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Abstract
To investigate the underlying causes of chemoresistance in malignant pleural mesothelioma, we have studied mesothelioma cell lines as 3D spheroids, which acquire increased
chemoresistance compared to 2D monolayers. We asked whether the gene expression of
3D spheroids would reveal mechanisms of resistance. To address this, we measured gene
expression of three mesothelioma cell lines, M28, REN and VAMT, grown as 2D monolayers and 3D spheroids. A total of 209 genes were differentially expressed in common by the
three cell lines in 3D (138 upregulated and 71 downregulated), although a clear resistance
pathway was not apparent. We then compared the list of 3D genes with two publicly available datasets of gene expression of 56 pleural mesotheliomas compared to normal tissues.
Interestingly, only three genes were increased in both 3D spheroids and human tumors:
argininosuccinate synthase 1 (ASS1), annexin A4 (ANXA4) and major vault protein (MVP);
of these, ASS1 was the only consistently upregulated of the three genes by qRT-PCR. To
measure ASS1 protein expression, we stained 2 sets of tissue microarrays (TMA): one with
88 pleural mesothelioma samples and the other with additional 88 pleural mesotheliomas
paired with matched normal tissues. Of the 176 tumors represented on the two TMAs,
ASS1 was expressed in 87 (50%; staining greater than 1 up to 3+). For the paired samples,
ASS1 expression in mesothelioma was significantly greater than in the normal tissues.
Reduction of ASS1 expression by siRNA significantly sensitized mesothelioma spheroids
to the pro-apoptotic effects of bortezomib and of cisplatin plus pemetrexed. Although mesothelioma is considered by many to be an ASS1-deficient tumor, our results show that ASS1
is elevated at the mRNA and protein levels in mesothelioma 3D spheroids and in human
pleural mesotheliomas. We also have uncovered a survival role for ASS1, which may be
amenable to targeting to undermine mesothelioma multicellular resistance.
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Introduction
Uncovering the causes of chemoresistance of tumors may help to develop effective therapies
aimed at undermining their survival strategies. Solid tumors are characterized by a 3D environment that may help cancer cells acquire new biological properties, such as resistance to cell
death and independence from growth factors and nutrients. Indeed, malignant mesothelioma,
a 3D mass that develops from a 2D pleural monolayer, may derive some of its chemoresistance
from its 3D morphology [1, 2]. Interestingly, the presence of 3D aggregates (spheroids) in pleural fluid is considered a characteristic of mesothelioma [3]. We believe that to devise improved
treatments for malignant mesothelioma, it may be helpful to understand how the 3D environment supports its chemoresistance.
We have previously shown that mesothelioma cells acquire additional resistance to apoptosis when grown in 3D, a property termed multicellular resistance. To date we have found that
multicellular resistance can be overcome by interfering with the mTOR pathway and the Bcl-2
repertoire, either by inhibition of anti-apoptotic proteins [4] or by activation of pro-apoptotic
ones [5]. Here, we asked whether a specific genetic signature, expressed by cells in 3D, could
offer insights into the molecular reprogramming that mediates additional apoptotic resistance.
It is known that spheroids alter their gene expression pattern when compared to their monolayer counterparts [6]; nonetheless, a connection to multicellular resistance has not yet
emerged.
Several studies have described the gene expression profile of mesothelioma [7–10]. It is well
known that mesothelioma is characterized by NF2 and BAP1 loss [11] and that there is prognostic and diagnostic value in specific gene patterns [12–15]; nonetheless, no signature correlated to a specific chemoresistance pathway has been found. To answer this question, we have
utilized 3D models to determine which genes are potentially implicated in multicellular resistance. To narrow down our results and identify genes that are clinically relevant, we compared
our 2D-3D dataset with gene expression profiles of patient tumors compared to normal tissues.
In the present work, we demonstrate for the first time that ASS1 is upregulated in mesothelioma 3D spheroids, is expressed in mesothelioma tumor samples, and exhibits a survival role.
Initially, this result was surprising, because mesothelioma is described in the literature as an
ASS1-deficient tumor [16–20], whose auxotrophy for arginine can be targeted therapeutically
[18]. Nonetheless, our data shows that ASS1 is a mesothelioma gene, as also described by Melaiu and colleagues [9, 10], is upregulated when mesothelioma cells, but not normal mesothelial
cells, are grown as 3D spheroids, and that reduction of ASS1 protein levels has potential therapeutic value.

Results
Gene-expression changes found in 3D were associated with multiple
pathways
To identify genes that are differentially expressed between monolayers and spheroids, we performed a microarray analysis of three mesothelioma cell lines (two epithelial, M28 and REN,
and one sarcomatous, VAMT) grown in 2D and in 3D. We identified a total of 209 differentially expressed genes in all cell lines (Fig 1), of which 138 were upregulated (S1 Table) and 71
were downregulated (S2 Table). We used the Ingenuity Pathway Analysis platform to investigate the functional associations of these 209 differentially expressed genes. Among the top
enriched molecular and cellular functions were pathways of cellular growth and differentiation,
cellular development, and cell, tumor and tissue morphology (S3 Table). These results were
confirmed by analysis using the Database for Annotation, Visualization and Integrated
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Fig 1. More than 200 genes are differentially expressed in mesothelioma spheroids compared to
monolayers. Venn diagrams showing the number of genes differentially expressed by spheroids of three
mesothelioma cell lines M28, REN and VAMT, compared to respective monolayers. The diagram also shows
the number of genes upregulated (138) and downregulated (71) in common by the three cell lines.
doi:10.1371/journal.pone.0150044.g001

Discovery (DAVID), which showed the most significant enrichment in regulation of cell proliferation (GO:0042127) and wound healing (GO:0042060) (S4 Table). Although the pathways affected
by the differentially expressed genes might be associated with chemoresistance, it was difficult to
know how to study these pathways further. Instead, we decided to narrow the list of differentially
expressed genes to identify those 3D mesothelioma genes with potential relevance in patients.

