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Abstract
Development of chemoresistance is a cogent clinical issue in oncology, whereby combination of anticancer drugs is usually
preferred also to enhance efficacy. Paclitaxel (PTX), combined with carboplatin, represents the standard first-line chemother-
apy for different types of cancers. We here depict a double-edge role of mitochondrial DNA (mtDNA) mutations induced in
cancer cells after treatment with platinum. MtDNA mutations were positively selected by PTX, and they determined a de-
crease in the mitochondrial respiratory function, as well as in proliferative and tumorigenic potential, in terms of migratory
and invasive capacity. Moreover, cells bearing mtDNA mutations lacked filamentous tubulin, the main target of PTX, and
failed to reorient the Golgi body upon appropriate stimuli. We also show that the bioenergetic and cytoskeletal phenotype
were transferred along with mtDNA mutations in transmitochondrial hybrids, and that this also conferred PTX resistance to
recipient cells. Overall, our data show that platinum-induced deleterious mtDNA mutations confer resistance to PTX, and
confirm what we previously reported in an ovarian cancer patient treated with carboplatin and PTX who developed a quies-
cent yet resistant tumor mass harboring mtDNA mutations.
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Introduction
Onset of chemoresistance is a cogent issue in clinical oncology
and a number of different human neoplasms are treated with
more than one anticancer drug with the aim of preventing resis-
tance. One of the most widely used combination of antineoplastic
agents is formed by platinum-derived compounds such as Cis-
platin (cis-Pt) and taxanes such as paclitaxel (PTX), which are
administered in the case, among others, of Non-small Cell Lung
cancer (NSCLC) (1), esophageal cancer (2) and ovarian cancer (OC)
(3). Platinum compounds are inducers of DNA adducts that impede
DNA replication and transcription, whereas PTX is a microtubules
disassembly inhibitor. Cancer cells typically present high prolifera-
tion rates that render them more susceptible to these anticancer
drugs compared to normal cells (4). Intrinsic and acquired resis-
tance to chemotherapy is nonetheless the major obstacle for suc-
cessful therapy. For instance, in the case of OC, initially nearly 75%
patients respond favorably to combined chemotherapy, but subse-
quently a large number acquires resistance (3).

Previous studies revealed that cis-Pt can also accumulate in
mitochondria inducing cis-Pt-mitochondrial DNA (mtDNA) ad-
ducts (5) that may damage mtDNA and generate mutations that
may ultimately provide an energetic dysfunction contributing
to metabolic remodeling (6). MtDNA mutations are frequently
associated with virtually all types of cancer as somatic events
(7) and changes in the metabolic status of cancer cells and in tu-
morigenic potential in vivo are closely related to the degree of re-
spiratory chain defect, which in turn depends on the specific
type of mtDNA mutation (8). Studies of energetic metabolism
clearly indicate that cancer cells, which often prefer aerobic gly-
colytic metabolism, are able to shift from glycolysis to re-
established oxidative metabolism during waves of cancer pro-
gression (9), suggesting that a certain degree of mitochondrial
function and wild-type mtDNA must be maintained (8).
Interestingly, disruptive mtDNA mutations are genetic hall-
marks of oncocytic tumors, a class of neoplasms usually dis-
playing a low-proliferating, non-invasive behavior (10), where
they contribute to keeping cancer cells in a low-metabolism qui-
escent state through an oncojanus effect (11).

We previously reported the acquisition of an oncocytic phe-
notype in a residual OC mass after carboplatin/PTX chemother-
apy (12), associated with occurrence of a respiratory complex I
(CI) disruptive homoplasmic mutation in the MT-ND4 gene oc-
curring exclusively in the post-chemotherapy residual nodule.
We hypothesized that this mutation might determine an ener-
getic defect which may represent an advantage in the selection
of a resistant tumor clone since PTX may be less effective on
non-proliferative cells, suggesting a correlation between an in-
efficient mitochondrial oxidative metabolism and the acquisi-
tion of PTX resistance (12, 13).

In this study, we modeled what we previously observed to
occur in vivo (12) starting from a cancer cell line of gynecologic
origin (C13) treated with platinum, which shows accumulation
of mtDNA mutations. We demonstrate that such platinum-
induced mtDNA lesions imply a bioenergetic deficit that con-
tributes to reduce cell proliferation and to hamper cytoskeletal
organization, thus increasing PTX resistance as a drawback,
tracing a causative link between occurrence of pathogenic
mtDNA mutations and onset of chemoresistance upon cis-Pt/
PTX combined therapy. We further show that such a bioener-
getic and cytoskeletal phenotype is transferred along with the
mtDNA mutations in cancer cells with a different nuclear back-
ground by the means of trans-mitochondrial hybrids (cybrids),
where it confers PTX resistance.

Results
Platinum-induced mtDNA mutations confer resistance
to PTX along with a lower replicative and tumorigenic
potential and are positively selected by PTX treatment

With the aim to validate the hypothesis that platinum com-
pounds may lead to accumulation of mtDNA mutations, we used
the 2008 cell line and its syngenic cis-Pt resistant counterpart
C13. Whole mtDNA sequencing of both cell lines confirmed exclu-
sively in C13 the occurrence of two heteroplasmic mutations,
namely the m.13828C>T in MT-ND5 and the m.8156G>T in MT-
CO2, subunits of respiratory CI and complex IV (CIV), respectively
(Fig. 1A) (14). Lack of these mutations in 2008 cells was confirmed
by the measurement of fine heteroplasmy using Denaturing High
Performance Liquid Chromatography (DHPLC) (Supplementary
Material, Fig. S1A). Both mutations imply an amino acid change,
p.498Leu>Phe for the m.13828C>T and p.191Val> Leu for the
m.8156G>T, and have a nucleotide variability value of zero ac-
cording to HmtDB, indicating they were novel and possibly path-
ogenic. In order to understand whether the heteroplasmy was
cell-based or rather population-based, i.e. whether each C13 cell
has the same degree of heteroplasmy or two different C13 sub-
populations coexist with different heteroplasmy levels, we
dilution-cloned C13 and sequenced mtDNA obtained from re-
expanded clonal populations. Most clones were still heteroplas-
mic as the parental C13, however several of them, renamed
C13hom (Fig. 1A), harbored both mutations in homoplasmy. These
findings suggested that both lesions co-occur on the same
mtDNA molecule and that their homoplasmic status may cause
an OXPHOS damage. Following our initial hypothesis, we focused
from here onwards on C13 and C13hom, and proceeded to test
their sensitivity to PTX. Interestingly, C13hom displayed a signifi-
cantly lower proliferation rate (Fig. 1B), which was concordant
with a much higher PTX IC50 than C13 (3nM compared to 1 nM of
C13 - Fig. 1C), and they appeared to be poorly affected by the
same drug concentration that, instead, blunted colony formation
of C13 in a clonogenic assay (Fig. 1D–E). Similarly, anchorage-
independent growth of C13 only was hampered by PTX treatment
(Fig. 1F–G). We were hence prompted to understand whether
upon PTX treatment the C13 homoplasmic subpopulation would
be positively selected. To this aim, we treated C13 cells with 3nM
PTX for 7 days and picked the surviving cells. Re-sequencing of
mtDNA revealed that the surviving C13 population was nearly
homoplasmic for both mutations (Fig. 1H). Overall, these findings
point to the achievement of a homoplasmic condition of mtDNA
mutations as a strong selective advantage during PTX treatment.
Further, the appearance of chromatin condensation and frag-
mentation found in C13 cells suggests that they are more prone
than C13hom to undergo to an apoptotic type of cell death after
PTX treatment (Fig. 1I). These results were confirmed by using an
Annexin V (AV) and Propidium Iodide (PI) staining assay in flow
cytometry (Fig. 1J). Indeed, a striking increase of AV/PI double
positive cell population was observed only in C13 cells after 24 h
of treatment with 3nM PTX (quadrant top right C13 treated cells),
indicating the occurrence of late apoptotic events (Fig. 1J).

