
Frontiers in Oncology | www.frontiersin.org

Edited by:
Flavia Biamonte,

Magna Græcia University of
Catanzaro, Italy

Reviewed by:
Gabrielle Grundy,

University of Liverpool,
United Kingdom

Antonio Giordano,
Temple University, United States

*Correspondence:
Marina Bagnoli

marina.bagnoli@istitutotumori.mi.it
Delia Mezzanzanica

delia.mezzanzanica@
istitutotumori.mi.it

†Present address:
Alessandra Napoli,

Department of Biomedical and Clinical
Sciences “Luigi Sacco” (DIBIC),

Università degli Studi di Milano, Milan,
Italy

Specialty section:
This article was submitted to

Molecular and Cellular Oncology,
a section of the journal
Frontiers in Oncology

Received: 19 April 2022
Accepted: 23 June 2022
Published: 18 July 2022

Citation:
Bagnoli M, Nicoletti R, Valitutti M,
Rizzo A, Napoli A, Montalvão De

Azevedo R, Tomassetti A and
Mezzanzanica D (2022) Impairment of

RAD17 Functions by MiR-506-3p
as A Novel Synthetic Lethal

Approach Targeting DNA Repair
Pathways in Ovarian Cancer.

Front. Oncol. 12:923508.
doi: 10.3389/fonc.2022.923508

ORIGINAL RESEARCH
published: 18 July 2022

doi: 10.3389/fonc.2022.923508
Impairment of RAD17 Functions by
miR-506-3p as a Novel Synthetic
Lethal Approach Targeting DNA
Repair Pathways in Ovarian Cancer
Marina Bagnoli*, Roberta Nicoletti , Monica Valitutti , Andrea Rizzo, Alessandra Napoli†,
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Epithelial ovarian cancer (EOC) remains the most lethal gynecological cancer and
development of chemo-resistance is a major factor in disease relapse. Homologous
recombination (HR) is a critical pathway for DNA double strand break repair and its
deficiency is associated to a better response to DNA damage-inducing agents. Strategies
to inhibit HR-mediated DNA repair is a clinical need to improve patients’ outcome.
MicroRNA (miRNAs) affect most of cellular processes including response to cancer
treatment. We previously showed that miR-506-3p targets RAD51, an essential HR
component. In this study we demonstrated that: i) another HR component, RAD17, is also
a direct target of miR-506-3p and that it is involved in mediating miR-506-3p phenotypic
effects; ii) the impairment of miR-506-3p binding to RAD17 3’ UTR reverted the miR-506-
3p induced platinum sensitization; iii) miR-506-3p/RAD17 axis reduces the ability of EOC
cell to sense DNA damage, abrogates the G2/M cell cycle checkpoint thus delaying the
G2/M cell cycle arrest likely allowing the entry into mitosis of heavily DNA-damaged cells
with a consequent mitotic catastrophe; iv) RAD17 expression, regulated by miR-506-3p,
is synthetically lethal with inhibitors of cell cycle checkpoint kinases Chk1 and Wee1 in
platinum resistant cell line. Overall miR-506-3p expression may recapitulate a BRCAness
phenotype sensitizing EOC cells to chemotherapy and helping in selecting patients
susceptible to DNA damaging drugs in combination with new small molecules targeting
DNA-damage repair pathway.

Keywords: miR-506-3p, ChrXq27.3 miRNA cluster, RAD17, cell cycle checkpoint inhibitors, DNA damage and repair,
ovarian cancer
INTRODUCTION

In physiological conditions, DNA damage events constantly occur due to endogenous processes
such as replication fork collapse or reactive oxygen species, as well as exogenous genotoxic agents
such as UV/ionizing radiation or chemical agents capable to induce DNA lesions.

For the maintenance of genomic integrity and stability, cells have evolved a series of complex and
coordinated mechanisms, overall defined as the DNA damage response (DDR) pathway (1). DDR
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comprises a network of proteins that constitutively sense DNA
damage. Depending upon the specific type of damage detected,
they signal to recruit other proteins for DNA repairing by a
number of specific mechanisms (base-excision repair, mismatch
repair, nucleotide-excision repair), which mostly involve Poly
(ADP-Ribose) polymerase 1 (PARP1) catalytic activity. If a cell
fails to repair single-strand DNA lesions, the consequent Double
Strand Breaks (DSBs) lesions are preferentially repaired by
Homologous Recombination repair (HR) and Non-
Homologous End Joining (NHEJ) pathways. BRCA1/2, RAD
genes (RAD51, RAD17), MRE11-RAD50-NBS1 (MRN) complex
and Fanconi anemia genes (PALB2, FANCD2) are among the
critical members of such pathways. Concurrently, upon DNA
damage, ATR and ATM kinases are activated to coordinate cell
cycle checkpoint signaling proteins such as Chk1 and Wee1 for
halting the cell cycle progression to promote DNA repair, in
order to minimize duplication of DNA-damaged cells (see for a
review (1–3)).

Genomic instability is a well recognized cancer hallmark (4, 5)
arising from defects in DDR pathways and oncogene-induced
increased replicative stress, which are both common events in
cancer. Such defects in DDR machinery, while increasing the
genomic instability, originate a greater reliance of cancer cells on
compensatory DDR pathways, which can be exploited as a
therapeutic target for synthetically lethal approaches in anti-
cancer therapy (6). Accordingly, inhibitors of PARP1 (PARPi)
have been successfully used to induce the stalling of replication
forks and consequently lethal DNA DSBs in a setting where
another key component of the DDR pathway (BRCA1/2 gene)
was already inactivated (7). PARPi have also proven their clinical
efficacy, being approved for the treatment of BRCA1/2 mutated
ovarian cancer patients but with clear evidence of benefit also in
patients bearing homologous-recombination deficiency
(HRD) (8).

Epithelial Ovarian Cancer (EOC) is a relatively low frequency
disease. Nevertheless, it has one of the highest deaths to
incidence ratio among the female tumor (59%) (9). Thus,
improving survival and response to therapy is still a major
challenge. EOC is characterized by late diagnosis, when the
disease has spread throughout the abdominal cavity and the
treatment paradigm is primary debulking surgery followed by
platinum (Pt) based adjuvant therapy (10). In spite of a good
response rate to front line therapy, the vast majority of EOC
patients eventually relapse. In Pt-sensitive disease the use of
PARPi as maintenance therapy clearly showed its efficacy by
substantially improving progression free survival time (11).
However, resistance to both Pt and PARPi frequently occurs
(12) and represents the major issue that consistently limits the
therapeutic opportunities for such patients (13). Exploitation of
the synthetic lethal approach beyond the PARPi by both
targeting DDR signaling dependent upon replicative stress and
exploring combination therapies (12), is expected to offer new
therapeutic approaches.

