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Background: MicroRNAs (miRs) are involved in the regulation of many processes that contribute to malignancy, including cell
proliferation, radiation resistance, invasion and metastasis. The role of miR-330-3p, an miR upregulated in breast cancer, remains
unclear.

Methods: We examine the association of miR-330-3p with distant relapse-free survival in the Oxford cohort of breast cancer
patients. We also study miR-330-3p function using in vitro invasion and ex ovo metastasis assays. Using in vitro luciferase assays,
we validate a novel target gene for miR-330-3p, Collagen And Calcium Binding EGF Domains 1 (CCBE1). We assess functional
consequences of CCBE1 loss by using siRNA-mediated knockdown followed by in vitro invasion assays. Lastly, we examine the
expression profile of CCBE1T in breast carcinomas in the Curtis and TCGA Breast Cancer data sets using Oncomine Platform as
well as distant relapse-free and overall survival of patients in the Helsinki University breast cancer data set according to CCBE1
expression status.

Results: miR-330-3p is enriched in breast cancer, and higher levels of miR-330-3p expression are associated with lower distant
relapse-free survival in a cohort of breast cancer patients. Consistent with these observations, overexpression of miR-330-3p in
breast cancer cell lines results in greater invasiveness in vitro, and miR-330-3p-overexpressing cells also metastasise more
aggressively ex ovo. We identify CCBE1 as a direct target of miR-330-3p, and show that knockdown of CCBET1 results in a greater
invasive capacity. Accordingly, in breast cancer patients CCBE1 is frequently downregulated, and its loss is associated with
reduced distant relapse-free and overall survival.

Conclusions: We show for the first time that miR-330-3p targets CCBE1 to promote invasion and metastasis. miR-330-3p and
CCBE1 may represent promising biomarkers in breast cancer.

Breast cancer is the most common malignancy in women (excluding
non-melanoma skin cancers), as well as the second most common
cause of cancer deaths in women in the developed world
(International Agency for Research on Cancer, W. GLOBOCAN,
2012). While patients present at various stages of the disease,
metastases are responsible for the majority of the cancer deaths
(Chambers et al, 2002; Weigelt et al, 2005). Biologically, generation
of distant disease involves multiple complex mechanisms, such as

epithelial to mesenchymal transition (EMT), invasion and migration,
anoikis resistance, and angiogenesis (reviewed in Geiger and Peeper,
2009; Lamouille et al, 2014; Li and Li, 2015). Elucidation and under-
standing of such mechanisms is instrumental for the discovery of
more accurate prognostic markers as well as novel therapies (Weigelt
et al, 2005). Among the many molecular players described to date in
metastatic disease, the roles of microRNAs (miRs) have begun to be
appreciated more recently.
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miRs are non-coding RNAs, which bind to the 3’ untranslated
regions (UTRs) of their target mRNAs, and regulate the target
protein expression by promoting degradation of mRNA transcripts
or by inhibition of protein translation (Hammond, 2015). Pro-
metastatic roles for miRs have been described in the processes of
EMT, invasion, angiogenesis, anoikis resistance and intravasation
(reviewed in Bouyssou et al, 2014; Takahashi et al, 2015). One such
example is miR-10b which has been shown to target HoxD1
directly, resulting in downregulation of RhoC and greater
invasiveness of breast cancer cells in vitro and metastasis in vivo
(Ma et al, 2007). Other miRs known to promote metastasis or
invasiveness include miR-24 (targeting PTPN9 and PTPRE)
(Du et al, 2013), miR-93 (LATS2) (Fang et al, 2012), miR103/
107 (DICER) (Martello et al, 2010), miR-125b (STARDI13)
(Tang et al, 2012), miR-373 (TXNIP 373) (Chen et al, 2015),
miR-620 (HPGD) (Huang et al, 2013) and miR-95 (Huang et al,
2013) However, there remain a large number of miRs whose roles
in cancer have yet to be discovered.

In this study, we investigate the pro-metastatic role of miR-330-
3p in human breast cancer. Previous studies have suggested that
miR-330-3p may regulate PI3K/Akt and Erk pathways by targeting
SH3GL2 in glioblastoma cells, resulting in increased proliferation,
apoptosis resistance and invasion (Qu et al, 2012; Yao et al, 2014).
Another study suggested a similar pro-metastatic role for miR-330-
3p in oesophageal cancer cell lines by targeting PDCD4 and
conferring increased apoptosis resistance, invasiveness in vitro, as
well as proliferative capacity in vivo and in vitro (Meng et al, 2015).
Likewise, in non-small cell lung cancer cell lines, miR-330-3p
overexpression resulted in an increase of cell proliferation by
targeting EGR2 (Liu et al, 2015). However, any potential
contribution of miR-330-3p in breast cancer remains unexplored.
In this report, we demonstrate that miR-330-3p expression is
increased in a human breast cancer cohort, and that its levels
inversely correlate with distant disease-free survival. Consistent
with this observation, miR-330-3p-overexpressing breast cancer
cell lines invade more readily in vitro. miR-330-3p expression also
promotes metastasis in a validated ex ovo model, the chick
chorijoallantoic membrane (CAM) assay (Leong et al, 2012).

