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Abstract

MicroRNAs (miRNAs) are small endogenous non-coding RNAs, which play critical roles in
cancer development by suppressing gene expression at the post-transcriptional level. In general,
oncogenic miRNAs are upregulated in cancer, while miRNAs that act as tumor suppressors are
downregulated, leading to decreased expression of tumor suppressors and upregulated oncogene
expression, respectively. F-box proteins function as the substrate-recognition components of the
SKP1-CUL1-F-box (SCF)-ubiquitin ligase complex for the degradation of their protein targets by
the ubiquitin-proteasome system. Therefore F-box proteins and miRNAs both negatively regulate
target gene expression post-transcriptionally. Since each miRNA is capable of fine-tuning the
expression of multiple target genes, multiple F-box proteins may be suppressed by the same
miRNA. Meanwhile, one F-box proteins could be regulated by several miRNAs in different cancer
types. In this review, we will focus on miRNA-mediated downregulation of various F-box
proteins, the resulting stabilization of F-box protein substrates and the impact of these processes
on human malignancies. We provide insight into how the miRNA: F-box protein axis may
regulate cancer progression and metastasis. We also consider the broader role of F-box proteins in
the regulation of pathways that are independent of the ubiquitin ligase complex and how that
impacts on oncogenesis. The area of miRNAs and the F-box proteins that they regulate in cancer
is an emerging field and will inform new strategies in cancer treatment.
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1. Introduction

1.1 F-box proteins in cancer
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F-box proteins are a large protein family (69 putative members in humans), which harbor the
consensus F-box motif [1-3]. The F-box motif is a protein-protein interaction domain that
was first identified in cyclin F (also known as F-box only 1/FBXO01) [4]. The F-box motif-
mediated interaction between F-box proteins and Skpl (S-phase kinase-associated protein 1)
is essential for pivotal functions of the Skpl-cullinl-F-box protein (SCF) E3 ligase
complexes in regulating the cell cycle, circadian rhythm, cell proliferation and apoptosis [5,
6]. Within the SCF complex, cullin 1 serves as the docking platform to bridge RING-box
protein 1 (Rbx1), which recruits the E2 ubiquitin-conjugating enzyme, and Skp1 into the
ligase machinery complex. The Skpl-associated F-box proteins can recognize specific
degradation motifs (degrons) in their substrates, enabling the SCF ligase complex to modify
substrates by attaching ubiquitin moieties, and thereby leading to their degradation by
proteasome. Therefore, the variable F-box proteins within the SCF complex determines the
specificity of the substrates that are ubiquitinated by the SCF complex [5].

F-box proteins can be organized into three subfamilies based on the presence of specific
substrate recognition domains [1]. The FBXW subfamily is comprised of 10 members,
including B-TrCP1 (B-transducin repeat-containing proteinl, also known as FBXW1), -
TrCP2 (also known as FBXW11) and FBXW?7 (also known as FBW7 or CDC4). The
FBXW proteins harbor multiple WD40 motifs, which recognize canonical phosphodegrons
in their respective substrates. The FBXL subfamily has 22 members, which share clusters of
leucine-rich repeat domains. Although systematic characterization of potential FBXL
substrates by quantitative proteomic approaches has been recently performed [7], the shared
criteria for FBXL substrate recognition have not yet been defined. The remaining 37 F-box
proteins comprise the FBXO subfamily where the “O” refers to the functionally
uncharacterized “other” domain. Most interestingly, several FBXO proteins, such as
FBXO04, FBX011 and FBXO031, apparently play critical roles in regulating oncogenesis [8—
10].