In cancer, the DDR signaling network is also affected by the
altered expression of miRNAs that may ultimately impact on
chemosensitivity by targeting DDR-related genes (14). We have
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identified and validated in different clinical settings a 35 miRNA-
based predictor (MiROvaR) of early disease relapse in EOC (15–
17), containing the ChrXq27.3 miRNA cluster, which we showed
to be lost or downmodulated in early relapsing EOC patients (18)
regardless the specific tumor histotype. We contributed to define
miR-506-3p, the prominent member of the ChrXq27.3 miRNA
cluster, as a key regulatory node of EOC cellular plasticity and
response to chemotherapy (19, 20) and reported the association
of miR-506-3p expression with sensitivity to Pt treatment in a
cohort of 130 EOC patients (18, 20). By identifying RAD51 as a
miR-506-3p target gene, we could directly link the effects of miR-
506-3p expression on Pt-sensitivity to the DNA repair
machinery and show its synthetic lethality with PARPi in EOC
in vitro and pre-clinical in vivo models (20).

In the present study, we investigated the ability of miR-506-
3p to target further members of the DDR cascade, besides
RAD51, with the overall aim to identify additional mechanisms
on which EOC cells rely for survival that, taking advantage of the
synthetic lethality approaches, could be possibly exploited for
specific therapeutic targeting.
MATERIAL AND METHODS

Cell Culture
Human EOC cell lines used in this study were: SKOV3 (TP53
null; obtained by ATCC), maintained in RPMI1640 (Lonza);
OAW42 (TP53 wt; provided by Dr. A. Ullrich, Max-Planck
Institute, DE), maintained in EMEM (Sigma-Aldrich)
supplemented with 1% non-essential amino acids (Euroclone);
CAOV3 (TP53mut; obtained by ATCC), maintained in DMEM
(Lonza) supplemented with 25mMHEPES (Life Sciences); OV90
(TP53mut; obtained from ATCC) maintained in 1:1 MCDB-105
(Sigma-Aldrich) and Medium-199 (Sigma-Aldrich). The human
cell line HEK293 (obtained by ATCC) was maintained in
DMEM. All media were supplemented with 10% FBS (Lonza)
and 2mM glutamine (Sigma-Aldrich). Cells were cultured at 37°
C in a humidified atmosphere of 5% CO2 and subjected to short
tandem repeat (STR) DNA profiling according to the
manufacturer’s instructions and ATCC guidelines. Analyses
were performed by our Genomic Facility at INT, Milan. Cells
were routinely confirmed to be mycoplasma-free by a
MycoAlertPLus detection kit (Lonza).

Transient Transfection Assays
Cells were seeded into 6 well plates (Costar) at 200,000 cells/well
and oligonucleotides transfection, including miRNA mimics,
siRNAs and plasmids for luciferase assay, were performed
using Lipofectamine 2000 (Thermo Fisher), according to the
manufacturer’s instructions.

Ectopic expression of miR-506-3p was pursued by exposing
EOC cells to 40nM of miRVANA miRNA mimic miR-506-3p
and miRVANA miRNA scramble negat ive control
(Thermo Fisher).

In RAD17 silencing experiments, cells were transfected with
40nM of siRNA molecules (siGENOME Smart Pool small
July 2022 | Volume 12 | Article 923508
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interfering RNA, Dharmacon) or non-targeting siRNA
(Dharmacon) as negative control. miRNAs and siRNA
transfection efficiency were evaluated 48/72 h post transfection
by assessing miRNAs and genes levels by qRT-PCR.

Drug Treatments
The day after miRNAs/siRNA transfection, cells were exposed to
drug treatments at indicated doses/times. In clonogenic assays
Cis-platinum (Pt) (TEVA Italia) was used at doses ranging from
0.1 to 1mM. As described (21), this assay required a lower Pt
concentration than that required for the DNA damage assay that
is performed at Pt doses corresponding to the IC50 of each cell
line as previously defined by TiterGlo or SRB assays (22). For
SKOV3 cells also the sub-citotoxic IC30 Pt dose corresponding
to 1mM was used. Chk1 inhibitor LY2603618 (Selleckchem) and
Wee1 inhibitor MK1775 (Biovision) were reconstituted in
dimethyl sulfoxide (DMSO) and used at doses ranging from 50
to 500nM and from 50 to 200nM, respectively. For all assays,
drugs were diluted in cell culture media.

Clonogenic Assay
After transfection/silencing, 2000 cells/well were seeded into 6
well plates in triplicate. Cells were then exposed to drug
treatment and the ability of single cell to grow into a colony
was evaluated after 10-14 days. The colonies were fixed using ice-
cold methanol for 10 min, stained with 0.5% crystal violet
solution (Sigma-Aldrich), and washed with distilled water.
Colonies that contained more than 50 cells were counted using
optical microscope.

Immunofluorescence Staining
Cells were seeded on sterilized glass coverslips in 24 well plates
(Thermo Fisher). Following treatments, cells were fixed in PBS-
2% paraformaldehyde for 20 min, permeabilized with PBS-0.1%
Triton X-100 (Sigma) for 10 min and saturated with PBS-1%
BSA for 30 min. Cells were incubated with the primary antibody
to gH2AX (see Table 1) at the concentration indicated in the
datasheet and stained with the appropriated secondary antibody
(Alexa Fluor® 546-red, 1:1000 dilution). After washing twice,
Frontiers in Oncology | www.frontiersin.org 3
slides were mounted with ProLong Gold antifade reagent with
DAPI (Invitrogen) for nuclei staining. For gH2AX staining
experiments, scr/miR-506-3p transfected cells adhered to
coverslips were treated with 1µM (CAOV3, OAW42, OV90) or
3µM (SKOV3) Pt for 24h. Images were acquired with the Leica
TCS SP8 X confocal laser scanning microscope (Leica
Microsystems GmbH, Mannheim, Germany) in the format 512
x 512 pixels in a single plane using a HC PL APO CS2 63X/1.30
oil-immersion objective and analyzed using Leica LAS AF rel. 3.3
(Leica Microsystems GmbH) software. Images were processed
using Adobe Photoshop software. For micronuclei detection,
after adhesion on coverslip, SKOV3 transfected cells were treated
with 3µM Pt for 48h and 150ng/ml Nocodazole (Sigma-Aldrich)
was added 8h be fore fix ing for synchron iza t ion .
Immunofluorescence was evaluated with a Nikon TE2000-S
microscope with a 40X PlanFluor objective (Nikon). Images
were acquired with ACT-1 software (Nikon).