In further exploration of the mechanism of miR-330-3p action,
we show that Collagen And Calcium Binding EGF Domains 1
(CCBEL1) is a direct target using a luciferase assay. Interestingly,
CCBE1 was originally identified in a scanning copy number and
gene expression study on the 18q21-qter chromosomal region of
breast and prostate cancer cell lines (Yamamoto and Yamamoto,
2007). In this study, CCBE1 was among a list of genes whose
expression was fully or partially lost in the cancer cell lines. Further
studies established CCBEI to be a secreted molecule involved in
lymphangiogenesis during embryonal development (Hogan et al,
2009), and congenital CCBE1 mutations have been shown to cause
Hennekam syndrome, a disorder characterised by lymphoedema,
dysmorphic facies and mental retardation (Alders et al, 2009;
Connell et al, 2010). However, few studies have explored the role of
CCBE1 in malignancies, despite the original observation regarding
CCBE1 loss in cancer cells. An additional study by Barton et al
supports CCBEL as a potential tumour-suppressor. The authors of
the study recognised that CCBEl is frequently inactivated by
promoter hypermethylation in ovarian cancer (Barton et al, 2010).
In their study, CCBEI loss of expression was associated with an
increase in in vitro cell migration, as well as decrease in relapse-free
survival in patients with ovarian carcinoma, suggesting that CCBE1
may act as a tumour-suppressor. However, a more recent study
described CCBEI as a tumour-promoter in gastrointestinal stromal
tumours (GISTs) (Tian et al, 2016), where higher levels of CCBE1
was correlated with higher risk degrees of GIST. Overexpression of
CCBE1 was also associated with an enhancement of angiogenesis
and poorer prognosis in patients. Nonetheless, the role of CCBE1
in breast cancer remains unclear. We provide evidence that CCBE1

may function a tumour-suppressor in breast cancer via in vitro
invasion assays of human breast cancer cell lines. We also utilise
breast cancer gene expression data sets to show examine CCBE1
expression in breast cancer patients, as well as correlation of
CCBE1 with survival data. Taken together, the results of this
study provide a novel role for miR-330-3p as a pro-metastatic
microRNA, which targets CCBE1 to regulate metastasis in breast
cancer. Our study provides new insight into the mechanisms by
which breast cancer may develop a more aggressive phenotype.

MATERIALS AND METHODS

Cell lines and cell culture. Human breast adenocarcinoma (MDA-
MB-231) cell lines were purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA). Early passage cell lines were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing
45g " glucose (Invitrogen, Burlington, ON, Canada) supplemented
with 10% fetal bovine serum (Invitrogen) and penicillin
(100Uml ™~ 1)—streptomycin (100 ugml b (Invitrogen) (hereafter
referred to as 10% DMEM), and maintained in a humidified 37 °C
incubator with 5% CO,. MCF10DCIS.COM cells (Miller et al, 2000)
were obtained from Wayne State University, and cultured in DMEM/
F12 supplemented with 1.05mwm calcium chloride (Invitrogen), 5%
horse serum (Invitrogen), 10 mm HEPES (Invitrogen) and penicillin
(100Uml ™ 1)—streptomycin (100 pgml b (Invitrogen). Cell lines
were passaged when they reached approximately 80% confluency
and were regularly tested with MycoAlert (Lonza, Mississauga, ON,
Canada) to ensure the absence of mycoplasma contamination.

Transfection of microRNA mimics and siRNA. 3 x 10° cells were
seeded into six-well plates, then 16 h later, miScript miR miR-330-3p
mimic or miR control mimic (Thermo Fisher Scientific, Waltham,
MA, USA) were mixed with 6ul of DharmaFECT transfection
reagent (Thermo Fisher Scientific, Waltham, MA, USA) and DMEM
as per the manufacturer’s instructions, then added to 10% DMEM for
transfection of the cells. For siRNA transfections, control or a pool of
three different siRNA for CCBEI (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) were transiently transfected into cells using
Lipofectamine 2000 (Invitrogen) as per the manufacturer’s recom-
mendations, and 24 h later, Matrigel invasion and migration assays
(described below) were performed on the transfected cells.

Generation of stable overexpressing miR-330-3p cell lines. Cells
were transduced with shMIMIC miR-330-3p or non-silencing
control lentiviral particles as per the manufacturer’s instructions
(Thermo Fisher Scientific, Philadelphia, PA, USA), selected using
puromycin for 2 weeks and stable transductants were pooled; miR-
330-3p overexpression was verified by real-time quantitative PCR.

