
 

 

 University of Groningen

circPVT1 and PVT1/AKT3 show a role in cell proliferation, apoptosis, and tumor subtype-
definition in small cell lung cancer
Tolomeo, Doron; Traversa, Debora; Venuto, Santina; Ebbesen, Karoline K.; García
Rodríguez, Juan L.; Tamma, Grazia; Ranieri, Marianna; Simonetti, Giorgia; Ghetti, Martina;
Paganelli, Matteo
Published in:
Genes Chromosomes and Cancer

DOI:
10.1002/gcc.23121

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2023

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Tolomeo, D., Traversa, D., Venuto, S., Ebbesen, K. K., García Rodríguez, J. L., Tamma, G., Ranieri, M.,
Simonetti, G., Ghetti, M., Paganelli, M., Visci, G., Liso, A., Kok, K., Muscarella, L. A., Fabrizio, F. P.,
Frassanito, M. A., Lamanuzzi, A., Saltarella, I., Solimando, A. G., ... Storlazzi, C. T. (2023). circPVT1 and
PVT1/AKT3 show a role in cell proliferation, apoptosis, and tumor subtype-definition in small cell lung
cancer. Genes Chromosomes and Cancer. Advance online publication. https://doi.org/10.1002/gcc.23121

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

https://doi.org/10.1002/gcc.23121
https://research.rug.nl/en/publications/fb27f467-19bc-432d-aa78-95dc980623af
https://doi.org/10.1002/gcc.23121


R E S E A R CH A R T I C L E

circPVT1 and PVT1/AKT3 show a role in cell
proliferation, apoptosis, and tumor subtype-definition
in small cell lung cancer

Doron Tolomeo1 | Debora Traversa1 | Santina Venuto2 | Karoline K. Ebbesen3 |

Juan L. García Rodríguez4 | Grazia Tamma1 | Marianna Ranieri1 |

Giorgia Simonetti5 | Martina Ghetti5 | Matteo Paganelli5 | Grazia Visci1 |

Arcangelo Liso2 | Klaas Kok6 | Lucia Anna Muscarella7 | Federico Pio Fabrizio7 |

Maria Antonia Frassanito8 | Aurelia Lamanuzzi8 | Ilaria Saltarella8 |

Antonio Giovanni Solimando8 | Alessandro Fatica9 | Zaira Ianniello9 |

René Massimiliano Marsano1 | Antonio Palazzo1 | Amalia Azzariti10 |

Vito Longo11 | Stefania Tommasi12 | Domenico Galetta11 | Annamaria Catino11 |

Alfredo Zito13 | Tommaso Mazza14 | Alessandro Napoli14 | Giovanni Martinelli5 |

Jørgen Kjems3 | Lasse Sommer Kristensen4 | Angelo Vacca8 |

Clelia Tiziana Storlazzi1

1Department of Biosciences, Biotechnology and Environment, University of Bari Aldo Moro, Bari, Italy

2Department of Medical and Surgical Sciences, University of Foggia, Foggia, Italy

3Interdisciplinary Nanoscience Centre (iNANO), Aarhus University, Aarhus, Denmark

4Department of Biomedicine, Aarhus University, Aarhus, Denmark

5Biosciences Laboratory, IRCCS Istituto Romagnolo per lo Studio dei Tumori (IRST) “Dino Amadori”, Meldola (FC), Italy

6Department of Genetics, University of Groningen, University Medical Center Groningen, Groningen, The Netherlands

7Laboratory of Oncology, Fondazione IRCCS “Casa Sollievo della Sofferenza”, San Giovanni Rotondo (FG), Italy

8Department of Precision and Regenerative Medicine and Ionian Area - (DiMePRe-J), School of Medicine, Aldo Moro University of Bari, Bari, Italy

9Department of Biology and Biotechnology "Charles Darwin", Sapienza University of Rome, Rome, Italy

10Laboratory of Experimental Pharmacology, IRCCS Istituto Tumori Giovanni Paolo II, Bari, Italy

11Medical Thoracic Oncology Unit, IRCCS Istituto Tumori Giovanni Paolo II, Bari, Italy

12Molecular Diagnostics and Pharmacogenetics Unit, IRCCS Istituto Tumori Giovanni Paolo II, Bari, Italy

13Pathology Unit, IRCCS Istituto Tumori Giovanni Paolo II, Bari, Italy

14Bioinformatics Unit, Fondazione IRCCS “Casa Sollievo della Sofferenza”, San Giovanni Rotondo (FG), Italy

Correspondence

Clelia Tiziana Storlazzi, Department of

Biosciences, Biotechnology and Environment,

University of Bari Aldo Moro, Via E. Orabona

no.4, 70125 Bari, Italy.

Email: cleliatiziana.storlazzi@uniba.it

Abstract

Small cell lung cancer (SCLC) is treated as a homogeneous disease, although the

expression of NEUROD1, ASCL1, POU2F3, and YAP1 identifies distinct molecular

subtypes. The MYC oncogene, amplified in SCLC, was recently shown to act as a

lineage-specific factor to associate subtypes with histological classes. Indeed,
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MYC-driven SCLCs show a distinct metabolic profile and drug sensitivity. To

disentangle their molecular features, we focused on the co-amplified PVT1,

frequently overexpressed and originating circular (circRNA) and chimeric RNAs. We

analyzed hsa_circ_0001821 (circPVT1) and PVT1/AKT3 (chimPVT1) as examples of

such transcripts, respectively, to unveil their tumorigenic contribution to SCLC. In

detail, circPVT1 activated a pro-proliferative and anti-apoptotic program when over-

expressed in lung cells, and knockdown of chimPVT1 induced a decrease in cell

growth and an increase of apoptosis in SCLC in vitro. Moreover, the investigated

PVT1 transcripts underlined a functional connection between MYC and YAP1/

POU2F3, suggesting that they contribute to the transcriptional landscape associated

with MYC amplification. In conclusion, we have uncovered a functional role of circular

and chimeric PVT1 transcripts in SCLC; these entities may prove useful as novel

biomarkers in MYC-amplified tumors.