Western Blot Analysis
Cells were washed with ice-cold PBS and directly lysed with
NuPAGE LDS sample buffer (Thermo Fisher) under reducing
conditions. Protein extracts were separated by SDS-PAGE using
pre-casted NuPAGE Novex gels and blotted using iBlot2TM Dry
Blotting System (Invitrogen). Membranes were rehydrated with
TBS-T buffer [20mM Tris, 150mM NaCl, pH 7.6, 0.1% Tween
20] and saturated with 5% skim milk powder (Merck Millipore)
in TBS-T. Membranes were incubated overnight at 4°C with the
appropriate primary antibody and then incubated for 1h at room
temperature with secondary HRP-antibodies (respective
dilutions were specified by datasheets). See Table 1 for the full
list of antibodies used. Proteins were visualized using ECL chemo
luminescence system (Bio-Rad); signals were acquired with a
Bio-Rad apparatus using ChemiDoc XRS (Bio-Rad) and
analyzed using Quantity One software (Bio-Rad).

RNA Extraction and Quantitative Real-
Time PCR (qRT-PCR)
Total RNA was extracted with NucleoSpin miRNA kit
(Macherey-Nagel) following the manufacturer’s instruction,
starting from cell pellets resuspended with TRIzol Reagent
(Thermo Fisher). For total RNA reverse transcription, 2mg of
total RNA were reverse transcribed to cDNA with High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher). For miRNA
reverse transcription, 10ng of total RNA was reverse transcribed
to cDNA with TaqMan MicroRNA Reverse Transcription Kit
(Thermo Fisher) using specific stem-loop reverse transcription
primers and following the manufacturer’s instruction. All cDNA
were stored at -20°C. qRT-PCR was performed using the
7900HT 00 system (Thermo Fisher) and TaqMan Fast
Universal PCR Master Mix (Thermo Fisher), according to the
manufacturer’s instructions. Specific RAD17 and hsa-miR-506-
3p TaqMan FAM probes (Thermo Fisher) were used for gene
amplification. GAPDH or RPL13A were used as stably expressed
housekeepers for gene expression while RNU44 or RNU48 for
miRNA expression. The DCT method was used to determine the
quantity of the target sequences. See Table 2 for the full list of
qRT-PCR probes.
TABLE 1 | List of the antibodies used.

Antibody Clone Supplier

VINCULIN 4650 Cell Signaling
b-ACTIN A2066 Sigma-Aldrich
RAD17 A305-788A-M Bethyl Laboratories
RAD51 H-92: sc-8349 Santa Cruz
CHK1 2G1D5 2360 Cell Signaling
pCHK1(S296) D309F 90178 Cell Signaling
g-H2AX A300-081A-M Bethyl Laboratories
WEE1 D10D2 13084 Cell Signaling
pWEE1(S645) D47G5 4910 Cell Signaling
CDK1/CDC2 POH1 9116 Cell Signaling
pCDK1/CDC2(Y15) 10A11 4539 Cell Signaling
CYCLIN B1 D5C10 12231 Cell Signaling
anti-GOAT IgG-HRP sc-2354 Santa Cruz
anti-MOUSE IgG-HRP NA931V GE Healthcare
anti-RABBIT IgG-HRP NA934V GE Healthcare
anti-RABBIT Alexa Fluor® 546-red Invitrogen/Molecular Probes
July 2022 | Volume 12 | Article 923508
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Luciferase Assay
A 25bp region of 3’UTR RAD17 gene containing the miR-506-3p
seed region was cloned in the pmiR-Glo Dual Luciferase miRNA
Target Expression Vector (Promega) according to the
manufacturer instruction. The following sequences derived
from the 3’UTR GAGTGTAAACTGTGTCCTTA (sense; in
bold the seed region) and TAAGGCACACAGTTTACACTC
(antisense) were used to generate the two oligos:

(5 ’-AAATAGCGGCCGCTACGAGTGTAAACTGTG
TGCCTTATTTACT-3’ and

5 ’ - C TAGAGTAAATAAGGCACACAGTTTAC
ACTCGTAGCGGCCGCTATTT-3’), which included the
restriction sites for cloning the fragment of 43-47bp into the
vector. All clones were verified by DNA sequencing. For the
luciferase assay, 5x104 HEK293T cells were seeded in triplicate in
24 well plates and transfected with 1mg pmiRGlo vector together
with 50nM miR-506-3p mimics, unrelated miR or scrambled
miR as negative controls. Twenty-four hours after transfection,
cells were lysed and luciferase activities were determined as for a
dual-luciferase assay reporter system (Promega), according to
the manufacturer’s instructions.
Target Protector Experiments
miR-506-3p miRNA mimic or scrambled control miRNA were
co-transfected with a target protector (TP) oligonucleotide
(QIAGEN miScript Target Protector) specific to the conserved
seed region of miR-506-3p within the 3′UTR of the RAD17 gene.
The RAD17-TP was designed using Qiagen’s miRNA target
protector design tool (www.qiagen.com/miDesign) using the
RefSeq ID of RAD17 transcript variant 1 (NM_133338) as a
reference template. Concentration of 40 and 60nM of TP were
co-transfected with 60nM of miR-506-3p mimic or scrambled
control miRNA. The efficiency of miRNA inhibition by the TP
was measured by qRT-PCR on mRNA and by western blotting
on lysates from transfected cells vs. controls.

