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Introduction

cis-Diammineplatinum(II) dichloride, best known as cisplatin 
(CDDP), is a platinum-containing agent currently employed for 
the treatment of a large array of solid tumors, encompassing head 
and neck, lung, colorectal, bladder, prostate, ovarian and germ 
cell cancers.1 For a long time, CDDP has been considered as a 
pure DNA-damaging agent, promoting the formation of intra- 
and inter-strand DNA adducts that eventually result in the acti-
vation of (often apoptotic) cell death or senescence.2,3 Nowadays, 
following the demonstration that CDDP also exerts cytotoxic 
effects on enucleated cells,4,5 and that only 1% of intracellular 
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CDDP binds nuclear DNA,6 it has become clear that the sig-
naling pathways underlying the antineoplastic effects of CDDP 
are complex and integrate cytoplasmic (post-translational, rapid)7 
and nuclear (transcriptional, delayed) mechanisms.8

Testicular germ cell cancer patients receiving CDDP-based 
chemotherapy undergo complete and durable regressions in a 
sizeable fraction (> 80%) of cases, and these individuals can de 
facto be considered as cured.9 In other clinical settings, including 
colorectal, lung and prostate cancer, the percentage of patients 
that are intrinsically resistant to CDDP-based chemotherapy 
is significantly higher. Moreover, a consistent fraction of origi-
nally sensitive tumors eventually develop chemoresistance, which 
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Moreover, it should be noted that, in 
the vast majority of cases, CDDP resis-
tance appears to be multifactorial, i.e., 
to involve the simultaneous activation 
of several non-overlapping mechanisms, 
de facto complicating the development 
of clinically meaningful strategies of 
chemosensitization.10

During the last few years, our atten-
tion has been centered on the molecu-
lar mechanisms that are activated by 
CDDP in non-small cell lung carcinoma 
(NSCLC), a frequent and aggressive form 
of lung cancer that is responsible for more 
than 1 million deaths worldwide annu-
ally.13,14 Here, we report the results of a 
multipronged experimental approach 
revealing that CDDP activates signaling 
pathways that are mainly “private,” i.e., 
that manifest limited overlap with the 
molecular cascades elicited by prototypic 
inducers of mitochondrial apoptosis, such 
as C2-ceramide (C2-CER) and cadmium 
dichloride (CdCl

2
). Moreover, we show 

that functional modifiers of the cytotoxic 
response of NSCLC cancer cells to CDDP 
are generally not subjected to transcrip-
tional regulation during CDDP-induced 
cell death, and that, when they are, this 
reflects the activation of an adaptive 
response to CDDP.

Results and Discussion

Cadmium dichloride, but neither cisplatin nor C2-ceramide, 
trigger the permeabilization of purified liver rat mitochondria. 
To get further insights into the intracellular events elicited by 
CDDP, we investigated whether CDDP is capable of directly 
promoting the permeabilization of mitochondrial membranes. 
This coincides with a massive entry of solutes (driven by the 
anionic milieu generated by intramitochondrial proteins) and 
water (driven by osmosis) and, in vitro, is reflected by a rapid 
drop in the absorbance of the mitochondrial suspension (a phe-
nomenon known as large-amplitude swelling).15 Thus, we iso-
lated mitochondria from rat livers according to conventional 
procedures and exposed them to increasing concentrations of 
CDDP. Alongside, purified mitochondria were incubated with 
increasing concentrations of two chemotherapy-unrelated induc-
ers of mitochondrial apoptosis, C2-CER16 and CdCl

2
,17 as well as 

with fixed concentrations of GD3 ganglioside and CaCl
2
, provid-

ing two distinct positive control conditions. Thereafter, absor-
bance was monitored regularly at 1 min intervals over a period 
of 30 min. Finally, data were analyzed by means of an algorithm 
that we developed to determine (1) whether or not large-ampli-
tude swelling had taken place and, if so, (2) to what extent and 
(3) by which kinetics (Fig. 1A).

rapidly translates into relapse and therapeutic failure.10,11 Besides 
relatively mild side effects (including nausea, vomiting and appe-
tite loss), CDDP, which is generally administered as a short-term 
infusion in physiological saline, can be associated with grade I–II 
nephrotoxicity (in more than 30% of patients), neurotoxicity and 
ototoxicity (both in 10–30% of patients).1 This said, the most 
critical limitation to the clinical use of CDDP as an antineo-
plastic agents is provided by the high incidence of innate and 
acquired chemoresistance.

