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Abstract

Introduction—Malignant pleural mesothelioma (MPM) is a deadly disease with poor prognosis 

and few treatment options. We characterized and elucidate the roles of C-MYC and PVT1 involved 

in the pathogenesis of MPM.

Methods—We used siRNA-mediated knockdown in MPM cell lines to determine the effect of C-

MYC and PVT1 abrogation on MPM cells undergoing apoptosis, proliferation, and cisplatin 

sensitivity. We also characterized the expression of microRNAs (miRNAs) spanning the PVT1 

region in MPM cell lines. Copy number analysis was measured by quantitative PCR and 

fluorescence in situ hybridization.

Results—Copy number analysis revealed copy number gains (CNGs) in chromosomal region 

8q24 in six of twelve MPM cell lines. MicroRNA analysis showed high miR-1204 expression in 

MSTO-211H cell lines with ≥4 copies of PVT1. Knockdown by siRNA showed increased PARP-

C levels in MSTO-211H transfected with siPVT1 but not in cells transfected with siC-MYC. C-

MYC and PVT1 knockdown reduced cell proliferation and increased sensitivity to cisplatin. 

Analysis of the expression of apoptosis-related genes in the MSTO-211H cell line suggested that 

C-MYC maintains a balance between pro-apoptotic and anti-apoptotic gene expression, whereas 

PVT1 and to a lesser extent miR-1204, upregulate pro-apoptotic genes and downregulate anti-

apoptotic genes. FISH analysis of MPM tumor specimens showed a high frequency of both CNGs 

(11/75) and trisomy (three copies; 11/75) for the C-MYC locus.
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Conclusion—Our results suggest that C-MYC and PVT1 copy number gain promotes a 

malignant phenotype of MPM, with C-MYC CNG stimulating cell proliferation and PVT1 both 

stimulating proliferation and inhibiting apoptosis.
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Malignant pleural mesothelioma (MPM) is a highly aggressive cancer with a poor 

prognosis 1. MPM’s incidence in the United States has increased in recent years, 2000–3000 

people are diagnosed with the disease annually 2, 3. MPM predominantly affects men who 

have been exposed to asbestos in an occupational setting 4–8. The risk of developing the 

disease increases with age (median age at diagnosis is 72 years; range, 45 to 85 years). 

MPM’s three major histologic subtypes are epithelioid, biphasic, and sarcomatoid 1. 

Epithelioid tumors are the most common and have the best prognosis of the three subtypes. 

However, all types are very difficult to treat and have a median overall survival duration 

ranging from 9 to 17 months 9, with an overall 2-year survival rate of only 20% 10. There is 

therefore a great need to identify new therapeutic targets and develop more effective 

therapies for patients with MPM.

A potential therapeutic target for MPM and one of the most common chromosomal 

amplification sites in cancer tissues is the 8q24 region which contains the genes C-MYC and 

PVT1 11–13. C-MYC encodes a transcription factor that regulates the expression of multiple 

genes involved in cellular responses such as growth, proliferation, apoptosis, and 

differentiation 14–16. Deregulated amplification and expression of the MYC locus occurs in 

~30% of human cancers, including colon, prostate and breast carcinomas, and has been 

associated with poor prognosis 11, 17, 18. PVT1 is a candidate oncogene located adjacent to 

the MYC locus on chromosomal region 8q24 18–20. PVT1 has been shown to act as a non-

coding RNA with many alternatively spliced isoforms 12, 21. The PVT1 locus has recently 

been found to contain a cluster of at least six microRNAs (miRNAs) (miR-1204, -1205, 

-1206, -1207-3p, -1207-5p, and -1208) that span the PVT1 region, adding further complexity 

to the locus 12, 21. PVT1 copy number gains (CNGs) and PVT1 overexpression both have 

been implicated in the pathophysiology of many tumors, including breast and ovarian 

cancers and acute myeloid leukemia 19, 22. Additionally, PVT1 alteration has been shown to 

contribute to tumor survival and chemoresistance 22, 23. However, the roles that MYC, PVT1, 

and miRNAs contained in the 8q24 chromosomal region play in MPM remain unclear. We 

therefore sought to elucidate these roles and the specific mechanisms of action of C-MYC 

and PVT1 involved in the pathogenesis of MPM.

In the present study, we characterized the molecular abnormalities found in the 8q24 locus 

in MPM cell lines and in specimens from surgically resected MPMs. Characterized the 

miRNA (miR-1204, -1205, 1206, -1207 3p, 1207-5p, and -1208) expression in MPM cell 

lines. We also determined the biological impact of siRNA-mediated C-MYC and PVT1 

abrogation on MPM cellular processes such as apoptosis, cell proliferation, and response to 

cisplatin and then determined the effect of C-MYC, PVT1, and miR-1204 knockdown on the 
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expression levels of apoptosis related genes. Finally, we studied C-MYC and PVT1 copy 

number and gene expression in MPM tumor specimens.

