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Abstract
The transformation of a normal cell to cancer requires the derail of multiple pathways. Normal signaling in a cell is
regulated at multiple stages by the presence of feedback loops, calibration of levels of proteins by their regulated
turnover, and posttranscriptional regulation, to name a few. The tumor suppressor protein FBXO31 is a component
of the SCF E3 ubiquitin ligase and is required to arrest cells at G1 following genotoxic stresses. Due to its growth-
suppression activity, it is underexpressed in many cancers. However, the molecular mechanism underlying the
translational regulation of FBXO31 remains unclear. Here we show that the oncogenic microRNAs miR-93 and
miR-106a repress FBXO31, resulting in the upregulation of Slug, which is involved in epithelial-mesenchymal
transition and cell invasion. FBXO31 targets and ubiquitylates Slug for proteasomal degradation. However, this
mechanism is repressed in breast tumors where miR-93 and miR-106a are overexpressed. Our study further
unravels an interesting mechanism whereby Slug drives the expression of miR-93 and miR-106a, thus establishing
a positive feedback loop to maintain an invasive phenotype. Together, these results establish the presence of
interplay between microRNAs and the ubiquitination machinery, which together regulate cancer cell invasion.
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Introduction
Breast cancer is one of the leading causes of death worldwide and is
the second most common cancer in women. Over 1.3 million cases of
invasive breast cancer are diagnosed worldwide, and more than
450,000 women die of breast cancer each year. Although significant
progress has been made in understanding the pathology of breast
cancer, for further improvement of therapy, it is important to identify
new therapeutic targets. Understanding the molecular players
involved in the regulation of breast cancer progression and metastasis
is the key to developing improved treatment strategies. The
ubiquitin-proteasome machinery is involved in many diseases
including cancer [1]. Inhibitors and activators of E3 ubiquitin ligases
are promising targets for therapy, as they dictate the proteins to be
ubiquitylated and the manner of their ubiquitylation. Therefore, an
in-depth understanding of this class of genes is important.
FBXO31 is a member of the F-box protein family that plays an

important role in cell cycle progression, DNA damage response,
tumorigenesis, and neuronal development [2–6]. It is located on
chromosome 16q24.3 and is inactivated in many cancers due to loss
of heterozygosity [2]. It is a part of the SCF E3 ubiquitin ligase
complex through association with SKP1, Cullin1, and RBX1. It
targets multiple cellular substrates such as cyclin D1, MDM2, p38,
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and Ctd1 and promotes their polyubiquitylation-mediated proteaso-
mal degradation [5–8]. Previous studies show that it is a
senescence-inducing gene and plays a predominant role in preventing
BRAF-induced transformation [2–4]. More recently, it has been
shown that it functions as a dedicated DNA damage checkpoint
protein by arresting cells at G1 phase of the cell cycle through
proteasomal degradation of cyclin D1 and by preventing
MDM2-mediated proteasomal degradation of p53 [5,6].

Cellular proteins are maintained at the basal level through
transcriptional, posttranscriptional, or posttranslational regulation.
Posttranscriptional regulation has emerged as one of the major players
in malignancy. Small noncoding RNAs, microRNAs (miRNAs), have
emerged as crucial gene regulators at the posttranscriptional level, and
their expression levels are frequently altered in cancer and other
diseases [9,10]. MiRNAs are transcribed as a primary miRNA by
RNA polymerase II or III [11]. This primary miRNA is processed by
Drosha and Pasha to generate a precursor miRNA, which is further
processed by Dicer to form the mature miRNA in the cytoplasm [12].
The mature miRNA then associates with the RISC complex to
function as a posttranscriptional or translational regulator. It is
estimated that more than 60% of human proteins coding genes are
regulated by miRNAs [13].

MiRNAs are involved in the regulation of various biological
processes such as cell proliferation, differentiation, tumorigenesis,
angiogenesis, and metastasis [14–22]. Previous studies reported that
miRNA clusters such as miR-106a-363 and miR-106b-25 play an
important role in breast cancer malignancy [23,24]. In addition,
miR-106b-25 cluster is reported to function as an oncogene in
hepatocellular carcinoma, and miR-93, a member of miR-106b-25
cluster, acts as an oncogene in human glioblastoma [20,25,26].

Given the predominant role of FBXO31 in growth arrest and
DNA damage checkpoint activation, it becomes important to
understand its comprehensive regulation. In this study, we identified
miR-93 and miR-106a as negative regulators of FBXO31 during
normal cellular growth, but they fail to do so under genotoxic stresses.
Further, we showed that these miRNAs promote scratch wound
healing and cellular invasion through stabilization of Slug, which in
turn is proteasomally degraded by FBXO31. Most interestingly, we
unraveled that Slug directly drives the expression of miR-93 and
miR-106a by binding to their promoter. Our study thus expands the
understanding of molecular mechanisms involved in onset and
progression of cancer by highlighting the presence of a feedback loop
involving miR-93, miR-106a, FBXO31, and Slug for the first time.

Material and Methods

Cell Lines, shRNAs, and Plasmids
The human breast cancer cell lines MCF7, MDA-MB-231,

MDA-MB-435, T47D, and NCI/ADR-Res were provided by Prof.
Michael R. Green (University of Massachusetts Medical School,
USA). MCF7 cells were grown in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM) medium, and rest of the cell lines were
grown in RPMI media containing 10% FBS at 37°C in an
atmosphere of 5% CO2 under humid conditions. pCMV-myc-
FBXO31 and F-box domain deletion mutation vector pCMV-myc-
FBXO31ΔF were kindly provided by Prof. David F. Callen
(University of Adelaide, Australia). psG5-Flag-hSlug was kindly
provided by Prof. Sophie Tartare-Deckert (Bâtiment Universitaire
Archimed, France). His-Ub was bought from Addgene [27].
pCMV-MIR vector and pMIR-REPORT vectors were kindly
provided by Dr. Samit Chattopadhyay (National Centre for Cell
Science, India).

