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MicroRNA
Cell cycle progression

miR-30c-2-3p downregulated essential cytokines IL8, IL6, CXCL1, and reduced cell prolifer-
ation as well as invasion in MDA-MB-231 breast cancer cells. RNA interference (RNAI)

induced silencing of TRADD phenocopied the effects on invasion and cytokine expression
caused by miR-30c-2-3p, while inhibition of CCNE1 phenocopied the effects on cell prolif-
eration. We further confirmed the tumor suppressive role of this miRNA using a dataset of
781 breast tumors, where higher expression was associated with better survival in breast
cancer patients. In summary we have elucidated the mechanism by which miR-30c-2-3p
negatively regulates NF-«B signaling and cell cycle progression in breast cancer.

© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.

1. Introduction

Breast cancer is a heterogeneous disease which can be divided
into molecular subtypes that are associated with distinct gene
expression patterns and clinical outcomes. The main molecu-
lar subtypes based on gene expression are luminal A, luminal
B, human epidermal growth factor receptor 2 (HER2) enriched,
basal-like tumors and normal breast like (Parker et al., 2009;
Perou et al., 2000; Sorlie et al., 2001). Despite major improve-
ments in diagnosis and treatment, breast cancer is still the
second most leading cause of cancer deaths among women
worldwide (Siegel et al.,, 2012). Estrogen receptor negative
(ER-) breast cancer is characterized by the lack of estrogen re-
ceptor expression, encompasses the HER2 enriched as well as
basal subtypes, and is associated with poor prognosis
(Engstrom et al., 2013; Parker et al., 2009; Sorlie, 2004). NF-kB
signaling is frequently active in ER-breast tumors (Biswas
et al., 2004; Singh et al., 2007) and is associated with increased
cell proliferation, inhibition of apoptosis and metastasis.
These tumorigenic effects of NF-«B signaling as well as the
constitutive activation of this pathway, particularly in the
aggressive ER-breast cancer subtypes, make NF-«B signaling
an attractive target for therapeutic intervention.

NF-«B is a conserved family of transcription factors with
five members that are structurally related: RelA (p65), RelB,
c-Rel, NFKB1 (p105 and p50), and NFKB2 (p100 and p52)
(Hayden and Ghosh, 2004). In the unstimulated state, NF-kB
proteins are retained in the cytoplasm through interactions
with inhibitory proteins IkB (inhibitor of NF-kB). In response
to stimuli such as tumor necrosis factor-a (TNF-a) or lipopoly-
saccharide (LPS), the IKK (IkB kinase) complex becomes acti-
vated (Cao and Karin, 2003), leading to phosphorylation and
subsequent degradation of IkB. This results in nuclear translo-
cation of activated NF-kB dimers (Karin and Ben-Neriah, 2000)
and subsequent transcription of target genes (Chakraborty
et al., 2013).

TNF-a is a pro-inflammatory cytokine that plays an impor-
tant role in the regulation of inflammation, proliferation, im-
mune regulation, and cell death (Jaattela et al, 1991;
Walczak, 2011). It can bind specifically to TNF receptors
(TNFR1 and TNFR2) that have a death domain (DD) and are
expressed by most cell types (Remouchamps et al., 2011).
The anti-apoptotic effect of TNF-a is caused by engagement
of the adaptor protein TNFRSF1A-associated via death domain
(TRADD) (Wilson et al., 2009). TRADD can then interact with

TNF receptor—associated factor 2 (TRAF2) which ultimately
leads to activation of NF-kB signaling (Walczak, 2011; Wilson
et al., 2009).

MicroRNAs (miRNAs) are non protein-coding RNAs that
modulate gene expression at the post-transcriptional level
(Filipowicz et al., 2005). Mature miRNAs are between 21 and
24 nucleotides long and bind mostly within the 3'UTRs of their
target mRNAs (Bartel, 2004; Cullen, 2004). This interaction is
mediated by the RNA induced silencing complex (RISC) and
leads to degradation or translational repression of targeted
mRNAs (Valencia-Sanchez et al.,, 2006). More than half of the
human protein coding genes are predicted to be regulated by
miRNAs (Friedman et al., 2009). Their role in carcinogenesis
and specifically in breast cancer is being increasingly uncov-
ered (Keklikoglou et al., 2012; Korner et al., 2013; Uhlmann
et al,, 2012; Ward et al., 2014). We previously carried out a
genome-wide screen for miRNAs regulating NF-«B signaling
and identified the miR-520/373 family to coordinately regulate
NF-kB signaling and TGF-beta signaling in breast cancer
(Keklikoglou et al., 2012).

In the current study, we have found miR-30c-2-3p to be a
negative regulator of NF-«B signaling. We identified TRADD
as a direct target of miR-30c-2-3p responsible for effects on
NF-«kB signaling, and cyclin E1 (CCNEI) as a second target
mediating effects on cell cycle regulation. Finally, we found
miR-30c-2-3p expression to be associated with better disease
specific survival as well as with a range of clinicopathological
features in breast cancer patients.

2. Materials and methods
2.1. Cell culture and reagents

Breast cancer cell lines MDA-MB-231 (HTB-26), MDA-MB-468
(HTB-132), MCF-10A (CRL-10317), MCF-7 (HTB-22) and T-47D
(HTB-133) were obtained from ATCC (Manassas, VA, USA).
HEK293FT (R700-07) cells were obtained from Invitrogen
(Carlsbad, CA, USA). Cell lines were regularly validated for
lack of mycoplasma contamination and verified at the cell
line authentication service at the DKFZ Core Facility. All
cell culture media and reagents were obtained from Invitro-
gen (Carlsbad, CA, USA) and used according to the ATCC
(American Type cell culture) recommendations. Human re-
combinant TNF-o was purchased from Sigma—Aldrich (St.
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Louis, MO, USA) and used at a final concentration of 20 ng/
ml. Lipopolysaccharide from Escherichia coli 0127:B8 (Sigma-
—Aldrich, St. Louis, MO, USA) was used at a final concentra-
tion of 10 ng/ml.

