SD (X ± SD). A

difference of P< 0.05 was considered statistically significant.
Results

Isolation and characterization of
ginseng-derived nanoparticles

First, we prepared plant-derived GDNPs by extracting juice

from ginseng roots followed by processing of juice via

centrifugation and filtration to isolate GDNPs. The result

showed that GDNPs have an intact membrane and clearly

visible the vesicle-like structure, and was generally spherical by

Transmission electron microscopy (TEM) (Figure 1A).

Meanwhile, Nanoparticle Tracking Analysis (NTA) revealed

that the average diameter of GDNPs was about 119.7 nm,

accounting for more than 93.5% of the total particle size, and

also revealing a total particle concentration of 7.7E+6 particles/

mL (Supplementary Table 1, Figures 1B, C). After GDNPs

protein concentration was quantified using a BCA protein

assay kit, GDNPS at various concentrations were evaluated for

anticancer effects against five types of cancer cells (HepG2,

HCT-116, A549, PANC-1, and MCF-7). Notably, results of

MTT assays revealed that the GDNPs IC50 for A549 cells was

approximately 80 µg/mL, a lower value than values obtained for

the other cell lines (Figure 1D). To confirm this GDNPs effect on

A549 cells, we also evaluated A549 cell uptake of PKH-67-

labeled GDNPs by incubating A549 cells with 10 mg of PKH-67-

labeled GDNPs for 0 h, 6 h, or 12 h. Immunofluorescence

staining results demonstrated increased uptake with longer

incubation times (Figure 1E, Supplementary Figure 1A). The

results of flow cytometric analysis showed an increase in

percentage of GDNPs-containing cells over time, as reflected

by increasing absorption efficiency with time (Supplementary

Figures 1B, C).
GDNPs treatment inhibited cancer cell
migration and proliferation activities

Next, we studied GDNPs effects on cell migration using a

wound-healing assay. Results of wound-healing assays indicated

that GDNPs most significantly inhibited migration of A549 cells
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as compared to effects on migration of other cancer cell types

(Figures 2A–F).
GDNPs treatment inhibited migration,
invasion, clonal formation, and adhesion
of human NSCLC cells

Based on findings of this study showing that GDNPs exerted

excellent antitumor effects on A549 lung cancer cells, we next

investigated whether GDNPs could exert additional antitumor

effects on NSCLC cell-derived cells (A549 and H1299) in order

to better understand mechanisms underlying GDNPs antitumor

effects. First, GDNPs were assessed for their ability to inhibit

migration and invasion activities of A549 and H1299 cells. Based

on wound-healing assay results, GDNPs treatment resulted in

significantly greater inhibition of migration of both cell types at

48 h as compared with results obtained for the untreated control

group (Figure 3A). We next determined whether GDNPs could

inhibit lung cancer cell invasion and adhesion activities. The

results revealed that GDNPs were able to inhibit cell invasion

and cell adherence (as based on cell numbers obtained in each

assay) in a dose-dependent manner as compared to

corresponding results obtained for the untreated group

(Figures 3B, C). In addition, a cloning formation assay was

performed that revealed that GDNPs inhibited cell clone

formation ability in a dose-dependent manner (Figure 3D).
GDNPs treatment of human NSCLC cells
inhibited adhesion tube formation and
reduced levels of EMT-related markers

Emerging evidence has confirmed that EMT is associated

with increases in migration, invasion, and unique vasculogenic

mimicry (VM) abilities associated with aggressive cancer cells

such as NSCLC cells. To elucidate the mechanism associated

with GDNPs-mediated inhibition of metastatic activities of A549

and H1299 cells, effects of GDNPs treatment on EMT were

evaluated. First, A549 and H1299 cells were treated with various

doses of exosomes for 24 h. Next, the GDNPs effect on cell VM

formation was investigated using tube formation assay, with

results revealing that GDNPs treatment significantly reduced the

number of tube-like structures as compared to numbers in the

untreated control group (Figures 4A, B). Additionally,

immunofluorescence assay results showed that GDNPs

treatment led to significantly increased expression of epithelial

cell marker E-cadherin and decreased expression of

mesenchymal cell marker vimentin in a dose-dependent

manner (Figures 4C, D). Moreover, qRT-PCR results revealed

GDNPs treatment-induced decreases in levels of transcription
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factor proteins Twist1, Snail, and Slug (Figures 5A, B), while

Western blot results revealed that E-cadherin and vimentin

p ro t e i n e xp r e s s i on l e v e l s we r e con s i s t en t w i t h

immunofluorescence assay results showing GDNPs inhibition

of Twist1 expression (Figures 5C, D). Therefore, these results

collectively suggest that GDNPs inhibited both EMT occurrence

and VM channel formation in lung cancer cells.
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TP mRNA and protein levels were
reduced after GDPNs treatment of A549
and H1299 cells

Previous studies had confirmed that main metabolic

pathways associated with TP expression included the PPP

and glycolysis, whereby TP expression was positively
A

B

E

C D

FIGURE 1

Characterization of nanoparticles derived from ginseng root. (A) The morphology of GDNPs was observed by TEM, scale bar = 100 nm (n = 3).
(B) Nanoparticle tracking analysis (NTA)-based determination of GDNPs number and size distribution (n = 3). (C) GDNPs concentration
expressed as percentage per batch (n = 3). (D) GDNPs effects on cell viability of HepG2, HCT-116, A549, PANC-1, and MCF-7 cells as analyzed
via MTT assay. (E) Confocal microscopic image showing internalization of PKH-67-labeled GDPNs by A549 cells at indicated timepoints. Data
are presented as the mean ± SD of three experiments.
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correlated with tumor stage, metastasis, and poor prognosis

(30, 31). Due to the fact that TP enzymatic activity is required

for angiogenesis, tumor growth and metastasis, we verified

effects of GDNPs treatment on TP expression by measuring cell

contents of TP protein and TP-encoding mRNA. ELISA results

showed that GDNPs treatment of A549 and H1299 cells
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significantly inhibited cellular secretion of overexpressed TP

protein, as did treatment of cells with TPI (Figure 5E); similar

results were obtained for TP mRNA levels (Figure 5F).

Therefore, we hypothesized that GDNPs inhibited lung

cancer metastasis by downregulating TP as a potential

anticancer strategy.
A B

E F
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FIGURE 2

Effect of GDNPs on cancer cell migratory ability. (A) Analysis of A549 cells via wound-healing assay. (B) Analysis of HCT-116 cells via wound-healing
assay. (C) Analysis of HepG2 cells via wound-healing assay. (D) Analysis of PANC-1 cells via wound-healing assay. (E) Analysis of MCF-7 cells via wound-
healing assay. Images were acquired at 0 and 48 h. (F) Quantitative analysis of wound-healing assay data. Images were captured at 0 h and 48 h after
wound formation, then the mean (%) change in width of the wound during healing was calculated by comparing wound width after 48-h healing
(closure) to wound width at 0 h. Data are presented as the mean ± SD of three experiments (*P < 0.05).
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FIGURE 3

GDNPs inhibited human NSCLC cell migration, invasion, and colony formation. (A) GDNPs significantly inhibited migratory abilities of A549 and
H1299 cells as compared with the untreated group cells as measured via the wound healing assay. (B) GDNPs significantly inhibited invasion
abilities of two lung cancer cell lines as compared with the untreated group cells as measured vis the transwell assay. (C) GDNPs inhibited the
adhesion of A549 and H1299 cells. (D) GDNPs inhibited colony formation by A549 and H1299 cells. GDNPs-H designates GDNPs at high
concentration (60 mg/mL) and GDNPs-L designates GDNPs at low concentration (30 mg/mL). Statistical results are summarized in the right
panel. Data are presented as the mean ± SD of three experiments (*P < 0.05 and **P < 0.01).
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Association of TP with clinical
characteristics of lung cancer patients

To further elucidate the role of TP in lung cancer patient

survival, we compared TP expression levels of different tumor

types to TP expression in normal tissues based on data obtained

from the TIMER2.0 database. Results of this analysis

demonstrated higher TP expression levels in lung cancer cells

versus normal lung cells (Figure 6A). In addition, we also
Frontiers in Oncology 10
49
obtained data from the Human Protein Atlas database to

compare TP expression levels, as determined using

immunohistochemical analysis, between lung cancer tissues

and adjacent normal tissues. The results revealed that TP was

expressed at higher levels in tumor tissues than in adjacent

normal (non-tumor) tissues (Figure 6B). Concurrently, analysis

of TCGA results (Normal n = 59, Tumor n = 53) showed that TP

mRNA-level expression was higher in tumor tissues than in

normal tissues (Figure 6C). Next, we analyzed the relationship
A B
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D

FIGURE 4

GDNPs treatment inhibited VM formation and reversed EMT biomarker changes. (A, B) Tube formation revealing decreased VM formation
following GDNPs treatment, with statistical results summarized in panels to the right (C, D) Immunofluorescence assays revealed increased E-
cadherin expression and decreased vimentin expression as compared with untreated group cells. Data are presented as the mean ± SD of three
experiments (*P < 0.05).
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FIGURE 5

GDNPs treatment reduced levels of EMT-related makers and TP expression. (A, B) Expression of genes encoding epithelial and mesenchymal
marker proteins in A549 and H1299 cells as measured via qRT-PCR after treatment of cells with GDNPs for 24 h. (C, D) Western blot results
showing A549 and H1299 cells treated with GDNPs exhibited relatively decreased levels of vimentin and Twist1 and increased E-cadherin level
as compared to untreated cells. (E) Results of qRT-PCR analysis showing expression levels of TP mRNA in A549 and H1299 cells. (F) Enzyme-
linked immunosorbent assay results showing TP levels in medium of cultured cells. Data are presented as the mean ± SD of three experiments
(*P < 0.05 and **P < 0.01).
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between TP expression and lung cancer patient prognosis. The

results revealed that TP expression level was significantly and

positively correlated with Twist1 expression in lung cancer cells

(Figure 6D). Moreover, results of Kaplan–Meier analysis of

microarray data showed that high TP expression was

associated with poor prognosis, as reflected by low OS, PPS,

and FP values associated with lung cancer patients

(Figures 6E-G).
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Proteomic analysis of GDNPs

Analysis of GDNPs proteins led to identification of proteins

belonging to all three GO categories of Biological Process (BP),

Cellular Component (CC), and Molecular Function (MF). GO

analysis results revealed that: BP protein functional terms were

mainly associated positive regulation of catabolism, small molecule

metabolism process, intracellular protein transport, ribose
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FIGURE 6

Lung cancer patient tissue TP levels as an indicator of poor prognosis. (A) High-level TP expression in lung cancer tissues. (B, C) Representative
images derived from immunohistochemical staining of normal and lung cancer tumor tissues showing high tumor cell TP levels. (D) Correlation
between TP and Twist1 expression levels. (E) Overall survival (OS). (F) First-progression survival (FP). (G) Post-progression survival (PPS). Data
were obtained from the Human Protein Atlas and the TIMER2.0 database. (*P < 0.05 and **P < 0.01 and *** P < 0.001).
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phosphate metabolic process, and small molecule biosynthesis

process functions (Figure 7A); CC terms were mainly associated

with cell-cell junction and endomembrane system functions

(Figure 7B); and MF terms were mainly associated with small

molecule binding, drug binding, coenzyme binding, and transferase

activity functions (Figure 7C). We then investigated possible

biological roles of exosome proteins based on KEGG pathway

analysis. The results of KEGG analysis revealed that exosome

proteins were mainly involved in several metabolic pathways,

including the TCA cycle, PPP, pyruvate metabolism, and several

other pathways (Figure 7D).
GDNPs reduced PPP activity by blocking
the warburg effect in NSCLC cells

G6PD is the rate-limiting enzyme within the PPP, a pathway

that serves as the main source of reducing equivalents (NADPH)

and pentose phosphate needed for tumor cell activities. To
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investigate effects of GDNPs on PPP metabolism in NSCLC

ce l l s , we added the e ff ec t ive ant imetabo l i c drug

aminonicotinamide (6-AN, G6PD inhibitor) and TP

expression to investigate GDNP effects on cellular levels of

NADPH and PPP rate-limiting enzyme G6PD and production

of PPP intermediate metabolite R-5-P. The results showed that,

as compared with the control, treatment of cells with GDNPs

significantly inhibited G6PD expression and reduced cellular

NADPH levels (as reflected by a decrease in the NADP

+/NADPH ratio). Meanwhile, compared with the GDNPs

treatment group, with more pronounced inhibition observed

when cells were treated with both GDNPs and 6-AN than when

either treatment alone, but TP expression group attenuated the

inhibitory effect of GDNPs. In addition, we measured levels of

the PPP intermediate metabolite R-5-P. The results showed that

GDNPs could effectively inhibit production of R-5-P, with the

combination of GDNPS and 6-AN also significantly reducing

production of intermediate metabolites (Figure 8A).

Furthermore, results showing the effect of PPP activity on
A B

C D

FIGURE 7

Results of proteomics analyses showing GDNPs effects on pentose phosphate pathway (PPP) activity. GO annotation results are listed under
three main categories: (A) Biological Process. (B) Molecular Function. (C) Cellular Component. (D) KEGG pathway annotation analysis.
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migration of lung cancer cells revealed that treatment of A549

and H1299 cells with GDNPs in combination with 6-AN

significantly inhibited cell migration and TP expression group

attenuated the inhibitory effect of GDNPs (relative to results
Frontiers in Oncology 14
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obtained for the GDNPs group) (Figures 8B-E). Taken together,

these results suggest that PPP is one of the key metabolic

pathways affected by GDNPs -induced downregulation of

TP expression.
A

B

E

C

D

FIGURE 8

GDNPs and 6-AN can synergistically inhibit pentose phosphate pathway activities. (A) Contents of NADP+/NADPH and relative G6PD activities in
A549 and H1299 cells of control and treated groups. Detection of contents of intermediate pentose phosphate pathway metabolites in A549
and H1299 cells treated with GDNPs and 6-AN. (B-E) Effect of GDNPs and 6-AN on migration and invasion of A549 and H1299 cells. Images
were obtained at 200× magnification. Cells were then treated with 6-AN (50 µM). Data are presented as the mean ± SD of three experiments
(*P < 0.05 and **P < 0.01).
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Discussion

Lung cancer, a life-threatening oncological disease, is the

leading cause of cancer-related deaths worldwide. It is well

known that the majority of oncologic-related deaths are not

caused by primary tumors but are instead caused by metastatic

tumors (32, 33). The core process that is generally thought to

drive tumor metastasis is the epithelial-mesenchymal transition

(EMT), a process by which cells lose epithelial characteristics

associated with low metastatic potential and gain mesenchymal

cell characteristics associated with high metastatic potential (34).

Main EMT hallmarks include loss of functional E-cadherin and

overexpression of vimentin (35).

Extracellular vesicles (EVs) of mammalian cells, which can

be internalized via endocytosis or phagocytosis, fuse with the

target cell membrane then deliver their contents into the cytosol

to influence cellular physiological and pathological processes

(e.g., cancer, inflammatory bowel disease, and degenerative

diseases) (36, 37). However, before EVs can be used to treat

human diseases, challenges remain despite recent progress made

in understanding EVs formation and secretion processes (38).

Nevertheless, as compared to animal EVs, nanoparticles derived

from edible plants are nontoxic, have low immunogenicity, can

cross the blood-brain barrier, have target tissue specificity, can

be internalized at high levels, and can be produced in large

quantities (39, 40). To our knowledge, to date no applications of

plant-derived nanoparticles for use in blocking cancer

development have ever been described. This is surprising, due

to the fact that from medicinal and functional perspectives,

herbal nanoparticles appear to be easily internalized by

mammalian cells and thus are amenable to experimental study

for determining whether they can mediate cross-species

communication (41).

In this study, we evaluated the integrity and size of GDNPs

by TEM and NTA analysis. The results showed that GDNPs

were in nanometer scale and have intact membranes with an

average diameter of GDNPs was about 119.7 nm. Furthermore,

our results revealed that GDNPs are stable and capable of

functionally engaging in cross-species communication. In

particular, here we demonstrated for the first time that

GDNPs could be used to selectively inhibit growth of various

types of cancer cells, while also significantly reducing migratory,

infiltration, and clone formation abilities of A549 and H1299

lung cancer-derived cells. Moreover, GDNPs treatment also

inhibited EMT and VM processes, upregulated E-cadherin

expression, and decreased expression levels of vimentin and

Twist1 to achieve an overall excellent antitumor effect.

Previous results reported by researchers associate with this

study found that Twist1 production depends on TP-induced

reprogramming of tumor metabolism to promote HCC cell VM

formation and metastasis by invoking the pentose Warburg
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effect, thereby promoting tumor development (30). In this

study, analysis of clinical data also revealed that high-level TP

expression was positively correlated with low NSCLC patient

prognostic indicator values for OS, PPS, and FP. The PPP, a

major glucose metabolic pathway that is upregulated in cancer

cells, depends on TP activity to convert pentose into glycerol-3-

phosphate (G-3-P), a glycolytic pathway intermediate that links

pentose metabolism with the glycolytic pathway. The results

confirmed that GDNPs can inhibit PPP activity of lung cancer

cells to reduce PPP-associated energy generation and PPP

metabolic intermediates to ultimately inhibit tumor cell

proliferation and other tumor-associated physiological

processes. However, it remains to be determined whether

ginseng-derived nanoparticles (GDNPs) inhibit lung cancer

cell metastasis by downregulating TP expression through

mechanisms involving miRNA- or protein-based PPP

inhibition, warranting further study.

In summary, here we demonstrated for the first time that

GDNPs could exert antitumor effects that effectively inhibited

tumor cell proliferation, migration, invasion, and EMT

occurrence. Mechanistically, antitumor GDNPs effects may be

associated with downregulated TP expression resulting from

PPP inhibition. These findings provide insights to guide future

research on mechanisms underlying NSCLC progression and

describe a new class of nano-drugs with potential activities for

inhibiting cancer metastasis.
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Clinical applications of
circulating tumor cells in
hepatocellular carcinoma
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Yong Yan1* and Zhiming Li2*

1Department of General Surgery, Guangzhou Red Cross Hospital, Jinan University, Guangzhou,
China, 2Institute of Reproductive Health, Tongji Medical College, Huazhong University of Science
and Technology, Wuhan, China
Hepatocellular carcinoma (HCC) is a highly malignant tumor and ranked as the

fourth cause of cancer-relatedmortality. The poor clinical prognosis is due to an

advanced stage and resistance to systemic treatment. There are no obvious

clinical symptoms in the early stage and the early diagnosis rate remains low.

Novel effective biomarkers are important for early diagnosis and tumor

surveillance to improve the survival of HCC patients. Circulating tumor cells

(CTCs) are cancer cells shed from primary or metastatic tumor and extravasate

into the blood system. The number of CTCs is closely related to the metastasis

of various solid tumors. CTCs escape from blood vessels and settle in target

organs, then form micro-metastasis. Epithelial-mesenchymal transformation

(EMT) plays a crucial role in distantmetastasis, which confers strong invasiveness

to CTCs. The fact that CTCs can provide complete cellular biological

information, which allows CTCs to be one of the most promising liquid biopsy

targets. Recent studies have shown that CTCs are good candidates for early

diagnosis, prognosis evaluation ofmetastasis or recurrence, and even a potential

therapeutic target in patients with HCC. It is a new indicator for clinical

application in the future. In this review, we introduce the enrichment methods

andmechanisms of CTCs, and focus on clinical application in patients with HCC.

KEYWORDS

circulating tumorcells,hepatocellularcarcinoma,epithelial-mesenchymal transformation,
clinical application, detectionmethods
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Introduction

Hepatocellular carcinoma (HCC) accounts for about 90% of

all primary hepatic malignancies and is one of the most common

malignancies. HCC ranks as the sixth most common tumor and

its mortality ranks fourth in cancer-related death worldwide,

with a high incidence in Asia and Africa (1). Patients with early-

stage HCC may undergo curative therapies such as surgical liver

resection (LR), liver transplantation (LT) and local ablation. On

the other hand, patients with advanced-stage HCC usually

accept non-curative therapies such as transcatheter arterial

chemoembolization, radiotherapy and systemic therapies (2).

Due to the absence of obvious clinical symptoms in the early

stage of HCC, most patients are diagnosed with advanced HCC

for the first time. The existing methods are difficult to effectively

prolong the survival of patients, with a 5-year survival rate of less

than 20%. Therefore, the key to improving the prognosis of HCC

patients are to find effective means for early diagnosis,

surveillance response of treatment, and early intervention (3).

Currently, the diagnosis of HCC mainly depends on serum

markers, imaging examination and liver biopsy. Serum alpha-

fetoprotein (AFP) is the most widely used tumor marker for

early screening and surveillance progression of HCC,

nevertheless, it has unsatisfactory performance with a

sensitivity of only 60% and specificity of only 80% (4, 5).

The updated American Association for the Study of Liver

Disease (AASLD) guidelines no longer recommended AFP

testing as part of HCC diagnostic criteria (6). Other serum

markers, such as osteopontin, Golgi protein-73 or glypican-3

may offer information about the biological aggressiveness of

HCC, but they are not erratic and accurate enough to form

part of a screening strategy (7–9). Medical imaging methods

including B-ultrasound, computed tomography (CT), and

magnetic resonance imaging (MR) are recommended for the

diagnosis of HCC, however, those methods are difficult to

detect early-stage liver cancer with a diameter of less than 1

cm. Although liver biopsy can provide definitely a pathological

diagnosis, there is a debate on the widespread use of liver

biopsy due to the risks of bleeding and tumor seeding (10).