FBXO31 knockdown cell lines were generated by stable
transduction of MCF7 cells with the following lentiviral shRNAs as
described previously [5]. Lentiviral shRNA clones were kindly
provided by Prof. Michael R. Green, University of Massachusetts
Medical School, USA.

Stable Knockdown Cells Generation
HEK-293T cells were seeded 1 day prior to transfection. Lentiviral

shRNA plasmid along with lentiviral packaging plasmids (pPAX2 and
pMD2.G) was co-transfected using polyethyleneimine. Transfection
mixture was incubated at room temperature for 30 minutes and then
added dropwise to the cells. Virus soup was collected after 48 hours of
transfection and filtered through 0.45-μm syringe filter. MCF7 cells
were transduced with filtered virus soup in the presence of 8 μg/ml of
polybrene. Infected cells were selected by treating with 1 μg/ml of
puromycin.

Cloning of miRNA and 3′UTR Reporter System
Human miR-20b, miR-93, miR-106a, and miR-106b were

amplified using genomic DNA as template, and the amplified
polymerase chain reaction (PCR) product was inserted into XhoI site
of the pCMV-MIR vector by using Infusion cloning kit according to
manufacturer's protocol (Takara). The point mutants of miRs were
generated by Quik Change site-directed mutagenesis kit. The 3′UTR
sequence (1065 bp) of human FBXO31–bearing miRNAs binding
sites was amplified and inserted into the SpeI and HindIII sites of the
pMIR-REPORT luciferase vector (named as Luc-WT). Seed
sequence of miR-93 and miR-106a in the 3′UTR of FBXO31 was
mutated by Quik Change site-directed mutagenesis kit. The mutants
were named as Luc-Mut1 and Luc-Mut2.

Primer sequences were as follows:

Luc-WT (forward): 5′-ACCACTAGTCCACATCCTTGCCGC
CACAT-3′.

Luc-WT (reverse): 5′-CACAAGCTTGCAGTGGAGGCATCAG
TCCA-3′.

Luc-Mut1 (forward): 5′-GAATAGAAGCAGCATGCGAGTTG
GAAATCCGGCC-3′.

Luc-Mut1 (reverse): 5′-GGCCGGATTTCCAACTCGCATGCT
GCTTCTATTC-3′.

Luc-Mut2 (forward): 5′-CAGTCCAGCCACCCCCCAG
CGAGTTATGTAGAGAG-3′.

Luc-Mut2 (reverse): 5′-CTCTCTACATAACTCGCTGGGG
GGTGGCTGGACTG-3′.

Mut miRNA-93 (forward): 5′-GGGGGCTCCAAATTTCTGT
TCGTGCAGG-3′.

Mut miRNA-93 (reverse): 5′-GCACGAACAGAAATTTGGAG
CCCCAGGAC-3′.

Mut miRNA-106a (forward): 5′-GGGGGCTCCAAATTTCTG
TTCGTGCAGG-3′.

Mut miRNA-106a (reverse): 5′-GCACGAACAGAAATTTGG
AGCCCCAGGAC-3′.

Cell Transfection
Cells were seeded 1 day prior to transfection, and polyethylenimine

(PEI 25000 from Polysciences, USA) was used as transfection
reagent. Transfection mixture was prepared the following day in



Figure 1.MiR-93 and 106a negatively regulate the expression of FBXO31 at the protein level by binding to its 3′UTR. (A) Relative luciferase
activity in the presence of miRNAs. Luciferase assay was performed with pCMV-MIR vector containing the 3′UTR of FBXO31. Luciferase
reported vector was co-transfected with either empty vector or miRNAs for 48 hours in MCF7 cells. The data were normalized to empty
vector, and results are presented as mean ± SD, *P b .001. (B) MiR-93 and miR-106a repressed the translational level of FBXO31. MCF7
cells were transfected with indicated miRNAs and were harvested at 48 hours posttransfection. Whole cell protein extracts were
immunoblotted with indicated antibodies. Tubulin was used as loading control. (C) MiR-93 targets first seed sequence, whereasmiR-106a
needs both the seed sequences. Luciferase activity was measured after 48 hours of co-transfection with indicated plasmids. The data for
wild-type 3′UTR of FBXO31 were normalized to empty vector, and the rest of the data were normalized to wild-type 3′UTR of FBXO31. The
data are presented as mean ± SD, *P b .001. (D and E) MiR-93 and miR-106a regulate FBXO31 in a dose-dependent manner. Indicated
plasmids were transfected (0-, 1-, 2-, and 3-fold) for 48 hours, and then whole cell protein extracts were immunoblotted with indicated
antibodies. (F and G) Mutant-miRs interfere in the function of miR-93 and miR-106a. Cells were transfected with miR-93/miR-106a with or
without their respective mutant miRNA for 48 hours. Whole cell protein extracts were immunoblotted with indicated antibodies. Tubulin
is used as loading control. (H and I) MiR-93 and 106a alter the FBXO31 protein level. Pulse chase cycloheximide assay was performed by
overexpression of microRNAs, and different time points were collected after treatment with cycloheximide. (I) Quantitative representation
of pulse chase cycloheximide assay.
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150 mM NaCl solution by mixing DNA and polyethylenimine
[DNA (μg):polyethylenimine (μg)] in a ratio of 1:2.4. Transfection
mixtures were incubated at room temperature for 15 minutes and
then added to the media in dropwise manner.