Real-time quantitative PCR. For microRNA expression, total
microRNA was extracted from cells or tumours using the mirVana
miR kit (Invitrogen) according to the manufacturer’s instructions.
cDNA was synthesised using the miScript II RT kit (Qiagen,
Toronto, ON, Canada) as per the manufacturer’s instructions. The
mature miR-330-3p expression level was quantified through
quantitative real-time PCR using the mi-Script SYBR Green PCR
kit (Qiagen) and miScript Primer Assay for SNORD61 and miR-
330-3p (Qiagen) on the StepOnePlus Real-time PCR system (Life
Technologies, Burlington, ON, Canada). For gene expression, RNA
was extracted using the RNeasy Mini kit (Qiagen) and cDNA
synthesised using Omniscript RT kit (Qiagen) as per the
manufacturer’s instructions. CCBE1 expression levels were quan-
tified through quantitative real-time PCR using the QuantiTect
SYBR Green PCR kit (Qiagen) on the StepOnePlus Real-time PCR
system. For both microRNA and mRNA, expression levels were
calculated using the comparative Ct method via StepOne Software
(Life Technologies), and relative expression levels normalised to
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SNORDG61 (for microRNA) or GAPDH (for mRNA)). Primer
sequences were as follows: GAPDH-F: CAGCCTCAAGATCATC
AGCA, GAPDH-R:GTCTTCTGGGTGGCAGTGAT; CCBEI-ET
ACCGATATGACCGGGAGAG, CCBEI-R:AGCTGCCCAAGGT
ATTGATG. miR-330-3p and SNORD 61 primers were purchased
from Qiagen (Hs_miR-330-3p_1 and Hs_SNORD_61_11 miScript
Primer Assays; Qiagen).

Matrigel transwell invasion assay. Cells were serum starved
overnight (0.1% DMEM), then 2 X 10° cells were seeded on top of
8 um transwell inserts (BD Biosciences, Mississauga, ON, Canada)
with 0.1% DMEM and pre-coated with 1mgml~ "' Matrigel
(Becton, Dickinson and Company, Mississauga, ON, Canada);
10% DMEM was used as a chemoattractant. After 24 h, cells that
had invaded through the Matrigel-coated transwell inserts were
fixed, stained by Kwik-Diff Stain (Thermo Fisher Scientific,
Mississauga, ON, Canada) and number of invading cells counted
under X 10 using a Leica DM LB2 microscope (Leica Micro-
systems, Richmond Hill, Ontario, Canada).

CAM assay. The chicken CAM assay for ex ovo metastasis and
extravasation efficiency was performed as previously described (Kim
et al, 2016). MDA-MB-231 cells stably expressing GFP and miR-330-
3p or the control mimics were grown to ~80-90% confluency. Both
cell groups were resuspended in PBS at a concentration of 1.0 x 10°
cells per ml. One hundred microlitres of each group’s cell suspension
were injected intravenously into the CAM of day 13 embryos (n =3
per group) using a microinjector. Intravascular and extravasated cells
were counted in a marked area by an aluminium foil window (1
inch x 1 inch) at T=0 and 24h, respectively, using wide-field
fluorescence microscopy and x 10 objective. At least 100 cells per
region of interest were examined at T'=0h. Extravasation efficiency
of each group per embryo was calculated by dividing the number of
extravasated cells at T=24h by the number of intravascular cells at
T=0h. Then, mean extravasation efficiencies in the embryos were
calculated. Metastatic colonies in each embryo were also counted
after an additional 7-day incubation post extravasation efficiency
analysis (n=3 per group).

Alexa Fluor-594 gelatin coated coverslip production. About
50 ugml ™~ ' solution of poly-1-lysine (Sigma-Aldrich, Oakvillle, ON,
Canada) was prepared and cooled on ice. Sterile 22 mm diameter
glass coverslips were placed in a six-well plastic tissue culture plate,
covered with 2ml of 0.1 NaOH and incubated for 5-10 min at
room temperature. After washing 3 x with sterile PBS (pH 7.4),
coverslips were coated with 1.5 ml of 50 ugml ~ ' solution of poly-L-
lysine and incubated for 20min at room temperature. After
aspirating poly-L-lysine solution, coverslips were washed 3 x with
sterile PBS. Poly-1-lysine-coated coverslips were covered with 1.5ml
of 0.5% glutaraldehyde and incubated for 15min at room
temperature. Alexa Fluor-594-conjugated gelatin (Thermo Fisher
Scientific, Mississauga, ON, Canada) was diluted in 0.2% unlabelled
gelatin at a 10:1 ratio and placed at 37°C in an incubator.
Glutaraldehyde solution was aspired and coverslips were washed
3 x with sterile PBS. Eighty microlitres of the Diluted Alexa Fluor-
594-conjugated gelatin mixture was placed onto each coverslip.
Then coverslips were incubated for 10 min at room temperature in
the dark. After incubation, coverslips were gently washed 2 x with
sterile PBS and stored at 4 °C in the dark for up to 5 days.