During the last two decades, the molecular mechanisms 
whereby cancer cells elude the antineoplastic activity of CDDP 
have been the subject of intense investigation. The detailed 
description of these pathways largely exceeds the scope of this 
introduction and can be found elsewhere.10,12 Still, it is worth 
noting that cancer cells can avoid CDDP cytotoxicity at least at 
four different levels: (1) by avoiding its intracellular accumula-
tion and/or availability (pre-target resistance); (2) by repair-
ing CDDP-induced DNA lesions more proficiently (on-target 
resistance); (3) by interrupting the signaling cascades that nor-
mally bridge DNA damage to the execution of cell death or the 
activation of cell senescence (post-target resistance) and (4) via 
alterations in signaling cascades that are not directly elicited 
by CDDP, yet compensate for CDDP-driven lethal signals.10 

Figure 1. Response of isolated mitochondria to cisplatin (CDDp), C2-ceramide (C2-CeR) and 
cadmium dichloride (CdCl2). (A) Large-amplitude swelling categories based on the intensity and 
kinetics of decreasing absorbance. (B) Direct mitochondrion-permeabilizing effects of 50 μM 
GD3 ganglioside (GD3) and increasing concentrations (C1-C3) of Ca2+ (50 and 100 mM), CDDp (20, 
100 or 200 μM), C2-CeR (5, 50 or 100 μM) and CdCl2 (20, 50 or 100 μM). (C) Response of 50 μM 
Ca2+-, and CdCl2-mediated swelling to increasing concentrations (C1-C2) of the following swelling 
inhibitors: bongkrekic acid (BA, 10 or 40 μM), cyclosporine A (CsA, 5 or 10 μM), N-acetyl-cysteine 
(NAC, 2 or 10 mM) and non-oxidized glutathione (GSH, 0.1 or 0.5 mM).



3474 Cell Cycle Volume 11 Issue 18

In line with previous reports,18 the absorbance of purified 
mitochondria exposed to high concentrations of Ca2+ ions (100 
μM) decreased to less than half of the initial value and did so 
in a very rapid fashion (class B2 swelling) (Fig. 1A and B). 
Lower concentrations of Ca2+ ions (50 μM) induced a response 
of the same magnitude, yet developing with a slower kinet-
ics (class A2 swelling), as did an equal dose of GD3 ganglio-
side.16 Mitochondria incubated with increasing concentrations of 
CDDP or C2-CER failed to undergo the permeability transition 
(no, or class 0, swelling), while CdCl

2
 turned out to be capable 

of triggering mitochondrial membrane permeabilization to a 
reduced extent (class 1 swelling), whose kinetics (A or B) exhib-
ited a dose-dependent behavior (Fig. 1A and B).

We next tested how CdCl
2
-triggered large-amplitude swell-

ing is affected by mitochondrion-protective agents encompass-
ing the cyclophilin D inhibitor cyclosporine A (CsA),18 the 
adenine nucleotide inhibitor bongkrekic acid (BA)19 and two 
antioxidants, reduced glutathione (GSH) and N-acetyl-cysteine 
(NAC), all used at two distinct concentrations. In line with pre-
vious reports,18,19 the pre-incubation of mitochondria with BA 
and CsA, but not with GSH and NAC, abolished the ability of 
Ca2+ ions to trigger large-amplitude swelling (Fig. 1A and C). 
These data corroborate the notion that large-amplitude swelling 
as triggered by Ca2+ ions involves components of the permeabil-
ity transition pore complex (PTPC).15 The mitochondrion-per-
meabilizing effects of high-dose CdCl

2
 (class A1 swelling) were 

not (or only minimally) altered by the presence of BA and CsA, 
yet were near-to-completely abolished by the pre-incubation of 
mitochondria with GSH or NAC (Fig. 1A and C), suggesting a 
prominent role for reactive oxygen species (ROS) in this phenom-
enon. Unexpectedly, class B1 large-amplitude swelling as induced 
by low concentrations of CdCl

2
 was not inhibited by BA, was 

shifted to an A1 kinetics by CsA and was potentiated in the pres-
ence of NAC and GSH (Fig. 1A and C).