ASS1, ANXA4 and MVP are elevated in both 3D spheroids and patients
To uncover clinically relevant genes, we cross-referenced our list of differentially expressed
genes to two publicly available datasets (Gordon et al.,[21]—Singhal et al.,[22]) comprising the
gene expression profiles of 56 mesotheliomas (40 and 16 respectively) compared to 14 normal
tissue samples (9 and 5, respectively). By comparing these datasets, we found 3 genes that were
elevated in 3D compared to 2D as well as in mesothelioma compared to normal tissue: argininosuccinate synthetase 1 (ASS1), annexin A4 (ANXA4) and the major vault protein (MVP).
We then validated the up-regulation of these genes by qRT-PCR. Of the three genes, ASS1
was the only gene confirmed to be upregulated in the three cell lines, M28, REN and VAMT
(Fig 2). Interestingly, ASS1 is thought to be deficient in mesothelioma. In fact, many

Fig 2. ASS1 gene expression is upregulated in 3D spheroids and mesothelioma patients. qRT-PCR results showing the Log2-transformed fold change
in gene expression for ASS1, ANXA4 and MVP between M28, REN and VAMT spheroids and monolayers. Results were normalized to the gene expression
levels of monolayers (gray line). Only ASS1 was upregulated in 3D in all three cell lines. (* p  0.05 n = 3).
doi:10.1371/journal.pone.0150044.g002
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publications describe mesothelioma as an ASS1-deficient tumor [16–20], and thus one that can
be targeted with arginine deiminase (ADI), an enzyme that degrades arginine [18]. Hence, to
confirm our findings, we analyzed ASS1 expression at the protein level in both mesothelioma
spheroids and patient samples.

ASS1 protein is increased in 3D spheroids and expressed in tissues
To confirm the upregulation of ASS1 protein levels in spheroids, we investigated various antibodies because the antibody that has been widely used for the detection of ASS1 had been discontinued (BD, clone 25). Hence, we tested a panel of antibodies currently available for ASS1:
the discontinued clone 25 [23] and newer clones 2B10 and 2C10. As positive and negative controls for ASS1, we used MSTO-211H transduced with ASS1 (MSTO-pIRES-ASS1) and with an
empty vector (MSTO-pIRES-EV). We found that staining for both clone 25 and clone 2B10
was non-specific (especially BD clone 25), while clone 2C10 correctly identified ASS1 in transduced MSTO cells (Fig 3A). Therefore, we used clone 2C10 ASS1 antibody for detecting ASS1
protein in spheroids and in tumor.
We performed immunoblots on monolayers and spheroids generated from M28, REN and
VAMT cells, the cell lines used in our microarray analysis. To these, we added three more cell
lines (SARC, JMN and MSTO-211H), one of these known to be ASS1-negative (MSTO-211H).
Four of the cell lines showed increased ASS1 protein levels in 3D compared to 2D, while two of
them (JMN and MSTO-211H) lacked expression of ASS1 altogether (Fig 3B). Our findings
suggest that cells capable of expressing ASS1 elevate its protein levels in 3D, whereas the cells
with ASS1 deficiency do not. Interestingly, normal mesothelial cells did not upregulate ASS1 in
3D (Fig 3C).
To investigate the levels of ASS1 protein expression in human mesothelioma tumors, we
performed immunohistochemistry on 2 sets of tissue microarrays (TMA) containing samples
from 176 pleural mesotheliomas. In the first set of 88 mesotheliomas, only 8 mesotheliomas
completely lacked ASS1 expression (Fig 4A). In another set of clinical samples, which contained 88 tumors along with their matching normal control tissue, ASS1 was significantly upregulated in mesothelioma samples compared to their matched normal controls (Fig 4B).
Among the 88 mesotheliomas, there was no difference in ASS1 expression between epithelioid
(n = 46) and non-epithelioid (sarcomatous and biphasic)(n = 42) mesotheliomas (S5 Table). In
all 176 tumor samples, ASS1 protein was expressed in 87 (50%; more than 1+).

ASS1 has a survival role in cells in which it is expressed
The lack of ASS1 expression has been associated with resistance to platinum [24], suggesting
that ASS1 could enhance chemosensitivity. On the other hand, we have found ASS1 upregulated in 3D spheroids and tumor samples and we hypothesized that it could be associated with
increased chemoresistance (multicellular resistance). Thus, to clarify whether ASS1 was associated with chemosensitivity or chemoresistance, we performed RNAi experiments and measured the response to chemotherapy of spheroids in the absence of ASS1 expression. ASS1
siRNA effectively reduced ASS1 expression in 3 cell lines (M28, SARC, and VAMT) with baseline ASS1 expression (Fig 5A). In these cell lines, but not in MSTO, which do not express ASS1,
reduction of ASS1 expression led to increased apoptosis. Also, in these cells, but not in ASS1-deficient MSTO, the reduction of ASS1 increased the apoptotic response to bortezomib and to
cisplatin plus pemetrexed, indicating that ASS1 has survival roles in 3D and thus may contribute to chemoresistance (Fig 5B).

PLOS ONE | DOI:10.1371/journal.pone.0150044 March 16, 2016

5 / 17

ASS1 Is Upregulated in Mesothelioma 3D Spheroids and Tumors

PLOS ONE | DOI:10.1371/journal.pone.0150044 March 16, 2016

6 / 17

ASS1 Is Upregulated in Mesothelioma 3D Spheroids and Tumors

Fig 3. ASS1 protein is upregulated in 3D in mesothelioma cells but not in normal mesothelial cells. (A) ASS1 antibodies (BD clone 25, Sigma clone
2B10, and Millipore clone 2C10) were tested against ASS1-positive MSTO pIRES-ASS1 (as a positive control) and ASS1-negative MSTO pIRES-EV (as a
negative control). Monoclonal antibody clone 2C10 provides the most accurate detection of ASS1 protein levels. (B) Immunoblot analysis of ASS1, ANXA4
and MVP in monolayers (m) and spheroids (s) grown from 6 mesothelioma cell lines (M28, SARC, VAMT, REN, JMN) and MSTO-211H (known to be
ASS1-negative). MSTO pIRES-ASS1 cells were used as positive control for ASS1. ASS1 was the most consistently upregulated in 3D among the panel of
cells tested. JMN and MSTO cells showed no ASS1 expression. (C) Immunoblot analysis of ASS1 in normal mesothelial cells grown as monolayers and
spheroids. ASS1-negative MSTO pIRES-EV and ASS1-positive MSTO pIRES-ASS1 were used as controls for ASS1. Normal mesothelial cells did not
upregulate ASS1 when grown in 3D.
doi:10.1371/journal.pone.0150044.g003