SCF complexes direct specific protein substrates for proteasomal degradation through the
attachment of polyubiquitin chains. Therefore, F-box proteins play roles as oncogenes,
tumor suppressors, or both in a context-dependent manner, depending on the substrates that
they target for degradation, [11]. For example, FBXW?7 suppresses tumorigenesis by
promoting the degradation of oncogenic proteins, such as cyclin E, MYC, NOTCH and
MCL1 [12], and is frequently mutated in cholangiocarcinoma and T cell acute lymphoblastic
leukemia (TALL) [13, 14]. Mice with T cell-specific deletion of FBXW?7 showed excessive
accumulation of MYC accompanied by spontaneous development of thymic lymphoma [15].
An intestine-specific deletion of FBXW?7 increased the tumor incidence in mice with the
adenomatous polyposis coli mutation, in part due to increased NOTCH1 and JUN protein
expression in intestinal cells [16]. Another tumor suppressive F-box protein FBXO11 was
found to target BCL-6 (B cell lymphoma 6) for degradation, which is crucial in the
pathogenesis of diffused large B cell lymphoma (DLBCL), the most common adult
lymphoma [17]. Human DLBCL cell lines and primary cancers harboring mutations or
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deletion of FBXO11 gene displayed diminished ability to promote BCL-6 degradation,
resulting in lymphomagenesis in immunocompromised mice. In contrast, the F-box protein
Skp2 has been shown to promote oncogenesis. Overexpression of Skp2 in mammary gland,
prostate or T lymphoid drives the development of breast cancer, prostate cancer and T cell
lymphoma in mice [19-21]. Skp2 is overexpression in a variety of human cancers [22-26],
and may promote oncogenesis through the ubiquitination and degradation of tumor
suppressors, such as p21, p27, p57, RBL2 (retinoblastoma-like protein 2) and FOXO1 [11].

In contrast to FBXW?7 and Skp2, the roles of B-TrCP1 and B-TrCP2 in modulating
tumorigenesis may be context-dependent. B-TrCP1 targets both IxBa (inhibitor of nuclear
factor xB) and p-catenin [27-32], leading to NF-xB pathway activation and suppression of
the Wnt/B-catenin pathway, respectively. B-TrCP overexpression has been found in
colorectal, pancreatic, prostate, breast and gastric cancer [33—-35] whereas somatic mutations
of B-TrCP that disrupts the E3 ligase activity has been found in some human gastric cancers
[36, 37]. The expanding target list of B-TrCP proteins includes both oncogenes (Mcl-1,
MY C and cyclin D) and tumor suppressors (p53, PDCD4 and FOX03a), which further
highlights the context-dependent functions of $-TrCP proteins in human cancer [11, 38].

1.2 MicroRNASs in cancer

MicroRNAs (miRNASs) are a family of small non-coding RNAs (19~24 nucleotides) that are
highly conserved throughout evolution, and negatively regulate target gene by suppressing
translation and/or inducing mRNA decay [39]. Intergenic miRNA genes are transcribed by
RNA polymerase Il as long, capped and polyadenylated transcripts [40]. These primary
miRNA transcripts, which vary from several hundred to several thousand nucleotides, are
then processed into precursor miRNASs by a nuclear microprocessor complex consisting of
Drosha and DGCRS8 (DiGeorge syndrome critical region 8, also known as Pasha) [41].
Alternatively, precursor-miRNAs can also result from RNA splicing, when the miRNA
sequence resides in protein-coding gene introns and is co-transcribed with the mRNA of the
host gene. Precursor miRNAs are transported into the cytoplasm by exportin 5, and cleaved
into mature double-stranded miRNAs by cytoplasmic type 111 RNase Dicer. The miRNA
duplexes are then loaded into the RNA-induced silencing complex (RISC), where the RNA
duplexes are unwound and the passenger strands are removed, yielding the functional
mature RISC [42]. The overall function of RISC-loaded miRNAs is to post-transcriptionally
repress target genes by inhibiting ribosome-dependent protein translation and/or
destabilizing mRNA expression. The seed region (2—7 nucleotides) of miRNAs plays an
essential role in recognizing complementary sequences (so called MRE, miRNA recognition
element) within target mMRNA, which are typically located in the 3’ untranslated region (3’-
UTR) [39]. However, MREs within 5’-UTRs or open reading frames of target mMRNAs have
also been reported, which could effectively mediate miRNA-dependent gene suppression
[43, 44].

