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Abstract. Gastric cancer (GC) is one of the commonest
cancers with high mortality. Despite improvement in early
detection and treatments, the outcome of advanced GC
remains unsatisfactory due to the poor understanding of
the intricate pathogenesis of GC. GC is a multifactorial and
multistep disease which involves activation of oncogenes and
inactivation of tumor suppressor genes. Ubiquitin proteasome
system (UPS) catalyzing many critical protein substrates
is involved in initiation and development of cancer. F-box
proteins (FBPs) are the main functional components of
UPS. Accumulated evidence strongly suggests that abnormal
regulations of FBPs contribute to uncontrolled proliferation,
genomic instability and cancer. In this review, we discuss how
the dysregulated FBPs promote the occurrence and develop-
ment of GC.
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1. Introduction

GC is the fourth most commonly diagnosed malignancy and
the second leading cause of cancer-related death with a total
of 989,600 new stomach cancer cases and 738,000 deaths
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according to global cancer statistics (1). Surgery is the domi-
nant treatment of GC, however, >80% of diagnoses occur at the
middle to late stage of the disease and some of the patients miss
the opportunity for surgery (2,3), thus highlighting an urgent
need for novel biomarkers and improved therapies. Multiple
studies have shown that GC is the outcome of missregula-
tion of many related genes including oncogenes and tumor
suppressor genes (4). Accumulating data strongly suggest that
deregulation of FBPs, which mediates the degradation of many
regulatory proteins, contributes to the initiation and promotion
of cancer. In this review, we summarize the literature on the
FBPs involved in GC, focusing on the function and mechanism
of each related F-box protein (FBP) in GC.

2. The characteristics of ubiquitination

Cellular proteins are in a constant state of flux. Protein
degradation is essential for the removal of excessive proteins.
Two major protein degradation systems exist in cells, the
authophagy-lysosome and UPS. Approximately 80-90% of
intracellular proteins are degraded though UPS. Ubiquitination
is a process in which ubiquitin moieties are covalently attached
to a substrate through an enzymatic cascade. The proteasome
and deubiquitinases (DUBs) are essential components of this
system. Depending on ubiquitin-ubiquitin linkage, polyubiqui-
tinated proteins can either be activated through K63 linkage,
or recognized and degraded by the 26S proteasome (through
K48 linkage). Formation of a ubiquitin Lys48 chain on the
e-NH2 group of a substrate internal Lys residue (polyubiqui-
tination) can target the substrate for degradation by the 26S
proteasome in an ATP-dependent manner (Fig. 1).

Ubiquitin enzymes. UPS serves as a powerful regulatory
mechanism in proteolytic pathways (5). The UPS exerts its
functions mainly through the concerted efforts of a group
of enzymes. Human genome encodes 2 Els, 38 E2s and
>600 E3s, consistent with their role in the ultimate selection
of substrates (6). The role of E1 enzymes in cancers has not
been fully studied yet, and only a few reports have focused
on E2 enzymes. However, more and more evidence strongly
suggests a link between E3 enzymes and cancer develop-
ment. Crucially, E3 ligases determine the substrate specificity
for ubiquitylation and subsequent degradation. Based on
the specific structural motifs they contain, we can classify
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Figure 1. Ubiquitin pathways in the regulation of protein degradation. Ubiquitin is first attached to E1 ubiquitin-activating enzyme in the presence of ATP. The
activated ubiquitin is then transferred to E2 ubiquitin-conjugating enzyme. E3 ubiquitin ligase recognizes a protein substrate, recruits an E2-ubiquitin complex,
and catalyzes ubiquitin transfer from E2 to substrate. A single run of the reaction causes monoubiquitination of a target protein that could change its function,
whereas multiple runs of the reaction lead to polyubiquitination of the substrate. Depending on ubiquitin-ubiquitin linkage, polyubiquitinated proteins can
either be activated (through K63 linkage), or recognized and degraded by the 26S proteasome (through K48 linkage).