Dual Luciferase Assay
MCF7 cells were seeded in a 24-well plate, and cells were

transfected with indicated plasmids using polyethylenimine as
described above. The cells were harvested and lysed after 48 hours
of transfection. Luciferase activity was measured according to the
manufacturer's protocol (Dual-Luciferase Reporter Assay System;
Promega, Madison, WI), and Renilla luciferase was used for
normalization.
Quantitative Real-Time Reverse Transcriptase PCR
(qRT-PCR)

TRIzol reagent (Invitrogen) was used to extract total RNA
according to the manufacturer's protocol. The first-strand cDNA
was synthesized with random primers or miRNA stem loop specific
primers and MultiscribeTM reverse transcriptase (Applied Biosys-
tems). Quantitative real-time PCR was performed in the Eppendorf
Master Cycler RealPlex using SYBR Green Kit from Takara. Fold
change was calculated as described previously [28].

Primer sequences were as follows:
FBXO31 (forward): 5′-GGATGTACCTGCCACCTCAT-3′.
FBXO31 (reverse): 5′-CCACTGTAGCCGACTTCCTC-3′.
Slug (forward): 5′-ACAGAGCATTTGCAGACAGG-3′.



Figure 2. MicroRNAs-93 and 106a fail to regulate FBXO31 in response to genotoxic stresses. (A) Luciferase activity of FBXO31 3′UTR
reporter increased upon treatment of IR. MCF7 cells were transfected with FBXO31 3′UTR luciferase construct, and luciferase activity was
measured with and without irradiation. Cells were collected at 4 hours postirradiation. (B–E) Ectopically expressed microRNAs failed to
prevent FBXO31 stabilization under genotoxic stresses. MCF7 cells were transfected with indicated miRNAs for 48 hours. The
transfected cells were exposed to either IR (B and C) or etoposide treatment (D and E). Whole cell protein extracts were immunoblotted
with indicated antibodies. (F and G) MicroRNA levels decreased under stress conditions. MCF7 cells were treated with either IR or
Etoposide, total RNA was isolated, and cDNA was prepared followed by real-time RT-PCR.
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Slug (reverse): 5′-TGCTACACAGCAGCCAGAT-3′.
E-Cadherin (forward): 5′-AAGGTGACAGAGCCTCTGGAT-3′.
E-Cadherin (reverse): 5′-GATCGGTTACCGTGATCAAAATC-3′.
GAPDH (forward): 5′-TGCCGGTGACTAACCCTGCG-3′.
GAPDH (reverse): 5′-AGGCGCCCAATACGACCAAATCAGA-3′.
miR-93: stem loop: 5′-GTCGTATCCAGTGCAGGGTCCGAG

GTATTCGCACTGGATACGACCTACCT-3′.
miR-93 (forward): 5′-TTAACAAAGTGCTGTTCGTGC-3′.
miR (reverse): 5′-GTGCAGGGTCCGAGGT-3′.
miR-20b (forward): 5′-TTAACAAAGTGCTCATAGTGC-3′.
miR-20b: stem loop: 5′-GTCGTATCCAGTGCAGGG

TCCGAGGTATTCGCACTGGATACGACCTACCT-3′.
miR-106a-(forward): 5′-TACTAAAAGTGCTTACAGTGC-3′.
miR-106a: stem loop: 5′-GTCGTATCCAGTGCAGGGTCC

GAGGTATTCGCACTGGATACGACCTACCT-3′.
miR-106b (forward): 5′-ATAAATAAAGTGCTGACAGTGC-3′.
miR-106b: stem loop: 5′-GTCGTATCCAGTGCAGGGTCC

GAGGTATTCGCACTGGATACGACATCTGC-3′.
miR-93 (forward): 5′-TACGCGGCCGCTCGAGGCCTTT
TCCCCACTTCTTAA-3′.

miR-93 (reverse): 5′-TGAGTTTCTGCTCGATCCCGGA
GTTCAGCTGTCC-3′.

miR-106b (forward): 5′-TACGCGGCCGCTCGAAGTGCC
CAAATTGCTGGAGG-3′.

miR-106b (reverse): 5′-TGAGTTTCTGCTCGAACT
GAGGTCCAAGACGGGAG-3′.

miR-106a (forward): 5′-TACGCGGCCGCTCGACCTGTTT
CAGGAATATTAACTA-3′.

miR-106a (reverse): 5′-TGAGTTTCTGCTCGACACATTA
TAAGAAGCAGCTCA-3′.

miR-20b (forward): 5′-TACGCGGCCGCTCGACTGGCA
CAGGCTGCCTAATA-3′.

miR-20b (reverse): 5′-TGAGTTTCTGCTCGAAGCAATGT
CTTTGAATATTCTCT-3′.

18S rRNA (forward): 5′-GTAACCCGTTGAACCCCATT-3′.
18S rRNA (reverse): 5′-CCATCCAATCGGTAGTAGCG-3′.



Figure 3. MiRNAs promote scratch wound healing and cell invasion by regulating Slug. (A) Mir-93 and miR-106a promote the growth of
MCF7 cells. Equal numbers of transfected cells were seeded, grown in G418-containing media for 3 weeks, and stained with 0.5% crystal
violet for visualization of colonies. (B) MiR-93 and mir-106a promote scratch wound healing. Transfected MCF7 cells were scratched to
generate wound, and the cell migration was checked by live cell imaging as described in Materials and Methods. Left and right panels
indicate 0 and 24 hours of scratch. (C) MiR-93 and mir-106a promote cell invasion. Equal numbers of transfected MCF7 cells were added
in Boyden chamber to check the invasive capacity of the cells. (D and E) Ectopic expression of miR-93 and miR-106a augments
stabilization of Slug. Immunoblotting of MCF7 cells expressing either vector or miRNAs or a combination of miRNA and their mutant form
for indicated antibodies. (F) FBXO31 suppresses the scratch wound healing activity of Slug. Percentage of scratch wound healing was
measured as described in the Materials and Methods. The data are presented as mean ± SD, *P b .01, **P b .001.
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Immunoblotting Analysis
Cells were harvested, washed with ice-cold PBS, and then lysed