Resistance to PTX is transferred along with mtDNA
mutations and with a slower oxidative metabolism,
independently from ROS production

To ensure that the homoplasmy of the two mutations results in
an actual functional impairment, the bioenergetic competence
of C13hom and C13 cells was determined. Basal and FCCP
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Figure 1. Pathogenic mtDNA mutations confer PTX resistance in a cancer cell line of gynecologic origin. (A) Electropherograms showing occurrence of the m.13828C>T

and m.8156G>T mutations in cisplatin-resistant C13 cell. (B) Viability of heteroplasmic (C13) and homoplasmic (C13hom) cancer cell lines in basal conditions. Data are

presented as mean 6 SE normalized to T0 (n¼6; *P<0.05). (C) Viability of C13 and C13hom cancer cell lines during 72 h treatment with increasing PTX concentrations.

Data are presented as mean 6 SD normalized to T0 (n¼3; *P< 0.05; **P<0.01). (D) Capacity of C13 and C13hom cells to form colonies analyzed in basal conditions. Data

are presented as mean absolute value 6 SD (n¼3; *P< 0.05). Magnifications 1� and 10� are shown. (E) Capacity of C13 and C13hom to form colonies analyzed upon 1 nM

PTX treatment. Data are presented as mean percentage of residual colonies normalized to untreated control 6 SD (n¼3; *P<0.05). Magnifications 1�and 10�are

shown. (F) Capacity of C13 and C13hom to grow in anchorage-independent manner in basal conditions. Data are presented as mean absolute value 6 SD (n¼ 3; *P<0.05).

Magnifications 1�and 10�are shown. (G) Capacity of C13 and C13hom to grow in anchorage-independent manner analyzed upon 1nM PTX treatment. Data are pre-

sented as mean percentage of residual colonies normalized to untreated control 6 SD (n¼3; *P<0.05). Magnifications 1�and 10� are shown. (H) Electropherograms of

C13 cells showing selection of m.13828C>T and m.8156G>T mutations upon 7-day treatment with PTX (3nM). (I) Hoechst (10mg/ml) staining of C13 and C13hom nuclei

upon 24-h PTX (3nM) treatment. Magnification 60�. Data show the mean percentage of apoptotic nuclei counted in 10 random areas 6 SE (n¼3; *P<0.05). (J) Evaluation

of apoptosis upon treatment with 3nM PTX for 24 h in C13 and C13hom cells using AV/PI staining in flow cytometry. Fluorescent signal of AV or PI in treated and

untreated cells are shown in dot plots. The percentage of cells within each quadrant is indicated.
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stimulated respiration, and spare respiratory capacity were sig-
nificantly reduced in C13hom, whereas their glycolytic function
and the level of lactate was comparable between hetero- and
homoplasmic cells (Fig. 2A–C), highlighting a bioenergetic deficit
in C13hom compared to C13 cells and a functional significance of
the homoplasmic mtDNA mutations. To provide a proof of prin-
ciple that such mitochondrial defect and lower sensitivity to
PTX may be induced by the mtDNA from C13hom, we generated
and characterized a series of osteosarcoma 143B-derived cybrid
clones from both C13 (HC13) and C13hom cells (HC13hom)
(Supplementary Material, Fig. S1B). This approach allows ex-
cluding a possible nuclear contribution on the resistant pheno-
type that may have occurred after the C13 serial dilution and
repopulation. Similarly to the parental cell lines, HC13hom cells
showed decreased oxygen consumption rate compared to HC13
(Fig. 2D). This finding was strengthened by the observation that
the ATP synthesis driven by CI, complex II or III substrates was
markedly decreased in HC13hom cells, suggesting that the muta-
tion in complex IV may likely act as a bottleneck point of the re-
spiratory chain to affect ATP production, determining an overall
defective bioenergetic phenotype in homoplasmic cybrids ex-
clusively (Fig. 2E). Such energetic damage was indeed sufficient
to nearly double PTX IC50 in HC13hom cells compared to HC13
from 2.1 to 4nM (Fig. 2F), indicating that the resistant phenotype
to PTX was exclusively to be attributed to mtDNA. Moreover, re-
sistance was specific for PTX, since the IC50 for carboplatin, for
instance, was not substantially different between homoplasmic
and heteroplasmic cells (18.7 lM for C13hom compared to
25.1 lM for C13 and 27 lM for HC13hom compared to 33.9 lM for
HC13).

In the search for a link between mitochondrial dysfunction,
lower tumorigenic potential and PTX resistance, we next inves-
tigated whether a different reactive oxygen species (ROS) pro-
duction may occur between heteroplasmic and homoplasmic
cells, since ROS have been often called into play as promoters of
tumorigenicity in cells carrying mtDNA lesions (15). The impair-
ment of respiratory chain function of C13hom cells was associ-
ated with a significant decrease of H2O2 production compared to
C13 (Fig. 2G), suggesting that higher ROS levels may at least in
part explain the higher tumorigenic potential of C13. We hence
hypothesized that, this being the case, lowering ROS levels in
C13 would decrease their proliferation as well as sensitivity to
PTX. However, treatment with anti-oxidants ruled out a poten-
tial contribution of ROS in determining the sensitivity to PTX of
C13hom cells (Supplementary Material, Fig. S2).