E3 ligases into 4 major classes (Fig. 2): the N-end rule E3s
(homologous E6 associated protein carboxyl terminus)
HECT-E3s (really interesting new finger) RING-E3s, and
APC/C E3s. RING-E3s can further be subdivided into RING-
containing single peptide E3s, Cullin-RING ligases (CRLs)
and their derivatives, U-box E3s (6). CRLs is the largest family
of RING-E3s, which contains 8 members: namely, CRLI,
CRL2, CRL3, CRL4A, CRL4B, CRLS, CRL7 and CRL9 (7).
The best characterized CRLs family E3s is Skpl-Cullin-F-box
(SCF) complex (8,9). SCF complex consists of four structural
and functional components: Skpl (adaptor protein), Cull (scaf-
fold protein), ROC1/Rbx1 (RING protein), and F-box protein
(Fig. 3), the latter serves as a receptor for target proteins. F-box
proteins (FBPs) play a fundamental role in the proper func-
tioning of E3 ligases.

The ubiquitin proteasome pathway. Ubiquitin attachment to
substrates is accomplished by the coordinated activity of three
enzymes (Fig. 1): ubiquitin-activating enzyme (E1), ubiquitin
conjugating enzyme (E2) and ubiquitin-protein ligase (E3).
The degradation of proteins by the UPS is mainly comprised
of two steps. The first step is linking a ubiquitin molecule to
El via a high-energy thiol ester at carboxyl terminal glycine
residue in an ATP and Mg**-dependent manner. Next, E2
accepts the activated ubiquitin molecule from E1 and with
help from an E3 ubiquitin ligase-transfers it to the lysine
residue of a target protein. Then the ubiquitin proteins are
recognized and degraded by 26 proteasomes to several small
peptides.

The F-box protein families. F-box is a widespread protein
motif of ~40-50 amino acids and it functions as a site of
protein-protein interaction. FBPs can be organized into three
categories on the basis of the presence of recognizable domains
beyond the F-box domain, those with WD 40 repeats (FBXW),
leucine-rich repeats (FBXL), or other domain-containing
proteins (FBXO) (10). In humans, ~69 FBPs have been iden-
tified so far. The FBXW family is composed of 10 proteins,
all members containing WD40 repeat domains. FBXL
family donates each protein group harboring an F-box and
leucine-rich domains, comprising 22 proteins. The remaining
37 F-box proteins were named FBXO family (Fig. 2). FBXO
is an abbreviation for F-box and other domains. These F-box
proteins often have conserved homology domains that were
either recognized or are not present in a large number of F-box
proteins. Currently, emerging experimental and clinical data
has begun to reveal some interesting biological functions on
FBXO proteins. The abnormal activation of F-box proteins
were found in many human cancers, but the underlying
mechanism was not completely clarified. Below we discuss
each related F-box protein, including its targeting substrates
and affected biologic processes in GC.

3. FBPs as oncogenes SKP2, FBX06 and FBXO032 in GC

FBPs exert antitumoral or promoting effect depending on the
specific substrates they degrade. FBPs function as oncoproteins
when overexpressed if their substrates are tumor suppressors
or as tumor suppressors if their substrates are oncoproteins.
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Figure 2. Major classes of E3 ubiquitin ligase and FBPs. E3 ubiquitin ligase can be classified into 4 major classes: the N-end rule E3s, HECT-E3s, RING-E3s
and APC/C E3s. RING-E3s can further be subdivided into RING-containing single peptide E3s, CRL and its derivatives, U-box E3s. CRLs is the largest
family of RING-E3s, which contains eight members: namely, CRL1, CRL2, CRL3, CRL4A, CRL4B, CRLS5, CRL7 and CRL9. FBPs can be categorized into

three subclasses, FBXW, FBXL and FBXO family proteins.

Figure 3. Structure of SCF type E3 ubiquitin ligase. The SCF type E3 ubiq-
uitin ligase consists of four components: an adaptor subunit (Skpl), a
RING-domain protein (RbX1), a scaffold protein (Cullinl) and a variable
subunit denoted as FBP that binds the substrate.