MiRNAs play pivotal roles in modulating cancer initiation and progression [45]. MiRNA
genes are found frequently located within cancer-associated genomic regions, which are
amplified or deleted in different human cancers. Accordingly, miRNASs can act either as
oncogenes or tumor suppressors, depending on the genes being repressed in particular
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cancer types. Moreover, one miRNA can be either tumor-suppressive or oncogenic
depending on the cellular context and different cancer types. Various F-box proteins are
negatively regulated by miRNAs, which adds another layer of regulation to the versatile
roles of these proteins in governing the pathogenesis of human malignancies.

2. MiRNA-dependent regulation of F-box proteins and its role in cancer

2.1 MiRNA targeting of FBXW7

Since FBXW?7 is a critical tumor suppressor that regulates cell proliferation, apoptosis, cell
cycle and differentiation in various human cancers, it is not surprising that a variety of
oncogenic miRNAs have been reported to promote tumorigenesis by targeting FBXW?7. For
example, miR-27a was reported to negatively regulate FBXW?7 expression in primary mouse
erythroblasts leading to increased stability and aberrant activation of cyclin E [46]. In colon
cancer cells, FBXW?7 was identified as a direct target of miR-27a, which was frequently co-
amplified with miR-23a in primary tumors and cancer stem cells from stage I/1l colorectal
cancer patients [47]. MiR-27a upregulation promoted colon cancer cell proliferation, which
likely involved increased cyclin E levels due to suppression of FBXW?7 expression by
miR-27a. Similar observations were also made in human lung cancer specimens and
pediatric B cell acute lymphoblastic leukemia cells [48, 49]. Upregulation of miR-27a by
SV40 small T antigen was found to play a critical role in malignant transformation of
normal human bronchial epithelial cells. In these cells, FBWX7 was identified as a primary
miR-27a target, whose downregulation resulted in increased stability of c-Myc, c-Jun, cyclin
E and NOTCH1 and subsequently in accelerated cell-cycle progression [48]. Interestingly,
miR-27a-dependent FBXW?7 suppression may be cell cycle phase specific, i.e., promoting
G1-S phase transition by suppressing FBXW?7 and relieving FBXW7-mediated suppression
of cyclin E [49]. Taken together, these findings indicate that FBXW?7 downregulation likely
plays a major role in miR-27a-promoted cancer progression.

A number of studies have established that FBXW?7 is a target of miR-223. For example,
protein levels of FBXW?7 negatively correlate with miR-223 expression in gastric tumor
tissue [50]. Similarly, an inverse correlation between FBXW?7 and miR-223 was found in
patient samples from T-ALL [51] and esophageal squamous cell carcinoma [52], and
associated with poor prognosis. Relatively high miR-223 expression has been found in
hepatocellular carcinoma, T-ALL, ovarian cancer, gastric cancer, esophageal squamous cell
carcinoma and bladder cancer [53], suggesting that miR-223 may play multifaceted roles in
oncogenesis. Moreover, miR-223 could also serve as a downstream effector of other
oncogenes, such as TAL1, NOTCH1 and NF-kB, to diminish the tumor suppressive function
of FBXW?7, leading to T-ALL progression [54, 55]. In addition, miR-223-dependent
FBXW?7 repression may also contribute to the reduced sensitivity of gastric cancers to
trastuzumab and cisplatin [56, 57]. Interestingly, downregulating miR-223 by treatment with
the tyrosine kinase inhibitor genistein increased FBXW?7 expression, resulted in inhibited
cell growth, decreased invasion, and increased apoptosis in pancreatic cancer cells [58].
Nevertheless, whether the miR-223/FBXW?7 axis will be an effective therapeutic target for
cancer treatment requires further study.
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FBXW?7 is targeted by other oncogenic miRNAS, such as miR-92a. In cervical cancer cells,
miR-92a is upregulated and targets FBXW?7, which enhances cell cycle transition from G1
to S phase and promotes cancer cell proliferation [59]. In colon cancer cells, miR-182 and
miR-503 were sequentially upregulated and cooperatively targeted FBXW?7 for gene
suppression [60]. Moreover, miR-182 could be upregulated by sterol regulatory element-
binding proteins (SREBPs), and SREBP-induced miR-182 increased SREBP nuclear
accumulation by downregulating FBXW?7 [61], suggesting that a SREBP/miR-182 positive
feedback loop may regulate intracellular lipid homeostasis and pathogenesis of liver cancer.