Cell Cycle Evaluation
Cells were collected and washed in PBS, fixed in ice-cold 70%
ethanol and incubated with 10µg/ml RNAse A (Sigma-Aldrich)
for 30 min. DNA was stained with Propidium Iodide (PI) 20µg/
ml (Sigma-Aldrich) for 10 min before analysis. Stained cells were
analyzed using a BD LSRII Fortessa instrument (BD Biosciences)
and results analyzed using FlowJo software (Tree Star Inc).
Frontiers in Oncology | www.frontiersin.org 4
Statistical Analysis
Statistical analyses were carried out using GraphPad Prism
software (version 5.02), as detailed throughout the manuscript.
Asterisks in all figures denote a statistically significant difference
in comparison with the relative control *P < 0.05; **P < 0.01;
***P < 0.001. Data reported are the mean ± S.D. of at least three
independent experiments unless otherwise specified.
RESULTS

MiR-506-3p Expression Controls Platinum
Sensitivity and Sensing of DNA Damage
In a panel of EOC cell lines heterogeneous in terms of Pt
sensitivity, histotype and TP53 status (23–25), we verified by
clonogenic assays the impact of miR-506-3p expression on
sensitivity to Pt treatment. Following Pt exposure, we observed
that the colony formation ability of miR-506-3p transfected
(miR-506) cells was significantly reduced as compared to their
relative control (scr) in SKOV3 and CAOV3 cell lines, while the
effect was lower or negligible in the other two models tested
(OAW42 and OV90) which already showed Pt sensitivity in
basal condition (Figure 1A).

Interestingly, following 24h Pt exposure we observed in all the
models tested that the H2AX Ser-139 phosphorylation, referred to
as gH2AX, increased in control (scr) cells as compared to their
untreated counterpart, due to sensing of DNA damage. At
variance, in miR-506-3p transfected-Pt-treated SKOV3, CAOV3
and OAW42 cells gH2AX resulted to be significantly reduced
while in the OV90 cell line in spite of a comparable trend of
reduction, the gH2AX level showed a greater variance (Figure 1B).
Overall these data supported the notion that miR-506-3p
expression could impair sensing of DNA damage. By counting
gH2AX foci following Pt-treatment, we observed a significant
inhibitory effect caused by miR-506-3p expression in the Pt-
resistant cell lines (SKOV3 and CAOV3), while the Pt-sensitive
cell lines (OAW42 and OV90) were affected by a greater variance
(Figure 1C, for representative gH2AX foci images Figure 1D).

RAD17 Is a Direct Target of MiR-506-3p
and Associates With Worse Prognosis in
EOC Patients
Given the known regulatory role of miRNAs on gene expression,
we hypothesized that miR-506-3p could increase response to
chemotherapy by targeting multiple key gene(s) involved in early
DNA damage sensing. To shed light on this mechanism and to
identify targets of miR-506-3p possibly involved in this process,
we took advantage of the miRWalk 2.0 prediction algorithm that
simultaneously analyze and retrieve information from 12
different prediction algorithms. According to the data
obtained, seven of these algorithms identified a predicted
binding site for miR-506-3p in the 3’UTR region of RAD17
gene (Figure 2A).

RAD17 is an early sensor of DNA damage and according to
this role, its expression and activity are expected to be involved in
response to DNA damaging drugs. In this perspective, by
TABLE 2 | List of the qRT-PCR probes used.

Probe Code Supplier

TaqMan™ Gene Expression Assay GAPDH Hs03929097 ThermoFisher

TaqMan™ Gene Expression Assay RPL13A Hs01926559 ThermoFisher

TaqMan™ Gene Expression Assay RAD17 Hs00267910 ThermoFisher

TaqMan™ Gene Expression Assay RAD51 Hs00153418 ThermoFisher

TaqMan™ MicroRNA Assay hsa-miR-506-3p 001050 ThermoFisher

TaqMan™ MicroRNA control Assay RNU44 001094 ThermoFisher

TaqMan™ MicroRNA control Assay RNU48 001006 ThermoFisher
July 2022 | Volume 12 | Article 923508
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exploring 10 publicly available EOC gene expression data sets
from heterogeneous EOC case materials, we selected those
patients who received Pt-based therapy (n=1291) and stratified
them according to RAD17 expression. We observed that patients
with high RAD17 expression had a significantly worse prognosis
(HR= 1.5; 95%CI: 1.24-1.82; log-rank p <0.0001), with a shorter
median progression free survival (PFS) time (15.8 months) as
Frontiers in Oncology | www.frontiersin.org 5
compared with those having low RAD17 expression and a
median PFS time of 27 months (Figure 2B).

The regulatory effects of miR-506-3p on RAD17 expression
was then evaluated in a panel of 4 different EOC cell lines in
which we verified that transfection of miR-506-3p mimic
induced down-regulation of both RAD17 transcript
(Figure 2C) and protein (Figure 2D) expression. The
A

B

D

C

FIGURE 1 | Forced expression of miR-506-3p increased platinum sensitivity in EOC cell lines and impaired sensing of DNA damage. (A) Clonogenic assay on EOC
cell lines transfected with scrambled (scr) control miR or miR-506-3p (miR-506) mimic and treated with platinum (Pt) at the indicated concentrations. Curves were
generated from two to four independent experiments, each one performed in triplicates. Two way ANOVA and Bonferroni’s post test was used for statistical analysis
(*p<0.05; **p<0.01; ***p<0.001). (B) Assessment of relative gH2AX expression in EOC cells transfected with miR-506-3p mimic (miR-506) or scrambled (scr) control
miR and treated with 1mM (CAOV3,OAW42, OV90) or 3mM (SKOV3) Pt corresponding to the IC50 of each cell line as defined by TiterGlo/SRB assay. For Western
Blot analysis, lysates were collected at 24 hours after Pt-treatment; vinculin was used as loading control. Bars represent the ratio of gH2AX expression (normalized
on vinculin) between Pt-treated and untreated cells (dashed red line represents gH2AX expression in untreated cells). Student’s t-test was used to compare miR-506
versus scr treated cells (* p<0.05; ** p<0.01; ns = not significant). Quantification (C) and representative images (D) of gH2AX foci in miR-506-3p/scr transfected OC
cell lines. (C) Cells were treated as indicated in B and IF-stained with gH2AX and DAPI (nuclei). The percentage of gH2Ax foci/DAPI positive of treated vs untreated
cells is reported. Student’s t-test was used to compare miR-506-3p versus scr treated cells (*p<0.05; **p<0.01; ns = not significant). (D) Representative confocal IF
images of fixed SKOV3 and OV90 cells treated as described in panel B and stained with anti-gH2AX (red); nuclei were stained with DAPI (blue). Bars, 25 mm.
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luciferase reporter assay performed in HEK293T cells transfected
with a report vector containing the RAD17 3’UTR with miR-
506-3p seed region, showed that ectopic expression of miR-506-
3p caused a decrease in luciferase activity as compared to
controls (Figure 2E), thus demonstrating the direct targeting
of RAD17 by miR-506-3p.