with lysis buffer (50 mM Tris pH 7.4, 5 mM EDTA, 250 mMNaCl,
50 mMNaF, 0.5 mMNa orthovanadate, and 0.5% Triton X-100) to
prepare protein extracts. Protein concentrations were measured by
the Bradford method using bovine serum albumin as standard [29].
The proteins were separated by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred onto a
PVDF membrane and were probed with specific primary antibody
kept overnight at 4°C with gentle rocking. Antibodies against
FBXO31, Flag, β-actin, and α-tubulin were procured from Sigma.
TP53 antibody was purchased from Santa Cruz, Slug from Abcam,
E-cadherin from BD Biosciences, and c-myc from Roche. Snail,
Twist, and K48-ubiquitin antibodies were purchased from Cell
Signaling Technology. β-Actin and α-tubulin were used as loading
control.
Cycloheximide Pulse Chase Assay
MCF7 cells were treated with cycloheximide (40 μg/ml) for

indicated time points. Cells were then harvested, washed with ice-cold
PBS, and lysed with lysis buffer as described above. Immunoblotting
was performed with mentioned antibodies. Band intensity was
measured using ImageJ software and was normalized with loading
control. Protein at 0-hour time point was taken as 100%, and the
percentage of remaining protein was calculated with respect to 0 hour.

Co-Immunoprecipitation Assay
MCF7 cells were co-transfected with Flag-Slug and myc-FBXO31

for 36 hours and then treated with MG132 (5 μM; Calbiochem) for
an additional 8 hours. Six hundred micrograms of protein extract was
incubated with indicated antibodies for 10 to 14 hours at 4°C with
gentle rocking. Then, protein G agarose beads were added to
protein-antibody mixture and incubated for an additional 1.5 hours.



Figure 4. FBXO31 degrades Slug at the proteasomal level. (A) FBXO31 degrades Slug through proteasomal pathway. Immunoblot
monitoring Slug in MCF7 cells expressing vector or FBXO31 in the absence and presence of MG132. MG132 was added at 40 hours
posttransfection, and cells were collected at 48 hours posttransfection. Whole cell protein extracts were immunoblotted with indicated
antibodies. (B) FBXO31 degrades Slug through SCF complex. Wild-type (myc-FBXO31) and F-box motif deleted FBXO31 (myc- F-FBXO31)
were transfected in MCF7 cells for 48 hours. Protein extracts were immunoblotted with indicated antibodies. (C) FBXO31 interacts with
Slug at the endogenous level. Whole cell protein extracts were immunoprecipitated with anti-FBXO31 antibody, and immunoprecipitates
were immunoblotted for indicated antibodies. (D) FBXO31 promotes the polyubiquitylation of Slug. Ubiquitination assay was performed
upon co-transfection of indicated plasmids for 36 hours. Protein extracts were pulled down by Ni-NTA beads. Pulled fractions were
immunoblotted with anti-Flag antibody to detect the ubiquitylated Slug. (E) Slug is stabilized in FBXO31 knockdown cells. Stable
knockdown cells were generated by lentiviral transduction as described in the Materials and Methods. Whole cell protein extracts were
immunoblotted with indicated antibodies. (F) Slug has slower turnover kinetics in FBXO31 knockdown cells. Both NS and FBXO31
knockdown cells were treated with cycloheximide for indicated time periods, and whole cell extracts were immunoblotted with indicated
antibodies. (G) Quantitative data of cycloheximide pulse chase assay. The intensity of the slug bands in panel F was normalized to the
tubulin loading control and quantified using ImageJ to study the turnover of slug. (H) Lysine 48-linked polyubiquitination of Slug is
significantly decreased in FBXO31 knockdown cells. Whole cell protein extracts from NS and FBXO31KD cells were immunoprecipitated
with anti-Slug antibody, and immunoprecipitates were immunoblotted with K48-linked ubiquitin antibody. (I) Slug is downregulated under
genotoxic stress conditions. MCF7 cells were treated with IR (15 Gy), UV (50 mJ/m2), doxorubicin (10 μM), and etoposide (10 μM). IR and
UV treatments were given for 4 hours, whereas doxorubicin and etoposide treatments were given for 12 hours. Whole cell lysates were
immunoblotted with indicated antibodies. (J) FBXO31 controls degradation of Slug under genotoxic stresses. NS and FBXO31KD cells
were treated with 10 μM etoposide for 12 hours, and protein extracts were immunoblotted with indicated antibodies.
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Unbound proteins and antibody were separated by washing the beads
three times, and immunoprecipitates were eluted from beads by
boiling with sample buffer for 5 minutes. Eluted immunoprecipitates
were resolved by SDS-PAGE followed by immunoblotting with
indicated antibodies.
Ubiquitination Assay
MCF7 cells were co-transfected with mentioned plasmids. After 36

hours of transfection, cells were treated with 5 μM MG132 for an
additional 8 hours. Protein extracts were incubated overnight with
Ni-NTA beads at 4°C with gentle rocking. The beads were washed



Figure 5. Reciprocal expression pattern of FBXO31 and Slug in breast cancer progression. (A) Immunoblot monitoring the expression of
FBXO31 and Slug in different breast cancer cell lines. (B) Representative immunohistochemical staining with antibodies specific for
FBXO31and Slug with tissue sections from normal breast and grade I, grade II, and grade III breast cancer. (C) Quantitative data of IHC
staining.
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three times using lysis buffer with an intermittent incubation of 5
minutes each. The bound proteins were eluted by boiling with sample
buffer as described above. The eluted proteins were separated through
SDS-PAGE and immunoblotted with indicated antibodies.