Altogether, these observations suggest that, at difference with 
CdCl

2
, CDDP and C2-CER fail to directly affect the permeabil-

ity of purified mitochondria, indicating that their well-established 
ability to induce the dissipation of the mitochondrial transmem-
brane potential (Δψ

m
) in cellula20-22 relies on the engagement of 

intracellular signaling pathways.
Transcriptional signatures of A549 cells responding to cis-

platin, C2-ceramide and cadmium dichloride. To gain further 
insights into the signaling pathways elicited by CDDP, C2-CER 
and CdCl

2
, we determined the transcriptional response elicited 

by these compounds in human NSCLC A549 cells. Following 
a strategy that we have recently used to determine the microR-
NAome of CDDP-treated cells,20 mRNA samples for microarray-
based transcriptomic studies were generated from A549 cells that 
had previously been left untreated or exposed to sub-apoptotic 
doses of CDDP. In particular, we selected two doses of CDDP 
that would induce cell death [as determined by cytofluorometry 
upon co-staining with the exclusion dye propidium iodide and the 
mitochondrial transmembrane potential-sensitive fluorochrome 
DiOC

6
(3)]23,24 in 50% of the cells at 24 and 48 h (i.e., 100 and 

50 μM, respectively)20 and collected samples earlier, at 12 and 24 
h, respectively. We reasoned that these conditions would allow 

for the study of transcriptional alterations linked to pre-apoptotic 
signaling rather than to degradative phenomena that characterize 
end-stage cell death. The same reasoning was used to obtain the 
transcriptional signatures elicited in A549 cells by C

2
-CER and 

CdCl
2
. Of note, in this setting, CDDP, C-CER and CdCl

2
 trig-

ger apoptotic cell death with comparable dose response curves, 
yet slightly different kinetics.20

Microarray data were analyzed for statistical significance 
(threshold level set to p < 10-5) and processed for the computation 
of fold changes (FC = probe intensity in sample/probe intensity 
in control conditions, if probe intensity in sample > probe inten-
sity in control conditions; FC = -probe intensity in control con-
ditions/probe intensity in sample, if probe intensity in sample < 
probe intensity in control conditions). Each of the six experimen-
tal conditions analyzed was then associated with a transcriptional 
signature, including all transcripts associated with a statistically 
significant FC, as well as with a more “stringent signature,” 
including transcripts associated with a FC > 2 or < -2 (Fig. 2A; 
Spreadsheet S1).

To comparatively evaluate the transcriptional signatures asso-
ciated with the administration of CDDP, C2-CER and CdCl

2
 

to A549 cells, we undertook three distinct approaches. First, we 
performed a hierarchical cluster analysis based on cosine cor-
relation and on the agglomerative method of the average link 
(Fig. 2B). Second, we identified transcripts whose abundance 
was altered specifically by CDDP, C2-CER or CdCl

2
 (at both the 

12 h and the 24 h time points) (inducer- and time-specific signa-
tures) (Fig. 3A; Spreadsheet S2), as opposed to transcripts whose 
levels were modified (in the same direction) by more than one 
of these agents (overlapping, time-specific signatures) (Fig. 3A; 
Spreadsheet S3). Third, we identified the transcriptional altera-
tions (as induced by CDDP, C2-CER or CdCl

2
), that remained 

consistent in time, i.e., which could be detected at both the 12 h 
and 24 h time points. In addition, we deconvoluted such “time-
correlated signatures” into an inducer-specific and an overlapping 
component (Fig. 3B; Spreadsheet S4).

The global transcriptional alterations elicited in A549 cells by 
CDDP are relatively distinct as compared with those triggered by 
C2-CER and CdCl

2
 (Fig. 2B). Accordingly, C2-CER and CdCl

2
 

shared with each other a much larger faction of their transcrip-
tional profile than that shared by either of them with CDDP. 
This held true both when the analysis was performed on the 
two time points separately (Fig. 3A) and when time-correlated 
signatures were considered (Fig. 3B). Unexpectedly, CDDP-
associated signatures overlapped to a very limited extent with 
85 functional CDDP response modifiers (CRMs) that we have 
recently identified in A549 cells by a genome-wide siRNA-based 
screening effort.25 Indeed, at 12 and 24 h, transcripts coding for 
only 15 and 11 out of 85 CRMs were found to be significantly 
up- or downregulated by the administration of CDDP (Table 1; 
Spreadsheet S5). Among them, however, was the mRNA coding 
for pyridoxal kinase (PDKX, FC at 12 h = -1.773, FC at 24 h = 
-1.443), the enzyme that generates the bioactive form of vitamin 
B6, which is required for optimal CDDP responses, in vitro and 
in vivo.25 Of note, the CRMs that exhibited the most relevant 
(and consistent over time) transcriptional alterations in response 
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to CDDP were dehydrogenase/reductase (SDR family) X-linked 
(DHRSX, FC at 12 h = -4.944, FC at 24 h = -5.395) and Ras-
related associated with diabetes (RRAD, FC at 12 h = +6.592, 
FC at 24 h = +3.754) (Table 1; Spreadsheet S5).

