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a b s t r a c t 

Copy Number Alterations (CNAs) represent the most common genetic alterations identified in ovarian cancer cells, 

being responsible for the extensive genomic instability observed in this cancer. Here we report the identification 

of CNAs in a cohort of Italian patients affected by ovarian cancer performed by SNP-based array. 

Our analysis allowed the identification of 201 significantly altered chromosomal bands (70 copy number 

gains; 131 copy number losses). The 3300 genes subjected to CNA identified here were compared to those present 

in the TCGA dataset. The analysis allowed the identification of 11 genes with increased CN and mRNA expres- 

sion (PDCD10, EBAG9, NUDCD1, ENY2, CSNK2A1, TBC1D20, ZCCHC3, STARD3, C19orf12, POP4, UQCRFS1). 

PDCD10 was selected for further studies because of the highest frequency of CNA. 

PDCD10 was found, by immunostaining of three different Tissue Micro Arrays, to be over-expressed in the ma- 

jority of ovarian primary cancer samples and in metastatic lesions. Moreover, significant correlations were found 

in specific subsets of patients, between increased PDCD10 expression and grade ( p < 0.005), nodal involvement 

( p < 0.05) or advanced FIGO stage ( p < 0.01). 

Finally, manipulation of PDCD10 expression by shRNA in ovarian cancer cells (OVCAR-5 and OVCA429) 

demonstrated a positive role for PDCD10 in the control of cell growth and motility in vitro and tumorigenicity in 

vivo . 

In conclusion, this study allowed the identification of novel genes subjected to copy number alterations in 

ovarian cancer. In particular, the results reported here point to a prominent role of PDCD10 as a bona fide 

oncogene. 
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Cancer is driven by the sequential acquisition of genetic alterations

f somatic nature. Genetic alterations identified in cancer cells include

ingle nucleotide variations (SNVs), copy-number alterations (CNAs)

nd gene fusions. 
∗ Corresponding author. 

E-mail addresses: cdemarco@unicz.it (C. De Marco), viglietto@unicz.it (G. Vigliet

a  

ttps://doi.org/10.1016/j.tranon.2021.101013 

eceived 14 October 2020; Received in revised form 4 December 2020; Accepted 4 J

936-5233/© 2021 The Authors. Published by Elsevier Inc. This is an open access ar

 http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
CNAs represent by far the most common alterations identified in can-

er cells, and may cause both gain or loss of DNA fragments. CNAs may

ontribute to cancer development by inappropriate activation of proto-

ncogenes such as EGFR or ERBB2 and/or inactivation of tumor sup-

ressor genes such as pRB or TP53 [1] . 

Ovarian cancer (OC) is a complex disease that exhibits heterogeneity

t both clinical and molecular level. OCs are typically classified as low-
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r high-grade. Low-grade tumours are driven by activating mutations

f RAS and PIK3CA or by loss of PTEN but are typically wild-type for

P53. Conversely, high-grade OCs are mutant for TP53, BRCA1 and/or

RCA2 [2] . 

CNAs represent relevant components of the genetic variation that af-

ects OC [3] . Accordingly, a large-scale study performed on high-grade

Cs performed by The Cancer Genome Atlas Project (TCGA) has sug-

ested that high-grade tumors are more frequently characterized by ex-

ensive chromosomal instability than somatic mutations [4] . 

Here we report on the identification of CNAs in a cohort of primary

pithelial OCs by use of a high-resolution SNP Array. Significant alter-

tions were annotated in 3300 altered genes, including the Programmed

ell Death 10 (PDCD10), which was selected for further studies because

f its over-expression in the majority of primary and metastatic OCs.

DCD10, also known as CCM3, belongs to the CCM family of proteins

nd was first identified as one of the genes responsible for Cerebral Cav-

rnous Malformations [5] . Subsequently, it was shown to promote as-

embly of the Golgi complex, cell proliferation and migration [ 6 , 7 ]. 

Notably, a significant correlation was found between increased

DCD10 expression and grade, nodal involvement or FIGO stage. In ad-

ition, manipulation of PDCD10 expression in OC cells demonstrated

hat this gene positively regulates cell growth and motility in vitro and

umorigenicity in vivo . In conclusion, the results reported here point to

 prominent role for PDCD10 in OC development. 

aterials and methods 

atients 

Frozen biopsies of OCs for CN analysis and archive material from

8 patients included in TMA_OC3 and TMA_OC4 were collected from

he Unit of Gynecology at the Hospital "Villa dei Platani" (Avellino,

taly) and University Magna Graecia of Catanzaro (Catanzaro, Italy).

vary2_TMA included samples ( N = 213) collected from OC patients un-

ergoing surgery at the European Institute of Oncology (Milano, Italy).

ee Table S1 and S2 for details. 

Patient accrual was approved by the Institutional Review Board of

he AOU Mater Domini/University Magna Graecia (Catanzaro, Italy). All

rocedures were performed according to the principles expressed in the

eclaration of Helsinki. Written informed consent was obtained from all

articipants to the study. Patients were surgically staged according to

nternational Federation of Gynaecology and Obstetrics (FIGO) criteria

Cancer Committee of the International Federation of Gynaecology and

bstetrics, 1986). Patient diagnosis was made according to the World

ealth Organization (WHO) criteria [8] . 