Therefore, we need to find effective markers for early diagnosis

and monitoring of recurrence and metastasis in patients

with HCC.

In recent years, liquid biopsy technology has gradually

emerged and has become one of the most promising methods

for early diagnosis and real-time progress assessment of

tumors with the advantages of non-invasive and repeated

sampling. CTCs, which are the most concerned tumor

detection method in liquid biopsy, is obtained from the

peripheral blood of patients and carry much comprehensive

tumor information for early diagnosis and monitoring of

tumors. CTCs were originally discovered in the blood of

breast cancer patients by Australian physicians Thomas
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Ashworth (11). CTCs are a very scarce sub-population of

cancer cells released from primary solid tumors or metastatic

sites into the peripheral circulation and eventually form

metastatic lesions in other target organs (12). The number

of CTCs in the circulating system is extremely rare (only a few

CTCs in billions of blood cells), a range of 0 − 86 CTCs were

detected in 5 mL of blood in HCC patients (13).

In the early stages, little is known about the characteristics

and phenotypes of CTCs, and the limitation of enrichment

technique leads to a big challenge for the detection of CTCs.

With the emergence of new technologies, the improvement of

existing technologies and the deepening of understanding of

oncology, the detection rate of CTCs has been greatly

improved. Currently, CTCs detection has been applied in

clinical trials on a small scale. The CellSearch system for

CTCs detection, the only approved technology by the US

Food and Drug Administration, has been used for breast,

lung, prostate and colon cancer (14–16). In recent years,

CTCs detection plays an increasingly important role in HCC

clinical management.

CTCs can not only provide information about abnormal

protein expression, genomic mutation and mRNA variation of

solid tumors, but also help people understand the mechanism

of tumorigenesis, metastasis and drug resistance from aspects

of cell morphology, migration ability and drug response (17–

19). Correspondingly, CTCs detection can be used for early

diagnosis, individualized treatment, and monitoring of

prognosis and recurrence (20). In HCC, rich blood is

present around the immediate vicinity of the tumor,

allowing thousands of CTCs to be released into the blood

circulation daily. CTCs carry a large amount of tumor

information and are used as a clinical biomarker for HCC.

In the present review, we introduce the enrichment methods

and different phenotypes of CTCs and focus on clinical

application in patients with HCC.
Enrichment and identification
of CTCs

About 106 CTCs fall off into the peripheral blood circulation

per gram of tumor primary or metastatic tissue daily, but more

than 99.99% of CTCs lose their activity under the attack of the

human immune defense system, and only <0.01% of CTCs can

survive (21). Every milliliter of blood contains only a few of

CTCs, while there are billions of normal blood cells, various

proteins, nucleic acids, carbohydrates and other substances. The

sensitivity of the enrichment effect is greatly affected by the

background interference. Most of the CTCs travel as individual

cell, but some as clusters, also known as micro-emboli. Micro-

emboli are more easily infiltrate distant tissues and form

metastases than individual cell in cancers (22–24). In addition,
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some CTCs can interact with platelets in the blood and

accomplish the phenotypic transformation of tumor cells,

resulting in poor prognosis (25, 26). A series of techniques

recently have been developed to separate and enrich CTCs from

complex background. The capture methods can be divided into

the physical techniques and biological techniques according to

the properties of CTCs.

Physical methods capture CTCs from erythrocytes and

leukocytes through the physical properties of CTCs, including

size, density, deformability, and electrical charge. Density gradient

centrifugation is based on the difference in density and

sedimentation rate between CTCs and blood cells. CTCs and

blood components are distributed to specific positions under a

certain centrifugal force (27). This method is simple to operate, but

is not widely used due to its low sensitivity, specificity and time-

consuming. Microfiltration is a physical method based on the

assumption that the diameter of tumor cells is too larger than

erythrocytes and leukocytes to pass through a filter with lots of

small pores (28, 29). However, some studies showed the cell-size

based microfiltration loss amount of small size CTCs, resulting in

false negative results (30–32). The CTCs ≤ 5mm are particularly

observed in a majority of HCC CTCs, which is lost during

microfiltration (30). Dielectrophoresis is a method to separate

CTCs from blood according to the difference of charge between

CTCs and other blood cells (33). Other physical separation and

enrichment techniques include microfluidic, acoustophoresis, et al.

(34, 35). CTCs enrichment based on physical properties enables

high-throughput, but these methods possess a low specificity and a

higher false-positive rate due to some blood cells may exhibit similar

physical properties to CTCs.

Biological methods capture CTCs based on cellular immune

characteristics that specific antibodies or ligands target to the

antigens presented on the cell membrane of CTCs. The affinity

ligands or antibodies are immobilized on microdevices or magnetic

beads to bind with antigens on the cell membrane of CTCs, which

achieve efficient and high-purity enrichment (36). Biological

methods can be divided into two subcategories: positive

techniques and negative techniques. Cellsearch system is the most

representative of positive enrichment methods, which is only

approved by the US Food and Drug Administration for the

detection of CTCs (16). This system employs immunomagnetic

beads coated with an antibody specifically against the epithelial Cell

adhesion molecule (EpCAM) antigens on CTCs cell surface, and

has already been applied in HCC (37–44). However, several types of

tumor cells express low level of EpCAM, and some CTCs may lose

the expression of EpCAM during the process of EMT (Figure 1).

This largely limits the sensitivity of Cellsearch system for EpCAM

negative tumor cells (45, 46). The negative enrichment method

employs immunomagnetic beads coated with CD45 antibodies to

bind the antigens on the surface of leukocytes, and then the binding

leukocytes are removed with the beads (47, 48). This indirectly
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enriching CTCs method makes up for the limitation that the

Cellsearch system is highly dependent on EpCAM. Additionally,

many research studies show that CTCs detection with a single

marker is inefficient. The combination of multiple markers and a

physical enrichment method could increase the sensitivity and

specificity of CTCs detection.

The most common method to identify CTCs are through

immunofluorescence (IF), which provides the size and

morphology of CTCs (49). Other identification methods

includes flow cytometry (50), quantitative real-time PCR

(qRT-PCR) (51) and immunofluorescence in s i tu

hybridization (iFISH) (52). Now multiple detection

methods have been used together to improve enrichment

efficiency. Microfluidic chips achieve a high sensitivity and

specificity in the separation of CTCs by the combination of

cell size and immunoaffinity (53, 54). The CanPatrol system

combines microfiltration and RNA in situ hybridization,

which can simultaneously identify CTCs with EMT

phenotype and has been widely used in various tumors

including HCC (13, 22, 52, 55–61). A novel integrated

strategy, subtraction enrichment (SE)-iFISH, improved the

detection of HCC CTCs (30). EpCAM+ CTCs and EpCAM−

CTCs, each with different ploidy of chromosome 8, were

e f f e c t i v e l y d e t e c t e d i n p a t i e n t s w i t h

hepatobiliary malignances.
EMT and CTCs

Many evidence shows a strong relationship between EMT

and CTC. EMT is a dynamic process in which the epithelial

phenotype cells transition into mesenchymal phenotype cells

with the downregulation of epithelial markers (E-cadherin,

EpCAM) and upregulation of mesenchymal markers (N-

cadherin, vimentin) (62, 63). EMT is critical for embryonic

development and tissue repair under physiological conditions,

however, it is also thought to play a crucial role in tumor

progression by promoting tissue infiltration and metastases

(64, 65). EMT is a complex process involving multiple

signaling pathways and transcription factor regulation, the up-

regulation of mesenchymal genes and suppression of epithelial

genes lead to the transformation of cell morphology and

acquisition of stronger invasive migration capability (66).

Many changes in cellular shape and vitality, such as loss of

cellular polarity, the disappearance of intercellular adhesion, and

the acquisition of enhanced motility, which promote cells to fall

off from tumor tissues and invade into blood vessels (64, 67, 68).

EMT process facilitates the secretion of matrix metalloproteinase

(MMP), which degrades the extracellular matrix to cause cell

migration, tissue invasion and blood vessel infiltration (69).

EMT is believed to play an important role in tumor
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occurrence and progression. The studies have demonstrated that

the expression of EMT markers is associated with an aggressive

malignant phenotype and with poor prognosis in cancer patients

(65, 67, 70).

Recent studies found that tumor cells undergoing EMT are

associated with the acquisition of stem cell characteristics (71),

immunosuppression (72), resistance to radiotherapy (73) and

chemotherapy (74, 75). A recent study in patients with HCC

reported that the presence of mesenchymal phenotype CTCs

was significantly correlated with high AFP levels, multiple

tumors, advanced TNM stages, presence of embolus or

micro-embolus, and earlier recurrence (57). Another study

showed that mesenchymal phenotype CTCs were an

independent risk factor for early recurrence, indicating a

shorter postoperative disease-free survival in patients with

HCC (60).

EMT promotes the spread of cancer cells from the primary

tumor into the blood. Upon arrival at a suitable secondary

location, CTCs undergo the MET transformation from the

non-proliferative or low-proliferative migratory phenotype to a

proliferative type, resulting in distant metastasis (64, 67, 76). To

form micro-metastases or develop into metastatic cancers, CTCs

are considered to have a corresponding colonization ability in

the blood circulation (77, 78). The hypothesis proposes that

there may be a reversible switch between epithelial-

mesenchymal transition (EMT) and mesenchymal-epithelial

transition (MET) (79, 80). Contrary to the physiological

process of EMT, mesenchymal phenotype cells transform into

epithelial phenotype cells by recovery of intercellular adhesion
Frontiers in Oncology 04
60
and reduced mobility during MET, providing the ability of

distant colonization and establishment of metastases.
Biomarkers of CTCs in HCC

The biomarkers only expressed on the surface of liver tumor

cells and rarely or not expressed in blood cells, which are used

for CTCs detection in HCC patients. The biomarkers include

epithelial markers, EMT-related markers, hepatocytes and HCC

specific markers, and cancer stem-cell markers, as shown

in Table 1.
Epithelial markers

EpCAM is one of the most commonly used epithelial

markers on the cell membrane, and is widely used for isolating

CTCs from peripheral blood. EpCAM+ CTCs enriched by

CellSearch system were detected in a cohort of 29 patients,

including 20 in the HCC group and 9 in the control group (39).

A total of 7/20 (35%) HCC patients had more than two CTCs per

7.5 mL in peripheral blood. Although no patients with non-

malignant liver diseases were detected with CTCs, the presence

of CTCs was associated with AFP level and vascular invasion.

Sequence analysis of CTCs DNA showed that low frequency

variants exist in EpCAM+ CTCs. Another study consists of 197

HCC patients who underwent curative surgical resection and

show that EpCAM+ CTCs counts (≥3) were associated with
FIGURE 1

A schematic representation of epithelial mesenchymal transition (EMT). Cancer cells detach from the basement membrane and intravasate to
the nearby blood vessels as CTC and travel through blood vessels to a secondary site in a process described as metastasis. They get lodged in
different organs by a process termed as mesenchymal epithelial transition (MET).
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TABLE 1 Summary of clinical application of CTCs in HCC.

CTC Marker Method Specimen Main finding

Epithelial Marker

EpCAM CellSearch system 59 HCC;
19 BLD

CTCs were detected in 18/59 HCC patients and 1/19 in control patients. Patients with the presence of
CTCs had shorter OS. Schulze et al., 2013 (38)

EpCAM Negative
enrichment+ qRT-
PCR

122 HCC;
120 BLD

Preoperative CTC levels showed prognostic significance in HCC patients with surgical treatment.
Combined with the AFP level, the AUC was 0.857 with a sensitivity of 73.0% and specificity of 93.4%.
Guo et al., 2014 (51)

EpCAM Magnetic separation
+ IF

42 HCC;
10 BLD;
10 HV

Shedding of tumor cells during TACE did not affect the time to progression of HCC patients. Fang
et al., 2014 (81)

EpCAM CellSearch system 20 HCC;
9 BLD

CTCs were detected in 7 of 20 HCC and 0 of 9 BLD. The presence of CTCs was associated with AFP
levels and vascular invasion. Kelley et al., 2015 (39)

EpCAM CellSearch system 57 HCC HCC patients with CTCs before the operation had a higher risk of recurrence and shorter RFS.
Felden et al., 2017 (40)

EpCAM CellSearch system 139 HCC The increased postoperative CTC counts were significantly associated with the macroscopic tumor
thrombus status, shorter DFS and OS. Yu et al., 2018 (41)

EpCAM CellSearch system 309 HCC Preoperative CTC counts were correlated with microvascular invasion, and patients with positive
CTC should have enough surgical margins to protect against early recurrence. Zhou et al., 2020 (42)

EpCAM CellSearch system 344 HCC CTC-positive patients treated with adjuvant TACE had lower early recurrence, longer OS and time to
recurrence. Wang et al., 2020 (43)

EpCAM CellSearch system 197 HCC The postoperative CTC counts ≥3 were associated with postoperative extrahepatic metastases and
shorter median overall survival. Sun et al., 2020 (44)

EMT related Marker

Twist, Vimentin, ZEB1,
ZEB2, Snail, Slug,
ASGPRs, E-cadherin

Magnetic separation
+ IF

60 HCC CTCs were detected in 46/60 HCC patients. Co-expression of Twist and vimentin in CTCs was
closely correlated with portal vein tumor thrombus, TNM classification and tumor size. Li et al., 2013
(82)

EpCAM, Vimentin,
CK8/18/19

CanPatrol system 40 HCC;
124 other
cancers;
27 HV

CTCs were detected in 107/164 different cancer patients. The presence of mesenchymal CTCs tended
to occur in patients with metastatic stages in different types of cancers. Wu et al., 2015 (22)

EpCAM, Vimentin,
CK8/18/19, Twist

CanPatrol system 33 HCC;
10 HV

Epithelial-mesenchymal-mixed CTCs play an important role in EMT transition in HCC, mixed CTCs
might be a vital factor for intrahepatic metastasis, and mesenchymal CTCs had the potential to be a
predictor of extrahepatic metastasis. Liu et al., 2016 (56)

EpCAM, Vimentin, CK8/
18/19, Twist, E-cadherin,
AKT2, Snail,

CanPatrol system 195 HCC CTCs were present in 95% of HCC patients. Mesenchymal and hybrid CTCs were correlated with
ages, BCLC stages, metastasis, AFP levels and recurrence. Chen et al., 2017 (13)

EpCAM, Vimentin, CK8/
18/19, Twist

CanPatrol system 165 HCC CTCs were present in 70.9% of HCC patients. The presence of mesenchymal CTCs was significantly
correlated with high AFP levels, multiple tumors, advanced TNM and BCLC stage, presence of
embolus or micro-embolus, and earlier recurrence. Ou et al., 2018 (57)

EpCAM, CK8/18/19 CanPatrol sytem 80 HCC;
10 HV

Twist+ CTCs were detected in 54/80 HCC patients. The ratios of Twist+ CTCs were correlated with
advanced stage, rate of metastasis, recurrence and mortality. the prognostic evaluation of Twist+
CTCs was better CTCs alone. Yin et al., 2018 (58)

EpCAM, Vimentin,
E-cadherin, Twist, CK8/
18/19, BCAT1

CanPatrol system 112 HCC;
12 HBV;
20 HV

CTCs were present in 90.18% of HCC patients. Preoperative mesenchymal-CTC percentage ≥2% was
closely correlated with early recurrence, lung metastasis and multi-intrahepatic recurrence. Qi et al.,
2018 (59)

EpCAM, Vimentin,
E-cadherin, CK

CellSearch system
and qRT-PCR

73 HCC CTCs and circulating tumor micro-emboli burden in hepatic veins and peripheral circulation
predicted postoperative lung metastasis and intrahepatic recurrence, respectively. Sun et al., 2018 (83)

EpCAM, Vimentin, CK8/
18/19, Twist

CanPatrol system 62 HCC Mesenchymal CTCs and portal vein tumor thrombus were independent risk factors for early
recurrence. Patients with positive mesenchymal CTCs had significantly shorter postoperative disease-
free survival. Wang et al., 2018 (60)

EpCAM, Vimentin, CK8/
18/19, Twist

CanPatrol system 113 HCC;
57 BLD

All types of CTCs in patients with HCC were significantly more numerous than in BLD group
patients. The use of total CTCs was more effective than AFP for the diagnosis of HCC, the
combination of total CTCs and AFP could promote diagnostic sensitivity. Cheng et al., 2019 (61)

CK, CD45 Tapered slit
platform+ IF

105 HCC;
132 BLD

The changes in CTCs count before and after surgery was defined as DCTC, and the increased DCTC
was significantly associated with recurrence. Ha et al., 2019 (84)

Vimentin, Twist CanPatrol system 261 HCC The combination of PA-TACE and hepatic resection showed improved RFS and OS than hepatic
resection alone for mCTC-positive patients. Zhang et al., 2021 (52)

(Continued)
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postoperative extrahepatic metastases and shorter median

overall survival. The HCC patients with high number of CTCs

need more careful surveillance in early interventions (44).

EpCAM-based enrichment methods are not able to be used in

the enrichment of CTCs which express low level of EpCAM (95)

or lose expression of EpCAM during the process of EMT

(96, 97).
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EMT-related markers

According to the expression patterns during EMT process,

biomarkers are largely categorized into epithelial markers and

mesenchymal markers. Epithelial markers contain E-cadherin,

EpCAM and CK8/18/19. Mesenchymal markers include N-

cadherin, vimentin and some transcription factors such as
TABLE 1 Continued

CTC Marker Method Specimen Main finding

CK, CD45 MCA system + IF 31 HCC;
14 BLD;
7 HV

The ratio of positive CTCs in HCC was higher than that in BLD. The enumeration of CTCs was
associated with tumor stage and the presence of CTCs (≥10) tended to significantly reduce the
cumulative survival. Takahashi et al., 2021 (85)

EpCAM, CK19, p-CK ChimeraX®-i120
platform

193 HCC Postoperative CTC count ≥1 was correlated with tumor recurrence after LTx, and postoperative serial
CTC detection could be applied in surveillance for recurrence. Wang et al., 2021 (49)

Liver and HCC specific markers

ASGPR, Hep Par 1 Magnetic separation
+ IF

85 HCC;
37 BLD;
20 HV;
14 other
cancers

CTCs were present in 69/85 HCC patients, and no CTCs were detected in healthy, BLD or other
cancer groups. The detection rate and enumeration of positive CTCs were significantly associated
with tumor size, portal vein tumor thrombus and TNM stage. Xu et al., 2011 (86)

ASGPR, CPS1, P-CK Magnetic separation
+ IF

27 HCC CTCs were identified in 89% of HCC patients by this method, and no CTCs were found in the other
test subjects. Li et al., 2014 (87)

ASGPR, CPS1 negative enrichment
+ IF

32 HCC;
40 BLD;
20 HV;
17 other
cancers

CTCs with positive ASGPR and CPS1 were detected in 91% of HCC patients, and no CTCs were
found in healthy volunteers, BLD group and other cancer patients. Liu et al., 2015 (47)

CK, EpCAM, AFP, GPC3,
DNA-PK

imaging flow
cytometry method

69 HCC;
31 controls

CTCs were detected in 45/69 HCC patients and 0/31 controls, the enumeration of positive CTCs was
correlated with tumor size, portal vein thrombosis and shorter median survival. Ogle et al., 2016 (88)

TP53 CanPatrol system 42 HCC The postoperative CTC counts (> 2) and changes in CTC counts between preoperation and
postoperation could be independent prognostic indicators for PRS in patients with HCC. Ye et al.,
2018 (89)

ASGPR, GPC3 magnetically
assisted surface-
enhanced Raman
scattering

8 HCC;
5 HV;
5 other
cancers

The platform with dual labeling of ASGPR and GPC3 had an effective ability in detecting HCC CTCs
with a small number of peripheral blood samples in clinical diagnosis. Pang et al., 2018 (90)

GPC3 immunomagnetic
positive enrichment
+flow cytometry

85 HCC The preoperative GPC3-positive CTCs were a risk factor for microscopic portal vein invasion and
poor prognosis. Hamaoka et al., 2019 (50)

EpCAM, ASGPR Microfluidic
Synergetic-Chip

45 HCC The platform with dual labeling of EpCAM and ASGPR had an effective ability in detecting HCC
CTCs. CTCs were identified in 100% of HCC patients. Total CTCs and non-epithelial CTCs were
associated with advanced stage and malignant progression. Zhu et al., 2020 (53)

Stem-cell markers

CD90(+), CD44(+) Multicolor flow
cytometry

82 HCC Circulating CSCs > 0.01% was correlated with intrahepatic recurrence and extrahepatic recurrence,
also associated with lower RFS and OS. Fan et al., 2011 (91)

EpCAM, CD133, ABCG2 CellSearch system 123 HCC CSC biomarkers CD133 and ABCG2 were displayed in EpCAM positive CTCs. Sun et al., 2013 (92)

GPC3, CS, CD44, Hep
Par-1

The Labyrinth Chip
+IF

42 HCC CTCs were detected in 88.1% of HCC patients and CTCs with the expression of CD44 were observed
in 71.4% of HCC patients. CTCs with GPC3, CS and HepPar-1 markers had a cancer stemness
phenotype. Wan et al., 2019 (93)

Drug therapy monitoring

pERK, pAkt negative enrichment
+ IF

109 HCC HCC patients with pERK+/pAkt− CTCs were most sensitive to sorafenib. The proportion of pERK+/
pAkt− CTCs was significantly correlated with shorter PFS, and could be an independent predictive
factor in HCC patients treated with sorafenib. Li et al., 2016 (48)

CK, PD-L1 NanoVelcro Chip 87 HCC;
7 BLD;
8 HV

PD-L1+ CTCs were identified in 8.2% of early-stage patients, 54.5% of locally advanced and 93.8% of
metastatic patients. HCC patients with PD-L1+ CTCs had favorable treatment responses when
receiving anti-PD-1 therapy. Winograd et al., 2020 (94)
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ZEB1, ZEB2, twist, slug and Snail1 (98). Based on microfiltration

enrichment and RNA in situ hybridization, the CanPatrol system

captures CTCs and classifies them into epithelial phenotype,

mesenchymal phenotype and mixed phenotype (52). A

retrospective cohort study consists of 165 HCC patients who

underwent curative surgical resection, and show that more than

two preoperative CTCs were present in 117/165 (70.9%) of HCC

patients and the elevated CTC counts were correlated with poor

clinicopathological features (57). The presence of preoperative

mesenchymal CTCs was significantly correlated with multiple

tumors, high AFP levels, presence of embolus or micro-embolus,

advanced TNM and BCLC stage, and earlier recurrence. Another

recent study consists of 112 HCC patients who underwent surgical

resection, 12 HBV patients and 20 healthy volunteers (59). A total

of 101/112 (90.18%) HCC patients and 2/12 (16.67%) HBV

patients were detected with CTCs. Two of HBV patients who

were isolated CTCs and then were detected with small HCC

within five months, nevertheless, none of the healthy volunteers

were isolated CTCs. Preoperatively total CTCs or mesenchymal

CTCs were closely correlated with early recurrence, lung

metastasis and multi-intrahepatic recurrence. Mesenchymal

positive CTCs are a high risk of early recurrence. The

combination of epithelial and mesenchymal markers increases

the sensitivity and specificity of CTCs detection. CTCs expressing

EMT-related markers are significantly correlated with

clinicopathological features, which allows adequate stratification

for HCC patients’ management.
Hepatocytes and HCC specific markers

Serum AFP is a predictor of prognostic evaluation because

the high level of AFP is closely associated with HCC recurrence

and metastasis (2, 99). AFP is common biomarker for HCC

screening, however, in early HCC the detection rate of AFP is

only 25-65% (100). There is an urgent need of HCC specific

biomarkers in early detection. A number of hepatocytes and

HCC specific markers, including sialoglycoprotein receptor

(ASGPR), hepatocyte paraffin 1 (Hep Par 1), and glypican-3

(GPC3), show a diagnostic and prognostic value (47, 50, 53, 86–

88, 90).