A very limited set of transcripts was consistently up- (11 tran-
scripts) or downregulated (122 transcripts) in all experimental 
conditions. The former included mRNAs coding for the pro-
apoptotic proteins GADD45α and Noxa, whereas the latter 
encompassed mRNAs coding for anti-apoptotic proteins such as 
survivin and glutathione reductase, for several members of the 
minichromosome maintenance deficient (MCM) protein family, 
i.e., MCM3, MCM5, MCM6 and MCM7 (which are involved 
in both DNA repair and cell cycle progression) and for tran-
scription factors like E2F1, E2F2, NFIA and PBX1 (Fig. 3B; 
Spreadsheet S4). As these transcriptional changes were always 
detected, irrespective of cell death inducer and time point, we 
hypothesize that they may constitute non-causative transcrip-
tional markers of A549 cell death. Further experiments are 
required to validate this assumption.

Gene ontology and KEGG analyses. To better understand 
the global transcriptomic variations in A549 cells exposed to 
CDDP, C2-CER and CdCl

2
, we annotated the transcriptional 

signatures described above based on two publicly available 
databases, Gene Ontology (GO, www.geneontology.org) and 
the Kyoto Encyclopedia of Genes and Genomes PATHWAY 
(KEGG, www.genome.jp/kegg/). While the former annotates 
gene products according to general biological processes, molecu-
lar functions and cell components,26 the latter provides a more 
precise annotation, linking gene products to defined biochemi-
cal circuitries.27 We then checked whether any of the GO or 
KEGG terms would be overrepresented in the transcriptional 
signatures by using the conditional hypergeometric algorithm,28 
setting the thresholds for statistically significant overrepresenta-
tion at p < 0.01 (for GO) and p < 0.05 (for KEGG). For practi-
cal purposes, we limited our analysis to the 10 GO terms and 
20 KEGG terms with the highest probability of overrepresenta-
tion (associated with the lowest p values). The results of these 
analyses (Spreadsheets S6 and S7) de facto confirm what we 
observed by the study of transcriptional signatures: CDDP trig-
gers transcriptomic alterations that involve biological processes, 
molecular functions and signaling pathway, that are less similar 
to those elicited by C2-CER and CdCl

2
 than the latter to each 

other.
Limited overlap among the signaling pathways leading to 

cisplatin-, C2-ceramide- and cadmium dichloride-induced cell 
death. To study functional aspects of the molecular cascades 
elicited by CDDP, C2-CER and CdCl

2
 in a genetically trac-

table organism, we performed clonogenic assays on a panel of 
Saccharomyces cerevisiae strains (Table S1). These strains were 
selected as they lack genes coding for proteins that (directly or 
as orthologs in mammalian cells) are involved in apoptosis (aif1, 
cyc1, cyc7, mca1, ndi1, nma111, nuc1, aac3, por1, por2, ynl305c), 
autophagy (atg5, atg10, atg12, vps30, vps34), mitochondrial 
functions and dynamics (dnm1, fis1, mdm10, mgm1, mir1, oxa1, 
pcp1, sam37, tim18), cell cycle regulation (chk1, mbp1), DNA 
replication and repair (mcm2, mcm3, mcm5, mcm6, msh6, psf2), 

Figure 2. Transcriptional signatures of A549 cells responding to cis-
platin (CDDp), C2-ceramide (C2-CeR) and cadmium dichloride (CdCl2). 
(A) Graphical representation of the absolute number of gene products 
significantly up or downregulated in A549 cells by the administration 
of CDDp, C2-CeR and CdCl2 for 12 or 24 h. (B) Unsupervised hierarchical 
clustering of the transcriptional signatures represented in (A). please 
note that each experimental condition has been analyzed twice, with 
dye-swapped samples. FC = fold change, as compared with control 
conditions (untreated cells). See also, Spreadsheets S1–S3.
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diploid BY4743 cells) of approximately 40–60%. We reasoned 
that, in this way, we would be able to observe both increased and 
decreased clonogenicity. By this experimental approach, we iden-
tified five conditions that aggravate the reduction of clonogenic 
potential triggered in yeast by CDDP (i.e., the lack of mir1, tdh1, 
aac3, rim13 and mitochondrial DNA) and one condition that 
relieves it (i.e., the absence of por2). Along similar lines, we iden-
tified Mir1, Tdh1, Por1, Adk1, Fis1, Mdm10 and Vps34 as fac-
tors that limit the loss of clonogenicity induced in S. cerevisiae by 