K E YWORD S

circular RNA, fusion transcript, MYC, PVT1, small cell lung cancer

1 | INTRODUCTION

Small cell lung cancer (SCLC) is the most devastating type of lung can-

cer, accounting for 15% of all cases1 and a 5-year survival rate of 1%–

5%. Therapies have remained unchanged in the last 40 years, consisting

of chemotherapy regimens at all disease stages. In the last few years,

immunotherapy based on atezolizumab and durvalumab, used in combi-

nation with platinum-based chemotherapy, was approved in extensive-

stage SCLC.2 However, these therapies showed a modest effect in

patients' overall survival (12.3 vs. 10.3 months, HR 0.70, p = 0.007;

13 vs. 10.03 months, HR 0.73, p = 0.0047, respectively3–5). Recently,

similar results have been reported in two Asiatic trials, confirming only

a modest advantage of immunotherapy added to chemotherapy.6,7

Moreover, cost-effectiveness analysis is not favorable for chemoimmu-

notherapy in SCLC patients.8 Surgical removal is generally restricted to

a few cases; thus, in-depth molecular studies of large cohorts are lim-

ited.9 In 2019, four SCLC subtypes were defined through the differen-

tial expression of lineage-specific transcription factors: ASCL1 (SCLC-A

subtype), NEUROD1 (SCLC-N subtype), POU2F3 (SCLC-P subtype),

and YAP1 (SCLC-Y subtype),10,11 raising opportunities for personalized

treatments. More recently, Gay et al. identified a high YAP1 expression

in other subtypes, pointing out that this molecule may not indicate a

specific SCLC subtype.12 These authors suggest a T-cell inflamed or

SCLC-I subtype, with a high expression of immune-related genes, as

the fourth patient subtype, in addition to SCLC-A/N/P.13 Notably, each

subtype displays a specific therapeutic vulnerability,4,5,14–16 suggesting

that distinct molecular features could be at the basis of this classifica-

tion.10 Moreover, the MYCL and MYC paralogs (showing a mutually

exclusive high-copy number gain in 9% and 6% of SCLC, respectively17)

were recently described as lineage-specific factors to associate SCLC

molecular subtypes with histological classes. In detail, MYCL and MYC

were shown to impart neuronal and non-neuroendocrine–associated

transcriptional programs.17,18 Enforced expression of MYC is observed

to drive a subtype shifting from SCLC-A to SCLC-N to SCLC-Y.18

Indeed, MYC over-expression is incompatible with the SCLC-A subtype,

as MYC-high SCLC subtypes correspond to ASCL1-low samples.17

Worthy, MYC-overexpressing SCLCs exhibited an increased vulnerabil-

ity to indirect MYC inhibitors, such as Aurora A/B kinase and

CHK1-inhibitors, compared with MYCL- or MYCN-overexpressing

tumors.15,19 Furthermore, BET and PARP-1 inhibitors showed a syner-

gistic effect on suppressing the growth and survival of SCLC cells

carryingMYC amplification over non-tumor cells.20

This evidence underlines the need to disentangle the molecular

bases behind the SCLC subtype definition to identify novel and

specific biomarkers for better patient stratification and personalized

therapies.19 Interestingly, we and others previously showed that SCLC

cell lines and primary tumors withMYC amplification overexpress the -

co-amplified Plasmacytoma Variant Translocation 1 (PVT1) gene

(8q24.21).21,22 This gene belongs to the class of long non-coding

RNAs (lncRNAs), that is, RNA entities of more than 200 nt in size with

a low protein-coding potential. High transcriptional plasticity charac-

terizes PVT1; it gives rise to 176 linear and 29 circular splicing vari-

ants, according to the Ensembl Genome Browser v107 (https://www.

ensembl.org/index.html) and the CircInteractome database (https://

circinteractome.nia.nih.gov/) respectively, of which the PVT1-224 lin-

ear and the hsa_circ_0001821 isoforms (herein referred to as PVT1

and circPVT1) are the best characterized at the molecular and func-

tional level. These two transcripts share the sequence of the PVT1

(NR_003367.3) exon 2, and increasing literature documents their

role in promoting cell growth and invasion in non-small cell lung can-

cer (NSCLC)23–33 and other tumor types,34 where they represent

potential novel diagnostic/prognostic biomarkers.

Moreover, PVT1 is recurrently involved in the genesis of chimeras

in hematological and solid tumors, including SCLC.35,36 Chimeras are

2 TOLOMEO ET AL.
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powerful driver alterations clarly associated with peculiar tumor sub-

types in lung cancer.37,38

Despite its role in tumor initiation and progression, also through

the interaction with MYC,39 only one study analyzes the function of

PVT1 in SCLC, and it is limited to the linear isoform.40 Therefore, this

gene and its multiple transcripts deserve further investigation. To

address the role of PVT1 isoforms in SCLC carcinogenesis and tumor

progression, we here focus on circPVT1 and the PVT1/AKT3 chimera

(chimPVT1), the latter originated by the juxtaposition of the PVT1

exon 1 to AKT3 exon 2 and coding a shorter form of the AKT3

protein,22 as examples of PVT1 circRNA and fusion entities,

respectively.

Our in vitro functional studies demonstrated that PVT1

transcripts elicit lung cell proliferation, reduce the apoptosis rate,

and impact the expression of MYC, BCL2, and the YAP1 and

POU2F3 master regulators. Furthermore, PVT1 transcripts were

detectable in the extracellular vesicles (EVs) secreted by SCLC cell

lines, thus unveiling their potential as biomarkers for noninvasive

liquid biopsy-based approaches. Overall, our observations uncover a

vulnerability of this recalcitrant cancer and provide a rationale for

PVT1 therapeutic targeting, especially for the MYC-amplified SCLC

subtypes.

2 | MATERIALS AND METHODS

2.1 | In silico analysis of PVT1 expression in SCLC
data sets

Seventeen control lung tissues and six small cell lung carcinomas were

retrieved from the data set GSE83227 of the Gene Expression Omni-

bus database. The mRNA profiles of 12,600 transcripts of these sam-

ples were quantified using the Affymetrix Human Genome U95

Version 2 Array and analyzed with the affy and limma Bioconductor R

packages. First, probeset signals were Robust Multichip Average (RMA)

normalized. Then a linear model for each transcript was fitted, which

was finally used to compute the differential expression between the

two classes of samples by empirical Bayes moderation.

Transcriptomic data from seven normal lung tissues and 73 SCLC

tissues were retrieved from the GSE60052 GEO data set. Sequenced

short-reads were mapped onto release 41 of the GENCODE human ref-

erence transcriptome and counted using STAR version 2.6.1a_08-27.41

STAR was run with standard parameters using the—quantMode Gene-

Counts mode. Differential expression analysis was performed with

DESeq2,42 which was run with standard parameters.

