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RNASET? silencing affects miRNAs and target gene
expression pattern in a human ovarian cancer cell model
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Abstract. Ribonucleases (RNases) are hydrolytic enzymes
endowed with the ability to either process or degrade ribo-
nucleic acids. Among the many biological functions assigned
to RNases, a growing attention has been recently devoted to
the control of cancer growth, in the attempt to bring novel
therapeutic approaches to clinical oncology. Indeed, several
enzymes belonging to different ribonuclease families have
been reported in the last decade to display a marked onco-
suppressive activity in a wide range of experimental models.
The human RNASET?2 gene, the only member of the highly
conserved T2/Rh/S family of endoribonucleolytic enzymes
described in our species, has been shown to display oncosup-
pressive roles in both in vitro and in vivo models representing
several human malignancies. In the present study, we extend
previous findings obtained in ovarian cancer models to shed
further light on the cell-autonomous roles played by this gene
in the context of its oncosuppresive role and to show that
RNASET?2 silencing can significantly affect the transcriptional
output in one of the most thoroughly investigated human
ovarian cancer cell lines. Moreover, we report for the first time
that RNASET2-mediated changes in the cell transcriptome
are in part mediated by its apparent ability to affect the cell's
microRNA expression pattern.
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Introduction

Ovarian cancer represents the fifth most common malignancy
in women and it is the leading cause of cancer deaths from
gynecological cancer in the western societies (1). The poor
survival from epithelial ovarian cancer that is still reported
nowadays is largely attributed to the high percentage of
patients that are diagnosed at an advanced stage and that often
develop resistance to combined chemotherapy approaches
(2). In light of this imperfect state of clinical management, a
better understanding of the molecular bases of ovarian cancer,
coupled with improved screening tools, is urgently required. In
this context, an increasing number of independent studies have
recently suggested that microRNAs (miRNAs) might play a
crucial role in ovarian cancer pathogenesis (3-5).

Indeed, several miRNA profiling reports have identified
a consensus of aberrantly expressed miRNAs in both ovarian
cancer-derived tumor samples and cell lines (3), suggesting that
these small RNAs might be functionally involved in ovarian
cancer development and progression. Moreover, both gain-of-
function and loss-of-function assays have further validated the
role played by several miRNAs in ovarian cancer pathogenesis
@).

MicroRNAs represent a large family of small endogenous
non-coding RNAs endowed with the ability to regulate gene
expression post-transcriptionally (6). The widely recognized
role assigned to miRNAs in cancer biology is a natural conse-
quence of their involvement in several biological processes
that are closely linked to cancer development and progression,
such as cell proliferation, differentiation and apoptosis (7).
Indeed, the list of genes that have been reported to be regu-
lated by miRNAs includes several examples of established
tumor suppressor genes and oncogenes, such as BRCAI,
BRCA2, PTEN, KIT, RAS, E2F3, MET and MYCN, to name
a few (8). Therefore, substantial experimental evidence has
been gathered in support of the hypothesis that derangement
of a complex cross-regulatory network between miRNAs and
transcripts from cancer-related genes might represent a critical
event in the development and progression of several cancer
types. However, due to the widely acknowledged complexity
and heterogeneity of each cancer type, the current knowledge
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of the miRNA regulatory networks involved in cancer devel-
opment is still far from providing an exhaustive picture.

The RNASET?2 gene encodes a highly conserved extra-
cellular ribonuclease belonging to the T2/Rh/S family of
endoribonucleolytic enzymes and it has long been ranked as an
ovarian cancer-related tumor suppressor gene (9). Moreover,
several independent studies have consistently reported the
oncosuppressive role of RNASET?2 (both in vitro and in vivo) in
a broader range of cancer types, such as malignant melanoma
and colorectal cancer (10,11). In the context of ovarian cancer,
our group has recently described a marked non-cell autono-
mous oncosuppressive function for RNASET2. Indeed, in vivo
xenograft studies in immunocompromised mice showed that
RNASET?2-mediated tumor suppression was associated with
a significant recruitment of cancer-suppressive macrophages
within the tumor mass in two independent human ovarian
cancer-derived cell lines (12,13). Strikingly, the catalytic
activity of this enzyme was found to be dispensable for its
non-cell autonomous oncosuppressive role, suggesting that
RNASET?2 might represent a multitasking or ‘moonlightning’
protein. In agreement with this speculation, we reported more
recently a clear pleiotropic mode of action for the RNASET2
gene, whereby gene knock-down approaches coupled with a
panel of in vitro assays unveiled the ability of RNASET?2 to
affect several cancer related-parameters in a cell-autonomous
manner (14). Of note, these data were reported for the same
experimental model (the human OVCAR3 ovarian cancer cell
line) where previous in vivo studies had shown the occurrence
of a non-cell autonomous oncosuppresive role for this gene
(13). However, the genes and signaling networks by which
RNASET? carries out such cell-autonomous oncosuppressive
role are largely unknown.

In an attempt to address this issue, we report here gene
profiling data on RNASET2-silenced OVCAR3 cells and show
that RNASET?2 expression levels affects the cell transcriptome
at both mRNAs and miRNAs levels. Moreover, our data
suggest that the observed changes in the expression levels of
some mRNAs represent a likely consequence of RNASET2-
mediated regulation of a handful of miRNAs that can directly
target these transcripts.

