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Abstract. F-box only protein 31 (FBXO31), initially identified
in 2005, is a novel subunit of the S-phase kinase associated
protein 1-Cullin 1-F-box ubiquitin ligase. As with other
F-box proteins, FBXO31 may interact with several proteins to
promote their ubquitination and subsequent degradation in an
F-box-dependent manner. It has been revealed that FBXO31
serves a crucial role in DNA damage response and tumorigen-
esis. However, the expression and function of FBXO31 varies
in different types of human cancer. To the best of our knowl-
edge, the present review is the first to summarize the role of
FBXO31 in different types of human cancer and determine its
underlying mechanisms, thereby paving the road for the design
of FBXO31-targeted anticancer therapies.
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1. Introduction

The ubiquitin proteasome system (UPS) regulates diverse
cellular processes, including cell proliferation, cell cycle progres-
sion and apoptosis (1-3). The UPS exerts its functions through the
sequential action of three enzymes, namely, the ubiquitin-acti-
vating El enzyme, the ubiquitin-conjugating E2 enzyme and the
ubiquitin-protein E3 ligase (4,5). Notably, E3 ligases determine
substrate specificity for ubiquitination and subsequent degrada-
tion (4,5).

In the human genome >600 putative E3 ubiquitin ligases
have been identified (6). Within this group, the cullin-RING E3
ligase (CRL) complex family is the largest. The CRL family
contains eight members, including CRL1, CRL2, CRL3,
CRL4A, CRL4B, CRLS5, CRL7 and CRL9 (6,7). CRL1, also
known as the S-phase kinase associated protein 1 (Skpl)-Cullin
1-F-box protein (SCF) E3 ligase complex, is the most well-char-
acterized CRL family member (6,8,9).

F-box proteins (FBPs) contain one subunit of an SCF type
of the E3 ubiquitin ligase complex, which serves as a substrate
recognition module (10). F-box only protein (FBXO) 31 is a
member of the FBP family, which may serve an important
role in tumorigenesis (11,12). To the best of our knowledge,
the present review is the first to summarize the role of F-box
only protein 31 (FBXO31) in different types of cancer and
explain its underlying mechanism of action, thereby providing
the rationale to design FBXO31-targeted anticancer therapies.

2. F-box proteins

The first FBP to be identified was cyclin F, also known as
FBXOL, and was first described by Bai ef al (8) in 1996. Each
FBP consists of at least two major functional domains, a vari-
able carboxy-terminal domain that binds to specific substrates
and the F-box motif, which is responsible for the incorpora-
tion of the FBP into the SCF complex (10). So far, a total of
69 human FBPs have been identified (10), which may be divided
into three subclasses according to the presence of specific
substrate recognition domains. These subclasses consist of the
F-Box and WD repeat domain containing (FBXW) subclass,
which contains WD40 repeat domains and is comprised of
10 proteins, including FBXW?7, B-TRCP1 and B-TRCP2;
the F-box and leucine rich repeat protein (FBXL) subclass,
which contains leucine-rich repeat domains and is comprised
of 22 proteins, including S-phase kinase-associated protein 2
(SKP2), FBXL11 and FBXL19; and the FBXO subclass, which
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contains various other domains and is comprised of 37 proteins,
including FBXO1, FBXO11 and FBXO31 (11,13-15).

FBPs serve a crucial role in various cellular processes,
including cell proliferation, the cell cycle, apoptosis, migration,
invasion and metastasis, suggesting that they may be associ-
ated with tumorigenesis (11,16-18). Due to the diversity of
substrates targeted by FBPs for ubiquitination and subsequent
degradation, FBPs may be either oncogenic or tumor suppres-
sive. In some instances, depending on the tissue context, FBPs
may be used as prognostic markers and therapeutic targets in
certain types of cancer (10-12,19).

3.FBXO031

FBXO31, a member of the FBXO subclass of FBPs, is a senes-
cence-related gene located at chromosome 16q24.3 (20). The
gene consists of 539 amino acids and has a molecular weight
of 60,533 Da (20). FBXO31 is highly expressed in adipose
and brain tissues, and expressed in low amounts in the bone
marrow at similar levels to other human tissues, including the
stomach, pancreas and breast (20).