2.2 | Cell lines

Our study included five cell lines harboring MYC amplification

(GLC1DM, GLC1HSR, GLC2, GLC3, NCI-H2171),22,43,44 nine cell lines

harboring MYCL (GLC26, GLC28, H1963, H510A, HCC33, H2141,

H1184) or MYCN (GLC8, GLC14), but not MYC amplifications, used as

controls. The BEAS-2B normal bronchial epithelial cell line and the

HeLa cervix epithelioid carcinoma cell line were acquired from the

American Type Culture Collection (ATCC, Manassas).

2.3 | RT-PCR assays

RT-PCR assays, Sanger sequencing, and RT-qPCR experiments were

performed as described.45,46

Briefly, for RT-qPCR experiments, we tested 10 housekeeping

genes (ACTB, B2M, GAPDH, HMBS, HPRT1, RPL13A, SDHA, RNA28S,

UBC, and YWHAZ), choosing the best-performing ones (GAPDH,

SDHA, and HPRT1) according to geNorm analysis,47 and used them as

normalization factors. The experiments were performed in triplicate.

RT-qPCR results were analyzed by the REST48 relative expression

software tool (Table S1). Differential expression was considered sig-

nificant with a p-value ≤0.05 at relative quantification. A commercial

pooled normal lung RNA sample (Clontech, Diatech, Jesi, Italy; Cat.

No. 636524) was also used as a calibrator in RT-qPCR assays. All

primers are listed in Table S2.

2.4 | Cell transfection

We obtained a stably expressing circPVT1 cell line by transfecting

BEAS-2B with an epB-Puro-TT derived plasmid harboring the PVT1

exon 2 flanked by inverted repeats and expressing the Puromycin

resistance gene (BEAS-2BcircPVT1/ND). All transfections were per-

formed using the Lipofectamine 3000 Transfection Reagent (Thermo

Fisher Scientific) according to the manufacturer's protocol. Positive

cells were selected by antibiotic treatment (1 μg/ml), induced for

circPVT1 expression by adding doxycycline hyclate (50 ng/ml), and

evaluated at 24/48 h after induction with doxycycline (BEAS-

2BcircPVT1/24D/BEAS-2BcircPVT1/48D). BEAS-2BeGFP control cells were

obtained by transfecting BEAS-2B with an epB-Puro-TT derived plas-

mid harboring the GFP gene.

To test the effect of MYC knockdown, this cell line was trans-

fected with two specific small interfering RNAs (siRNAs) [siRNA1

MYC (VHS40785) and siRNA2MYC (VHS40789), ThermoFisher Scien-

tific, Rodano MI, Italy] specifically designed for MYC silencing by RNA

interference. As a negative control, we used the si-NC 50-AAUU-

CUCCGAACGUGUCACGU-30 (Metabion), already used for this pur-

pose.49 24 h after transfection, we evaluated the best-performing

siRNA for MYC knockdown and chose siRNA2 MYC, showing a 65%

expression reduction compared with the si-NC control.

A second model for circPVT1 overexpression was generated by

cloning PVT1 exon 2 into the pcDNA3.1 circRNA mini vector and

transiently transfecting BEAS-2B cells. Functional studies were

performed 24/48 h after the transfection (BEAS-2BcircPVT1/24tr/

BEAS-2BcircPVT1/48tr). The same cells, transfected with the empty

vector, were used as controls (BEAS-2BCTRL).

Data obtained 24 h after circPVT1 Doxycycline induction/

transient transfection were reported in the Tables S1 and S3.

TOLOMEO ET AL. 3
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To express the putative protein encoded by circPVT1, we engi-

neered a transient expression vector (pcDNA3.1 3 � FLAG) harboring

the longest circPVT1 ORF (104 aa) fused in frame with the FLAG tag

and transfected it into HeLa cells (HeLacircPVT1). A pcDNA3.1

3 � FLAG vector carrying the sequence of the circRNA circZNF609,

whose coding activity has already been documented,50 was used as a

positive control (HeLacircZNF609).

To test the biological function of chimPVT1, the GLC1HSR cell

line was stably transfected with a piggyBac vector (VectorBuilder Inc.)

encoding an shRNA that targeted the fusion junction (shPVT1/AKT3:

50-ATCTGCCCTCCAGAGAATATACTCGAGTATATTCTCTGGAGGGCA-

GAT-30) (GLC1HSRshchimPVT1). A scrambled shRNA (50-CCTAAGG

TTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGG-30), tar-

geting a nonspecific sequence, was used as a negative control

(GLC1HSRScram). Both vectors carried a Puromycin resistance gene,

allowing the selection of transfected cells (2 μg/ml of Puromycin).

All the functional analyses were carried out on three biological

replicates.

2.5 | Northern blotting

Samples were pretreated with RNase R; 5 μg RNA was digested with

one U RNase R (Lucigen) per μg in a total reaction volume of 10 μl for

10 min at 37�C. Control samples were treated similarly, but no RNase

R was added to the reaction. After this, the samples were prepared

for agarose Northern blotting by adding 20 μl of loading buffer. The

samples were then heated at 65�C for 5 min, loaded onto a 1% aga-

rose gel containing 3% formaldehyde and 1x MOPS, and run at 75 V

in 1� MOPS for approximately 3 h after which RNA was transferred

to a Hybond N+ membrane (GE Healthcare) overnight. RNA was then

UV cross-linked to the membrane and pre-hybridized in Church buffer

(0.158 M NaH2PO4, 0.342 M Na2HPO4, 7% SDS, 1 mM EDTA, 0.5%

BSA, pH 7.5) for 1 h. The membrane was probed with a 50 radioac-

tively labeled DNA oligonucleotide at 55�C (60-mer probe) overnight

and washed twice in 2 � SSC, 0.1% SDS for 10 min at 45�C before

exposure on a screen for data collection. The screen was developed

on a Typhoon imager. The sequences of the used probes are the fol-

lowing: PVT1 exon 2 (CATCAGGCTCAGAAAATACTTGAACGAAGC

TCCATGCAGCTGACAGGCACAGCCATCTTG); GAPDH (TTCCCCA

TGGTGTCTGAGCGATGTGGCTCGGCTGGCGACGCAAAAGAAGATG

CGGCTGAC).