2.2.  Transfections

All transfections were performed in antibiotic free media us-
ing Lipofectamine 2000 transfection reagent from Invitrogen
(Carlsbad, CA, USA) according to the manufacturer’s instruc-
tions. Short interfering (si) RNAs for TRADD, RELA and CCNE1
(for sequences, Supplementary Table 1) were purchased
from Ambion (Invitrogen, CA, USA). Si negative control
(sINTC) was used as a non-targeting control from the same
company. miRNA-30c-2-3p mimic and negative controls
were obtained from Dharmacon (Lafayette, CO, USA). SiRNAs
and miRNAs were used at a final concentration of 30 ns each.
MicroRNA inhibitors from Exiqon (Vedbaek, Denmark) were
transfected at a concentration of 100 nM.

2.3. NF-«B reporter luciferase and 3’ UTR targeting
luciferase assay

Luciferase reporter assays were performed as previously
described (Keklikoglou et al., 2012). Briefly, for the NF-«B re-
porter assay, HEK293FT cells were seeded in 96-well plates
and transfected with miRNA mimic or siRNAs, together with
the NF-«B reporter 3xKBL plasmid (provided by Dr. Mosialos,
Aristotle University of Thessaloniki, Greece) and pMIR-
REPORT B-gal vector (Ambion, Austin, TX, USA). Cells were
stimulated with TNF-o (20 ng/ml) or LPS (10 ng/ml) 48 h
post-transfection, and luciferase activity was measured after
5 h using a luminometer (Tecan, Linz, Austria). B-galactosi-
dase activity was used for normalization of luciferase values,
and measured with beta-glo® Luminescent Assay Kit (Prom-
ega, Madison, WI, USA). Luciferase values were expressed as
fold change compared to control transfected cells. To prove
direct targeting by miRNAs, psiCHECK2 vectors (Promega,
Madison, WI, USA), containing the respective wild type or
mutated 3'UTRs, were co-transfected with miRNA mimics in
MDA-MB-231 cells. Renilla and firefly luciferase activities
were measured 48 h post-transfection. Renilla luciferase
values were normalized to firefly luciferase values and
expressed as fold change compared to control transfected
cells. Primers used for the cloning of 3'UTRs and mutagenesis
are given in Supplementary Table 2.

2.4. Gene expression profiling

MDA-MB-231 cells were transfected with miR-30c-2-3p or
mimic control and RNA was isolated 48 h post-transfection.
Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Hil-
den, Germany) according to the manufacturer’s protocol.
Quality control of total RNA (Agilent bioanalyzer, Santa Clara,
CA, USA) and gene expression profiling (llumina whole
genome Bead Chip® Sentrix arrays HumanHT-12 v4, San
Diego, CA, USA) were performed at the DKFZ microarray
core facility. Expression profiling data was normalized and
analyzed for changes in expression levels using the vsn bio-
conductor package in R (http://www.bioconductor.org/

packages/2.12/bioc/html/vsn.html). The gene expression
dataset has been submitted to the ArrayExpress database
with the Accession number E-MTAB-3083.

2.5. Real-time PCR

Real time PCR for miRNAs and protein coding genes was per-
formed as previously described (Keklikoglou et al., 2012).
RevertAid™H Minus First Strand cDNA synthesis kit from Fer-
mentas (Karlsruhe, Germany) was used for the synthesis of
cDNA according to the manufacturer’s instructions. Primer
sequences used for mRNAs of interests and corresponding
probes from the Universal Probe Library (Roche, Penzberg,
Germany) are given in Supplementary Table 3. GAPDH and
HPRT were used as normalizing controls for mRNA expression
analysis. 48 h post-transfection, cells were stimulated with
TNF-a (20 ng/ml) for 5 h and total RNA isolated to evaluate
changes on NF-kB target genes at mRNA levels. miR-30c-2-3p
specific primer set, SYBR master mix and Universal RT kit
were from Exiqon (Vedbaek, Denmark). SNO38b and SNO48
were used for normalization in miRNA expression analysis.
Gene expression results were analyzed using 2(-Delta Delta
C(T)) method (Livak and Schmittgen, 2001) and shown as
fold changes compared to control transfected cells.

2.6. Western blotting

Cell lysate collection and western blotting were performed as
described previously (Keklikoglou et al., 2012). Antibodies
against TRADD (sc-7868) and CCNE1 (sc-247) were purchased
from Santa Cruz Biotechnologies, (California, CA, USA). Anti-
bodies for phospho-p105 (Ser933) (18E6) and total p105/p50
(3035) were from Cell Signaling Technology (Danvers, MA,
USA). Antibody for phospho-IKKa (Serl76)/IKKB (Serl77)
(C84E11) was from Cell Signaling Technology (Danvers, MA,
USA). The antibodies for total protein, IKKB (2C8) and IKKa
(3G12) were also from the same company. The anti-beta actin
antibody was from Sigma Aldrich (Saint-Louis, MO, USA). Anti
GAPDH antibody (14C10) was from Cell Signaling Technology
(Danvers, MA, USA). Actin and GAPDH were used as loading
controls. The dilution used for primary antibodies was
1:1000 (CCNE1 was used at a dilution of 1:200) and for second-
ary antibodies was 1:10,000. The secondary antibodies used
for detection were InfraRed Dye 680 or InfraRed Dye 800 con-
jugated antibodies from LI-COR (Lincoln, NE, USA) and bands
were visualized using an Odyssey scanner from LI-COR
(Lincoln, NE, USA). Cells were stimulated with TNF-a (20 ng/
ml) for 10 min after 48 h of transfection with siRNAs or miR-
NAs to evaluate effects on phosphorylation of p105 and
IKKo/IKKpB.