A study consist of 85 HCC patients, 37 patients with benign

liver diseases, 14 patients with other cancers, and 20 healthy

volunteers (86). The immunomagnetic enrichment of ASGPR+

CTCs and subsequent identification by immunofluorescence

staining with Hep Par 1 antibody were illustrated to be an

effective strategy to identify CTCs from peripheral blood of HCC

patients. ASGPR is a protein expressed in the outer membrane of

hepatocytes and HCC cells. Hep Par 1 is a protein expressed on

the mitochondrial membrane of hepatocytes. By this method,

CTCs were present in 69/85 (81%) HCC patients, and no CTCs
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were detected in benign liver diseases, healthy volunteers, or

other cancer groups. The counts of CTCs were significantly

associated with tumor size, portal vein tumor thrombus and

TNM stage. Another study consists of 32 HCC patients, 40

patients with benign liver diseases, 20 healthy volunteers and 20

healthy volunteers (47). The negative enrichment method with

CD45 antibodies to remove leukocytes and subsequent

identification using a combination of ASGPR and CPS1

antibodies were conducted to identify CTCs from peripheral

blood of HCC patients. By this strategy, CTCs with positive

ASGPR and CPS1 were detected in 29/32 (91%) of HCC

patients, nevertheless, no CTCs were found in healthy

volunteers, benign liver diseases and other cancer groups.

Recently, Zhu and his colleagues designed and developed a

microfluidic Synergetic-Chip, which combined physical size

separation and immunological recognition (53). EpCAM and

ASGPR antibodies were respectively coated in two parallel

channels to capture CTCs, subsequently, enriched CTCs were

identified by immunofluorescence staining. By this method,

EpCAM or ASGPR positive CTCs were identified in 45/45

(100%) of HCC patients, and the sensitivity and specificity

achieve 97.8% and 100%. The specific markers combined with

EpCAM were also used and proved to be efficient in CTCs

detection (53, 101).
Cancer stem-cell markers

Cancer stem cells (CSCs) are a specific sub-population of

cancer cells in tumor tissue, which play an important role in the

occurrence and metastasis of carcinoma. The origin of cancer

stem cells remains controversial. One of the possible origins is

the transformation through mutation and de-differentiation

(102). These phenotypic changes are primarily the result of

fundamental changes in gene expression concomitant with a

diminished transcription of the relevant liver-specific genes, and

can be interpreted as a ‘de-differentiation’ of hepatocytes. During

the de-differentiation process, the overexpression of oncogenes

and inactivation of tumor suppressor genes lead to uncontrolled

excessive proliferation of cells and expression of stem cell

markers (103). Currently, it is difficult to distinguish CTCs

and CSCs due to the lack of a suitable markers. HCC cells and

liver cancer stem cells are also derived from the de-

differentiation of mature hepatocytes (103–105). Liver cancer

stem cells are a unique subset of hepatocellular carcinoma cells

with stem cell features and contribute to the disease recurrence,

drug resistance and death (98).

Circulating CSCs are a few subpopulations of CTCs, which

exhibit unlimited self-renewal and proliferation potential. They

are associate with increased aggressiveness and poor prognosis

(106). Some CTCs of peripheral blood of HCC patients
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expressed stem cell markers such as CD44, CD90, and CD133

(91–93). CD133+ CD44+ CSCs had been proved to be associated

with elevated serum AFP, serum transaminases and poorer

prognosis in HCC patients (107). Based on the detection of

CD90+ CD44+ CSCs by multicolor flow cytometry, the number

of preoperative CSCs in patients with recurrence were higher

compared with the patients without recurrence (91). Patients

with CD90+ CD44+ CSCs had lower RFS and OS. Thus,

preoperative CSCs can be used to predict post-hepatectomy

recurrence of HCC. EpCAM1+ CTCs of peripheral blood of

HCC patients showed high tumorigenic capacity and low

apoptotic tendency and expressed CSCs markers CD133+ and

ABCG2+ (92). Through physical enrichment by Labyrinth chip

and immunofluorescence staining using GPC3, CD44, and

HepPar-1 antibodies, CTCs were detected in 37/42 (88.1%) of

HCC patients, and CD44+ CTCs were identified in 30/42

(71.4%) of HCC patients (93). The detection rate of CD44+

CTCs was significantly higher in patients with advanced stages

than those with early stages.
Clinical application of CTCs in HCC

CTCs may transfer through hematogenous metastasis in

the early stage, so some HCC patients have distant

metastasis before receiving treatment, which leads to a

great challenge for HCC management. Therefore, early

diagnosis of HCC is the key to receiving the effective

treatment. Accumulated evidence indicates that CTCs

detection is of great significance for early diagnosis HCC.

Related detection markers, methods and clinical application

of CTCs are shown in Figure 2.
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Diagnosis and tumor staging

Many evidence indicates that CTCs detection with EMT-

related markers are useful for early diagnosis and staging.

EpCAM+ CTCs were detected in 18/59 (30.5%) HCC patients

and 1/19 (5.3%) individuals in the control group. The CTCs

detection rates of patients with different BCLC stages were

significant differences: stages A 1/9 (11.1%), B 6/31 (19.3%)

and C 11/19 (57.9%) (38). CTCs were detected in 101/112

(90.12%) of HCC patients, even at an early stage (59). Patients

with late BCLC stage had a higher mesenchymal phenotype

CTCs counts than those in early stage. Mesenchymal phenotype

CTCs counts (≥1) could be used to distinguish BCLC stage in

HCC patients (61). The combination of total CTCs and AFP

improve the sensitivity and specificity of 61.95% and 89.47%,

respectively. Twist+ vimentin+ CTCs were detected in 33/46

(69.6%) of HCC patients. The CTCs detection rates were closely

associated with tumor size, portal vein tumor thrombus, and

TNM classification (82). CTCs were detected in 185/195 (95%)

of HCC patients. The counts, mesenchymal and mixed

phenotype of CTCs were correlated with the clinicopathologic

features, such as ages, BCLC stages and AFP levels (13, 22, 52, 57,

58, 61).

HCC specific markers are efficient to detect CTCs clinically.

CTCs were identified in 24/27 (89%) HCC patients by specific

markers ASGPR, CPS1 and P-CK, and no CTCs were detected in

other test subjects (87). ASGPR+CPS1+ CTCs were detected in

29/32 (91%) of HCC patients, and no CTCs were found in

healthy volunteers, benign liver diseases and other cancers

groups (47). ASGPR+ EpCAM+ CTCs were detected in 45/45

(100%) of HCC patients (53). Some study showed that CTCs

counts through HCC specific markers or combination with
FIGURE 2

Overview of clinical applications of circulating tumor cells (CTCs) in hepatocellular carcinoma (HCC). CTCs are obtained from patients’ blood
samples in a non-invasive way. HCC CTCs are primarily isolated based on their unique biological markers. CellSearch is the only FDA-approved
system for CTCs detection used clinically. CanPatol and CTC-chip are other CTCs detection systems. CTCs represent an independent factor for
early diagnosis and tumor staging, prognostic evaluation, recurrence monitoring, and drug therapy monitoring.
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other markers were correlated with tumor size, differentiation

status, portal vein tumor thrombus and TNM stage (50, 53,

86, 88).
Prognostic evaluation and
recurrence monitoring

The prognosis of HCC is closely related to the clinical stage.

The common clinical prognostic models of HCC include the

BCLC staging system and TNM staging system. BCLC staging

system is based on tumor burden, liver function and physical

status. The parameters of tumor burden are composed of the

number and diameter of tumor, portal vein invasion and

extrahepatic spread (108). TNM staging is evaluated by the

number and diameter of tumors, vascular invasion, adjacent

organs invasion, regional lymph nodes metastases and distant

metastases (109, 110). Studies have shown that the counts of

CTCs are associated with the parameters of BCLC staging and

TNM staging in HCC patients (13, 52, 53, 59). Analysis of the

CTCs by RNA in situ hybridization (RNA-ISH) revealed that

positive rate of CTCs was 83.6% (46/55) and 96.5% (55/57) in

patients with BCLC stage 0–A and stage B–C tumors (59). A

meta-analysis study of twenty-three published studies showed

that CTC positivity were also significantly associated with TNM

Stage (RR 1.30, 95% CI: [1.02-1.65]; p=0.03), tumor size (RR

1.36, 95% CI: [1.09-1.69]; p=0.006), vascular invasion (RR 1.99,

95% CI: [1.43-2.77]; p<0.0001), portal vein tumor thrombus (RR

1.73, 95% CI: [1.42-2.11]; p=0.0001), serum AFP level (RR 2.05,

95% CI: [1.18-3.54]; p=0.01), suggesting a strong prognostic

value of CTC in HCC (111).

The counts of CTCs make a difference in peripheral blood of

HCC patients before and after treatment. Thus, CTCs detection

is used to monitor the response of therapy and help clinicians to

adjust their treatment plans. Recent study reported the

relationship between DCTC and recurrence of HCC after

hepatectomy. DCTC is defined as the changes of CTCs counts

after surgery. The positive DCTC was correlated with higher

recurrence and lower survival in HCC patients after surgical liver

resection (84). HCC patients with postoperative EpCAM+ CTCs

counts < 2 had significantly longer disease-free survival and

overall survival than the patients with CTCs counts ≥2,

suggesting increased postoperative EpCAM+ CTCs counts

were related to a poor clinical outcome after surgical liver

resection (41). Some studies provided evidence that

mesenchymal phenotype CTCs could predict early recurrence,

metastasis, shorter disease-free survival and overall survival (13,

52, 56, 57, 59, 82, 83). EMT-related phenotype CTCs play an

important role in predicting metastasis and recurrence. A study

reported that Twist+ CTCs were associated with higher

metastasis, recurrence and mortality rate (58). Another study

found that mesenchymal phenotype CTCs were independent

risk factors for early recurrence. HCC patients with
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postoperative mesenchymal phenotype CTCs counts ≥1 had a

shorter disease-free survival after surgery (60). The preoperative

GPC3+CTCs were significantly correlated with the clinical

outcome of HCC patients. GPC3+ CTCs counts >5 were an

independent risk factor for microscopic portal vein invasion.

HCC patients with GPC3+ CTCs counts >5 had lower disease-

free survival and overall survival after hepatectomy (50). The

preoperative CD90+ CD44+ CSCs were proved to be associated

with intrahepatic and extrahepatic recurrence of patients after

surgical resection. HCC patients with CSCs > 0.01% (the optimal

cut-off point for gating percentages of circulating CSCs by

calculating the AUROC) had lower disease-free survival and

overall survival (91). HCC patients with PD-L1+ CTCs had

shorter overall survival than those patients without PD-L1+

CTCs (94).
Drug therapy monitoring

Drug resistance is also an important factor affecting clinical

prognosis. The acquired drug resistance of HCC cells leads to

poor effects of systemic therapy (112). Sorafenib is a small

molecule multi-kinase inhibitor with multiple antitumor effects

and is the first-line targeted drug for the treatment of HCC in the

advanced stage (113). Numerous studies have shown that the

inactivation of Ras/Raf/ERK pathway and the activation of

PI3K/Akt/mTOR pathway plays a crucial role in sorafenib

resistance (114–117). CTCs are released from tumor tissue to

the bloodstream and carry drug resistance information of the

primary tumor or metastases, therefore pERK/pAkt phenotype

of CTCs can be used to monitor the therapeutic effect and drug

resistance of sorafenib (48). A study reported the association

between pERK+ pAkt− CTCs and the sensibility of sorafenib in

HCC patients (48). During sorafenib treatment, the CTC counts

showed a marked decrease in patients with pERK+ pAkt− CTCs.

HCC patients with pERK+ pAkt− CTCs were sensitive to

sorafenib-targeted therapy, whereas patients with other

phenotype CTCs showed resistance to sorafenib therapy. So,

they suggested the percentage of pERK+ pAkt− CTCs could serve

as an independent predictive factor for HCC patients treated

with sorafenib.

The programmed cell death protein 1 (PD-1) and its ligand

(PD-L1) axes is an inhibitory immune checkpoint that is involved

in suppressing antitumor immunity. The overexpression of PD-L1

of tumor cells binding to PD-1 on the surface of T cells can induce

T-cell anergy or apoptosis, which enables evasion of immune-

mediated tumor surveillance (112). Inhibitors targeting PD-1 or

PD-L1 can restrain this pathway and restore antitumor immunity

(118). The advanced melanoma patients with PD-L1+ CTCs

showed a good response to PD-1 inhibitor immunotherapy,

whereas those patients with the PD-L1− CTCs exhibited drug

resistance (119). PD-L1+ CTCs which were predominantly found

in advanced-stage patients could accurately discriminate early-
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stage from advanced-stage HCC patients (94). Subsequently, they

followed up 10 HCC patients who received immunotherapy (PD-

1 blockade), and found that 5 patients with PD-L1+ CTCs had a

good response to immunotherapy, and only 1 of 5 non-responders

had PD-L1+ CTCs. CTCs with specific phenotypes have the

potentials to predict drug resistance to targeted therapy and

immunotherapy, which provide clinical application in guiding

individualized medicine.
Conclusions

The detection of CTCs is of great value in the early diagnosis

and tumor staging, evaluation of recurrence and prognosis, and

even prediction of drug resistance of targeted therapy and

immunotherapy in patients with HCC. However, CTCs

detection is not widely used in the clinical application of HCC

due to several limitations, such as lack of standardized technical

procedures, limitations of detection efficiency, extremely rare of

CTCs in blood, and absence of external validation in many

clinical studies. If technological advances could overcome the

shortcomings of CTCs detection in the future, CTCs detection

will be a breakthrough in HCC clinical management, especially

in early diagnosis offering an opportunity for curative surgery

before metastasis. EMT plays an important role in various

pathophysiological processes of CTCs, such as tumor cells

shedding and migrating, vascular invasion and distant

implantation. More mechanisms of EMT in CTCs should be

investigated, which is expected to provide new insight into HCC

clinical management.
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Puerarin inhibits EMT induced by
oxaliplatin via targeting carbonic
anhydrase XII
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Puerarin is a flavonoid molecule that widely exists in various plants. Puerarin has

been reported to exhibit anti-tumor effects in various cancers. However, its

exact underlying pharmacological mechanism is unclear. This study evaluated

the anticancer effect of puerarin combined with oxaliplatin (OXA) in vitro and in

vivo. Our results indicated that puerarin can reverse platinum-based anti-

cancer drug resistance, and enhance the OXA’s anticancer effects on breast

cancer. Furthermore, puerarin can inhibit migration and reverse the epithelial-

mesenchymal transition (EMT) induced by low-dose OXA. Further studies

showed that the carbonic anhydrase (CA) XII is a potential target of puerarin.

In conclusion, puerarin is expected to become an adjuvant chemotherapy drug

and potentially become one of the medicated foods for breast cancer patients.

KEYWORDS

puerarin, oxaliplatin, breast cancer, epithelial-mesenchymal transition, carbonic
anhydrase XII

Introduction

Chemotherapy is used to treat cancer, prolong the life of cancer patients, and even cure

cancer, however, sometimes it can stimulate cancer cells and cause metastasis (Wills et al.,

2021; Dai et al., 2022). Therefore, continuous efforts have been made to find and develop new

strategies for cancer therapy with lower side effects and better efficacy. For this, various

researchers pay great attention to compounds from natural plants and their derivatives, which

can be potential in the treatment of cancers (Chen et al., 2009; Shirode et al., 2015). These

compounds are found in many diets and can be good options for adjuvant cancer treatment.

Flavonoids are a type of natural small molecules with anti-cancer, anti-inflammatory and

antioxidant effects (Maleki et al., 2019; Bisol et al., 2020; Kopustinskiene et al., 2020; Liu et al.,

2022). Puerarin is a typical flavonoid molecule and active ingredient extracted from

leguminous plants of the genus Pueraria, an important medicinal plant known for its

health and beauty benefits. In 1993, puerarin was approved for clinical use and was widely

used in treating cardiovascular diseases (Ahmad et al., 2020). In addition, puerarin has two

benzene rings (A ring and B ring) linked to each other through the central three carbon

structure, andmany evidences have proved that this structure has the ability to down-regulate

mutant p53 protein, block cell cycle and inhibit Ras protein expression and anti-cancer
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properties (Lamson and Brignall, 2000; Bisol et al., 2020). Various

studies demonstrated that puerarin plays an anti-cancer role in

several trials (Wang et al., 2013; Kang et al., 2017; Liu et al., 2017).

Puerarin inhibits lymphatic carcinoma cell proliferation and

reduces the levels of matrix metalloproteinase through reactive

oxygen oxidative stress. In addition, through endogenous and

exogenous mitochondrial pathways, puerarin induces tumor cells

apoptosis (Chen et al., 2016; Hu et al., 2018). Puerarin selectively

reduces tumor cells’ proliferative capacity and extensively inhibits

cancer cells signaling pathway transduction (Liu et al., 2017). Liu

et al. showed that lipopolysaccharide (LPS) treatment increases the

capacity to metastasize of breast cancer cells, while puerarin reduces

the metastasis and invasion of LPS-induced breast cancer cells (Liu

et al., 2017), suggesting that puerarin can potentially be used for

anti-breast cancer.

Epithelial-mesenchymal transition (EMT) refers to how

epithelial cells are depolarized and transformed into

mesenchymal cells due to certain factors (Jiang et al., 2022).

During the metastasis in epithelial tumors, the phenotype of

tumor cells changes primarily caused by environmental stimuli

that enable tumor cells to adapt to the various

microenvironments they encounter (intercellular stroma,

humoral components, or blood) (Park et al., 2020; Qiao et al.,

2021). EMT regulates these phenotypic transformations.

Therefore, to some extent, EMT promotes tumor metastasis

(Pastushenko and Blanpain, 2019). Meanwhile, it has been

reported that low-concentration chemotherapy drugs not only

significantly inhibit tumor proliferation, but also induce EMT of

tumor cells, thus promoting tumor metastasis (Middleton et al.,

2018).

Therefore, this study aims to detect whether puerarin can

enhance the effect of oxaliplatin (OXA), the third generation of

platinum chemotherapy drugs, on breast cancer and inhibit

metastasis of breast cancer cells.

Materials and methods

Chemicals and cell culture

Puerarin was purchased from Meilunbio (Dalian, China).

E-cadherin antibody (ab40772) and vimentin antibody (BF8006)

were purchased from Abcam and Affinity, respectively.

Apoptosis Detection Kit was purchased from Beyotime

(Shanghai, China). Crystal violet was purchased from Sigma-

Aldrich Fluka (America). OXA was purchased from Meilunbio

(Dalian, China), LTD. Cisplatin (DDP) was purchased from

Sigma-Aldrich.

The MCF-7 (human breast cancer cell lines) and MCF-7/

DDP (DDP-resistant cell lines), were from KeyGEN BioTECH

(Nanjing, China). These cells were grown in DMEM containing

penicillin, streptavidin, and 10% bovine serum at 5% CO2,

and 37°C.