Materials and methods

Celllines and clones. Human ovarian cancer-derived OVCAR3
cell clones, stably transfected with empty pSicoR vector,
control scrambled shRNAs and two RNASET?2-targeting
shRNAs were previously described (13). OVCAR3, Hey3Met2
and HeLa cells were cultured in DMEM-F12 medium (Sigma-
Aldrich, St. Louis, MO, USA) with 10% fetal bovine serum
(FBS; Sigma-Aldrich) and 1% glutamine (Sigma-Aldrich).

RNA extraction. Total RNA was purified from OVCAR3
cells using the RNeasy Plus kit (Qiagen, Venlo, Limburg, The
Netherlands). RNA was quantified using an ND-1000 UV-Vis
spectrophotometer (Thermo Fisher Scientific, Wilmington,
DE, USA), and the integrity of the RNA was assessed with the
Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., Santa
Clara, CA, USA) according to the manufacturer's instructions.
All of the RNA samples used in this study exhibited a 260/280
ratio above 1.9 and an RNA integrity number (RIN) above 9.0.
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Microarray expression profiling. Microarray hybridization
assays included two biological replicates per treatment. All
sample-labelling, hybridization, washing, and scanning steps
were carried out according to the manufacturer's specifica-
tions. Briefly, Cy3-labelled cRNA was generated from 50 ng
input total RNA using the One Color Quick Amp Labelling
kit (Agilent Technologies). For every sample, 600 ng cRNA
from each labelling reaction (with a specific activity above 9.0)
was hybridized using the Gene Expression Hybridization kit
(Agilent Technologies) to the Agilent Whole Human Genome
Oligo Microarray (Agilent Technologies). After hybridization,
the slides were washed and then scanned with the Agilent
G2565BA microarray scanner (Agilent Technologies). The
fluorescence intensities of the scanned images were extracted
and pre-processed using Agilent Feature Extraction software
(10.7.3.1).

Gene expression data analysis. Quality control and array
normalization were performed in the R statistical environment
using the Agi4x44PreProcess (v.1.18.0) package, which was
downloaded from the Bioconductor website (15). The normal-
ization and filtering steps were based on those described
in the Agi4x44PreProcess reference manual. Briefly, the
Agi4x44PreProcess options were set to use the Mean signal and
the BG Median signal as foreground and background signals,
respectively. The data were normalized between arrays using
the quantile method. Genes with a fold change >1 log, were
designated as modulated. All of the above computations were
conducted using the R statistical programming environment.
The expression analysis systematic explorer (EASE) biological
theme analysis of the regulated genes was conducted online
using DAVID (16).

MicroRNA expression profiling. RNA was extracted using the
mirVana kit (Ambion, Inc., Carlsbad, CA, USA) according to
the manufacturer's instructions. Concentration and quality
of RNA samples were determined with NanoDrop (Thermo
Fisher Scientific). Total RNA was reverse transcribed with
TagMan MicroRNA reverse transcription kit using Megaplex
RT Primers (Applied Biosystems, Foster City, CA, USA).
Real-time PCR reactions were carried out on preconfigured
microfluidic cards (TagMan Array MicroRNA Cards, set
A, V2.2 and set B, V3; Applied Biosystems) allowing the
detection of ~754 unique specific assays and 4 candidate
endogenous control assays. Two biological replicates for
control and two for RNASET2-silenced cells were carried out.
Experimental data were then analyzed by SDS 2.3 software
(Applied Biosystems) and the relative expression values were
calculated using U6 miRNA as endogenous control. miRNAs
with a threshold cycle <33 that showed a log,-fold change
greater than one in RNASET2-silenced samples compared
to control samples were considered as induced. To derive a
list of predicted target genes for miRNAs of interest, the
selected miRNAs were uploaded into the miRecords database
(http://miRecords.umn.edu/miRecords), in which the relation-
ship between target genes and miRNAs are predicted by 11
different algorithms. The genes were identified as target when
predicted by at least 5 algorithms. The predicted targets of
the downregulated miRNAs were then crossed with the genes
identified as upregulated by the microarray analysis.
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Real-time PCR analysis. Total RNA extracted from OVCAR3
cells was reverse transcribed with random primers using the
‘High capacity cDNA reverse transcription kit’ (Life
Technologies). Primers for real-time qPCR were selected
within the same region of the mRNA used to design the probes
for microarray experiments. The sequences of the primers
used for qPCR are as follows: 5-~AACTCCAGCAACTTCTT
CTCCATCC-3' and 5-AGAGAGGCCAGCTCAAGAGAA
AC-3' for FOSLI; 5"-TCCCAGGACATGGCGAGGAGTA-3'
and 5-TCACTGGGAACCCGCAGGAAG-3' for NOTCH3,;
5-GTTCACTGTGTTTCTGCCGCTGTC-3' and 5-CAGTTC
TACATCCATGCCCAAGAAG-3' for DDIT4L; 5'-GAGTTC
AGGCCTCTGGGATCAAC-3' and 5-CGTTATCCTCCAA
CCGGGCACAATA-3' for NFIB; 5"“TAGCTGCACAAGAAG
CAAGAACCAG-3' and 5'-GCTGCCACCATGCACGAGG
TTT-3' for PDEIA; 5-GTAATGCTGCACCTCCCTCTC
CT-3' and 5'-AACAAGCGTCTGGATCTCTGCAGG-3' for
LFNG; 5-CGCGAGAAGATGACCCAGAT-3' and 5'-ACAG
CCTGGATAGCAACGTACA-3' for -actin.