Discussion
Multicellular resistance, the resistance acquired by cells in 3D, may mimic the chemoresistance
of solid tumors [25]. In mesothelioma, we have investigated contributions of the PI3K/Akt
pathway [26, 27] and the Bcl-2 family [28] to multicellular resistance and have found strategies
to bypass such resistance mechanisms [1, 4, 5]. With this study, we asked whether a 3D gene
signature could give insights into the source of multicellular resistance. Indeed, spheroids have
been shown to represent the gene expression of their original tissue better than monolayers
[29] and have been used to identify tumor-relevant genes associated with survival [30]. Using
this screening approach, in which genes upregulated in 3D were cross-referenced against published mesothelioma genes, we found that ASS1 is upregulated in 3D and also in mesothelioma.
This result was unexpected because, in the literature, mesothelioma has been described as an
ASS1-deficient tumor [16–20]. Thus, there appear to be two groups of mesothelioma, those
with ASS1 deficiency and those with upregulation of ASS1.
ASS1 represents the rate-limiting enzyme in the production of arginine, a semi-essential
amino acid for multiple metabolic and synthetic functions [18, 31, 32]. However, in certain
tumors, ASS1 has been found to be deficient [33], likely due to promoter methylation [19, 34].
Without ASS1, cells are dependent on extracellular arginine, a condition known as arginine
auxotrophy. In this situation, the ASS1-deficient tumor is vulnerable to strategies that target
this lifeline; accordingly, treatments to degrade extracellular arginine are being used in the
patients with ASS1-deficient tumors. Such tumors have been reported to include melanoma,
hepatocellular carcinoma, renal cell carcinoma, prostate cancer and mesothelioma [17]. ASS1
deficiency has also been associated with platinum resistance; in some studies, the silencing of
ASS1 has induced a resistance to platinum-induced cell death while, at the same time, sensitizing to arginine degradation [24]. In the case of mesothelioma with low ASS1 expression,
patients have been treated with pegylated arginine deiminase (ADI-PEG20), either alone
(ADAM - https://goo.gl/hSNkI7)) or together with chemotherapy (TRAP - http://goo.gl/
tiwzGO), to deprive the tumor of arginine; results from these trials are pending.
In our study, ASS1 emerged as strongly associated with the 3D phenotype, which itself is
associated with chemoresistance. In addition, when tissue microarrays were examined, ASS1
protein expression was also found to be elevated in many mesothelioma tumors. In paired samples, ASS1 was elevated in tumor compared to adjacent normal tissues. Thus, ASS1 appears to
be a gene relevant to mesothelioma biology, with a significance as yet unknown. Other studies
have also identified the presence of ASS1 in mesothelioma; in one review of transcriptome
studies, ASS1 gene was one of the most prominently increased genes in mesothelioma [9]. In
addition, in the first report of ASS1 protein expression in mesothelioma, 63% of mesotheliomas
were found to have low expression (0–1+) while 37% had high expression (2–3+). Our findings, if we combine all our tumors, would be 50:50; in 176 tumors, 89 demonstrate low expression (0–1+) and 87 demonstrate moderate to high (greater than 1 to 3+). Although differences
can be due to different antibodies or technique, both of our studies suggest that a significant
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Fig 4. ASS1 protein is expressed in mesothelioma samples and upregulated when compared to normal tissues. (A) ASS1 stain intensity was
measured in 88 mesothelioma samples by immunohistochemistry (each tumor in replicates of 3) in a semi-quantitative fashion as outlined in the Methods
section. Only 8 samples out of 88 (10%) showed no ASS1 staining (B) ASS1 stain intensity was also measured in another 88 mesotheliomas with their paired
88 normal tissues. Analysis of matched pairs (tumor vs normal tissue control obtained from the same patients) of the 88 patients showed that ASS1
expression was significantly higher in mesothelioma (* p < 0.0001, n = 88 matched pairs).
doi:10.1371/journal.pone.0150044.g004

number of patients with mesothelioma will have elevated ASS1 expression. Thus, while ASS1
deficiency is undoubtedly of interest in this tumor, ASS1 overexpression also merits attention.
The role of ASS1 in tumor biology has been confusing, with ASS1 thought to act either as a
tumor suppressor [35] or as pro-metastatic or carcinogenic [36]. We propose that the function
of ASS1, a gene whose expression increases in 3D, may better be studied in 3D. In our 3D
spheroids, ASS1 showed a survival role. The reduction of ASS1 protein by siRNA led to an
increased sensitivity to chemotherapy, including to cis-platinum. We speculate that ASS1 upregulation is in response to an increased need or decreased supply of arginine in 3D and in the
tumor and would be a logical step in promoting survival of the tumor cells. If so, then techniques to suppress ASS1 could improve response to chemotherapy and would also render the
tumor vulnerable to arginine depletion techniques [23], such as ADI-PEG20. Further studies
are underway to identify small molecules or other strategies to inhibit ASS1 both to understand
its function in mesothelioma and to provide possible therapeutic options to patients with high
ASS1 expression.