Representative areas were first selected on haematoxylin–eosin-

tained tumour sections by a trained pathologist and a core biopsy for

umour and metastasis blocks were included into the TMA. TMAs were

ssembled onto a custom-built tissue arrayer (Beecher Instruments, Sun

rairie, WI, USA). 

dentification of CN alterations 

DNA from OC ( N = 57) and peripheral lymphocytes ( N = 4) were hy-

ridized on Illumina (Infinium HD Human610-Quadv) SNP chips (Ilu-

ina, San Diego, CA, USA). The log2 ratio of the normalized R values for

he probes divided by the expected normalized R values were estimated

ccording to GenomeStudio algorithm. CNV-partition (a GenomeStudio

lugin) computed the resulting CN values and confidence for all chro-

osomal regions in each sample. 

Probe position was annotated by using hg18 (NCBI 36) human

enome assembly ( https://www.ncbi.nlm.nih.gov/assembly/2928 ). CN

lterations were identified using the R/bioconductor package GAIA [9] .

N alterations detected in at least 2 control blood samples were ex-

luded from the analysis. 
2 
CGA data download and analysis 

Gene expression data, CNA, GISTIC2 calls and clinical data of pa-

ients with serous ovarian cancer S-OC) present in the TCGA database

 N = 406) were downloaded from UCSC cancer genomics browser

 https://genome-cancer.ucsc.edu/ ; [10] ). 

CN alterations were defined with an absolute value of CN > 0.3. Gene

iploid status was set at 0. Thresholds were selected after visual in-

pection of the density plots relative to the whole dataset, being GISTIC

ackground threshold set at 0.3. 

Genes that presented CN alterations that were reflected into altered

RNA expression were identified by linear regression analysis of mRNA

evels and CN status in the TCGA dataset. The threshold was arbitrarily

et at Rˆ2 > 0.45. 

mmunohistochemistry 

Immunostaining was performed using the avidin-biotin-peroxidase

ethod (LSAB kit; DAKO, Glostrup, Denmark) according to manufac-

urer instructions. Anti-PDCD10 was from Sigma-Aldrich (St. Louis, MO,

SA) (#HPA027095). 

The immunohistochemical score for the PDCD10 antibody used in

his work was selected on the basis of methods widely accepted and

sed in previous studies [ 11 , 12 ]. Every tumor was given a score ac-

ording to the intensity of the cytoplasmic staining (no staining = 0,

eak staining = 1, moderate staining = 2, strong staining = 3) and the ex-

ent of stained cells (0% = 0, 1–10% = 1, 11–50% = 2, 51–80% = 3, 81–

00% = 4). The final immunoreactive score was determined by multi-

lying the intensity scores with the extent of positivity scores of stained

ells, with the minimum score of 0 and a maximum score of 12. For the

nterpretation of the results, immunostaining was defined negative for

cores from 0 to 4, and positive for scores from 6 to 12. Sections were

valuated blindly by two expert pathologists (DDV, VZ). 

T-PCR and Q-PCR 

Total RNA and DNA were prepared by standard methods. cDNA was

ynthesized from 1μg of total RNA using cDNA Reverse Trascription Kit

ThermoFisher, Waltam, MA, USA). RT-PCR and Q-PCR were performed

sing the Power SYBR Green PCR Master Mix with the QuantStudio 12K

lex Real Time System (ThermoFisher), as previously described [13] .

ormalization was performed to GAPDH mRNA/DNA content. The rel-

tive amounts of mRNA or DNA were calculated by the comparative

ycle threshold (CT) method. 

ell lines 

OVCAR-5 and OVCA429 cells were kindly provided by Dr. Gustavo

aldassarre (C.R.O, Aviano, Italy) and cultured in RPMI 1640 (Lonza,

alkersville, MD, USA) supplemented with 10% FBS (Sigma-Aldrich)

nd 100 units/ml penicillin-streptomycin (Lonza). Cells were authenti-

ated by STR profile at DSMZ (Braunschweig, DE) and used within 6

onths. 

irus generation and infection 

Lentiviral particles were generated in HEK293T packaging cells us-

ng the Human PDCD10 (NM_006218) MISSION shRNA set and the Mis-

ion non-target control transduction virus (SHC002V) (Sigma-Aldrich)

s described before [14] . After transfection, supernatants were collected

t 8 hour intervals, filtered and used for three rounds of transduction by

pin infection with 8μg/ml polybrene (Sigma-Aldrich). Transduced cells

ere selected with 0.5μg/ml puromycin (Invitrogen). 

https://www.ncbi.nlm.nih.gov/assembly/2928
https://genome-cancer.ucsc.edu/
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estern Blot and Rho-GTP pull-down assays 

Whole cell extracts were prepared and transferred to membranes

ith standard methods as described before [15] . Membranes were in-

ubated overnight at 4°C with the following antibodies: anti-PDCD10

#SAB1305161), anti- 𝛽-Actin (clone AC-74, #A2228) from Sigma-

ldrich; anti-phospho cofilin (sc-12912), anti-cofilin (sc-33779) and

nti- Cyclin D1 (sc-8396) from Santa Cruz (Dallas, TX, USA); anti-

hospho-Mypt1 (#5163), anti-Mypt1 (#2634), anti-phospho-MLC2

#3671), anti-MLC2 (#8505) and anti-PARP (#9542) from Cell Signal-

ng Technology (Danvers, MA, USA); anti-cleaved Caspase 3 (2305-PC-

00) from Trevigen (Gaithersburg, MD, USA). GTP-bound Rho was as-

ayed with Rho assay reagent according to manifacturer instructions

#17-294; Millipore, Burlington, MA, USA). Chemio-luminescence was

etected with Alliance Mini WL2M system (Uvitec, Cambridge, UK). 