MATERIALS AND METHODS

Tumors Specimen and Cell Lines

From the tissue bank at The University of Texas MD Anderson Cancer Center, we obtained 

archived frozen and formalin-fixed, paraffin-embedded (FFPE) tissues for patients who had 

undergone surgical resection for MPM. We randomly selected 75 MPM samples of different 

histologic subtypes (37 epithelioid, 26 biphasic, 12 sarcomatoid) for analysis. Detailed 

clinical and pathologic information on the patients is presented in Supplementary Table 1. 

The study protocol was approved by the MD Anderson institutional review board. Of the 12 

MPM cell lines used in this study, five (H2452, MET-5A, H2052, H28 and MSTO-211H) 

were obtained from the American Type Culture Collection (Manassas, VA) and cultured in 

RPMI 1640 (Cellgro Mediatech, Manassas, VA), and seven (HCT-4012, Meso, HP3, HP5, 

HP7, HP9 and HP10) were acquired from Dr. Harvey Pass (New York University, New 

York, NY) and cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) 

(Cellgro Mediatech, Manassas, VA). All media formulations included 10% fetal bovine 

serum (FBS) and antibiotics (Sigma-Aldrich, St. Louis, MO). All MPM cell lines had been 

tested for absence of mycoplasma using Universal Mycoplasma Detection Kit according to 

manufacturer’s instructions (ATCC, Manassas, VA) and cells were authenticated at 

UTMDACC Core Facility.

Isolation of DNA and Copy Number Profiling

DNA was extracted from cell lines using DNAzol Reagent (Life Technologies, Grand 

Island, NY) and whole-genome single nucleotide polymorphism (SNP) array profiling was 

performed using Affymetrix SNP 6.0 chips (Agilent Technologies, Santa Clara, CA) in five 

MPM cell lines. Copy number gains (CNGs) were identified using the SNP-Fast Adaptive 

States Segmentation Technique 2 algorithm in Nexus 5.1 software (BioDiscovery, 

Hawthorne, CA) with the significance threshold for segmentation setting at p < 5 × 10-7. 

CNGs were defined with log2 ratio values of 0.2, and two or more than two CNGs were 

defined by log2 ratio values of 0.7.

Copy Number Analysis

We used fluorescence in situ hybridization (FISH) and real-time quantitative PCR (q-PCR) 

to quantify 8q24 CNGs in MPM tumor specimens. We used directly labeled fluorescent 

chromosomal centromeric probes (CEP 8, SpectrumGreen) for chromosome 8 and locus-

specific probes (LSI) for regions 8q24.12-q13 (C-MYC Spectrum Orange) (Vysis, Abbott 

Laboratories, Chicago, IL). Fluorescence in situ hybridization (FISH) was performed 

according to the manufacturer’s instructions. Copy number analysis was performed in 50 

nuclei per tumor in at least four areas. Copy number alteration was defined as the presence 

of more than two gene copies per cell on average of the 50 cells. Trisomy was defined as the 

presence of three copy number alterations and CNG was defined the presence of at least four 

copies. To enrich for malignant cell content for q-PCR analysis, tumor tissues were 

manually microdissected for subsequent DNA extraction from FFPE tissue sections. Tumor 
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DNA was extracted using the Pico Pure DNA Extraction Kit (Arcturus, Life Technologies, 

Grand Island, NY) according to the manufacturer's instructions. DNA samples with 

proportions of microdissected tumor cell greater than 70% were qualified for qPCR analysis. 

MYC and PVT1 gene copy numbers were examined by q-PCR using the comparative Ct 

method using the ABI 7300 real time PCR system (Applied Biosystems, Grand Island, NY). 

The sequences of PCR primers used to CNG was for C-MYC, 5’-

TCAAGAGGTGCCACGTCTCC-3’ and 5’-TCTTGGCAGCAGGATAGTCCTT-3’ 

(flanking exon 3), for PVT1, 5’-ACAGTGATCTTCAGTGGTCTGG-3’ and 5’-

CGTGTGTCATTCCAGTGCAT-3’ (flanking exon 2). Each PCR was carried out using 

Power SYBR Green PCR Master Mix (Applied Biosystems) at 50°C for 2 minutes and 95°C 

for 10 minutes followed by 40 cycles at 95°C for 15 seconds and 60°C for 1 minute. β-Actin 

was introduced as the endogenous reference gene, and TaqMan Control Human Genomic 

DNA (Applied Biosystems) was amplified as a standard control for calibration. MYC and 

PVT1 gene copy number in normal human genomic DNA was set as 2 and copy number ≥4 

was considered as CNG 24. All sample and standard DNA reactions were set in triplicate to 

gauge reaction accuracy.