Methods
Cell culture and reagents
The human mesothelioma cell lines M28 [37] and VAMT [38] (both from Dr. Brenda Gerwin,
NCI, National Institutes of Health, Bethesda, MD, USA), REN [39] (from Dr. Roy Smythe,
University of Texas M.D. Anderson Cancer Center, Houston, TX, USA), SARC [40] (MesoSA1
–from Dr. Alice Boylan, Medical University of South Carolina, Charleston, MC, USA), JMN
[41] and MSTO-211H [ATCC1 CRL-2081™] (both from Dr. Dean Fennell, University of
Leicester, UK), MSTO pIRES-EV and MSTO pIRES-ASS1 [24] (both kindly donated by Dr.
Peter Szlosarek, Barts Cancer Institute, Queen Mary University of London, UK), were all cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum in a 37°C humidified incubator with 5% CO2. All were found to stain positively for
mesothelioma markers (calretinin, WT1) and negatively for other markers not seen in mesothelioma (TTF1). Normal human mesothelial cells were cultured from ascites fluid from
unidentified patients without infection or malignancy according to a protocol (#12–08998)
approved by the University of California, San Francisco Committee on Human Research under
our BUA (BU031309-03) [42]. All cells were confirmed to be negative for mycoplasma every 2
months by PCR analysis as previously described [43]. Bortezomib was from Selleck Chem
(Boston, MA, USA). Cisplatin and pemetrexed were obtained from the University of California, San Francisco Pharmacy at Mt. Zion Cancer Center.

Generation and treatment of spheroids
Multicellular spheroids were generated in non-adsorbent round-bottomed 96-well plates
coated with a 1:24 dilution of polyHEMA (#P3932 Sigma-Aldrich, St. Louis, MO, USA) in 95%
ethanol and dried at 37°C for 48 h. Plates were sterilized with UV-light for 30 min before use.
In each well, 10,000 cells were added and plates were centrifuged at 1000 rpm for 5 min to concentrate the cells at the bottom and incubated for 24 h to allow formation into a solid spheroid.
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Fig 5. ASS1 knockdown by siRNA increases the chemosensitivity of spheroids. (A) Immunoblot analysis of M28, SARC, VAMT and ASS1-deficient
MSTO spheroids, transfected with siRNA targeting ASS1 or control sequences show that ASS1 was efficiently knocked down in all the cells where it was
expressed. (B) Apoptotic rates were measured for M28, SARC, VAMT and MSTO spheroids transfected with siRNA targeting ASS1 or control sequences
and treated with bortezomib (BZ, 25 nM) or cis-platinum (200 μM) plus pemetrexed (10 μM)(C+P). In the 3 cell lines with baseline ASS1 expression, ASS1
siRNA increased the basal apoptotic rate and also increased the apoptotic response to chemotherapy. ASS1 siRNA had no effect in the ASS1-deficient
MSTO spheroids. Apoptosis was quantified in a blinded fashion by assessing nuclear condensation in Hoechst-stained cells. (* p  0.05 n = 3).
doi:10.1371/journal.pone.0150044.g005

Before treatment, 24 multicellular spheroids were transferred to each well of a polyHEMAcoated 24-well and treated for 24 h unless stated otherwise.

Microarray
Sample preparation, RNA extraction/amplification, labelling, and array hybridizations were
performed according to standard protocols from the UCSF Shared Microarray Core Facilities
([44], http://arrays.ucsf.edu/protocols). A total of 18 samples (three for monolayers and three
for spheroids for each cell line) were analyzed. Labeled cRNAs were hybridized to 70-mer oligonucleotides microarrays produced using the Operon Human Genome 70-mer Oligo Set Version 2.0 (Operon Biotechnologies, Huntsville, AL). Additional information about microarray
protocols and the complete array data are available from Gene Expression Omnibus (http://
www.ncbi.nlm.nih.gov/geo/, series accession GSE4804). Expression profiling of monolayers
and spheroids for M28, REN and VAMT mesothelioma cells was carried out using three biological replicates in each cell type and two technical replicates (Cy3/Cy5 dye-swap replicates)
for each sample. The data were normalized using robust locally weighted regression (loess) to
correct for intensity, spatial and other dye biases [45, 46]. The differential expression of genes
in spheroid with respect to monolayer was analyzed using the BioConductor LIMMA package
[http://www.bioconductor.org]. We estimated the mean log-ratios and calculated moderated tstatistic, B statistic, false discovery rate and p-value for each gene for the direct comparisons
between monolayers and spheroids. P values were adjusted for multiple testing using Bonferroni correction. In order to have the broadest selection of genes to compare the 3 cell types, we
selected candidate differentially-expressed genes using adjP < 0.05 without cutoffs on foldchange. Genes were considered upregulated when the log2 ratio (M value) was > 0 (i.e. foldchange between the conditions of interest > 1); genes were considered downregulated when
the log2 ratio < 0 (i.e. fold-change < 1).

Gene Ontology analysis
The Ingenuity Interactive Pathway Analysis of Complex ‘Omics Data platform was used to
investigate the functional associations between differentially expressed genes. Analysis was performed by the CNRS and University Nice Sophia Antipolis, IPMC, Valbonne, France. We also
interrogated the Database for Annotation, Visualization and Integrated Discovery (DAVID)
functional annotation tool (http://david.abcc.ncifcrf.gov) by using the full list of differentially
expressed genes in 3D.

Real-Time qRT-PCR
RNA was extracted from monolayers (1 million cells) or spheroids (100 spheroids) with an
RNeasy Kit following manufacturer’s instructions (Qiagen, Valencia, CA, USA). Total RNA
was quantified with a NanoDrop 2000c (NanoDrop, Wilmington, DE, USA) and 2 μg of total
RNA was retro-transcribed with a Superscript VILO cDNA Synthesis Kit (Life Technologies,
Carlsbad, CA, USA). A TaqMan Gene Expression Analysis Assay (Life Technologies, Carlsbad,
CA, USA) was performed according to manufacturer’s instructions in an ABI7000 thermal
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cycler (Life Technologies, Carlsbad, CA, USA). TaqMan probes for ASS1 (Hs01597989_g1),
ANXA4 (Hs00984874_m1), MVP (Hs00245438_m1) and the control beta glucuronidase
(GUSB, 4333767T) were from Applied Biosystems (Life Technologies, Carlsbad, CA, USA).
Calculations for determining the relative levels of gene expression were made from triplicate or
quadruplicate measurements of the target gene, with normalization to GUSB in the samples,
using the cycle threshold (Ct) method and the 2^-ddCT equation [47].