Real-time RT-PCR reactions were performed on ABI
PRISM 7000 (Applied Biosystems) in triplicate in a 25 ul
volume containing target cDNA (25 ng), 40 nM primers,
12.5 pl of Power SYBR-Green Master Mix and water. Samples
were denatured at 95°C for 15 sec and annealed/extended at
60°C for 1 min, for 40 cycles. Fluorescent signals generated
during PCR amplification were monitored and analyzed
with ABI PRISM 7000 SDS software (Applied Biosystems).
Comparison of the amount of each gene transcript among
different samples was made by using [-actin as a reference.
The amount of target RNA, normalized to the endogenous
reference gene, was calculated by means of the difference in
threshold cycle parameter (AACq) (17). The fold change in
gene expression was calculated using this method and consid-
ering OVCAR3 parental cell line with a level of expression
equal to one.

Cloning of 3'UTR regions from candidate target genes in
pmirGLO. To test whether candidate target genes were regu-
lated by the corresponding miRNAs, the 3'UTR regions of these
genes were cloned in pmirGLO reporter vector (Promega). The
selected regions were amplified with RT-PCR with specific
primers, Xhol digested and ligated to the plasmid vector.

Cell transfection and reporter gene expression assays.
pmirGLO recombinant constructs carrying the 3'UTR regions
of candidate genes and the corresponding miRNAs were
co-transfected in target cells with Lipofectamine 2000 reagent
(Invitrogen, Carlsbad, CA, USA) following the manufacturer's
instructions. A total of 100 ng of vector and 1 pmol of the corre-
sponding miRNA were transfected in a 100 ul final volume in
96-wells white plates with clear bottom. Twelve hours after the
transfection, the medium was completely replaced and each
well was filled with 75 pl of fresh medium. Firefly and Renilla
luciferases were activated using the Dual-Glo Luciferase assay
system (Promega, Fitchburg, WI, USA) following the manu-
facturer's instructions and a luminometer was used to detect
luminescence.

Fluorescence staining and cell size analysis of OVCAR3
cells. OVCARS3 cells were grown on coverslips for 24 h, then
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processed for fluorescent staining of the actin cytoskeleton.
Briefly, cells were fixed in 3% paraformaldehyde, washed
extensively in phosphate-buffered saline (PBS) and permea-
bilized with 0.1% Triton X-100 in PBS. After blocking (3%
BSA in PBS), cells were stained with 5 yg/ml Phalloidin-
TRITC (Phalloidin tetramethylrhodamine B isothiocyanate
conjugated; Sigma-Aldrich). Coverslips were mounted on
microscope slides and images were taken using a Leica TCS
SP8 X confocal laser scanning microscope. Cell size analysis
was performed using the Analyze Particle tool of Imagel
software.

Western blot analysis. Cultured OVCAR3 cells were mechani-
cally scraped in PBS + 5 mM EDTA and resuspended in
lysis buffer (0.5% Igepal, 0.5% Triton X-100 in PBS + 5 mM
EDTA) supplemented with a protease inhibitors and a phos-
phatase inhibitor cocktail. For SDS-PAGE analysis, 100 pg of
intracellular lysates were loaded for each gel lane. Immunoblot
analysis was performed using standard procedures, using
selected primary antibodies [rabbit anti-RNASET2 polyclonal
antibody, rabbit anti-S6K1 (phospho T229) polyclonal anti-
body or mouse anti-a-tubulin monoclonal antibody] followed
by the appropriate horseradish peroxidase-conjugated anti-
mouse or -rabbit IgG secondary antibody. Membranes were
then processed with a chemiluminescence assay (SuperSignal
West Dura; Thermo Fisher Scientific). The anti-S6K1 antibody
was kindly gifted by Dr Nadia Zaffaroni (IRCCS Foundation,
Milan, Italy).

Statistical analysis. Statistical analysis was performed using
two-tailed Student's t-test, assuming P<0.05 as a threshold
value to discard the null hypothesis.

Results

Since a cell-autonomous oncosuppressive role for RNASET2
was previously established in a human ovarian cancer-derived
cell line (OVCAR3) in which endogenous expression of this
gene was silenced by RNA interference (13), we decided to
exploit this experimental model to define genes and signaling
networks involved in RNASET2-mediated tumor suppression.