2.6 | NanoString nCounter assay

The nCounter PanCancer IO 360 Gene Expression Panel (NanoString

Technologies), targeting 770 cancer-relevant genes, was used for

mRNA expression profiling in BEAS-2BcircPVT1 and BEAS-2BeGFP (both

treated with doxycycline for 48 h). According to the manufacturer's

protocol, 100 ng of total RNA from each sample was subjected to

nCounter™ SPRINT (NanoString Technologies) analysis, using a 20 h

hybridization time. The raw data were processed with the nSOLVER

4.0 software (NanoString Technologies). Positive control normaliza-

tion was performed as recommended by the manufacturer, using

MRPL19, PSMC4, and TLK2 reference genes, which showed the lowest

coefficient of variance percentage (% CV).

2.7 | xCELLigence proliferation assay

Serial 15-min interval real-time proliferation measurement of cells

was performed for 48 h using xCELLigence RTCA DP analyzer

(Agilent Technologies) in a cell culture incubator (37�C, 5% CO2).

Using a 16-well electronic microtiter plate (16-PET plate), technical

replicates of 2 � 104 cells were seeded per condition.

Following the manufacturer's instructions, background measure-

ment was performed using 50 μl of culture medium, then cells were

added to a final volume of 100 μl and incubated for 30 min until fully

attached.

2.8 | Cell counting

Transfected cells were seeded at 2.5 � 105 cells/6-well plate and cul-

tured for 48 h. The percentage of viable cells was determined by Try-

pan Blue staining (Bio-Rad Laboratories, Inc.) using the TC20

Automated Cell Counter (Bio-Rad Laboratories).

2.9 | Apoptosis assay

Spontaneous apoptosis was assessed by Annexin-V-PE/aminoactinomycin

D staining (BD) according to the manufacturer's instructions. The percent-

age of apoptotic cells was determined by flow cytometry (FACScanto II,

BD Biosciences) and analyzed using FACSDiva software (BD Biosciences).

2.10 | Ki67 analysis by flow cytometry

Cells were processed using the Cytofix/Cytoperm kit (BD Biosciences)

according to the manufacturer's instructions and stained with the

Ki67-Vio667 antibody (Miltenyi Biotec, Bergisch Gladbach, Germany).

Flow cytometry analysis was carried out using BD FACSCanto

II. Analysis of the percentage of Ki67+ cells and the mean fluores-

cence intensity was done using the Flowing Software version 2.5.1.

2.11 | Western blotting

Cells were lysed in RIPA buffer (150 mM NaCl, 10 mM Tris–HCl

pH 7.2 0.1% SDS, 1.0% Triton X-100, 1% sodium deoxycholate, and

5 mM EDTA). Protein concentrations were determined with the

Qubit™ Fluorometer (Thermo Fisher Scientific). Proteins were

subjected to gel electrophoresis and Western blotting (WB) as previ-

ously described,51 using the following antibodies: anti-MYC (1:1000),

4 TOLOMEO ET AL.
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anti-BCL2 (1:500), and anti-YAP1 (1:1000) (Cell Signaling Technol-

ogy), anti-POU2F3 (1:1000) (Merck KGaA), anti-NEUROD1

(1:1000) (Abcam), and anti-ASCL1 (1:500) (BD Biosciences).

Immuno-reactive bands were detected with anti-mouse and anti-

rabbit secondary antibodies conjugated to horseradish peroxidase

(HRP) obtained from Santa Cruz Biotechnologies. Signals were

detected using Clarity and Clarity Max ECL Western Blotting Sub-

strates (Bio-Rad Laboratories) with Chemidoc System (Bio-Rad Lab-

oratories). Some blots were re-tested to detect a second protein

after stripping the revealed antibodies using Restore Western Blot

stripping Buffer (Thermo Fisher Scientific). Bands were normalized

to total proteins using stain-free technology52 (Bio-Rad Laborato-

ries). Densitometry analysis was performed using ImageLab (Bio-

Rad Laboratories).

2.12 | Polysome profiling

Cytoplasm fractionation on sucrose gradients was performed as fol-

lows: briefly, 20 � 106 cells were lysed with 500 μl of lysis buffer

(10 mM Tris pH 7.5, 10 mM NaCl, 10 mM MgCl2, 1% Triton X-100,

and 0.5% sodium deoxycholate), supplemented with 100 μg/ml cyclo-

heximide, 1X PIC (100 μg/ml) (Complete, EDTA free) (Roche), and 1X

RNase guard (Thermo Scientific). The lysates were centrifuged for

5 min at 2000 rpm at 4�C. The supernatants were collected and cen-

trifuged on a 15%–50% sucrose gradient at 37,000 rpm with an

SW41 rotor (Beckman) for 2 h at 4�C. Fractions were collected with a

Bio-logic LP (Bio-Rad Laboratories). Each fraction (300 μl) was pooled

in groups of three samples, obtaining four fractions (HMW, LMW,

80 S, Free RNA).

2.13 | EV RNA isolation

After three PBS washes, BEAS-2B and SCLC cell lines at 70% con-

fluency in T75 cell culture flask were incubated for 48 h in the con-

ditioned medium using Exosome-Depleted FBS Media Supplement

(EXO-FBS-250A-1, System Biosciences). EV isolation was performed

by using a differential centrifugation protocol.53 Briefly, a pellet of

living cells was obtained after a 5 min centrifugation at 300g at

4�C. The supernatant was centrifuged twice for 10 min, respectively

at 800g and 5,000g, to remove cellular debris. Next, EVs were har-

vested by centrifugation at 15, 000g at 4�C for 30 min. The medium

was transferred into a new collection tube and ultra-centrifuged at

110,000g at 4�C for 70 min. The pellet was resuspended into a

large amount of sterile PBS and ultra-centrifuged at 110,000g at

4�C for 70 min to remove any protein contamination. We used a

Beckman Coulter OPTIMA—XPN 100 ultracentrifuge, TYPE 70 Ti

rotor, and 26.3 ml Polycarbonate Bottles (Beckman Coulter; Cat.

No. 355618). Finally, the pellet was resuspended in 100 μl sterile

PBS 1�.

Size distribution and concentration of isolated EVs were mea-

sured by the NanoSight Nanoparticle Tracking Analysis (NTA) (NS300,

Malvern Instruments LTD) and reported in Table S4. All experiments

were carried out at 1:1000 dilutions and in triplicate. The 60 s video

images were acquired and analyzed by the NanoSight NTA 3.2

software.