FBXO31 contains a 40-amino acid F-box domain and is a
component of the SCF ubiquitin E3 ligases that mediate the
ubiquitination of targeted proteins for proteasomal degrada-
tion (21) (Fig. 1). In SCF-FBXO31 E3 ligases, cullin 1 functions
as a molecular scaffold, which interacts with the adaptor
subunit Skpl at the amino terminus and with the RING-finger
protein ring-box 1 (Rbx1) at the carboxyl terminus (10). Rbx1
recruits specific E2 ubiquitin-conjugating enzymes (UBCs),
including Ubc3, Ubc4 and UbcS (22). Conversely, Skpl binds
to the FBXO31, which specifically recognizes and binds
to a number of substrates via a protein-protein interaction
domain (23). By degrading various substrates, FBXO31 serves
important roles in multiple pathways, including neuronal
development (24,25), DNA damage response (26-29) and
tumorigenesis (20,26,27,30-37). FBXO31 was initially consid-
ered to be a candidate tumor suppressor, as the decreased
expression of FBXO31 was identified in breast cancer (20).
However, further studies have determined that FBXO31 may
be either oncogenic or tumor suppressive.

4. FBXO31 as a tumor suppressor

Breast cancer. Kumar et al (20) determined that FBXO31
may serve as a tumor suppressor in breast cancer. The ectopic
expression of FBXO31 induced cellular senescence in the
breast cancer cell line MCF-7 in an F-box domain-dependent
manner. The overexpression of FBXO31 inhibited the ability
of breast cancer cells to initiate colonies on plastic culture
dishes and inhibited the proliferation of breast cancer
cells (20). Additionally, levels of FBXO31 mRNA were
increased in finite life-span human mammary epithelial cells
and nonmalignant immortalized cells compared with breast
cancer cell line MCF-7 (20). Furthermore, although no tumor
specific mutations were identified, there was a trend associated
with lower FBXO31 expression in primary tumors compared
with normal breast tissue (20). Song et al (38) also indicated
that FBXO31 expression was reduced in the tumor tissues of
10 patients with breast cancer, indicating that FBXO31 may
serve a tumor suppressive role.
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Figure 1. Schematic illustration of Skpl-Cullin 1-F-box E3 ligase. The
Skpl-Cullinl-F box complex consists of four components: Skpl, Cul 1, Rbx1,
along with the variable F-box protein family that functions as the substrate
recognition component. FBXO31 is a member of the F-box protein family,
which recognizes the targeted substrates. FBXO31, F-box only protein 31;
Skpl, S-phase kinase associated protein 1; Rbx1, ring-box 1; Cul 1, Cullin 1;
ub, ubiquitin; E2, the ubiquitin-conjugating E2 enzyme.

The underlying mechanism for the tumor suppres-
sive function of FBX031 may be associated with the
ubiquitination and degradation of cell cycle-associated
substrates. Johansson et al (28) reported that FBXO31
targets chromatin licensing and DNA replication factor 1
(Cdtl), a DNA replication licensing factor, for ubiquitina-
tion and degradation in the G2 phase of the cell cycle. This
process is independent of SCF-Skp2 but dependent on the
CRL4-damage-specific DNA binding protein l-associated
ubiquitination of Cdtl during the S- and G2 phases of the cell
cycle. Cdtl stabilization in FBXO31-depleted cells results in
DNA re-replication, suggesting that FBXO31 may function as
a tumor suppressor (21). Jeffery et al (37) demonstrated that
FBXO31 isrequired for normal mitotic progression and genome
stability as it caps forkhead box protein M1 (FXOMI) levels
during the G2/M transition. Furthermore, it was suggested that
FBXO31 targets mouse double minute 2 homolog (MDM?2)
during ubiquitination and degradation, leading to elevated p53
levels, cell cycle arrest and growth inhibition, supporting the
tumor suppressive role of FBXO31 in breast cancer (27).In addi-
tion, Manne et al (39) demonstrated that FBXO31 targets the
Snail family transcriptional repressor protein 2 (Slug), which
is involved in the epithelial-mesenchymal transition, cell inva-
sion, ubiquitination and degradation, and therefore represses
the growth of breast cancer cells. Studies have determined that
micro (mi)RNAs are dysregulated at all stages of breast cancer
and serve important roles in tumorigenesis, invasion and
metastasis (40,41). Liu er al (36) indicated that FBXO31 was
the downstream target gene of miRNA (miR)-210 in breast
cancer, miR-210 and FBXO31 are inversely expressed in breast
cancer cell lines T47D and MCF-7. Subsequently, the tumor
suppressive effect of miR-210 downregulation may be reversed
by further depletion of FBXO31. A study by Manne et al (39)
indicated that the oncogenic miRNAs miR93 and miR106a
repressed FBXO31 expression, thus impairing the degradation
of Slug via FBXO31.