ell viability assay and propidium iodide (PI) staining 

Cells were plated at a density of 1 ×10 3 /well in triplicate and daily

ounted by MTT assay. Before harvesting, the cells were left with MTT

eagent (5 μg/mL, Sigma-Aldrich) at 37 °C for 4 h. Formed formazan as

n indicator of cell viability was solubilized by adding 100 𝜇L DMSO

nto each well. The extent of formazan production was determined by a

icroplate reader (Multiskan FC, Thermo Fisher Scientific) at 570 nm,

hile 690 nm served as the reference wavelength. The experiment was

epeated at least three times. 

Cell cycle distribution was analysed by flow cytometry. In brief, 10 6 

ells were harvested in phosphate-buffered saline (PBS) and fixed O.N.

t -20 °C in ethanol (70%). Fixed cells were washed once in PBS and

tained with 50 𝜇g/ml of propidium iodide, 0.01% NP40 and 0.1 mg/ml

Nase A in PBS for 30 min (Thermo Fisher). Stained cells were anal-

sed with a fluorescence-activated cell sorter (FACS) LSRFortessa X20

Becton-Dickinson, Franklin Lakes, NJ), and data were generated with

he FloJo cell software (Becton-Dickinson). 

aspase activity assay 

Caspase 3/7 activity was measured with Caspase-Glo assay kit

Promega, Madison USA) according to the manufacturer instructions.

riefly, the plates containing not synchronized cells were removed

rom the incubator and allowed to equilibrate to room temperature for

0 min. 100 𝜇l of Caspase-Glo reagent was added to each well and gen-

ly mixed with a plate shaker at 300–500 rpm for 30 s. Plates were then

ncubated at RT for 2 h. The luminescence of each sample was measured

n a plate-reading luminometer (Luminoskan Ascent, Thermo Scientific).

he experiments were performed in triplicate. 

oft agar assay 

Cells (2.5 ×10 3 ) were suspended in RPMI medium containing 0.35%

ow-melting agarose (Type VII, Sigma-Aldrich) and seeded onto 0.5%

ow-melting agarose in six-well tissue culture plates. Colonies were

cored after 3 weeks in 5 randomly selected fields/well, at 4X magni-

cation. Photographs were also taken at higher magnification (40X) to

easure clone size. Clones were classified according to their diameter

n > 200 𝜇m or < 200 𝜇m. 

umor formation assays 

Cells harvested from culture plates were resuspended in 200 𝜇l

f 1:1 Matrigel in PBS and injected subcutaneously into 6 week-

ld athymic CD1 mice (Charles River Laboratories International,

nc., Wilmington, MA, USA). Tumour size was calculated weekly as

ength ×width ×width/2 with a caliper. 
3 
igration assay 

Cells (5 ×10 4 ) were seeded in the upper chamber of Transwell poly-

arbonate filters (Sigma-Aldrich) with 8- 𝜇m pore size and incubated

or 48 h at 37 °C in serum-free medium. Cells that did not migrate

hrough the pores were manually removed with a cotton swab. Cells mi-

rated to the bottom of the membrane were fixed in cold methanol for

0 min, stained with 0.01% crystal violet in 20% ethanol and counted

n 5 fields/well in triplicate experiments. 

nalysis of cytoskeleton 

To analyse cytoskeletal organization, cells grown on glass slides

o semi-confluence were fixed with 2.5% formaldehyde, permeabilized

ith 0.1% Triton X-100 for 10 min at 4 °C, and then incubated with

.1 μg/ml rhodamine-conjugated phalloidin (Sigma-Aldrich) for 40 min.

fter nuclear staining with 4 - 6-diamidino-2-phenylindole dye (DAPI),

ells were analyzed by a fluorescence inverted microscope connected to

 camera (Carl Zeiss, Oberkochen, DE). 

tatistical analysis 

Association between PDCD10 expression and clinic-pathologic vari-

bles was evaluated by using Fisher’s exact test. Continuous variables

ere analyzed by two tailed Student’s t test or Two-way ANOVA as indi-

ated in the text (GraphPad Software, Inc., La Jolla, CA, USA). Statistical

ignificance was set at p < 0.05. 

esults 

dentification of chromosomal regions subjected to CNA in OC 

We have processed 57 OC samples for CNA analysis using the Illu-

ina BeadStudio SNP based 610K Array. Analysed samples included 35

erous ovarian carcinomas (S-OCs), 7 endometrioid ovarian carcinomas

E-OCs), 5 mucinous ovarian carcinomas (Mu-OCs), 3 clear cell ovarian

arcinomas (CC-OCs) and 7 mixed-type ovarian carcinomas (MX-OCs).

s control, we made use of peripheral blood samples from 4 patients. 

The values of log2 ratio of signal intensity were estimated according

o the GenomeStudio algorithm. CNAs detected in the DNA extracted

rom cancer samples were filtered with those detected in the DNA from

ooled control blood samples. 