In vitro actin stress fibre formation assay. Cells were seeded on
Alexa Fluor-594 gelatin-coated coverslips at a density of 2 x 10*
cells per ml and incubated for 4-24h at 37°C in an incubator.
At the end of the incubation period, cell culture medium from each
well was aspirated and coverslips were fixed with 4% paraformal-
dehyde at room temperature. Then coverslips were washed 3 x
with sterile PBS. To label actin fibres in cells with Alexa Fluor 488-
conjugated phalloidin, fixed cells were permeabilised with 1ml
of 0.1% Triton X-100 solution for 5min at room temperature.

Then, actin stress fibres were stained with 2 ml of Alexa Fluor 488-
conjugated phalloidin solution (2 ul of Alexa Fluor 647-conjugated
phalloidin solution was added to 2 ml of 5% skim milk PBS) for 1h
at room temperature. Coverslips were washed 3 x with sterile PBS
and then mounted on slides to analyse actin stress fibre formation
as per Martin et al (2012).

Gene array expression. Total RNA was isolated from MDA-MB-321
control and MDA-MB-321 stable cell lines using RNeasy Mini Kit
(Qiagen) as per the manufacturer’s instructions, and gene expression
profiling performed by The Centre for Applied Genomics (The
Hospital for Sick Children, Toronto, ON, Canada) using an Affymetrix
GeneChip Human Gene 2.0 ST array (Thermo Fisher Scientific,
Waltham, MA, USA). Gene expression array data were normalised
using the default parameters in Affymetrix Expression Console
Software (V.1.2, Thermo Fisher Scientific, Waltham, MA, USA).

Western blotting. Cells were lysed in ice-cold radioimmunoassay
precipitation assay lysis buffer (50 mm Tris pH 7.5, 150 mm NaCl,
2mMm EDTA pH 8.0, 0.5% (v/v) Triton X-100 and Complete
protease inhibitor cocktail (Roche, Laval, QC, Canada)). Cell debris
and insoluble material were removed by centrifugation at 12000 g
at 4°C for 20min. Following protein quantitation using the
Bradford protein assay (Bio-Rad, Mississauga, ON, Canada), 25 uig
of lysate was loaded per lane and proteins resolved by 4-20%
gradient SDS-PAGE gel, wet-transferred to polyvinylidene fluoride
membranes (EMD Millipore, Billerica, MA, USA), and the
membranes were incubated in 5% nonfat dry milk in Tris-buffered
saline Tween-20 (TBST) (10 mm Tris-Base, 150 mm NaCl, 0.05%
Tween-20; pH 7.4) for 1h at room temperature to block
nonspecific antibody binding, followed by incubation with primary
antibody in 5% milk in TBST overnight at 4°C with gentle
agitation. The membranes were washed three times for 10 min each
in TBST, then incubated in TBST at room temperature for 1h,
followed by three 10-min washes with TBST. Protein-antibody
binding on the membranes was detected with the use of enhanced
chemiluminescence Plus solution (GE Healthcare Life Sciences,
Montreal, QC, Canada) followed by exposure of the membranes to
X-ray film (FujiFilm, Mississauga, ON, Canada). Antibodies
against CCBEI and f-actin were purchased from Sigma-Aldrich
and Cell Signaling Technology (Danvers, MA, USA), respectively.
Experiments were performed three independent times.

Luciferase assay. 3'UTR luciferase assays were performed as
described previously (Huang et al, 2015). Briefly, cells were
transiently co-transfected with a CCBE1 3'UTR luciferase reporter
plasmid or CCBE1 3'UTR luciferase reporter plasmid with
mutations in the predicted miR-330-3p binding site, pcDNA3
vector constitutively expressing Renilla luciferase and miScript miR
miR-330-3p mimic or control mimic. Twenty-four hours later,
cells were processed for firefly luciferase and Renilla luciferase
activity using the Dual Glo Luciferase Assay System (Promega,
Madison, WI, USA). The firefly luciferase activity was normalised
to the Renilla luciferase activity.

Statistical analysis. All statistical tests were two-sided, and the
statistical analysis was performed using the GraphPad Prism
version 5.0 program (GraphPad Software Inc., La Jolla, CA, USA).
Statistical significance was defined as P<0.05, and NS=
nonsignificant. The Student’s ¢-test was used to compare the mean
values between two groups. Data are presented as mean values with
standard deviations unless otherwise noted.

RESULTS

miR-330-3p expression is increased in human breast cancer. In
order to investigate the association of miR-330-3p with breast
cancer, we performed an miR expression analysis in a cohort of
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patients with early breast cancer (‘Oxford breast cohort’; GSE22216
(Buffa et al, 2011)). miR-330-3p levels were significantly elevated in
breast cancer when compared with normal tissue (Figure 1A; log,:
2.01 £0.18 (4.04-fold) relative expression in breast cancer versus
healthy; **P<0.01). Moreover, 210 women from this cohort
underwent 10-year follow-up, and we stratified the distant relapse-
free survival data from these patients by levels of miR-330-3p.
Analysis revealed significantly decreased rates of distant relapse in
the lowest quartile of miR-330-3p expression versus the rest of the
cohort (Figure 1B; log-rank test *P<0.05). Taken together, these
results suggest that miR-330-3p expression is increased in breast
cancer, and its expression may be a negative prognostic marker.