chromatin structure (nhp6a, nhp6b), substrate phosphorylation 
(adk1, adk2, glk1, hxk1, hxk2, tor1), protein degradation (pep4, 
rim13, aac1), chaperoning (ecm10, ssq1) and other biological 
functions related to stress management (cpr3, cyb5, gtt2, nnt1, 
sod2, tdh1, tdh2, tdh3, trx3). In addition, one yeast strain lacking 
mitochondrial DNA (rho0) was used.

Conditions were optimized so that the administration of 
CDDP, C2-CER and CdCl

2
 would lead to a reduction in the 

clonogenic potential of the parental strains (haploid BY4741 or 

Figure 3. Transcriptional signatures of A549 cells responding to cisplatin (CDDp), C2-ceramide (C2-CeR) and cadmium dichloride (CdCl2). (A) Graphi-
cal representation of time-specific transcriptional signatures exhibited by A549 cells treated with CDDp, C2-CeR and CdCl2 for 12 or 24 h. (B) Graphical 
representation of time-correlated transcriptional signatures exhibited by A549 cells as in (A). See also, Spreadsheets S1–S4.

Table 1. Transcriptional modulation of cisplatin (CDDp)-response modifiers (excerpt from Spreadsheet S5)

12 h 24 h

Accession Symbol Name Function* Potency* FC p value FC p value

NM_018639 WSB2 WD repeat and SoCS box containing 2 p -15.79 n.s. n.s. 1.35 2.27e-06

NM_005911 MAT2A Methionine adenosyltransferase II, α p -13.51 -1.97 1.58e-30 n.s. n.s.

NM_021960 MCL1 Myeloid cell leukemia sequence 1 (BCL2-related) p -11.71 2.48 9.24e-20 n.s. n.s.

NM_005167 ppM1J protein phosphatase, Mg2+/Mn2+ dependent, 1J p -11.28 1.63 8.27e-06 n.s. n.s.

NM_004165 RRAD Ras-related associated with diabetes p -10.96 6.59 3.45e-31 3.75 6.32e-18

NM_000187 HGD Homogentisate 1,2-dioxygenase p -10.44 -1.68 2.17e-11 -1.50 6.41e-12

NM_003685 KHSRp KH-type splicing regulatory protein p -10.19 n.s. n.s. -2.00 6.37e-14

NM_004357 CD151 CD151 molecule (Raph blood group) p -8.96 n.s. n.s. -2.13 9.50e-19

NM_003347 UBe2L3 Ubiquitin-conjugating enzyme e2L 3 p -8.70 -1.76 1.70e-30 n.s. n.s.

NM_006858 TMeD1
Transmembrane emp24 protein transport domain 

containing 1
p -7.51 1.35 1.50e-07 n.s. n.s.

NM_006379 SeMA3C
Sema domain, immunoglobulin domain (Ig), short 

basic domain, secreted, (semaphorin) 3C
p -6.17 -1.56 6.25e-14 n.s. n.s.

NM_001961 eeF2 eukaryotic translation elongation factor 2 S 6.32 1.36 2.09e-06 -1.31 1.58e-06

NM_001182 ALDH7A1 Aldehyde dehydrogenase 7 family, member A1 S 6.80 n.s. n.s. 1.62 2.37e-27

NM_003681 pDXK pyridoxal kinase S 7.06 -1.77 3.17e-24 -1.44 1.16e-06

NM_007105 SLC22A18AS
Solute carrier family 22 (organic cation  

transporter), member 18 antisense
S 8.69 -1.36 1.08e-09 -1.34 7.13e-06

NM_024619 FN3KRp Fructosamine 3 kinase related protein S 9.76 1.33 5.54e-06 1.25 4.70e-06

NM_145177 DHRSX Dehydrogenase/reductase (SDR family) X-linked S 9.96 -4.94 0.00e+00 -5.40 0.00e+00

NM_016213 TRIp4 Thyroid hormone receptor interactor 4 S 14.89 -1.64 3.33e-06 n.s. n.s.

NM_004232 SoCS6 Suppressor of cytokine signaling 6 S 17.10 -1.26 4.41e-08 n.s. n.s.