SDS-PAGE and immunoblotting
Monolayers and spheroids were lysed in boiling lysis buffer (2.5% SDS, Tris-HCl 250 mM pH
7.4) and protein concentration was determined using a colorimetric assay (DC protein assay
from BioRad, Hercules, CA, USA). 30 μg of protein was supplemented with Laemmli sample
buffer and separated on an SDS-PAGE gel. Proteins were transferred to PVDF membranes
(Immobilon, Millipore, Billerica, MA, USA) and blocked with 5% Blotto (Santa Cruz Biotechnology, Dallas, TX, USA) in PBS. Primary antibodies were diluted in 5% non-fat dry milk or
5% BSA. The following primary antibodies were used: anti-ASS1 (clone 25, 1:500, BD Biosciences, San Jose, CA, USA; clone 2B10, 1:500, Sigma-Aldrich, St. Louis, MO, USA; clone 2C10,
1:500, Millipore, Billerica, MA, USA), anti-α-tubulin (#A5441, 1:10,000, Sigma-Aldrich,
St. Louis, MO, USA). Secondary antibodies were from BioRad (Hercules, CA, USA). Chemiluminescence was detected with the enhanced SuperSignal West Pico Substrate (Pierce, Rockford, IL, USA) with a Biospectrum Imaging System (UVP, Upland, CA, USA).

Human subjects research
The University of California San Francisco CHR approved the studies on human samples
under an exempt category (#12–08998). CHR protocol 12–08998 was reviewed by the University of California San Francisco Committee on Human Research, Laurel Heights Committee
(CHR FWA number: 00000068; IRB registration number: 00003471). Exemption was granted
because the research involves the collection or study of existing data, documents, records, pathological specimens, or diagnostic specimens or because the information is recorded by the
investigator in such a manner that subjects cannot be identified, directly or through identifiers
linked to the subjects. Both of these statements were met in our research. Moreover, the coded
private information or specimens were not collected specifically for the current proposed
research project and the key to decipher the code is destroyed before researcher begins. Samples were obtained from surgeries performed by Dr. Raphael Bueno, Chief, Division of Thoracic Surgery at Brigham and Women's Hospital, Boston MA with consent from Dana Farber/
Harvard Cancer Center IRB-approved protocol 98–063. The University of California San Francisco CHR committee approved the use of these unidentified mesothelioma samples for our
research. Normal mesothelial cells were obtained under the same CHR-exempt authorization
from unidentified patients' material (ascites or pleural fluid) that would otherwise be discarded.
Clinical tumor micro arrays, obtained under the same CHR protocol (12–08998), were created
by the pathology core facilities of the Dana Farber/Harvard Cancer Center, with coded links to
patient identity under protocol 98–063

Immunohistochemistry
We utilized 2 sets of tumor microarrays (TMA): one set contained 88 chemonaïve mesothelioma samples (created by the Pathology Core facility at University of California San Francisco,
Mt. Zion with anonymous mesothelioma samples obtained from our collaboration with Drs.
Bueno and Richards) and one set contained a different 88 mesotheliomas with matching normal tissue, created from clinical pathology blocks of Brigham and Women's Hospital patients.
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In addition to anonymous control cores, microarray blocks contained, per included patient, 3
cores of tumor and, if available, 3 cores of normal tissue obtained from selected areas of archival clinical blocks. Sections of TMAs (5 μm) were stained for 2 h at RT with antibodies for
ASS1 (clone 2C10, 1:1000, Millipore, Billerica, MA, USA) and visualized with a HRP/DAB
Envision plus Kit (#K4010, Dako, Carpinteria, CA). Known negative and positive controls
were included. Hematoxylin was used as a counterstain. Slides were viewed by two independent
scorers and scored semi-quantitatively (0 = no staining, 1 = weak staining, 2 = moderate staining, 3 = strong staining) [18].

Nuclear condensation assay by Hoechst staining
Spheroids were disaggregated with trypsin, washed with ice-cold PBS, and then fixed with 2.5%
glutaraldehyde (Sigma-Aldrich, St. Louis, MO, USA). Cells were then stained with 8 mg/ml of
Hoechst 33342 (Molecular Probes, Life Technologies, Carlsbad, CA, USA) and placed on slides.
Apoptosis was quantitated by counting cells with distinctive signs of nuclear condensation and
expressed as a % of the total cells. For each condition, at least 300 cells were counted in triplicate by investigators blinded to the experimental conditions. We have found that this assay is
more accurate than assays that detect surface phosphatidylserine in cells disaggregated from
spheroids [1].

RNA interference
Transient knockdowns were performed using Lipofectamine RNAiMAX according to the manufacturer’s protocol (Life Technologies, Carlsbad, CA, USA). In brief, cells were transfected in
Opti-MEM (Life Technologies, Carlsbad, CA, USA) and allowed to grow as monolayers for
24 h in complete DMEM medium. Cells were then trypsinized, counted, plated in polyHEMA
plates and allowed to form spheroids for 24 h. Spheroids were then treated as described in figure legends, between 48 and 72 h from transfection. The human argininosuccinate synthetase 1
(ASS1) siRNA (Stealth HSS181354, 5’-AGC AGC UGA GCU CAA ACC GGA CCU-3’) and
the Stealth siRNA Negative Control lo GC (#12935) were purchased from Life Technologies,
Carlsbad, CA, USA.

Statistical analysis
Data are expressed as mean ± standard deviation of at least three different experiments. Statistical significance was evaluated by ANOVA (with Tukey’s test to determine where the difference lay). Differences between the tumor and normal tissue matched pairs and between
epithelioid and non-epithelioid tumors were evaluated by the Mann-Whitney non-parametric
test. A p value  0.05 was considered significant. (GraphPad Prism v 4.0, GraphPad Software,
Inc., La Jolla, CA, USA).