Cell viability assay

The drug tolerance effects of puerarin were detected using the 3-

(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide

(MTT) assay on MCF-7, MCF-7/DDP. The cells (5,000 cells/

well) were added to 96-well plates cultured overnight. All assays

were repeated three times. In each flask, MTT solution was added

after 48 h of drug treatment. Incubation in dimethyl sulfoxide

(DMSO) for 4 h dissolves the formazan crystals. OD590 value

was detected with a microplate reader, and detected a 50%

inhibitory concentration (IC50) value. The synergistic effect was

calculated using CompuSyn software.

Rh123 efflux assay

Cells (1 × 106) were cultured for 24 h in six-well plates. A

variety of levels of puerarin were used for the pretreatment of

MCF-7/DDP cells for 24 h [0 μM, 20 μM (L), 40 μM (H)].

After the pretreatment, cells were incubated with Rh123

(5 mg/mL) in a dark room. Then, Rh123-free medium was

used to replace the above medium, and drained the remaining

efflux intervals every hour. After incubation, PBS was used to

wash cells twice. Then, 400 μL lysis buffer was used for lysing

cells, and PBS with 10% FBS was used to maintain the cells.

The flow cytometry was used to determine the green

fluorescence of Rh123.

Wound-healing assay

A wound healing assay was performed to assess changes in

cell motility and migration. Cells were grown to confluency at 5 ×

105 cells per well in 48-well plates. Scratch the cell monolayer

with an apipette tip and then rinse using phosphate buffer saline

(PBS). After the treatment [Control, OXA (5 μM), puerarin

(40 μM) + OXA (5 μM)], a Nikon microscope was used to

take images 0, 24, and 48 h.

Transwell assays

The transwell assay is used to evaluate cell invasiveness.

Three different concentrations of medium [Control, OXA

(5 μM), puerarin (40 μM) + OXA (5 μM)] were used for the

suspension of the cells below. The cells were then inoculated into

an 8 μm polyethylene terephthalate filter membrane coated with

matrix gel. In the lower chamber, about 500 mL of medium was

placed. The cells were fixed for 30 min with paraformaldehyde

(4%) and stained for 20 min with crystal violet (0.1%). A

hundred-fold magnification inverted microscope was used to

image the invaded cells, and the cell numbers were manually

counted.
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Immunofluorescence assays

Cells were treated [Control, OXA (5 μM), puerarin

(40 μM) + OXA (5 μM)] and were cultured overnight. The

cells were treated with methanol and Triton X-100. E-cadherin

and vimentin (both 1:100) were used in an

immunofluorescence experiment. After washing thrice for

20 min, Incubation of the cells with a secondary antibody

(1:200) for 30 min. Following 4,6-diamino-2-phenyl indole

(DAPI) staining for 10 min, and observed under a laser

scanning confocal microscope.

Apoptosis assays

A 96-well plate was used to culture the cells. After drugs

treatment, the culture solution was discarded. Then, Annexin

V-FITC binding solution, Annexin V-FITC and propyl iodide

solution were successively added and gently mixed all the

solutions. In a dark room, plates were incubated for 20 min.

The red and green fluorescence was detected by a fluorescence

microscope.

Animal studies

In this section, BALB/c nude mice (5 weeks) were used. All

mice were raised in sterile conditions. All procedures were

approved according to the guidelines of the Animal Ethics

Committee of the Zhejiang Sci-tech University. The MCF-7

cells were orthotopically implanted into the mice. Cells were

grown until the logarithmic growth stage, centrifuged with

PBS. 50% Matrigel mixture was resuspended in PBS, resulting

in 2 × 107 cells/mL. The right flank of each mouse was injected

0.2 mL cell suspension. After 14 d of tumor transplantation,

four groups of mice were divided: control group (saline given

orally once daily), puerarin treated group (50 mg/kg), OXA

treated group (5 mg/kg), and puerarin and OXA treated group

(50 mg/kg + 5 mg/kg). After the tumor was transplanted, daily

measurements were taken of its volume and weight. All mice

were euthanized after 3 weeks. Tumors were resected and

volumes were measured. V = ab2/2 (a = length, b = width)

was used to calculate tumor volumes. To measure their

survival rates, another 40 mice were distributed into

4 groups (10 per group). The survival time of each mouse

was monitored.

RNA sequencing data collection and
procession

The RNA sequencing data for cancer tissues and adjacent

tissues from patients with breast cancer were obtained from

the Gene Expression Omnibus (GEO) database. The

differentially expressed gene (DEG) was considered by four

sample data, involving GSM2286198, GSM2286199,

GSM2286316, and GSM2286317 with two drug treatment

samples and two control samples.

Analysis of differentially expressed genes

In the R computing environment, with the Limma

package, the corresponding fold change and p value for

DEGs between different groups were compared using a

volcano plot. Up- and down-regulated genes had p ≤ 0.05, a

fold change of more than 2.0, defined as log2 (fold change) >
1 or < - 1 for up- and down-regulated genes, respectively. For

gene function enrichment analysis, gene ontology (GO)

annotations of genes in R software were used. A maximum

gene of 5,000 and a minimum gene of 5 was set (p < 0.05 and

FDR <0.25).

Target prediction and molecular docking

To predict puerarin’s targets, the simplified molecular

input line entry system (SMILES) format of puerarin from

PubChem and the similarity ensemble approach (SEA) website

were used (Keiser et al., 2007). Molecular docking was

performed with puerarin and carbonic anhydrase (CA) XII.

An analysis of the complex between the ligand and protein was

carried out by Pymol using the PDB format.

CA XII activity analysis

The CA XII activity in breast cancer cells was

determined by extracellular pH analysis. Cells were treated

with [20 μM (L) puerarin +500 nM U-104] and [40 μM (H)

puerarin +200 nM U-104] for 3 h. The Wilbur-Anderson

method was used to calculate CA XII activity (WAU/mg =

2× (T0-T)/T*mg protein). To determine how long it will take

to reduce the pH of an isotonic buffer from 8.00 to 6.60,

using time (T) (T: catalyzed reaction and T0: unanalyzed

reaction).

Data statistics

Data are analyzed as mean ± standard deviation (SD). The

independent variance t-test were used to assess the differences

between the two groups. The multiple comparisons test were

compared using a one-way analysis of variance, followed by

the least significance difference (LSD) post-hoc test

(SPSS 23.0).
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Results

Puerarin enhanced the effects of
platinum-based anti-cancer drug and
reversed drug-resistance

Figure 1A shows the structural formulas of puerarin. In order to

detect the effect of puerarin in reversing drug resistance, OD590 was

measured. In our results, drug resistance to DDP and OXA can be

reversed by puerarin in MCF-7/DDP cells. In addition, there is a

dose-effect relationship in the reverse effect of puerarin on MCF-7/

DDP cells (Figure 1B). A study was carried out to evaluate the efflux

of Rh123 from MCF-7/DDP cells. Figure 1C indicates that as

compared to the other groups, the puerarin groups had a higher

fluorescence intensity.

There is a synergistic effect of puerarin and
OXA on tumor inhibition

In order to detect the synergistic effects of puerarin and

OXA, the MTT assay was performed. As shown in Figures

2A,B, puerarin improves the inhibitory effect of OXA and

DDP on cell proliferation. Furthermore, combining puerarin

with platinum-based drugs resulted in a combination index

(CI) value less than 1, thus indicating synergistic effects. The

effect of co-treatment on MCF-7/DDP xenografts in nude

mice BALB/c was evaluated. Mice in the combination

treatment group gained weight compared to those in the

OXA-treated group. Compared to the other groups, the

tumor weight of co-treatment group is lowest (Figures 2C–E).

Each group of tumor cells was tested for apoptosis using the

apoptosis detection kit. Annexin V was marked with green

fluorescence indicating apoptotic cells and PI was marked

with red fluorescence indicating necrotic cells. As shown in

Figures 2F,G, puerarin improves the efficacy of OXA and a

significant increase in apoptosis cells was observed in the co-

treatment group. Moreover, compared to a single treatment, mice

of co-treatment group had a higher survival rate (Figure 2H).

Puerarin inhibited migration and invasion
and reversed EMT induced by low
dose OXA

Morphological changes in the cancer cells in different treatment

groups were observed by an optical microscope. As a result of low

dose OXA, cancer cells developed pseudopodia and the co-

treatment group displayed signs of apoptosis, such as rounded

and shed cells, as shown in Figure 3A. The migration and invasion

of co-treated cells was detected by wound-healing assay and

transwell assay, and the results as shown in Figures 3B,D, the

migration was highly enhanced in the OXA-treated group, whereas,

it was significantly inhibited in the co-treatment group. Similarly, A

combination of purarin and OXA inhibits the invasion of cancer

cells by low-dose OXA (Figures 3C,E). Moreover, the expression of

EMT biomarkers was detected using an immunofluorescence assay

and it was found that vimentin levels of co-treatment group were

lower than that of OXA group, whereas E-cadherin levels were

higher, as shown in Figures 3F–H. Based on these results, the OXA-

treated group promotes EMT, whereas puerarin inhibits the EMT

process caused by OXA.

FIGURE 1
Puerarin reversed drug resistance of platinum-based anti-cancer drug. (A) The structural formulas of puerarin (B) The IC50 values of OXA and
DDP onMCF-7were detected. The cancer cells were treatedwith different concentrations of puerarin (Control: DMSO, puerarin-L: 20 μM, puerarin-
H: 40 μM). (C) The fluorescence intensity of Rh123 in MCF-7/DDP was lower than the fluorescence intensity in MCF-7. Puerarin treatment reversed
the change in a dose-dependent manner (*p < 0.05, **p < 0.01).
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There is a widespread influence of
puerarin in cancer cells

The RNA sequencing data (GSE85871) for cancer tissues

and adjacent tissues of patients with breast cancer were got

from GEO database. The graph was drawn with the log2 ratio

and the −log10 (p) of each gene as shown in Figure 4A.

Downregulated genes and upregulated genes are indicated

by green and red, respectively. The hierarchical clustering

was made using the differentially expressed genes, as shown

in Figure 4B. The various interactions between the control

group and puerarin treatment groups were recorded by the

STRING database and visualized in Cytoscape, as shown in

Figure 4C. Analysis with GO and the KEGG revealed

that differentially expressed genes tended to be enriched for

tumor metastasis and energy metabolism, as shown in

Figures 4D–G.

CA XII is a potential drug target of puerarin

The SMILES format of puerarin from PubChem and

the SEA website was used to predict puerarin’s targets. CA

VII and CA XII were the first two potential drug targets

with the Max Tanimoto Coefficient (MaxTC) of 1.00, as

shown in Figure 5A. The CA XII is more closely associated

with cancer cells than with CA VII. The molecular docking

results showed that there is a good combination between

puerarin and CA XII, with the docking score -5.93, as

shown in Figure 5B. CA XII catalyzes the hydration of

carbon dioxide to H+ and HCO3
−, causing the acidic

extracellular pH to decrease. The ability of puerarin to

inhibit CA activity was determined by measuring

extracellular pH. The results showed that puerarin could

inhibit CA activity under a dose-effect relationship

(Figure 5C). Low dose OXA treatment increased the

FIGURE 2
Puerarin enhanced the effects of OXA. (A,B)MTT assay was operated to detect the inhibition on MCF-7 cells. Puerarin enhances the inhibitory
effect of OXA and DDP on cell proliferation (C–E) Mice in the combination treatment group gained weight compared to those in the OXA-treated
group. Compared to the other groups, the tumor weight of co-treatment group is lowest. (F,G) Annexin V-FITC and PI-TRITC were used to detected
the apoptosis cells. Puerarin improves the efficacy of OXA and a significant increase in apoptosis cells was observed in the co-treatment group
(H) Mice of co-treatment group had a higher survival rate than the mice in other groups (*p < 0.05, **p < 0.01).
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extracellular pH compared to the control group, meanwhile,

the puerarin inhibited this trend, thereby suggesting that

puerarin inhibited CA activity, as shown in Figure 5D.

Discussion

Recently, for breast cancer, while significant progress has

been made in diagnosis and treatment, the prognosis remains

bleak (Zhao et al., 2017; Chen et al., 2022). It was reported that

after OXA treatment, residual cancer cells revealed increased

metastasis significantly. Our previous study and other research

all showed that low-dose platinum-based anti-cancer drugs could

induce EMT of cancer cells (Liu et al., 2015). EMT caused by

chemotherapy is a significant determinant of drug resistance to

chemotherapy and cancer metastasis.

New therapeutic options that safely enhance chemotherapy

sensitivity significantly improve efficiency in cancer treatment

(Luan et al., 2020; Zhang et al., 2020). In our study, the

combination of puerarin and OXA can improve the sensitivity

of OXA chemotherapy, thus, inhibiting the metastasis of breast

cancer. In addition, puerarin can reverse OXA resistance in drug-

resistant breast cancer. The combined administration of puerarin

can also inhibit low-dose OXA-induced EMT as indicated in the

results. Meanwhile, the co-treatment group inhibited tumor

weight in vivo compared with the chemotherapy drug group

alone. Therefore, puerarin can be used as a complementary

medicine for OXA in enhancing the chemotherapy sensitivity

and anti-cancer ability of OXA.

Multiple studies have shown that puerarin has good

anticancer mechanisms against several cancer cells (Li et al.,

2019; Aboushanab et al., 2021). However, the exact molecular

FIGURE 3
Puerarin inhibited migration and invasion and reversed EMT. (A) Morphological changes of the cancer cells in different treatment groups
observed by a microscope (B,D) The results of wound-healing assay. (C,E) The results of transwell assay (F–H) The results of immunofluorescence
(*p < 0.05, **p < 0.01).
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mechanism and potential drug target of puerarin remain

unknown (Wang et al., 2020). Natural small molecules from

plants generally have an extensive range of pharmacological

activities (Sun et al., 2017). Our results showed that puerarin

has the potential to inhibit various functions and signaling

pathways of breast cancer cells. Furthermore, it was found

that the CA XII is the puerarin’s potential target and puerarin

inhibits the acid secretion mediated by the CA protein. The CA

XII exists in various organsand plays a key role in life activities

(Karhumaa et al., 2000; Parkkila et al., 2000; Liao et al., 2003). CA

XII’s expression can be detected in various types of tumor,

including breast cancer and other cancer (Kivela et al., 2005;

Hsieh et al., 2010; Ilie et al., 2011). Extensive evidences suggest

that CA XII plays a key role in the migration, invasion and

metastasis of cancer cells. Hsieh et al. demonstrated that silencing

CA XII also reduces the migration and invasion of breast cancer

cells, and that CA XII interacts with matrix metalloproteinases in

proteolysis of ECM during migration and invasion of cancer cells

(Hsieh et al., 2010). As another target protein in this study, CA

VII is mainly related to the pathogenesis of neuromuscular

disorders and has almost no correlation with cancer

(Pastorekova et al., 2004; Viikilä et al., 2016), therefore we

chose CA XII as our target protein. Recent studies have

indicated that CA XII participates in chemotherapy drug

resistance, hence, promoting the further development of

tumors (Kobayashi et al., 2012; Kopecka et al., 2015). Our

results showed that a low dose of OXA activates the CA XII’s

activity in breast cancer cells, which is detrimental to cancer

treatment. Puerarin can inhibit the activity of CA XII, which can

influence chemotherapy drugs to enhance the anticancer effect of

chemotherapy drugs.

There are also some deficiencies in this study. In future research,

in-depth studies on the mechanism of puerarin in vivo and

systematic studies on the toxicity, side effects of puerarin could

be done. In addition, the pharmacological activity of puerarin could

be further enhanced by targeted modification of its structure

through medicinal chemistry methods.

Our results demonstrated the anticancer effects of puerarin

on tumor cells and models of xenograft mice. Puerarin targeted

CA XII and affected multiple carcinogenic signaling networks. In

FIGURE 4
Puerarin effected multiple functions and signal pathways of cancer cells. (A) The volcano plot of differentially expressed genes (B) The
hierarchical clustering of differentially expressed genes. (C) The protein-protein interaction network of differentially expressed genes (D–F) The GO
analysis results of differentially expressed genes, (D)Biological process, (E)Cellular component, (F)Molecular fuction (G) The KEGG analysis results of
differentially expressed genes.
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addition, puerarin significantly increased platinum sensitivity

and inhibited platinum-induced EMT in breast cancer. There

are some reasons why puerarin is expected to become an

adjuvant chemotherapy drug and has the potential to become

one of the medicated foods for breast cancer patients.
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Hepatic carcinosarcoma (HCS) is defined as a tumor that contains cancer from

the epithelium and sarcoma from mesenchymal tissue. HCS has a low

incidence rate and is composed of osteosarcoma, chondrosarcoma, or

angiosarcoma. Though surgery is the main treatment for HCS, it has proven

unsatisfactory, resulting in a very poor prognosis of HCS. Currently, the reports

on HCS are mainly about the description of clinical pathological phenomena,

imaging features, and mutation sites of related genes, the underlying molecular

mechanism of HCS remains undefined. Through the dynamic process of

epithelial-mesenchymal transit ion (EMT), cancer cells acquire a

mesenchymal phenotype, simultaneously losing epithelial properties. Zinc

finger E-box binding homeobox 1 (ZEB1) is an EMT-inducing transcription

factor; its main regulatory target is E-cadherin in EMT process. Esophageal

carcinosarcoma (ECS) is associated with EMT. The current study showed that

EMT might promote the development of ECS and uterine carcinosarcoma

(UCS), and ZEB1 was highly expressed in the sarcomatous components. In the

current study, three cases were collected, and the clinicopathological features

were compared with those of corresponding cases. The expression level, and

subcellular localization of ZEB1 were detected using immunohistochemistry.

The expression of the ZEB1 in the nucleus was found to be significantly higher

in sarcomatous components than that in cancer components in all three cases,

suggesting an association of HCS with EMT.
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Introduction

Hepatic carcinosarcoma (HCS), a rare malignant tumor,

combines carcinomatous and sarcomatous elements (1). The

tumor comprise spindles or polymorphous tumor cells with a

mesenchymal character and polygonal cancer cells with

epithelioid morphology (2). Usually manifesting in advanced

stages, HCS demonstrates aggressive behavior and has a poor

prognosis (3). Other than curative primary resection, no effective

treatment options exist for HCS. Several studies have shown

concordant genomic alterations in microdissected carcinomatous

and sarcomatous components of HCS, strengthening the notion of

a monoclonal origin of HCS (4). Current research on HCS remains

predominantly limited to the description of clinicopathological

phenomena, the molecular mechanism underlying HCS

remains unclear.

Several studies have proved that in epithelial-mesenchymal

transition (EMT), the histological change from epithelial elements

to mesenchymal elements plays a vital role in the progression and

metastasis of various cancers (5, 6). The hallmark of the EMT is

the loss of epithelial surface markers, most remarkably E-cadherin

(E-cad), and the acquisition of mesenchymal markers, including

vimentin (Vim) and N-cadherin(N-cad) (7, 8). Carcinosarcoma

(CS) possesses both epithelial and mesenchymal components and

expresses several markers of EMT, including E-cad and Vim,

suggesting HCS to be a prototype of EMT-related neoplasia. EMT

is associated with the tumorigenesis of uterine carcinosarcoma

(UCS) and esophageal carcinosarcoma (ECS) (9, 10). The

association of HCS with EMT remains unclear.

In this study, three cases were collected, and the expression

level of ZEB1 and its subcellular localization was detected by

immunohistochemistry (IHC). The expression level of ZEB1 was

found remarkably higher in the nucleus of the sarcomatous

components than that in cancer components, suggesting the role

of ZEB1 in regulating HCS via EMT.
Methods

Patients and data collection

Three cases were collected from the Affiliated Hospital of Jining

Medical University from January 2013 through September 2021.

The parameters of blood samples of each case were summarized,

including serum levels of hepatitis B surface antigen (HBsAg),

carcinoembryonic antigen (CEA), carbohydrate cancer antigen 19-9

(CA19-9), and alpha-fetoprotein (AFP). The HCS samples were

biopsied, formalin-fixed, and paraffin-embedded. All the patients

signed the prior informed consent. The Ethics Committee of the

Affiliated Hospital of Jining Medical University granted the

necessary ethical approval for this study.
Frontiers in Oncology 02
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Immunohistochemistry analysis

The tissues of the sample cases were deparaffinized with xylene

and dehydrated with ethanol at decreasing concentrations.

Endogenous peroxidase was blocked by incubating with 3%

hydrogen peroxide for 15 min. After incubation with normal goat

serum for 20 min at room temperature to block unspecific labeling,

the tissues were incubated with primary antibodies (Table S1) in a

humidified chamber overnight at 4°C. Diaminobenzidine was used

for color development, and hematoxylin was used as a counterstain.

The staining index of ZEB1 was evaluated. A staining index was

used to interpret the results by analyzing both the staining intensity

and the proportion of positive cells (11). The staining index (value,

0-12) was determined bymultiplying the score for staining intensity

with the score for the positive area. The staining index was

evaluated by two pathologists. The ZEB1 staining index of the

nucleus and cytoplasm was counted in 200× separately, and the

average of five fields was determined. The ZEB1 staining index of

the nucleus and cytoplasm in cancer cells and sarcomatous cells

were respectively analyzed.
Statistical analysis

Statistical analyses were performed using GraphPad Prism

(GraphPad Software, Inc., USA) and SPSS version 17.0 (SPSS

Software, USA). Data from biological experiments were presented

as mean ± standard deviation. Two-tailed unpaired Student’s t-

test was used to compare the data of the two groups. Differences

were considered statistically significant when P < 0.05.
Results

Patient characteristics

Table 1 shows the characteristics of the patients with HCS.