2.7. Cell viability and apoptosis assays

Cell viability was assessed 72 h after transfection with miR-
NAs or siRNAs using either WST reagent from Roche (Penz-
berg, Germany) or CellTiter-Blue from Promega (Madison,
WI, USA). After 3 h of incubation with respective reagent,
absorbance was measured at 460 nm for WST and fluores-
cence for CellTiter-Blue at 560Ex/590Em. Apoptosis was
measured using a Caspase-Glo 3/7 assay kit from Promega
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(Madison, W1, USA). All experiments were performed accord-
ing to the manufacturer’s recommendations. Cell cycle assays
with 7-AAD and BrdU staining were carried out according to
the manufacturer’s protocol (BD Pharmingen San Diego, CA,
USA). Briefly, 72 h after transfection with miRNA or siRNAs,
the cells were incubated with BrdU at a final concentration
of 1 uM for 1 h at 37 °C. Cells were later harvested and treated
with DNase I for 1 h with incubation at 37 °C. Cells were
washed and resuspended in anti-BrdU, FITC-conjugated anti-
body purchased from BD Pharmingen (San Diego, CA, USA).
Half an hour later, cells were washed and resuspended in 7-
AAD solution. Stained cells were then measured by flow
cytometry using a FACS Calibur (BD Biosciences, Heidelberg,
Germany) and Cell Quest Pro software (BD Biosciences, Heidel-
berg, Germany) was used for data analyses. No stimulus was
applied for cell viability, apoptosis and cell cycle progression
experiments.

2.8. Invasion assay

Invasion assays were performed using a Real Time Cell
Analyzer (RTCA, xCELLigence, Roche, Germany). CIM plates
were used to record the impedance of invading cells. MDA-
MB-231 cells were transfected in 6-well plates. 24 h after trans-
fection, cells were starved overnight in 0.5% FBS medium.
Next day, cells were trypsinized, washed once with starvation
medium, counted and adjusted to a cell number of 75,000
cells/100 ul in starvation medium. The upper chamber was
coated with growth factor reduced matrigel matrix from Corn-
ing (Tewksbury, MA, USA) at a dilution of 1:30 in starvation
media. Matrigel was allowed to solidify in the upper chamber
of CIM plate for 4 h at 37 °C. Afterwards, 100 pl of cell suspen-
sion was seeded on top of the matrigel. The lower compart-
ment was filled with 175 pl full growth medium with TNF-«
at a concentration of 10 ng/ml. Cell index values were
recorded with a time-interval of 15 min for a total of 15 h.

2.9. Patient data analysis

Normalized and matched mRNA and miRNA expression data
from the METABRIC study (Curtis et al., 2012; Dvinge et al,,
2013) was used to analyze differential expression of miRNA
and target genes in ER subgroups. We analyzed 781 patients
for whom the ER status was known and for whom both
mRNA and corresponding miRNA expression data was avail-
able. Welch’s t-test was performed to detect significant differ-
ential expression changes between the two ER subgroups.
Normalized miRNA expression data from The Cancer Genome
Atlas (TCGA) was used for analysis of miR-30c-2-3p expression
in an independent breast cancer patient dataset (Cancer
Genome Atlas, 2012). To evaluate association between
mRNA and miRNA, a linear regression analysis was performed
on scale normalized miRNA and mRNA expression data ac-
cording to Spearman rank correlation. MiRNA expression
levels were categorized based on distribution quartiles into
low (<Q1), medium (Q1-Q3) and high (>Q3) expression group.
Fisher's exact test was used to test association between
miRNA groups and categorical clinicopathological factors.
Kruskal-Wallis test was used to test association between
miRNA groups and quantitative clinicopathological factors.

For outcome analysis, disease-specific survival (DSS) was
analyzed from METABRIC study (Dvinge et al., 2013), with
disease-unrelated deaths being censored. Univariate and
multivariate Cox regression model was used to assess the po-
tential prognostic impact of miRNA expression levels and clin-
icopathological factors for DSS. Survival analysis was done
using the ‘survival’ R package, from CRAN (http://CRAN.R-pro-
ject.org/package=survival). All statistical analyses were car-
ried out using R version 3.0.1 (http://www.R-project.org) or
GraphPad Prism 5.0 software. All t tests were two-sided tests.
P values below 0.05 were considered statistically significant.

3. Results

3.1. miR-30c-2-3p negatively regulates NF-«B signaling
and is downregulated in ER negative breast cancer patients

We previously carried out a genome wide miRNA screen to
identify novel miRNA regulators of NF-kB signaling
(Keklikoglou et al.,, 2012). Among the 810 miRNAs tested
(Supplementary Table 3), miR-30c-2-3p emerged as the fourth
strongest negative regulator of the signaling pathway with a z-
score of —2.031 (Figure 1A). To validate the screening results,
we repeated the NF-«B luciferase reporter assay in HEK293FT
and indeed, miR-30c-2-3p overexpression significantly abro-
gated NF-«kB activity, which was similar to RNAi induced
knockdown of RELA (Figure 1B). Since NF-«B signaling was pre-
viously shown to be constitutively active in ER-breast cancer
tumors (Nakshatri et al., 1997; Singh et al., 2007) we overex-
pressed the miRNA in MDA-MB-231 cells (Supplementary
Figure 1), an established model for ER-breast cancer (Park
et al., 2007). We observed decreased phosphorylation of p105
upon TNF-o stimulation, however the total protein levels
(p105 and p50) remained unchanged when miR-30c-2-3p was
overexpressed confirming the effect on NF-«B signaling in
MDA-MB-231 cells (Figure 1C). This effect on phosphorylation
of p105 was not seen in case of MCF-7, an ER+ breast cancer
cellline (Supplementary Figure 2). Because of the known asso-
ciation of NF-kB signaling and ER-breast cancer (Singh et al,,
2007), we next asked whether endogenous expression levels
of miR-30c-2-3p were associated with the ER status of breast
cancer patients. To this end we analyzed data from the META-
BRIC study (Molecular Taxonomy of Breast Cancer Interna-
tional Consortium), a publically available cohort of 781
breast tumors (Dvinge et al., 2013) for differential expression
of miRNAs in ER-compared to ER+ tumors. This analysis iden-
tified miR-30c-2-3p as a significantly downregulated miRNA in
ER-versus ER+ breast cancer patients (Figure 1D and E). We
observed the same relation of miR-30c-2-3p expression and
ER status (Supplementary Figure 3) in The Cancer Genome
Atlas (TCGA) which has miRNA expression data from breast
tumors (Cancer Genome Atlas, 2012).