FBXW?7 is targeted by other miRNAs whose functions in tumorigenesis are more context-
dependent. The MRE within the 3/-UTR of FBXW?7 is recognized by miR-25, directly
repressing FBXW?7 levels in gastric cancer and prostatic small cell neuroendocrine
carcinoma cells [62, 63], which promotes rapid proliferation and aggressive behavior of
these cancer cells. Interestingly, miR-25 upregulation in prostatic small cell neuroendocrine
carcinoma cells was driven by mutated p53, which lead to increased Aurora kinase A
expression due to miR-25 suppression of FBXW?7 levels [63]. Along with other cell cycle
promoting oncogenes (e.g. c-Myc, c-Jun, cyclin E) downregulated by FBXW?7, increased
Aurora kinase A levels enhanced cancer cell cycle progression and accelerated growth. In
addition, the suppression of FBXW?7 by miR-25a also promoted reprograming of mouse
somatic cells into induced pluripotent stem cells, where KIf5 is a downstream target of
FBXW?7 and appears to play a critical role in this process [64]. Whether suppression of
FBXW?7 by miR-25 also contributes to maintenance and self-renewal of cancer stem-like
cells needs further exploration. In contrast to the oncogenic function of miR-25 in gastric
cancer [62], ovarian cancer [65] and esophageal squamous cell carcinoma [66], miR-25 was
found to be downregulated in human colon cancer and thyroid carcinoma [67, 68]. It will be
interesting to determine whether FBXW?7 levels are altered in colon cancer and thyroid
carcinoma, which exhibit decreased miR-25 expression, and the role of FBXW?7 in these
cancers.

2.2 MiRNA targeting of FBXO11

In contrast to the well-characterized substrate-recognition mechanisms of FBXW proteins,
how FBXO proteins select their substrate for SCF-mediated ubiquitination and proteasomal
degradation is relatively unclear. Nevertheless, recent studies have revealed the FBXO
proteins, FBX04 and FBXO11, play important roles in modulating cancer development,
although their substrate-recognition mechanisms may vary [5, 11].

Deletion or mutation of FBXO11 was found in ~20% of DLBCL patients, indicating that
FBXO11 is a tumor suppressor in DLBCL. Oncoprotein BCL6, whose upregulation drives
DLBCL development, was identified as a substrate of FBXO11 for SCF-mediated
degradation [9]. Besides, FBXO11 mutations were observed in colon cancer, lung cancer,
ovarian cancer, head and neck squamous cell carcinoma, as well as Burkitt lymphoma,
implying that FBXO11 may act as a tumor suppressor in several cancers [5]. Interestingly,
the oncogenic mMiRNA miR-21 was found to directly suppress expression of FBXO11,
resulting in increased BCL6 expression, in melanoma, prostate cancer and glioma [69, 70].
Knockdown of FBXO11 expression attenuated the tumor suppressive effect of miR-21
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silencing in a melanoma xenograft model, demonstrating that FBXO11 is a critical miR-21
target gene. An inverse correlation between miR-21 and FBXO11 expression was observed
in glioma patients, and high FBXO11 level was associated with lower tumor grade and
better patient survival. These findings strongly support that FBXO11 suppression is a critical
mechanism mediating the oncogenic activity of miR-21 in melanoma, glioma and prostate
cancer progression.