miR-330-3p expression increases cell invasiveness and meta-
static potential. To study the influence of miR-330-3p on cellular
invasion and metastasis formation directly, we first transiently
transfected two human breast carcinoma cell lines (MDA-MB-321,
MCF10DCIS.COM) with an miR-330-3p or a control mimic, and
utilised the Matrigel transwell invasion assay (Huang et al, 2013,
2015; Mesci et al, 2014). In support of a pro-metastatic role for
miR-330-3p, cell lines transfected with the miR-330-3p mimic
exhibited significantly increased invasiveness in vitro in compar-
ison with the control mimic (Figure 2A; MDA-MB-231: 2.4 £ 0.3-
fold increase over control, *P<0.05; MCF10DCIS.COM: 1.6 £ 0.1-
fold increase over control, *P<0.05). We then evaluated the
influence of miR-330-3p on formation of metastases using a well-
established ex ovo model, the chick CAM assay. This assay is
designed to assess the propensity of cancer cell lines to migrate
through the well-vascularised CAM and form micrometastases
(Leong et al, 2012). For this purpose, we transduced the MDA-MB-
231 cell line to overexpress miR-330-3p (MDA.330-3p) or the
control (MDA.ctrl) mimic using a lentiviral system to ensure
consistent levels of mimic expression. Similar to our observations
earlier, miR-330-3p-expressing cells displayed a significantly
greater ability to extravasate (Figure 2B; efficiency of 9.6 +3.7%
(miR-330-3p) versus 1.9 £ 0.6% (control); *P<0.05), to form actin
stress fibres (Figure 2B; 9.9 + 1.0 fibres per cell (miR-330-3p) versus
2.110.7 (control); ***P<0.001), and to generate micrometastatic
colonies (Figure 2B; 8.7 + 1.3 colonies per embryo (miR-330-3p)
versus 4.5+ 1.1 (control); *P<0.05). These data indicate that
expression of miR-330-3p results in a more aggressive phenotype
in human breast cancer by increasing cell invasiveness and
formation of metastases, in vitro and ex ovo, respectively.
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miR-330-3p targets CCBEl1 to promote invasiveness. As miRs
influence cellular behaviour by modulating the expression of target
mRNAs, we generated a microarray expression profile from MDA-
MB-321 cells transfected with the miR-330-3p or the control mimic to
identify potential target genes. The gene array identified 974 putative
targets for miR-330-3p. In parallel, we employed the TargetScan bio-
informatics tool for miR target prediction (http://www.targetscan.org/
vert_71/), which identified 4319 candidate target mRNAs for
miR-330-3p. Then, we used Venny, a bioinformatics tool for
comparing lists with Venn diagrams (http://bioinfogp.cnb.csic.es/
tools/venny/; Oliveros, 2007-2015) to find genes that were common
to both the gene array and TargetScan list, and found 37 possible
candidates (Supplementary Figure S1). Interestingly, the previously
published miR-330-3p targets, PDCD4, SH3GL2 and EGR2 were not
identified by our method. We screened the 37 candidate mRNAs for a
possible function as a tumour suppressor that could be targeted by
miR-330-3p, and from this list, we selected CCBE1 for further
validation. CCBE1 is a soluble extracellular matrix protein shown to
play a role in lymph angiogenesis (Hogan et al, 2009); however, loss of
CCBE1 is associated with greater invasiveness in ovarian cancet, as
well as with reduced relapse-free survival (Barton et al, 2010). In
agreement with the gene array and TargetScan results, miRWalk target
prediction algorithm (Dweep et al, 2011, 2014) predicted that CCBE1
was a potential direct target of miR-330-3p (data not shown; 6 of 12
independent algorithms, including TargetScan). Comparison of miR-
330-3p expression from the Oxford breast cohort (GSE22216) with
CCBE1 transcript expression (GSE22219; mRNA data from Oxford
breast cohort; Buffa et al, 2011) also revealed a statistically significant
inverse correlation between miR-330-3p and CCBE1 (Figure 3A;
Pearson’s rho= — 0.129; **P<0.005). Therefore, we proceeded to
explore a potential regulatory axis involving miR-330-3p and CCBEL.

In order to validate our findings biologically, we assessed
CCBE]1 levels in our MDA-MB-231 cells overexpressing miR-330-
3p or the control mimic. CCBE1 transcripts were reduced with
miR-330-3p overexpression (Figure 3B, left panel; 3.9 +0.2-fold
downregulation). In agreement, western blot analysis showed a
decrease in CCBEL1 protein levels with transfection of miR-330-3p
mimic over control (Figure 3B, middle and right panels; 70%
relative expression). Similarly, we confirmed reduced CCBEl
protein levels in the MDA.330-3p cells relative to MDA.ctrl
(Supplementary Figure S2). Next, we proceeded with a luciferase
reporter assay to confirm that miR-330-3p acts directly on the
3'UTR of CCBEL. To this end, we co-transfected a luciferase
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Figure 1. miR-330-3p is elevated in human breast cancer and is associated with reduced distant relapse-free survival. (A) Expression levels of miR-
330-3p in a cohort of human breast cancer patients (GSE22216; cancer versus normal tissue). (B) The Kaplan-Meier curve of distant relapse-free
survival in the early-stage breast cancer patient cohort: lowest quartile of miR-330-3p expression (solid) versus higher three quartiles (dashed) of
miR-330-3p expression. A log-rank test was performed for statistical significance, and the hazard ratio was calculated between the two groups

