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Oncogenic mutations of ALK kinase in neuroblastoma

Yuyan Chen"***, Junko Takita"***, Young Lim Choi**, Motohiro Kato'~, Miki Ohira®, Masashi Sanada®**,
Lili Wang™*“, Manabu Soda*, Akira Kikuchi”, Takashi Igarashi', Akira Nakagawara®, Yasuhide Hayashi®,

Hiroyuki Mano™® & Seishi Ogawa®*

N blastama in advanced stages is one of the most intractable
paediatric cancers, even with recent therapeutic advances'.
Neuroblastoma harbours a variety of genetic changes, including a
high frequency of MYCN amplification, loss of heterozygosity at
1p36 and 11q, and gain of genetic material from 17, all of which
have been implicated in the pathogenesis of neuroblastoma’.
However, the scarcity of reliable molecular targets has hampered
the development of effective therapeutic agents targeting neuro-
blastoma. Here we show that the anaplastic lymphoma kinase
(ALK), originally identified as a fusion kinase in a subtype of
non-Hodgkin’s lymphoma (NPM-ALK)** and more recently in
adenocarcinoma of lung (EML4-ALK)™", is also a frequent target
of genetic alteration in advanced neuroblastoma. According to our
genome-wide scans of genetic lesions in 215 primary neuroblas-
toma samples using high-density single-nucleotide polymorphism
genotyping microarrays'’"", the ALK locus, centromeric to the
MYCN locus, was identified as a recurrent target of copy number
gain and gene amplification. Furthermore, DNA sequencing of
ALK revealed eight novel missense mutations in 13 out of 215
(6.196) fresh tumours and 8 out of 24 (33%) neuroblastoma-derived
cell lines. All but one mutation in the primary samples (12 out of 13)
were found in stages 34 of the disease and were harboured in the
kinase domain. The mutated kinases were autophosphorylated and
displayed increased kinase activity compared with the wild-type
kinase. They were able to transform NITH3T3 fibroblasts as shown
by their colony formation ability in soft agar and their capacity to
form tumours in nude mice. Furthermore, we demonstrate that
downregulation of ALK through RNA interference suppresses pro-
liferation of neuroblastoma cells harbouring mutated ALK. We
anticipate that our findings will provide new insights into the
pathogenesis of advanced neuroblastoma and that ALK-specific
kinase inhibitors might improve its dinical outcome.

To identify oncogenic lesions in neuroblastoma, we performed a
genome-wide analysis of primary tumour samples obtained from 215
neuroblastoma patients using high-density single-nucleotide paly-
morphism (SNP) arrays (Affymetrix GeneChip 250K Nspl) (Supple-
mentary Table 1). Twenty-four neuroblastoma-derived cell lines were
also analysed (Supplementary Table 2). Interrogating over 250,000
SNP sites, this platform permits the identification of copy number
changes at an average resolution of less than 12 kilobases (kb)"-*.

Analysis of this large number of samples, consisting of varying
discase stages, permitted us to obtain a comprehensive registry of
genomic lesions in neuroblastoma (Supplementary Figs 1 and 2). A
gain of chromosomes, often triploid or hyperploid (defined by mean
copy number of >>2.5), was a predominant feature of neuroblastoma
genomes in the lower stages. Ploidy generally correlated with the

clinical stage, where non-hyperploid cases were significantly assoc-
iated with stage 4 disease (P=4.13 % 107°, trend test) (Supple-
mentary Fig. 3 and Supplementary Table 3). 17q gains, frequently
in multiple copies (3= copy number <5), were a hallmark of the
neuroblastoma genome* and were found in most neuroblastoma
cases. Copy number gains tended to spare chromosomes 3, 4, 10,
14 and 19 (Supplementary Figs 2 and 3). Notably, these chromo-
somes often had copy number losses including 1p (22.8%), 3p
(8.8%). 4p (5.19%), 69 (7.0%), 10q (9.8%). 1lq (19.5%), 14q
(3.7%), 19p (7.4%) and 19q (5.19), implicating the pathogenic role
of ‘relative” gene dosages.