3.2. Ectopic expression of miR-30c-2-3p decreases cell
proliferation, invasion and reduces expression of genes
relevant in inflammation

To further investigate the role of miR-30c-2-3p in NF-«B
signaling, we assessed the expression of proinflammatory
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Figure 1 — miR-30c-2-3p regulates NF-kB signaling in breast cancer. (A) z-score distribution of 810 miRNAs screened for effects on signaling
based on 3xKBL luciferase assay where miR-30c-2-3p was the fourth strongest negative regulator with a z-score of —2.031 (Keklikoglou et al.,
2012). (B) Validation of the screen results in HEK293FT cells to measure NF-kB activity upon stimulation of the signaling by TNF-ot (20 ng/ml)
for 5 h B-galactosidase was used for normalization. siRELA was used as a positive control (**P < 0.001 compared to respective stimulated control,
t test). Data are shown as mean * s.d of two biological and three technical replicates. (C) Phospho-p105 protein levels are downregulated upon
treatment of MDA-MB-231 cells with TNF-a (20 ng/ml) for 10 min in cells transfected with miR-30c-2-3p mimic compared to mimic CTRL.
Total protein levels (p105 and p50) remain unchanged. Cells were harvested 48 h post-transfection. Actin was used as a loading control. Intensity
of bands is expressed as a ratio with respect to actin from the same blot. (D) Volcano plot showing miR-30c-2-3p as a significantly deregulated
miRNA based on the fold change and q-value (P value corrected for multiple testing, Benjamini-Hochberg) out of the 853 miRNAs analyzed in
the METABRIC study (Dvinge et al., 2013). Blue dots in the figure represent high variance miRNAs between ER- and ER+ breast cancer
patients and gray dots represent low variance miRNAs. (E) miR-30c-2-3p is lower expressed in ER-compared to ER + breast cancer patients from
METABRIC study (Dvinge et al., 2013) (P = 3.3e-34).

cytokines IL8, IL6, and CXCL1 upon overexpression of the overexpressed (Supplementary Figure 4B). Finally, we
miRNA. These cytokines were significantly downregulated observed that overexpression of miR-30c-2-3p significantly
in miR-30c-2-3p transfected compared to mimic control blocked cell cycle progression in MDA-MB-231 cells with
transfected MDA-MB-231 cells upon TNF-o induction only 2.65% (+/— 0.3%) of cells in S-phase compared to
(Figure 2A). Additionally, the expression of MYC, CCND1 17.10% (+/— 2.6%) in the control (Figure 2D). This effect
and CSF2, which are NF-«kB transcriptional targets involved was reversed in presence of antagomirs used to block

in cell proliferation (Hynes and Stoelzle, 2009; Li et al., expression of endogenous miR-30c-2-3p in MCF-7 cells
2013; Oida et al., 2014), was significantly decreased in miR- (Supplementary Figure 5). Next we investigated if miR-30c-
30c-2-3p transfected cells after stimulation with TNF-a« 2-3p was also capable of abrogating cell invasion, since NF-
(Figure 2B). Furthermore, miR-30c-2-3p overexpression kB signaling is known to regulate this phenotype (Takada
significantly decreased cell viability in MDA-MB-231 cells et al., 2006). Indeed, we observed a decreased invasive ca-

(Figure 2C). This result was independently verified in two pacity of MDA-MB-231 cells upon miR-30c-2-3p overexpres-
other ER-breast cell lines (MDA-468 and MCF-10A) as well sion (Figure 2E). Since NF-kB signaling had previously been

as in two ER+ breast cancer cell lines (MCF-7 and T-47D) shown to facilitate cell invasion/migration through regula-
(Supplementary Figure 4A). Moreover, miR-30c-2-3p signifi- tion of matrix metalloproteinases (MMPs), like MMP-9 (Bera
cantly induced apoptosis as determined by measuring cas- et al., 2013), we speculated that decreased invasion might
pase 3/7 activity compared to the mimic control, 72 h post- be accompanied by decreased expression of MMP-9 levels
transfection in MDA-MB-231, MDA-468, MCF-10A. However, upon miR-30c-2-3p overexpression. Indeed we observed a
no such effect of the miRNA was observed in the ER+ T- downregulation of MMP-9 expression at the mRNA level in