MiR-506-3p-mediated RAD17
Downregulation is Involved
in Chemosensitization of Pt-Resistant
SKOV3 Cell Line
miR-506-3p regulates the expression of 2 genes relevant for DNA
damage repair, RAD51 [our previous observation (20)] and
RAD17 (Figure 2) which could both contribute to Pt response
possibly depending on their basal elative expression. All tested
cell lines showed a balanced level of expression of RAD51 and
RAD17 proteins with the exception of CAOV3 cells, expressing
higher level of RAD51 (Figure 3A). To verify the role of RAD17
expression in response to Pt-treatment in the Pt-resistant
SKOV3 and CAOV3 cell lines, we silenced RAD17 and tested
the response of siRAD17 cells to Pt exposure by clonogenic assay.
We observed that, while CAOV3 cells were not affected by
siRAD17 (Figure 3B left panel), supporting the notion of a
greater contribution for RAD51, rather than RAD17, in the miR-
506-3p-mediated chemosensitization for this cell line (see
Figure 1A), the loss of RAD17 expression significantly
increased SKOV3 sensitivity to drug treatment (Figure 3B
right panel) phenocopying the effects obtained with miR-506-
3p transfection (see Figure 1A). Furthermore, similarly to miR-
506-3p transfection, in SKOV3 cells RAD17 silencing caused a
significant reduction of gH2AX as compared to the relative
control cells following Pt treatment (Figure 3C). Finally, while
transfection of miR-506-3p may affect expression of both RAD17
and RAD51, silencing of RAD17 did not affect RAD51
expression (Figure 3D). Given the multiple genes targeted by
miR-506-3p and to further verify that the increase in Pt
sensitivity caused by miR-506-3p in SKOV3 was also due to its
direct regulatory effects onRAD17, weperformed a target protector
assay. We designed a single-strand modified RNA complementary
to themiR-506-3p seed(RAD17-TP) in the3’UTRofRAD17 able to
specifically compete with miR-506-3p for the binding. We co-
transfected RAD17-TP with miR-506-3p in the SKOV3 cell line
finding that, in the presence of RAD17-TP, miR-506-3pmimic lost
its ability to down-regulate RAD17 expression both at mRNA
(Figure 4A, left panels) and protein (Figure 4A, right panel)
levels. To verify the specificity of RAD17-TP assay, we
concurrently verified the effect on mRNA and protein expression
of RAD51. Importantly, we observed that, in spite of a partial
recovery of RAD51 mRNA at higher RAD17-TP dose (60nM),
RAD51 protein expression was not substantially affected. Indeed,
we observed that in presence of TP-RAD17, RAD51 protein
expression continued to be inhibited in miR-506 transfected cells
as compared to scr-transfected cells, overall supporting the
selectivity of the system (Figure 4B). Notably, by exposing cells to
Pt treatment, we observed by clonogenic assays that the co-
transfection of RAD17-TP together with miR-506-3p was able to
Frontiers in Oncology | www.frontiersin.org 6
completely reverse in a dose-dependent manner the Pt sensitive
phenotype caused by ectopic expression of miR-506-3p. Indeed,
miR-506-3p/RAD17-TPco-transfectedSKOV3cells showeda two-
fold increase in the IC50 (from 0.41 to 0.81 mM) as compared to
SKOV3 transfected with miR-506-3p alone and displayed a dose-
response curve comparable to those obtained in their relative
controls (scr SKOV3 cells) which showed an IC50 comprised
between 0.84 and 0.91 mM (Figure 4C). These results support the
involvement of RAD17 among the multiple targets of miR-506-3p
in controlling Pt sensitivity and confirm the specificity of the miR-
506-3p/RAD17 regulatory axis in determining chemoresponse in
EOC cell lines.

MiR-506-3p Causes a Delay in G2/M Cell
Cycle Arrest Induced by Pt Treatment
and Impairs DNA Damage Signal
Transduction Pathway
We then investigated the potential role of miR-506-3p in
regulating progression of cell cycle in response to Pt treatment.
We observed that following Pt exposure, miR-506-3p transfected
cells showed a delay in accumulation in the G2/M phase of the
cell cycle as compared to control scr-transfected cells. The effect
was particularly evident at 48 hours upon Pt exposure, when in
the G2/M phase we observed a 48% ( ± 10) of mir-506-3p
transfected cells as compared to 63% ( ± 8) of scr-transfected
control cells (Figure 5A). We therefore evaluated the presence of
micronuclei, small extra-nuclear chromatin containing bodies
resulting from unrepaired chromosome breaks or legging.
Accordingly, following Pt treatment we observed by
immunofluorescence analysis a significantly higher number of
micronuclei in miR-506-3p transfected SKOV3 cells as
compared to control scr transfected cells (Figures 5B, C).

These results prompted us to investigate if miR-506-3p
reconstitution may cause major alterations in the signal
transduction pathway activated upon DNA damage and related
to cell cycleG2/Mcheckpoint activation. Following Pt treatment, in
miR-506-3p reconstituted cells we observed a substantial decrease
in both Chk1 and Wee1 phosphorylation as compared to control
(scr) Pt-treated cells particularly at 3mM concentration (Figure 6).
This inhibitory effect in turn reduced Cyclin-B1 activation and
consequently CDK1 phosphorylation (Figure 6), possibly
preventing the G2/M blockade in accordance with data obtained
from cell-cycle analysis. Notably, we also observed a decrease of
Wee1protein (regardless of its phosphorylation status) inmiR-506-
3p transfected cells, which is suggestive of a possible indirect
mechanism of regulation since Wee-1 is not listed among the
predicted miR-506-3p target genes. Altogether, these data suggest
that miR-506-3p expression, abrogating G2/M checkpoints in
response to DNA damage, allows cells to enter in mitosis with an
unrepaired extensive DNA damage.