Melanoma. A genome-wide RNA-interference screen initially
identified FBXO31 as a candidate gene required for the
oncogenic B-Raf serine/threonine protein (BRAF) to induce
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senescence in primary melanocytes (42). Subsequent results
from the same group revealed that the ectopic expression of
FBXO31 inhibited the growth of SK-MEL-28 melanoma
cells in vitro and in mouse xenografts in vivo (43). It has
been proposed that FBXO31 induces Gl arrest in melanoma
cells by binding to cyclin D1, a key regulator of G1/S phase
transition (44) and promotes its ubiquitination and subse-
quent degradation. Oncogene-induced senescence involves
the activation of DNA damage response pathways (45,46).
Additionally, FBXO31, a protein required for BRAF-induced
senescence (42), is involved in mediating G1 arrest following
DNA damage. It has been indicated that FBXO31 expression is
induced following exposure to various DNA damaging agents,
including ionizing radiation and is stabilized by ataxia telan-
giectasia mutated-mediated phosphorylation (43). Induced
FBXO31 subsequently binds to and targets cyclin D1 for degra-
dation, causing G1 arrest (43). However, FBXO31 knockdown
abrogates Gl arrest following DNA damage and sensitizes
melanoma cells to radiation (43). These results suggest that
FBXO31 may serve as a radiosensitizing target. Therefore, a
small molecule that either inhibits cyclin D1 phosphorylation
at Thr286 or disrupts FBXO31-cyclin D1 binding may act as a
radiosensitizer (47).

Hepatocellular carcinoma (HCC). Loss of heterozygosity
(LOH) at four microsatellite loci on chromosome 16q24.3,
the region harboring FBXO31, was identified in 8.9-21.8% of
HCC specimens (48). Huang et al (30) were the first to report
the role of FBXO31 in HCC. The results demonstrated that
FBXO31 expression was increased in the fetal liver and the
fetal liver-derived cell line LO2; however, low expression
was observed in the majority of HCC cell lines including
BEL-7402, BEL-7404, Hep3B and SMMC-7721. Additionally,
FBXO31 mRNA expression was downregulated in 93.75%
(30/32) of HCC specimens compared with adjacent healthy
liver tissues (30). Further experiments revealed that the ectopic
expression of FBXO31 inhibited cell proliferation and colony
formation in the HCC cell lines HepG2 and Hep3B. These
results suggest that the downregulation of cyclin DI following
FBXO31 overexpression is the proposed mechanism by which
FBXO?31 inhibits the development of HCC.