47D cell line while in MCF-7 cells, a second ER+ cell line the presence of miR-30c-2-3p upon TNF-o stimulation
tested, apoptosis was induced when the miRNA was (Figure 2F).
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Figure 2 — Effect of miR-30c-2-3p overexpression on expression of cytokines, cell proliferation and cell invasion in MDA-MB-231 breast cancer
cell line. (A) mRNA expression of inflammatory cytokines ILS8, IL6 and CXCL1 is reduced upon miR-30c-2-3p overexpression. To activate NF-kB
signaling, cells were treated with TNF-o (20 ng/ml) for 5 h and later RNA was isolated (**P < 0.001 compared to stimulated control, ¢ test). (B) In
the same experimental setup, reduced mRINA levels of proliferation related genes MYC, CCNDI and CSF2 was observed upon miR-30c-2-3p

overexpression (**P < 0.001, **P < 0.01 compared to stimulated control, ¢ test). (C) miR-30c-2-3p reduced cell viability compared to mimic CTRL
measured 72 h post-transfection. (**P < 0.01 compared to control, ¢ test). (D) A reduced S-phase population of cell cycle (gated for BrdU and 7-
AAD positive cells) was observed upon miR-30c-2-3p overexpression, measured 72 h post-transfection with miRNAs (**P < 0.001 compared to
control, # test). (E) miR-30c-2-3p overexpression reduced the invasive capability of MDA-MB-231 cells. Cells were seeded for invasion assay 48 h
post-transfection with miRNAs, allowed to invade through matrigel for 15 h and measured in Real-Time Cell Analyzer (RTCA). Significance was
tested for 15 h time point. (**P < 0.001 compared to control, 7 test). (F) Concordantly, mRNAs level of MMP-9 was reduced upon miR-30c-2-3p
overexpression in MDA-MB-231 after 48 h of transfection. Cells were treated with TNF-o for 5 h at a concentration of 20 ng/ml and RNA was
isolated. (""P < 0.001 compared to stimulated control, # test). Data are shown as mean * s.d. of two biological and three technical replicates.

3.3. miR-30c-2-3p directly targets TRADD signaling pathway and GO process enrichment analyses on

downregulated mRNAs using MetaCore™ (http://thomsonreu-

Next, we wanted to elucidate the molecular mechanism of ters.com/metacore/) to identify the most deregulated

regulation by miR-30c-2-3p. To this end we performed a
genome-wide mRNA expression analysis of MDA-MB-231 cells
that had been transfected with miR-30c-2-3p compared to
cells transfected with mimic control (gene expression data is
available in the ArrayExpress database, www.ebi.ac.uk/
arrayexpress under the accession number E-MTAB-3083).
Gene  expression analysis identified 367 genes
(Supplementary Table 4) which were down-regulated at the
mRNA level with a corrected P value <0.05. We performed

signaling pathways (Supplementary Table 5). Cell cycle related
pathways were significantly downregulated by miR-30c-2-3p.
Since the MDA-MB-231 cells had not been stimulated with
TNF-a prior to performing gene expression analysis, the NF-
kB signaling pathway was not enriched among the downregu-
lated pathways (Supplementary Table 5). However, we were
interested in finding potential targets that could explain the
downregulation of NF-«kB signaling in response to TNF-a by
miR-30c-2-3p (Figure 1B and C). To identify putative target
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genes of miR-30c-2-3p within the NF-«B signaling pathway, we
intersected the 367 differentially expressed genes with a list of
genes involved in NF-kB signaling obtained from KEGG
pathway database (Kanehisa et al., 2014), (http://www.geno-
me.jp/kegg/pathway.html) and identified TRADD, the TNF Re-
ceptor Superfamily Member 5 (CD40), and inhibitor of kappa
light polypeptide gene enhancer in B-cells, kinase epsilon
(IKBKE) to be downregulated at the mRNA level
(Supplementary Table 4). We followed up on TRADD as a po-
tential target gene because of its role in TNF-a induced NF-
kB activation through canonical signaling (Hayden and
Ghosh, 2014), while both CD40 and IKK-epsilon (encoded by
IKBKE) are involved in non-canonical NF-kB activation
(Coope et al.,, 2002; Shen and Hahn, 2011) that had not been
tested in the screen (Keklikoglou et al., 2012). To investigate
if TRADD is indeed a target of miR-30c-2-3p, we first verified
that in line with microarray data, the mRNA level of TRADD
was significantly reduced upon miR-30c-2-3p overexpression
compared to mimic control transfected in MDA-MB-231 cells
(Figure 3A). In silico analysis using miRWalk (Dweep et al,,
2011) (http://www.umm.uni-heidelberg.de/apps/zmf/mir-
walk/) revealed that TRADD was a predicted target with one
target site mapping to the 3'UTR (Figure 3B). Immunoblotting
confirmed the miRNA effect on TRADD also at the protein
level (Figure 3C). To prove direct targeting of TRADD by miR-
30c-2-3p, we cloned the wild type 3'UTR of TRADD, or the
mutant containing 4 point mutations within the miRNA target
site seed region, downstream of a Renilla luciferase reporter.
We observed a significant downregulation of the Renilla lucif-
erase signal in the presence of miR-30c-2-3p compared to
mimic control when using reporter construct containing
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wild type 3'UTR of TRADD in MDA-MB-231 cells (Figure 3D).
In contrast, this effect was abrogated when we tested the
mutated TRADD 3'UTR (Figure 3D). These findings suggested
that TRADD is indeed a direct target of miR-30c-2-3p.

3.4. miR-30c-2-3p regulates NF-kB signaling by
targeting TRADD in breast cancer cells

To assess the impact of TRADD on NF-kB signaling, we
employed RNAIi to knockdown TRADD expression in MDA-
MB-231 cells (Supplementary Figure 6) and then repeated the
NF-kB reporter assay. Similar to the effects upon miR-30c-2-
3p overexpression (Figure 1B), knockdown of TRADD abro-
gated NF-kB signaling despite TNF-a stimulation (Figure 4A).
In another experimental setup we used lipopolysaccharide
(LPS) instead of TNF-a. to stimulate NF-«B signaling and found
NF-kB activity to be reduced in miR-30c-2-3p overexpressing
and TRADD knockdown cells (Supplementary Figure 7A).
This emphasized the role of TRADD and miR-30c-2-3p in the
regulation of NF-kB signaling. This observation is in line
with previous findings where TRADD had been shown to
play an important role in NF-«B activation also within the
toll-like receptor (TLR) pathway (Chen et al., 2008). Similar to
effects we had observed upon overexpression of miR-30c-2-
3p (Figure 2A), the expression of cytokines IL8, IL6 and CXCL1
was downregulated upon TRADD inhibition in MDA-MB-231
cells after stimulation with TNF-a (Figure 4B). To investigate
the effect of ectopic expression of miR-30c-2-3p and TRADD
knockdown on NF-kB signaling activation by TNF-a, we
analyzed the phosphorylation level of p105. Indeed in both
cases, a decrease in phosphorylation was observed compared
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Figure 3 — TRADD is a direct target of miR-30c-2-3p. (A) Downregulation of TRADD at mRNA level upon miR-30c-2-3p overexpression seen
48 h post-transfection with miRNAs in MDA-MB-231 cells (“P < 0.01 compared to control, # test). (B) Alignment of miR-30c-2-3p with target
site within TRADD 3'UTR. (C) Downregulation of TRADD protein level upon overexpression of miR-30c-2-3p compared to mimic CTRL