Isolation of mRNA and miRNA Analysis

Total RNA was extracted from frozen MPM tumor specimens and cell lines using TRI 

Reagent (Life Technologies, Grand Island, NY). Spectrophotometric analysis using 

Nanodrop 1000 (Nanodrop-Thermo Fisher Scientific, Waltham, MA) was used to quantify 

RNA, and Agilent BioAnalyzer RNA nano-chips (Agilent Technologies, Santa Clara, CA) 

were used to gauge RNA quality. Affymetrix U133 Plus 2.0 gene expression arrays 

(Affymetrix, Santa Clara, CA) were used to determine global expression levels of genes, 

including MYC and PVT1 in the total RNA extracted from tumor specimens. Using a High 

Capacity RNA-to-cDNA Kit and Taqman Gene Expression PCR Assays (Applied 

Biosystems, Grand Island, NY), we performed quantitative reverse transcriptase polymerase 

chain reaction (qRT-PCR) analysis of the RNA extracted from cell lines to quantify MYC 

and PVT1 levels. The sequences of PCR primers used to gene expression was for C-MYC, 

5’-CAGCTGCTTAGACGCTGGATT-3’ (flanks between exon 1 and 2), and 5’-

GTAGAAATACGGCTGCACCGA-3’, for PVT1, 5’-

TTACAGGCGTGTGCCACAAAGC-3’, and 5’- GCCTGTAATCCCAGCACGTTGA-3’ 

(flanks between exon 5 and 6). GAPDH was used as the endogenous control. TaqMan 

microRNA assays (Applied Biosystems, Grand Island, NY) were used to quantify the levels 

of miRNAs (miR-1204, -1205, -1206, -1207-3p, -1207-5p, and -1208) with U6 as the 

endogenous control. Standard PCR assays were performed on triplicate samples in standard 

cycling conditions using the ABI PRISM 7300 Sequence Detection System (Applied 

Biosystems Grand Island, NY). This process was used to yield relative expression levels 

using the 2(-∆∆CT) method with the help of ABI 7300 System SDS v1.4 software (Applied 

Biosystems, Grand Island, NY).

TaqMan Human Apoptosis Array

TaqMan gene expression assays were used along with the three control genes (18S, ACTB, 

and GAPDH) to detect the expression levels of the 93 apoptosis-related genes on a micro 

fluidic 384-well array (TaqMan® Array Human Apoptosis, Applied Biosystems, Grand 
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Island, NY), using an Applied Biosystems 7900HT Fast Real-Time PCR System (Applied 

Biosystems-Life Technologies, Grand Island, NY). Fold changes of gene expression in 

experimental samples were quantified relative to the control samples using the equation 2(-

∆∆CT). Data were analyzed using Data Assist software version 3.0 (Life Technologies) and 

a 2.0-fold change in gene expression was defined as the threshold for up- or down-

regulation.

MTS Assay

Cisplatin was purchased from Selleck Chemicals, Houston, TX. To determine the median 

half-maximal inhibitory concentration (i.e., IC50), cells were seeded in octuplicate at a 

density of 2,000 per well in 96-well plates. 24 hours later, cells were treated with increasing 

concentrations (0 to 30µM) of drugs. An endpoint viability assay using MTS (3-4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner 

salt) assays (Promega, San Luis Obispo, CA) was performed after 72 hours of drug 

treatment.

siRNA Transfection and Cell Proliferation Assays

Cell lines were transfected with two gene-specific siRNA duplexes for each gene (C-MYC 

and PVT1) and control siRNA (Ambion, Grand Island, NY ) at a final concentration of 10 

nmol/L using Lipofectamine RNAiMAX (Invitrogen, Grand Island, NY) according to the 

manufacturer's instructions. To verify the knockdown’s efficiency, we collected the mRNAs 

and protein of transfected cells and subjected them to qRT-PCR and Western blot analysis. 

miRNA inhibitor anti-miR-1204 was used to downregulate miR-1204 expression in 

MSTO-211H MPM cell line and the miRNA inhibitor negative control, at a final 

concentration of 50 nmol/L using Lipofectamine RNAiMAX (Invitrogen, Grand Island, NY) 

according to the manufacturer's instructions. miRNA inhibition by anti-miRNA was assessed 

by TaqMan microRNA Assays with U6 as the endogenous control (Applied Biosystems, 

Grand Island, NY). Proliferation assays were carried out by MTS assay according to the 

manufacturer’s protocols (Promega, San Luis Obispo, CA). Western blot analysis was 

carried out using specific antibodies against C-MYC (Santa Cruz Biotechnology, Santa 

Cruz, CA) and the analysis cleaved poly(ADP-ribose) polymerase (PARP-cleaved; Asp214; 

Cell Signaling Technology, Danvers, MA) and cleaved Caspase 3 (Cleved Casp3; Asp175; 

Cell Signaling Technology, Danvers, MA).