A FBP has more than one substrate, for the same reason, one
substrate can be degraded by different FBPs. Three FBPs
(SKP2, FBXO6 and FBX032) have shown potential oncogenic
role in GC.
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Figure 4. Illustration of the main FBPs and its major upstream or down-
stream targets in GC. SKP2, FBXO6 and FBXO32 are potential oncogenes
in GC (red background). FBXW7, B-TrCP, FBXLS5 and FBXO31 are poten-
tial downstream suppressor genes in GC (green background). P27, Chkl,
hSSBI, cortactin, Cyclin DI, IkB, B-catenin, Cyclin, E c-Myc are the spe-
cific or potential downstream substrates of its corresponding F-box protein.
SerpinBS5 is interacting protein of FBX032. MiR-20a, miR-17, mir-223,
E2F-1, COX-2 are the potential upstream regulators of its corresponding
F-box protein.
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SKP2. SKP2 was characterized as an Skpl-binding protein
to regulate cell cycle progression through ubiquitin medi-
ated proteolysis (11). It is regulated by a network of proteins
including cyclins, cyclin-dependent kinases (CDKs) (12)
and CDK inhibitors (CKIs) (13). Burgeoning amounts of
literature strongly implies that SKP2 plays an oncogenic role
in human cancers. Firstly, SKP2 was found to be frequently
overexpressed in various human cancers (14-17) and it was
associated with poor prognosis as well as tumor metastasis
(18). Secondly, most of its downstream substrates were tumor
suppressor proteins including p27 and p21 (19). Thirdly, SKP2
acetylation could promote its oncogenic function by regulating
the downstream targets such as p21 and FOXO1, and upregu-
lated the acetylation of SKP2 promoted cell growth (20,21).
Fourthly, SKP2 genes were associated with the increased cell
cytotoxicity induced by drugs like platinum (22). Recently,
research has shown that SKP2 predicts poor prognosis and
maintains a cancer stem cell pool (23-25). Moreover, SKP2
has been proven to be linked with radiotherapy and chemo-
therapy resistance (26,27). Collectively, these studies suggest
that SKP2 may be an ideal therapeutic target for human cancer.
In a study of 98 cases of human GC, it was found that over-
expression of SKP2 at the mRNA level was associated with
poor OS (28). The overexpression of SKP2 in gastric carcinoma
cells decreased the level of p27, increased cell growth rate,
rendered cancer cells more resistant to actinomycin D-induced
apoptosis and increased their invasion potential (28). SKP2
protein was proved to be negatively associated with p27 in
gastric carcinoma and was positively associated with differ-
entiation degree, vessel invasion and lymph node metastasis
(29). Other regulators of SKP2 also exist. COX-2 contributed
to the expression of SKP2 and poor survival in human gastric
carcinomas (30). E2F-1 reversed the multidrug resistance by
downregulating the expression of SKP2 in gastric cell line
SGC7901 (31). Mechanistic investigation using the in vitro cell
culture models was performed to validate the critical role of
SKP2-p27 axis in the growth and invasion of SGC7901. E2F-1
is one of DNA-binding protein in E2F family (E2F-1 to E2F-6),
and it has the potential to function as an oncogene (32). Wei
et al (33) discovered that the knockdown of SKP2 expression
suppressed the ability of GC cell line MGC803 to form tumors
and to metastasize to the lungs of mice. In contrast, overex-
pression of Skp2 promoted tumorigenesis of GC in mice.
Helicobacter pylori, one of the most important pathogenic
factors in noncardia GC, was associated with low expres-
sion of p27 protein in human gastric epithelial cells, which
might lead to increased gastric epithelial cell proliferation,
decreased apoptosis and increased risk for GC (34). Kim et al
(35) also found a reciprocal relationship between increased
p27 and decreased SKP2 protein expression following the
eradication of helicobacter pylori in chronic gastritis patients.
Rosiglitazone, a peroxisome proliferator-activated receptor
gamma, attenuated SKP2 expression and promoted p27
accumulation in helicobacter pylori infected human gastric
epithelial cells (36). The specific mechanism of helicobacter
pylori in GC is still not clear. The above research provides a
possible mechanism of helicobacter pylori resulting in GC.

FBXO6. Proper post-translational modification of the
substrates are often required for their interaction with respec-