observed 48 h post-transfection with miRNAs in MDA-MB-231 cells. Actin was used as a loading control. (D) Reduced luciferase signal in MDA-
MB-231 cells transfected with wild type (WT) 3'UTR of TRADD and miR-30c-2-3p compared to mimic CTRL measured 48 h post-transfection
with miRNAs (*P < 0.01 compared to control, # test). This effect was lost when the binding site in 3'UTR was mutated (MUT). Data are shown as

mean * s.d. of two biological and three technical replicates.
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Figure 4 — miR-30c-2-3p regulates NF-kB signaling by targeting TRADD. (A) Downregulation of TRADD significantly decreased the luciferase
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TRADD knockdown in MDA-MB-231 cells. 48 h post-transfection, cells were stimulated with TNF-a (20 ng/ml) for 5 h and RNA was isolated
(**P <0.001, *P < 0.01,*P < 0.05 compared to stimulated control, ¢ test). (C) Reduced phospho-p105 protein level were observed in MDA-MB-
231 cells upon treatment with TNF-o (20 ng/ml) for 10 min, 48 h post-transfection with miR-30c-2-3p or siTRADD compared to controls. No
change in total protein levels (p105 and p50) was seen. Actin was used as a loading control. (D) Reduced the invasive capability of MDA-MB-231
cells through matrigel was seen upon TRADD knockdown. Significance was tested at the 15 h time point measured in Real-Time Cell Analyzer
(RTCA), which was 48 h post-transfection with siRNAs (**P < 0.001 compared to control, 7 test). (E) In addition, mRNA level of MMP-9 was
reduced upon TRADD knockdown in MDA-MB-231 cells, 48 h post-transfection. Cells were treated with TNF-o for 5 h at a concentration of
20 ng/ml and RNA was isolated (*P < 0.05 compared to stimulated control, ¢ test). (F) Knockdown of TRADD did not have a significant effect on
S-phase population of the cell cycle (gated for BrdU and 7-AAD positive cells) compared to siNT'C, 72 h post-transfection in MDA-MB-231 cells.

Data are shown as mean * s.d. of two biological and three technical replicates.

to stimulated non-targeting control transfected cells expression of proliferation genes MYC and CCND1 in MDA-
(Figure 4C). Furthermore, either overexpressing miR-30c-2-3p MB-231 cells after stimulation with TNF-a (Supplementary
or inhibiting TRADD reduced phosphorylation of IKKa/IKKB Figure 8). These results suggested that TRADD knockdown
upon stimulation with TNF-a (Supplementary Figure 7B), and was able to only partially phenocopy the effects of miR-30c-
expression of CSF2 was significantly reduced upon TRADD 2-3p, indicating that there are additional targets of this
knockdown similar to our observations with miR-30c-2-3p miRNA.

overexpression (Supplementary Figures 8 and 2B). Next we

checked the role of TRADD knockdown on the invasive capa- 3.5.  miR-30c-2-3p regulates cell cycle progression by
bility of MDA-MB-231 cells. Indeed, similar to miR-30c-2-3p directly targeting CCNE1

overexpression (Figure 2E), TRADD knockdown significantly

blocked cell invasion (Figure 4D) and reduced mRNA levels GO-term enrichment analysis upon overexpression of the
of MMP-9 upon TNF-a stimulation (Figure 4E). However, unlike miRNA in MDA-MB-231 cells had identified cell cycle related
miR-30c-2-3p, TRADD knockdown only mildly reduced S- processes to be among the most significantly regulated by

phase of the cell cycle (Figure 4F) and did not reduce the miR-30c-2-3p (Supplementary Table 5). To uncover potential
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target genes responsible for the observed reduction in S-
phase of the cell cycle, we intersected the list of downregu-
lated mRNAs with cell cycle related proteins obtained from
KEGG pathway database (Kanehisa et al., 2014). This analysis
identified cell cycle related proteins CCNE1, MCM6, MCM?7,
CDK4, SMAD3 and TFDP1 to be downregulated at mRNA level
(Supplementary Table 4). We focused on CCNEI1, encoding
cyclin E1 which is involved in G1 to S transition (Rosenberg
et al., 2001), because of its strong anti-correlation with miR-
30c2-3p (Supplementary Table 6) in breast cancer patients
from the METABRIC study (Curtis et al., 2012; Dvinge et al.,
2013) Moreover, CCNEL1 is frequently overexpressed in breast
cancer (Spruck et al., 1999). We confirmed the effect on CCNE1
at the mRNA level by miR-30c-2-3p (Figure 5A) and found a
predicted target site within its 3'UTR (Figure 5B). Next, we
checked CCNE1 at the protein level upon miR-30c-2-3p over-
expression and indeed found it to be downregulated
(Figure 5C). Knockdown of CCNE1 (Supplementary Figure 9)

indeed phenocopied the reduction in S-phase of the cell cycle
(Figure 5D) that we had observed upon overexpression of
miR-30c-2-3p (Figure 2D). Using reporter gene constructs,
direct targeting of CCNE1 by miR-30c-2-3p was proven
(Figure 5E).