(*P<0.05, *P<0.01).
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Figure 2. miR-330-3p increases invasiveness, extravasation and metastases. (A) MDA-MB-231 or MCF10.DCIS were transiently transfected with
the miR-330-3p or the control mimic, followed by a Matrigel transwell invasion assay. Means, standard deviations and statistical significance are
shown (*P<0.05; n=3 independent experiments). Representative images of the invasion assays for MDA-MB-231 are shown. Scale bar denotes
100 um. (B) MDA-MB-231 cells were transduced with a lentivirus encoding for the control (MDA .ctrl) or the miR-330-3p (MDA.330p) mimic,
followed by the chick CAM assay. Extravasation efficiency, actin stress fibres per cell and number metastatic colonies are shown with means,
standard deviations and statistical significance (*P<0.05, ***P<0.001; n= 3 independent experiments). Representative images are shown; green:
MDA .ctrl or MDA.330p transductants (as labelled) expressing GFP; red: stroma stained with lectin; blue: stroma stained with dextran.
Representative image shows three different planes of view (XY, XZ and YZ as labelled) Scale bar =20 um, magnification: x 60.

reporter vector expressing the wild type (wt) or mutated (mut)
3'UTR of CCBE1 into MDA-MB-231 cells together with miR-330-
3p or control mimic (Figure 3C; sequence alignment of putative
binding site of wild type or mutated 3'UTR of CCBE1 with miR-
330-3p is shown). A reduction in normalised luciferase activity was
observed in cells co-transfected with miR-330-3p relative to control
(Figure 3C; 0.65 + 0.9-fold relative activity; **P<0.01). Conversely,
when the predicted miR-330-3p binding site was mutated, no
significant reduction of luciferase activity was noted (Figure 3C;
0.91 £ 0.9-fold relative activity; NS). These results, therefore,
establish CCBEL as a direct target of miR-330-3p.

We then tested the effect of CCBE1 downmodulation directly
by using a small interfering RNA (siRNA)-based strategy. We
transfected MDA-MB-231 or MCF10DCIS.COM cells with a pool
of three CCBE1-specific siRNA (‘siCCBEL’) or a control (‘control’)
counterpart. CCBE1 transcripts were decreased in siCCBEL-
transfected cells over control (Figure 3D; MDA-MB-231: 0.48 £
0.03-fold relative expression; MCF10DCIS.COM: 0.39 £ 0.13-fold
relative expression), in keeping with our earlier results. Down-
regulation on the transcript level was also confirmed by western
blot analysis, which showed a reduction in CCBEl protein
(Figure 3D; middle and right panels; 71% relative expression).
Functionally, siCCBE1-transfected cells showed greater invasive-
ness in vitro compared with their controls (Figure 3E; MDA-MB-
231: 1.4%0.2-fold increase in invasion over control; *P<0.05;
MCFI10DCIS.COM: 3.07 £0.7-fold increase in invasion over
control; **P<0.01), as observed earlier with miR-330-3p-expres-
sing cells. Collectively, these findings suggest that miR-330-3p
directly targets CCBEIL, ultimately resulting in increased invasive-
ness in human breast cancer cell lines.