FBXO11 interacts with Cdt2 (Cdc10-dependent transcript 2; also known as DTL and
DCAF2) and promotes its proteasomal degradation [71, 72]. Cdt2 is a component of Cul4-
RING protein ubiquitin ligase (CRL4) complex, which promotes ubiquitination and
degradation of the cell cycle regulator p21 (CDKN1A) and SET domain-containing lysine
methyltransferase 8 (SETD8). Cdt2 degradation controls cell-cycle exit timing by FBXO11,
while FBXO11-promoted SETDS stabilization may enhance cancer cell migration and
decrease apoptosis [71, 73]. These observations raise the possibility that FBXO11 could
promote cancer progression in specific stages and/or in certain cancers. In the majority of
breast cancer patient samples that harbor a FBXO11 gene alteration, amplification and
upregulation of FBXO11 was observed. Moreover, FBXO11 suppression by miR-621
increased the sensitivity to chemotherapy in breast cancers by enhancing p53-mediated
apoptosis [74]. It was reported that FBXO11 could inhibit p53 transactivity by promoting
p53 neddylation [75]. Therefore, FBXO11 suppression by miR-621 may enhance p53-
mediated apoptosis in breast cancer cells by repressing 53 neddylation and/or inhibiting
SETD8-promoted p53 destabilization. However, FBXO11 was also shown to inhibit breast
cancer metastasis by promoting Snail degradation, which inhibited epithelial-mesenchymal
transition [76]. Taken together these findings suggest that, while FBXO11 may promote
oncogenesis in specific cancer types and stages, overall FBXO11 likely functions as a tumor
suppressor in many cancers. It remains to be further explored that how miRNAs modulates
FBXO11 protein levels in specific cancer types/stages and the role of the miRNA/FBXO011
pathway in the development of particular cancers.

2.3 MiRNA targeting of the F-box protein Skp2

The oncogenic F-box protein Skp2 is also tightly controlled by a variety of tumor
suppressive miRNAs. In an inducible mouse model, Skp2 was identified as a miR-203 target
gene, and Skp2 suppression was found to be essential for miR-203 to promote cell cycle exit
and inhibit long-term cell proliferation [77]. Skp2 promotes ubiquitination and subsequent
degradation of the cell cycle regulators, p21 and p27 [78, 79], whose downregulation
accelerates cell proliferation and reduces cell senescence. MiR-203-mediated Skp2
suppression likely enhanced the stability of p21/p27, leading to cell cycle arrest and
increased senescence. The ectopic expression of Skp2 alone is sufficient to rescue cell cycle
exit induced by miR-203 [77]. Skp2 was also identified as a major target for the tumor
suppressive miRNA miR-7, whose downregulation led to increased p27 and cell growth
arrest [80]. Similarly, the tumor suppressive activity of miR-340 in non-small cell lung
carcinoma (NSCLC) cells was associated with increased p27 levels, which is due in part to
miR-340-dependent suppression of Skp2 [81]. Skp2 overexpression and consequent p27-
suppression has been associated with the aggressiveness in NSCLC [82]. In accordance,
miR-340 levels were found to inversely correlated with clinical staging in NSCLC patients
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[81], suggesting that miR-340-mediated Skp2 downregulation plays a critical role in
regulating NSCLC progression. Furthermore, Skp2-suppression may also contribute to the
premetastatic lung niche for cancer metastasis. It was shown that miR-30 family was
downregulated in pre-metastatic lungs, whereas fibroblast-derived miR-30 attenuated
melanoma cell lung metastasis by stabilizing pulmonary vessels [83]. Skp2 was identified as
a direct target gene of the miR-30 family in lung fibroblasts. Interestingly, overexpression of
Skp2 increased pulmonary vascular permeability and promoted lung metastasis of B16
melanoma cells, indicating that miR-30-depedent Skp2 suppression may have a critical role
in antagonizing lung metastasis in melanoma patients.

2.4 MiRNA targeting of the F-box protein B-TrCP1

As already discussed, the roles of p-TrCP1/2 in cancer pathogenesis are highly context-
dependent [11, 38]. Similarly, miRNAs function in context-dependent manner in the
development of various cancers [45, 84]. Therefore, the pathological significance of
miRNA-mediated B-TrCP suppression in cancer development depends on the particular
substrate of SCFP-T'CP as well as the specific cancer type.