3.6. Expression of miR-30c-2-3p significantly correlates
with clinicopathological features in breast cancer patients

Since miR-30c-2-3p significantly associated with ER status in
breast cancer, we hypothesized that its expression might
also correlate with other clinicopathological parameters in
breast cancer; namely tumor grade, tumor size, age at diag-
nosis, lymph node invasion, HER2 expression, progesterone
receptor (PR) status and p53 mutation status. To investigate
this we categorized miRNA expression levels from METABRIC
study (Dvinge et al., 2013) based on distribution quartiles into
low (Q1), medium (Q2—Q3) and high (Q4) expression groups.
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Figure 5 — miR-30c-2-3p regulates cell cycle progression through CCNET targeting. (A) Downregulation of CCNE1 at the mRNA level upon miR-
30c-2-3p overexpression was measured 48 h after transfection with miRNAs in MDA-MB-231 cells (**P < 0.001 compared to control, ¢ test). (B)
Alignment of miR-30c-2-3p with target site within CCNE1 3'UTR. (C) Downregulation of CCNE1 protein level upon overexpression of miR-30c-
2-3p compared to mimic CTRL was observed 48 h after transfection with miRNAs in MDA-MB-231 cells. Actin was used as a loading control.
(D) Reduced S-phase population of the cell cycle (gated for BrdU and 7-AAD positive cells) was observed upon CCNE1 knockdown compared to
siNTC, 72 h after transfection in MDA-MB-231 cells. (**P < 0.001 compared to control, # test). (E) Reduced luciferase signal in MDA-MB-231
cells transfected with wild type (WT) 3'UTR of CCNE1 and miR-30c-2-3p compared to mimic CTRL was measured 48 h after transfection with
miRNAs. This effect was lost when the binding site in 3'UTR was mutated (MUT) (**P < 0.001, **P < 0.01 compared to control, # test). Data are

shown as mean * s.d. of two biological and three technical replicates.
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Table 1 — Univariate and multivariate disease specific survival Cox analyses in breast cancer patients for miR-30c-2-3p expression in METABRIC

study ( ).
Covariate Level®  Ref’ Univariate analysis Multivariate analysis
HR® LCL® UCL® Pvalue HR LCL UCL Pvalue
1 miR-30c-2-3p expression in 3 groups mid low 0.64 0.46 0.87 0.00505 0.97 0.65 1.45 0.89594
high low 0.43 0.28 0.66 <le-04 0.84 0.49 1.45 0.53023
2 Tumor g'lraclef 2 1 1.10 0.53 2.32 0.79486 0.99 0.42 2.35 0.97807
3 1 2.44 1.19 4.98 0.01451 1.57 0.66 3.71 0.30951
3 Tumor size 1.02 1.02 1.03 <le-04 1.01 1.00 1.02 0.00805
4 Age at diagnosis 1.00 0.98 1.01 0.42995 1.00 0.99 1.02 0.74225
5 Lymph nodes positive 1.11 1.08 1.14 <le-04 1.07 1.04 1.11 <le-04
6 ER aF = 0.44 0.32 0.60 <le-04 0.75 0.47 1.21 0.24080
7 HER2 4F = 2.50 1.74 3.58 <le-04 1.80 1.18 2.76 0.00632
8 PR aF = 0.49 0.37 0.65 <le-04 0.87 0.58 1.30 0.49510
9 P53 mutation status WT MUT 0.35 0.24 0.51 <le-04 0.50 0.33 0.75 0.00098

a Low, mid and high levels refers to the expression level of miR-30c-2-3p based on distribution quartile.

b Reference.

¢ Hazard ratio.

d Lower confidence limit.
e Upper confidence limit.

f Tumor grade 1, 2, 3 refers to differentiation status, +/— indicate presence or absence of receptor.

These groups were then tested for association between miR-
30c-2-3p and categorical clinicopathological factors. Indeed,
we found a significant correlation between low miR-30c-2-3p
expression levels and the presence of adverse clinicopatho-
logical feature (Supplementary Table 7). Disease-specific sur-
vival was significantly better in patients with medium
(HR = 0.64, P = 0.005) and high (HR = 0.43, P < 0.0001) miR-
30c-2-3p expression levels in univariate analysis (Table 1).
However, in multivariate analysis miR-30c-2-3p expression
did not remain an independent prognostic factor of disease
specific survival in breast cancer patients (Table 1).

3.7. TRADD and CCNE1 are upregulated in ER negative
breast cancer patients

Next, we wanted to further ascertain the relationship between
TRADD, CCNE1 and miR-30c-2-3p in breast cancer patients.
Again using the METABRIC gene expression data (Curtis
et al.,, 2012), we found TRADD and CCNE1 expression to be
significantly upregulated in ER-patients compared to ER+
breast cancer patients (Figure 6A and B), which corroborated
with our in vitro findings. Subsequently, we analyzed the
expression of miR-30c-2-3p among the different subtypes of
breast cancer in METABRIC study (Dvinge et al., 2013). We
found the miRNA to be significantly lower expressed in the
basal and HER2 positive subtypes which have a poorer
outcome (Engstrom et al., 2013) compared to the luminal sub-
types with a more favorable outcome (Figure 6C). Finally, we
assessed the association of miR-30-c-2-3p expression with
survival of breast cancer patients (Dvinge et al., 2013). We
found elevated miR-30c-2-3p correlated with better survival
based on miRNA expression level distribution quartiles into
low (<Q1), medium (Q1—Q3) and high (>Q3) expression groups
(Figure 6D), further supporting a tumor suppressive role for
this miRNA.