MiR-506-3p/RAD17 Axis Controls Sensing
of DNA Damage and Potentiates Cell
Cycle Checkpoint Inhibitors Activity
RAD17 has been recently shown to functionally interact with
cell-cycle checkpoint kinases and its loss of function resulted to
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FIGURE 2 | RAD17 is a target of miR-506-3p and associates with worse prognosis in EOC patients. (A) List of algorithm challenged with MirWalk2.0, with the
prediction of miR506-3p targeting on RAD17 3’UTR. 0 = absence 1 = presence of a seed region for miR-506-3p in the 3’UTR of RAD17. Lower panel: images from
microRNA.org and TargetScan prediction tools showing the alignment of miR-506-3p within the predicted binding site in the RAD17 3’UTR. (B) Kaplan-Meier
survival curves of EOC patients stratified according to RAD17 transcript expression. Data were extracted and analyzed with KM-plotter software (26). Progression
free survival time was the clinical end-point analyzed. Data derived from 10 different publicly available datasets (GSE14764, GSE15622, GSE26193, GSE26712,
GSE30161, GSE32062, GSE51373, GSE63885, GSE9891, TCGA) and selecting for patients treated with a Pt-based therapy. A total of 1291 patients were included
in the analysis and stratified according to RAD17 (207405_s_at probe) quartile expression. (C, D). Four EOC cell lines (SKOV3, CAOV3, OAW42, and OV90) were
transfected with miR-506-3p mimic (miR-506) or scrambled control miR (scr). RAD17 expression was analyzed by qRT-PCR (C) to check RAD17 mRNA and by
Western blot (D) to check RAD17 protein expression levels. Bar charts represent the ratio of down-regulation of RAD17 mRNA (C) or protein (D) expression in miR-
506-3p versus scr transfectants taken as reference of expression for each cell line. RNU48 and RNU44 were used for normalization in qRT-PCR assay. For western
blot analysis loading control was b-actin for SKOV3, OAW42, OV90 cells and vinculin for CAOV3 cells. Student’s t-test was used to compare miR-506 versus scr
cells (*p<0.5; **p<0.01;*** p<0.001; ns = not significant). (E) Dual-Luciferase Reporter assay confirming RAD17 as a direct target of miR-506-3p. HEK293T cells
were transfected with pmiRGLO empty vector (pmiRGLO, white bar), or pmiRGLO containing the putative binding site of miR-506-3p in the RAD17 3’UTR in
combination with a scrambled miRNA (scr) (pmiRGLO+miR-scr, black bar), miR-506-3p (pmiRGLO+miR-506-3p, gray bar) and an unrelated miRNA (pmiRGLO+miR-
unrelated, dotted bar). Results are the ratio (Firefly/Renilla) of Relative Luminometer Units (RLU). Student’s t-test was used to compare t-miR506 versus t-scr or t-
miR-unrelated cells (*** p<0.001).
Frontiers in Oncology | www.frontiersin.org July 2022 | Volume 12 | Article 9235087

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Bagnoli et al. MiR-506-3p/RAD17 Axis Regulates DNA-Damage Sensing
be synthetically lethal with Chk1 and Wee1 inhibitors in two
cellular models with inactive p53 (27).

In accordance with the role of RAD17 in the DDR pathway,
we observed also in our EOC in-vitro model that RAD17
silencing, similar to miR-506-3p reintroduction (see Figure 6),
caused a substant ia l decrease in Chk1 and Wee1
phosphorylation following exposure to 1 or 3 mM Pt
(Figure 7A). Additionally, RAD17 silencing alone did not
Frontiers in Oncology | www.frontiersin.org 8
substantially affect OC cell growth as we observed only a 10.13
± 5.6% of growth inhibition in three different experiments.

In line with the hypothesis of a direct miR-506-3p/RAD17
regulatory axis affecting DDR pathway, we sought to determine
whether miR-506-3p expression, due to RAD17 targeting, could
result lethal if combined with cell-cycle checkpoint inhibitors
targeting Chk1 (LY2603618) or Wee1 (MK1775). By clonogenic
assays we verified that the treatment with cell cycle checkpoint
A

B

D

C

FIGURE 3 | RAD17 silencing increased sensitivity to Pt-treatment in EOC in-vitro model. (A) Relative expression of RAD17 and RAD51 proteins as defined by
Western Blotting on the panel of cellular models used. Bars represent the ratio of RAD17/RAD51. (B) Clonogenic assays of CAOV3 (left panel) and SKOV3 (right
panel) cell lines silenced with siRNA targeting RAD17 (siRAD17) or with a control siRNA (siCTRL) and treated with Pt at the indicated doses. Percentages of relative
colony formation rate of siRAD17 versus siCTRL transfected cells are reported. Two way ANOVA and Bonferroni’s post test was used to compare groups (***
p<0.001). (C) Western blot analysis of gH2AX expression in SKOV3 cells silenced for RAD17 and treated with 1 and 3 µM Pt. Vinculin was used as loading control.
Left panel: Bars represent the ratio of gH2AX expression (normalized on vinculin) between Pt-treated and untreated cells. Data are mean ± SD of at least three
experiments. Student’s t test was used to compare siRAD17 cells versus sictrl transfected cells (*p<0.05); right panel: representative western blot. (D) Effects of
RAD17 silencing on RAD17 and RAD51 mRNA (left panel) and protein (right panel) expression levels.
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inhibitors alone (i.e. in t-scr or si-ctrl cells) resulted to have little
effect on cell survival, which resulted to be affected only at high
toxic doses (Figure 7B, black lines). Accordingly, we observed a
remarkable sensitization to both Chk1 and Wee1 inhibitors in
SKOV3 transfected with miR-506-3p mimic (Figure 7B, left
panels) or silenced for RAD17 (Figure 7B, right panels) with a
Frontiers in Oncology | www.frontiersin.org 9
significant drop in the IC50 of both LY2603618 and MK1775 as
compared to control cells. These observations further confirmed
the convergence of miR-506-3p regulatory effects on
mechanisms dependent also upon RAD17 expression.