Case 1 was male, and cases 2 and 3 were female. The mean age

was 64 years. The main symptoms reported were epigastric

discomfort in all cases. All patients underwent computed

tomography (CT) and radical surgery with complete tumor

resection. During the operation, the tumor was found invading

the right posterior diaphragm and perirenal fat sac in case 2. In

case 3, the tumor had severe adhesion with the omentum and

right colon, and the tumor ruptured during surgical resection.

CT images of the three patients are shown in Figure 1 and

Supplementary Figure 1. HCS usually showed low density in

non-enhanced CT, heterogeneous enhancement in the arterial

phase, and gradually decreased enhancement in the portal vein

phase and in the delayed phase. Tumor boundaries are usually

clear after enhancement. Because of the lack of specific

radiological features, sometimes distinguishing HCS from
frontiersin.org
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hepatocellular carcinoma or hepatic abscess poses a challenge. In

case 1, HCS showed a huge mixed-density space-occupying

lesion in the right lobe of the liver. The tumor was unevenly

enhanced in the arterial phase, and the enhancement degree in

the portal vein phase and the delayed phase gradually decreased.

In case 2, HCS showed an irregular mass with mixed cystic and
Frontiers in Oncology 03
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solid components. Post enhancement, the solid components

were enhanced unevenly and slightly in the arterial phase,

though no obvious enhancement was found in the cystic area.

The enhancement degree in the portal vein phase and delayed

phase showed a gradual decrease. In case 3, the tumor showed a

mixed density lesion in the right lobe, enhanced unevenly in the
TABLE 1 Clinical characteristics of the three patients with HCS.

Case 1 Case 2 Case 3

Gender Male Female Female

Age 64 66 64

Early symptoms Epigastric discomfort Epigastric discomfort Epigastric discomfort

Tumor examination 15x11cm 7x6.5cm 13x6.7cm

Location in the liver Right Right Right

Serum AFP
(normal < 20mg/l)

3.47 24.87 340.28

Serum CEA
(normal < 10mg/l)

1.68 1.51 2.15

Serum CA19-9 (normal < 39mg/l) 6.00 119.86 6.35

Serum albumin (normal 34-48 g/l) 49.10 32.90 31.6

Serum A/G
(normal 1.5-2.5)

1.00 1.40 1.5

Serum ALT
(normal 0-41 U/I)

32.30 26 28

Serum AST
(normal 0-37 U/l)

25 24 43

Bold HBsAg
(normal; negative)

Positive Negative Positive

Cirrhosis No No No

Surgical method Right hepatic tumor resection Right hepatic tumor resection Right hepatic tumor resection

Clinical diagnosis HCC HCC HCC
AFP, alpha-fetoprotein; A/G, specific value of albumin and globulin; ALT, alanine aminotransferase; AST, serum aspartate aminotransferase; CEA, carcinoembryonic antigen; CA19-9,
cancer antigen 19-9; HBsAg, hepatitis B surface antigen; HCC, hepatocellular carcinoma.
FIGURE 1

Computed tomography scans, the morphology of sarcomatous components and carcinomatous components in the tissues of three HCS cases.
Red frames represent carcinomatous components and blue frames represent sarcomatous components.
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arterial phase and portal phase, and the degree of enhancement

got decreased in the delayed phase. No enlarged lymph nodes or

distant metastases were observed in all cases.

Cases 1 and 3 were found positive for HBsAg. The serum

tumor biomarkers CEA, the serum CA19–9, and the serum AFP

were negative in case 1. However, the serum AFP was found

elevated in cases 2 (24.87 µg/L) and 3 (340.28 µg/L); the serum

CA19–9 was observed to be elevated in case 2 (119.86 µg/L). All

three cases underwent partial excision of the right hepatic

lobes (Table 1).
Pathological features

The tumor sizes of the three cases were 15.0 cm × 11.0 cm,

7.0 cm × 6.5 cm, and 13.0 cm × 6.4 cm, respectively.

Histopathological findings indicated the existence of necrosis

in the carcinomatous areas and sarcomatous areas in the three

cases (Table 1). The sarcomatous cells exhibited spindle-shaped

heterotypic cells with varying sizes of enlarged nuclei. The

cancer cells showed polygonal epithelial phenotype. Both

components were separate in certain areas and intermingled in

other areas. In case 1, well-differentiated cancer cells were

arranged in a trabecular pattern, the cytoplasm of cancer cells

was eosinophilic, and some cells showed hyaline degeneration.

In case 2, medium-differentiated cancer cells were arranged in

the gland; a pseudo glandular structure was formed. In case 3,

poorly differentiated cancer cells exhibited a nodular growth

pattern. Numerous tumor giant cells and thick, irregular
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capillaries could be found in the sarcomatous areas. A clear

boundary between the two components was observed. Besides,

intravascular cancer emboli was noticed in case 3 (Figure 1).
Molecular markers of HCS

When the three cases of HCS were examined

immunohistochemically (Figure 2), all sarcomatous components

were found positive for Vim staining but negative for CK8/18 and

Hep Par-1. In contrast, all cancer components were found positive

for CK8/18 and Hep Par-1 but negative for Vim. In case 1, the

sarcomatous component was positive for smooth muscle actin

(SMA), indicating its origin from smooth muscle differentiation.

In case 2, the sarcomatous component was found positive for

myogenic differentiation 1 (MyoD1), indicating its origin from

striated muscle differentiation. In case 3, the sarcomatous

component was positive for FLI1, INI-1, and CD31, indicating

that it was derived from angiogenic differentiation.
ZEB1 expression in HCS

Because the sarcomatous components were found positive for

Vim, an EMT marker, we speculate the association of EMT with

the tumorigenesis of HCS. Therefore, we evaluated the expression

of ZEB1 by IHC, in the three cases of HCS (Figure 3A). In the

carcinomatous components, the cytoplasmic staining index of

ZEB1 was 8.200 ± 1.400 (mean ± SD; N=3); the nucleus staining
FIGURE 2

The markers of hepatocarcinoma and sarcoma were determined in HCS tissues by IHC. The hepatocarcinoma markers, including CK8/18 and
Hep Par-1, were positive in the carcinomatous components, and the mesenchymal markers, including Vimentin, SMA, MYOD1, FLI-1, INI-1, and
CD31, were used to determine the tissue source of the mesenchymal components.
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index of ZEB1 was 0.7333 ± 0.6429 (mean ± SD; N=3). In the

sarcomatous components, the cytoplasmic staining index of ZEB1

was 1.400 ± 1.400 (mean ± SD; N=3), and the nucleus staining

index of ZEB1 was 8.800 ± 0.8718 (mean ± SD; N=3). The

expression of ZEB1 is higher in the nucleus of the sarcomatous

cells than that in cancer cells (P < 0.001), In contrast, a decrease in

ZEB1 expression could be observed in the cytoplasm of the

sarcomatous cells (P < 0.01) (Figure 3B). ZEB1 was found

mainly expressed in the cytoplasm of the cancer cells, though

primarily located in the nucleus of the sarcomatous cells. An

increasing expression of ZEB1 was noted in the nucleus of the

sarcomatous cells, suggesting the role of ZEB1 as a transcription

factor in the nucleus; it also suggests an association of

tumorigenesis of HCS with EMT.
Discussion

CS is defined as having both definite cancer components and

sarcoma components in the same tumor. The common incidence

sites are lung, esophagus, breast, and so on. Primary carcinosarcoma

of the liver is a rare occurrence. In 2010, World Health

Organization (WHO) classified HCS as a type of mesenchymal

tumor of the liver and defined it as a malignant tumor mixed with

cancer-like components both hepatocyte-derived and

cholangiocyte-derived and sarcoma-like components. In 2019, the

WHO divided liver tumors into benign hepatocellular tumors,

malignant hepatocellular tumors, and precancerous lesions.

However, it does not include the classification of HCS. Currently,

the main treatment interventions include surgical resection and

postoperative chemotherapy. By using targeted next-generation

sequencing, studies have revealed frequent oncogenic aberrations

involving tumor protein p53 (TP53), NF1/2, and vascular
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endothelial growth factor A (VEGFA) in both tumor

components, suggesting their correlation with HCS (4). The

tumorigenesis of HCS remained poorly understood.

Most of the studies on CS focus on the description of clinical

pathological phenomena though a few studies focus on the

mechanism of tumorigenesis of CS. Sarcoma components may

derive from EMT in CS (12). ALK-related signal cascades may

participate in initial signaling for sarcomatous differentiation

driven from carcinomatous components through the induction

of the EMT process of UCS (13).

ZEB1, a crucial EMT transcription factor, is a member of the E-

box binding zinc finger protein family of zinc finger structure

transcription factors and is necessary for embryonic development.

The zinc finger structure is a common DNA binding unit in

eukaryotic cells. The ZEB family contains ZEB1 and ZEB2

protein transcription factors. ZEB1 gene expression is highest in

the bladder and uterus in normal tissues and highest in the heart,

lung, and thymus during embryonic development (14). A few

studies have indicated that ZEB1 is closely related to

tumorigenesis and tumor invasion (15, 16). A high level of ZEB1

expression is correlated with poor outcomes, including

chemotherapy resistance (17). In ECS, ZEB1 has been suggested

to play a critical role in the EMT process (10). A significantly higher

expression of ZEB1 was observed in the sarcomatous components

in UCS (18). However, the role of ZEB1 as a key transcription factor

in HCS remains unclear.

The current study presents the clinicopathological and

radiological features of HCS. Further, the ZEB1 staining index in

the nucleus was found to increase in the sarcomatous components

of HCS than that in the carcinomatous component. The study

results revealed that ZEB1 is highly characteristic of sarcoma

components of EMT, suggesting an association of tumorigenesis

of HCS with EMT. Overall, more cases are still needed to verify the

correlation between HCS and EMT.
A B

FIGURE 3

The expression of ZEB1 was examined in HCS tissues using IHC analysis. (A) Representative images of ZEB1 expression in the sarcomatous
components and the carcinomatous components as detected by IHC analysis. (B) Statistical analysis of ZEB1 staining index in the sarcomatous
components and the carcinomatous components of HCS tissues. **P < 0.01, ***P < 0.001.
frontiersin.org

https://doi.org/10.3389/fonc.2022.972650
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Zhang et al. 10.3389/fonc.2022.972650
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding authors.
Ethics statement

Written informed consent was obtained from the individual(s)

for the publication of any potentially identifiable images or data

included in this article.
Author contributions

MZ and DY performed the experiments, DY performed data

collection, and MZ performed data analysis. TL and LuL

contributed to the collection of clinical data. YL and LeL

reviewed the pathological sections. MZ wrote the manuscript;

TW and YL designed the study. YL, TW and LiL revised the

manuscript. All authors contributed to the article and approved

the submitted version.
Funding

This work was supported by the National Natural Science

Foundation of China (81972629), the Taishan Scholars Program
Frontiers in Oncology 06
85
of Shandong Province (tsqn201909193), Shandong Youth

Innovation and Technology program (2020KJL003).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fonc.2022.972650/

full#supplementary-material
References
1. Bosman FT, Carneiro F, Hruban RH, Theise ND. World health organization
classification of tumours of the digestive system. (Lyons: International Agency for
Research on Cancer) (2010) 1–155. Available at: https://www.scienceopen.com/
document?vid=d5a5b818-fe34-44cb-8e60-0e10a70a6ba4 with our cited paper.

2. Fayyazi A, Nolte W, Oestmann JW, Sattler B, Ramadori G, Radzun HJ.
Carcinosarcoma of the liver. Histopathology (1998) 32:385–7. doi: 10.1046/j.1365-
2559.1998.0401j.x
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transition (EMT)-related gene
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the survival outcomes in lung
adenocarcinoma
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Jinfeng Ning2, Ruixue Gu1, Yaowen Cui1, Li Cai1*

and Ying Xing1*

1The Fourth Department of Medical Oncology, Harbin Medical University Cancer Hospital,
Harbin, China, 2Department of Thoracic Surgery, Harbin Medical University Cancer Hospital,
Harbin, China
Lung adenocarcinoma (LUAD) is a remarkably heterogeneous and aggressive

disease with dismal prognosis of patients. The identification of promising

prognostic biomarkers might enable effective diagnosis and treatment of

LUAD. Aberrant activation of epithelial-mesenchymal transition (EMT) is

required for LUAD initiation, progression and metastasis. With the purpose of

identifying a robust EMT-related gene signature (E-signature) to monitor the

survival outcomes of LUAD patients. In The Cancer Genome Atlas (TCGA)

database, least absolute shrinkage and selection operator (LASSO) analysis and

cox regression analysis were conducted to acquire prognostic and EMT-

related genes. A 4 EMT-related and prognostic gene signature, comprising

dickkopf-like protein 1 (DKK1), lysyl oxidase-like 2 (LOXL2), matrix Gla protein

(MGP) and slit guidance ligand 3 (SLIT3), was identified. By the usage of datum

derived from TCGA database and Western blotting analysis, compared with

adjacent tissue samples, DKK1 and LOXL2 protein expression in LUAD tissue

samples were significantly higher, whereas the trend of MGP and SLIT3

expression were opposite. Concurrent with upregulation of epithelial markers

and downregulation of mesenchymal markers, knockdown of DKK1 and LOXL2

impeded the migration and invasion of LUAD cells. Simultaneously, MGP and

SLIT3 silencing promoted metastasis and induce EMT of LUAD cells. In the

TCGA-LUAD set, receiver operating characteristic (ROC) analysis indicated that

our risk model based on the identified E-signature was superior to those

reported in literatures. Additionally, the E-signature carried robust prognostic

significance. The validity of prediction in the E-signature was validated by the

three independent datasets obtained from Gene Expression Omnibus (GEO)

database. The probabilistic nomogram including the E-signature, pathological

T stage and N stage was constructed and the nomogram demonstrated

satisfactory discrimination and calibration. In LUAD patients, the E-signature

risk score was associated with T stage, N stage, M stage and TNM stage. GSEA
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(gene set enrichment analysis) analysis indicated that the E-signature might be

linked to the pathways including GLYCOLYSIS, MYC TARGETS, DNA REPAIR and

so on. In conclusion, our study explored an innovative EMT based prognostic

signature that might serve as a potential target for personalized and

precision medicine.
KEYWORDS

lung adenocarcinoma, EMT, signature, prognosis, nomogram
Introduction

Lung adenocarcinoma (LUAD), as the predominant

histological type of lung cancer, has biological characteristics

of strong aggressiveness and heterogeneity (1–3). In spite of

optimized treatment methods including surgery, chemotherapy,

radiotherapy, immunotherapy and targeted therapy, prognosis

of LUAD patients remains dismal, because of cancer progression

(4, 5). Collectively, it is imperative to distinguish populations at a

high-risk of LUAD for early intervention and improving clinical

outcome. At present, the combination of clinicopathological

features and TNM staging system is the consensus criterion

for determining treatment options and predicting relapse of

LUAD, however this criterion restrains the provision of optimal

clinical care to patients (6). Hence, identifying reliable

biomarkers for optimizing the prognosis of LUAD is

urgently needed.

Metastases are the primary cause of LUAD-associated

mortality (7, 8). Migratory tumor cells escape from the

primary site, remodel the basement membrane to engage with

peritumoural stroma, undergo intravasation, endure shear stress

in circulation and adapt to the tumor microenvironment of

distant metastasis (9, 10). In total, the metastatic process

generally involves three distinct phases: dissemination,

dormancy and colonization (11). Epithelial mesenchymal

transition (EMT) of cancer cells is a fundamental event during

the multistep process participated in cancer metastasis (12, 13).

Moreover, EMT activation confers on tumor cells to acquire

plasticity with more aggressive phenotype, which exerts a

decisive function on the malignant cancer progression (14, 15).

Accumulating evidence has revealed that EMT process was

closely implicated in tumorigenicity, angiogenesis and drug

resistance (16–18). EMT results in a series of changes during

epithelial tumor cells transforming into mesenchymal cells,

including loss of tight junctions, cell polarity, cytoskeletal

reorganization, and increase of cell viability (19). EMT is

controlled or induced by a number of factors such as exosomal
02
88
circRNAs, varied transcripts (Twist, Snail, ZEB1, et al.),

microRNAs (miR212, mir200 family, et al.) and cellular

oncogenic pathways (EGFR signaling pathway, et al.) (20–22).

There is a significant link between the aberrant expression of

genes related with EMT and poor clinical outcomes in LUAD

patients (13, 23).

Since the advent of next generation sequencing, research on

bioinformatic analysis has flourished (24; 25). For instance, The

Cancer Genome Atlas (TCGA) database and Gene Expression

Omnibus (GEO) database, such public databases are desirable to

access transcriptomic information, that advances the efficient

methods to select gene signatures (26–28). Numerous studies

have attempted to construct the risk model to get biological

characteristics or prognostic appraisal in malignant tumors,

which had potential clinical impact (29–31). Interestingly,

EMT-related gene signature (E-signature) could reveal the

prognostic consequences in various types of cancer (32–34).

Nevertheless, the existence of heterogeneity in samples among

diversified studies on various tumours resulting in different risk

models (35). Recently, some researchers reported the prognostic

significance of E-signature, however they did not validate the

biological functions of EMT-related genes with in vitro

experiments in LUAD and their studies remains rudimentary

to some extent (36–38).

In the current study, candidate genes involved in EMT

process were identified based on TCGA-LUAD training

dataset and validated using cell-based assays in vitro and

clinical tissue samples. Then, the E-signature which can

accurately predict the prognosis of LUAD patients was

developed by us. Meanwhile, the nomogram affirmed the

feasibility in clinical application of the E-signature. Subgroup

analysis suggested that E-Signature could be conducive to

identify patients with adverse events at high risk. The E-

signature is closely related to multiple pathways associated

with cancer progression, as well. In conclusion, the E-signature

could be used as an inspiring molecular indicator for evaluation

of clinical prognosis in LUAD patients.
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Materials and methods

Data capturing and processing

Entire design attached to our research was presented in

Figure 1. TCGA website (http://portal.gdc.cancer.gov) were used

to obtain raw microarray data and matched clinical of LUAD

patients. Expression profiles were processed with robust multiarray

average (RMA) algorithm (29). Differential expression analysis was

performed by “limma” package. GEO database(https://www.ncbi.

nlm.nih.gov/geo/) (Table 1) were used as independent external

verification sets, including GSE30219, GSE37745, GSE50081 and

GSE8894 (https://www.ncbi.nlm.nih.gov/geo/) (Table 1). Besides,

we retrieved “HALLMARK EPITHELIAL MESENCHYMAL

TRANSITION” gene list encompassing 200 genes in the MsigDB

(https://www.gsea-msigdb.org/gsea/msigdb/index.jsp).
LASSO Cox regression analysis

To yield the independent prognostic EMT factor, univariate

analysis and multivariate analysis were showed with P< 0.05 as a
Frontiers in Oncology 03
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threshold. least absolute shrinkage and selection operator

(LASSO) analysis was capable for reducing the dimension

(39). 80% TCGA samples after preprocessing were randomized

to the training dataset. our prognostic model preserved the

advantage of subset shrinkage and maintained a high accuracy

rate based on the penalty parameter l (40). Risk score was

calculated from expression of related gene and associated

coefficient. Analytical formula for risk score assessment was

derived on the basis of the EMT related gene signature = on
i=1

ðcoef i � Expri), in this formula, Expri represents gene

expression of patient, and coefi represents the multivariate

regression coefficient.
Survival analysis

According to median risk scores, all LUAD samples were

divided into two groups, involving in high-risk and low-risk

groups in different cohorts. Kaplan Meier (KM) curves were

plotted to compare the prognostic difference (41). The area

under the curve (AUC) which performed from receiver

operating characteristic (ROC) curve analysis for overall
TABLE 1 Various clinicopathological characteristics of patients with LUAD in TCGA training cohort and GEO datasets.

Characteristics TCGA Set (n = 490) GSE30219 (n = 83) GSE37745 (n = 105) GSE50081 (n = 128) GSE8894 (n = 63)

Age(years) ≤60 153 43 45 19 30

>60 327 40 60 109 31

Survival status Alive 312 40 29 76 –

Dead 178 43 76 52 –

Recurrence No 284 56 – 88 30

Yes 206 27 – 37 29

Gender Female 262 18 60 53 34

Male 228 65 45 65 –

pT stage T1 163 69 – 43 –

T2 263 12 – 83 –

T3 43 2 – 2 –

T4 18 0 – 0 –

pN stage N0 317 80 – 94 –

N1 92 3 – 34 –

N2 68 0 – 0 –

N3/NX 12 0 – 0 –

pM stage M0 324 83 – 128 –

M1/MX 162 0 – 0 –

Tumor stage Stage I 263 – 70 92 –

Stage II 115 – 19 36 –

Stage III 79 – 12 0 –

Stage IV 25 – 4 0 –

Smoking No 68 – – 23 –

Yes 408 – – 92 –

EGFR Wild type 186 – – – –

Mutant 79 – – – –
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survival (OS) was employed to designate the predictive

efficiency (42).
Establishment and validation of
the nomogram

The significant variables from the multivariate models were

introduced to draw the graphical nomogram by utilizing “rms”

and “nomogramEx” packages (43). The calibration curves for

probability of OS showed that match condition between

prediction by nomogram and actual observation (44). Decision

curve analysis (DCA) was utilized to evaluate the ability of the

predictive model in view of clinical applicability (44).
Gene set variation analysis (GSVA)

Single-sample gene set enrichment analysis (ssGSEA) scores

were gained by “ClusterProfiler” and “GSVA” R package to

recognize the correlation between risk scores and enriched

biological processes (45). The results with a cut-off criterion of

P value< 0.05 were statistical significance.
Collection of LUAD tissues and
cell culture

Under the premise that ethical clearance and approval have

been obtained, 5 pairs of fresh tumor samples and matched

normal tumor-adjacent samples were dissected from 5 LUAD

patients who underwent lobectomy but did not receive

radiotherapy and chemotherapy at Harbin Medical University

Cancer Hospital between May 2021 and June 2021.