We observed that most OCs presented distinct increases and/or de-

reases of the log2 ratio of signal intensity that spanned large portions of

ost chromosomes. Identified CNAs were classified according to Mer-

el and coworkers [16] as homozygous deletions, heterozygous dele-

ions, low-level CN gains and high-level CN gains. 

To identify regions that were most frequently subjected to CNAs,

e used Genomic Analysis of Important Aberrations (GAIA.), a statisti-

al method that allows identification of regions containing CNAs with a

hreshold of q -value < 0.25 [9] . By this analysis we identified 201 signifi-

ant chromosomal bands. Low-level CN gains were observed in 63 chro-

osome bands, high-level CN gains were observed in 7 chromosome

ands, heterozygous deletions were observed in 93 chromosome bands

nd homozygous deletions were observed in 38 chromosome bands. See

upplementary File S1 for a comprehensive list of identified CNAs. 

S-OC represents by far the most abundant subtype of OC. Bands

q43-44, 3p12.1, 3q26.1, 8q23-24, 11q14.1, 11q21-22, 13q33 were

requently subjected to CN gain ( > 50% of samples) whereas bands

7p11.2, 19p13.3 and 11p15.5 were frequently subjected to CN loss

frequency > 30%) ( Fig. 1 A). The complete list of bands subjected to

NAs in S-OC is reported in Supplementary File S1. 

GAIA analysis performed on E-OCs ( n = 7) identified significant ( q -

alue < 0.25) low-level CN gains at bands 1q25.2 and Xq21.1 and ho-

ozygous deletions at chromosomal bands 6p21.32 and 11q11 that

ere specific of E-OC patients. CNA specific of MX-OC patients were
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Fig. 1. CNAs and PDCD10 protein expression in S-OCs. A . Overview of genomic alterations identified in S-OC patients. X-axis: chromosome positions; y-axis: 

frequency (%) . Significant alterations are depicted as follows: homozygous deletions (blue), heterozygous deletions (cyan), low-level CN gain (orange) and high-level 

CN gain (red). Non-significant alterations are reported in grey. Chromosomal bands subjected to CN gains and losses in > 50% and > 30% of patients are indicated, 

respectively. 
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Table 1 

Genes that showed simultaneous high-level CN 

gains in this study and alteration of CN and of 

mRNA expression in the TCGA dataset. 

Gene Symbol 

Chromosome 

band 

Frequency of 

CN gain (%) 

PDCD10 3q26.1 47.54 

EBAG9 8q23.2 42.62 

NUDCD1 8q23.1 42.62 

ENY2 8q23.1 42.62 

CSNK2A1 20p13 26.23 

TBC1D20 20p13 26.23 

ZCCHC3 20p13 26.23 

STARD3 17q12 22.95 

C19orf12 19q12 19.67 

POP4 19q12 19.67 

UQCRFS1 19q12 19.67 

i  

a
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P

bserved at 3q22.1, 7p21.3, 18p11.2 and 18p11.3. Finally, CNA at

6p13.3, 17q21.31 and Xq22.3 were specific of Mu-OC patients (Sup-

lementary File S1). 

dentification of genes subjected to CNA in S-OC and comparison with 

CGA dataset 

The analysis performed here yielded a total of 3300 genes subjected

o CNA in S-OC: 576 were CN gains (530 low-level CN gain, 46 high-

evel CN gain) whereas 2724 genes were subjected to CN loss (2454 het-

rozygous deletion, 270 homozygous deletion). Chromosomal locations,

requencies of alteration, genomic intervals and names of the genes al-

ered in S-OC are listed in Supplementary File S2. 

The results presented here are in agreement with those shown in

revious genome-wide studies. Several genes identified here as ampli-

ed are located at 3q26.2 (MDS1, MYNN, GPR160, PHC3, PRKCI, SKIL,

LDN11 and TERC) or at 8q24.21 (MYC and PVT1). Similarly, genes

dentified in this study as subjected to CN losses (DOCK5, CSMDD1,

NFRSF10A/B/C, EGR3, STK11, APC2) have already been identified in

revious studies [ 3 , 17 , 18 ]. 

Subsequently, we compared the genes subjected to CNA identified in

his study with those identified by previously published work and that

re annotated in the TCGA dataset, using the GISTIC 2.0 algorithm [16] .

his comparison showed that 167 altered chromosomal bands (83%)

nd 1397 altered genes (42%) identified in this study are annotated in

he TCGA dataset (Supplementary File S3). It is of note that among the

enes in common between our study and the TCGA, 305 genes presented

oherent alteration of their mRNA expression (Supplementary File S4).

igh-level CN gains with coherent mRNA increase were identified in

1 genes: PDCD10, EBAG9, NUDCD1, ENY2, CSNK2A1, TBC1D20, ZC-

HC3, STARD3, C19orf12, POP4, UQCRFS1. 