Scratch Wound Healing Assay
Scratch wound healing assay was performed as described previously

[30]. Briefly, transfected MCF7 cells were scratched with 200-μl tip
to generate the open space. Cells were grown in DMEM
supplemented with 5% FBS containing 5 ng/ml of actinomycin D
to prevent the cell proliferation. The open space was tracked using live
cell imaging microscope (Nikon Time Lapse microscope model TE
2000E). The percentage of open area was calculated using Tscratch
software.

Cell Invasion Assay
Invasion experiment was performed as described previously [31].

Briefly, transfected cells (2 × 104/well) were suspended in serum-free
DMEM in the upper chamber, and the lower chamber was loaded
with complete DMEM. After 12 hours, the invaded cells were stained
with 0.5% crystal violet. Images were taken with Nikon photograph
camera.

Colony Formation Assay
Colony formation assay was performed as described previously [5].

Briefly, transfected MCF7 cells (5 × 103) were seeded in 35-mm plate
and were grown in complete DMEM containing 0.8 mg/ml of G418
for 3 weeks. Then, the cells were fixed with 3.7% formaldehyde
solution followed by staining with 0.5% crystal violet. Stained cells
were then washed with PBS three times with gentle rocking at room
temperature to remove the residual crystal violet solution.

Senescence Associated β-Gal Staining
MCF7 cells were co-transfected with indicated plasmids. Cells

were then treated with γ-rays (10 Gy) and were grown at 37°C for 7
days. Senescence associated β-gal staining was performed as previously
described [32]. Briefly, cells were fixed with 3.7% formaldehyde for
15 minutes and were incubated at 37°C with staining solution [150
mMNaCl, 2 mMMgCl2, 5 mM K3 Fe(CN)6, 5 mMK2Fe(CN)6, 40
mM citric acid, and 12 mM sodium phosphate [pH 6.0] containing 1
mg/ml of 5-bromo-4-chloro-3-indolyl-D-galactoside]. Digital pic-
tures were taken on an Olympus TH4-200 by 20× objective lens.

RNA Immunoprecipitation (RIP)
RIP was performed to confirm the binding of miR-93 and

miR-106a to the 3′UTR of FBXO31. RIP was performed as
described previously [33]. Briefly, after 36 hours of transfection, cells
were γ-irradiated (10 Gy) and kept for an additional 12 hours. The
cells were then UV cross-linked (50 mJ/cm2) followed by fixation
with 3.7% formaldehyde and quenching with 2 M glycine. The
lysates were then incubated for 2 hours at 4°C with antibody-coated
protein G agarose beads. Then, RNA was extracted from bound
complex using TRIzol. cDNA was prepared, and PCR was performed
to detect miRNA and 3′UTR of FBXO31 using specific primers.

Immunohistochemistry (IHC)
The tissue samples were obtained from SDM College of Medical

Sciences, as per established core procedures and Institutional Ethical



Figure 6. FBXO31 regulates miR-93 andmiR106a via degradation of Slug. (A) Slug enhances the expression of miR-93 andmiR-106a at the
transcriptional level. MCF7 cells were transfected with either empty vector or Slug, and transcriptional level of miR-93 and 106a was
measured by real-time RT-PCR. (B) MicroRNAs levels were ablated upon overexpression of FBXO31. MCF7 cells were transfected with
empty vector/FBXO31 for 48 hours. Total RNA was used to prepare cDNA, and levels of miR-93 and 106a were measured by real-time
RT-PCR. (C) Depletion of FBXO31 enhanced the miR-93 and miR-106a levels. (D) The location of E-box consensus binding sites
(5′-CAGGTG-3′ or 5′-CACCTG-3′) in the promoter of human miR-93 (upper panel). ChIP assay for recruitment of Slug at the promoter of
miR-93 (lower panel). (E) MiR-93 and miR-106a inhibit FBXO31-mediated senescence. Transfected cells were irradiated with IR and were
allowed to proliferate for 10 days. Then, cells were stained for β-galactosidase assay. Approximately 500 cells were counted for each
case. The data are presented as mean ± SD, *P = .001, **P b .001.
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Board approval. Tissue samples were stained with hematoxylin-eosin
to determine the histological type and grade of tumors. Twenty tissue
samples from breast cancer patients, including cancerous tissue and
adjacent nonmalignant epithelium, were analyzed for FBXO31 and
Slug using immunohistochemical staining as described previously
[34]. In brief, after deparaffinization and endogenous peroxidase
blockage, the sections were heated in 0.01 M citrate buffer solution
(pH 6.0) in water bath at 98°C for 20 minutes; then incubated with
the rabbit and goat polyclonal antibody to FBXO31 and Slug (Santa
Cruz Biotechnology), respectively, at 1:100 dilution overnight at 4°C;
and visualized using 3,3′-diaminobenzidine detection kit (Vector
labs). For the negative control, anti-rabbit and anti-goat IgG whole
molecule (Sigma-Aldrich) was used at 1:1000 dilution. IHC-stained
samples were evaluated by two pathologists, and all samples were
blinded. Staining intensity of these proteins in neoplastic cells was
graded on a scale of 0 (no staining) to 3+ (strong staining). The
protein expression was scored based on the percentage of positive
cells: score 0 = 0% of stained positive cells; score 1 = weakly stained
tissue or 1%-25% of positive cells; score 2 = moderate stained tissue
or 26%-50% of positive stained cells; and score 3 = strongly stained
tissue or more than 50% of stained cells.

Chromatin Immunoprecipitation (ChIP)
ChIP was performed as described previously [35]. Briefly, MCF7

cells treated with and without etoposide (5 μM for 12 hours) were
cross-linked with 3.7% formaldehyde for 15 minutes at room
temperature with gentle rocking. Cross-linking reaction was
quenched by addition of 125 mM glycine for 10 minutes. The cell
lysates were sonicated to generate fragmented DNA-protein complex
and were then incubated with anti-Slug antibody overnight at 4°C.
Preblocked protein A agarose beads were incubated with
lysate-antibody complex for 2 hours followed by reverse cross-linking
by proteinase K. DNA was eluted by phenol-chloroform method.
PCR was performed using microRNA specific primers.