*please consult ref. 25 for more details. FC, fold change; n.s., non significant; p, cytoprotector; S, chemosensitizer.
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C2-CER. Finally, Por1 and Rim13 were shown to protect yeast 
cells against the cytotoxic activity of CdCl

2
 (Fig. 4).

With regards to CDDP-relevant factors, it should be noted 
that Mir1 is the yeast ortholog of the human mitochondrial phos-
phate carrier SLC25A3, which has been shown to play a role in 
mitochondrial apoptosis and fragmentation.29-31 tdh1 codes for the 
glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase, 
which has been shown to participate in oxidative stress signal-
ing32 and may mediate mitochondrial membrane permeabiliza-
tion.33 Aac3 is one of the yeast orthologs of mammalian adenine 
nucleotide translocases, whose role at the interface between ener-
getic metabolism and cell death signaling is well established.34 
Rim13 is a calpain-like protease,35 and mammalian calpains have 
been involved in the execution of apoptotic and necrotic cell 
death upon lysosomal membrane permeabilization.36,37 Finally, 
Por2 is one of the yeast orthologs of mammalian voltage-depen-
dent anion channels, which also operate at the frontiers between 
bioenergetic metabolism and cell death signaling.7,38

In summary, similar to what we observed for the transcrip-
tional response of mammalian A549 cells, CDDP, C2-CER and 
CdCl

2
 reduce the clonogenic potential of yeast cells via mecha-

nisms that exhibit limited overlap with each other.

Materials and Methods

Chemicals and human cell cultures. Unless otherwise specified, 
chemicals were purchased from Sigma-Aldrich, culture media and 
supplements for cell culture from Gibco-Invitrogen and plastic-
ware from Corning. Human wild-type (WT), non-small cell lung 
carcinoma (NSCLC) A549 cells were cultured in Glutamax®-
containing DMEM/F12 medium supplemented with 10% fetal 
bovine serum (FBS), 10 mM HEPES buffer, 100 units/mL peni-
cillin G sodium and 100 μg/mL streptomycin sulfate. Cells were 
routinely maintained at 37°C under 5% CO

2
 in T175 flasks, and 

seeded into appropriate supports 24 h before the experiments.
Transcriptome studies. NSCLC A549 cells were treated with 

100 μM cisplatin (CDDP), 75 μM C2-ceramide (C2-CER) 
or 100 μM cadmium dichloride (CdCl

2
) for 12 h, or with 

50 μM CDDP, C2-CER or CdCl
2
 for 24 h. Thereafter, cells 

were collected and lysed for RNA extraction, following estab-
lished procedures.39,40 mRNA expression changes were quanti-
fied on G4112A 44k Whole Human Genome Oligo Microarrays 
(Agilent Technologies), as previously reported.8 mRNA micro-
arrays underwent standardized post-hybridization processing, 
image acquisition and analysis.8

Data from microarray experiments were analyzed with the 
Rosetta Resolver® System (Rosetta Biosoftware). The threshold 
for statistical significance of probe signals (Intensity) was set at p = 
10-5. In case of replicate probes for the same gene product, average 
intensity was calculated for all correlating probes that exhibited 
p < 10-5. For each mRNA, fold change (FC) was then defined as 
intensity

sample
/intensity

control
 when intensity

sample
 > intensity

control
 or as 

–(intensity
control

/intensity
sample

) when intensity
sample

 < intensity
control

.
Yeast assays. The haploid WT Saccharomyces cerevisiae strain 

BY4741 (MATa; his3Δ1; leu2Δ0; met15Δ0; ura3Δ0), its diploid 
counterpart BY4743 (MATa/MATα; his3Δ1/his3Δ1; leu2Δ0/

leu2Δ0; MET15/met15Δ0; LYS2/lys2Δ0; ura3Δ0/ura3Δ0) as 
well as the null-mutants employed in this study were obtained 
from Euroscarf (Table S1). All yeast experiments were per-
formed by culturing cells on a routine basis at 28°C in synthetic 
complete medium supplemented with 2% D-glucose, amino 
acids, adenine and uracil,41 with the exception of large-scale 
CdCl

2
 toxicity determinations, for which yeast extract pep-

tone dextrose (YEPD) medium containing 1% yeast extract 
(Difco Laboratories), 2% bacto peptone (Difco Laboratories) 
and 4% D-glucose was used. Stationary phase cells from an 
overnight culture (8–9 × 107 cells/mL) were inoculated in 10 
mL of medium at a density of 2.5 × 105 cells/mL, allowed to 
grow at 28°C for additional 4 h (up to a final concentration 
of approximately 1 × 106 cells/mL) and treated for further 4 
h with 0.5 mM CDDP, 40 μM C2-CER or 0.5 mM CdCl

2
. 