Human LUAD cell lines (A549 and NCI-H1299) were

cultured with RPMI-1640 including 10% fetal bovine serum

(FBS) and 1% penicillin/streptomycin, and the culture

environment needed to be maintained at 37°C and containing

5% carbon dioxide.
Small interfering RNA transfection

SiRNAs of dickkopf-like protein 1 (DKK1), lysyl oxidase-like

2 (LOXL2), matrix Gla protein (MGP) and slit guidance ligand 3

(SLIT3) were made by Hanyinbt (Shanghai, China), in addition,

these target sequences were presented as: DKK1#1, 5’-

GCUUCACACUUGUCAGAGAtt-3’; DKK1#2, 5’-GGCU

CUCAUGGACUAGAAAtt-3’; LOXL2#1, 5’-CAUACAAU

ACCAAAGUGUAtt-3 ’ ; LOXL2#2, 5 ’-GGGUGGAGG

UGUACUAUGAt t - 3 ’ ; MGP#1 , 5 ’ -CCCUACUGC
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UGCUACACAATT-3 ’ ; MGP#2, 5 ’-GAUAAGUAAUG

AAAGUGCATT-3’; SLIT3#1, 5’-CGCGAUUUGGAGAU

CCUUAtt-3’; SLIT3#2, 5’-GUACAAAGAGCCAGGAAUATT-

3’. All corresponding negative control siRNA sequences were

completed by Hanyinbt Company.

When the density of A549 and H1299 cells reached 60-70%

in 6-well dishes, the transfection mixture was prepared by fully

mixing 120mL riboFECT™CP Buffer, 12mL riboFECT™CP

Reagent and 5mL siRNA, and incubated at room temperature

for 15min. Finally, 3mL RPMI-1640 containing 10% FBS was

added into the 6-well dishes. Follow-up experiments were

carried out after ensuring the efficiency of knockout.
Western blotting

Lysate of tissues or cells was centrifuged for 15 min (4°C,

14000rpm) and we measured protein concentrations using the

BCA protein analysis kit. Electrophoretic separation and electro-

transfer of protein samples with the comparable quality,

membrane blocking and incubate overnight (primary

antibody, 4°C). PVDF membranes containing proteins are

incubated with secondary antibodies for 1 hour at room

temperature. The bands on membrane were exposed by CL

Xposure film (Thermo Fisher Scientific). Specific antibodies

included: DKK1 (21112-1-AP, Proteintech Group Inc.,

Wuhan, China), LOXL2 (AB179810, Abcam), MGP (10734-1-

AP, Proteintech Group Inc., Wuhan, China), SLIT3 (DF9909,

Affinity Biosciences, Jiangsu, China), E-Cadherin (20874-1-AP,

Proteintech Group Inc., Wuhan, China), N-Cadherin (22018-1-

AP, Proteintech Group Inc., Wuhan, China), Vimentin (10366-

1-AP, Proteintech Group Inc., Wuhan, China), b-actin (AF7018,

Affinity Biosciences, Jiangsu, China).
Detection of cancer cell migration
and invasion

Use the tip of a 10 mL pipette to form a scratch on a six-well

plate covered with LUAD cells. By comparing the rate of wound

healing and taking pictures under the microscope, the cell

migration rate was finally counted. Transwell assay was

conducted with the Corning Inc. transwell chamber. The

invasion experiment required the participation of the matrigel

matrix involved. Cell suspension arranged in the upper chamber

contained 2x104 cells, besides, ingredient of the lower chamber

was 600mL RPMI-1640 complemented with 10% FBS. The

fixation of methanol and staining of 0.1% crystal violet for

observing the migration and invasion efficiency after 24h or

48h, respectively. Fields were randomly selected in each

membrane for capturing.
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Statistical methods

Data processing was focused on GraphPad Prism 8.0.2

software. Typicality of data in the study could be reflected

with at least three independent experiments completed.

Continuous data conforming to a normal distribution were

analyzed by Student’s t-test, and subgroup differences were

counted using the c2 test. All results are expressed as mean ±

SEM (* P< 0.05, ** P< 0.01, *** P< 0.001).
Results

The identification and validation with in
vitro experiments of 4 prognostic EMT-
related genes comprising the E-signature

The 200 genes linked to EMT were acquired from the

“HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSI

TION” gene list in the MsigDB. Univariate Cox analyses

systematically deduced 68 genes significantly relevant to

prognosis based on TCGA-LUAD training cohort. To exploit

an optimal model for testing risk, the LASSO analysis was used

in its broadest sense to summary the results of each

dimensionality reduction and count the occurrence frequency

and standard deviation distribution of each probe. Standard

deviation (SD) calculations may comprehensively describe the

distribution characteristics of data, which is generally

understood to measure the deviation degree (46). Four EMT-

related genes, including dickkopf-like protein 1 (DKK1), lysyl

oxidase-like 2 (LOXL2), matrix Gla protein (MGP) and slit

guidance ligand 3 (SLIT3), were comprehensively screened

depending on the following criteria (Figure 2A). SD of

candidate mRNAs was greater than the median and frequency

was well over 500 (Figure 2A). Patients with high DKK1 and

LOXL2 expression had the shorter overall survival (OS)

according to a Kaplan-Meier analysis, whereas ones with high

expression of MGP or SLIT3 had longer OS (Figure 2B). Based

on TCGA-LUAD transcriptome data, differential expression

analysis showed that with the comparison of normal samples,

DKK1 and LOXL2 expression were significantly increased in

tumor tissues, whereas MGP and SLIT3 were markedly

overexpressed in non-tumoral tissues (Figure 2C). The same

results were achieved from the collected clinical tissue samples

by western blotting (Figure 2D).

The functions and roles of these four genes in LUAD

metastasis and EMT remain to be clarified (47–50). We used

cell-based assays in vitro to examine the effect of these four genes

on EMT and metastasis, respectively. In A549 and H1299 cells,

Gene-specific siRNAs were used with three independent siRNAs
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for knockdown of each gene. Successful knockdown of these four

genes was validated by Western blotting in A549 (Figure 3A)

and NCI-H1299 cell lines (Figure S1A). Moreover, as illustrated

in Figure 3A and Figure S1A, knockdown of DKK1 or si-LOXL2

enhanced the expression of E-cadherin and inhibited the

mesenchymal markers’ expression, including N-cadherin and

Vimentin. MGP or SLIT3 knockdown led to downregulation of

epithelium-derived markers and upregulation of mesenchymal

markers (Figure 3A; Figure S1A). Furthermore, wound healing

and Transwell assays revealed silencing of DKK1 and LOXL2

suppressed the ability of migration and invasion in LUAD cells,

but silencing of MGP and SLIT3 had the opposite effect

(Figures 3B, C; Figures S1B, C). Our experimental data

indicated that the four EMT-related genes could regulate

metastasis and EMT program.
Construction of the prognostic E-
signature in LUAD

Based on multivariate Cox regression analysis, the

independent prognostic signature still composed of four EMT

genes was generated. Scoring formula as follows: Risk Score =

0.308×expDKK1+0.299×expLOXL2-0.084×expMGP-0.165×expSLIT3

(Figure 4A). The statistical correlation between risk model and 4

genes expression was assessed by the Pearson correlation metric

(Figure 4B). Risk score was converted into Z-score, taking 0

served as the optimal boundary value to divide the samples into

two groups, in which z score of the high-risk subgroup was

greater than 0, and the rest belonged to the low-risk subgroup.

The permutation of risk scores, survival status and four genes

expression levels were displayed (Figure 4C). These results

demonstrated that the risk E-signature was a deleterious

indicator of prognosis.

Furthermore, based on TCGA training dataset, the

prognostic accuracy of E-signature was appraised by time-

dependent ROC analysis, the AUC was 0.73 (1-year), 0.7 (2-

year) and 0.69 (3-year), respectively (Figure 4D). Referring to the

training set, in comparison with the high-risk group, the low-risk

group revealed a significantly longer OS (Figure 4D). The ROC

and KM curve also revealed that our model exhibited good

sensitivity and specificity in predicting TCGA-LUAD recurrence

free survival (RFS, Figure 4E). Compared with recently

published lung cancer prognostic models in the literatures

(Figure 4F) including Zhu (51), Ma (52), Zhang (53) and

Zhang M (54), our E-signature had better specificity by ROC

curve analysis especially at 1-year (Figure 4F). Similarly, the E-

signature predicted OS better than either the known signatures

alone, with a better cal ibrat ion and class ificat ion

accuracy (Figure 4G).
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External validation of the
prognostic E-signature

For further emphasizing the robustness of the constructed

signature, GSE30219, GSE37745 and GSE50081 external

validation sets were used for ROC analysis and KM analysis.

In line with the training set, E-signature had strong predictive

accuracy (GSE30219 [1-year: 0.74; 2-year: 0.69; 3-year: 0.73];

GSE37745 [1-year: 0.65; 2-year: 0.66; 3-year: 0.6]; GSE50081 [1-

year: 0.72; 2-year: 0.68; 3-year: 0.68]) and patients in the group
Frontiers in Oncology 06
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with high-risk showed a predominant association with

frustrating OS (Figure S2A). Next, we opt GSE30219,

GSE50081 and GSE8894 datasets and executed the identical

methods to validate the prognostic potential of E-signature in

RFS. Likewise, the E-signature maintained ideal sensitivity and

specificity as a prognostic indicator (GSE30219 [1-year: 0.87; 2-

year: 0.76; 3-year: 0.80]; GSE50081 [1-year: 0.67; 2-year: 0.68; 3-

year: 0.68]; GSE8894 [1-year: 0.71; 2-year: 0.68; 3-year: 0.68])

and high-risk patients had significantly worse RFS relative to the

group at low risk (Figure S2B).
FIGURE 1

The flow chart in our study.
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Establishment of a nomogram based on
the E-signature

clinicopathological characteristics, such as T stage, N stage,

M stage, TNM stage, age, gender, and smoking history, and risk

score were incorporated as covariates into univariate and

multivariate Cox regression analyses. Risk score, T stage and

N stage were demonstrated the independent prognostic factors

by forest plot for OS (Figures 5A).

The nomogram could intuitively and effectively display the

influence of the risk model on the prognostic outcome (55). A
Frontiers in Oncology 07
93
multi-scale nomogramwas constructed on account of independent

prognostic factors, which effectively predicted 1-year, 2-year and 3-

year OS probabilities of LUAD patients. The scores corresponding

to the parameters were calculated to obtain the total points. Thus,

high total score was significantly correlated to worse outcome

(Figure 5B). Furthermore, calibration curve implied well

performance of the nomogram at predicting survival capacity in

LUAD patients (Figure 5C). ROC curve analysis and Decision

Curve Analysis (DCA) showed that, compared with other

independent variables, the nomogram model classifier had the

distinctly superior accuracy and net benefit rate (Figures 5D, E).
A

B

D

C

FIGURE 2

The identification 4 prognostic EMT-related genes comprising the E-signature. (A) The standard deviation distribution of all mRNAs. In the left
panel, location corresponding to the red columns were standard deviation (SD) of genes with frequency greater than 500, where SD was used
as the abscissa and the vertical axis represented the number of genes. The right panel showed that the gene frequency distribution chart
obtained by LASSO analysis. The green baseline meant that frequency was equal to 500, the part exceeded the green line was genes with
frequency greater than 500. (B) KM curves showed the overall survival (OS) of patients grouped according to expression patterns of 4
prognostic EMT-related genes comprising the E-signature in TCGA-LUAD datasets. (C) Differential expression analysis of DKK1, LOXL2, MGP and
SLIT3 originated from TCGA-LUAD dataset. (D) The expression of 4 genes in fresh LUAD tumor samples (T) and adjacent normal-frozen tissues
(N) detected by Western blot (*P< 0.05, **P< 0.01, ***P< 0.001).
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Correlation between the prognostic
model and clinicopathologic features

To further clarify the clinical implication of the EMT

signature, we tested the relationship between risk score and

clinicopathologic variables by the Chi-square test. LUAD

patients were classified into different subgroups under diverse

clinical properties, including T stage, N stage, M stage, tumor

stage, gender, age, smoking history, status of EGFR. Notably,

there was a gradual upward trend in the proportion of high-risk

score patients with increase of malignant grade of pathological T

stage, pathological N stage, pathological M stage and tumor

stage. Regrettably, other clinicopathological characteristics

showed no obvious difference in the distribution (Figure 6A).

Subsequently, the risk model was also applied to each subgroup

for KM survival analysis. We observed that subgroup with high-

risk presented dramatically worse OS, suggesting that our

specific signature had a precise predictive value (Figure 6B).
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Functional annotation and enrichment
analysis of the E-signature

The association between risk score and EMT biomarkers was

assessed based on the TCGA database (Figure 7A). In order to

further observe biological functions of the risk model, ssGSEA

method was applied to derive scores of multifarious molecular

pathways. The heatmap of hierarchical cluster analysis showed

E-signature was enriched in “EPITHELIAL MESENCHYMAL

TRANSITION” and other carcinogenic pathways, while

metabolic-related pathways such as” HEME METABOLISM”

and “BILE ACID METABOLISM” were inversely regulated by

our signature (Figure 7B). Moreover, the correlation map

visualized the KEGG pathways extracted by correlation

coefficient > 0.3 statistically significant associated with the E-

signature (Figure 7C). Taken together, the constructed specific

s ignature played a compel l ing role in promot ing

tumor development.
A

B

C

FIGURE 3

The validation experiments of 4 prognostic EMT-related genes comprising the E-signature in vitro. (A) Western blotting confirmed that silencing
4 genes respectively caused alterations of EMT‐related protein expression in H1299 cells. (B) The effect of silencing four genes on H1299 cell
migration confirmed by wound-healing assays. (C) Transferability and invasiveness of H1299 cells were evaluated. *P < 0.05; **P < 0.01; ***P <
0.001. Data wereobtained from three independent experiments.
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FIGURE 4

The prognostic robustness and clinical usefulness of the E-signature in the internal training set. (A) Evaluating the impact of 4 EMT-related
genes on OS by means of forest plot. (B) Relatedness plot reported Pearson correlation values of each comparison. The bar color indicated
Pearson corr. Values below the map calculated between risk score and genes in the matrix. (C) The risk score, survival time and status of each
sample in TCGA-LUAD cohorts. The heatmap listed expression status of each gene involved in the signature. (D, E) The time-dependent
receiver operating characteristic (ROC) curves for the 1-, 2- and 3-year OS (D) and relapse free survival (RFS) prediction (E) by the E-signature.
Significant survival difference between high- and low-threshold group. (F) A comparison with previously reported E-signature models by KM
survival analysis and ROC curve. (G) The E-signature had the highest concordance index (C-index) as opposed to other reported models, which
proved that it could accurately predict prognosis.
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Discussion

LUAD is the accepted common classification of lung cancer,

accompanied by high prevalence and fatality (2, 56). In cancer

patients, metastasis is primary cause of shorten survival and high

mortality, and often has already occurred at the time of diagnosis

(57, 58). During the procedure of the classical invasion-metastasis

cascade, transformation from tumor epithelial cells to

mesenchymal cells with the invasion and migration capacity

(59). Subsequently, mesenchymal cells locally invade the

surrounding matrix and extracellular matrix (ECM), transport

and stay in distant organ tissues, eventually extravasate and

proliferate to form metastasis (60). The induction and ultimate

success of this process depends on EMT and its key regulators

(59). Regulation of EMT markers expression, for instance, N-

cadherin, Vimentin and E-cadherin, ultimately affects tumor

progression, metastasis and drug resistance (61, 62). To date,

considerable studies have shown that the marked association of
Frontiers in Oncology 10
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sophisticated regulation of EMT with poor prognosis of lung

cancer patients (63, 64). To break down this barrier in clinical

settings, molecular biological characteristics should be adequately

considered, and circulating tumor markers, TNM staging and

other indicators are not accurate enough in predicting the survival

of LUAD patients (65, 66). Similarly, single-gene biomarkers are

unable to achieve a satisfying prediction result (67). Therefore, a

multigene panel might be a promising and reliable method for

precision and individualized treatment of LUAD patients.

With rapid advancements in high-throughput sequencing,

abundant studies have used data from large communal

databases, for example, TCGA and GEO databases, to construct

the prognostic signatures for identification of patient risk

stratification, guidance of treatment regimens, precise prognostic

assessment, and improvement of clinical efficacy (68, 69). Previous

studies have reported risk-prediction models based on EMT in

LUAD (37, 38). Although the conventional analytical methods

used were similar, the genes required for construction of the
A B
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FIGURE 5

The prognostic nomogram and decision curve analysis (DCA) of the risk score based on E-signature. (A) The forest plot showed that the
signature was independent from other risk factors for prognostic prediction. (B) Nomogram predicted risk of secondary progression. Each
variable axis, containing T stage, N stage and risk score, corresponded to the characteristic attribute score of single sample. The final score was
summarized on the total score axis and the likelihood of 1-, 2-, and 3 years OS is determined on the survival axis. (C) The nomogram yielded an
accurate predictive capability that was extremely close to actual survival was presented by the calibration plots. X-axis represented the predicted
value of survival probability and y-axis represented actual survival possibility. (D) ROC curves represented that the E-signature ranked first
among all the parameters. (E) DCA curves graphically verified the E-signature brought more net benefit of survival than other clinical indexes.
Solid lines indicated net benefit of the predictive model within the threshold probabilities range. The black and grey line respectively represented
the hypothesis that none or all patients would experience.
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A

B

FIGURE 6

Correlation between the current prognostic E-signature and clinicopathologic attributes. (A) The distribution of samples with different risk
scores classified by clinicopathologic traits, including T stage, N stage, M stage, tumour stage, gender, age, smoking history and EGFR mutation.
*P < 0.05. (B) KM analysis of each subgroup was stratified by the E-signature to visualize the prognostic value of clinical parameters
classification.
Frontiers in Oncology frontiersin.org11
97

https://doi.org/10.3389/fonc.2022.974614
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Cui et al. 10.3389/fonc.2022.974614
signatures were fundamentally different, mainly due to the

different databases and screening processes. In terms of

bioinformatics analysis, our study not only plotted KM curves,

ROC curves and nomogram to improve the accuracy and

specificity of prognosis prediction, but also generated calibration

curves for the nomogram to further prove effective clinical utility

of E-signature. Secondly, the DCA (decision curve) was drawn for
Frontiers in Oncology 12
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clarifying clinical feasibility of the risk model and prognostic

significance of our signature was emphasized by comparing

with known prognostic models (51–53). In addition, compared

with the previously reported EMT models, we conducted in vitro

experiments in-depth to verify a dramatically correlation between

our signature and EMT procedure. Collectively, the specific E-

signature we developed could predict the cancer process more
A

B

C

FIGURE 7

Functional enrichment analysis based on the current prognostic model. (A) The correlation between risk score and EMT biomarkers.
(B) Hierarchical clustering analysis was used for heatmap plotting, showing KEGG pathways correlated with the model and coefficients were
greater than 0.3. (C) The correlation map confirmed the high-risk group retained the oncogenic pathways. The risk score increased successively
from left to right, where the enriched pathways and risk score were used as the abscissa.
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comprehensively and accurately, with more stable and robust

predictive performance and superior clinical practice (37, 38).

In this study, the E-signature was found to be composed of

DKK1, LOXL2, MGP and SLIT3. It is reported that DKK1 (a

secreted protein) contains the cysteine-rich domain and is a

member of the family of Dickkopf, (70). DKK1 has emerged as

an indispensable regulatory factor in multiple cancers and

commonly existed as an inhibitor of the Wnt pathway (71–73).

Nevertheless, DKK1 acting as a tumor promoter, which played a

critical role in the cancer progression (74–76). LOXL2 belonging to

the LOX family, has the typical function of catalyzing the cross-link

of elastin and collagen in the ECM and has attracted much

attention in cancer biology (48). Plenty of studies have revealed

that LOXL2 participated in tumor progression, metastasis, poor

prognosis and chemoradiotherapy resistance in varied cancers, e.g.,

lung cancer, breast cancer, pancreatic cancer and colorectal cancer

(77–80). MGP, an extracellular matrix protein, whose well-defined

function is still unknown, and currently acts as a double-edged

sword in cancers (49, 81–84). Upregulation of MGP promoted

cancer proliferation, migration and invasion, that was linked with

unfavorable prognosis (49, 81–83). Whereas, MGP reversed

chemotherapy resistance and received favorable survival

outcomes in estrogen receptor positive breast cancer (84). SLIT3,

a secreted protein, is widely distributed in normal tissues and

mainly participates in the Slit/Robo pathway (85). SLIT3 has rarely

been reported in human cancers, which could inhibit the

progression of thyroid cancer (86).
Conclusion

In summary, we developed and validated a trustworthy and

powerful signature, which could serve as an independent and

promising biomarker to optimize prognosis and surveillance

protocols for individual LUAD patients.
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Background: Glioma stem cells (GSCs) are a sub-population of cancer stem

cells with capacity of self-renewal and differentiation. Accumulated evidence

has revealed that GSCs were shown to contribute to gliomagenesis, distant

metastasis as well as the resistance to radiotherapy and chemotherapy. As a

result, GSCs were regarded as a promising therapeutic target in human glioma.