In human monocytic lymphoma U937 cells, B-TrCP1 promotes the degradation of the Spl
transcription factor, resulting in decreased transcription of ADAMZ17 [85]. Downregulation
of B-TrCP mediated by miR-183 increased ADAML17 expression by stabilizing Sp1, which
correlates with increased TNFa/NF-kB signaling and enhanced cancer cell survival.
ADAM17 promotes the shedding of cell surface-anchored TNFa thereby increasing the
levels of soluble TNFa, which is required for TNFa-induced activation of NF-xB canonical
pathway. NF-xB signaling plays important roles in promoting the progression of
hematopoietic malignancies. Thus, miR-183 may promote oncogenesis in U937 cells, while
B-TrCP1 has tumor suppressor activity, by regulating TNFa/NF-xB signaling. Likewise, -
TrCP1 may also play an anti-tumorigenic role by promoting TAZ degradation and inhibiting
the Hippo pathway in NSCLC cells. Oncogenic miR-135b was found to be upregulated in
NSCLC cells lines as well as in NSCLC patient samples [86]. Moreover, high miR-135b
expression correlated with poor overall survival in NSCLC patients. B-TrCP1 was identified
as a direct miR-135b target that regulates the Hippo pathway in the NSCLC cells.
Downregulation of 3-TrCP1 by miR-135b led to increased TAZ stability and enhanced
transactivation of Hippo pathway target genes, which may contribute to NSCLC progression
and metastasis. Interestingly, DNA methylation and oncogenic NF-xB signaling in NSCLC
cells regulate miR-135b expression. It will be interesting to determine whether 8-TrCP1-
modulated Spl/ADAM17/TNFaq axis is also involved in regulating NF-xB activation in
NSCLC cells. Nevertheless, NF-xB signaling can be directly regulated by IxB degradation
mediated by p-TrCP1, which is required for NF-«xB activation. The direct impact of
miR-183/miR-135b-mediated B-TrCP1 suppression on NF-xB signaling in cancer cells
requires further examination.

2.5 MiRNA targeting of other F-box proteins

Besides F-box proteins with well-characterized roles in cancer development, several F-box
proteins are targeted by miRNAs whose roles in tumorigenesis are less understood. MiR-218
downregulates FBXWS8 in human JEG-3 choriocarcinoma cells and promotes cell
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proliferation [87]. Since FBXW8 mediates the ubiquitination and degradation of p27 [88],
the miR-218 mediated decrease of FBXW8 would be expected to lead to increased p27
levels, as well as impaired cell cycle arrest and enhanced JEG-3 cell proliferation.

In cytogenetically normal acute myeloid leukemia (CN-AML) patients, intronic miR-3151
was co-amplified with the host oncogene BAALC [89]. High miR-3151 expression was
associated with shorter disease-free as well as overall survival in CN-AML patients.
FBXL20 was identified as a direct target of miR-3151, although the pathological function of
miR-3151-mediated FBXL20 suppression is unclear. FBXL20 was recently reported to
promote ubiquitination and degradation of vacuolar protein-sorting 34 (Vps34), which is a
critical regulator of autophagy and receptor degradation [90]. Interestingly, FBXL20
transcription is regulated by p53, which is also a miR-3151 target [91]. The multiple-layered
downregulation of FBXL20 by miR-3151 suggest that FBXL20 may serve as a critical target
for miR-3151 to promote oncogenesis.

FBXLS5 has been identified as a potential direct target of miR-290-295 miRNA cluster that is
enriched in mouse embryonic stem cells and promotes stem cell survival [92][93]. FBXL5
may promote epithelial-to-mesenchymal transition (EMT) by mediating E-cadherin
degradation [94], consistent with a role for FBXL5 in regulating cancer metastasis.
However, Snaill, an EMT-promoting transcription factor, was reported to be degraded by
FBXL5-dependent pathway in the nucleus [95]. All in all, the biological significance of
miR-290-295 cluster-regulated EMT in metastasis and its impact on cancer stem-like cell
survival in human cancer warrants further investigation.