MtDNA-mutated cells display a lower motility
and migratory capacity associated with their
slower metabolism

To delve into the mechanisms underlying PTX resistance associ-
ated with the respiratory dysfunction in homoplasmic cells, we
performed non-hypothesis based, large-scale proteome and
metabolome analyses on C13hom and C13. The proteome pattern
showed that two functional gene ontology (GO) categories were
significantly altered between the two cell lines, the first being the
TCA cycle (Fig. 3A, Tables 1 and 2). Mitochondrial fumarate hydra-
tase (FUMH) and pyruvate carboxylase (PYC) were significantly
decreased in C13hom cells, suggesting a slower TCA cycle with an
impaired anaplerosis, as PYC contributes to the replenishment of
oxaloacetate. Concordantly, all TCA cycle metabolite levels were
decreased in C13hom cells as measured by a metabolome analysis
(Fig. 4), with the exception of succinate. Interestingly, the enzyme

that produces succinate, i.e. a-ketoglutarate (a-KG) dehydroge-
nase (ODO1) was the only enzyme of the TCA cycle which re-
sulted to be significantly increased in the proteome analysis,
suggesting that homoplasmic cells are probably forced to use glu-
taminolysis to produce a-KG and in turn re-establish succinate
levels, as it has been shown in cells with deleterious mtDNA mu-
tations (6). These data clearly support an overall impairment of
mitochondrial oxidative metabolism in C13hom cells, which deter-
mines a lower ability of these cells to perform a sustained replica-
tion activity. Interestingly, the other GO category that was found
significantly changed in C13hom cells was the Regulation of actin cy-
toskeleton, which suggested that C13hom cells remodulate cyto-
skeletal proteins. In particular, in C13hom vinculin (VINC), cofilin
(COF1) and profilin (PROF1) were upregulated while ezrin (EZRI)
and moesin (MOES) were downregulated (Table 2, Fig. 3B).
Furthermore, other actin cytoskeleton regulators changed their
expression in C13hom. Indeed, Heat Shock Protein Beta-1 (HSB1)
and Annexin2 (ANXA2) increased, while F-actin-capping protein
subunit beta (CAPZB) decreased (Table 2). All these changes nega-
tively affect cell migration, invasion and metastasis, although in
different ways, as previously reported (16), and are consistent
with a more quiescent and less invasive phenotype of C13hom.
Although actin cytoskeleton is not the target of PTX, it is known
that microtubules, microfilaments and intermediate filaments
communicate continuously and are linked together by cyto-
linkers (17). Thus, changes in tubulin cytoskeleton are likely to af-
fect also other cytoskeletal elements. Also, considering the
interactions between mitochondria and actin and the fact that
actin dynamics can be regulated by mitochondria (18), mtDNA
mutations selected by PXT may indeed affect actin cytoskeleton.
Western blot analyses confirmed the proteomic results as well as
the assumption that C13hom cells attempt to achieve a quiescent,
rather than an overt tumorigenic proliferative state. Cyclin D1
(CCND1) was indeed nearly absent in C13hom compared to C13
cells (Fig. 3B), reinforcing the hypothesis that these cells have a
much slower progression through the G1/S phase of the cell cycle.
Moreover, phosphorylation of ERK was found markedly de-
creased, suggesting these cells to have a lower tumorigenic po-
tential (Fig. 3B). The decreased expression of E- and N-cadherin in
C13hom cells (Fig. 3B) was further indicative of a lower invasive
and metastatic potential compared with C13, in agreement with
their lower migratory capacity as shown in vitro (Fig. 3C). Lower
expression of N-cadherin has been previously reported to inhibit
invasiveness in different types of tumors (19). Instead, low ex-
pression of E-cadherin is usually associated with increased malig-
nancy and invasiveness, but, at variance, in a few types of cancer,
high E-cadherin expression correlates with invasiveness (20).

Platinum-induced mtDNA mutations induce a
derangement of tubulin fibers and an impairment of
Golgi motility

Last, we reasoned that cells whose sensitivity to PTX was de-
creased may have a lower capacity of assembling and disassem-
bling microtubules. We hence challenged homoplasmic and
heteroplasmic cells to activate microtubular function by per-
forming a wound healing assay during which we observed the
reorganization of tubulin as well as the polarization of the Golgi
body, which is known to focally reorient towards the migration
trajectory. Interestingly, the morphology of tubulin fibers was
different in heteroplasmic versus homoplasmic cells, regardless
of the nuclear background.
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Indeed, C13 and HC13 displayed a canonical filamentous tu-
bulin network (Fig. 3D, panels a and c and relative zoomed areas
a.1 and c.1), whereas their homoplasmic counterparts showed a
dotted pattern, with filamentous microtubules being nearly ab-
sent (Fig. 3D, panels b and d and relative zoomed areas b.1 and
d.1). These differences were more pronounced in the two
cybrids HC13 and HC13hom (Fig. 3D, panels c-d) than in C13 and
C13hom (Fig. 3D, panels a-b), probably because of the C13 hetero-
geneous composition in terms of coexistence of homo/
heteroplasmic-mutated subpopulations.

To test whether the tubulin asset was functional in driving
organelle movement, we performed also immunofluorescence
analysis using antibodies against giantin, an integral compo-
nent of the Golgi membrane in order to highlight the Golgi body.

We also used fluorescent phalloidin, a drug tightly and selec-
tively binding to filamentous actin in order to observe cell mor-
phology and DAPI to stain nuclei. Giantin labeling revealed that
C13 and C13hom are characterized by a fragmented Golgi (Fig. 3E,
panel a-b) while cybrids show a canonical Golgi staining of large
perinuclear structures (Fig. 3E panel c-d). To monitor reorienta-
tion of the Golgi, 6 h after the induction of cell migration by
scratching the cell monolayer, we scored the cells facing the
wound. C13 cells promptly reoriented all small Golgi fragments
labeled by giantin towards the leading edge of migration
(Fig. 3E, panel a). By contrast, most of C13hom facing the wound
presented the Golgi fragments distributed all around the nu-
cleus without polarization (Fig. 3E, panel b). HC13 cells facing
the wound, like C13, were able to reorient the Golgi apparatus

Figure 2. Cancer cells carrying pathogenic mtDNA mutations suffer bioenergetic deficit and display PTX resistance regardless of their nuclear background. (A) Oxygen

consumption rate (OCR) measurements were performed in 10mM glucose medium upon injection of 1 mM oligomycin (O), 0.25mM FCCP (F), 1 mM rotenone plus 1 mm an-

timycin A (R/Aa). Data (mean 6 SE) are expressed as OCR (picomoles of O2 per minute) normalized on SRB absorbance (n¼ 3; *P<0.05). (B) Extracellular acidification rate

(ECAR) measurements performed in a medium devoid of glucose upon injection of 10mM Glucose (G), 1 mM oligomycin (O), 10mM 2-deoxyglucose (2-DG). Data

(mean 6 SE) are expressed as ECAR (mpH per minute) normalized on SRB absorbance (n¼ 3; *P<0.05). (C) L-lactate production of cells incubated in the presence of high

glucose for 24 h and 48 h. Data (mean 6 SE) are expressed as picomoles of L-lactate normalized on cell number (n¼3; *P<0.05). (D) Oxygen consumption rate (OCR) mea-

surements in osteosarcoma cybrids, performed in 25mM glucose medium upon injection of 1 mM oligomycin (O), 0.25mM FCCP (F), 1 mM rotenone plus 1 mm antimycin A