Statistical Analysis

Data obtained from cell culture assays and from the qRT-PCR and Western blot analyses 

were summarized using descriptive and inferential statistics accompanied by graphs of 

relative expression created using the Prism software program (version 5.0; GraphPad 

Software, La Jolla, CA). DNA copy number analysis using Affymetrix SNP6.0 microarray 

chip was conducted on Nexus 5.1 software (BioDiscovery, Hawthorne, CA). Analysis 

clinical and demographic data for the patients whose archived tumor samples were analyzed 

using the chi-square, Fisher exact, Wilcoxon rank-sum, and Kruskal-Wallis tests. Overall 

survival (OS) and recurrence-free survival (RFS) distributions were estimated using the 

Kaplan-Meier method, compared between groups of patients using the log-rank test. Cox 
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proportional hazard models were used to calculate OS duration data and which was defined 

as the time from surgery to the patient’s death or last contact, and for RFS duration, which 

was defined as the time from surgery to tumor recurrence or the patient’s last contact.

RESULTS

8q24 Locus amplification and C-MYC and PVT1 Expression in MPM Cell Lines

We performed global SNP/copy number analysis using Affymetrix SNP 6.0 chips in four 

MPM cell lines (H28, MSTO-211H, H2052, and H2452) and, for comparison, in the control 

normal cell line HCC-4012 (a telomerase-transformed pleural mesothelial cell line). DNA 

copy number analysis revealed CNG of chromosomal region 8q24, which contains both the 

C-MYC and PVT1 genes, in three of the five MPM cell lines (MSTO-211H, H2052, and 

H2452) relative to the control cell line (HCC-4012; Fig. 1A and 1B). In order to confirm our 

finding of CNG of the C-MYC locus in MPM cell lines, we performed FISH and q-PCR on 

12 MPM cell lines. FISH analysis revealed a relatively high frequency of CNG defined as ≥ 

4 copies of the C-MYC locus (6/12, 50%; Fig. 1C). Similarly, q-PCR analysis of genomic 

DNA showed a high frequency (5/12, 42%) of C-MYC CNG, also defined as ≥4 copies (Fig. 

1D). We also used q-PCR to quantify CNG for the PVT1 gene, again detecting a high 

frequency (5/12, 42%) of PVT1 CNG (Fig. 1D). Interestingly, C-MYC and PVT1 CNGs 

were always detected in the same cell lines (H2452, MET 5A, H2052, HP10, and 

MSTO-211H). Of these cell lines, only HP10 and MSTO-211H had amplification for C-

MYC (>15 copies).

To determine whether C-MYC and PVT1 expression levels were also elevated in MPM cell 

lines, we analyzed mRNA expression using qRT-PCR of both genes on 12 MPM cell lines. 

qRT-PCR analysis showed increased levels (i.e., ≥4-fold changes) of C-MYC gene 

expression in five MPM cell lines (HP3, HP7, H28, H2052, and MSTO-211H). For the 

PVT1 gene, only the MSTO-211H cell line with CNG for PVT1 showed an increased level 

of gene expression (≥4-fold change) (Fig. 1E). We did not detect increased levels of PVT1 

gene expression in the other MPM cell lines that had CNG for PVT1.

miRNA Expression in the PVT1 region in MPM Cell Lines

PVT1 encodes a non-coding RNA and is a host gene for the following miRNAs several 

miRNAs, including: miR-1204, -1205, -1206, -1207-3p, -1207-5p, and -1208. We screened a 

panel of seven MPM cell lines for expression of miR-1204, -1205, -1206, -1207-3p, 

-1207-5p and -1208 in the PVT1 region using qRT-PCR. We detected expression of 

miR-1204, -1205, -1207-5p, and -1208 in all seven MPM cell lines (Fig. 1F and 

Supplementary Table 2). We did not detect miR-1206 or miR-1207-3p expression in any of 

the cell lines tested. Interestingly, the MSTO-211H cell line with PVT1 CNG showed 

elevated expression of miR-1204 (≥ 4 fold change) and miR-1208 (≥ 2 fold change). 

Additionally, we detected a relatively high expression of miR-1205 in HP10 (≥ 3 fold 

change).
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The Roles of C-MYC and PVT1 in Oncogenesis

To examine the effects of abrogation of C-MYC and PVT1 function in MPM cell lines, we 

knocked down C-MYC and PVT1 in the MSTO-211H and H28 MPM cell lines using 

specific siRNA. Cell lines were selected for their numbers of C-MYC and PVT1 CNG (>10 

copies and <4 copies, respectively). In both cell lines, qRT-PCR analysis showed that C-

MYC and PVT1 knockdown significantly decreased mRNA expression relative to control 

siRNA-transfected and non-transfected cells (Fig. 2A and 2B). We first assessed the 

cytotoxic effects of C-MYC and PVT1 knockdown on MPM cell lines by inducing apoptosis 

(Fig 2C and 2D). We found that PVT1 knockdown increased PARP-cleaved and cleaved 

Caspase 3 expression in the MSTO-211H cell line relative to control siRNA-transfected and 

nontransfected cells 72 hours after transfection (Fig. 2C and Supplementary Fig 2). After 

transfection of siC-MYC, we observed a decrease, rather than an increase, in PARP-cleaved 

levels (Fig. 2C). We did not detect changes in PARP-cleaved levels under any treatment of 

the H28 cell line (Fig. 2D). Interestingly, we found that C-MYC knockdown by siRNA 

induced a decrease in PVT1 expression in the MSTO-211H and H28 cell lines, suggesting 

that C-MYC might regulate PVT1 expression in the MSTO-211H cell lines (Fig. 2A and B).