The purpose of our study is to identify current state and hotspots of GSCs

research by analyzing scientific publications through bibliometric methods.

Methods: All relevant publications on GSCs during 2003-2021 were extracted

from the Science Citation Index Expanded of Web of Science Core Collection

(WoSCC), and related information was collected and analyzed using Microsoft

Excel 2016, GraphPad Prism 8 and VOSviewer software.

Results: A total of 4990 papers were included. The United States accounted for

the largest number of publications (1852), the second average citations per item

(ACI) value (67.54) as well as the highest H-index (157). Cancer Researchwas the

most influential journal in this field. The most contributive institution was League

of European Research Universities. RICH JN was the author with the most

publications (109) and the highest H-index (59). All studies were clustered into

3 groups: “glioma stem cell properties”, “cell biological properties” and “oncology

therapy”. The keywords “identification”, “CD133” and “side population” appeared

earlier with the smaller average appearing years (AAY), and the

keywords”radiotherapy” and “chemotherapy” had the latest AAY. The analysis

of top cited articles showed that “temozolomide”, “epithelial-mesenchymal

transition”, and “immunotherapy” emerged as new focused issues.

Conclusion: There has been a growing number of researches on GSCs. The

United States has always been a leading player in this domain. In general, the

research focus has gradually shifted from basic cellular biology to the solutions

of clinical concerns. “Temozolomide resistance”, “epithelial-mesenchymal

transition”, and “immunotherapy” should be given more attention in the future.

KEYWORDS

glioma stem cell (GSC), chemotherapy resistance, EMT - epithelial to mesenchymal
transformation, hotpots, bibliometric analysis
frontiersin.org01
102

https://www.frontiersin.org/articles/10.3389/fonc.2022.926025/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.926025/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.926025&domain=pdf&date_stamp=2022-09-29
mailto:yanhua20042007@sina.com
mailto:luckywhg@163.com
mailto:hongwu1984teda@126.com
https://doi.org/10.3389/fonc.2022.926025
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.926025
https://www.frontiersin.org/journals/oncology


Song et al. 10.3389/fonc.2022.926025
Background

Glioma is one of the most common primary malignant

tumors of the central nervous system, accounting for 45%-60%

of adult intracranial tumors, with a 5-year survival rate of less

than 10% (1, 2). Glioma stem cells (GSCs) are a particular group

of cells within the glioma mass, which also were known as

glioma-initiating cells (3, 4). Previous reports have demonstrated

that GSCs share fundamental stem cell properties of self-

proliferation and multi-lineage differentiation. Emerging

evidence suggests that GSCs to a large extent contribute to

glioma recurrence and therapy resistance (5, 6). For example,

radiotherapy is particularly effective against rapidly proliferating

tumors cells, while GSCs are mainly quiescent in the G0 state,

and therefore allows them to exhibit high resistance to

radiotherapy. In addit ion, GSCs are able to expel

antineoplastic drugs to the extracellular medium by using

multidrug resistance-associated protein transporter (7, 8). In

view of this, GSCs are considered to be critical therapeutic

targets for glioma relapse and drug resistance (9).

Appropriate epistasis regulation is vital for the maintenance

o f GSCs . Temozo lomide (TMZ) i s the fi r s t - l ine

chemotherapeutic agent for glioma, and main mechanism of

action of this drug is to promote methylation of guanine in

DNA, leading to glioma cell cycle arrest (10). In contrast, O-6-

Methylguanine-DNA methyltransferase (MGMT) is a key

enzyme for DNA repair (9, 11), which functions as removing

alkyl groups from guanine residues, thereby counteracting

TMZ-induced DNA damage, an important mechanism in the

resistance of glioma cells to TMZ treatment. Multiple studies

have shown that miRNA and LncRNA could reduce MGMT

activity levels to improve TMZ sensitivity (12, 13). And they

could regulate the growth pathway of GSCs, promote apoptosis

and inhibit cell proliferation. Additionally, some miRNAs were

confirmed to be closely associated with glioma prognosis and

can also be used as prognostic predictors (14).

Meanwhile, GSCs have been isolated mainly from glioma

cell lines cultured in vitro or human brain tumors. Most GSCs’

markers are derived from normal stem cells, including SOX2,

NANOG, OLOG 2, MYC, BMI1 and differentiation inhibitor

protein 1 (ID1), as well as surface markers CD133, CD24, CD44

and Nestin (3, 15). These markers can be used as an indicator for

GSCs identification and also for cell sorting (16). However, GSCs

cultured in vitro may not accurately reflect their physiological

status as they showed in vivo, even though the glioma cells were

derived from patients. As GSCs in vivo are exposed to the
Abbreviations: GSC, Glioma stem cell; ACI, Average citations per item; TLS,

Total link strength; SOTC, Sum of the times cited; TMZ, Temozolomide;

MGMT, O-6-Methylguanine-DNA methyltransferase; SCI-EXPANDED,

Science Citation Index-Expanded; WoSCC, Thomson Reuters’ WoS Core

Collection; WoS, Web of Science; AAY, Average appearing year; EMT,

Epithelial-to-mesenchymal transition.
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presence of large numbers of immune cells, complex

regulation of substance metabolism and growth regulation, it

is difficult to recreate the real context, even with three-

dimensional (3D) cell cultures and organ models (17, 18).

Given the importance of GSCs in tumor progression and

therapeutic resistance, an increasing amount of GSCs research

has been carried out in recent years. However, few attempts have

been undertaken to analyze the quantity and quality of

publications in this field from a global perspective. Most of the

studies focus only on one or some particular areas of GSCs

research. Therefore, it is necessary to adopt appropriate

statistical methods to reveal the overall knowledge framework,

research hotspots, and future directions of this field.

Bibliometrics is a scientific discipline employing

mathematical, statistical and other econometric methods

to explore the nature of scientific activities (19, 20). This

method could quantitatively reveal the development history,

research focus and future research direction of the scientific

field. Bibliometric analysis is now widely used in various

fields, including mathematics (21), physics (22), forestry

(23), agronomy (24) and medicine (25). However, to the best

of our knowledge, no studies involving the bibliometric

analysis of GSCs had been conducted. Thus, in the present

study, we performed a bibliometric analysis through

collecting publications related to GSCs research, and

further using VOS viewer software, a widely used

bibliometric software to estimate the contribution of

countries/institutions/authors, and to identify research

trends and hotspots in this field.
Materials and methods

Data sources and search strategies

Web of Science (WoS) is one of the most authoritative and

well-known citation databases, currently covering more than

18000 journals and 256 subject categories. To date, there has

been general agreement that the Science Citation Index-

Expanded (SCI-EXPANDED) of Thomson Reuters’ WoS Core

Collection (WoSCC) is the most appropriate database for

conducting bibliometric analysis (19, 20, 25). In this

bibliometric research, data were retrieved and downloaded

from SCI-EXPANDED (1998-present) of WoSCC. All the

search works were completed within the same day in order to

avoid the possible bias caused by the daily updating on WoSCC

database. Since all data in this study were obtained from public

databases and did not require any interactions with human or

animal subjects, ethical consent was not applicable. We

performed a visualization analysis on the number of

publications, citations, and research trends by country, author,

and institution using VOSviewer and other software to predict

future research hotspots in this field (Figure 1).
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The search formula was set to TI = “glioma stem cell*” OR

TI = “glioblastoma stem cell*” OR TI = “GBM stem cell*” OR

TI = “GBM stem-like cell*” OR TI = “brain tumor-initiating

cell*” OR TI = (“cancer stem cell*” AND (“brain” OR “glioma”

OR “glioblastoma” OR “GBM”)) OR TI = “glioma progenitor

cell*” AND language=English. The retrieval time span was

limited to 2003-2021 (Figure 2). There were 3905 original

articles, which accounted for 63.75% of the total number of

records, making articles the most frequent document type.

Review articles ranked second with 1085 records, comprised

17.71% of the total.
Data collection

To optimize data analysis, only original articles and reviews

were included in the final bibliometric analysis based on

previous studies. All retrieved records were assessed and

reviewed independently by two investigators (SSR, WHY). The

exported data included the number of publications, citation

frequency, active countries/regions and institutions, influential

authors and journals, disciplines, H-index, average citations per

item (ACI) and sum of the times cited (SOTC). Then the data

were inputted into Microsoft Excel 2016 and GraphPad Prism 8

and analysed both quantitatively and qualitatively by

descriptive analysis.
Frontiers in Oncology 03
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Bibliometric analysis

Microsoft Excel 2016 was applied to generate a prediction

model: f(x) = ((number of publications in the last year ÷ number

of publications in the first year)1/(last year - first year)- 1) × 100,

in which we analyzed the time trend of the publications as well as

the future change tendency based on the cumulative number of

publications (20). The index of H means that a scholar/country

has published H papers and that each of them has been cited at

least H times by other publications. It is widely accepted that H-

index could quantify both the scientific impact and research

output of a scholar or a country (21, 22). In addition, a citation is

a sign that one’s research has recognized by other researchers

and also a way for other scholars to draw on or directly prove

their point. Usually speaking, the higher the number of citations,

the more attention the result has received and the higher its

academic value. Therefore, SOTC and AIC are the frequently

used indicators to assess the scientific performance and

contribution a scholar or a country (25, 26).

Bibliometric analysis , which takes advantage of

mathematical and statistical approaches, is a comprehensive

analytical method first defined by Pritchard in 1969. It is

regards as one of the optimal methods for quantifying the

content of literature and analyzing the correlation of highly

cited references with productive authors. The java program VOS

viewer (version 1.6.16, Leiden University, The Netherlands,
FIGURE 1

We searched the Web of Science Core Collection (WoSCC) on GSCs and performed a visualization analysis from the perspectives of countries,
institutions, disciplines, journals, authors, references and keywords to predict future research hotspots in this field.
frontiersin.org

https://doi.org/10.3389/fonc.2022.926025
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Song et al. 10.3389/fonc.2022.926025
downloadable at www.Vosviewer.com) is one of the most

popular bibliometric software tools used for constructing and

visualizing the network of authors, country, institution, journal,

and keywords. VOS viewer could provide three types of

visualizations map including the network visualization map,

the overlay visualization map, and the density visualization

map (27). Take network visualization map as an example,

items are represented by their label and the size of the label is

determined by the weight of the item. The links between items

indicate the correlation between parameters and the thickness of

the link represents the strength of the link. Total Link Strength

(TLS) which means the weighed links of the selected nodes is

often used to quantitatively evaluate the total links (25, 26). In

addition, VOS viewer could classify countries, journals,

institutions, and keywords into different clusters based on co-

authorship, citation, co-citation, as well as co-occurrence

analysis. A detailed explanation for these maps is available in a

handbook which could be downloaded from the following Web

site: https://www.vosviewer.com/documentation/Manual_

VOSviewer_1.6.16.pdf.
Result

Temporal distribution map of the
scientific literature

Already in 2003, Cancer Research published an article by

Canadian scholar Singh et al, entitled “Identification of a cancer
Frontiers in Oncology 04
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stem cell in human brain tumors”, which defined a class of brain

tumor stem cell for the first time. Starting in 2007, the annual

volume of publications related to GSCs has increased steadily,

reaching a peak in 2017 (498), accounting for 9.98% of total

publications, subsequently with a minor fluctuation in the

literature published in 2018 (406) and a rebound in 2019. The

annual growth rate from 2007 to 2021 was 14.56%, representing

98.98% of all papers meeting the criteria (4939/4990). In

addition, as also can be seen from Figure 3, the annual

number of citations showed an overall increasing trend, which

was similar with the growth pattern of annual number

of publications.
Country/region distribution

Of these 4990 articles and reviews, 85 countries are

involved in GSCs research. From Figure 4A and Table 1, it

can be seen that the United States was the most prolific

country with 1852 (37.11%) publications, followed by China

(1133, 22.71%) and Italy (469, 9.40%). In terms of the H-

index, the United States also ranked first. Figure 4B presents

the number of papers published per year in the top 5

countries during the period 2003-2021. There has been a

consistent growth in annual number of studies on GSCs in the

United States since 2004, and culminated in 2017 (186).

China has made great progress in this field since the 2010s,

but the number of research publications was still lower than

the United States.
FIGURE 2

The flowchart of data collection about GSCs on WoSCC.
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Figure 4C illustrates the country co-authorship network

visualization map. A total of 22 countries with the minimum

number of 50 publications were selected. Each colored node

represents a country, and nodes with the same color are

grouped into the same cluster. Particularly, the thicker the line

between two nodes indicates the closer cooperation between

countries. As evident from Figure 4C, global country

cooperation is broadly divided into five main clusters. The
Frontiers in Oncology 05
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United States has a central position in collaboration with other

countries, and collaborated most closely with China, Italy, and

England. Figure 4D shows the country co-authorship overlay

visualization map. The color of each node indicates the average

appearing year (AAY) of each country according to the color

gradient presented in the lower right corner. From this figure, we

can find that the countries of Russia, Poland and Iran were the

relatively new entrants in this field. And as one of the early
FIGURE 3

The annual publications and citations annual number of publications and citations in the field of glioma stem cells (GSCs) from 2003 to 2021.
There is an increasing trend in GSCs.
A B

DC

FIGURE 4

(A) The global distribution of different countries involved in glioma stem cells (GSCs) research based on their number of publications. The United
State pays the most attention to GSCs, followed by China and Italy. (B) The growth trends of annual number of publications in the top 5 prolific
countries during the period 2003-2021. The network visualization map (C) and overlay visualization map (D) of country co-authorship analysis
generated by VOS viewer. Countries with the minimum number of 50 publications were assigned into five clusters.
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pioneers to focus on GSCs, although Canada is ranked only

seventh in terms of total publications, its average number of

citations is the highest (85.98).
Distribution of research institutions

The top 10 institutions in terms of publication on GSCs

research were shown in Table 2. Of these, there were 7 American

institutions, 2 French institutions, and 1 European institution.

The League of European Research Universities holds the largest

number of publications (289, 5.792%), citations (17623), and the

highest value of H-index (66). The citation analysis between

institutions is illustrated in Figure 5A, the size of the node

indicates the centrality, that is TLS. From this figure, it can be

seen that Cleveland Medical Center, Case Western Reserve

University, Duke university, and University of Toronto

occupied the center location of citation. While in terms of

ACI, University of Toronto ranks first with 126.38 times,

followed by Cleveland Medical Center (84.48) and Harvard
Frontiers in Oncology 06
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University (80.98). Additionally, an institution co-authorship

network map with 120 nodes and 1196 links was also generated

(Figure 5B). Institutions with more than 20 documents were

analyzed and the top 3 institutions with the largest TLS were

Cleveland Medical Center (134 times), Case Western Reserve

University (101) and University of Toronto (88).
Distribution of disciplines and journals

Of the 4990 included documents, 18 subject categories were

identified. Table 3 lists the top 20 disciplines of GSCs based on the

number of publications. It can be seen that the subject categories

receiving the most interest were oncology (42.645%), cell biology

(22.926%), biochemistry molecular biology (13.607%) and

medicine research experimental (8.236%). Also, the literature in

this field was also within the subject areas of pharmacology,

genetic inheritance, materials science, and immunology.

A total of 921 journals have published related articles in this

field. Table 4 shows the distribution of the top 10 productive
TABLE 1 The top 10 countries in research scope of glioma stem cells.

Country Quantity % of 4990 H-index ACI TLS

USA 1852 37.114 157 67.54 739

Peoples R China 1133 22.705 81 31.33 301

Italy 469 9.399 68 43.84 184

Germany 355 7.114 66 52.19 201

Japan 299 5.992 60 40.51 89

South Korea 289 5.792 48 30.39 93

Canada 281 5.631 62 85.98 147

France 216 4.329 45 30.08 84

England 201 4.028 51 42.52 114

Spain 157 3.146 32 29.52 65
frontiersi
ACI, average citations per item.
TLS, Total link strength.
TABLE 2 The top 10 research institutions in regard to the research on glioma stem cells.

Institute Quantity % of 4990 Country H-index ACI SOTC

League of European Research Universities 289 5.792 European 66 60.98 17623

University of California system 205 4.108 USA 58 67.03 13741

University of Texas system 198 3.968 USA 55 70.9 14038

Harvard University 193 3.868 USA 55 80.98 15629

Cleveland Clinic Foundation 168 3.367 USA 65 84.46 14189

Institut National de la Sante et de la Recherche Medicale 148 2.966 France 40 29.22 4325

UTMD Anderson Cancer Center 140 2.806 USA 49 59.64 8350

University of Toronto 136 2.725 USA 46 126.38 17188

Case Western reserve university 124 2.485 USA 49 66.4 8234

Centre national de la recherche scientifique cnrs 112 2.244 France 31 22.64 2536
ACI, average citations per item.
SOTC, sum of the times cited.
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journals in this area. Oncotarget, Plos One and Cancers are the top 3

contributors with 202, 158 and 132 papers, respectively. Cancer

Research has the largest H-index of 61, followed by Stem Cells (45)

and Oncotarget (45). As for ACI, Cancer Research is the top-ranked

with 148.62 times, much higher than other journals. A co-citation

analysis was also performed to evaluate the connection among

different journals. As shown in the journal co-citation network

visualization map (Figure 6A), the size of the node indicates the

centrality, which is proportional to the number of citation times.

There were 239 nodes and 28438 links and only journals with a

minimum of 200 citations were included. The top 3 journals with

the largest TLS were Cancer Research (17593), Nature (13624), and

Proc Natl Acad Sci U S A (9388). A density visualization map of

journal co-citation analysis was also provided in Figure 6B.
Distribution of authors

The top 20 productive authors published 937 papers on

GSCs, accounting for 18.78% of all 4990 publications. The details
Frontiers in Oncology 07
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of the top 20 authors published papers are shown in Table 5.

RICH JN from the University of California, Santiago is the

author with the most publications (109), comprised 2.18% of

total, and the highest H-index (59), followed by LATHIA JD

from Case Western Reserve University (71, 1.42%), and

NAKANO I from the University of Alabama, Birmingham

(67, 1.34%). Besides, of these top 20 scholars, the United States

has the most authors with seven, followed by China (five

authors), Korea (three authors), Italy (two authors), and

Canada (two author). Notably, Dirks PB from University of

Toronto is the author with the highest ACI (357.41 citations per

publication), although he has published only 32 papers. The

author co-citation network map in Figure 7A has also confirmed

that SINGH SK was the author with the highest centrality

(TLS=2969.37), followed by BAO SD (TLS=1995.09) and

Stupp R (TLS=1782.19). As for author co-authorship analysis,

a total of 37 authors with more than 20 documents were

analyzed using the VOS viewer software (Figure 7B). The top

3 authors with the largest TLS were RICH JN, WU QL, and Bao

SD. In addition, the authors of Jiang T, Zhang W and Singh Sk
A

B

FIGURE 5

Institution citation map (A) and co-authorship network map (B) in regard to the research on glioma stem cells research. The connection
between the nodes represents a co-citation relationship. Thickness of the line reflects the frequency of the cooperation. And the thicker the
line, the stronger the cooperation.
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showed a relatively latest AAY of 2017.25, 2016.88, and 2015.83,

respectively, which indicates that they are more active

researchers in this field recently.
Reference analysis

Table 6 demonstrates the top 10 most frequently cited

papers. Among them, 80% were based on original research,

and 9 studies were published prior to 2010. All these studies were

published in top-rank journals including 3 in Nature, 2 in

Cancer Research, and so on. And all of them were co-cited

more than 1300 times. The article by SINGH et al. published in
Frontiers in Oncology 08
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2004 was the most cited (5417 citations) paper, and the article is

entitled “Identification of human brain tumor initiating cells”.

At the same time, the article by Bao et al. entitled “Glioma stem

cells promote radio resistance by preferential activation of the

DNA damage response” and the article by SINGH et al. entitled

“Identification of a cancer stem cell in human brain tumors” also

received enormous attention and each of them acquired more

than 3000 citations.
Keyword analysis

The goal of keywords co-occurrence analysis is to trace

scientific development and identify potential hot topics of a

certain field. By applying VOS viewer, we extracted 41 keywords

that appeared more than 200 times, of which 39remained after

manually removing the duplicates. As shown in the Figure 8A,

all the identified keywords were classified into 3 main clusters:

“glioma stem cell properties” (red nodes), “cell biological

properties” (green nodes) and “oncology therapy” (blue

nodes). The keyword “glioblastoma” appeared most frequently,

with 1690 occurrences, followed by expression (1251), caner

stem cells (1014). In the cluster of “glioma stem cell

characteristics”, the prominent keywords were self-renewal

(565), brain tumors (403), and gene expression (377). As for

the cluster of “cell biology”, expression (1278), glioma (903),

identification (887) and growth (742) were the most frequently

appearing words. In the third keyword cluster of “oncology

therapy”, studies on temozolomide (437), survival (397), stem

cell (394) and resistance (386) are common.