Among these PDCD10 was selected for further studies because of

he highest frequency of alteration. This gene, which maps at 3q26, a

egion already known to be involved in OC, was found to be subjected

o high-level CN gain in > 47% of S-OC patients. See Table 1 . 

ncreased PDCD10 CN is associated with elevated protein levels in OC 

PDCD10 expression was investigated in Tissue Micro Arrays contain-

ng duplicated core biopsies of 98 OCs (TMA_OC3 and TMA_OC4, respec-

ively) and 26 normal tissues (16 tubal and 10 endometrium tissues,

espectively). Tumors for which PDCD10 staining was available were

3. The evaluation criteria for the staining of the protein are reported
4 
n Materials and Methods. Patients’ clinical-pathological characteristics

re summarized in Supplementary Table S1. 

Immunostaining analysis revealed that most of the normal ovary

amples (23 out of 26) were negative for PDCD10. On the other hand, 56

ut of 93 OCs showed strong cytoplasmic staining for PDCD10 protein

60%; p < 0.0001) ( Fig. 2 A). Increased PDCD10 staining was observed

n 60% S-OCs ( n = 39), 67% E-OCs ( n = 8), all CC-OCs ( n = 7) but not in

u-OCs ( n = 6). Notably, among the 3 MX-OCs analyzed (1 S-OC/CC-

C, 1 E-OC/CC-OC, 1 S-OC/E-OC), only the 2 tumors with CC compo-

ent were positive for PDCD10 expression. See Supplementary Table S2

nd Fig. 2 B-F for representative images. 

We also investigated whether the increased expression of PDCD10

rotein observed in the TMA studies occurred through mechanisms in-

olving deregulation of its mRNA transcription. To this aim we per-

ormed quantitative RT-PCR analysis. As shown in Fig. 2 G, we found

igh PDCD10 mRNA level in 28 out of 38 OCs (68%). Among these,

5 OCs were selected because both mRNA and immunohistochemistry

nalysis were available (Supplementary Figure S1A). A good correspon-

ence between mRNA levels and protein staining in tissue biopsies was

bserved: 16/22 samples with strong staining of PDCD10 protein had

igh mRNA levels and 2/3 samples with negative staining had low

DCD10 mRNA levels (Supplementary Figure S1B). Notably, among the

8 OCs that presented high mRNA levels 8 presented increased gene CN

Supplementary Figure S1C), suggesting that one major mechanism of

DCD10 overexpression in OC is represented by gene amplification. 
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Fig. 2. PDCD10 protein expression in OCs A. 

The graph summarizes the results of immunos- 

taining for PDCD10 in OCs (N = 93) and nor- 

mal tissues (N = 26). ∗ ∗ ∗ ∗ p < 0.0001 (Fisher’s ex- 

act test). B-F. Representative PDCD10 staining 

of normal or cancerous tissues: B , Falloppian 

tubes (left panel), endometrium (right panel); 

C , S-OCs; D , E-OCs; E , CC-OC (left panel), Mu- 

OC (right panel); F , Mx-OCs. G. Q-RT-PCR anal- 

ysis of PDCD10 mRNA level in normal and can- 

cer samples. ∗ ∗ p < 0.005, ∗ p < 0.05 (Student’s t- 

test). 

Fig. 3. Protein expression of PDCD10 in matched primary tumors and metastases. A . The graph summarizes the number of samples expressing PDCD10 protein 

in primary OCs and in the corresponding metastatic lesions. ∗ p < 0.05 (Fisher’s exact test). B. Representative PDCD10 immunostaining of primary tumors (upper 

panels) and their corresponding metastasis (bottom panels). 
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DCD10 protein levels increase in metastatic lesions 

Subsequently, we validated PDCD10 expression in an independent

MA (Ovary2_TMA) with matched primary and metastatic OC samples

rrayed. Patients’ characteristics are summarized in Table S3. This TMA

ontained core biopsies of 213 OCs and their corresponding metasta-

is. PDCD10 was expressed in 67% (127 out of 188) of primary tumors

nalyzed and in 78% (139 out of 178) of the corresponding metasta-

is ( Fig. 3 A and Table S4). Representative images are shown in Fig. 3 B.
5 
e found that a slightly higher number of metastatic lesions expressed

DCD10 compared with primary tumors (78% versus 67%, respec-

ively). See Table S5 and S6 for a detailed patient-by-patient report of

DCD10 staining score. 

Then, we correlated PDCD10 expression with clinical-pathologic

eatures. We observed a significant association between the levels of

DCD10 protein and higher tumour grade (G3-G4 vs G1-G2, p < 0.005).

n addition, a significant fraction of S-OC patients with high PDCD10

xpression (27 out of 33, 82%, p < 0.04) was positive for nodal involve-
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Table 2 

Association of PDCD10 with clinical-pathologic features in OC 

OC S-OC E-OC 

PDCD10 PDCD10 PDCD10 

N NEG (%) POS (%) P N NEG (%) POS (%) P N NEG (%) POS (%) P 

Age 

< 62 85 27 (32) 58 (68) 0.5 70 23 (33) 47 (67) 0.5 15 4 (27) 11 (73) 0.13 

≥ 62 103 34 (33) 69 (67) 79 25 (32) 54 (68) 24 9 (38) 15 (62) 

Grade 

G1-G2 53 25 (47) 28 (53) 0.01 47 23 (49) 24 (51) 0.005 6 2 (33) 4 (67) 1.00 

G3-G4 133 36 (27) 97 (73) 101 25 (25) 76 (75) 32 11 (34) 21 (66) 