After excluding known copy number variations, we identified a
total of 28 loci undergoing high-grade amplifications (copy number
=5) (Supplementary Table 4). These lesions fell into relatively small
genomic segments, having a mean size 0f 361 kb, which accelerated the
identification of genc targets in these regions (Supplementary Table 4
and Supplementary Fig. 4). The candidate gene targets incdluded TERT
(5p15.33), HDAC3 (5q313), IGF2 (11p15.1), MYEOV (11q13.3),
FGF7(15q21.1) and CDH13(16q23.3). However, many of them were
not recurrent but found only in a single case. Although the recurrent
lesions were mostly explained by the amplification of MYCN at 2p24,
as found in 50 out of 215 (23%) of the primary cases, we identified
another peak of recurrent amplification at 2p23 (Fig. 1a), which con-
sisted of amplicons in five primary cases and in one neuroblastoma-
derived cell line, NB-1 (Supplementary Fig. 5). This peak was located
at the centromeric margin of the common copy number gains in
chromosome 2p, which was created by copy number gains in 109
samples mostly from non-hyperploid stage 4 cases. The minimum
overlapping amplification was defined by the amplicons found in
the NB-] cell line (Supplementary Fig. 5) and contained a single gene,
the anaplastic lymphoma kinase (ALK), which has previously been
reported to be overexpressed in neuroblastoma cases', Although five
of the six samples showing ALK amplification also had MYCN amp-
lification, one primary case (NT056) lacked a MYCN peak and the
amplification was confined to the ALK-containing locus. In inter-
phase fluorescent in situ hybridization (FISH) analysis of NB-1,
MYCN and ALK loci were amplified in separate amplicons (Fig. 1b),
indicating that the 2p23 amplicons containing ALK were unlikely to
represent merely ‘passenger’ events of MYCN amplification but act-
ively contributed to the pathogenesis of neuroblastoma.

Because an oncogene can be activated by gene amplification and/
or mutation, to search for possible mutations we performed DNA
heteroduplex formation analysis' and genomic DNA sequencing for
the exons 20 to 28 of ALK, which encompass the juxtamembrane and
kinase domains (Supplementary Table5). In total, we identified eight
nucleotide changes in 21 neuroblastoma samples, 13 out of 215
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Figure 1| Common 2p gains/amplifications and ALK mutations in
neuroblastoma samples. a, Recurrent copy number gains on the 2p arm.
High-grade amplifications are shown by light-red horizontal lines, whereas
simple gains are shown by dark-red lines. Two common peaks of copy
number gains and amplifications in the MYCN and ALK loci are indicated by
arrows. The cytobands in 2p are shown at the bottom. b, Interphase FISH
analysis of NB-1 showing high-grade amplification of MYCN (red) and ALK
loci (green). The amplified MYCN locus appears as a single large signal,

¢, Distribution of the eight ALK mutations found in 21 neuroblastoma
samples. The positions of the mutated amino acids are indicated by black
(primary samples) and red (cell lines) arrowheads. The number of mutations
at each site is shown at the top of the arrowheads. T™M, t
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(6.19%) primary samples and 8 out of 24 (33%) cell lines, which
resulted in seven types of amino acid substitutions at five different
pasitions (Table 1 and Supplementary Fig. 6). They were not found in
either the genomic DNA collected from 50 healthy volunteers or in
the SNP databases at the time of preparing this manuseript. In fact,
somatic origins of missense changes were confirmed in 9 out of 13
primary cases, for which DNA was obtained from the peripheral
blood or the tumour-free bone marrow specimens (Supplementary
Fig. 6). On the other hand, T10871 (ACC>ATC), found in case
NT126, had a germline origin and thus it could not be determined
whether the T10871 change was a rare non-functional polymorphism
or represented a pathogenic germline mutation. For other changes
found in three primary cases (NT128, NT217 and NT218) and cell
lines, normal DNA was not available but they were likely to represent
oncogenic mutations because they were identical to common so-
matic changes (F1174L or R1275Q) or shown to have oncogenic
potential in functional assays (K1062M).

Most mutations occurred within the kinase domain (20 out of 22
or 91%), which clearly showed two mutation hotspots at F1174 and
R1275 (Fig. 1c). A neuroblastoma-derived cell line, SINB-2, had a
homozygous ALK mutation of R1275Q, which was probably due to
uniparental disomy of chromosome 2 (Supplementary Fig. 7a).
Another case (NT074) harboured two different mutations, F1174L
and R1275Q, but it remains to be determined whether both are on the
same allele. ALK mutations within the kinase domain occurred at
amino acid positions that are highly conserved across species and
during molecular evolution (Supplementary Figs 8and 9). According
to the conserved structure of other insulin receptor kinases we pre-
dicted that F1174 is located at the end of the Cx| helix, whereas the
other two are on the two fi-sheets: before the catalytic loop (pé,
F1245) and within the activation loop (9, R1275) (Supplementary
Fig. 7b, ¢}"". Thus, conformational changes due to amino acid sub-
stitutions at these positions might be responsible for the aberrant
activity of the mutant kinases.