In a previous study, we addressed the intracellular distribu-
tion pattern of the RNASET?2 protein in order to define the
putative sites where its function is carried out. In that study, a
partial re-localization of the RNASET?2 protein in processing
bodies (P-bodies) was observed in OVCAR3 cells under
stress condition (18). Moreover, the number of intracellular
P-bodies turned out to be affected in RNASET2-silenced
OVCAR3 cells (18), thus, suggesting a putative role for this
protein in P-bodies function or assembly. Since they represent
intracellular sites where RNA turnover takes place (19), the
detection of RNASET?2 in P-bodies led us to ask whether this
enzyme plays a critical role in these subcellular structures. Of
note, P-bodies represent sites where short-interfering RNAs
(siRNAs) and microRNAs (miRNAs) carry out mRNA decay
and/or translational repression (19). This fact, coupled to the
established role for several miRNAs in the regulation of a wide
range of cancer-related genes, prompted us to investigate the
putative effects of RNASET2 on both miRNAs and mRNA
transcriptional profiles.
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Table I. Differentially expressed microRNAs.

MicroRNA Fold change
hsa-miR-1227 -3.3
hsa-miR-200c¢ 2.2
hsa-miR-577 -19
hsa-miR-183# -1.8
hsa-miR-23b -1.7
hsa-miR-141 -17
hsa-miR-766 -1.5
hsa-miR-193b -1.5
hsa-miR-628-5p -14
hsa-miR-183 -1.3
hsa-miR-24 -1.3
hsa-miR-1260 -1.2
hsa-miR-454+# -1.2
hsa-miR-301a -1.1
hsa-miR-342-3p -1.0
hsa-miR-1233 1.1
hsa-miR-21 1.1
hsa-miR-935 1.5
hsa-miR-20b 19
hsa-miR-449a 3.6
hsa-miR-206 39

The table shows the microRNAs that were determined to be regulated
with a fold change >1 when compared with the RNASET2-silenced
OVCARS3 cells. The reported fold-changes express the difference of
the mean log of the parental cells and the mean log of the RNASET2-
silenced cells. Fold change values shown in the second column are
expressed as log, values.

To this end, the gene expression profiles of parental (wt),
RNASET2-silenced (shT2) and scrambled short-hairpin RNA
(scrb)-transfected OVCAR3 cell clones were assessed by
means of both quantitative PCR and microarray hybridization
assays. As a first task, we assessed the expression profile of
miRNAs by qPCR on a TagMan array platform. From this
assay, a few miRNAs turned out to be downregulated in
RNASET2-silenced clones (15 miRNAs), whereas the others
were upregulated (6 miRNAs) (Table I).

Based on these results, we decided to extend our tran-
scriptome investigation on RNASET2-silenced and control
OVCARS3 cells by addressing their mRNA expression profile
by microarray hybridization. A preliminary analysis of the
mRNA expression profile from scrb-transfected OVCAR3 cell
clones showed that the expression of a few mRNAs was unex-
pectedly affected with respect to the parental OVCAR3 cells,
likely due to the occurrence of unpredicted off-target effects
from the scrambled shRNA vector used. We therefore decided
to remove from further analysis those genes identified as
differentially expressed (2-fold regulation) when (scrb)-trans-
fected OVCAR3 were compared to parental (wt) OVCAR3
cells. Genes that were upregulated or downregulated in shT2
but not in scrb clones with respect to wt OVCAR3 cells were
considered as interesting targets.
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Figure 1. Inversely correlated expression of miRNAs and putative target
genes. The graph shows fold changes in gene expression for miRNAs/target
gene pairs in RNASET2-silenced OVCAR3 clones compared to control
clones. A value of 1 means a fold change equal to 2.
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Figure 2. Validation of microarray expression data for a panel of selected
genes by real-time RT-PCR. qPCR assays were performed for each gene
using the same RNA samples from the cells clones used for microarray
hybridization assays. Error bars represent standard deviation from the mean.
Statistical analysis was performed using two-tailed Student's t-test. "P<0.05;
“P<0.01.

Actotal of 299 mRNAs were found to show a 2-fold or greater
change in expression level in RNASET2-silenced OVCAR3
cells when compared to wt cells. Among these genes, 184 were
downregulated, whereas 115 were upregulated (the gene list
is available on request). Significantly, cross-checking of the
two sets of expression profiling data (miRNAs vs. mRNAs)
showed that, for a few miRNAs that turned out to be down-
regulated in RNASET2-silenced clones, some of their putative
target mRNAs were found to be upregulated in the subsequent
gene expression profiling assay. In particular, 6 potential target
mRNAs for some of these downregulated miRNAs turned out
to be upregulated in RNASET2-silenced cells: LFNG, FOSLI,
NFIB, DDIT4L, NOTCH3 and PDEIA. The inversely corre-
lated expression pattern between these mRNAs and one or
more of the selected miRNAs is shown in Fig. 1. Thus, these
upregulated transcripts might represent potential targets for
regulation by specific miRNAs whose expression is affected
by RNASET?2. Of note, annotation data from all 6 upregu-
lated mRNAs showed a role for the corresponding genes in
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Table II. List of the genes selected.
Gene ID and description Functions Cancer-related roles Location miRNA
NFIB
(Nuclear factor I/B) Binds the palindromic sequence The gene is rearreanged in several 9p24.1 miR-200c, miR-141

5'-TTGGCNNNNNGCCAA-3'
in viral and cellular promoters

and in the origin of replication
of adenovirus type 2.

cancer types and overexpressed
in triple-negative breast cancer
and small cell lung cancer.
Partner with MYB oncogene

in cancer-associated
translocations

NOTCH3 (Notch3) Functions as a receptor for
membrane-bound ligands
Jaggedl, Jagged2 and Deltal to
regulate cell-fate determination.
Affects the implementation of
differentiation, proliferation

and apoptotic programs

DDIT4L

(DNA-damage-inducible Inhibits cell growth by

transcript 4-like) regulating the TOR signaling
pathway.