FIGO 

I-II-IIIA,B 50 19 (38) 31 (62) 0.21 33 9 (27) 24 (73) 0.5 17 10 (59) 7 (41) 0.005 

IIIC 138 42 (30) 96 (70) 116 39 (34) 77 (66) 22 3 (14) 19 (86) 

N.I. a 

NEG 35 14 (40) 21 (60) 0.09 25 11 (44) 14 (56) 0.04 10 3 (30) 7 (70) 1.0 

POS 45 10 (22) 35 (78) 33 6 (18) 27 (82) 12 4 (33) 8 (67) 

Tum.Dim 

b 

< 1cm 110 37 (34) 73 (66) 0.7 93 31 (33) 62 (67) 0.7 17 6 (35) 11 (65) 1.0 

> 1cm 69 21 (36) 48 (64) 48 14 (29) 34 (71) 21 7 (33) 14 (67) 

a Nodal Involvment 
b Tumor Dimension 
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ent. Similarly, while no significant correlation was observed between

DCD10 and FIGO stage in non-stratified OCs ( n = 188), a strong associ-

tion of PDCD10 expression with FIGO stage was found in E-OC patients

 n = 39; p < 0.05). In particular, 19 out of 22 patients (86%) with high

IGO stage (stage 3C) presented high PDCD10 expression whereas only

 out of 17 patients (41%) with low FIGO stage (stages 1-3B) presented

igh PDCD10 expression. See Table 2 for a summary of the results. All

ogether these results suggest that PDCD10 may contribute to OC onset

nd/or progression. 

DCD10 regulates growth of OC cells both in vitro and in vivo 

To determine the role of PDCD10 in the transformation of epithe-

ial OC cells we used the cell lines OVCAR-5 and OVCA429, which ex-

ress high levels of PDCD10 (Supplementary Figure S2). These cellu-

ar systems have been well characterized as models of high-grade S-OC

 19 , 20 ]. OVCAR-5 and OVCA429 cells were mock-transduced (SCR) or

ransduced with lentivirus carrying different shRNAs to PDCD10 (sh-

DCD10 #1 and shPDCD10 #2, respectively). OVCAR-5 and OVCA429

ells from different transduction experiments were expanded for further

tudies. 

Analysis of proliferation by Trypan-exclusion assay demonstrated

hat OVCAR-5 and OVCA429 cells and the corresponding cells si-

enced for PDCD10 duplicated at a reduced rate in monolayer compared

ith SCR cells (approximately 1.5- and 2.3-fold decrease, respectively)

 Fig. 4 A-B). Accordingly, suppression of PDCD10 was associated with

ecreased phosphorylation of ERK1/2 and pRB and reduced Cyclin D1

rotein levels in both cell lines ( Fig. 4 C). 

Flow cytometry analysis ( Fig. 4 D-G) demonstrated a significant in-

rease in the percentage of cells in G0/G1 phase following PDCD10

nockdown compared with control cells (13.5% for OVCAR-5 cells and

4% for OVCA429 cells on average) with a concomitant decrease in

he percentage of cells in the S and G2/M phases ( p < 0.05). Con-

ersely, PDCD10 silencing induced no change in apoptosis (Supplemen-

ary Figure 3). These results indicate that PDCD10 regulates anchorage-

ependent proliferation of human epithelial OC cells in culture but not

poptosis. 

PDCD10 also regulates anchorage-independent growth in vitro

nd tumorigenicity in vivo . In semisolid medium, OVCAR-5-SCR and

VCA429-SCR cells give rise to several large colonies. Conversely,

nterference for PDCD10 induced a significant decrease in the num-

er of colonies both in OVCAR-5 cells (OVCAR-5-SCR, 42.9 ± 1.5;
6 
VCAR-5-shPDCD10#1 27.8 ± 2.1; OVCAR-5-shPDCD10#2 26.9 ± 0.7,

 < 0.001) and OVCA429 cells (OVCA429-SCR, 33.4 ± 3.7; OVCA429-

hPDCD10#1 22 ± 2; OVCA429-shPDCD10#2 16.4 ± 3.4, p < 0.05)

 Fig. 4 H). In addition, when injected subcutaneously into athymic CD1

ice (3 ×10 6 cells per mouse), PDCD10-silenced cells promoted tumour

ormation with longer latency and slower kinetic in comparison with

ontrol cells ( Fig. 4 I). Collectively these data suggest a role for PDCD10

n ovarian tumorigenesis. 

DCD10 regulates migration of ovarian cancer cells 

Finally, we investigated the effects of PDCD10 on the capability of

C cells to migrate. To this aim we performed Boyden chamber as-

ays using OVCAR-5 and OVCA429 cells and the corresponding cells

ilenced for PDCD10. We found that PDCD10 down-regulation induced

 significant decrease of migrating cells in comparison to SCR cells in

VCAR-5 and OVCA429 cells (5- and 2-fold on average, respectively,

 < 0.005). In fact, OVCAR-5-SCR cells presented 66.3 ± 11.3 mi-

rated cells/field; OVCAR-5-shPDCD10#1 cells presented 17.3 ± 3.7

igrated cells; OVCAR-5-shPDCD10#2 cells presented 9.4 ± 3.2 mi-

rated cells ( Fig. 5 A). OVCA429 cells presented 46.9 ± 11.3 migrated

ells/field; OVCA429 shPDCD10#1 cells presented 24 ± 6.5 migrated

ells; OVCA429 shPDCD10#2 cells presented 17.5 ± 5.9 migrated cells

 Fig. 5 B). 