Supporting Information
S1 File. Raw data for Figs 2, 4A and 4B and 5B.
(ZIP)
S2 File. Unedited Western Blots.
(ZIP)
S1 Table. Upregulated genes in 3D. The table shows the 138 genes upregulated in 3D spheroids grown from M28, REN and VAMT cell lines.
(PDF)
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S2 Table. Downregulated genes in 3D. The table shows the 71 genes downregulated in 3D
spheroids grown from M28, REN and VAMT cell lines.
(PDF)
S3 Table. Ingenuity1 analysis of the genes differentially expressed by mesothelioma spheroids compared to respective monolayers. The table shows the top functions altered in 3D in
the signaling families: molecular and cellular functions, physiological system development and
function, and diseases and disorders. The pathways affected in the different categories are
shown in the table, together with p value and number of differentially expressed genes in each
pathway (Count). A comprehensive analysis of the functions affected by the differentiallyexpressed genes did not reveal a single suppressed or activated pathway.
(PDF)
S4 Table. DAVID Analysis of the genes differentially expressed in 3D. The table shows the
DAVID functional annotation chart with p<0.01 for the differentially expressed genes in 3D.
(PDF)
S5 Table. ASS1 expression is not statistically different between epithelioid and non-epithelioid mesotheliomas. The table shows the ASS1 staining intensity of 88 mesotheliomas, categorized by their histotypes: epithelioid (46) and non epithelioid (42—sarcomatous and
biphasic). The difference between the two groups was not statistically significant (p = 0.5662).
(PDF)

Acknowledgments
We would like to thank Agnès Paquet (CNRS and University Nice Sophia Antipolis, IPMC,
Valbonne, France) for helping with the gene expression microarray and Ingenuity analysis,
and Rebecca A. Barbeau and the Sandler Asthma Basic Research (SABRE) Center Functional
Genomics Core Facility, University of California San Francisco, Mission Bay for performing
the gene expression microarrays. This work was supported by a Mesothelioma Applied
Research Foundation (MARF) grant to DB (A121342) and by the Simmons Mesothelioma
Foundation. CF was supported by a Simmons Fellowship in Mesothelioma Research.

Author Contributions
Conceived and designed the experiments: DB LVD CF VCB DAF SDZ PVJ. Performed the
experiments: DB LVD CF SDZ PVJ. Analyzed the data: DB LVD SDZ PVJ WGR. Contributed
reagents/materials/analysis tools: RB WGR. Wrote the paper: DB LVD VCB.

References
1.

Barbone D, Yang T, Morgan J, Gaudino G, Broaddus V. Mammalian target of rapamycin contributes to
the acquired apoptotic resistance of human mesothelioma multicellular spheroids. J Biol Chem. 2008;
283(19):13021–30. PMID: 18339627. doi: 10.1074/jbc.M709698200

2.

Daubriac J, Fleury-Feith J, Kheuang L, Galipon J, Saint-Albin A, Renier A, et al. Malignant pleural
mesothelioma cells resist anoikis as quiescent pluricellular aggregates. Cell Death Differ. 2009; 16
(8):1146–55. PMID: 19343038. doi: 10.1038/cdd.2009.32

3.

Nagy JA, Herzberg KT, Dvorak JM, Dvorak HF. Pathogenesis of malignant ascites formation: initiating
events that lead to fluid accumulation. Cancer Res. 1993; 53(11):2631–43. PMID: 8495427.

4.

Barbone D, Ryan JA, Kolhatkar N, Chacko AD, Jablons DM, Sugarbaker DJ, et al. The Bcl-2 repertoire
of mesothelioma spheroids underlies acquired apoptotic multicellular resistance. Cell Death Dis. 2011;
2:e174. doi: 10.1038/cddis.2011.58 PMID: 21697949; PubMed Central PMCID: PMC3169000.

5.

Barbone D, Cheung P, Battula S, Busacca S, Gray SG, Longley DB, et al. Vorinostat eliminates multicellular resistance of mesothelioma 3D spheroids via restoration of Noxa expression. PLoS One. 2012;

PLOS ONE | DOI:10.1371/journal.pone.0150044 March 16, 2016

14 / 17

ASS1 Is Upregulated in Mesothelioma 3D Spheroids and Tumors

7(12):e52753. doi: 10.1371/journal.pone.0052753 PMID: 23300762; PubMed Central PMCID:
PMC3530471.
6.

Kim H, Phung Y, Ho M. Changes in global gene expression associated with 3D structure of tumors: an
ex vivo matrix-free mesothelioma spheroid model. PLoS One. 2012; 7(6):e39556. doi: 10.1371/journal.
pone.0039556 PMID: 22737246; PubMed Central PMCID: PMC3380922.

7.

Crispi S, Calogero RA, Santini M, Mellone P, Vincenzi B, Citro G, et al. Global gene expression profiling
of human pleural mesotheliomas: identification of matrix metalloproteinase 14 (MMP-14) as potential
tumour target. PLoS One. 2009; 4(9):e7016. doi: 10.1371/journal.pone.0007016 PMID: 19753302;
PubMed Central PMCID: PMCPMC2737627.

8.

Lopez-Rios F, Chuai S, Flores R, Shimizu S, Ohno T, Wakahara K, et al. Global gene expression profiling of pleural mesotheliomas: overexpression of aurora kinases and P16/CDKN2A deletion as prognostic factors and critical evaluation of microarray-based prognostic PMID: prediction. Cancer Res.
2006; 66(6):2970–9. doi: 10.1158/0008-5472.CAN-05-3907 PMID: 16540645.

9.

Melaiu O, Cristaudo A, Melissari E, Di Russo M, Bonotti A, Bruno R, et al. A review of transcriptome
studies combined with data mining reveals novel potential markers of malignant pleural mesothelioma.
Mutat Res. 2011; 750(2):132–40. Epub 2011/12/27. doi: 10.1016/j.mrrev.2011.12.003 PMID:
22198210.

10.

Melaiu O, Melissari E, Mutti L, Bracci E, De Santi C, Iofrida C, et al. Expression status of candidate
genes in mesothelioma tissues and cell lines. Mutat Res. 2015; 771:6–12. doi: 10.1016/j.mrfmmm.
2014.11.002 PMID: 25771974.

11.

Guo G, Chmielecki J, Goparaju C, Heguy A, Dolgalev I, Carbone M, et al. Whole-exome sequencing
reveals frequent genetic alterations in BAP1, NF2, CDKN2A, and CUL1 in malignant pleural mesothelioma. Cancer Res. 2015; 75(2):264–9. doi: 10.1158/0008-5472.CAN-14-1008 PMID: 25488749.

12.