Gastric cancer (GC). Mori et al (49) demonstrated that LOH
occurs frequently in GC on chromosome band 16q24, including
16q24.3 where FBXO?31 is encoded. Zhang et al (32) identified
that levels of FBXO31 mRNA and protein were markedly
decreased in GC tissue compared with adjacent non-cancerous
tissue. In addition, immunohistochemical analyses revealed an
association between FBXO31 levels and tumor size, tumor
infiltration, clinical grade and patient prognosis. Furthermore,
the results indicated that the overall survival rates of patients
with negative FBXO31 expression was significantly poorer
than that of patients who were FBXO31-positive. The results
of previous studies using the GC cell lines BGC-823 and
HGC-27 suggest that FBXO31 overexpression significantly
decreases colony formation, induces GI cell cycle arrest and
inhibits the expression of cyclin D1 protein. These studies
also indicate that these processes are dependent on the F-box
domain of FBXO31. Furthermore, it was demonstrated that the
ectopic expression of FBXO31 markedly inhibits xenograft
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tumor growth in nude mice exhibiting tumors with low levels
of cyclin D1 expression and high levels of FBXO31 expres-
sion. This suggests that FBXO31 may function as a tumor
suppressor by inhibiting cyclin D1 expression. FBXO31
knockdown induced the opposite effects (27).

Zhang et al (32) explored the role of miRNA on FBXO31
expression in GC and identified that miR-20a and miR-17
directly bind to the 3'-untranslated region of FBXO31 toregulate
FBXO31 expression. Furthermore, a strong negative correla-
tion between miR-20a or miR-17 and FBXO31 was observed in
GC samples. These results indicate that FBXO31 may suppress
GC progression via the miR-20a-miR-17-FBXO31-cyclin D1
signaling pathway.

Ovarian cancer. Launonen et al (34) assessed the frequency of
LOH in 78 tumor specimens of epithelial ovarian cancer and
identified that LOH at 16q24.3, a region where the FBXO31
gene is located, was associated with advanced tumor grade,
serous histology, a more advanced tumor stage and metas-
tasis. These results suggest that FBXO31 may be a potential
tumor suppressor in ovarian cancer, however, further studies
focusing on the role of FBXO31 in ovarian cancer are required
to explore this.

Prostate cancer. Hirkonen et al (35) detected the frequency
of LOH in 74 tumor specimens collected from 33 patients
with prostate cancer and indicated that the frequency of LOH
at 16q was 68% (21/31) for primary prostate tumors, 90%
(28/31) for locally recurrent tumors and 75% (9/12) for tumors
of metastatic origin. Furthermore, the region 16q24.3, where
FBXO3I1 is located, exhibited a significant development of
LOH during disease recurrence, suggesting that this region
harbors gene(s) associated with prostate cancer progression.
However, multiple tumor suppressor genes are located at this
region with FBXO31 (50-54) and no studies thus far have
detected the expression and function of FBXO31 in prostate
cancer; therefore, FBXO31 may only be regarded as a potential
tumor suppressor.

Colon cancer. FBXO31 binds to MDM?2 and targets it for
ubiquitination and degradation following DNA damage (27),
causing an increase in pS3 expression. MDM2 and p53 expres-
sion following DNA damage did not significantly change in
HCT116 colon cancer cells following FBXO31 knockdown;
however, the mitotic index of these cells was markedly higher
than that of control HCT116 cells at 18 and 24 h following
v-irradiation (27). In addition, the difference in mitotic index
was correlated with the expression of p53 and the p53 target
gene p21, which serves a critical role in p53-mediated growth
arrest (55). These results suggest that FBXO31 may be a poten-
tial tumor suppressor in colon cancer.

5. FBXO231 as an oncogene

Esophageal squamous cell carcinoma (ESCC). Kogo et al (31)
indicated that the high expression of FBX0O31 mRNA was
associated with increased tumor invasion and a more advanced
clinical stage. Furthermore, the study suggested that FBXO31
expression was an independent prognostic factor for 5-year
overall in patients with ESCC following surgery, indicating
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Figure 2. Upstream regulators of FBXO31 and its major downstream targets that contribute to human diseases, including cancer. FBXO31 coordinates the
ubiquitin-dependent proteolysis of several proteins, including Cdtl, MDM2, cyclin D1, MKK6, FOXM1, Par6c, Slug and determines their functions in various
types of cancer. Various miRNAs, including miR-17, miR-20a, miR-210, miR93 and miR106a regulate the expression of FBXO31. FBXO31, F-box only
protein 31; MDM2, mouse double minute 2 homolog; MKK6, mitogen-activated protein kinase kinase 6; FXOM1, forkhead box protein M1; cdtl, chromatin
licensing and DNA replication factor 1; miR, microRNA; Slug, Snail family transcriptional repressor protein 2.