These observed changes in cell migration likely reflected the orga-

ization of the F-actin cytoskeleton. In agreement with their decreased

otility, OVCAR-5 and OVCA429 shPDCD10 cells assumed a larger, flat-

ened morphology and the loss of polarity with random orientation of

ctin filaments. Conversely, OVCAR-5 and OVCA429 SCR cells exhibit

n elongated morphology and display F-actin-rich structures resembling

amellipodia ( Fig. 5 C). 

Cell motility is regulated by the small GTPase RhoA [21] . Therefore,

e determined the role exerted by suppression of PDCD10 expression

nto the RhoA pathway. We found that OVCAR-5 and OVCA-429 sh-

DCD10 presented a significant increased amount of active Rho (Rho-

TP) as well as increased phosphorylated Cofilin that prevents actin

epolymerization. On the contrary, OVCAR-5 and OVCA429 shPDCD10

ells presented reduced phosphorylation of MYPT1 and increased phos-

horylation of MLC proteins, both of which are involved in the contrac-

ion of acto-myosin ( Fig. 5 D). These results indicate that PDCD10 posi-

ively regulates the migratory potential of human OC cells by impinging

n the RhoA pathway. 
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Fig. 4. PDCD10 promotes OC cells growth. A-B . Proliferation rate of OVCAR-5 ( A ) and OVCA429 ( B ) cells and/or clones interfered for PDCD10 expression 

(shPDCD10 #1 and #2) determined by MTT assay. Data are means ( ± SD) of triplicate experiments, ∗ ∗ ∗ ∗ p < 0.0001 (Two-Way Anova test). C. Immunoblot analysis of 

indicated proteins: phosphorylated pRB, Cyclin D1, phosphorylated p42/44, total p42/44, actin. PDCD10 is shown as control of the knockdown. Actin was used as 

loading control. D-E. The graphs plot the percentage of OVCAR-5 ( D ) and OVCA429 ( E ) cells and the corresponding cells interfered for PDCD10 (shPDCD10 #1 and 

#2) in the cell cycle phases. Results are representative of three independent experiments. ∗ ∗ ∗ ∗ p < 0.0005, ∗ ∗ ∗ p < 0.0005, ∗ ∗ p < 0.005, ∗ p < 0.05 (Student’s t-test). F-G. 

Representative plots of Propidium staining and flow cytometry analysis of cell cycle in OVCAR-5 ( F ) and OVCA429 ( G ) cells and the corresponding cells interfered 

for PDCD10 expression (shPDCD10 #1 and #2). H . The graphs report the mean number ( ± SD) of clones/field generated in anchorage-independent conditions. 

Representative images of plates are reported at the bottom of the graph (Magnification 20X). ∗ ∗ ∗ ∗ p < 0.0001, ∗ ∗ ∗ p < 0.0005, ∗ ∗ p < 0.005, ∗ p < 0.05 (Student’s t-test). 

I. Tumor growth of OVCAR-5 SCR, OVCAR-5 shPDCD10 #1 and OVCAR-5 shPDCD10 #2, injected in CD1 nude mice (N = 8/group). Data are shown as mean ± SD; 
∗ ∗ ∗ ∗ p < 0.0001 (Two-Way Anova test). 
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Fig. 5. PDCD10 promotes migration of OVCAR-5 and OVCA429 cells. A. The graph reports the mean number/field ( ± SD) of OVCAR-5 cells migrated to the bottom 

of Transwells after 48h. ∗ ∗ p < 0.005 (Student’s t-test). B. The graph reports the mean number/field ( ± SD) of OVCA429 cells migrated to the bottom of Transwells after 

48h. ∗ p < 0.05 (Student’s t-test). C. Cytoskeletal organization of OVCAR-5 and OVCA429 silenced for PDCD10. F-actin fibers were stained with rhodamine-phalloidin 

(red) and nuclei were stained with DAPI (blue). Scale bar: 20 μm. Original magnification: 400X. D. Immunoblot analysis of activated RhoA (GTP-Rho) and its 

downstream substrates (p-Cofilin, Cofilin, p-MYPT1, MYPT1, p-MLC and MLC) in OVCAR-5 and OVCA429 cells. PDCD10 is shown as control of the knockdown. 

Actin was used as loading control. 
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iscussion 

The first relevant result of this work consists in the identification

f 201 chromosomal regions subjected to CNA, most of which contain

nown oncogenes or tumor suppressor genes in OC [ 3 , 17 , 18 ]. The nov-

lty of the data described in this manuscript consists in the identifica-

ion of CN gains and losses in further chromosomal bands that had not

een previously associated with OC. In particular, CN gains at 10q26.2

nd 13q31 occur specifically in S-OCs, CN gains at 18p11.3 are ap-

arently specific of MX-OCs and CN gains at Xq21.1 are specific of

-OCs. The 10q26.2 band has been described as a susceptibility locus

or several tumour types [ 22 , 23 ] whereas the 13q31 region contains

 microRNA cluster implicated in tumour growth and chemoresistance

 24 , 25 ], which also dictates poor prognosis in patients with colorectal

ancer [26] . 
8 
As regards the CN losses, region 9q34 contains the gene responsible

or the Tuberous Sclerosis Complex, TSC1 [27] , a gene downregulated

n breast cancer (LAMC3) [28] and a gene deleted in B-cell lymphoblas-

ic leukemia and bladder cancer (ABL1) [ 29 , 30 ]. Band 22q13 includes

 putative tumour suppressor gene (PHF21B) that has been associated

ith familiar OC [31] and reported to be deleted in head and neck

quamous cell carcinoma. Finally, the 17p13.2 band contains the pu-

ative tumour suppressor gene KCTD11, which has been implicated in

ereditary colorectal cancer [32] and sporadic breast and ovarian cancer

33] . 