EV RNA has been extracted with Total Exosome RNA and Protein

Isolation Kit (Thermo Fisher Scientific) according to manufacturer's

instructions and quantified with Qubit™ Fluorometer (Thermo Fisher

Scientific).

2.14 | Statistical analyses

Data are presented as mean ± SD. The paired Student's t test was

used to compare cell number, apoptosis rate, and protein expression.

The Pearson correlation coefficient was calculated between the

expression values of PVT1 and MYC in both analyzed GEO data sets.

Boxplots were drawn to represent the gene expression values of nor-

mal tissues and SCLC tissues relative to individuals exhibiting MYC

expression higher than the median value within the data set (MYC up).

All statistical tests were considered significant whenever the p-

value ≤ 0.05 and were performed using the GraphPad 8.0.1 software

(GraphPad Inc.) and R statistical software.

3 | RESULTS

3.1 | PVT1 transcripts are highly expressed in
MYC-driven SCLCs

To explore the oncogenic role of PVT1 in SCLC, particularly in

MYC-overexpressed cases, we first analyzed publicly available data

from SCLC and normal tissues. However, limited data are available

as these tumors are rarely excised by surgery, and the aspirated

material used for diagnostics is not always adequate for in-depth

analysis.54 We could only find publicly available microarray data for

six SCLC tissues (GSE83227) and RNA sequencing of 73 SCLCs

(GSE60052). In silico analysis indicated a significant trend toward

overexpression of the linear PVT1 (p-value < 0.1) in GSE83227 and

a clear statistical difference in GSE60052 (p-value = 0.0045) when

considering tumors with MYC overexpression versus the healthy

counterpart (Figure 1A). Interestingly, both data sets highlighted a

significant correlation between the expression values of MYC and

PVT1 (r = 0.87 and p-value = 0.02; r = 0.79 and p-value < 2 e�16;

Figure 1B).

Because of the limited data available, we also analyzed a panel of

SCLC cell lines to investigate the expression level of PVT1 and

circPVT1 by RT-qPCR with primer pairs specifically recognizing each

transcript isoform. These analyses revealed a higher expression of

circPVT1 and PVT1 versus control in multiple samples, with the high-

est levels in NCI-H2171 and GLC3 MYC amplified cell lines

(Figure 1C; Table S1A), pointing toward the accumulation of PVT1

transcripts as a recurrent event in SCLC, particularly in those ones

harboring MYC amplification/overexpression.
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3.2 | circPVT1 stimulates cell proliferation and
reduces apoptosis in lung cells

To uncover the molecular phenotype related to circPVT1 overexpres-

sion, we generated a model based on the primary lung epithelial cell

line BEAS-2B by integrating a doxycycline-inducible circPVT1 expres-

sion vector in the genome. Since linear by-products and concatemers

are often produced from such vectors,55,56 we first confirmed that the

circular form of PVT1 was the unique product obtained in our model

by Northern blotting (Figure 2A). circPVT1 was significantly overex-

pressed in the transfected cell line after doxycycline induction versus

control, without affecting the linear PVT1 levels (Figure 2B;

Table S1B). Gene ontology analysis on a Pan-Cancer NanoString gene

expression panel in these engineered cells (Figure S1A), 48 h after

doxycycline induction, showed that cellular proliferation and cell cycle

regulation were among the top biological processes altered in the

circPVT1 overexpressing model (Figure 2C). Indeed, the analysis indi-

cated that several key oncogenes (MYC, MET) and drivers of cell prolif-

eration (AXL, CCND1) were upregulated in the circPVT1 overexpressing

cells. Conversely, important inhibitors of the cell cycle (RUNX3,

CDKN1C, and CDKN1A), as well as the H2AFX apoptotic marker gene,

were downregulated (Figure 2D; Table S5).

To verify if the observed transcriptional changes translated into

an actual phenotype, we evaluated the effects of induced circPVT1

overexpression on cell proliferation by performing an xCELLigence

Cell Proliferation Assay.57 Cells expressing circPVT1 showed a supe-

rior proliferative capacity compared with control ones (Figure 2E).

Such evidence was corroborated by the significant upregulation of

TPX2, TOP2A, and Ki67 proliferation factors, at mRNA and protein

level, respectively, compared with BEAS-2BcircPVT1/ND (Figure 2F,G;

Table S1C), and an observed positive trend in cell counting induced

after doxycycline stimulation (Figure S1B).

Next, to confirm the role of circPVT1 in lung cell proliferation, we

investigated the consequences of its transient overexpression in the

same cellular model (BEAS-2BcircPVT1/48tr). Interestingly, circPVT1 dis-

played a more than twofold expression level in the latter model 48 h

after cell transfection compared with BEAS-2BcircPVT1/48D (Figure S1C,

Table S1B). The significant increase in cell number and expression of

proliferation factors was also confirmed in this system compared with

its control (BEAS-2BCTRL) (Figure S1D–F, Table S1D).

Besides, increased expression of circPVT1 showed a significant

positive impact on the BCL2 anti-apoptotic factor transcript in all

BEAS-2B transfected cell lines (Figure 2H; Figure S1G, Table S1E,F),

which came with a significant decrease in the percentage of apoptotic
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F IGURE 1 PVT1 transcripts are highly expressed in MYC-driven SCLCs. (A) Boxplots of RMA-normalized and estimated size factors-
normalized PVT1 transcripts for GSE83227 and GSE60052, respectively, of normal lung versus MYC-driven SCLCs. (B) Linear regression analysis
of PVT1 and MYC expression profiles in public data sets. (C) RT-qPCR analyses of PVT1 and circPVT1 in SCLC cell lines using normal lung pooled
samples as calibrator (thick black line with value = 1). *p-value < 0.05; ***p-value < 0.001; n.d., not detected; n.s., not significant. p-values are
reported in Table S1A. Error bars refer to the SD.
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cells only in BEAS-2BcircPVT1/48tr compared with their control

(Figure S1H,I).