De Rienzo A, Dong L, Yeap BY, Jensen RV, Richards WG, Gordon GJ, et al. Fine-needle aspiration
biopsies for gene expression ratio-based diagnostic and prognostic tests in malignant pleural mesothelioma. Clin Cancer Res. 2011; 17(2):310–6. doi: 10.1158/1078-0432.CCR-10-0806 PMID: 21088255;
PubMed Central PMCID: PMCPMC3058309.

13.

Gordon GJ, Dong L, Yeap BY, Richards WG, Glickman JN, Edenfield H, et al. Four-gene expression
ratio test for survival in patients undergoing surgery for mesothelioma. J Natl Cancer Inst. 2009; 101
(9):678–86. doi: 10.1093/jnci/djp061 PMID: 19401544; PubMed Central PMCID: PMCPMC2677573.

14.

Gordon GJ, Jensen RV, Hsiao LL, Gullans SR, Blumenstock JE, Richards WG, et al. Using gene
expression ratios to predict outcome among patients with mesothelioma. J Natl Cancer Inst. 2003; 95
(8):598–605. PMID: 12697852.

15.

Gordon GJ, Rockwell GN, Godfrey PA, Jensen RV, Glickman JN, Yeap BY, et al. Validation of genomics-based prognostic tests in malignant pleural mesothelioma. Clin Cancer Res. 2005; 11(12):4406–
14. doi: 10.1158/1078-0432.CCR-04-2181 PMID: 15958625; PubMed Central PMCID:
PMCPMC1488818.

16.

Battisti S, Valente D, Albonici L, Bei R, Modesti A, Palumbo C. Nutritional stress and arginine auxotrophy confer high sensitivity to chloroquine toxicity in mesothelioma cells. Am J Respir Cell Mol Biol.
2012; 46(4):498–506. doi: 10.1165/rcmb.2011-0195OC PMID: 22074703.

17.

Delage B, Fennell DA, Nicholson L, McNeish I, Lemoine NR, Crook T, et al. Arginine deprivation and
argininosuccinate synthetase expression in the treatment of cancer. Int J Cancer. 2010; 126(12):2762–
72. Epub 2010/01/28. doi: 10.1002/ijc.25202 PMID: 20104527.

18.

Szlosarek PW, Klabatsa A, Pallaska A, Sheaff M, Smith P, Crook T, et al. In vivo loss of expression of
argininosuccinate synthetase in malignant pleural mesothelioma is a biomarker for susceptibility to arginine depletion. Clin Cancer Res. 2006; 12(23):7126–31. Epub 2006/12/06. doi: 10.1158/1078-0432.
CCR-06-1101 PMID: 17145837.

19.

Szlosarek PW, Luong P, Phillips MM, Baccarini M, Stephen E, Szyszko T, et al. Metabolic response to
pegylated arginine deiminase in mesothelioma with promoter methylation of argininosuccinate synthetase. J Clin Oncol. 2013; 31(7):e111–3. doi: 10.1200/JCO.2012.42.1784 PMID: 23319692.

20.

Wangpaichitr M, Wu C, Bigford G, Theodoropoulos G, You M, Li YY, et al. Combination of arginine deprivation with TRAIL treatment as a targeted-therapy for mesothelioma. Anticancer Res. 2014; 34
(12):6991–9. PMID: 25503125.

21.

Gordon GJ, Rockwell GN, Jensen RV, Rheinwald JG, Glickman JN, Aronson JP, et al. Identification of
novel candidate oncogenes and tumor suppressors in malignant pleural mesothelioma using largescale transcriptional profiling. Am J Pathol. 2005; 166(6):1827–40. Epub 2005/05/28. doi: 10.1016/
S0002-9440(10)62492-3 PMID: 15920167; PubMed Central PMCID: PMC1363736.

22.

Singhal S, Wiewrodt R, Malden LD, Amin KM, Matzie K, Friedberg J, et al. Gene expression profiling of
malignant mesothelioma. Clin Cancer Res. 2003; 9(8):3080–97. Epub 2003/08/13. PMID: 12912960.

PLOS ONE | DOI:10.1371/journal.pone.0150044 March 16, 2016

15 / 17

ASS1 Is Upregulated in Mesothelioma 3D Spheroids and Tumors

23.

Syed N, Langer J, Janczar K, Singh P, Lo Nigro C, Lattanzio L, et al. Epigenetic status of argininosuccinate synthetase and argininosuccinate lyase modulates autophagy and cell death in glioblastoma. Cell
Death Dis. 2013; 4:e458. doi: 10.1038/cddis.2012.197 PMID: 23328665; PubMed Central PMCID:
PMC3563985.

24.

Nicholson LJ, Smith PR, Hiller L, Szlosarek PW, Kimberley C, Sehouli J, et al. Epigenetic silencing of
argininosuccinate synthetase confers resistance to platinum-induced cell death but collateral sensitivity
to arginine auxotrophy in ovarian cancer. Int J Cancer. 2009; 125(6):1454–63. doi: 10.1002/ijc.24546
PMID: 19533750.

25.

Friedrich J, Seidel C, Ebner R, Kunz-Schughart LA. Spheroid-based drug screen: considerations and
practical approach. Nat Protoc. 2009; 4(3):309–24. doi: 10.1038/nprot.2008.226 PMID: 19214182.

26.

Cacciotti P, Barbone D, Porta C, Altomare DA, Testa JR, Mutti L, et al. SV40-dependent AKT activity
drives mesothelial cell transformation after asbestos exposure. Cancer Res. 2005; 65(12):5256–62.
PMID: 15958571.

27.

Pinton G, Manente AG, Angeli G, Mutti L, Moro L. Perifosine as a potential novel anti-cancer agent
inhibits EGFR/MET-AKT axis in malignant pleural mesothelioma. PLoS One. 2012; 7(5):e36856. doi:
10.1371/journal.pone.0036856 PMID: 22590625; PubMed Central PMCID: PMCPMC3349630.

28.

Fennell DA, Rudd RM. Defective core-apoptosis signalling in diffuse malignant pleural mesothelioma:
opportunities for effective drug development. Lancet Oncol. 2004; 5(6):354–62. doi: 10.1016/S14702045(04)01492-5 PMID: 15172356.