We additionally investigated the effect of C-MYC and PVT1 knockdown by siRNA on cell 

proliferation. We found significant proliferation inhibition in the MSTO-211H cell line 

when knocked down C-MYC and PVT1 (Fig. 2E), relative to the control siRNA-transfected 

and nontransfected cells (Fig. 2E). Proliferation was more strongly inhibited when we 

knocked down PVT1 than when we knocked down C-MYC in the MSTO-211H cell line. 

Inhibition of cell proliferation was not observed in the H28 cell line when knocked down C-

MYC and PVT1 (Fig. 2F).

We then evaluated the effect of C-MYC and PVT1 knockdown by siRNA on the MPM cell 

lines’ sensitivity to cisplatin. Upon treatment with siC-MYC and siPVT1, the MSTO-211H 

cell lines were significantly more sensitive to cisplatin in vitro (Fig. 2G; p < 0.05), than were 

the control siRNA-transfected and non-transfected cells. This increased cisplatin sensitivity 

was not observed in H28 cells transfected with siC-MYC and siPVT1 (Fig. 2H). These 

findings suggest that depletion of C-MYC and PVT1 significantly contributes to increases in 

the sensitivity of MPM cell lines with 8q24 amplification in response to cisplatin.

We also analyzed the effect on cell proliferation and cisplatin sensitivity of miR-1204 

downregulation by anti-miR-1204 in MSTO-211H MPM cell lines. qRT-PCR showed that 

anti-miR-1204 significantly decreased miR-1204 expression relative to control cells 

transfected with control anti-miRNA and non-transfected cells (Supplementary Fig. 1A). 

However, we found no significant differences between cells treated with anti-miR-1204, 

control cells transfected with control anti-miRNA, and non-transfected cells in terms of 

cisplatin sensitivity (Supplementary Fig. 1B) and proliferation (Supplementary Fig. 1C). 

These finding suggest that changes in apoptosis and cisplatin sensitivity produced by PVT1 

are not mediated by miR-1204; rather, these PVT1-driven changes may be mediated, either 

individually or jointly, by other miRNAs spanning the PVT1 region.

Overall, our in vitro analysis strongly supports our hypothesis that 8q24 amplification can 

contribute to different oncogenic functions in MPM cancer cells. Specifically, CNGs of C-
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MYC stimulates cell proliferation, and CNGs of PVT1 stimulates proliferation and inhibits 

apoptosis.

Regulation of Apoptosis-Related Gene Expression by C-MYC and PVT1

Our in vitro findings demonstrate that PVT1 knockdown increases PARP-cleaved and 

cleaved Caspase 3 expression in the MSTO-211H cell line. In contrast, after C-MYC 

knockdown, we observed a decreased PARP-cleaved expression. The effects of C-MYC and 

PVT1 knockdown suggest that although both genes regulate apoptosis, they do so by 

alternative means. To understand how these genes are orchestrated to regulate apoptosis, we 

used the TaqMan Human Apoptosis Array to study the expression of 93 genes involved in 

apoptosis in two MPM cell lines with C-MYC and PVT1 CNGs; MSTO-211H cell line 

transfected with siC-MYC, siPVT1, and anti-miR-1204 and HP10 cell line transfected with 

siC-MYC and siPVT1.

Table 1 and supplementary Table 3 depicts changes in the expression levels of apoptosis-

related genes after knockdown of C-MYC, PVT1, and miR-1204 (≥ 2.0-fold change of 

expression). Knockdown of C-MYC in the MSTO-211H cell line reveal seven genes that 

were upregulated (LTB, BIRC7, BCL2L14, PYCARD, BCL2A1, FASLG, and BIRC2) and 

three genes that were downregulated (NFKB1, BBC3, and TNFRSF21) relative to 

nontransfected cells or cells transfected with scrambled siRNA (control). Of the upregulated 

genes, four have known apoptotic functions (LTB, BCL2L14, PYCARD, and FASLG) and the 

remaining three (BIRC7, BCL2A1, and BIRC2) have known anti-apoptotic function. Among 

the downregulated genes, one gene (NFKB1) has anti-apoptotic function and two (BBC3 and 

TNFRSF21) have pro-apoptotic function. PVT1 knockdown upregulated five genes (LTB, 

BCL2L14, PYCAR, FASLG, and TNFRSF1B) and downregulated six genes (BCL2L1, BCL2, 

ICEBERG, CASP5, TNF, and BIRC8) relative to the expression levels of nontransfected 

cells or cells transfected with scrambled siRNA (i.e., controls). All genes whose expression 

was enhanced by PVT1 knockdown have pro-apoptotic function. Four of the downregulated 

genes (BCL2L1, BCL2, ICEBERG, and BIRC8) have anti-apoptotic function, whereas the 

other two downregulated genes (CASP5 and TNF) have pro-apoptotic function. Knockdown 

of C-MYC and PVT1 in the HP10 cell line revealed a similar tendency of genes upregulated 

and downregulated, but less pronounced. Interestingly, one of the most highly upregulated 

genes in HP10 cell line was LTB gene also upregulated in MSTO-211H cell line after C-

MYC and PVT1 knockdown.