3.3 | circPVT1 increases MYC and impacts on
master regulator gene expression when overexpressed
in BEAS-2B cells

The upregulation of MYC observed by NanoString analysis is particularly

interesting, as it may suggest that a positive feedback loop between

circPVT1 and MYC occurs. Therefore, to verify this hypothesis, we exam-

ined the impact of circPVT1 expression on MYC. In all BEAS-2B trans-

fected cell lines, both MYC transcript and protein levels were elevated

upon circPVT1 overexpression (Figures 3A and S2A, Table S1G,H),

highlighting that this circular transcript may cause an accumulation ofMYC

in SCLC. Moreover, we tested whether circPVT1 regulated the expression

of the transcription factors affecting SCLC subtypes. In both BEAS-

2BcircPVT1/48D and BEAS-2BcircPVT1/48tr, significant overexpression of YAP1

(Figures 3B and S2B) as well as a decrease of POU2F3 (Figures 3C and

S2C), was observed upon increased circPVT1 expression. No difference

was detected in the expression of ASCL1 andNEUROD1 (Figure S2D–G).

Overall, the data may suggest a specific implication of circPVT1 on

SCLC-Y and -P by altering MYC, YAP1, and POU2F3 expression levels.

To verify if the effect on YAP1 and POU2F3 might be MYC-dependent,

we performed MYC knockdown by RNA interference. After assessing

the significant downregulation of MYC in BEAS-2BcircPVT1/48D trans-

fected with siRNA2 MYC versus an appropriate control sample (the

same cell line transfected with the si-NC) by RT-qPCR (Figure 3D;

Table S1I) and WB (Figure 3E), we observed no effect on YAP1

(Figure 3F) and an increase of POU2F3 protein (Figure 3G). This result

may indicate a MYC-independent impact of circPVT1 on YAP1 and a

possible interaction between MYC and POU2F3.

3.4 | circPVT1 does not show protein-coding
activity

To further define the role of circPVT1, we evaluated its protein-

coding potential by polysome fractionation, followed by RT-PCR using

circPVT1-specific primers. These experiments were performed

in GLC3 cells, showing high endogenous expression of circPVT1

(Figure 1C; Table S1A). The results indicated an association of

circPVT1 with high-molecular-weight polysomes (HMW), low-molecu-

lar-weight polysomes (LMW), and 80 S polysomes in GLC3 (Figure 4A).

Hence, we tested whether the longest predicted circPVT1 ORF,

encompassing the back-splicing junction, fused with the FLAG-tag,

may encode a peptide. However, WB analyses in HeLa cells trans-

fected with the FLAG-tagged circPVT1 ORF did not reveal any protein

product (Figure 4B), indicating that circPVT1 is unlikely to have

protein-coding activity.

3.5 | chimPVT1 shows a tumorigenic role in vitro

To investigate the tumorigenic potential of PVT1 chimeric transcripts

in SCLC, we focused on chimPVT1, previously identified and validated

in the GLC1HSR cell line,22 targeting its fusion junction by a specific

shRNA knockdown.

chimPVT1 downregulation was established in the GLC1HSR cell

line (GLC1HSRshchimPVT1) (Figure 5A; Table S1J) and impacted the cell

phenotype. We observed a significant decrease in cell growth in

GLC1HSRshchimPVT1 compared with GLC1HSRScram (Figure 5B). These

results were corroborated by the downregulation at transcript level of

key cell cycle markers (i.e., TOP2A, TPX2, MKI67, and PCNA)

(Figure 5C; Table S1K) in GLC1HSRshchimPVT1. A negative trend was

also observed in the flow cytometry analysis of Ki67 expression

(Figure S3A). Furthermore, we observed a decreased BCL2 expression

at the transcript level and an increased apoptosis rate in

GLC1HSRshchimPVT1 compared with GLC1HSRScram (Figure 5D,E;

Table S1L). Interestingly, downregulation of the chimera significantly

decreased MYC (both at transcript and protein level) and circPVT1

while showing no effect on PVT1 (Figure 5F,G; Table S1M) and wild-

type AKT3 (Figure 5H; Table S1N). Moreover, WB analysis of the

lineage-specific transcriptional factors revealed a significant decrease

of YAP1 and POU2F3 (Figure 5I,J), whereas no difference was

observed for NEUROD1 and ASCL1 (Figure S3B,C).

Overall, these findings highlight chimPVT1 as a pro-oncogenic

factor in SCLC.

F IGURE 2 circPVT1 stimulates cell proliferation factors and BCL2 expression. (A, B) Northern blot and RT-qPCR analyses of BEAS-2B cells
overexpressing circPVT1 after 48 h of doxycycline induction, showing no effect on linear PVT1. For Northern blot, a probe targeting PVT1 exon 2
was used. In (A) COLO320DM cell line harboring the amplification of PVT1 exon 2 and overexpressing circPVT1 is used as a positive control,
while GAPDH is used as a housekeeping linear RNA control. In (B), a normal lung pooled sample was used as a calibrator. Error bars refer to
SD. (C) List of enriched gene ontology biological processes, GO cellular components, and GO molecular functions from the deregulated set of
genes depicted in D. (D) Volcano plot showing the differential expression values from the nanostring pan-cancer panel 48 h after the doxycycline-
mediated induction of circPVT1 on BEAS-2BcircPVT1/48D cells. Down- and upregulated cell cycle and proliferation-related genes are highlighted in
blue and red, respectively. (E) Cell proliferation index assay measured for 2 days (every 15 min) after 48 h of circPVT1 doxycycline-induction in
the BEAS-2BcircPVT1/48D model versus control. Attachment period lasted �2 h prior to proliferation starts. (F) RT-qPCR analyses showing the
expression levels of TOP2A, TPX2, MKI67, and PCNA on BEAS-2BcircPVT1 with and without doxycycline induction, using a normal lung pooled
sample as calibrator. (G) Ki67 evaluation by flow cytometry. MFI, mean fluorescent intensity. (H) BCL2 transcript (left panel) and protein (right
panel) evaluation following the induction (at 48 h) of circPVT1. The RT-qPCR assay was performed using the BEAS-2BcircPVT1/ND cells as a
calibrator. WB histograms show the normalized values obtained using three biological replicates, +/� SD. One representative replicate blot is
shown. In (B), (E–H), error bars refer to SD.
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3.6 | PVT1 transcripts are secreted into EVs from
SCLC cell lines

Finally, we tested the potential secretion of PVT1 transcripts into

EVs from SCLC cell lines. RT-qPCR showed the highest level of

circPVT1 and PVT1 secretion in EVs from tested cell lines

harboring the MYC genomic amplification (GLC3 and GLC1HSR), as

well as in one cell line (H510A) with MYCL amplification

(Figure 6A; Table S1O). Conversely, no secretion was observed in

EVs from BEAS-2B cells.
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Notably, chimPVT1 was detected in secreted EVs, as shown by

RT-PCR experiments and Sanger sequencing on GLC1HSR EV RNA

(Figure 6B).