Figure 7. Proposed model describes feedback loop in FBXO31, Slug, and miRNAs in normal (left) and genotoxic stress (right) conditions.
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The following primers were used for PCR.
miR-93 region 1 (forward): 5′-GGGGACCATGTTAAATGGGGA-3′.
miR-93 region 1 (reverse): 5′-GCCCTCCAGCAATTTGGGCAC-3′.
miR-93 region2 (forward): 5′-ACGTGGAGATGAGGCGAGAGG-3′.
miR-93 region 2 (reverse): 5′-TTCCCTCCACGGACGCTGTGC-3′.
miR-93 region 3 (forward): 5′-GCTACCGCACTGTGGGTACTT-3′.
miR-93 region 3 (reverse): 5′-GGAGCTCAGCCAAGAAGACAA-3′.

Statistical Analysis
Each experiment was repeated at least three times. Values shown

are standard deviation (SD) except otherwise mentioned, and data
were represented as mean ± SD. Statistical analysis was performed by
using Sigma Stat 4.0 (Systat Software Inc., San Jose, CA). Student’s
t test was performed to analyze the statistical significance. The values
*P b .01 and **P b .001 denote significant differences between the
groups (n N 3 at the least).
Results

MicroRNAs 93 and 106a Suppress the Translational Level of
FBXO31 via Binding to Its 3′UTR
To explore the possible involvement of miRNA-mediated

regulation of FBXO31 expression, an in silico analysis was performed
by using online computational algorithm as mentioned in Materials
and Methods. In silico analysis revealed that the 3′UTR of FBXO31
has putative binding sites for six potential microRNAs (Supplemen-
tary Table 1). These microRNAs have two similar putative binding
sites on the 3′UTR of FBXO31 which are conserved among
mammals: a 7-mer-m8 seed sequence AGCACTTTA (75-81 bp from
the start of 3′UTR) and a 8-mer seed sequence ATGCACTTTG
(145-152 bp from the start of 3′UTR) (Supplementary Figure 1A).
We evaluated the effect of in silico predicted miRNAs on the

expression of FBXO31 using a luciferase reporter assay. The activity
of luciferase reporter containing the FBXO31 3′UTR was suppressed
to different extents in the presence of miRNAs -20b, -93, -106a, and
-106b (Figure 1A). Next, immunoblotting data revealed that these
miRNAs also suppressed the level of FBXO31 (Figure 1B). Among
these miRNAs, miR-93 and miR-106a showed the potent effects on
FBXO31 expression without affecting mRNA level (Figure 1B and
Supplementary Figure 1B). However, these miRNAs do not regulate
FBXO31 synergistically (Supplementary Figure 1C). Based on above
results, we selected these two miRNAs to understand the molecular
mechanism of FBXO31 regulation.

Next, to confirm the specificity of miR-93– and miR-106a–
mediated regulation of FBXO31, we generated mutants by altering
the seed sequence of miR-93 and miR-106a in the 3′UTR of
FBXO31 luciferase reporter (Supplementary Figure 1D). Results
revealed that the luciferase activity was significantly increased upon
mutation of either of the seed sequences (Fig. 1C). Analysis of the
results demonstrated that miR-106a requires both seed matches,
whereas miR-93 preferentially targets the first seed sequence for
regulating FBXO31. Further, RNA immunoprecipitation was
performed to confirm that these miRNAs bind to the 3′UTR of
FBXO31 (Supplementary Figure 1, E–H).

Next, a dose-dependent increase of either miR-93 or miR-106a
resulted in the decrease in FBXO31 levels (Figure 1, D and E). This
effect was abolished by co-expression of point mutant of these
microRNAs (Figure 1, F and G). In addition, cycloheximide pulse
chase assay revealed that miR-93 or miR-106a significantly reduced
the stability of FBXO31 (Figure 1, H and I).

MicroRNAs-93 and 106a Fail to Regulate FBXO31 in
Response to Genotoxic Stresses

A previous study showed that FBXO31 stabilizes under various
genotoxic stresses, suggesting that regulation of FBXO31 may be
different under these conditions [5]. Hence, the involvement of
miR-93 and miR-106a in the regulation of FBXO31 under genotoxic
stress was examined. In agreement with the previous report, luciferase
activity of FBXO31 3′UTR and the endogenous FBXO31 levels were
significantly increased upon ionizing radiation (IR) (Figure 2A and
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Supplementary Figure 2A). Interestingly, ectopic expression of
miR-93 and miR-106a did not affect the stabilization of FBXO31
in response to IR (Figure 2, B and C) and etoposide treatment
(Figure 2, D and E). This effect was further evident from our cell
cycle data wherein overexpression of these miRNAs could not prevent
the FBXO31-mediated G1 arrest (Supplementary Figure 2B). These
results taken together suggest that miRNAs could not suppress
FBXO31 expression either due to their inability to bind the FBXO31
3′UTR or due to an alteration of their expression levels. Interestingly,
the levels of miR-93 and miR-106a were found to be significantly
decreased upon IR (Figure 2F) and etoposide treatment (Figure 2G).
Further, RNA immunoprecipitation data demonstrated that these
miRNAs are incapable of binding to 3′UTR of FBXO31 under
genotoxic stress (Supplementary Figure 1, D–G). Collectively, these
results suggest that although miR-93 and miR-106a repress FBXO31
under normal conditions, they were unable to do so under genotoxic
stresses due to their reduced expression as well as their reduced
binding at the 3′UTR of FBXO31.