We also investigated whether miR-1204 downregulation using anti-miR-1204 in the 

MSTO-211H cell line regulated the expression of apoptosis-related genes. miR-1204 

downregulation increased the expression of five genes (LTB, BIRC7, BCL2L14, PYCAR, 

and BIRC2) and decreased the expression of three genes (ICEBERG, CASP5, and BIRC8). 

Three of the upregulated genes (LTB, BCL2L14, and PYCAR) have pro-apoptotic function, 

whereas the other two upregulated genes (BIRC7 and BIRC2) are involved in anti-apoptotic 

function. Two of the downregulated genes (ICEBERG and BIRC8) have known anti-

apoptotic function, and the other downregulated gene (CASP5) has pro-apoptotic function.
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We found that C-MYC knockdown affected the expression of several pro- and anti-apoptotic 

genes, thus maintaining a balance between these genes. PVT1 knockdown appeared to 

upregulate pro-apoptotic genes and downregulate anti-apoptotic genes. These results accord 

with our observation of an apoptotic phenotype of increased PARP-cleaved expression in 

the MSTO-211H cell line after PVT1 knockdown—an effect we did not observe after C-

MYC knockdown.

C-MYC CNG in MPM Tumors

To validate the C-MYC CNG results obtained in MPM cell lines, we determined the gene 

copy number of the C-MYC locus in MPM tumor tissue specimens by performing FISH 

using the C-MYC probe on tissue microarrays (TMAs) containing 75 MPM samples from 

different histologic subtypes (37 epithelioid, 26 biphasic, 12 sarcomatoid). FISH analysis of 

TMAs revealed a high frequency of CNGs (11/75, 15%, ≥4 copies) and of trisomy (11/75, 

15%, three copies) in the C-MYC locus in the MPM tumors. Interestingly, these CNGs were 

seen in the biphasic (6/26, 23%) and epithelioid (5/37, 13%) histotypes but not in the 

sarcomatoid cases (Fig. 3A, 3B, and 3C). Trisomy was seen in biphasic (6/26, 23%), 

epithelioid (3/37, 8%), and sarcomatoid (2/12, 17%) histotypes. Additionally, we 

investigated the association between C-MYC CNG detected by FISH and clinicopathologic 

features of resected MPM tissue specimens. We did not find any correlation between C-

MYC CNGs with clinicopathologic features. After adjustment for age, tumor size, overall 

survival, stage, and adjuvant therapy, multivariate analysis did not show any correlation 

between C-MYC CNGs and patient outcome (p > 0.75).

To confirm the C-MYC CNG results obtained using FISH, we used q-PCR to determine gene 

copy numbers in 30 tumor specimens (11 with C-MYC FISH-detected CNG and 19 without 

C-MYC FISH-detected CNG). C-MYC CNGs (≥ 4 copies) were detected by q-PCR in 12 

MPM specimens (10 with C-MYC CNG and 2 without C-MYC CNG detected on the FISH 

results; Fig. 3D). Additionally, we also used q-PCR to detect PVT1 CNG in the same 30 

tumor specimens. PVT1 CNG was detected in 12 MPM specimens (eight with C-MYC CNG 

and three without C-MYC CNG based on the FISH results; Fig. 3E).

We additionally determined C-MYC and PVT1 mRNA expression levels in a subset of 55 

MPM tumor specimens paired with 41 normal tissues from our database using Affymetrix 

U133 plus 2.0 chips. We found significant differences in C-MYC and PVT1 gene expression 

between the normal tissues and the tumor samples (Fig. 3F and 3G; p < 0.05).

DISCUSSION

Our results show that amplification of the 8q24 chromosomal region occurs frequently in 

MPM cell lines and tumor specimens. Our in vitro findings suggest that C-MYC and PVT1 

CNG may promote a malignant MPM phenotype . We have demonstrated that C-MYC and 

PVT1 knockdown by siRNA both increased cisplatin sensitivity and reduced cell 

proliferation capabilities in MPM cell lines. Interestingly, induction of apoptosis (as 

assessed by PARP-C levels) was observed only after PVT1 knockdown and not after C-MYC 

knockdown. In addition, our analysis of the expression of apoptosis-related genes revealed 

that C-MYC helps to maintain a regulatory balance between the expression of pro- and anti-

Riquelme et al. Page 9

J Thorac Oncol. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



apoptotic genes, whereas PVT1 showed a trend toward upregulating pro-apoptotic genes and 

downregulating anti-apoptotic genes. These findings suggest the two genes have differing 

functions: whereas C-MYC CNG stimulates proliferation and helps to decrease sensitivity to 

cisplatin platinum therapy, PVT1 CNG stimulates proliferation, decreases sensitivity to 

platinum therapy, and suppresses apoptosis. PVT1 CNG can also contribute to the 

overexpression of miRNAs contained within this locus; we extended our study to include one 

of the most highly expressed of these miRNAs—miR-1204.