4 | DISCUSSION

We speculated that unconventional transcripts (circRNAs and chi-

meras) originating from PVT1 could be key drivers of SCLC tumorigen-

esis and may be used as biomarkers for MYC-driven SCLCs.

In the present work, in silico analysis indicated a significant corre-

lation between PVT1 and MYC expression in SCLC patients. This

result was corroborated in SCLC cell lines, where the highest PVT1

expression levels were observed in MYC-amplified cell lines. In addi-

tion, we found circPVT1 overexpression in SCLC cell lines, with the

highest level in samples with MYC and PVT1 amplification.22,44 Our

results suggest that SCLC might be accompanied by the accumulation

of circPVT1, which may provide an essential contribution to lung

tumorigenesis. Even though obtained in cell lines, this result is particu-

larly relevant considering that circPVT1 has never been investigated

in SCLC before. Data on its tumorigenic role and as a prognostic

biomarker are only available in NSCLC23,58–62 among lung cancer

types. A Pan-Cancer gene panel expression analysis, corroborated by

cell proliferation and apoptosis assays of circPVT1-overexpressing

models, indicated a clear overlap between the molecular and cellular

phenotypes induced upon enrichment of this circRNA.

Furthermore, we did not observe any impact of circPVT1 overex-

pression on its linear counterpart. As a matter of fact, the two mole-

cules are transcribed by different promoters, enriched into different

cellular domains (PVT1 and circPVT1 in the nucleus and the cyto-

plasm, respectively), and show a poor correlation in their expression

levels.34,63,64 Overall, such evidence confirms that the two transcripts

of PVT1 behave as separate entities within tumor cells.

Concerning MYC, its expression was significantly increased in all

circPVT1-overexpressing models, indicating positive feedback on this

multifaceted oncogene. Our evidence aligns with previous reports in

gastric cancer,63 acute lymphocytic leukemia,65 and prostate cancer.66

The “circPVT1-MYC” axis67 could be explained by a circPVT1 spong-

ing activity toward the let-7 miRNA,68 known as a negative transla-

tional regulator of MYC and recently also demonstrated for two other

let-7 targets, NRAS, and HMGA2.61

A similar effect was also observed on the BCL2 gene encoding

the BCL2 anti-apoptotic protein, as already documented in breast

cancer,69 acute lymphocytic leukemia,65 and NSCLC.23

Notably, circPVT1 overexpression induced YAP1 and decreased

POU2F3, master regulator genes in SCLC, respectively defining

SCLC-Y and SCLC-P subtypes, the former with a more significant ben-

efit from the addition of immunotherapy to chemotherapy than the

latter.12 Interestingly, MYC knockdown indicated no effect on YAP1,

reinforcing the hypothesis concerning a direct impact of circPVT1 on

YAP1. This result opens new scenarios on the role of circPVT1 in the

definition of SCLC subtypes. The “YAP-circPVT1” regulatory loop, if

also confirmed in patients, might open a window for the development

of new treatment options in SCLC, considering that a series of small-

molecule modulators of YAP1, the key transcriptional regulator in the

Hippo pathway, has been used in clinical trials.70 Moreover, YAP1

expression has been recently described as involved in chemoresis-

tance.71 Interestingly, given the sober prognosis of SCLC, patient

stratification and identification of druggable targets could hold prom-

ise to narrow the gap between the lab bench and bedside.

So far, the oncogenic role of circPVT1 has mainly been attributed

to its function as a miRNA sponge.72 It has been described to act as

a sponge for a plethora of miRNAs, regulating the activities of

PI3K/AKT, Wnt5a/Ror2, E2F2, and HIF-1α.73 Hence, we explored a

novel potential function as protein-coding RNA, already documented

F IGURE 3 Evaluation of MYC, YAP1, and POU2F3 protein expression in BEAS-2B cells after circPVT1 stable overexpression and MYC

knockdown. (A) RT-qPCR (left panel, using BEAS-2BcircPVT1/ND cells as calibrator sample) and WB (right panel) analyses of MYC after the stable
overexpression of circPVT1. (B, C) WB analyses of YAP1 (B) and POU2F3 (C) were conducted 48 h after doxycycline induction in BEAS-
2BcircPVT1/48D cells versus control. (D, E) Evaluation of MYC knockdown. (D) RT-qPCR experiments 24 h after transfection of BEAS-2BcircPVT1/48D

with siRNA1MYC and siRNA2 MYC versus the cell line transfected with the si-NC (used as calibrator). (E) WB analyses of MYC 48 h after the
transfection with siRNA2MYC. (F, G) WB analyses of YAP1 (F) and POU2F3 (G) in BEAS-2BcircPVT1/48D cells with MYC knockdown versus
control. The immunoblotting membrane in E was subject to stripping to detect YAP1 in F. All WB histograms show the normalized values
obtained using three biological replicates, +/� SD. One representative replicate blot is shown. In RT-qPCR and WB assays, error bars refer to SD.

(A)

FLAG

HeLacircPVT1

HeLacircZNF609

HeLa
(B)

HMW LMW 80S Free 
RNA NTC

ACTININ

- 30 kDa
- 35 kDa

- 103 kDa

circPVT1

DNA 
ladder

F IGURE 4 Analysis of the translational potential of circPVT1.
(A) RT-qPCR analyses of circPVT1 in high-molecular-weight

polysomes (HMW) and low-molecular-weight polysomes (LMW), in
80 S ribosomes, free RNA, and control without RNA (NTC). The 2-Log
DNA ladder (New England Biolabs) was used as a DNA molecular
weight marker. (B) WB with an anti-FLAG antibody in HeLa cells,
transfected with a vector expressing the longest circPVT1 ORF in
frame with the FLAG tag (HeLacircPVT1), and expressing (as positive
control) the circZNF609 ORF in frame with the FLAG tag
(HeLacircZNF609). On the top panel, actinin is used as a positive control.
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for other circRNAs.50,74,75 Despite of the presence of an internal