CCBEIl is downregulated in breast carcinoma, and CCBE1 loss is
associated with decreased survival. Next, we utilised Oncomine
Platform (www.oncomine.com, September 2016), a repository of gene
expression data sets of cancer patient samples, for possible
correlations between CCBE1 expression and disease status. Compar-
ison of normal breast tissue (n = 144 patients) with ductal carcinoma
in situ (DCIS; Figure 4A; 3.28-fold reduction; ***P<0.001. n=10
patients) and invasive ductal carcinoma (Figure 4A; 2.91-fold
reduction; **P<0.001. n= 1556 patients) in the Curtis breast data
set (Curtis et al, 2012) revealed lower levels of CCBEl in the
carcinoma samples. Similar to the Curtis data set, TCGA breast data
set also revealed significantly lower levels of CCBE1 expression in
invasive ductal carcinoma in comparison with normal breast
(Figure 4A; 2.09-fold reduction; **P<0.001; n =76 breast cancer
and n =61 normal breast samples). To detect any associations of
CCBE1 expression with survival in breast cancer patients, we also
examined the data from a cohort of breast cancer patients from
Helsinki University (GSE24450; Heikkinen et al, 2011; Muranen et al,
2011). Interestingly, patients whose tumours expressed lower levels of
CCBEI had poorer distant relapse-free and overall survival (Figure 4B
left and middle panels; data stratified by lower 1 of 4 versus higher 3 of
4 of CCBEl expression; **P<0.01, and *P<0.05, respectively.
n=183 patients). In the Oxford breast cohort, there was a trend
towards lower distant relapse-free survival in the low CCBEl
expression cohort, but this did not reach statistical significance
(Figure 4B, right panel; data stratified by lower 1 of 4 versus higher 3
of 4 of CCBEl expression; P=0.12 NS, n=216 patients).
Collectively, these results support that CCBE1 loss may occur early
in carcinogenesis, and that the extent of CCBE1 loss may represent a
marker for poor prognosis in breast cancer in certain contexts.
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Figure 3. miR-330-3p targets CCBE1, and CCBE1 downregulation results in increased invasiveness. (A) Pearson correlation test of miR-330-3p
expression with CCBE1 transcript expression from Oxford breast cohort (GSE22216 for miR and GSE22219 for mRNA); Pearson’s rho= —0.129,
***P<0.005. (B) MDA-MB-231 were transiently transfected with the miR-330-3p or the control mimic. Left panel: gPCR analysis of CCBE1
transcripts (normalised to GAPDH). Means and standard deviations are shown. Middle panel: representative western blot of CCBE1 protein levels
(with -actin control; numbers shown represent molecular weight markers in kDa). Right panel: densitometry analyses of CCBE1 protein normalised
to B-actin control). (C) Sequence alignment of miR-330-3p with the wild type (wt) or mutated (mut) 3'UTR of CCBE1 showing the putative miR-330-
3p binding site. MDA-MB-231 cells were transiently transfected with control or the miR-330-3p mimic, in combination with the wild type (wt;
middle panel) or the mutated (mut; right panel) 3'UTR CCBE1 luciferase reporter. Luciferase activity was normalised to a renilla control. Means,
standard deviations and statistical significance are shown. n=3 independent experiments. (D) MDA-MB-231 or MCF10DCIS.COM cells were
transfected with a pool of CCBE1-specific siRNA (siCCBE1) or control (control) mimic, followed by gPCR analysis of CCBE1 transcripts (normalised
to GAPDH) (left panel) or western blot analysis (normalised to f-actin) (middle panel - representative blot shown). Densitometry is shown in the
right panel. (E) Matrigel transwell invasion assay of MDA-MB-231 or MCF10DCIS.COM cell lines transfected with siCCBE1 or Control as above.

Means, standard deviations, and statistical significance are shown from n=3 independent experiments. Representative images are displayed

(scale bar: MDA-MB-231: 200 um; MCF10DCIS.COM: 500 um).

DISCUSSION

Numerous studies to date suggest that miRs are key players in
metastatic disease, and thus understanding their mechanisms is of
utmost importance (Ben-Hamo and Efroni, 2013; Bouyssou ef al, 2014;
Xue et al, 2014; Graveel et al, 2015; Takahashi ef al, 2015). In this study,
we demonstrate that miR-330-3p is an oncogenic molecule that shows
a positive correlation with metastatic disease in breast cancer patient
cohorts. miR-330-3p also increases the tendency of breast cancer cells
to invade in vitro, as well as to form metastatic colonies. Mechan-
istically, we show that targeting of CCBEL1 is a prominent mechanism
for this phenotype. While CCBE1 has largely been studied in the
context of Hennekam syndrome and lymphangiogenesis (Alders et al,
2009; Connell et al, 2010), few studies have examined its role in cancer
(Barton et al, 2010; Tian et al, 2016). Biocomputational data suggest
that CCBEl may frequently be downregulated in breast cancers,
although whether this loss of CCBE1 is related to miR-330-3p in
patient samples is unclear at present. Nevertheless, lower levels of
CCBEI may prognosticate poorer survival, according to the Helsinki
University breast cancer cohort. We report novel findings in the roles of
miR-330-3p and CCBE1 in breast cancer metastasis, as well a new
mode of regulation of CCBE1 expression by a miR, miR330-3p.
More generally, miR-330-3p is beginning to emerge as a
tumour-promoting miR in a number of cancers. A small number
of studies have shown that miR-330-3p can promote several
hallmarks of cancer (e.g. proliferation, invasion) in glioblastoma,
oesophageal carcinoma and non-small cell lung cancer (Qu et al,