29.

Sakai Y, Yamagami S, Nakazawa K. Comparative analysis of gene expression in rat liver tissue and
monolayer- and spheroid-cultured hepatocytes. Cells Tissues Organs. 2010; 191(4):281–8. doi: 10.
1159/000272316 PMID: 20051666.

30.

Ernst A, Hofmann S, Ahmadi R, Becker N, Korshunov A, Engel F, et al. Genomic and expression profiling of glioblastoma stem cell-like spheroid cultures identifies novel tumor-relevant genes associated
with survival. Clin Cancer Res. 2009; 15(21):6541–50. doi: 10.1158/1078-0432.CCR-09-0695 PMID:
19861460.

31.

Lind DS. Arginine and cancer. J Nutr. 2004; 134(10 Suppl):2837S–41S; discussion 53S. PMID:
15465796.

32.

Rabinovich S, Adler L, Yizhak K, Sarver A, Silberman A, Agron S, et al. Diversion of aspartate in ASS1deficient tumours fosters de novo pyrimidine synthesis. Nature. 2015; 527(7578):379–83. doi: 10.1038/
nature15529 PMID: 26560030; PubMed Central PMCID: PMCPMC4655447.

33.

Dillon BJ, Prieto VG, Curley SA, Ensor CM, Holtsberg FW, Bomalaski JS, et al. Incidence and distribution of argininosuccinate synthetase deficiency in human cancers: a method for identifying cancers sensitive to arginine deprivation. Cancer. 2004; 100(4):826–33. doi: 10.1002/cncr.20057 PMID: 14770441.

34.

Delage B, Luong P, Maharaj L, O'Riain C, Syed N, Crook T, et al. Promoter methylation of argininosuccinate synthetase-1 sensitises lymphomas to arginine deiminase treatment, autophagy and caspasedependent apoptosis. Cell Death Dis. 2012; 3:e342. doi: 10.1038/cddis.2012.83 PMID: 22764101;
PubMed Central PMCID: PMC3406582.

35.

Huang HY, Wu WR, Wang YH, Wang JW, Fang FM, Tsai JW, et al. ASS1 as a novel tumor suppressor
gene in myxofibrosarcomas: aberrant loss via epigenetic DNA methylation confers aggressive phenotypes, negative prognostic impact, and therapeutic relevance. Clin Cancer Res. 2013; 19(11):2861–72.
doi: 10.1158/1078-0432.CCR-12-2641 PMID: 23549872.

36.

Shan YS, Hsu HP, Lai MD, Yen MC, Chen WC, Fang JH, et al. Argininosuccinate synthetase 1 suppression and arginine restriction inhibit cell migration in gastric cancer cell lines. Sci Rep. 2015; 5:9783.
doi: 10.1038/srep09783 PMID: 25928182; PubMed Central PMCID: PMCPMC4415574.

37.

Metcalf RA, Welsh JA, Bennett WP, Seddon MB, Lehman TA, Pelin K, et al. p53 and Kirsten-ras mutations in human mesothelioma cell lines. Cancer Res. 1992; 52(9):2610–5. PMID: 1568228.

38.

Narasimhan SR, Yang L, Gerwin BI, Broaddus VC. Resistance of pleural mesothelioma cell lines to
apoptosis: relation to expression of Bcl-2 and Bax. Am J Physiol. 1998; 275(1 Pt 1):L165–71. PMID:
9688948.

39.

Smythe WR, Kaiser LR, Hwang HC, Amin KM, Pilewski JM, Eck SJ, et al. Successful adenovirus-mediated gene transfer in an in vivo model of human malignant mesothelioma. Ann Thorac Surg. 1994; 57
(6):1395–401. PMID: 8010779.

40.

Watson PM, Miller SW, Fraig M, Cole DJ, Watson DK, Boylan AM. CaSm (LSm-1) overexpression in
lung cancer and mesothelioma is required for transformed phenotypes. Am J Respir Cell Mol Biol.
2008; 38(6):671–8. doi: 10.1165/rcmb.2007-0205OC PMID: 18218995; PubMed Central PMCID:
PMC2396246.

41.

Popescu NC, Chahinian AP, DiPaolo JA. Nonrandom chromosome alterations in human malignant
mesothelioma. Cancer Res. 1988; 48(1):142–7. PMID: 3334988.

PLOS ONE | DOI:10.1371/journal.pone.0150044 March 16, 2016

16 / 17

ASS1 Is Upregulated in Mesothelioma 3D Spheroids and Tumors

42.

Broaddus VC, Dansen TB, Abayasiriwardana KS, Wilson SM, Finch AJ, Swigart LB, et al. Bid mediates
apoptotic synergy between tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) and DNA
damage. J Biol Chem. 2005; 280(13):12486–93. PMID: 15615731.

43.

Harasawa R, Mizusawa H, Nozawa K, Nakagawa T, Asada K, Kato I. Detection and tentative identification of dominant mycoplasma species in cell cultures by restriction analysis of the 16S-23S rRNA intergenic spacer regions. Res Microbiol. 1993; 144(6):489–93. PMID: 7910696.

44.

Barczak A, Rodriguez MW, Hanspers K, Koth LL, Tai YC, Bolstad BM, et al. Spotted long oligonucleotide arrays for human gene expression analysis. Genome Res. 2003; 13(7):1775–85. doi: 10.1101/gr.
1048803 PMID: 12805270; PubMed Central PMCID: PMCPMC403751.

45.

Cleveland WS. Robust Locally Weighted Regression and Smoothing Scatterplots. Journal of the American Statistical Association 1979; 74(368):829–36.

46.

Yang YH, Dudoit S, Luu P, Lin DM, Peng V, Ngai J, et al. Normalization for cDNA microarray data: a
robust composite method addressing single and multiple slide systematic variation. Nucleic Acids Res.
2002; 30(4):e15. PMID: 11842121; PubMed Central PMCID: PMC100354.

47.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25(4):402–8. doi: 10.1006/meth.2001.1262
PMID: 11846609.

PLOS ONE | DOI:10.1371/journal.pone.0150044 March 16, 2016

17 / 17