(R/Aa). Data (mean 6 SE) are expressed as OCR (picomoles of O2 per minute) normalized on SRB absorbance (n¼ 3; *P<0.05). (E) Rate of mitochondrial ATP synthesis in

digitonin-permeabilized osteosarcoma cybrid cells driven by pyruvate/malate (CI), succinate plus rotenone (CII) and reduced decylubiquinone (CIII). Data normalized

for CS activity and protein content are mean 6 SD (n¼ 4; *P<0.05; **P<0.001). (F) Viability of osteosarcoma cybrids during 72 h treatment with increasing PTX concen-

trations. Data are presented as mean 6 SD normalized to T0 (n¼3; *P<0.05). (G) H2O2 production determined by flow cytometry using 2lm 2,7-dichlorodihydrofluores-

cein diacetate (H2DCFDA) fluorescent dye. Data (mean 6 SD) are expressed as mean fluorescence intensity (MFI) normalized on forward scatter (FS) as an indicator of

cell size (n¼3; *P<0.05).
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Figure 3. Homoplasmic cells show impairment in motility and cytoskeletal organization in association with their decreased tumorigenic potential and PTX resistance.

(A) Representative 2-DE gel map of C13 and C13hom cell proteins. A total of 80 lg of proteins were separated by 2-DE using a 13cm IPG strippH3–10NL and 12% SDS-

PAGE. Proteins were visualized by silver staining. (B) Western Blot analysis of C13 and C13hom cells showing expression levels of several of the proteins revealed as dif-

ferentially expressed by the proteomics analyses as well as the expression levels of some cancer proliferation proteins are shown. A representative experiment of three

is shown. (C) Wound healing assay in OC cells and cybrids. Cells were grown to nearly 90% confluence in 6-well plates. Data are presented as mean 6 SD normalized

to T0 (n¼3; **P<0.01). (D) Wound healing assay in C13 (panels a and a.1) and C13hom (panels b and b.1) and their derived cybrids HC13 (panels c and c.1) and HC13hom

(panels d and d.1) seeded in round coverslips and subsequently stained with anti-tubulin antibody. Panels a, b, c and d correspond to images captured with Plan -

Apochromat 63�/1.40na oil-immersion objective and dashed boxes represent zoomed areas (panels a.1, b.1, c.1 and d.1). Overlay of blue (kex: 405nm; kem: 415–500nm)

and red (kex: 555nm; kem: 560–615nm) channels are shown. Nuclei (blue); Tubulin (red). Scale bars: 10 lm. (E) Giantin, phalloidin and DAPI staining of C13 and C13hom

(panels a and b) and their derived cybrids HC13 and HC13hom (panels c and d) facing the wound. Plus (þ) and minus (-) were used to indicate polarized and not polarized

Golgi, respectively. Images were captured with Plan - Apochromat 63�/1.40na oil-immersion objective. Scale bars: 10 lm. Overlay images of blue, green and red

(kex: 555nm; kem: 560–615nm) channels are shown. Nuclei (blue); giantin (green); phalloidin (red). For quantification of Golgi reorientation only cells facing the wound

were scored. Data are presented as mean 6 SE (*P< 0.05, ***P< 0.001).
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towards the leading edge 6 h after the wound (Fig. 3E, panel c)
while only few HC13hom cells displayed a polarized distribution
(Fig. 3E, panel d)

Overall, these data suggested that mtDNA mutations in
homoplasmy were uniquely responsible for an impaired micro-
tubular phenotype, with homoplasmic cells being less able to
migrate due to a cytoskeleton impairment.

Discussion
In this paper, we show that mtDNA mutations that impinge on
the metabolic features of cancer cells, occurring after treatment
with platinum compounds, are able to confer resistance to PTX,
as they induce the inability to trigger the intracellular

modifications needed to migrate and invade. Our study stems
from an in vivo observation of an OC patient who had developed
a quiescent yet resistant mass after being treated with PTX and
carboplatin, in which a somatic mtDNA deleterious mutation
had accumulated to near-homoplasmy (12).

Both platinum-derived compounds and PTX are the prefer-
ential combinatorial treatment for several types of human neo-
plasms, and particularly are in the first line for OC, recently in
further association with bevacizumab (21). It is however ne-
glected that platinum acts to modify mtDNA as well as nuclear
DNA, and it is likely that such damage persists as mtDNA is less
prone to be efficiently repaired. Very few studies report the con-
sequences of the use of platinum on the occurrence of mtDNA
mutations (22), while they do not correlate the latter to

Figure 4. TCA cycle profile in C13 and C13hom. The abundance of TCA metabolites was determined by metabolome analysis as described in Materials and Methods. The

concentration of each TCA metabolite is expressed as picomoles per 1� 106 cells. A representative experiment of two is shown.
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resistance to other drugs. Although it has been reported that
mtDNA mutations may predispose to a chemoresistant pheno-
type, likely through causing a diminished capacity of undergo-
ing mitochondria-dependent apoptosis (23), it is often neglected
in these studies that accumulation of mtDNA lesions has invari-
ably an impact on the cancer cell metabolic reprogramming
(24). Notably, the type of mtDNA mutation is a pivotal feature in
determining a cell fate (8). In this context, it is plausible that a
severe mutation that decreases or does not alter promitogenic
ROS production be favorably selected during a chemotherapic
course aimed at targeting actively dividing cancer cells. Indeed,
by causing a metabolic slowdown, highly deleterious mtDNA
mutations act with oncojanus features (11), rendering cells quies-
cent/dormant (25) and therefore more resistant to agents such

as PTX. Interestingly, overall, the combinatorial therapy, or at
least platinum, may act like a selective pressure on cancer cells,
favoring cells with a higher burden of mtDNA mutations and a
slower metabolism. Such features, which are typical of dormant
cancer cells, associate with a decrease, yet likely transient, in
tumorigenic potential (25). Most interestingly, homoplasmic
mtDNA lesions were sufficient to induce a significantly lower
ability to rearrange the intracellular components to foster mi-
gration, which is essentially based on cytoskeletal remodeling.
These data are supported by previous findings indicating a close
link between different cytoskeletal elements and mitochondrial
biogenesis and demonstrating the existence of a regulation me-
diated by mitochondria of the actin cytoskeleton (18). Tubulin,
the main target of PTX, was profoundly affected in the presence

Table 1. Differentially expressed proteins identified by 2-DE and mass spectrometry analysis. Protein expression was determined by proteomic
analysis as described in Materials and Methods. Proteins are listed using the accession number in Swiss-Prot/UniprotKB (www.uniprot.org/).
Fold change (C13hom/C13) was calculated dividing the average of %V of C13hom by the average of %V of C13 (%V¼V single spot/V total spots in-
cluded in the gel) using the Image Master 2D Platinum v5.0 software. T-test was performed by GraphPad v4.0 software to determine if the rela-
tive change was statistically significant (P< 0.05); *P< 0.05; **P< 0.01; ***P< 0.001. Abbreviation - MT/T: MALDI TOF/TOF

Swiss Prot
accession no.