As shown in the keywords overlay visualization map

(Figure 8B), the keywords “progenitor cell”, “CD133” and

“identification” appeared earlier with the smaller AAY, which

revealed that numbers of studies were focused on the

identification and characterization of GSCs in the early stages

of glioma stem cell research. While since 2016, research focus

has shifted to “growth”, “proliferation”, “invasion”, “apoptosis”,
TABLE 3 The top 20 disciplines on glioma stem cells.

Disciplines Quantity % of 4990

Oncology 2128 42.645

Cell Biology 1144 22.926

Biochemistry Molecular Biology 679 13.607

Medicine Research Experimental 411 8.236

Clinical Neurology 394 7.896

Neurosciences 360 7.214

Multidisciplinary Sciences 347 6.954

Pharmacology Pharmacy 319 6.393

Cell Tissue Engineering 227 4.549

Genetics Heredity 209 4.188

Biotechnology Applied Microbiology 199 3.988

Pathology 172 3.447

Chemistry Multidisciplinary 171 3.427

Hematology 115 2.305

Biophysics 106 2.124

Chemistry Medicinal 102 2.044

Surgery 102 2.044

Immunology 97 1.944

Nanoscience Nanotechnology 72 1.443

Materials Science Biomaterials 59 1.182
TABLE 4 The top 10 journals with the most attention to glioma stem cells.

Journal Quantity % of 4990 H-index ACI

Oncotarget 202 4.048 45 35.45

Plos One 158 3.166 43 39.54

Cancers 132 2.645 24 14.8

Cancer ResearchA 123 2.465 61 148.62

Neuro Oncology 122 2.445 42 44.75

International Journal of Molecular Sciences 88 1.764 17 10.89

Oncogene 84 1.683 38 81.06

Stem Cells 80 1.603 45 80.36

Cancer Letters 75 1.503 34 48.4

Scientific Reports 73 1.463 22 21.53
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that is the biological characterization of glioma. Further, the

emergence of keywords “radiotherapy” and “chemotherapy”,

which has the latest AAY, are seen as a shift in focus from

basic cellular biology to clinical problem solving.

In order to validate this conclusion, we further analyzed the

most cited papers between 2012-2016, as well as 2017-2021. As

displayed in Supplement Table 1, the most cited articles

between 2012-2016 was mainly about the topics of glioma

stem cells, tumor microenvironment, and chemoresistance.

While the analysis of the top 10 most cited articles from

2017 to 2021 showed that Temozolomide and epithelial-

mesenchymal transition emerged as new issues for scholars

and immunotherapy with glioma stem cells has also attracted

great attention from researchers in this field (Supplement

Table 2). Therefore, the above result could lead to the

c on c l u s i on t h a t c an c e r t h e r ap y r e s i s t an c e and

immunotherapy with glioma stem cells will be the potential

research hotspots in the near future.
Frontiers in Oncology 09
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Discussion

Unlike systematic reviews, bibliometrics is a type of

document analysis method that integrates mathematics,

statistics, philology, and other disciplines (20, 23), and can be

employed to assess the scientific output in a certain field. In this

study, we chose the WOS database as the main source of data

(19) and then VOS viewer software (28) was used to visualize

bibliometric networks of literature information related to GSCs

research from 2003 to 2021.

To the search date, a total of 4990 publications with 226043

cited times were identified, and the annual volume of

publications on GSCs showed an increasing trend from 2003

to 2021. Among 85 countries participated in the publication of

this domain, the United States was the most prolific country

accounting for more than one third of the global total

publications, followed by China and Italy. As can be seen from

the annual number of publications in the top five prolific
A

B

FIGURE 6

The network visualization map (A) and density visualization map (B) of journal co-citation analysis. In the visualization map, each node
represents a journal and its size is proportional to the number of publications. The deeper the color of a node, the more frequently of
keywords appears.
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countries, the United States consistently maintains its leading

position in this field during the period 2003-2021. Similarly,

there has been an upward trend on the whole in annual number

of publications in China and the gap with the United States

gradually narrowed. This finding indicates that the studies of

GSCs have attracted the interest of many Chinese scholars. It’s

quite predictable that the investment to GSCs research will be

further strengthened globally, especially in the United States

and China.

H-index is often used to measure both the productivity and

academic impact of a scholar, institution or country. Specifically, if

a scientist has n articles cited more than n times, then his/her H-

index is n (27, 28). Moreover, ACI and SOTC are the additional

indicators that widely used to describe academic contributions

(20, 25). Our results suggest that the United States had the highest

H-index (157) and the second largest AIC (67.54), which indicates

that the United States not only published a large number of

publications, but the quality of the publications was also highly

valuable and informative in academic terms. Besides, the United

States accounted for 70% of the top 10 productive institutions on

GSCs research. University of California System in the United

States had the large number of publications (205) and the high

SOTC (13741). This may be an important reason why the United

States has an irreplaceable position in the field of GSCs research.

Also, although the overall number of publications and H-

index from China in this field ranked the second to the United

States, the AIC was only 31.33 times. Therefore, except for

increasing production, China also needs to enhance the
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innovativeness and depth of related research. Importantly,

Zhang Y in Shanxi Medical and Zhang W in University

Beijing Neurosurgical Institute both have the largest quantity

of publications (41), indicating they pay plenty of attention in

this field. Wang Y of Third Military Medical University obtains a

large number of high-quality research results with the greatest

AIC of 42.06. They are more likely to be funded and change the

current largely homogeneous state of affairs.

In addition, as one of the early pioneers to focus on GSCs,

although Canada ranked seventh in terms of publication

quantity, its ACI is the highest (85.98). The University of

Toronto was the first institution to study GSCs with an ACI of

126.38, much higher than other institutions. Already in 2003,

Cancer Research published an article by Canadian scholar Singh

et al, entitled “Identification of a cancer stem cell in human brain

tumors” (29). CD133, a widely known transmembrane protein

expressed on the surface of hematopoietic stem cells, is the first-

reported CSC marker of leukemia (30, 31). Nevertheless, this

study proposed that CD133 could mark GSCs and be used for

identifying and sorting GSCs, making a tremendous advance to

GSCs research. Then, in 2004, Singh et al, further demonstrated

in “Identification of human brain tumor initiating cells”

published in Nature that CD133+ GSCs spheres could initiate

gliomagenesis and have the potential to differentiate into normal

tumor cells (32).

Co-citation analysis is a method for measuring the degree of

relationship between documents. It refers to when two documents

are cited by a third document at the same time, and the two
TABLE 5 The top 20 authors contributing the greatest amount to glioma stem cells.

Authors Quantity % of 4990 H-index ACI Country Institute

Rich JN 109 2.184 59 163.37 USA University of California San Diego

Lathia JD 71 1.423 38 91.03 USA Case Western reserve university

Nakano I 67 1.343 33 54 USA University of Alabama Birmingham

Wu QL 53 1.062 39 185.83 USA Case Western reserve university

Kim SH 50 1.002 26 51.48 South Korea Chonnam National University

Kim H 47 0.942 20 30.74 South Korea Chonnam National University

Singh SK 46 0.922 23 237.83 Canada McMaster University

Bao SD 41 0.822 33 200.73 USA Cleveland Clinic Foundation

Zhang W 41 0.822 20 38.2 Peoples R China Beijing Neurosurgical Institute

Zhang Y 41 0.822 21 41.17 Peoples R China Shanxi Medical University

Liu Y 40 0.802 17 31.65 Peoples R China Anhui University of Science and Technology

Hjelmeland AB 39 0.782 28 254.31 USA University of Alabama Birmingham

Bian XW 38 0.762 28 54.24 Peoples R China Third Military Medical University

Pallini R 38 0.762 18 64.34 Italy Catholic University of the Sacred Heart

Ricci-vitiani L 38 0.762 19 67.76 Italy Istituto Superiore di Sanita

Taylor MD 38 0.762 21 62.53 Canada University of Toronto

Nam DH 37 0.741 25 59.76 South Korea Sungkyunkwan University

Wakimoto H 37 0.741 24 58.7 USA Harvard University

Wang Y 34 0.681 18 42.06 Peoples R China Third Military Medical University

Dirks PB 32 0.641 24 357.41 Canada University of Toronto
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A

B

FIGURE 7

The author co-citation network map (A) and co-authorship overlay map (B) generated by VOS viewer. Each node represents an author, and
node size indicates the number of publications. The purple nodes represent the author appear earlier, whereas the red nodes reflect the
recent occurrence.
TABLE 6 The 10 most cited papers of research on glioma stem cells from 2003 to 2021.

Title Journal First
author

Year Number of
institutions

Citation Document
type

Identification of human brain tumour initiating cells Nature Singh SK 2004 1 5417 Article

Glioma stem cells promote radioresistance by preferential activation of the
DNA damage response

Nature Bao SD 2006 1 4324 Article

Identification of a cancer stem cell in human brain tumors Cancer Res Singh SK 2003 1 3729 Article

Malignant gliomas in adults N Engl J Med Wen PY 2008 2 2960 Review

Identification of pancreatic cancer stem cells Cancer Res Li CW 2007 3 2433 Article

Malignant astrocytic glioma: genetics, biology, and paths to treatment Genes Dev Furnari
FB

2007 1 1715 Review

Identification of a subpopulation of cells with cancer stem cell properties in
head and neck squamous cell carcinoma

Proc Natl Acad
Sci U S A

Prince ME 2007 3 1616 Article

A perivascular niche for brain tumor stem cells Cancer Cell Calabrese
C

2007 1 1550 Article

A restricted cell population propagates glioblastoma growth after
chemotherapy

Nature Chen J 2012 1 1377 Article

Analysis of gene expression and chemoresistance of CDI33(+) cancer stem
cells in glioblastoma

Mol Cancer Liu GT 2006 1 1317 Article
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documents can be considered to form a co-citation relationship.

The higher the frequency of citations, the closer the academic

relationship between the two documents. TLS is an important

quantitative indicator to the strength of links between them and is

positively correlated with the number of citations. The results of

the journal co-citation analysis showed that the top three journals

with the largest TLS were Cancer Research, Nature, and Proc Natl

Acad Sci U S A. Beyond this, the top three H-index journals were

Cancer Research, Stem Cells and Oncotarget. This indicates that

some literature published in the above-mentioned journals may

have significant academic impact and marvelous reference value

for research in the field. Additionally, these results could also

provide directions for scholars to submit related manuscripts.

Moreover, authors were classified into four categories based on

author co-citation analysis. The top three authors with the largest

TLS were Singh Sk, BAO SD, and Stupp R. The authors of Jiang T,

ZhangW and Singh Sk showed a relatively latest AAY of 2017.25,

2016.88, and 2015.83, respectively, which indicates that they are

more active researchers in this field recently. However, none of

these scholars have enormous cited times, which may be caused by

the short time of publication.
Frontiers in Oncology 12
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The 10 top most frequently cited articles were distributed

between 2003 and 2012. Of these 10 articles, there were 4

articles about identification of GSCs from 2003 to 2007, and 3

articles on the radiotherapy resistance of GSCs, suggesting

GSCs may be considered as potential therapeutic targets in

glioma. The most cited article titled “Identification of human

brain tumor initiating cells” was published in Nature in 2004,

which proposed that CD133 was a surface marker of GSCs and

thus could be used for the identification and sorting of GSCs

(32). Furthermore, it was demonstrated that GSCs have

differentiation potential. Then, Prince ME proposed that

CD44 was a surface marker in the study titled “Identification

of a subpopulation of cells with cancer stem cell properties in

head and neck squamous cell carcinoma” in 2007 (33).

However, studies show that unlike normal stem cells, GSCs

may respond to differentiation but fail to fully lose their

stemness. Helena C found that GSCs-derived cells didn’t

undergo terminal cell cycle arrest and remain vulnerable to

de-differentiation. When differentiation stimulation being

withdrawn, they may return to GSC-like cells with

proliferative potential (34–36).
A

B

FIGURE 8

The network visualization map (A) and overlay visualization map (B) of keywords co-occurrence analysis on glioma stem cells research.
Keywords with similar categories are gathered in a cluster. There are three clusters, including glioma stem cell properties” (red nodes), “cell
biological properties” (green nodes) and “oncology therapy” (blue nodes).
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GSCs received a lot of attention from 2010 to 2015 as a

therapeutic target for glioma because of their association with

oncologic therapy resistance (37, 38) and angiogenesis (39, 40).

In the last five years, the research focus was mainly on the

regulation of the immune microenvironment of GSCs (41, 42),

including macrophages, neutrophils, and lymphocytes. A novel

approach for glioma therapy is to promote apoptosis of GSCs

(5), reduce immunosuppression and suppress metastasis by

regulating immune cells (43, 44).

The purpose of keyword co-occurrence analysis was to

track scientific developments and to identify prospective hot

topics in a domain. All the identified keywords were classified

into three main clusters: “glioma stem cell properties”, ”cell

biological properties” and “oncology therapy”. In the

keywords overlay visualization map, keywords related to

stem cells property such as “identification”, “CD133” and

“marker”, occurred extremely frequently and appeared quite

early, indicating early studies were mainly devoted to the

identification of GSCs (29, 32, 33). Then, the keywords

“apoptosis”, “proliferation” and “invasion” appeared which

were about cell biological properties (45, 46). After GSCs were

marked and sorted, researchers began to use tools to regulate

GSCs’ growth, such as LncRNA or miRNA to alter cellular

gene expression (12–14). These basic researches have

provided new insights into the glioma treatment. In 2015,

the terms of clinical relevance “angiogenesis” and “resistant”

emerged frequently. The research task of many research

teams during this period is mainly to find mechanisms of

clinical symptoms on the cellular and genetic level (47). It is

not hard to see that research hotspot is beginning to move

from basic cellular studies to the solution of clinical problems.

Recently, keywords that appeared at a high frequency

including “temozolomide” and “epithelial-mesenchymal

transition” suggests that chemotherapy resistance in gliomas is

currently the hot topic of GSCs research. TMZ is the first-line

chemotherapy drug for glioma. A multitude of clinical studies

showed that there was a significant decrease in the treatment

effect in a subset of patients when TMZ treatment was repeated

(13, 48). Currently, GSCs are considered as the main cause of the

TMZ tolerance to glioma. TMZ prevents DNA replication by

guanine methylation of DNA, causing cells to arrest in M phase.

Target cells of TMZ are tumor cells with robust growth and

metabolism instead of silent GSCs in quiet G0 phase (10).

Therefore, most normal gliomas cells are killed and

chemotherapy-insensitive GSCs are preserved following the

first exposure to TMZ treatment. However, when TMZ

treatment is repeated, the tumor cell killer effect of oncology

therapy is strongly reduced. MGMT is mainly involved in DNA

methylation repair and highly expressed in GSCs (9, 11). It is

reported that there was a strong positive correlation between

MGMT activity and TMZ tolerance of tumors in gliomas. It is a
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decent therapeutic approach to reduce TMZ resistance and

improve the effect of TMZ by inhibiting MGMT activity and

decreasing its expression. In addition, GSCs highly expresses the

anti-apoptotic gene Bcl-2 (49) and ATP-binding cassette

transporter (50) to pump drugs out of the cell and protect the

tumor cell from oncology therapy. GSCs release extracellular

vesicles, which is involved in therapeutic resistance. At the

present time, studies are mainly aimed at promoting GSCs

apoptosis and inhibiting GSCs proliferation. For example,

LncRNA or miRNA promote GSCs apoptosis and autophagy

(12, 13, 47). Generally, treatment combinations have a stronger

effort against TMZ tolerance. Combinated treatment of

photodynamic therapy or sonodynamic therapy with TMZ

could kill tumor stem cells (38, 51). Recently, tumor treating

fields (TTFields) is a novel tumor treatment. Paul C et al.

demonstrated that TTFields with TMZ inhibited GSCs

proliferation and tumor sphere formation (52). Theoretically,

it is a potential treatment to promote GSC differentiating and

escaping from quiescence for enhancing therapeutic sensitivity

(53–55). Whereas, there are few reported clinical application

about GSCs.

Epithelial-to-mesenchymal transition (EMT) is a cellular

mechanism which is known to promote normal embryonic

development (56, 57). EMT is a transcriptional process in

which epithelial cells take on mesenchymal properties

through loss of cell-to-cell adhesion, acquisition of

migration and invasiveness, and loss of cell polarity (58). In

general, EMT contributes to tumorigenesis, invasion, distant

metastasis , and resistance to chemotherapy and/or

radiotherapy in tumors. Significantly, in cancer, EMT is a

dynamic process of mutual transformation of epithelial cells

to mesenchymal cells. To some extent, tumor cells acquire

stem cell-like properties, increased motility and invasive

capacity through EMT (59). It also promotes glioma

immune evasion and immunosuppression and enhances

resistance to current oncology therapy. There are important

pathways involved in epithelial mesenchymal transition that

also maintain the stemness of GSCs such as Wnt/b-catenin
pathway, SHH pathway and NOCTH pathway (60). The Wnt/

b-catenin pathway combined with TGF-b signaling induces

EMT through high expression of HIF-a (40). Critically,

Frizzled-related protein (sFRP4), as a Wnt pathway

antagonist, reverses EMT and reduces drug resistance. It is

known that activation of receptor tyrosine kinases (RTK),

such as epidermal growth factor and FGF, can induce EMT by

activating the classical PI3K/AKT and RAS/MAPK pathways

(61). Clinical trials have been conducted with STAT3

inhibitors for the treatment of cholangiocarcinoma, breast

and ovarian cancers.

The neoplasm is surrounded by a multitude of non-

tumor cells that constitute a complex tumor immune
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microenvironment, including dendritic cells, microglia,

l ymphocytes , tumor-assoc ia ted macrophages , and

endothelial cells (42, 62). GSCs recruit monocytes by

secreting CSF-1 and CCL2 (63), upregulate STAT3

expression, and promote the conversion of monocytes to M2

tumor-associated macrophages, which contribute to

angiogenesis and tumor metastasis (42). In addition, M2

tumor-associated macrophages can contribute to GSCs

immuno s u p p r e s s i o n t h r o u g h t h e s e c r e t i o n o f

immunosuppressive factors such as IL-10 and TGF-b1 (64).

Therefore, M2 tumor-associated macrophage is a potential

immunotherapeutic target for glioma stem cells (65). Besides,

attracted oligodendrocytes and macrophages/microglia

provide advantages for GBM in the development of the GSC

niche in proliferation, migration, and stemness (66). In

addition, tumor-associated macrophages expressed CD204

specifically engulf GSC-derived necrotic particles, and then

upregulated the expression of IL-12 which enhance the

sphere-forming activity of GBM patient-derived cells (67).

Therefore, tumor-associated macrophages hold great promise

to eliminate glioma. Glioma cells invade along some vital

anatomical structures, including the white matters. Jun W

et al. demonstrated that CD133+ GSCs are more likely to

locate on the jagged1+ (a Notch ligand) nerve fibers.

Importantly, a Notch1-Sox9-Sox2 positive feedback loop

enhance the ability of GSCs to survive in WM tracts by

enhancing stemness, thereby promoting invasive growth

(68). When tumor invasion into the white matters induces

an injury-like microenvironment, the white matter suppresses

malignancy by directing GSC differentiation towards pre-

oligodendrocyte fate. But once removed from white matter,

GSC-derived oligodendrocytes reverse a GSC state.

Continuous exposure to white matter is a condition of GSCs

differentiation (69). Brain tumor metastasis is usually

accompanied with destruction of blood vessels and blood

brain barrier. Endothelial cells prompt GSCs self-renewal

through activating Notch and Hedgehog pathway (70, 71).

Hypoxic environment prompt GSCs stemness maintenance.

In peri-hypoxic niches, hypoxia-induced factors are important

in the regulation of stemness (72). Hypoxic environment

modification probably is perpetual topic on tumor treatment.
Strengths and limitations

There are many systematic reviews but no bibliometric studies

on GSCs. Our study is the first bibliometric study on GSCs.

Bibliometric analysis combined with visualized maps can provide

systematic information about GSC-related studies. There are

several important advantages of our study. First, the visualized
Frontiers in Oncology 14
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map can help readers to learn about the evolution of GSCs

research and current research hotspots relatively easily. Second,

keyword analysis makes it easy for researchers to capture potential

research targets. Finally, co-author analysis and co-citation

analysis in terms of country, institution and author could

provide references for scientists and funding agencies.

However, this study still has several limitations. Because

the language of the included studies was limited to English, it

may have overlooked several important studies published in

other languages. There are inconsistencies between the results

of the bibliometric analysis and the status of the actual studies.

This is due to the fact that the database on which this study is

based stays open and updated. In addition, the growing trend

in the number of published papers may last longer

than predicted.
Conclusions

This study summarizes the current state and global trends in

GSCs research. There is an increasing trend in the number of

publications and the United States is in a leading position of this

domain. The Cleveland Medical Center holds the largest number

of publications, citations, and the highest value of H-index.

RICH JN and SINGH SK were the key authors. According to

keyword co-occurrence analysis, all the identified keywords were

classified into three main clusters: “glioma stem cell properties”,

”cell biological properties” and “oncology therapy”. In

particular, the research focus is gradually shifting from

“glioma stem cell properties” to “oncology therapy”. Based on

the analysis of top cited articles, research on “immunothreapy”,

“epithelial-mesenchymal transition”, and “temozolomide

resistance” will be the next potential research hotspots and

may create new therapeutic strategies for GSCs.
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