The 8q24 chromosomal region is frequently amplified in many tumors. This regional 

amplification leads to co-amplification of the C-MYC and PVT1 genes located in this 

region 19, 25. C-MYC encodes a transcription factor that regulates the expression of multiple 

genes involved in cellular processes such as growth, apoptosis, proliferation, and 

differentiation 15–17. Deregulated C-MYC expression, which has been detected in a wide 

variety of human tumors, promotes tumorigenesis by increasing genomic instability, induces 

proliferation and apoptosis, stimulates angiogenesis and migration, and promotes adaptation 

to a hypoxic microenvironment 17. We found C-MYC CNG to be highly frequent in MPM 

cell lines and tumor specimens. However, we did not find a correlation between C-MYC 

CNG with clinicopathologic features on the one hand, and patient outcomes on the other 

hand. The fact that we did not find a correlation may be due to the great aggressiveness of 

these tumors, which makes it difficult to obtain detailed clinical, treatment and long-term 

follow-up data for these patients.

C-MYC knockdown increases cisplatin sensitivity and decreases cell proliferation in 

MSTO-211H cell lines. Several studies have reported that MYC-mediated transcription is 

involved in the regulation of multiple genes, including genes involved on regulating cell 

cycle progression such as cyclin dependent kinases (CDK) as CDK1, CDK2, CDK4 and 

CDK6, among others 26–29. Interestingly, we observed that C-MYC knockdown also induces 

a PARP-cleaved decrease, suggesting that C-MYC CNGs could induce apoptosis in MPM. 

How C-MYC regulates apoptosis is a matter of continued debate. It is accepted that C-MYC 

triggers apoptosis and that its overexpression may help to sensitize cells to undergo 

apoptosis 30–32. It has been shown in vitro that the withdrawal of growth factors in cells 

downregulates C-MYC, inducing cell cycle arrest, whereas C-MYC overexpression rapidly 

induces apoptosis 32. C-MYC regulates different target genes under specific conditions and 

in a tissue-specific manner to regulate apoptosis 14. We have shown that C-MYC knockdown 

tends to keep a balance between up- and down-regulation of the expression of pro- and anti-

apoptotic genes (Table 1).

PVT1 is frequently co-amplified with C-MYC in many tumors, acts as an oncogene that non-

coding RNA and a cluster of at least 6 miRNAs that span the PVT1 region recently has been 

identified 12, 21. PVT1 has been described as an MYC activator 33 and as a downstream target 

of both the C-MYC and N-MYC genes 34. We found that C-MYC knockdown downregulates 

PVT1 in MSTO-211H and H28 cell lines, suggesting rather that C-MYC might regulate 

PVT1 gene expression in MPM cell lines. Additionally, PVT1 can regulate sensitivity to 

certain chemotherapeutic drugs (e.g., colleagues found that PVT1 inactivation increased 

gemcitabine sensitivity in human pancreatic cancer cells, contributing to cell survival and 

chemoresistance) 23. PVT1 knockdown by siRNA in MSTO-211H cell lines increases 
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cisplatin sensitivity and PARP-cleaved levels while decreasing proliferation/viability. These 

finding suggest that PVT1 can act as an oncogenic non-coding RNA and that PVT1 

depletion by siRNA induces a change in gene expression that enhances response to 

chemotherapy and induces apoptosis.

Additionally, by analyzing the expression of apoptosis-related genes, we demonstrated that 

PVT1 knockdown upregulated genes involved in pro-apoptotic functions (LTB, BCL2L14, 

PYCAR, FASLG, and TNFRSF1B) and downregulated genes involved in anti-apoptotic 

functions (BCL2L1, BCL2, ICEBERG and BIRC8). It therefore appears that PVT1 depletion 

favors an apoptotic phenotype. Additionally, we characterized the expression of miRNAs 

spanning the PVT1 region in MPM cell lines, showing different expression levels of these 

miRNAs in MPM cell lines and highlighting miR-1204 overexpression in MSTO-211H cell 

lines with PVT1 CNG. We also found that miR-1204 depletion promotes the expression of 

anti-apoptotic genes. This finding suggests that PVT1 CNGs, together with the action of 

miRNAs in this region, can contribute to survival and chemoresistance in MPM.