Control cultures were treated with an equal volume of solvent: 
N-N-dimethylformamide (DMF) for CDDP, dimethylsulfoxide 
(DMSO) for C2-CER and H

2
O for CdCl

2
.

Cell number was then quantified by means of a CASY® cell 
counter (Schärfe System), and 500 cells from each experimental 
condition were seeded on three parallel YEPD plates. Following 
3 d of incubation at 28°C, plates were finally subjected to the 
quantification of colony-forming units (CFUs). For each geno-
type and experimental condition, clonogenic survival was calcu-
lated as the ratio between the number of CFUs observed upon 
the administration of CDDP, C2-CER or CdCl

2
 in knockout 

cells and the number of CFUs observed upon the administration 
of CDDP, C2-CER or CdCl

2
 in parental (either haploid BY4741 

or diploid BY4743, appropriate) cells.
Isolation of rat liver mitochondria and assessment of mito-

chondrial swelling. Mitochondria were isolated from the liver 
of male Wistar Kyoto rats (Charles River Laboratories Inc.) by 
differential centrifugation, as previously described.42 Briefly, 
immediately after organ collection, livers were homogenized 
with a glass teflon homogenizer in an isolation buffer containing 
10 mM triethanolamine, 10 mM acetic acid, 280 mM sucrose, 
0.2 mM EGTA (pH adjusted to 7.4 with KOH). Homogenates 
were cleared from debris and nuclei by two rounds of centrifuga-
tion at 750 G (10 min, 4°C). Mitochondria then were pelleted by 
centrifugation at 9,000 G (10 min, 4°C), washed three times in 
isolation buffer (once at 9,000 G, then at 15,000 G, 10 min, 4°C) 
and resuspended in EGTA-free isolation buffer. The integrity 
and functionality of isolated mitochondria was routinely checked 
by standard respiratory measurements.42

For large-amplitude swelling determinations, mitochondria 
were resuspended in swelling buffer (10 mM Tris-MOPS pH 7.4, 
200 mM sucrose, 5 mM succinate, 1 mM phosphate, 10 μM 
EGTA and 2 μM rotenone) and pre-incubated for 5 min at RT 
with swelling buffer (negative control) or either of the follow-
ing permeability transition inhibitors: 10 or 40 μM bongkrekic 
acid (BA), 5 or 10 μM cyclosporine A (CsA); 0.1 or 0.5 mM 
reduced glutathione (GSH) or 2 or 10 mM N-acetyl-cysteine 
(NAC). Then, swelling buffer (negative control) or either of the 
following chemicals were added: 50 or 100 μM Ca2+ (positive 
control), 50 μM GD3 ganglioside, 20, 100 or 200 μM CDDP, 
5, 50 or 100 μM C2-CER or 20, 50 or 100 μM CdCl

2
. The final 
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Figure 4. For figure legend, see page 3479.
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than underlying its cytotoxicity. In line with this possibility, sev-
eral cancer cell lines that had been rendered CDDP-resistant by 
prolonged culture in the presence of low-dose CDDP expressed 
either decreased levels of PDXK or increased levels of its antago-
nistic enzyme pyridoxal phosphate (PDXP).25

The CRMs that exhibited the most pronounced transcrip-
tional alterations in A549 cells responding to CDDP were 
DHRSX (which was consistently downregulated) and RRAD 
(which was consistently upregulated) (Table 1; Spreadsheet S5). 
The siRNA-mediated knockdown of DHRSX protects A549 
cells from the lethal effects of CDDP, similar to the knockdown 
of PDKX. Conversely, the depletion of RRAD increases the 
sensitivity of A549 cells to CDDP.25 Thus, the transcriptional 
alterations of DHRSX and RRAD that we detected in the course 
of CDDP-induced cell death are also likely to reflect the acti-
vation of a cytoprotective response rather than to contribute to 
CDDP cytotoxicity. Intriguingly, whereas the mRNA coding for 
RRAD was also upregulated in response to C2-CER (at 24 h) 
and CdCl