that FBXO31 may act as an oncogene in ESCC. Cyclin D1
is a well-characterized oncogene in ESCC (56-58) and
FBXO31 may mediate the ubiquitination and degradation of
cyclin D1 (43); therefore the association between cyclin D1 and
FBXO31 expression in ESCC was evaluated. The results of
immunohistochemistry indicated that cyclin D1 and FBXO31
expression were increased in ESCC tissue. Additionally, a
comparative genomic hybridization array indicated that cases
with high cyclin D1 amplification exhibited elevated FBXO31
expression, suggesting that FBXO31 may degrade cyclin D1
as it moves from the nucleus to the cytoplasm (31). However,
Liu et al (26) demonstrated that FBXO31 knockdown does not
affect cyclin D1 protein expression, nor does it rescue DNA
damage-induced cyclin D1 degradation in ESCC cell lines.
Furthermore, the role of FBPs, including FBXO4, FBXO31,
Skp2 and FBXWS, in regulating cyclin D1 stability was
re-evaluated (59). The results indicated that FBXO31 knock-
down did not impair cyclin D1 proteolysis in mouse embryonic
fibroblasts, suggesting that FBXO31 may only regulate
cyclin D1 stability in a cell type-specific manner. Therefore,
the molecular mechanism involved in overexpression of
FBXO31 in ESCC remains unclear. Liu et al (26) demon-
strated that FBXO31 reduces stress-induced cell apoptosis by
inducing lys-48-linked polyubiquitination and the degradation

of mitogen-activated protein kinase kinase 6 (MKK®6) in
ESCC, suggesting that FBXO31 may serve an oncogenic role
in ESCC by modulating cell apoptosis.

Lung cancer. Huang et al (33) analyzed the expression of
FBXO31 in 50 patients with lung cancer (36 patients had
adenocarcinoma and 14 patients had squamous cell cancer).
The results indicated that levels of FBXO31 mRNA were
increased in lung cancer tissues compared with non-cancerous
lung tissues. Furthermore, the increased expression of FBXO31
was significantly associated with tumor size, tumor infiltration,
clinical stage and lymph node metastasis. Additionally, the
ectopic expression of FBXO31 promoted the growth, metas-
tasis and invasion of A549 cells, whereas FBXO31 knockdown
inhibited these processes. The results of a tumorigenicity assay
conducted in nude mice demonstrated that FBXO31 promotes
tumor growth in vivo. Therefore, these results suggest that
FBXO31 may function as an oncogene in lung cancer.

6. Conclusions and perspectives
FBXO31 was initially identified in 2005 and is a poorly

understood member of the FBP family (20). Furthermore,
only a limited number of studies have assessed its role in
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various diseases, including cancer (20,24-37). With the F-box
motif, FBXO31 has the ability to bind to several substrates for
ubiquitination and degradation and may therefore be associ-
ated with various functions, including cell cycle progression,
DNA damage and cell proliferation (25-28,37,39,43). A total
of 7 FBXO31-associated substrates have been identified,
including Cdtl (28), MDM2 (27), cyclin D1 (43), MKKG6 (26),
FXOML1 (37), Par6e (25) and Slug (39) (Fig. 2).

In conclusion, the present review suggests that FBXO31
may act a tumor suppressor or oncogene depending on the
cell type or tissue context. Furthermore, compared with other
well-characterized FBPs, including Skp2, FBXW7 and 3-TrCP,
current understanding of FBXO31 remains limited. Therefore,
further studies are warranted to fully elucidate the role of
FBXO31 in various human diseases, including its involve-
ment in the regulation of tumorigenesis and to identify novel
substrates and cellular pathways regulated by FBXO31.
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