Protein
name

Gene
name

Fold change
C13hom/C13

P-value Instrument

P47756 F-actin-capping protein subunit beta (CAPZB) CAPZB �1.5 ** MT/T
P04792 Heat shock protein beta-1 (HSPB1) HSPB1 2.4 *** MT/T
P63244 Guanine nucleotide-binding protein subunit

beta-2-like 1 (GBLP)
GNB2L1 �1.9 *** MT/T

Q16891 MICOS complex subunit MIC60 (MIC60) IMMT 1.7 ** MT/T
P33993 DNA replication licensing factor MCM7 (MCM7) MCM7 �1.6 ** MT/T
Q8WUM4 Programmed cell death 6 interacting protein (PDC6I) PDCD6IP 1.7 ** MT/T
O00299 Chloride intracellular channel protein 1 (CLIC1) CLIC1 �2.2 *** MT/T
P14866 Heterogeneus nuclear ribonucleoprotein L (HNRNPL) HNRNPL �1.5 ** MT/T
P50395 Rab GDP dissociation inhibitor beta (GDIB) GDI2 1.5 ** MT/T
P23528 Cofilin (COF1) CFL1 1.8 ** MT/T
P11586 C-1-tetrahydrofolate synthase, cytoplasmic (C1TC) MTHFD1 1.6 ** MT/T
P15311 Ezrin (EZRI) EZR �2.4 *** MT/T
P26038 Moesin (MOES) MSN �1.6 ** MT/T
P11498 Pyruvate carboxylase, mitochondrial (PYC) PC �1.5 ** MT/T
P32119 Peroxiredoxin-2 (PRDX2) PRDX2 1.8 ** MT/T
P07737 Profilin-1 (PROF1) PFN1 2 *** Esi-Trap
P07355 Annexin A2 (ANXA2) ANXA2 3.2 *** MT/T
P29401 Transketolase (TKT) TKT �1.6 ** MT/T
P34897 Serine hydroxymethyltransferase, mitochondrial (GLYM) SHMT2 �2.1 *** MT/T
P35232 Prohibitin (PHB) PHB 1.7 ** MT/T
Q02218 2-oxoglurate dehydrogenase, mitochondrial (ODO1) OGDH 1.5 * MT/T
P18206 Vinculin (VINC) VCL 1.7 ** Esi-Trap
P06733 Alpha enolase (ENOA) ENO1 �1.7 ** MT/T
Q8WVY7 Ubiquitin-like domain-containing CTD phosphatase 1 (UBCP1) UBLCP1 �1.9 *** MT/T
Q15365 Poly(rC)-binding protein 1 (PCBP1) PCBP1 �1.8 *** MT/T
P30153 Serine/threonine-protein phosphatase 2A 65 KDa regulatory

subunit A alpha isoform (2AAA)
PPP2R1A 1.6 * MT/T

P15531 Nucleoside diphosphate kinase A (NDKA) NME1 1.7 ** MT/T
P04792 Heat shock protein beta-1 (HSPB1) HSPB1 2 *** MT/T
Q99497 Protein DJ-1 (PARK7) PARK7 1.5 * MT/T
P62333 26S protease regulatory subunit 10B (PRS10) PSMC6 1.6 * MT/T
P49591 Serine–tRNA ligase, cytoplasmic (SYSC) SARS 3.1 *** MT/T
P22234 Multifunctional protein ADE2 (PUR6) PAICS �1.7 ** MT/T
Q16531 DNA damage-binding protein 1 (DDB1) DDB1 1.6 ** MT/T
P07954 Fumarate hydratase, mitochondrial (FUMH) FH �1.5 * MT/T
P49915 GMP synthase (GUAA) GMPS �1.6 * MT/T
P09960 Leukotriene A-4 hydrolase (LKHA4) LTA4H 1.5 * MT/T
P17931 Galectin-3 (LEG3) LGALS3 1.9 *** MT/T
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of homoplasmic mtDNA mutations, and although the direct
mechanistic link was not the focus of this paper, the most plau-
sible hypothesis is that a decreased energy capacity of these
cells may slow down the highly energetic processes at the basis
of cancer cell migration. It is not surprising that, therefore,
these cells should respond less to PTX, as they dwell in a quies-
cent state that may likely be subsequently reactivated when
therapy is released and mtDNA mutations shift back towards
wild-type. In this frame, such subclones would be responsible
for relapses at a later stage. To further support this picture is
the notion that, unlike for nuclear genes, mtDNA mutations
more easily revert, as pure homoplasmy is rather a virtual con-
dition, and the shift towards the mutated or the wild-type vari-
ant through selective replication of the corresponding mtDNA
molecules may be determined by a myriad of factors (7).

With respect to our previous in vivo study (12), it is worth
mentioning that after over two years, the OC patient we thereby
presented displayed relapses. It will be interesting to investigate
whether subclones free of the mtDNA mutation have generated
the secondarisms we observe. Interestingly, the residual mass
had also acquired oncocytic features, a phenotype mainly asso-
ciated to a low proliferative and low aggressive behavior, whose
univocal genetic hallmark are deleterious mtDNA mutations
(11). Oncocytic tumors have been often considered somewhat
ambiguous entities due to their quiescent, yet chemoresistant
phenotype, such as for instance in the thyroid, where they are
suggestive of a poor prognosis on the basis of such resistance
(10). In this paper we have attempted to link the occurrence of
mtDNA mutations to the effects that a decreased metabolic ac-
tivity has on the cells’ ability to proliferate, migrate and invade,
all hallmarks of aggressive cancers. The decrease of such poten-
tial, like in oncocytic tumors, has as a drawback an increased re-
sistance to specific anti-cancer drugs.

In conclusion, we depicted a novel mechanism of chemore-
sistance and suggested that caution is warranted in the use of
combinatorial therapies. An efficient therapy should also target
metabolically less active dormant cells that have acquired
mtDNA mutations, which survive through compensatory mito-
chondrial biogenesis, as in oncocytomas (10). Hence, a potential
way to circumvent the acquisition of a resistant phenotype
when mtDNA mutations are the main determinants may stand
in the use of inhibitors of mitochondrial biogenesis, as it has al-
ready been suggested for relapsing melanomas (26). In such
cases, blocking this biological process may prove to be lethal for
quiescent subclones and prevent relapses. While these strate-
gies become increasingly suggested to treat human neoplasms,
mtDNA genotyping ought to be exploited to help predicting
the response to pharmacological treatments in diagnostic

procedures, particularly in light of the widespread use of deep
sequencing technologies, which render whole mtDNA sequenc-
ing quick and inexpensive.