104 aa ORF72 crossing the back-splicing junction and the detected

association of circPVT1 with HMW, LMW, and 80 S polysomes, we

could not identify any translated product using immunodetection of

the tagged protein. Further studies are required to explain the co-

localization of circPVT1 with polysomes, reported here for the first

time. Moreover, the presence of lncPVT1 and circPVT1 in EVs

secreted from SCLC cell lines and their absence in BEAS-2B cells sug-

gest that both transcripts may exert important functions in tumor

biology and therapy resistance, in line with previous evidence in other

cancer types.76,77 Importantly, the excretion of circPVT1 in exosomes

is described to contribute to cisplatin resistance by regulating autop-

hagy, invasion, and apoptosis via miR-30a-5p/YAP1 axis in gastric

cancer.76

Regarding the chimeric transcripts involving the PVT1 gene,

despite being described in multiple cancer types,35,44,78,79 to the best

of our knowledge, their oncogenic role was neglected thus far, with

the only exception of PVT1/MYC in medulloblastoma.80 The in vitro
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F IGURE 5 In vitro analysis of the oncogenic effect of chimPVT1 expression in GLC1HSR cell line. (A) RT-qPCR evaluation of chimPVT1
downregulation in GLC1HSRshchimPVT1 versus GLC1HSRScram. (B) Cell count results after chimPVT1 knockdown. The histogram shows the
percentage of GLC1HSRshchimPVT1 cells relative to GLC1HSRScram cells (100%). (C) RT-qPCR assays displaying a reduction of TOP2A, TPX2, MKI67,
and PCNA gene expression after GLC1HSR transfection with the chimPVT1 shRNA. (D) RT-qPCR results showing a significant reduction of BCL2
at the transcript level in GLC1HSRshchimPVT1 versus GLC1HSRScram. (E) Flow cytometry assay showing apoptosis (% of Annexin-V+ cells) increase
in GLC1HSRshchimPVT1 versus GLC1HSRScram. (F) RT-qPCR assays showing no impact of chimPVT1 on PVT1 expression but a significant negative
effect on circPVT1 and MYC. (G) The result on MYC was corroborated at the protein level by WB analysis. (H) RT-qPCR assay demonstrating that
wild-type AKT3 expression is not affected by chimPVT1 shRNA silencing. (I, J) WB analyses indicate a significant effect on YAP1 (I) and POU2F3
(J) master regulator proteins in GLC1HSRshchimPVT1 versus GLC1HSRScram. All WB histograms show the normalized values obtained in three
biological replicates, +/� SD. One representative membrane is shown. (M) PageRuler Plus Prestained Protein Ladder (ThermoFisher Scientific).
The immunoblotting membrane in J was subject to stripping to detect NEUROD1 in Figure S3B. The RT-qPCR assays were performed using a
normal lung pooled sample as a calibrator (Table S1J–N). In RT-qPCR and WB assays, error bars refer to SD.
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downregulation of chimPVT1 led to a decreased cell proliferation and

an increased apoptosis rate. Notably, downregulation of MYC,

circPVT1, YAP1, and POU2F3 was also observed, suggesting a poten-

tially intriguing network involving MYC, circular, and chimeric PVT1

RNAs, and these transcription factors. Thus, our results suggest that

PVT1 fusion transcripts may have an oncogenic function and contrib-

ute to SCLC carcinogenesis. As such transcripts are often described as

accompanying the genomic amplification of PVT1,36 our findings add

the notion of chimeras as pathogenic actors in such tumors.81,82

Genomic amplification may have a twofold impact on cancer cells,

that is, activating amplified genes (MYC in the investigated tumors)

and generating chimeric transcripts with oncogenic potential.

Lastly, we found that, like circPVT1 and PVT1, chimPVT1 is also

wrapped within EVs isolated from the SCLC cell lines. Although further

studies on the PVT1 transcripts in patient body fluids are needed, the

early detection of such molecules in EVs from patient blood in prospec-

tive studies could pave the way for the development of new tools for the

noninvasive diagnosis, prognostication, and follow-up of at least a subset

of SCLC patients, as already proposed for other transcripts in cancer.83,84

Overall, our results suggest that circular and chimeric PVT1 RNAs

may provide a pivotal contribution to SCLC tumorigenesis, mostly in

tumors with MYC amplification/overexpression, and the definition of

tumor subtypes, with distinct molecular and biological features. We

showed that circPVT1 and chimPVT1 have an oncogenic impact

in vitro by promoting lung cell proliferation and inhibiting apoptosis.

Our results were obtained using novel cell models for the study of cir-

cular and chimeric PVT1 transcripts in lung cancer. These cell models

could be an important resource for the scientific community to further

investigate the biological role of PVT1 transcripts.

Furthermore, both transcripts revealed a positive effect on MYC,

BCL2, and YAP1, never described so far in SCLC. circPVT1 was also

shown to decrease POU2F3, while the chimPVT1 indicated a positive

impact on POU2F3. Considering the recent classification based on the

four lineage-specific master regulators, such evidence suggests a role

of PVT1 transcripts in the subtype definition of SCLCs. Our results,

which need to be confirmed using in vivo models, open new scenarios

toward identifying new biomarkers in this cancer type, considering

their inclusion into secreted EVs. These findings are novel and impor-

tant for overcoming the current “monolithic” therapeutic approach

for SCLCs, paving the way toward the achievement of personalized

treatments.
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from the GLC1DM cell line was used as a calibrator sample (thick black line, value = 1). p-values are reported in Table S1O. Error bars refer to SD.
*p-value < 0.05; ***p-value < 0.001; n.d., not detected; n.s., not significant. (B) Top left panel: RT-PCR evaluation of the chimPVT1 transcript,
using the PVT1_Ex1_F + AKT3_EX4R primer pair (Table S2), on RNA extracted from EVs secreted by the GLC1HSR cell line (EVs) and from the

corresponding cell line of origin (Cells). (M) DNA ladder (2-Log DNA Ladder, New England Biolabs). NTC, PCR no-template control. The RT-PCR
product corresponds to the fusion junction between 50PVT1 and 30AKT3, as shown by the schematic representation of the chimeric transcript
(top right panel). The black arrows indicate the used primer pair. Bottom panel: partial chromatogram showing the obtained PVT1/AKT3 fusion
PCR product. The black arrow points to the fusion junction between PVT1 and AKT3.
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