An additional relevant point of this manuscript is the identification,

mong the genes subjected to CN gains, of PDCD10 as an important

layer in the onset and/or progression of OC. PDCD10 is located at

q26.1, a region shown to be amplified in various types of human cancer

ncluding OC. 
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Our data indicate that approximately half of OC patients analysed

resents CN gains in the gene encoding PDCD10, which results in a

arked increase of mRNA and protein levels. PDCD10 protein is sig-

ificantly overexpressed in primary and metastatic OC in comparison to

enign ovary, revealing also a significant correlation with tumour grade

nd nodal involvement in S-OC patients and advanced FIGO stage in E-

C patients. 

Although dysregulation of PDCD10 expression has been frequently

bserved in many cancer types, the role of PDCD10 in human tumors

s still controversial. In fact, whereas PDCD10 has been shown to be

p-regulated in oral, colorectal and pancreatic cancer [34–36] , the loss

f PDCD10 has been associated to the progression of glioblastoma [37] .

DCD10 has been shown to be the target for the tumor suppressor activ-

ty of miR-222-3p in ovarian cancer [7] , of miR-103 in prostate or lung

ancer [ 38 , 39 ] and of miR-26a-5p and of miR-26b-5p in bladder cancer

40] . On the other hand, mir-425-5p-induced up-regulation of PDCD10

romotes chemo-resistance in colorectal cancer cells [41] . 

The results presented in this study contribute to demonstrate that

DCD10 promotes cancer growth, being markedly up-regulated in both

rimary and metastatic OC lesions. Furthermore, we also provide evi-

ence that PDCD10 positively regulates cell proliferation, migration and

nvasion of human OC cells in vitro and tumor growth in xenograft ex-

eriments. These conclusions are supported by experiments of manip-

lation of PDCD10 expression with shRNA, in which the suppression

f PDCD10 reduced anchorage-dependent and -independent growth of

 OC cell lines, markedly impaired the ability to migrate and invade

hrough reconstituted basal membrane and decreased the growth of

enografted cells in immunodeficient mice. 

As to the mechanism, our results suggest that the ERK1/2 pathway is

nvolved in PDCD10-dependent regulation of proliferation and that the

hoA pathway is involved in PDCD10-dependent regulation of migra-

ion. PDCD10 interacts and stabilizes MST4 [42] , a protein that specif-

cally activates ERK kinases [43] . The ERK proteins are well known

egulators of mitogenesis and inducers of Cyclin D1 [44] . In ovarian

ancer cells, PDCD10 silencing reduces active ERK1/2, which in turn

s reflected into reduction of Cyclin D1 levels and subsequent hypo-

hosphorylation of Rb protein, suggesting that the mechanism whereby

DCD10 promotes cancer is the deregulation of ERK signaling. 

Our study also revealed that PDCD10 regulates the mode of ovarian

ancer cell migration. PDCD10-dependent regulation of Rho signaling

ay play a pivotal role in the balance between actin polymerization

nd myosin contractility [ 45 , 46 ]. By decreasing the amount of active

hoA and of phosphorylated Cofilin and by increasing phosphoryla-

ion of MLC, PDCD10 may tip the balance toward actin depolymeriza-

ion and myosin contraction, thus facilitating migration. These obser-

ations were concordant with previous lines of evidence demonstrating

DCD10 role in inhibiting RhoA signaling [ 47 , 48 ]. In breast cancer cells,

RIM59-dependent stabilization of PDCD10 induces inhibition of RhoA

ignaling that results in either mesenchymal or lamellipodia movement

49] . Moreover, a recent work from Fan L. et al. demonstrated that

NAI2 enhances ovarian cancer cells migration through the axis miR-

22-3/PDCD10 [7] . All together our results identifies PDCD10 as an

mportant player in cancer development and a promising therapeutic

arget. In consideration of the relevant role of microRNAs in PDCD10

egulation [ 7 , 38–40 ], a promising therapeutic option is represented

y microRNAs such as miR-222-3p, miR103 and miR-26a/b-5p target-

ng PDCD10. Other therapeutic candidates are represented by ERK in-

ibitors, especially for their potential in overcoming resistance towards

rugs targeting upstream molecules [50] . On the basis of ERK medi-

ted effects in both proliferation and migration of cells overexpressing

DCD10, the use of ERK inhibitors might be a valuable option. 

In conclusion, this study allowed the identification of novel genes

ubjected to CNA in OC and thus potentially relevant for the de-

elopment of this cancer. In particular, the results reported here

oint to a prominent role for PDCD10 as a bona fide oncogene

n OC. 
9 
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