Materials and Methods
Human cancer cell lines

Human cell line 2008 of gynecologic origin and its cis-Pt-
resistant subline C13 generated by growth in 1mM cis-Pt for
13 months were a kind gift of Dr. G. Marverti (University of
Modena and Reggio Emilia, Italy) (14). The C13hom subline was
obtained by dilution cloning. 2008, C13 and C13hom cell lines
were grown in RPMI 1640 medium, supplemented with 10% FBS
(Fetal Bovine Serum), L-glutamine (2mmol/L), penicillin
(100 units/ml) and streptomycin (100 mg/ml), in a humidified in-
cubator at 37 �C with 5% CO2. The 2008 and C13 cell lines were
used and mtDNA-genotyped in Catanzaro et al (14). We here re-
ported the same mtDNA genotype after mtDNA resequencing,
which served as an authentication for these cell lines. The mu-
tation load of both C13 and C13hom cells was checked at every
experiment by collecting aliquots and extracting total DNA.
Heteroplasmy evaluation was performed each time by Sanger
sequencing and, whenever necessary, by DHPLC as described.

Transmitochondrial cell hybrids (cybrids) generation

Cybrids were generated following a previously described proto-
col (27). Cybrids carried 143B.TK- osteosarcoma nucleus and C13
and C13hom mitochondria. Homoplasmic and heteroplasmic
versions, here referred to as HC13 and HC13hom, respectively,
were grown in DMEM (Dulbecco’s Modified Eagle Medium), sup-
plemented with 10% FBS, L-glutamine (2 mmol/L), penicillin
(100units/ml), streptomycin (100 mg/ml) and uridine (50 mg/ml) in
a humidified incubator at 37 �C with 5% CO2. To authenticate
cybrid cell lines, the occurrence of the known TP53 mutation
g.13055G>C harbored by the parental 143B.TK- cells was veri-
fied by PCR and Sanger sequencing (11). Coexistence of the TP53
mutation along with the two mtDNA mutations of C13 unequiv-
ocally identified cybrids.

Nucleic acid extraction and whole mtDNA amplification,
sequencing and mutation screening

Whole genomic DNA was extracted using Mammalian Genomic
DNA Miniprep Kit (Sigma-Aldrich, #G1N350) according to the
manufacturer’s protocols. Sanger sequencing of the entire
mtDNA was performed following a quality-check protocol as

Table 2. TCA cycle and Regulation of Actin Cytoskeleton are the altered functional gene ontology (GO) categories between homo- and hetero-
plasmic cell lines. Protein dataset was subjected to KEGG pathway enrichment analysis using the software DAVID (david.abcc.ncifcrf.gov).
Three proteins/genes of our list were included in the TCA cycle GO category (P¼ 1.7� 10�2) and five were included in the Regulation of Actin
Cytoskeleton GO category (P¼ 9.1� 10�3). Proteins are listed using the accession number in Swiss-Prot/UniprotKB (www.uniprot.org/)

Pathway Count Involved genes p-value Benjamini

Regulation of actin cytoskeleton 5 • P23528
• P15311
• P26038
• P07737
• P18206

9.1e-3 3.1e-1

Citrate cycle (TCA cycle) 3 • P07954
• Q02218
• P11498

1.7e-2 3.0e-1
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previously described (28). Mitochondrial DNA mutations were
confirmed using a second PCR reaction. FASTA files were used
as input for MToolBox (29) in order to annotate mitochondrial
variants and related features, which read mapping, post-
mapping processing, genome assembly, haplogroup prediction
and variant annotation. Amino acid variability is also consid-
ered if the variant site is codogenic (30). Nucleotide site-specific
variability was estimated on the multi-alignment of the
updated healthy genomes reported in HmtDB (31).

Denaturing high performance liquid chromatography
(DHPLC)

Following PCR amplification, samples were analyzed by WAVE
Nucleic Acid Fragment Analysis System (Transgenomic). Primers
used for the m.8156G>T/MT-COII mutation were: FW-5’-
CGACTCCTTGACGTTGACAA-3’ and RV-5’- GCTTTACAGGGGC
TCTAGAG -3. Primers used for the m.13828C>T/MT-ND5 muta-
tion were: FW-5’- CGCTTCCCCACCCTTACTAA -3’ and RV-5’-
CGGTGTGTGATGCTAGGGTA -3’. Temperature optimization and
sample analysis were performed by Navigator Software version
2.0. (Transgenomic). The standard and unknown samples were
analyzed in the same running assay as previously described (32).

Cell viability measurements

Cell viability for HC13/HC13hom was measured by the
Sulforhodamine B (SRB) assay (Sigma-Aldrich, #S1402). SRB was
used for cell density determination, based on the measurement of
cellular protein content, as previously detailed (8). Cell viability for
C13/C13hom was measured by Trypan Blue (Sigma-Aldrich #T8154).
After the staining with Trypan Blue, cells were counted with an
optical microscope using a Neubauer hemocytometer. Cells were
seeded in 24-well plates (1�104 cells/well) in complete medium, af-
ter 24 h cells were washed twice in PBS and incubated in different
media. To evaluate cytotoxicity different concentrations of PTX
(StressMarq, Bioscience Inc., #SIH-239) and carboplatin (Hospira)
were used, depending on the nuclear background of cell lines. Cell
viability was measured after 24, 48 and 72 h. IC50 was calculated
after 72 h as the concentration that results in a 50% decrease in
the number of cells compared to that of the untreated control.

Anchorage-independent colony formation assay

Anchorage-independent cell growth was determined for C13/
C13hom in 0.33% agarose with a 0.5% agarose underlay. Cell sus-
pensions (2�104 cells per 32-mm dish) were plated in duplicate
in semisolid medium (growth medium 10% FBS plus agar 0.33%)
in absence or presence of PTX (1nM) and incubated at 37 �C in a
humidified 5% CO2 atmosphere (33). Colonies were counted af-
ter 10 days at a magnification of 10�with an inverted micro-
scope (Nikon Diaphot, Nikon Instruments). Plate pictures and
magnifications were obtained with Gel Logic 1500 molecular im-
aging apparatus (Kodak, Rochester). The percentage of residual
colonies after PTX treatment was calculated as the number of
colonies normalized to untreated controls for each cell line.

Clonogenic assay

Anchorage-dependent cell growth was determined for C13/
C13hom. Cell suspensions (500 cells per 32-mm dish) were plated
in duplicate in absence or presence of PTX (1nM) and incubated
at 37 �C in a humidified 5% CO2 atmosphere. Colonies were
fixed, stained, and analyzed after 7 days.