tive FBPs (37). The old paradigm of phosphorylation-directed
substrate recognition by FBPs may still be dominant, but it
is no longer absolute. FBXO6 can recognize degrons that are
modified by glycosylation or the addition of mannose oligo-
saccharides. For instance, FBXO6 binds to a glycosylated
degron in T cell receptor a-chain 17. FBXO6, also named
Fbs2, is involved in the endoplasmic reticulum-associated
degradation (ERAD) pathway by mediating the ubiquitination
of glycoproteins (38). FBXO6 transcript is widely expressed
in various tissues (39), which was reported to be involved in
neuroblastoma tumorigenesis (40). Merry et al (41) showed
an inverse correlation of FBXO6 and Chkl protein in breast
tumor tissues, and the low expression of FBXO6 causing
Chkl1 accumulation increases tumor cells resistance to chemo-
therapy drug irinotecan. Chkl is a key protein kinase in the
replication checkpoint. FBXO6 mediates the Chk1 ubiquitina-
tion and degradation, thus terminating the checkpoint (42).
Inhibition of FBXO6 gene expression increased the biological
effects of cadmium toxicity (43). Zhang et al (44) reported
that FBXO6 accelerated the growth and proliferation of GC
cells and normal gastric cells. These findings shed new light
on the tumor-promoting role of FBX0O6. However, FBXO6
did not affect apoptosis and invasion of GC cells or normal
gastric cells. One of the possible explanation is that FBXO6
has little influence on the key genes concerned with apoptosis
and invasion. FBXO6 might exert many functions of cells with
other FBPs participating in the metabolism, underscoring the
need for further studies aimed at clarifying the specific role of
FBXO6 in GC.

FBX032. The FBX032 gene was first discovered by Gomes
et al (45) and named atrogin-1. They demonstrated an
increase of FBX032 mRNA during muscle atrophy. Patients
with neoplastic disease always develop cachexia eventually.
In human cancer cachexia, a significant increase in FBX032
mRNA levels may occur with greater rates of weight loss.
However, pharmacological correction between muscle
wasting and FBXO32 expression in cancer cachexia is not
always tightly coupled (46,47). D'Orlando et al (48) studied
38 gastric adenocarcinoma cancer patients and 12 controls.
The expression of atrophy-related genes FBXO32 in rectus
abdominis muscle is not always affected by the presence
of cancer, the disease stage, or the severity of weight loss.
Consistent with this result, Bonetto ez al (49) did not find an
increase of FBXO32 mRNA levels in GC patients than control
groups. Mammary serine protease inhibitor B5 (SerpinBS5)
is a 42-kDa protein, and functions as a tumor suppressor in
breast cancer (50). SerpinB5 is believed to be a potential
oncogene in GC and FBXO32 is one of SerpinB5-interacting
proteins (51). Whether the expression of FBX032 in rectus
abdominis muscle can be used as a signal for muscle atrophy
also needs further extensive research. Progress on identifica-
tion and characterization of specific endogenous FBX032
substrates is lacking.

4. FBPs as tumor suppressor genes FBXW7, 3-TrCP,
FBXLS5 and FBXO231 in gastric cancer

Numerous FBPs including FBXW7, 3-TrCP, FBXL5 and
FBXO31, have been shown to be tumor suppressors in GC.
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Frequent inactivating mutations or downregulated expression
of these E3 ubiquitin ligases have been detected in GC. Besides
mutation and gene copy loss, epigenetic alteration also contrib-
uted to inactivation of these tumor suppressors. FBPs with
tumor suppressor activity in GC are discussed in detail below.

FBXW7 FBXW7, another well-studied F-box protein,
was first identified in budding yeast in 1973 (52). FBXW7
genes locate at chromosome 4 (4q31.3), and it consists of
1 specific exon and 10 common exons. Human FBXW7
encodes 3 transcripts FBXW7a, FBXW7p and FBXW7y (53).
All the 3 isoforms contain conserved interaction domains in
the C-terminus and various isoform-specific domains in the
N-terminal region (54). Each isoform is differentially regulated
both in tissue expression and cellular location. FBXW7a is
ubiquitously expressed in all murine tissues, while FBXW7§ is
restricted to brain and testis and FBXW7y to heart and skeletal
muscles (55). FBXW7a is thought to perform most FBXW7
functions. The localization of each isoform also varies within
the cell and is located in distinct subcellular compartments.
FBXW7a, p and vy isoforms localize to the nucleoplasm, cyto-
plasm and nucleolus, respectively (56). Rapidly accumulating
data show that FBXW?7 exerts its antitumor function primarily
by promoting the degradation of some crucial oncoproteins
including cyclin E (57), c-Myc (58), c-Jun (59), Notch (59),
presenilin (60), Mcl-1 (myeloid cell leukemia) (61) with one
exception being the tumor suppressor NF1 (neurofibromatosis
type 1) (62). Recent progress in many other new substrates has
deepened our understanding of the diverse oncogenic path-
ways that FBXW7 regulates (63-66). Furthermore, large-scale
cancer genome studies have shown that FBXW?7 is among the
most mutated cancer genes (67,68). Mouse models provided
new insights into how FBXW7 mutations led to carcinomas
(69-71).