LFNG

(LFNG O-fucosylpeptide
3-beta-N-acetylgluco-
saminyltransferase)
FOSLI

(FOS-like antigen 1)

Regulator of NOTCH signalling

FOS proteins have been
implicated as regulators of cell
proliferation, differentiation,
and transformation

PDEIA
(Phosphodiesterase 1A,
calmodulin-dependent)

Cyclic nucleotide
phosphodiesterase with a
dual-specificity for the second
messengers cCAMP and cGMP,
which are key regulators of
many important physiological
processes.

Involved in proliferation of
ERBB2-negative breast cancer
cells. Overexpressed in serous
ovarian carcinoma and non-small
cell lung cancer.

Disregulated in breast cancer
stromal tissue

Downregulated in basal-like
breast cancer.

Induces pro-tumoral M2
macrophage polarization pattern

Decreased PDE1A expression
induces growth inhibition, cell
cycle arrest and apoptosis in
Jurkat cells

19p13.2 miR-200c, miR-141
-pl3.1

4923 miR-200c, miR-141

7p22.3 miR-200c, miR-141

11q13 miR-301a, miR-23b

2q32.1 miR-183

Among the relevant miRNAs, four genes (miR-200c, miR-141, miR-183 and miR-301a) that were downregulated in RNASET2-silenced
OVCARS3 cells were also correlated to ovarian cancer in the literature. Six potential target genes for some of these miRNAs were detected and

selected for further analyses.

cancer-related processes such as cell growth, proliferation,
apoptosis, differentiation and cell transformation (Table II).
Moreover, a role in microenvironment-mediated control of
cancer growth was reported for 2 of the 6 genes (DDIT4L and
FOSLI) (Table II). To validate the mRNAs expression changes
observed by microarray hybridization, a real-time RT-PCR
assay was carried out with primer pairs specific for each tran-
script. As shown in Fig. 2, upregulation in RNASET2-silenced
cells was confirmed only for 4 out of 6 genes (FOSLI, NFIB,

LFNG and DDIT4L) which were therefore selected for further
analysis.

We next turned to functional tests to verify whether the
four selected genes are indeed regulated by the corresponding
selected miRNAs. To this end, the whole 3'UTR regions from
the corresponding genes were cloned in pmirGLO reporter
vector as described in Material and methods. For unknown
reasons, the 3'UTR region from the LFNG gene proved to be
resistant to cloning even following several attempts, therefore,
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Figure 3. Luciferase reporter gene assay on two cell lines known to express low levels of endogenous RNASET?2. (A) The 3'UTRs regions of the selected
target genes (DDIT4L, FOSLI and NFIB, the latter split into two subfrangments named 1st and 2nd) were cloned in pmirGLO reporter vector (Promega) and
the recombinant constructs were transiently transfected in HeLa and Hey3Met2 cells. After the addiction of Dual-Glo substrate, firefly and Renilla luciferase
activities were measured. Results are calculated as ratio of firefly:Renilla luminescence and normalized to the ratio from empty vector wells. Error bars repre-
sent standard error of the mean. (B) The same recombinant vectors used for the experiment shown in (A) were co-transfected with the corresponding miRNAs
in HeLa cells to confirm the activity of these miRNAs on the corresponding 3'UTRs. Firefly and Renilla luciferase activities were measured as previously
described. Results are calculated as ratio of firefly:Renilla luminescence and normalized to the ratio from empty vector wells. Error bars represent standard
error of the mean. Statistical analysis was performed using two-tailed Student's t-test. “P<0.01; *"P<0.001.

we could not include this gene in subsequent investigations.
Due to the same problem, only the first half from the 3'UTR
region of the DDIT4L gene could be cloned in pmirGLO.
Finally, due to its large size (6487 bp), the 3'UTR regions from
the NFIB gene was split into two sub-fragments that were
independently cloned into the reporter vector.

Since parental OVCAR3 cells express high levels of
endogenous RNASET?2 protein (13), the recombinant reporter
constructs carrying the different 3'UTR regions were first
transfected in two cell lines (HeLa and Hey3Met2) known
to express low levels of endogenous RNASET2. A subse-
quent luciferase gene-based assay showed a high expression
level of the luciferase gene (similar to those observed for the
control pmirGLO empty vector) in both cell lines for reporter
constructs carrying the DDIT4L 3'UTR cloned subregion
and the second half of the NFIB 3'UTR, suggesting that in
the presence of very low RNASET?2 expression the selected
3'UTR regions of the endogenous transcripts from these genes
do not undergo miRNA-mediated regulation in either cell line

(Fig. 3A). By contrast, a partial repression of reporter gene
expression was observed following transfection of the 3'UTR
regions from the FOSLI and the first half of the NFIB 3'UTR
regions only, suggesting that putative endogenous miRNAs
different from those selected in this study might possibly target
some of the relevant 3'UTR regions in these two cell lines.