The muscle-specific F-box protein FBXO32 reportedly regulates apoptosis and functions as
a tumor suppressor [96, 97]. FBX032 was epigenetically silenced in ovarian cancers and
esophageal squamous cell carcinomas, whereas reconstitution of FBXO32 expression
inhibited ovarian cancer proliferation [98, 99]. Intriguingly, oncogenic miR-19a/b was
shown to suppress FBXO32 expression in cardiomyocytes [100]. MiR-19a/b are members of
oncogenic miR-17-92a cluster, which is amplified in a variety of cancers [101]. Whether
miR-19a/b-dependent suppression of FBXO32 plays a role in the oncogenic function of
miR-17-92a cluster in various cancers remained to be further explored.

3. Conclusions and perspectives

In general, F-box proteins and miRNAs negatively regulate target gene expression post-
transcriptionally (see Table 1). Through recognizing specific degrons, F-box proteins direct
polyubiquitination on specific target proteins by the SCF ligase complex and thereby
promoting subsequent proteasomal degradation. Similarly, a miRNA recognizes specific
MREs in target mRNAS that is complimentary to its seed region, thereby guiding the loading
of the target mMRNA into RISC for translation inhibition and mRNA decay. Most F-box
proteins or miRNAs regulate multiple substrates, which play multifaceted
pathophysiological roles in human diseases. Therefore, the function of F-box proteins or
miRNAs in oncogenesis should be considered in the context of the specific substrates
suppressed by the F-box protein/miRNA and in the specific cancer (Table 1).
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In this review, we focused on miRNA-mediated downregulation of F-box proteins, the
consequent stabilization of F-box protein substrates and their impact on human malignancies
(Figure 1). Although this multi-layered regulation is discussed generally in the framework of
one miRNA targeting one F-box protein thereby stabilizing one specific substrate of the F-
box protein, each miRNA has the ability to suppress multiple target genes simultaneously,
even multiple F-box proteins, which synergistically contribute to the overall impact on
particular cancer cells. Moreover, each F-box protein likely is regulated by several upstream
miRNAs, and could regulate multiple downstream substrates. The phenotypes observed in
cancer cells by modulating one miRNA: F-box protein pair may reflect the collective
outcome of altered expression of multiple target genes and/or several signaling pathways,
which synergistically or antagonistically regulate oncogenesis and cancer progression.
Considering the continuingly expanding lists of substrates of major oncogenic/tumor
suppressive F-box proteins, future studies may provide a more comprehensive understanding
of the complex responses in cancer cells as the consequences of altering one specific
miRNA or F-box protein, as well as reveal unappreciated functions of the particular
miRNA/F-box protein in modulating cancer development.

Although the major function of F-box proteins is to regulate SCF-dependent ubiquitination
of specific substrates, certain F-box proteins play roles in addition to their E3 ligase
component. For instance, FBXL10/FBXL11 harbor a JnjC motif as well as the F-box
domain, which functions as histone demethylase [102, 103]. By demethylation of lysine36 in
histone H3, FBXL10/FBXL11 promoted cell proliferation by epigenetically inhibiting
p15!nk4b transcription [102]. However, FBXL10-repressed ribosomal RNA transcription
may antagonize the aggressive behavior of brain tumors [103]. Several lines of evidence
support that FBXL10/FBXL11 play important roles in cancer development in a context-
dependent manner by the epigenetic regulation of gene transcription. Interestingly, FBXL10
reportedly regulates the transcription of tumor suppressive miRNAs, miR-101 and let-7b,
which may regulate cell senescence and proliferation by EZH2 suppression [104]. On the
other hand, miR-19b suppresses FBXL11 expression, which increases NF-xB signaling
[105]. One can envision that further exploration of the mutual regulation between miRNAs
and FBXL10/FBXL11 may reveal more unexpected regulatory mechanisms orchestrated by
miRNAs and F-box proteins in cancer development.