FBXW7 has been implicated as a tumor suppressor gene in
various tumors. Frequent inactivation of FBXW7 by deletions
or point mutations occurs in cancers. It is found that h(CDC4
mutations exist not only in early, but also advanced GC. In
agreement, the study by Milne et al showed similar results
(72). Yokobori et al (73) for the first time revealed the rela-
tionship between low expression of FBXW7 and other tumor
suppressor genes. Their results showed that both p53 muta-
tion and low FBXW7 expression were correlated with poor
prognosis in clinical GC cases. FBXW7 was demonstrated to
be regulated by miRNA. miR-223 in GC cell line SGC7901
were able to decrease FBXW7 mRNA expression and reduced
cellular apoptosis and increased proliferation and invasion
in vitro (74). Eto et al (75) reported that miR-223/FBXW7
pathway affected the GC sensitivity to the biological targeted
drug trastuzumab.

B-TrCP. Human B-TrCP, was first identified in 1998 as a
binding partner of HIV-1 Vpu protein in a yeast two-hybrid
screening. The role of B-TrCP in cancers is tissue-dependent.
B-TrCP mainly acts as an oncoprotein, but in some situa-
tions as a tumor suppressor, depending on the function of the
targeted substrates. Two main substrates of B-TrCP are IkB
in the NF-xB pathway and p-catenin in Wnt pathway (76,77).
IkB, inhibitor of NF-kB, functions as a tumor suppressor.
[(-catenin has been identified to be upregulated in various
types of human cancer, and is always correlated with poor

prognosis and short survival (78,79). IkB and [-catenin exert
antagonistic functions, thus making it hard for them to be ideal
drug targets. The development of 3-TrCP inhibitors might be
a feasible therapeutic approach for NF-kB-associated human
disease. B-TrCP also participates in cell adhesion and migra-
tion (80). B-TrCP is a member of the SCF family with both
oncogenic and tumor suppressor properties. Taken together,
B-TrCP might have a greater role as an oncogenic protein than
as a tumor suppressor in cancer.

There are very few studies on the function of B-TRCP
in GC. Saitoh and Katoh (81) reported that B-TRCP2 was
found to be the major B-TRCP expressed in GC. f-TRCPI
was expressed in several GC cell lines, but not in any case of
primary GC. 3-TRCP2 was expressed in most cases of primary
GC at almost the equal level in tumor and in non-cancerous
portion of gastric mucosa. An analysis of somatic mutations
in 95 GC specimens found 5 missense mutations in 3-TRCP2,
and in these particular tissues, with oncogene B-catenin level
higher than controls which means that §-TrCP2 may function
as a tumor suppressor in GC (82).

FBXL5. Most examples of F-box protein degradation are
linked to the cell cycle, but the regulation of FBXLS is unique
in this regard. SKP1-CULI1-FBXL5 mediates the degradation
of iron regulatory protein 2 (IRP2) under conditions of high
iron levels in eukaryotic cells (83,84). IRP2 is a key event for
the maintenance of an appropriate intracellular concentration
of iron. Liver-specific deletion of FBXLS5 resulted in deregula-
tion of both hepatic and systemic iron homeostasis, leading
to the development of steatohepatitis (85). Gradually, the
role of FBXLS5 in cancer is being clarified. Dragoi et al (86)
demonstrated that depletion of FBXLS5 did not alter the level
of E-cadherin mRNA significantly but increased E-cadherin
protein level. These results suggested that FBXLS affected
E-cadherin expression at the post-transcriptional level. FBXLS5
was associated with epithelial-to-mesenchymal transition
(EMT) and metastatic prowess. FBXL5 negatively modulated
human single-strand DNA binding protein 1 (hSSBI) for
destruction to regulate DNA damage response in lung cancer
cell lines and clinical lung cancer samples (87). FBXLS5
overexpression in GC cells mediated the ubiquitination and
degradation of cortactin (88). Cortactin was proved to be
involved in the regulation of cell migration and cell-cell junc-
tion (89) and was reported to increase cancer cells migration
and invasion (90). Further studies are required to reveal the
exact molecular mechanisms and signaling pathways through
which FBXL5 modulates GC cell migration and invasion.