To verify that the selected miRNAs were indeed capable
of repressing these putative target genes via binding to
their 3'UTR regions, the same reporter constructs were
co-transfected in HeLa cells together with the corresponding
miRNAs, and luciferase expression assays were again carried
out. Significantly, a clear effect was found for miR-200c on
reporter gene expression driven by recombinant constructs
carrying DDITAL (first 3'UTR half) and NFIB (second 3'UTR
half) regions (Fig. 3B). A less pronounced, but detectable
effect on reporter gene expression was observed for miR-200c
on the NFIB-carrying construct (first 3'UTR half) and for
miR-301a on the FOSLI-carrying construct (Fig. 3B). The
observed effects were shown to be specific for the selected
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Figure 4. Luciferase reporter gene assays on OVCAR3 cell transfectants. Control OVCARS3 cells and RNASET2-silenced cells were transfected with the
recombinant constructs carrying either the whole 3'UTR regions (‘whole UTR’ in the table) or a smaller region representing just the predicted miR-200c¢
target sequence within the 3'UTRs (‘target site-only’ in the table) from the DDIT4L gene or the second half of the 3'UTR region from the NFIB gene, with and
without the corresponding miRNAs. After addiction of Dual-Glo substrate, firefly and Renilla luciferase activities were measured. Results were calculated
from triplicate reads as ratio of firefly:Renilla luminescence and normalized to the ratio from pmirGLO empty vector wells. Error bars represent standard error
of the mean. Statistical analysis was performed using two-tailed Student's t-test. "P<0.05.

miRNAs, since transfection with unrelated miRNAs for which
no binding sites were present in the 3'UTR regions under
investigation (‘mimic’ miRNAs) had no effect on luciferase
expression. Taken together, these data confirmed that some
of the downregulated miRNAs in RNASET?2-silenced cells
are actually able to repress the expression of potential target
mRNAs by means of interaction with the corresponding
3'UTR regions.

To further verify the role of RNASET?2 in miRNA-mediated
regulation of these potential target genes, we turned back to our
OVCARS3 experimental model. The 3'UTR-luciferase reporter
plasmids from the two genes shown to be strongly repressed by
miR-200c (DDIT4L-first 3'UTR half and NFIB-second 3'UTR
half) were transiently transfected in RNASET?2-silenced (shT2)
and control OVCAR3 cells. In order to avoid putative non-
specific effects from unrelated endogenous miRNAs, for both
genes we used pmirGLO reporter constructs bearing either
the whole 3'UTR region under investigation or a shorter DNA
sequence representing just the predicted miR-200c target
sequence within the 3'UTRs (labeled ‘target site-only’).

Strikingly, the RNASET?2 expression status was indeed
associated with the level of luciferase expression when the
reporter vector bearing just the miR-200c target site in the
3'UTR of DDIT4L was used, since expression of the lucif-
erase reporter was increased in RNASET2-silenced cells, as
expected (Fig. 4, lane 5). Moreover, co-transfection of miR-
200c in both control and RNASET2-silenced cells led to a
decrease in reporter expression, again supporting a role for
miR-200c in targeting the 3'UTR region of DDIT4L (Fig. 4,
lane 6). By contrast, the reporter vectors carrying the whole
DDIT4L 3'UTR did not show a significant effect (Fig. 4,
lanes 2 and 3). Once again, dowregulation of luciferase by
miR-200c through DDIT4L 3'UTR binding was shown to be
specific, since a mimic miRNA did not trigger a decrease in
reporter gene expression with respect to the control (Fig. 4,

lane 7). These results are in agreement with the notion that
miR-200c-mediated repression of DDIT4L is somehow
impaired following RNASET2-dowregulation in OVCAR3
cells. By contrast, no effect of RNASET2 expression status was
observed following transfection of recombinant constructs
bearing the 3'UTR of NFIB in both forms (‘2nd half 3'UTR’
and ‘target site-only’) (Fig. 4, lanes 8, 9, 11 and 12).

Since the gene expression profile data were derived from
pools of transfected OVCAR3 cells, to further validate these
results we performed the same assay in several independent
OVCARS3 clones that were not used in the microarray analysis.
Again, an inverse correlation between RNASET2 expression
status and reporter gene expression was observed when the
‘target site-only’ construct for DDIT4L 3'UTR region was
used (data not shown). Moreover, a slight effect was observed
also for NFIB (second 3'UTR half) in this experiment (data
not shown). Altogether, the data show a consistent trend for
a role of RNASET?2 expression status on miR-200c-mediated
silencing of DDIT4L.