Our current knowledge from recent studies has demonstrated the critical and complex roles
of miRNA-mediated regulation of F-box proteins in the pathogenesis and progression of
human cancer. With recent advances in therapeutic strategies using F-box proteins or
miRNAs as drug targets, this growing body of knowledge may soon be translated into novel
approaches to treat cancer. Since F-box proteins and miRNAs function in a context-
dependent manner, it is likely that genomic profiling of each cancer type and individual
patient may ultimately be required for designing the most effective therapeutic approaches
targeting specific F-box proteins and or miRNAs as a personalized medicine strategy in
cancer patients.
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Abbreviations

Skpl S-phase kinase-associated protein 1

SCF Skpl-cullinl-F-box protein

Rbx1 RING-box protein 1

B-TrCP1 B-transducin repeat-containing proteinl

FBXL F-box and leucine-rich repeat proteins

FBXL F-box and leucine-rich repeat proteins

RBL2 retinoblastoma-like protein 2

IxBa inhibitor of nuclear factor kB

DGCRS8 DiGeorge syndrome critical region 8

RISC RNA-induced silencing complex

T-ALL T cell acute lymphoblastic leukemia

MRE miRNA recognition element

3’-UTR 3’ untranslated region

BCL6 B cell lymphoma 6

Cdt2 Cdc10-dependent transcript 2

SETDS8 SET domain-containing lysine methyltransferase 8

NSCLC non-small cell lung carcinoma

CN-AML cytogenetically normal acute myeloid leukemia
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Figure 1.
MicroRNA-mediated suppression of F-Box proteins and their impact on cancer progression.

A. Oncogenic miRNAS, such as miR-25, miR-27a, miR-92a, miR-182, miR-223 and
miR-503, could promote cancer development by suppressing FBW?7, thereby promoting
proliferation and enhancing survival of cancer cells through stabilizing FBW?7 substrates
including c-Myc, c-Jun, cyclin E1, NOTCH1 and KIf5. B. Tumor suppressive miRNAS,
such as miR-7, miR-30, miR-203 and miR-340, may inhibit cancer cell growth by
suppressing Skp2, resulting in increased cell cycle checkpoint regulators p21 and p27. C.
Both oncogenic miR-21 and tumor suppressive miR-621 can target FBXO11 in different
cancer types. In melanoma, prostate cancer and glioma cells, miR-21-dependent FBXO11
suppression leads to increased Bcl-6 level and enhanced cancer cell growth. In contrast,
miR-621 downregulates FBXO11 in breast cancer cells, resulting in increased p53 activity
and enhanced response to chemotherapies.
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Table 1

MiRNA-dependent F-box protein suppression and its impact on cancer

F-box protein

Targeting miRNA

Cancer/cell type specificity

Impact of F-box protein suppression

FBXW7

FBXO11

Skp2

B-TrCP1

FBXW8
FBXL20
FBXL5
FBX032
FBXL11

miR-25

miR-27a

miR-92a
miR-182
miR-223

miR-503
miR-21

miR-621
miR-7
miR-30
miR-203
miR-340
miR-183
miR-135b
miR-218
miR-3151
miR-290-295
miR-19a/b
miR-19b

gastric cancer

prostatic small cell neuroendocrine carcinoma

colon cancer
lung cancer
pediatric B-ALL

cervical cancer
colon cancer

gastric cancer
T-ALL

esophageal squamous cell carcinoma

colon cancer

prostate cancer
melanoma
glioma

breast cancer
CHO cells

lung fibroblasts
skin cancer
NSCLC
monocytic lymphoma
NSCLC
choriocarcinoma
CN-AML
mouse ESCs
ovarian cancer

HEK293

oncogenic
oncogenic

oncogenic

oncogenic
oncogenic

oncogenic

oncogenic

oncogenic

tumor suppressive

tumor suppressive

oncogenic

oncogenic
oncogenic
unknown

oncogenic

unknown
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