In summary, our findings indicate that C-MYC and PVT1 co-amplification is frequent in 

MPM. C-MYC and PVT1 cooperation helps to stimulate proliferation, decrease sensitivity to 

platinum therapy, and reduce apoptosis. Both genes also help to regulate apoptosis-related 

genes, with C-MYC revealing a tendency to maintain a balance between pro-apoptotic and 

anti-apoptotic genes, whereas PVT1 revealed a tendency to upregulate pro-apoptotic genes 

and downregulate anti-apoptotic genes, thereby helping to suppress apoptosis.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
C-MYC locus amplification is observed in malignant pleural mesothelioma (MPM) cell lines 

but not in normal mesothelial cell lines. A, SNP/Copy number analysis by Nexus 5.1 

software showed amplification (represented as green bars) of chromosomal region 8q24.21, 

which contains the oncogene C-MYC. Duplicate samples of MPM cell line MSTO-211H 

were compared to normal cell line HCC-4012. B, Copy number analysis by Nexus 5.1 

software showed C-MYC locus amplification in a representative sample of the MSTO-211H 

cell line. C, Representative examples of C-MYC copy number examined by FISH in MPM 
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cell lines. (a) An H28 specimen shows no copy number gain (CNG). (b) An MSTO-211H 

specimen shows CNG. Red signals represent the C-MYC gene probe, whereas green signals 

represent the internal control probe (magnification 1,000×). D, q-PCR analysis of C-MYC 

and PVT1 CNG in MPM cell lines. E, Relative expression of C-MYC and PVT1 mRNA by 

qRT-PCR in MPM cell lines showed increased levels (i.e., ≥4-fold changes) of C-MYC gene 

expression in five MPM cell lines (HP3, HP7, H28, H2052, and MSTO-211H) and only the 

MSTO-211H cell line showed an increased level of PVT1 gene expression (≥4-fold change). 

F, Relative expression of miRNAs by qRT-PCR in MPM cell lines showed expression of 

miR-1204, -1205, -1207-5p, and -1208 in all seven MPM cell lines expression of miR-1204, 

-1205, -1207-5p, and -1208 in all seven MPM cell lines and not detect miR-1206 or 

miR-1207-3p expression in any of the cell lines tested.
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Figure 2. 
Knockdown of C-MYC and PVT1 by siRNA decreased expression of C-MYC and PVT1, 

increased sensitivity to cisplatin, and reduced cell proliferation in malignant plural 

mesothelioma (MPM) cell lines. A, qRT-PCR analisys of C-MYC and PVT1 expression 

showed decreased C-MYC and PVT1 expression after knockdown of C-MYC and PVT1 by 

siRNAs in the MSTO-211H cell line. B, H28 MPM cell lines showed decreased C-MYC and 

PVT1 expression after knockdown of C-MYC and PVT1 by siRNAs. ***p < 0.001, ** p < 

0.01, * p < 0.05. C, Western blot analysis of C-MYC and PARP-C expression after 
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knockdown of C-MYC and PVT1 in MST0-211H cell lines showed decreased expression of 

C-MYC and increased PARP-C levels. D, Knockdown of C-MYC and PVT1 by siRNAs in 

H28 MPM cell lines showed decreased expression of C-MYC, and not detect changes in 

PARP-C levels when knocked down C-MYC and PVT1 in the H28 cell line E, Knockdown 

of C-MYC and PVT1 significantly reduced cell proliferation in MSTO-211H. **p < 0.01. F, 

However, proliferation was not reduced in H28 MPM cell lines. G, Knockdown of C-MYC 

and PVT1 by siRNA caused a 1.9-fold (p < 0.05) and 1.7-fold (p < 0.05) decrease in the 

cisplatin IC50 in MSTO-211H cell lines. H, However, knockdown did not cause cisplatin 

IC50 to decreasein H28 MPM cell lines. MPM cells subjected to gene-specific siRNA 

experiments were compared with control siRNA-transfected and nontransfected cells.
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Figure 3. 
Malignant plural mesothelioma (MPM) tumor tissue specimens show C-MYC and PVT1 

locus–specific copy number gain (CNG) and high expression of C-MYC and PVT1. 

Representative examples of C-MYC CNG examined by Fluorescence in situ hybridization 

(FISH) in MPM tissue specimens show high frequency of CNGs. FISH analysis shows, A, 

CNGs in epithelioid MPM. B, CNGs in biphasic MPM. C, no CNG in sarcomatoid MPM. 

Red signals represent the C-MYC gene probe, whereas and green signals represent the 

internal control probe (magnification 1,000×). Real time quantitative PCR (q-PCR) analysis 
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of CNG of C-MYC and PVT1 in MPM tumor specimens by compared with CNG by FISH 

shows a correlation between both approaches. D, The box plots depict relative CNG of C-

MYC revealed by q-PCR in 11 MPM tumor cell lines with C-MYC CNG as established by 

FISH and 19 MPM tumor cell lines without C-MYC CNG as established by FISH. **** p < 

0.0001. E, The box plots depict relative CNG of PVT1 by q-PCR in 11 MPM tumor cell 

lines with C-MYC CNG as established by FISH and 19 MPM tumor cell lines without C-

MYC CNG as established by FISH. *** p < 0.001. Normalized mRNA expression analysis 

F, C-MYC and G, PVT1 transcript using Affymetrix U133 plus 2.0 chips in MPM tumor 

specimens compared with normal samples. **** p < 0.0001, ** p < 0.01.
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