4. Discussion

In this study we present miR-30c-2-3p as a novel regulator of
NF-kB signaling and cell cycle progression. The role of NF-«B
signaling in cancer development and progression, specifically
in breast cancer is well studied (DiDonato et al., 2012; Karin
et al.,, 2002; Mantovani et al., 2008; Piao et al., 2014; Rivas
etal., 2008; Singh et al., 2007). Here we have elucidated the mo-
lecular mechanism behind NF-«B regulation by miR-30c-2-3p
and its implications in breast cancer. Moreover, miR-30c-2-
3p negatively regulates cell cycle progression which is
frequently aberrant in cancer cells. As a result, miR-30c-2-3p
mediates effects on important hallmarks of cancer cells
(Hanahan and Weinberg, 2011) like proliferation, invasion,
and inflammation.

Our results are in line with a previous study on the tumor
suppressive role of miR-30c-2-3p in ovarian cancer, where
Jia and co-workers had identified BCL9 as a direct target
gene of the miRNA and outlined its anti-proliferative effect
(Jia et al., 2011). Another study in clear cell renal cell carci-
noma found that lower expression of miR-30c-2-3p is associ-
ated with increased tumor growth through enhanced
activity of hypoxia inducible factor (HIF2«), another direct
target of miR-30c-2-3p (Mathew et al., 2013). Both of these tar-
gets of miR-30c-2-3p were not significantly downregulated in
our gene expression data set generated in MDA-MB-231 cells,
underlining tissue specific regulation. The precursor pre-miR-
30c-2 is processed to form mature hsa-miR-30c-5p (miR-30c)
and hsa-miR-30c-2-3p (mir-30c-2¥) from the 5 and 3’ arms of
the precursor miRNA, respectively. miR-30c-5p has been
shown to reduce chemoresistance in breast tumors through
direct targeting of the cytoskeleton gene TWF1 and indirect
regulation of IL-11 (Bockhorn et al., 2013). This is an interesting
finding as the two mature forms of the same precursor miRNA
have different seed sequences and thus different target genes.
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Figure 6 — Expression of TRADD, CCNE1 and miR-30c-2-3p in breast cancer patients. (A & B) The mRNA expression of both TRADD and

CCNE]1 is significantly higher in ER-breast cancer patients compared to ER + breast cancer patients (Curtis et al., 2012). (C) Expression levels of
miR-30c-2-3p across different molecular subtypes of breast cancer patients (Dvinge et al., 2013). (D) Higher expression (red) of miR-30c-2-3p is
associated with better long term disease specific survival in breast cancer patients with a follow up of over 13 years (Dvinge et al., 2013).

However, both miR-30c-5p and miR-30c-2-3p coordinately
function as important regulators of gene expression and
show a positive correlation in breast cancer patients
(Supplementary Figure 10) in METABRIC study (Dvinge et al.,
2013).

We identified TRADD as a direct target gene of miR-30c-2-
3p. TRADD, on the one hand plays an important role in the
TNF-o. induced pro-inflammatory response by interacting
with TNFR1 (Wilson et al., 2009). On the other hand, TNF-a
can also initiate apoptosis and necrosis, through recruitment
of the FADD protein (Hsu et al., 1996). However, TNF-a induced
NF-«kB activation is attenuated in TRADD deficient cells as has
been shown by somatic knockout of TRADD in a human B cell
line (Schneider et al., 2008), demonstrating the importance of
TRADD in TNFR1 signaling. Furthermore, cytoplasmic TRADD
has been shown to confer poor prognosis in glioblastoma
through NF-«B activation (Chakraborty et al., 2013). We
confirmed that TRADD is required for TNF-a induced activa-
tion of NF-kB signaling as well as its effect on known NF-«B
induced proinflammatory cytokines IL8, IL6 and CXCL1. These
cytokines contribute to the shaping of the tumor microenvi-
ronment by promoting inflammation in most solid tumors,

including breast cancer (Erez et al,, 2013; Mantovani et al,,
2008). miR-30c-2-3p potently inhibited the expression of these
inflammatory cytokines in MDA-MB-231 cells suggesting that
this miRNA is a central factor in the regulation of tumor in-
flammatory processes that is executed via its direct target
TRADD. Furthermore, TRADD is known to play a role in regu-
lating TLR signaling by formation of a complex with TLR4
upon LPS stimulation (Chen et al., 2008). We could show that
miR-30c-2-3p can inhibit LPS induced NF-kB signaling by
direct targeting of TRADD. TLR signaling has been shown to
support tumor growth by activating inflammatory response
and supporting oncogenesis in the breast (Ahmed et al.,
2013). Matrix metalloproteinases (MMPs), and specifically
MMP-9, have been shown to have potent basement degrading
capability (Kessenbrock et al., 2010). We observed expression
of MMP-9 was indeed downregulated upon miR-30c-2-3p over-
expression as well as by knockdown of TRADD upon TNF-o
stimulation. Hence, the observed block of invasion by miR-
30c-2-3p could be partially explained through the direct tar-
geting of TRADD.

We found CCNE1 as another direct target of miR-30c-2-3p
which could potentially explain the reduced proliferation
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capacity we observed. CCNE1 is a cell cycle regulatory protein
that, along with CDK2, drives the cell cycle from G1 to S phase
(Rosenberg et al., 2001). CCNE1 is frequently deregulated in
breast cancer and is associated with poor overall survival
(Keyomarsi et al., 2002). Using the dataset from the METABRIC
study (Curtis et al., 2012) we found both CCNE1 and TRADD to
be upregulated in ER-breast cancer patients compared to ER+
patients. This is in line with the finding that miR-30c-2-3p is
lower expressed in the ER-patients.

In summary, we have shown that miR-30c-2-3p coopera-
tively regulates cytokine expression, invasion and cell prolif-
eration in breast cancer cells by modulating TRADD and
CCNE1 gene expression. The synergistic regulation of NF-xB
signaling and cell cycle regulation could potentially be
exploited used for therapeutic intervention by upregulating
miR-30c-2-3p in breast tumors.
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