2012; Yao et al, 2014; Liu et al, 2015; Meng et al, 2015). However,
the role of miR-330-3p in breast cancer remained unexplored prior
to our study. Furthermore, we include survival data from patient
samples based on miR-330-3p expression, while previous studies
exclusively relied upon in vitro, cell line-based data. In the context
of the other cancers described above, a small number of miR-330-
3p targets were identified, including SH3GL2 (Qu et al, 2012; Yao
et al, 2014), PDCD4 (Meng et al, 2015) and EGR 2 (Liu et al, 2015).
We provide evidence for a new connection between miR-330-3p
and CCBEI. CCBEl-silenced cell lines behave similarly to miR-
330-3p-overexpressing cell lines, and patient survival data suggest
an inverse correlation between miR-330-3p and CCBE1 expression.
These observations agree with the notion of CCBE1 as a target of
miR-330-3p. Nonetheless, as miRs commonly have multiple targets
and exert pleiotropic effects, we cannot exclude other possible
targets that may have contributed to the phenotype we observed in
our study. It is known that miRs can display varying effects in a
tissue-dependent manner. For example, MDA-MB-231 cells do not
express SH3GL2 transcripts, the target of miR-330-3p identified in
glioblastoma (data not shown). Additionally, the levels of PDCD4
(identified in oesophageal carcinoma cell lines) do not change with
miR-330-3p overexpression in MDA-MD-231 (data not shown),
suggesting that in breast cancer, the target(s) of miR-330-3p are
distinct from those previously identified. Another biological
process that miR-330-3p could potentially target is EMT by
modulating protein expression. However, we detected no sig-
nificant difference in the relative abundance of the EMT markers
Slug, Snail, Twist, Vimentin, Zeb-1 and Zeb-2 in MDA-MB-231
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Figure 4. CCBE1 is downregulated in a cohort of patients with DCIS and invasive ductal carcinoma, and CCBE1 levels inversely correlate with
survival. (A) Oncotype Platform was searched for differential expression of CCBE1 in normal versus cancer tissues (gene keyword: CCBE1, search
limited by breast cancer, cancer versus normal analysis). Results were ordered by fold change (reduction). Comparison of normal versus DCIS
(left panel), normal versus invasive ductal carcinoma (middle panel) from Curtis Breast Cancer data set, as well as normal versus invasive ductal
carcinoma from the TCGA Breast Cancer data set (right panel) are shown. 25-75 percentile range is shown by the box; median is indicated by the
line inside the 25-75 percentile. Also shown are 10-90 percentile range (lines above and below the 25-75 percentile) and minimum/maximum
values (dots). Fold change in CCBE1 expression and P-values is indicated. ***P<0.001. (B) Kaplan-Meier distant relapse-free survival (left panel)
and overall survival (middle panel) curves of the Helsinki University breast cancer patient cohort (GSE24450) as well as distant relapse-free survival
in the Oxford breast cohort (right panel; GSE22219) are shown as lower quartile of CCBE1 expression (dashed line) versus higher three quartiles of
CCBE1 (solid line) expression. Log-rank test was performed for statistical significance (**P<0.01; *P<0.05; NS, nonsignificant, P>0.05).

cells with miR-330-3p overexpression (data not shown). Future
work may identify targets and cellular processes that provide a
broader view of miR-330-3p as a tumour promoter.

While we provide the first report on CCBEL1 loss in breast cancer,
one notable study describing CCBEI loss in ovarian cancers exists
(Barton et al, 2010). This study showed a correlation with poorer
survival with lower CCBE1 expression, similar to our results. CCBE1
loss occurred in all four FIGO stages of ovarian cancers, and the
authors concluded that CCBEI loss likely occurs early in carcinogen-
esis. Our results appear to be in concordance with this notion, as
CCBEI expression is significantly reduced in DCIS patient samples, a
precursor lesion to invasive breast carcinoma. While CCBE1 down-
regulation in carcinomas and the associated phenotype agree between
Barton et al and our study, the mechanisms of CCBEl appears to
differ. Our study shows a novel, miR-based regulation of CCBEI, while
aberrant promoter hypermethylation was shown to be responsible for
CCBELl loss in the former study. While promoter status was not
formally tested in our study, and a possible contribution by miR-330-
3p was not explored by Barton et al, there may a variety of
mechanisms by which CCBE1 expression is silenced in tumours.
CCBEl downregulation could thus represent a more general and
consequential phenomenon in carcinogenesis than currently appre-
ciated. In contrast, the only study available on the role of CCBEI in
GISTs (Tian et al, 2016) would suggest CCBE1 to be a tumour-
promoter. In this study, higher levels of CCBEL1 is associated with
higher risk groups of GIST and poorer survival. The mechanistic basis
for this appears to relate to tumour proliferation and angiogenesis,
according to the authors’ findings. While this study appears to
contradict our findings, as well as those by Barton et al (2010), the

principal tumour histology and biology differs between this study and
ours (ovarian and breast carcinomas versus mesenchymal tumour);
CCBE1 action may thus be contextual based upon tumour origin.
Consistent with this notion, in both our study and that by Barton ef al,
CCBEL loss consistently confers greater cell migration/invasiveness,
rather than altering proliferative capacity (data not shown). Future
studies may clarify the specific biological contexts under which CCBE1
may act as a tumour-suppressor versus tumour promoter.

Ultimately, our understanding of the roles of miRs as well as
some of their targets (such as CCBEI) in cancer are still in their
early stages. Recognition of more miRs and their targets that
contribute to aggressive cancer behaviour can lead to identification
of cellular pathways that may aid in diagnostic, prognostic or
personalised treatment approaches, and would be of a great value
to scientist and clinician alike.
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