Clonogenic assay with antioxidants

The effect of antioxidants on colony formation was evaluated
by treating cells with glutathione (GSH - 10mM; Sigma-Aldrich,
#G6529), ascorbic acid (100mM; Merk Millipore, #100468) and
TROLOX (1mM; Sigma-Aldrich, #238813) alone or in combination
with 1nM PTX. Colonies were fixed, stained, and analyzed after
7 and 14 days (for C13 and C13hom respectively), to allow C13hom

colonies to reach the same size as C13 and allow adequate
comparison.

Apoptotic cell death determination

Nuclear DNA of C13 and C13hom cells treated for 24 h with PTX
(3nM) was visualized by staining for 30’ at 37 �C with 5 lg/ml
Hoechst 33342 (LifeTechnologies, #H3570). Fluorescence was vi-
sualized with a digital imaging system using an inverted epi-
fluorescence microscope with 63X/1.4 oil objective (Diaphot,
Nikon, Japan) and Omega Filter pinkel Set XF66-1 triband
(Omega Optical Inc., Brattleboro,VT, USA). Images were cap-
tured with a back-illuminated Photometrics Cascade CCD cam-
era system (Roper Scientific, Tucson, AZ, USA) and Metamorph
acquisition/analysis software (Universal Imaging Corp.,
Downingtown, PA, USA). The fraction of apoptotic nuclei was
determined in 10 different at 60�magnification fields for each
sample. Phosphatidyl serine and cell permeabilization were de-
termined by using Annexin V-FITC Apoptosis Kit (Novus
Biologicals #NBP2-29373) following the manufacturer’s protocol.
Briefly, C13 and C13hom cells were incubated with 3nM PTX for
24 h in complete medium, and untreated cells were used as con-
trols. After 24 h, cells were harvested and counted, resuspended
at the concentration of 1�106 cells/ml and washed twice in
ice cold PBS. Aliquots of 100mL of cell suspension were stained
for 200 at room temperature and then samples were analyzed at
flow cytometer Coulter Epics XL-MCL (Beckman Coulter)
equipped with an argon ion laser at k¼ 488nm and k¼ 620nm;
5000 events were analyzed. Data were analyzed with WinMDI
ver. 2.9 software (http://facs.scripps.edu/software.html; date
last accessed April 2017).

Oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR)

OCR and ECAR were measured using the Seahorse XFe24
Extracellular Flux Analyzer (Seahorse Bioscience) as previously
described (33). Mitochondrial respiration was evaluated using
the Seahorse XF Cell Mito Stress Test Kit (Seahorse Bioscience,
#103015-100), whereas glycolysis was determined by the
Seahorse XF Glycolysis Stress Test Kit (Seahorse Bioscience,
#103020-100) following the manufacturer’s instructions. Cells
were seeded (3�104 cells/well) into XFe24 cell culture plate and
allowed to attach for 24 h. Three measurements of OCR/ECAR
were obtained following injection of each drug and drug con-
centrations optimized on cell lines prior to experiments. At the
end of each experiment, the medium was removed and SRB as-
say was performed to determine the amount of total cell pro-
teins as described above. OCR and ECAR data were normalized
to total protein levels (SRB protein assay, Sigma-Aldrich,
#S1402) in each well. Each cell line was represented in 5 wells
per experiment (n¼ 3 replicate experiments). Data are expressed
as pmoles of O2 per minute (OCR) or mpH per minute (ECAR)
normalized on SRB absorbance.

2970 | Human Molecular Genetics, 2017, Vol. 26, No. 15

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article-abstract/26/15/2961/3806851 by guest on 05 M
ay 2019

Deleted Text: <italic>H</italic>
Deleted Text: <italic>P</italic>
Deleted Text: <italic>L</italic>
Deleted Text: <italic>C</italic>
Deleted Text: x
Deleted Text: h
Deleted Text: h
Deleted Text: x
Deleted Text: ies
Deleted Text: x
Deleted Text: L
Deleted Text: utes
http://facs.scripps.edu/software.html
Deleted Text: E
Deleted Text: A
Deleted Text: R
Deleted Text: x
Deleted Text: ours


Lactate production

Lactate concentration was determined by measuring NADH
(k¼ 340 nm; e¼ 6.22 mM�1 cm�1) production in a buffer contain-
ing 320mM glycine, 320 mM hydrazine, 2.4 mM NADþ and 2U/ml
L-lactic dehydrogenase (LDH, Sigma-Aldrich, #L1006) as previ-
ously described (8). Data are expressed as pmoles of lactate pro-
duced by 1000 cells.

ATP synthesis assay

The rate of mitochondrial ATP synthesis driven by CI, CII and
CIII was measured in digitonin-permeabilized cells as previ-
ously described (34). Chemiluminescence was determined as a
function of time with Sirius L Tube luminometer (Titertek-
Berthold, Pforzheim, Germany). The chemiluminescence signal
was calibrated with an internal ATP standard after the addition
of 10 lM oligomycin. The rates of the ATP synthesis were
normalized to protein content and citrate synthase (CS)
activity (35).

Evaluation of ROS levels

Quantification of H2O2 production was performed by flow cytome-
try. Briefly, cells were harvested, washed in PBS and aliquots of
5�105 cells were resuspended in Hank’s Balanced Salt Solution 1X
(Sigma-Aldrich, #H1387) containing 2 lM 2,7-dichlorodihydro-
fluorescein diacetate (H2DCFDA, Life Technologies, #D399). Cells
were incubated for 30 min at 37 �C protected from light. Flow cy-
tometry analyses were performed in triplicate for each sample
with a Coulter Epics XL-MCL (Beckman Coulter) equipped with an
argon ion laser at k¼ 488nm and k¼ 620nm. Data were analyzed
with WinMDI ver. 2.9 software (http://facs.scripps.edu/software.
html; date last accessed March 2017).

Metabolomics

Metabolite concentrations were evaluated with Carcinoscope
analysis (Human Metabolome Technologies, HMT) which uses
capillary electrophoresis coupled to time of flight/triple quadru-
pole mass spectrometry and provides absolute quantification of
116 targeted metabolites. Metabolites were extracted using
100% methanol supplemented with 550 ul of Internal Standard
Solution provided by HMT from 2 to 5 million cells seeded on
90mm plate. The metabolite concentrations were normalized to
the number of viable cells.