The DDIT4L gene (also known as REDD2 or RTP80IL)
is involved in the cell growth control by regulating the mTOR
signaling pathway (21). Since expression of this gene turned out
to be affected in RNASET?2-silenced OVCAR3 cells, likely via
mir-200c downregulation, we wondered whether RNASET2
silencing in OVCAR3 cells might be associated with a change in
cell size due to DDIT4L upregulation. Notably, following fluo-
rescent staining of OVCAR3 cells with a marker for the actin
cytoskeleton (phalloidin-TRITC) a clear change in average
cell size in RNASET2-silenced OVCAR3 cells was observed
with respect to control cells (Fig. 5A and B), suggesting that
RNASET2-mediated increase in DDIT4L expression in these
cells might indeed affect cell growth. To further validate the
involvement of DDIT4L in the observed RNASET2-mediated
changes in cell size, the activation state of the mTOR signaling
pathway was compared in control and RNASET2-silenced
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Figure 5. Silencing of RNASET?2 expression affects cell size and mTOR
pathway in OVCAR3 cells. (A) OVCAR3 cell clones were seeded on cover-
slips and stained with TRITC-conjugated phalloidin. (B) Cell size analysis
was performed using ImageJ software. A slight reduction in average cell
size is observed in RNASET2-silenced OVCAR3 cells. “P<0.01 statistically
significant values analyzed by the Student's t-test. (C) Western blot analysis
for p70S6K expression in parental (lane 1) and RNASET2-silenced (lane 2)
OVCAR3 cells. P70S6K, 70-kDa ribosomal protein S6 kinase.

OVCARS3 cells by evaluating the phosphorylation status of
the mTOR downstream effector S6K1 kinase. As shown in
Fig. 5C, phosphorylation of S6K1 turned out to be slightly
decreased in OVCAR3 cells following RNASET? silencing,
thus, lending support to the notion that RNASET2-mediated
changes in the transcript levels of DDIT4L gene might affect
the activation state of mMTOR pathway.

Discussion

The human RNASET?2 gene has been recently added to the
growing list of ribonuclease-encoding genes endowed with a
tumor suppressor activity (22). Indeed, detailed investigations
on the role played by RNASET?2 in vivo based on murine
xenograft models unveiled a strong non-cell autonomous
oncosuppressive role for this gene in two independent human
ovarian cancer models (12,13). Remarkably, the observed tumor
suppressive role of RNASET?2 was linked to the stimulation of
a marked innate immune response involving cells of the mono-
cyte-macrophage lineage and was shown to be independent of
the enzyme catalytic activity (23). On the other hand, several
biological functions of T2 family members are dependent on
their ability to process or degrade RNA substrates, and some
of these functions might be related to tumor suppression as
well (22). In this context, it is likely that the putative catalysis-
dependent role(s) of RNASET?2 are carried out within the same
cells expressing it and, as such, they could reveal themselves in
a cell-autonomous manner. Indeed, a recent study carried out
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in the same experimental model (the OVCAR3 human ovarian
cancer cell line) used to report the non-cell autonomous
oncosuppressive role of RNASET?2 allowed us to show that
this gene can also affect several cancer-related parameters in
a cell-autonomous manner (14). Significantly, RNASET2 was
shown to call into play these cell-autonomous roles in response
to a wide range of cellular stresses, some of which are known
to be frequently observed in both pre-cancerous lesions and
advanced cancer (14). Moreover, the recent discovery that the
RNASET?2 protein co-localizes to P-bodies under stress condi-
tions strongly suggests that the stress response role played by
this enzyme might at least in part rely on its catalytic activity,
since P-bodies are widely known to represent intracellular
sites of RNA processing and degradation (19).

Building on this evidence, in the present study we addressed
the effects of RNASET? silencing on the miRNA transcrip-
tome, since the latter is known to come into play in P-bodies.
Indeed, RNASET? silencing in OVCAR3 cells was shown to
significantly affect the expression level of several miRNAs,
some of which have been previously involved in ovarian cancer
pathogenesis (3,20). Moreover, the two miRNAs showing the
strongest impact on the gene expression profile of RNASET?2-
silenced OVCAR3 cells (miR-200c and miR-141; Fig. 1) have
been reported to be disregulated in several human cancers,
including ovarian carcinoma (24,25), thus, lending support to
the hypothesis that the observed tumor suppressive role played
by RNASET2 might at least in part be carried out by means
of miRNA genes deregulation. To the best of our knowledge,
this is the first report on the effects of a mammalian T2 RNase
family member on the miRNA transcriptome. Moreover, by
addressing the mRNA profile in the same cells we found a
much more extended effect of RNASET?2 silencing on the
global cell transcriptome, with approximately 300 transcript
being affected. Taken together, these data suggest that the
expression levels of RNASET?2 seem to have a deep impact on
the cell's global transcriptome in our experimental model.

Contrary to our expectations, a great proportion of
transcripts (both miRNAs and mRNAs) turned out to be down-
regulated rather than upregulated in the absence of RNASET?2,
thus, suggesting that the mechanism(s) by which this ribo-
nuclease affects the expression level of several intracellular
transcripts might not involve a direct cleavage of target RNAs.
Of note, in a previous report microarray-based gene expres-
sion profiling of the Hey3Met2 ovarian cancer cell line showed
that overexpression of a catalytically-dead RNASET?2 protein
could nevertheless affect the cell transcriptome significantly,
suggesting that this protein can affect the cellular gene expres-
sion profile independently of its ribonucleolytic activity (26).
These data are in keeping with several recent reports showing
that proteins belonging to the T2 family members can affect
several biological processes in a catalytically-independent
manner (22).