FBXO31 Suppresses Cell Invasion and Migration by
Downregulating the EMT Regulator Slug

Owing to its growth suppressive effect, expression of FBXO31
is maintained at low level under normal growth conditions.
Examination of the levels of miRNAs in different breast cancer cell
lines revealed an increase in levels of both miR-93 and miR-106a in
most cell lines (Supplementary Figure 3A). We further found that
ectopic expression of miR-93 and miR-106a led to a significant
increase in the number of colonies formed in the long-term survival
assay, which may be partly due to inactivation of FBXO31 (Figure 3A).
This is in agreement with the previous reports showing the oncogenic
function of miR-93 and miR-106a [20,25,26]. Further, most of the
oncogenes promote the cellular transformation through activation of
EMT. We therefore tested the effect of miR-93 and miR-106a on
scratch wound healing and invasion. Results demonstrated that
ectopic expression of miR-93 and miR-106a promotes both scratch
wound healing and invasion, suggesting that these miRNAs may
regulate EMT promoters (Figure 3, B and C, and Supplementary
Figure 3, B and C). Slug is among the well-established EMT
promoter that enhances wound healing [36]. Therefore, we checked
whether these miRNAs have any role in Slug stability and found
that mRNA and protein levels of Slug were significantly increased
upon ectopic expression of miR-93 and 106a with concomitant
suppression of E-cadherin (Supplementary Figure 3D and Figure 3,
D and E), indicating that stabilization of Slug is responsible for
miR-93– and miR-106a–mediated EMT. Further, ectopic expres-
sion of FBXO31 suppressed the miR-93– and miR-106a–mediated
scratch wound healing and invasion, suggesting that FBXO31 may
affect the expression level of Slug (Figure 3, B and C, and
Supplementary Figure 3, B and C).

Collectively, our results suggest that there could be a cross talk
between miRNAs, FBXO31 and Slug. We then checked the effect of
FBXO31 on Slug, and the immunoblotting data showed that
overexpression of FBXO31 significantly decreased the levels of Slug in
a dose-dependent manner and had minimal effect on Twist and Snail
(Supplementary Figure 3E). FBXO31-mediated decrease of Slug is
further evident by the scratch wound healing and invasion assay
wherein ectopic expression of FBXO31 inhibited Slug-mediated
invasion and wound healing (Figure 3, C and F, and Supplementary
Figure 3, B and C). However, mRNA level of Slug was not affected
by FBXO31 (Supplementary Figure 3F). Collectively, these results
suggest that miR-93 and miR-106a promote cell survival and
accelerate wound healing as well as invasion by stabilization of Slug
through suppression of FBXO31.

FBXO31 Promotes the Ubiquitination and
Proteasomal Degradation of Slug

The above results suggest that FBXO31 antagonizes the function
of Slug presumably by negatively regulating its levels. Because
FBXO31 is part of an E3 ubiquitin ligase, we sought to ask whether it
is directly involved in the proteasomal degradation of Slug. FBXO31
failed to cause degradation of Slug in the presence of proteasome
inhibitor MG132, suggesting that FBXO31 regulates Slug in a
proteasome-dependent manner (Figure 4A). Further, we found that
ectopic expression of a mutant form of FBXO31 lacking the F-box
motif (ΔF-FBXO31) failed to downregulate Slug, indicating that
FBXO31 regulates Slug through the SCF E3 ubiquitin ligase complex
(Figure 4B). Furthermore, co-immunoprecipitation experiments
indicated that FBXO31 physically interacts with Slug (Figure 4C
and Supplementary Figure 4A) and facilitates its polyubiquitination
(Figure 4D and Supplementary Figure 4B). Recent reports suggested
that GSK3β-mediated phosphorylation of Slug facilitates its turnover
[36]. However, inhibition of GSK3β did not stabilize Slug levels in
the presence of FBXO31, indicating that FBXO31 does not need
GSK3β-mediated phosphorylated form of Slug for its proteasomal
degradation (Supplementary Figure 4C).

Next, we sought to determine whether FBXO31 regulates Slug at
the physiological level and found that knockdown of FBXO31
resulted in a significant stabilization of Slug (Figure 4E). In addition,
cycloheximide pulse chase study also revealed an enhanced stability of
Slug in FBXO31 knockdown cells (Figure 4, F and G). Knockdown
of FBXO31 also resulted in decreased levels of polyubiquitylated Slug
(Figure 4H). Collectively, our results demonstrated that FBXO31
maintains the cellular level of Slug.

Our initial observations have indicated that miR-93 and miR-106a
are suppressed and FBXO31 is stabilized upon genotoxic stresses.
Hence, we further sought to understand the expression levels of
Slug under genotoxic stresses. Interestingly, immunoblotting data
indicated that Slug is decreased under genotoxic stress conditions
(Figure 4I). To check whether FBXO31 has any role in Slug
regulation under genotoxic stress, FBXO31 knockdown and control
cells were exposed to genotoxic agents like etoposide and IR. Results
showed that FBXO31 destabilizes Slug under genotoxic stress (Figure 4J
and Supplementary Figure 4D).

Reciprocal Expression Pattern of FBXO31 and Slug in
Breast Cancer Progression

Our in vitro data suggest that FBXO31 negatively regulates Slug,
prompting us to check their levels in different breast cancer cell lines
as well as patient samples. Results showed the existence of an inverse
correlation between Slug and FBXO31 levels in most of the breast
cancer cell lines (Figure 5A). Next, to investigate the expression levels
of FBXO31 and Slug in breast cancer patient samples, immunohis-
tochemical staining of patient tissue with matched normal breast
tissue was performed. Our data indicate that FBXO31 is expressed in
all noncancerous tissues (Figure 5, B and C). However, as cancer
progressed from grade I to grade III, FBXO31 staining intensity
decreased, and high-grade breast cancer tissue samples exhibited
negative staining. On the other hand, Slug expression was low/null in
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normal tissue and was significantly increased in grade I to III in
infiltrating ductal carcinoma. The expression pattern of Slug
significantly correlated with tumor size, stage of the cancer, and
tumor grade as shown in the figure (Figure 5, B and C).