Then we asked whether combination treatment strategies
based on Pt and checkpoint kinase inhibitors could sensitize
A

B

C

FIGURE 4 | RAD17 regulation directly contributes to Pt-sensitivity mediated by miR-506-3p expression. (A) RAD17 quantification in t-miR506 and t-scr (control) SKOV3 cells
co-transfected with RAD17 target protector (RAD17-TP). Two different concentration of RAD17-TP (40nM and 60nM) were tested. In the left panels is shown RAD17 mRNA
relative expression normalized on housekeeping genes and standardized on scr SKOV3 cells, while in the right panel is shown RAD17 protein quantification normalized to
vinculin and standardized on scr SKOV3 cells (Student’s t test; *p<0.5; ns = not significant). (B) Efficacy of miR-506-3p targeting on RAD17 and RAD51 expression in the
presence of RAD17-TP. Bars represent relative mRNA expression normalized on housekeeping gene (left panel) and relative protein expression quantified by western blot
assays, normalized to vinculin and standardized on scr SKOV3 cells(upper panel). Student’s t-test was used (*p<0.5; **p<0.01; *** p<0.001; ns = not significant); lower right
panel: representative western blot. (C) Percentage of relative colony formation rate following Pt treatment. SKOV3 cells were transfected with miR-506-3p (black lines) or
scrambled miR (green lines) alone (solid lines) or each co-transfected with two doses of RAD17-TP (40nM dashed lines, 60 nM dotted lines) and then left untreated or treated
with Pt at the indicated doses. Data are mean ± SD of two independent experiments, 6 replicates each. Two way ANOVA and Bonferroni’s post test was used to compare t-
miR-506-3p versus t-miR-506-3p + 40/60nM RAD17-TP SKOV3 cells (* p<0.05).
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Pt-resistant cells to treatment. To this purpose we reconstituted
miR-506-3p expression and treated SKOV3 cells with Pt alone or
in combination with Chk1 and Wee1 inhibitors at a dose
corresponding to their IC50. The data indicated that the
combination of Pt with either LY2603618 100nM or MK1775
50nM, was more effective than Pt alone in reducing colony
formation rate (Figure 7C). Furthermore, both the combined
treatments showed a substantially enhanced effect in miR-506-3p
transfected cells, causing a 3-fold reduction in the IC50 as
compared to control (scr) cells (Figure 7C).
Frontiers in Oncology | www.frontiersin.org 10
DISCUSSION

In this study, we demonstrated for the first time that the
expression of miR-506-3p, the most well-known and studied
miRNA belonging to the ChrXq27.3 miRNA cluster (18, 28), can
sensitize EOC cells not only to DNA damaging drug but also to
agent targeting cell cycle checkpoint proteins. miR-506-3p
expression, through the direct regulation of RAD17 expression
and function, reduces the ability of EOC cell to sense DNA
damage and abrogates the G2/M cell cycle checkpoint. The
A

B

C

FIGURE 5 | MiR-506-3p causes a delay in Pt-induced G2 cell cycle arrest and increases micronuclei formation. (A) Flow cytometry analysis of the cell cycle
distribution (Propidium Iodide staining) in SKOV3 cells transfected with scrambled (scr) control miR or miR-506-3p mimic. Cells were left untreated or treated with
3mM Pt and cell cycle was analyzed at three time points (24, 48 72 hours). Upper Panel: Representative experiment; Lower Panel: Percentage of Pt-treated cells in
different cell cycle phases at the indicated time points as assessed by ModFit Analysis Software. Mean of three independent experiments is reported. Representative
images (B) and quantification (C) of micronuclei structures in SKOV3 cancer cells labeled with DAPI. SKOV3 cells were transfected with miR-506-3p mimic or
scrambled (scr) control miR and treated for 48h with 3µM Pt and nocodazole (150ng/ml). Micronuclei are indicated by red arrows. Data represent the mean ± SD of
six different fields corresponding to two independent experiments (Student’s t test; *** p<0.001).
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consequent delay in the G2/M cell cycle arrest in response to
DNA damage would eventually allow the entry into mitosis of
heavily DNA-damaged cells, overall causing a sensitization to Pt
treatment. Additionally, owing also to the action of miR-506-3p
on RAD17, we have been able to identify a lethal combination of
miR-506-3p expression with cell cycle checkpoint inhibitors.

Due to their regulatory role and pleiotropic effect, miRNAs
affect most of the cellular processes. In cancer, their deregulated
expression promotes the acquisition of cancer hallmark traits,
not only leading to tumor development and progression, but also
contributing to drug resistance (29–31). Most of the miRNAs
included into the ChrXq27.3 miRNA cluster, whose retention we
have shown to be associated to better EOC patients’ prognosis
(18), have a tumor-suppressive role. Indeed, they are
downregulated in various cancers and their expression is a
clinically favorable prognostic factor (32). Specifically, miR-
506-3p has various tumor-suppressive functions that we
contributed to discover (33) associated with the epithelial–
mesenchymal transition and proliferation. We also contributed
Frontiers in Oncology | www.frontiersin.org 11
to define the involvement of miR-506-3p in regulating RAD51
expression (20). However, a possible role for miRNA in
influencing sensitivity to cell cycle checkpoint inhibitors has
been so far poorly explored in EOC.

Our analyses in EOC cellular models of different origin
showed that, particularly in Pt-resistant cell lines, ectopic
expression of miR-506-3p was associated to a reduced ability
to sense DNA damage detected as a reduced expression of
gH2AX, the phosphorylated form of H2AX (34). Given the
multi-target action of miRNAs which enable regulation of
entire signaling networks, we explored the possibility of miR-
506-3p to regulate genes other than RAD51 and involved in
DNA repair and indeed, we have been able to validate also
RAD17 as a miR-506-3p target. RAD17 is an early sensor of
DNA damage that acts as a clamp loader for Claspin and the 9-1-
1 complex, it is involved in the MRN complex recruitment (35–
37) and it has been shown to regulate gH2AX formation (36).
Acting both in the ATR-dependent signaling, related to
maintenance of genomic stability, as well as in the ATM-
A