Although miRNAs are known to individually regulate
several independent mRNAs, evidence for a miRNA-mediated
mechanism of gene regulation could not be found for most
transcripts whose expression was dependent on the RNASET?2
expression status. However, among the mRNAs whose expres-
sion levels where changed in RNASET2-silenced cells, a
handful was shown to represent potential target genes for a few
ovarian-cancer related, RNASET2-sensitive miRNAs, thus,
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suggesting that regulation of these mRNAs by RNASET?2
might involve changes in the expression levels of their cognate
miRNAs.

In support of this hypothesis, we found that two candidate
miRNAs (miR-200c¢ and miR-301a) were indeed able to affect
reporter gene expression levels when the 3'UTR regions of
the corresponding candidate target genes (DDIT4L, NFIB
and FOSLI) were cloned downstream of a luciferase reporter
construct. The role of RNASET?2 in miRNA-mediated silencing
of one of these genes (DDIT4L) was further suggested by
showing an inverse correlation between the expression levels
of RNASET?2 and the luciferase gene when the corresponding
reporter constructs were assessed in OVCAR3 cells. Finally,
since one of the candidate RNASET? target genes (DDIT4L,
whose expression was shown to be regulated by miR-200c)
is functionally involved in the regulation of the mTOR
pathway (21) the effect of RNASET?2 expression levels on cell
growth (a cell phenotype related to cancer and modulated
by this pathway) was evaluated in our experimental model.
Indeed, RNASET?2 expression levels in OVCAR3 cells were
shown to affect two parameters downstream of DDIT4L,
i.e. cell size and the activation of the mTOR pathway. In
this regard it is worth noting that, whereas a slight decrease
in mTOR activation pathway was observed in relation to
RNASET?2 expression levels, a much more evident effect was
observed on cell size. We considered that such discrepancy
might be attributed to the established pleiotropic roles of
the RNASET?2 protein, which has been previously shown to
significantly affect cell shape in OVCAR3 cells by remod-
eling the actin cytoskeleton (14).

Of note, RNASET? expression has been previously shown
to be increased in several cell lines (including OVCAR3 cells)
under hypoxic conditions (14) and expression of DDIT4L is
known to be HIF-dependent (27) suggesting that, under hypoxic
conditions, upregulation of RNASET?2 expression might affect
cell growth in part via DDIT4L. Further investigations will be
focused on this topic. Of note, a cancer cell-related parameter
(cell proliferation rate) has been recently shown to be affected
by RNASET?2 expression levels in OVCAR3 cells under
hypoxic conditions (14).

Though preliminary, these results provide to the best of
our knowledge the first evidence that a member of the T2
RNAse family might affect the expression pattern of selected
miRNAs in mammalian cells. The reason why, among the
many miRNAs potentially expressed in ovarian cancer cells,
only a few are actually affected by RNASET?2 silencing has
not been addressed in this study and will require further
investigations. To date, T2 ribonucleases have been described
as rather aspecific ribonucleolytic enzymes and only a few
specific targets (such as rRNA) have been reported for
this class of RNases (28). Therefore, although targeting of
RNASET?2 to P-bodies might suggest a rather general role
in stress-induced RNA processing for this RNase, the results
of this study suggest the occurrence of a sort of selectivity in
target selection by this protein, although the mechanism ruling
such putative selectivity are largely unknown. Our results
thus, further confirm that the effects of RNASET?2 on the cell
transcriptome are more complex than expected, as already
observed in previous investigations on the catalytically-dead
RNASET?2 protein (26).
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Finally, although some members of the miR-200 gene family
that were found to be downregulated in RNASET2-silenced
cells have been reported by some authors to be upregulated
in advanced ovarian cancer samples (29,30), it should be
acknowledged that the role played by the miR-200 gene family
in cancer pathogenesis is still rather controversial. For instance,
high expression of miR-200c was correlated with a decreased
risk of disease recurrence in patients with serous ovarian
carcinoma (31) and re-expression of miR-200c in aggressive
ovarian cancer cell lines was shown to trigger a wide range
of oncosuppressive effects both in vitro and in vivo (32,33).
Furthermore, miR-200c was reported to be downregulated in
a subpopulation of cell expressing the cancer stem cell marker
CD133 in the same ovarian cancer cell line (OVCAR?3) used
in this study (34). Therefore, it is likely that the dowregulation
of miR-200c observed in RNASET2-silenced OVCAR3 cells
might contribute to the cell-autonomous oncosuppressive role
ascribed to this gene.

In conclusion, the present study shed further light on
the pleiotropic roles played by the human RNASET2 gene
in the context of its oncosuppressive role. The accumulating
evidence suggesting the role of RNASET?2 as a stress-inducible
gene, which orchestrates a tumor suppressive response in a
both cell-autonomous and non-cell autonomous manners, is
compatible with a model whereby increased expression of
this gene might represent a key tool in mammalian anticancer
response. Our results suggest that this response might in part
entail the regulation of cancer-related genes by means of
RNASET2-mediated modulation of miRNA expression.
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