2-DE isolation and protein identification by mass
spectrometry (MS)

Cell pellets were resuspended in lysis buffer containing 7M urea,
2M thiourea, 4% CHAPS, protease inhibitor cocktail, 1mM sodium
orthovanadate, 10 mM sodium fluoride and sonicated on ice for
three rounds of 10’’, and processed as previously described (36).
Briefly, protein samples (80lg) were diluted up to 250ll with rehy-
dration buffer (lysis buffer, 65 mM DTT and 0.5% v/v IPG buffer) and
applied to IPG strips (13 cm, pH 3-10 NL). Isoelectric focusing (IEF)
and second dimension were performed with IPGphor IEF and
Hoefer SE 600 Ruby electrophoresis (GE Healthcare). The IPG-strips
were loaded and run on a 12% sodium dodecyl sulfate – polyacryl-
amide gel electrophoresis (SDS-PAGE) gel at constant current of
20mA/gel. Gels were fixed overnight in a fixing solution and
stained. Gels were scanned by Image Master scanner at 300dpi and
analyzed by Image Master software 5.0. The analysis was

performed by comparing the volume% (vol%) of each spot, ex-
pressed as percentage of the spot volume over the total volume of
all spots in the gel. Significant differences in protein levels were de-
termined by Student’s t-test. Differentially expressed proteins were
identified by MS/MS. In detail, spots of interest were dehydrated
with 50ll acetonitrile for 10’ and subjected to in-gel digestion as
previously described (37). Peptides were analyzed by peptide mass
fingerprinting (PMF) and MS/MS analysis with a MALDI-TOF/TOF
Ultraflextreme, (Bruker Daltonics, #TN-31) in positive ion reflector
mode (m/z range 500–4000), operating at 1kHz frequency and con-
trolled by the FlexControl 3.4 software. External calibration was
performed using the Peptide Standard Calibration II (Bruker
Daltonics, #8222570). Spectra were processed using the software
FlexAnalysis (version 3.4, Bruker Daltonics) and precursor ions
with a signal to noise ratio greater than 10 selected for subsequent
MS/MS analysis. MS data were exported by the software BioTools
(version 3.2, Bruker Daltonics) and subjected to database search by
using Matrix Science (www.matrixscience.com; date last accessed
August 2016). Peptide masses were compared with those present
in the SwissProt human protein database (release 2014_03 of 19-
Mar-2014 of UniProtKB/TrEMBL, 54,247,468 sequence entries). The
searching parameters were set as follows: peptide tolerance,
0.05Da; fragment mass tolerance, 0.25Da, enzyme, trypsin; missed
cleavage, one; instrument, MALDI-TOF/TOF. Peptide tolerance was
set to 61.2Da, the MS/MS tolerance was set to 0.6Da, and searching
peptide charge of 1þ, 2þ and 3þ for ESI-Trap data. Protein dataset
was subjected to KEGG pathway enrichment analysis using the soft-
ware DAVID (david.abcc.ncifcrf.gov; date last accessed August 2016).

Western blot analysis

Whole proteins were extracted in RIPA buffer (Cell Signaling,
#9806) and quantified by the Bradford protein assay (BIORAD,
#5000006). Samples were separated by 12% SDS-PAGE and trans-
ferred to the Hybond ECL nitrocellulose membrane. After blocking,
the membranes were probed by the appropriately diluted primary
antibodies for 2 h at room temperature and subsequently, after op-
portune washes, were incubated with secondary antibody horse-
radish peroxidase-conjugated for 2 h at room temperature (1:2000
dilution). Immunoblots were developed using the ECL system.

The antibodies used were: mouse monoclonal anti-E-
cadherin 1:1000 (Santa Cruz Biotechnology, #sc-71009) (38),
mouse monoclonal anti-N-cadherin 1:1000 (Santa Cruz
Biotechnology, #sc-59987) (38), mouse monoclonal anti-a-
Tubulin 1:2000 (Santa Cruz Biotechnology, #sc-23948) (39), rabbit
polyclonal anti-Ezrin (Santa Cruz Biotechnology, #sc-20773) (40),
rabbit polyclonal pospho-Ezrin 1:1000 (Millipore, # 2040362) (41),
rabbit polyclonal anti-Cofilin 1:1000 (Santa Cruz Biotechnology,
#sc-33779) (42), rabbit polyclonal pospho -Cofilin (Ser3) 1:1000
(Santa Cruz Biotechnology, #sc-21867-R) (42), mouse monoclo-
nal Anti-pospho-p44/42 MAPK (Erk 1/2) (thr202/tyr204) 1:2000
(Cell Signaling, #4370) (43) and rabbit polyclonal p44/42 MAPK
(Erk1/2) 1:1000 (Cell Signaling, #4695) (43), mouse monoclonal
anti- cyclin D1 1:200 (Santa Cruz Biotechnology #sc20044) (44),
mouse monoclonal anti-vinculin 1:5000 (Sigma-Aldrich #V9131)
(45). Secondary antibodies conjugated with HRP were from
Invitrogen or Santa Cruz Biotechnology and used at 1:5000 dilu-
tion. Full blots with MW markers are available on request.

Wound healing assays

Cells were cultured to confluence in 6-well plates. Under asepti-
cal conditions a thin wound was induced by scratching with a
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200ml pipette tip and detached cells were rinsed with PBS. Using
a phase contrast set up and a 10�magnification wound healing
was continuously monitored by video camera to identify invad-
ing cells at different time points (12 h for OC cells and 8 h/24 h
for cybrids). For quantitative evaluation, 20 sequential open
wound areas were analyzed with T-scratch software (CSElab)
and the capacity to invade was expressed as the percentage of
open wound area.

Immunofluorescence microscopy

Scratch of confluent monolayer of cells seeded on 11-mm round
glass coverslips was performed for wound-healing assays. After
6 h of incubation at 37 �C under 5% CO2 cells were fixed in 3%
paraformaldehyde, permeabilized with piperazine-N,N0-bis
(2-ethanesulfonic acid) (PIPES), Saponin 0.1%, and incubated
with primary antibodies for 20’. After 3 washes with PBS-
Saponin 0.1%, cells were incubated for 20’ with secondary anti-
bodies and then with the DAPI dye (1 lg/ml). The antibodies
used were: rabbit polyclonal anti-giantin 1:1000 (Abcam,
#Ab24586) (46), mouse monoclonal anti-tubulin 1:2000 (Sigma-
Aldrich, #T5168) (47), anti-rabbit AlexaFluor488 1:500
(Invitrogen, #A-11034). Actin staining was performed with
Actin-Stain 555 phalloidin (PHDH1, Cytoskeleton) (48).
Subsequently, cells were imaged by using a confocal microscope
Zeiss LSM 700 (Germany). DAPI was excited with the 405nm la-
ser diode and emission was collected from 415nm to 500nm.
Anti-rabbit AlexFluor488 was excited with a 488nm argon laser
and emission was collected from 510nm to 550nm. TRITC of
Actin-Stain 555 was excited with a helium-neon laser for excita-
tion at 555nm and emission was collected from 560 to 615nm.
Images were taken with a Plan - Apochromat 63�/1.40na oil-
immersion objective and a pinhole aperture of 1 Airyunit. Cells
with Golgi structures located in the upper/lower third of the cell
facing the wound were considered as polarized. The orientation
of the Golgi was evaluated on 100 cells for cybrids and 50 cells
for OC models.

Statistics

The evaluation of statistical significance was defined using a
two-tailed Student’s t-test unless otherwise indicated.

Supplementary Material
Supplementary Material is available at HMG online.
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