FBX031. FBXO3l, is located in chromosome 16q24.3, and
plays a crucial role in DNA damage response (91,92), neuronal
morphogenesis (93) and tumorigenesis (94-97). FBXO31 was
first identified as a candidate tumor suppressor in breast cancer
(97). A well-characterized substrate of FBXO31 is cyclin DI,
which was identified in melanoma cell line SK-MEL-28 (91).
However, a study from Kogo ef al showed conflicting results in
esophageal squamous cell carcinoma (ESCC) (95). They found
that the expression level of FBXO31 was positively associated
with tumor invasion depth and clinical stage. They revealed
concordant expression rather than inverse correlation between
cyclin D1 and FBXO31 in ESCC cells, which indicated that
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cyclin D1 was not a candidate substrate in ESCC. Therefore,
the expression and function of FBXO31 is still controversial.
In this context, Zhang et al (96) detected the expression of
FBXO031 in GC. They demonstrated that the expression of
FBXO031 was significantly decreased in GC (82/90) and the
decreased expression of FBXO31 was associated with tumor
size, tumor infiltration, clinical grade and patients' prognosis in
GC. Furthermore, Zhang et al (96) found that FBXO31 could
inhibit colony formation and induces G1 phase arrest in GC
cells possibly by targeting cyclin D1 through the ubiquitin-
proteasome pathway. This result is consistent with Santra et al
(91). Furthermore, overexpression of FBXO31 dramatically
inhibited xenograft tumor growth in nude mice. Zhang et al (96)
highlighted the regulatory mechanism of miRNAs to FBXO31,
they first revealed that the increased expression of miR-20a and
miR-17 in GC inhibited the expression of FBXO31. In spite of
all the work on FBXO31, the expression profile, clinical signifi-
cance, biological functions and the regulation mechanism of
FBXO31 in different cancers is still unclear. It is necessary to
investigate other mechanism, such as DNA methylation, loss
of heterozygosity (LOH) contributing to the downregulation in
GC tissue.

5. Conclusion and future direction

The UPS is an important mechanism regulating protein
degradation. Extensive study of UPS has led to a better under-
standing of the molecular mechanism by which E3 ligases
regulate cellular processes and of how their deregulations
contribute to GC. FBPs, as the main component of E3 ligases,
have a critical role in digestive system cancers (10). Substantial
current research is focused on identifying new FBPs and the
substrates that binds to each FBP. Only PBPs, SKP2, FBXW7
and BTRCP, showed strong clinical relevance by virtue of its
ability to regulate key substrates in the initiation and develop-
ment of GC, but more research is needed to apply the results
to clinic. According to our experimental results, the expression
of FBXO31 in ESCC has been proved to be related to drug
resistance in vitro. Therefore, FBPs have great potential as
biomarkers to monitor clinical indexes.

However, all the current discovered functions are just the
tip of the iceberg and the range of the FBP-dependent processes
will increase. SKP2, the authentic oncoprotein, has shown to
be involved in helicobacter pylori related chronic gastritis.
However, whether patients with FBXW7 mutation are more
likely to be infected with helicobacter pylori is still unknown.
FBXLS, FBXO6, FBXO31 and FBXO32 have begun to show
their roles in participation in the initiation and progression
of GC. Unfortunately, the specific roles of these proteins in
GC still need to be further investigated. Future study will be
directed to functional characterization of all 69 F-box proteins
and their corresponding substrates to thoroughly elucidate
the biological processes in GC. Here we have provided a
useful conceptual framework for understanding the complex
FBPs related to GC (Fig. 4). The recent therapeutic success
of the proteasome inhibitor bortezomib has expedited the
efforts to develop inhibitors of other components in the UPS.
FBPs, such as those described in this review, are promising
targets or biomarkers for GC in theory, however, FBPs suffers
from several challenges. For example, one F-box protein

can promote the degradation of either oncogenes or tumor
suppressor genes at the same cell, the therapeutic outcome of
inhibitors has to be cell context-dependent. Therefore, a better
mechanistic understanding of the many uncharacterized FBPs
both with regard to their substrates and the posttranslational
modifications will be a hotpot of future research.
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