B

FIGURE 6 | Abrogation of G2/M cell cycle checkpoint in miR-506-3p reconstituted cells. Western blot analysis on total cell lysates from SKOV3 cells transfected
with miR-506-3p or scrambled (scr) miRs and following treatment with 1 or 3µM Pt. Immunoblottings were performed with antibodies against the proteins indicated.
Vinculin was used as loading control. Representative western blot images (A) and quantification (B) of relative phosphorylation levels calculated as the ratio between
phosphorylated and total protein normalized on loading control. Bars in the graph represent the phosphorylation ratio between Pt-treated and untreated cells. Only
significant comparison assessed by Student’s t test are reported (* p<0.05; *** p<0.001).
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related cascade (37), RAD17 contributes to controlling activation
of DNA repair and DNA damage-associated replicative stress.
According to this role, its expression and activity are expected to
be relevant in response to DNA damaging drugs as well as cell
cycle checkpoint inhibitors and its inhibition, possibly also
through miRNA regulation, could therefore impair ability of
Frontiers in Oncology | www.frontiersin.org 12
cell to survive to DNA damage. Actually, we observed a survival
advantage of Pt-treated EOC patients with decreased expression
of RAD17 and in vitro the inhibition of RAD17 phenocopied the
effects of miR-506-3p expression, increasing Pt sensitivity
particularly in SKOV3 cell line, one of the most used EOC
cellular model known for bearing inactivated p53 (TP53 null)
A

B

C

FIGURE 7 | miR-506-3p dependent regulatory axis is synthetically lethal with cell-cycle checkpoint inhibitors. (A) Abrogation of G2/M cell cycle checkpoint activation
in RAD17 silenced SKOV3 cells. Western blot analysis on total cell lysates from SKOV3 cells silenced for RAD17 (siRAD17) or with scrambled (sictrl) siRNA and
treated or not with 1 and 3 µM Pt. Immunoblottings were performed with Abs against the proteins indicated. Vinculin was used as loading control. Representative
western blot images (left panel) and quantification (right panel) of relative phosphorylation levels calculated as the ratio between phosphorylated and total protein
normalized on loading control. Bars in the graph represent the phosphorylation ratio between Pt-treated and untreated cells. Comparison assessed by Student’s t
test (* p<0.05; ** p<0.01). (B) Forced expression of miR-506-3p or RAD17 silencing induces sensitivity to Chk1 and Wee1 inhibitors in SKOV3 cells. SKOV3 cells
were transfected with miR-506-3p mimic or control scrambled miR (miR-506 and scr, left panels), or silenced with siRNA against RAD17 or with a control siRNA
(siRAD17 and sictrl, right panels) and tested by clonogenic assays for sensitivity to Chk1 inhibitor (LY603618) or Wee1 inhibitors (MK1775) at the indicated doses.
(C) Wee1 or Chk1 inhibition in miR-506-3p reconstituted cells enhanced effect of Pt treatment. Both scr (black lines) and miR-506 (blue lines) SKOV3 cells were
treated with Pt at the indicated doses, alone (solid line) or in combination with 100 nM Chk1 inhibitor (Chk1i; LY2603618, dotted lines, upper panel) or 50 nM Wee1
inhibitor (Wee1i; MK1775, dotted lines, lower panel). For each panel, percentages of relative colony formation rate are reported. To compare miR-506 or siRAD17
cells versus their relative control cells (panel B) or to compare miR-506 cells treated with Pt alone versus combinations with cell cycle checkpoint inhibitors (panel C),
two way ANOVA and Bonferroni’s post test was used (*p<0.05; ** p<0.01;***p<0.001).
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and for being resistant to Pt and targeted treatments. The same
Pt sensitization following RAD17 silencing was not observed in
the other Pt resistant cell line CAOV3. Considering that miR-
506-3p regulates both RAD51 and RAD17, the contribution of
these molecules to Pt response following miRNA transfection,
may be dependent on their relative expression and we have
evidence of a grater RAD51 expression in CAOV3 as compared
to SKOV3. The direct involvement of the miR-506-3p/RAD17
regulatory axis in determining response to Pt-treatment in
SKOV3 was confirmed by the rescue of the resistant phenotype
in the presence of a target protector that prevented RAD17
targeting by miR-506-3p.

Defective activation of cell cycle checkpoint and altered DNA
repair capability cause high levels of replicative stress and
accumulation of DNA damage, overall rendering cancer cells
more sensitive to those compounds that exacerbate DNA damage
process (3). This opens a possible therapeutic window beyond the
use of PARPi, and expands the therapeutic landscape to those anti-
tumor agents able to inhibit key mediators of DNA repair and
replication, including Chk1 andWee1 (38, 39). In this scenario, we
highlighted the pivotal role in DNA damage signaling of RAD17
protein and recent literature demonstrated that RAD17 is a
conserved key node for synthetic lethal interactions relevant for
cancer therapy and specifically with cell cycle checkpoint kinases
(40). Here we verified that, possibly through the inhibition of
RAD17 expression, miR-506-3p expression could interfere with
Chk1andWee1 inhibitors enhancing their activity.AlthoughWee1
is not a miR-506-3p predicted target, we observed its
downregulation following miR-506-3p transfection. Noteworthy,
among the described and validated miR-506-3p targets, there are
CDK4 and CDK6 proteins (41), which regulate ATR expression in
response to Pt treatment by stabilizing the transcription factor
FOXO3 (42). Following this line, we can hypothesize an indirect
effectmediated by transcription factor or other proteins targeted by
miR-506 and acting upstream of Wee1, that will be worth to be
investigated in an independent study.

These observations further support the relevance of the miR-
506-3p-dependent regulatory axes and suggest new possible
prognostic and therapeutic perspectives. From a clinical point of
view, HRD has been correlated to better response to Pt derivatives
and PARPi (8, 43, 44). Apart for BRCA1/2 mutations, it is now
ascertained that genomic scars as well as genetic alteration or
deficiencies in other HR-related genes are predictive of HRD and
Frontiers in Oncology | www.frontiersin.org 13
could positively affect response to Pt and PARPi treatment (45). By
regulating RAD51 and RAD17,miR-506-3p significantly decreases
the ability of tumor cells to repair drug-induced DNA damage
overall increasing sensitivity to Pt, PARPi and cell cycle checkpoint
kinases' inhibitors [(20) and present work.] Such effect strongly
suggests a correlation of miR-506-3p expression with EOC
BRCAness phenotype particularly for patients with a proficient
BRCAstatus, and support further studies toverify its possible role in
predicting response to therapy. Importantly, miR-506-3p
expression also creates conditions for novel synthetic lethality
approaches that could be possibly therapeutically exploited.
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