FBXO31 Regulates a Feedback Loop Wherein Slug Drives
miR-93 and miR106a Expression
Previous reports have demonstrated that Slug regulates microRNAs

at the transcriptional level by binding to the E-box motif in the
promoter region [37]. Our results also hint to the existence of a cross
talk between miRNAs, FBXO31, and Slug. Therefore, we went on to
check if Slug regulates miR-93 and miR-106a as well and found that it
regulates these miRNAs at the transcriptional level (Figure 6A). We
further checked the effect of FBXO31 on the levels of miRNAs because
it degrades Slug. Interestingly, levels of both the miRNAs were
decreased upon ectopic expression of FBXO31, and their levels were
elevated upon depletion of FBXO31 (Figure 6, B and C). These results
taken together indicate that FBXO31 may regulate miRNA levels
through Slug. To validate the involvement of Slug in driving miRNA
expression, we performed ChIP to determine whether Slug binds at
E-box sequences present at the promoter of miR-93 (Figure 6D, upper
panel). ChIP results revealed that Slug binds to the third E-box region
(R3) of miR-93 under normal condition, which is significantly
inhibited upon etoposide treatment (Figure 6D, lower panel).
Because FBXO31 is a known inducer of senescence, we investigated

the effect of miR-93 and miR-106a on FBXO31-mediated senescence
[2,4,5]. The senescence-associated β-galactosidase staining showed that
overexpression of miR-93 and miR-106a inhibits senescence that is
induced by FBXO31 (Figure 6E). Collectively, our study demonstrates
that miR-93 and miR-106a act as oncogene by interfering with the
tumor suppressive function of FBXO31 and provides the evidence for
existence of a feedback mechanism between FBXO31, Slug, miR-93,
and miR-106a (Figure 7).

Discussion
FBXO31 is a member of the F-box family, which functions as a
substrate-recognizing unit in SCF (Skp1, Cullin1, Rbx1, and F-box)
E3 ubiquitin ligase complex and mostly targets the phosphorylated
substrates [5]. Initial studies reported that FBXO31 functions as a
tumor suppressor in many cancers such as breast cancer [2],
melanoma [5], hepatocellular carcinoma [38], and gastric cancer
[39]. It induces senescence by arresting cells at the G1 phase of the
cell cycle through proteasomal degradation of either cyclin D1 or
MDM2 or both [4–6]. Having growth suppressive effect and
involvement in DNA damage response pathway, posttranslational
level of FBXO31 is maintained at a low level under normal growth
condition. These findings encouraged us to investigate the regulation
of FBXO31.
Our unpublished data demonstrate that FBXO31 is not regulated

at the transcriptional level throughout the cell cycle (data not shown).
Hence, we examined the possibility of regulation of FBXO31 at the
posttranscriptional level by miRNAs. In support of this, our in silico
analysis predicted four miRNAs (miR-17, miR-20, miR-93, and
miR-106a) to be involved in the regulation of FBXO31 at the
translational level. Recently, miR-17 and miR-20 have been reported
to regulate FBXO31 in gastric cancer [39]. Our study revealed that
miR-93 and miR-106a significantly suppressed the FBXO31
expression. This led us to investigate the regulation of FBXO31 by
these miRNAs in detail.
Previous studies reported that miR-93 acts as an oncomiR by
negatively regulating the tumor suppressor gene programmed cell
death 4 in gastric carcinoma [40]. Oncogenic function of miR-93 is
also reported in prostate cancer, ovarian cancer, lung cancer, head
and neck squamous cell carcinoma, and non–small cell lung cancer
[41–45]. It is also documented that miR-93 promotes glioma
through regulation of AKT and IL8 [46]. Further, miR-93 has been
shown to suppress VEGF and IL-8 in neuroblastoma [47]. All these
reports establish that miR-93 is an oncomiR and is closely
associated with cancer progression. In this study, we are reporting
for the first time that oncomiR-93 functions by suppressing
FBXO31 in breast cancer. Our results demonstrate that miR-93 is
highly expressed in higher grades of breast cancer cell lines, which is
in accordance with other cancers. In addition, we found that
miR-93 significantly stabilizes Slug through suppression of
FBXO31 at the posttranscriptional level, and in turn, stabilization
of Slug leads to transcriptional upregulation of miR-93 expression.
Thus, our results strongly suggest that miR-93–mediated Slug
activation through the suppression of FBXO31 may be associated
with breast cancer malignancy.

MiR-106a is also reported to be frequently upregulated in gastric
cancer and promotes malignancy through activation of AKT
pathway and inhibition of apoptotic pathway through inactivation
of FAS [48]. It is also associated with promoting malignancy in
NSLC, ovarian cancer, and gastric cancer by regulating PTEN,
p130, pRB, and tissue inhibitors of metalloproteinase 2, respectively
[49–51]. Our results demonstrate that miR-106a stabilizes Slug
expression through significant suppression of FBXO31 at the
posttranscriptional level. This relationship is further observed in
different breast cancer cell lines, suggesting that miR-106a plays a
crucial role in promoting malignancy.

Our study also demonstrated that FBXO31 promotes lysine
48-linkage specific polyubiquitylation–mediated proteasomal degra-
dation of Slug and thereby prevents cell migration and invasion.
Clinical data revealed that expression level of FBXO31 and Slug is
inversely correlated in breast cancer. FBXO31 prevents the
malignancy by degrading Slug at the proteasomal level and thereby
limits the expression of both miRNAs under genotoxic stresses. To
summarize, our results demonstrate that there is a feedback
mechanism that exists between FBXO31, Slug, miR-93, and
miR-106a.Therapeutic intervention aimed at breaking this loop
could prove important for the treatment of breast cancer.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neo.2017.02.013.
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