2
 (at both 12 and 24 h), the abundance of the PDXK-

encoding mRNA was unaltered in the presence of CdCl
2
, and 

the DHRSX-coding transcript was regulated in an inducer-spe-
cific pattern (Spreadsheet S5). This suggests that some CRMs 
may be implicated in the signaling cascades elicited by chemo-
therapy-unrelated inducers of mitochondrial apoptosis. In line 
with this notion, the siRNA-mediated depletion of PDXK has 
also been shown to protect A549 cells from the cytotoxic effects 
of C2-CER and CdCl

2
.25

Altogether, CDDP appears to trigger the apoptotic death of 
A549 via signaling pathways that are relatively “private,” in that 
they exhibit limited overlap to those elicited by other inducers 
of mitochondrial apoptosis. Moreover, CDDP induces apoptosis 
in a largely transcription-independent fashion, as most CRMs 
are not transcriptionally modulated during CDDP-induced cell 
death.
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assay volume was 200 μL, containing 0.5 mg/mL mitochon-
dria. Permeability transition-induced large-amplitude swelling 
was assessed by measuring light scattering of mitochondrial sus-
pensions at 540 nm on a standard microplate absorbance reader 
(μ-Quant™, Bio-Tek) every minute over a total assay time of 30 
min (at RT), as previously described.42

The following mathematical model has been generated from 
the entire absorbance data set: ABS

ijt
 = μ + α

i
 + rep

ij
 + β

i
 × t + γ

i
 

× √t + ε
ijt
 where i = experiment number, j = replicate number, t 

= time and ε
ijt
 = model residues, leading to the definition of the 

following swelling classes (to which each inhibitor/inducer com-
bination has been assigned):

Class 0 (no swelling) = γ
i
 + 6.5 x β

i
 > -0.01

Class A (linear decrease in absorbance) = γ
i
 + 6.5 x β

i
 ≥ +0.01 

and -0.05 ≤ γ
i
 ≤ 0.03

Class B (logarithmic decrease in absorbance) = γ
i
 + 6.5 x β

i
 ≥ 

+0.01 and -0.15 ≤ γ
i
 ≤ 0.05

Class A and B have been further subdivided according to 
the amplitude of absorbance decrease (ξ = (ABS

max
 - ABS

min
) / 

ABS
max

) into: Subclass 1 = ξ < 0.35 and Subclass 2 = ξ ≥ 0.35.
Common statistical procedures. Unless otherwise specified, 

all experiments were performed in triplicate and repeated at least 
twice.43,44 Data are reported as means ± SEM and were analyzed 
with Microsoft Excel (Microsoft Co.) or with the free, open-
source R Studio integrated development environment (www.
rstudio.org). Statistical significance was assessed by means of 
two-tailed unpaired Student’s t-tests. Unless otherwise specified, 
p values < 0.05 were considered statistically significant.

Concluding Remarks

Here, we report the results of a multipronged experimental 
approach demonstrating that the signaling pathways triggered by 
CDDP (1) do not involve a direct mitochondrion-permeabilizing 
effect of CDDP; (2) are accompanied by transcriptional altera-
tions that are rather dissimilar to those elicited by chemotherapy-
unrelated inducers of mitochondrial apoptosis such as C2-CER 
and CdCl

2
 and (3) involve genes and proteins that are not func-

tionally relevant for cell death as induced by C2-CER and CdCl
2
.

Importantly, the transcriptional signatures of A549 cells 
treated with CDDP failed to exhibit consistent overlaps with 
the functional CRMs that have recently been identified in a 
genome-wide siRNA-based screen, indicating that a significant 
fraction of CDDP cytotoxicity proceeds via post-transcriptional 
mechanisms. Of note, however, the mRNA coding for PDXK 
was downregulated by A549 cells exposed to CDDP at both 12 
and 24 h (Table 1; Spreadsheet S5). PDXK is required for opti-
mal CDDP responses in vitro and in vivo,25 suggesting that the 
transcriptional downregulation of PDXK reflects the activation 
of an adaptive mechanism leading to CDDP resistance rather 

Figure 4 (See previous page). Response to cisplatin (CDDp), C2-ceramide (C2-CeR) and cadmium dichloride (CdCl2) of a panel of Saccharomyces cere-
visiae knockout strains. Clonogenic survival of a panel of Saccharomyces cerevisiae strains deficient for the indicated genes upon treatment with CDDp 
(left panel), C2-CeR (middle panel) or CdCl2 (right panel). Data are represented as means ± SeM (n = 3) upon normalization to the clonogenic survival 
of parental (either haploid BY4741 or diploid BY4743, as appropriate) cells treated with the same compound. *p < 0.05, **p < 0.01 (Student’s t-test), as 
compared with parental cells.
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