Table 1| ALK ions/amplificati in neuroblastoma samples
Sample Age Stage MYCN® Chinical Mutations,” Nuch i i Qrigin of k
{months) outcome amplitications
NT126 99 4 - Dead T1087 ACC=>ATC Germ line
NT218 8 1 = Alive F1174L TTIC>TTG ND
NTD74 34 3 + Dead F1174L TTC=TTA Somatic
R1275Q CGA>CAA
NT160 12 4 + Dead F1174L TTIC>TTA Samalic
NT217 24 4 + Dead F1174L TTC>TTA ND
NT190 a8 4 + Alive F1174L TIC>TTA Somatic
NTO60 163 3 - Alive F1174C TTIC=>TGC Somatic
NT162 28 4 + Dead F1174V TTC>GTC Somatic
NT195 24 4 + Alive F1245L TIC=TTG Somatic
NTOS5 6 3 - Alive R12750Q CGA>CAA Somatic
NT128 8 4 - Dead R1275Q CGA=CAA ND
NT164 54 4 + Dead R1275Q CGA=CAA Somatic
NT200 133 4 - Dead R1275Q CGA>CAA Somalic
SCMC-N&t - . + . K1062M AAG=ATG ND
SINB-41 + - F117aL TTC=TTA ND
LAN-11 + B F1174L TIC>TTA ND
SCMC-N2T + - F1174L TIC=TTA ND
SK-N-SHt . - - B F1174L TTC>=TTA ND
SINB-2"¢ - - + - R1275Q CGA>CAA ND
LAN-5% + - R1275Q CGA>CAA ND
TGWt + . R1275Q CGA=CAA ND
NT204 12 1 + Alive Amplitication -
NTO56 11 3 - Dead Amplification -
NTO71 36 g + Alive Amplification
NT165 19 4 + Dead Amplification
NT169 7 4 + Dead Amplification - -
NB-1t - - + - Amplification

ND, not determined.

*Presence ( +) or absence (=) of MYCN amplitication in FISH analysis. All cases where thare was an absence of MYCN amplification (=) were also checked for possible MYCN mutations by

sequencing of all MYCN sxons, bul no MYCN mutations were identified
1 Cell lines.
{ Homozygous mutation
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ALK mutation highly correlated with MYCN amplification
(P=1.55 % 10, Fisher's exact test; Supplementary Table 6) where
14 out of 21 mutations coexisted with MYCN amplification.
Regardless of the status of MYCN amplification, 12 of the 13 muta-
tions were found in patients with advanced stage neuroblastoma
(Table 1). However, whereas MYCN amplification and stage 4 were
significant risk factors for poor survival, the mutation/amplification
status of ALK was not likely to have a major impact on survival
(Supplementary Fig. 10 and Supplementary Table 7), although the
statistical power of the current analysis was largely limited in order to
detect a marginal hazard.

To evaluate the impact of ALK mutations on kinase activity, we
generated Flag-tagged constructs of ALK and its mutants, F1174L
and K1062M, which were stably expressed in NIH3T3 cells, and
examined their phosphorylation status and in vitro kinase activity.
The ALK mutants stably expressed in NTHIT3 cells were phosphory-
lated according to western blot analysis using an antibody specific for
phosphorylated ALK (anti-pY1604) and a PY20 blot after anti-Flag
immunoprecipitation of the mutant kinases (Fig. 2a), whereas the
wild-type kinase was not phosphorylated. The immunoprecipitated
ALK mutants also showed increased tyrosine kinase activity in vitro
when compared with wild-type ALK. This was shown using both
a universal substrate for tyrosine kinase (poly-GluTyr) and the
synthetic YFF peptide'®, which was derived from a sequence of the

a c P=0.027"
<y o 1 — P = 0027
g S’ @' 1B = = N '
£ & ¢ 8
Anti-pALK = 80
(anth-pY1604) =
; 40
PY20 25
k4

Figure 2 | Kinase activity of ALK mutants and their downstream signalling.
a, Stably expressed ALK and its mutants (F1174L and K1062M) were
immunoprecipitated with an anti-Flag antibody and subjected to western
blot analysis with anti-pY 1604 (upper panel) or PY20 (middle panel). An
anti-ALK blot of precipitated kinases is also displayed (bottom panel). b, In
vitro kinase assay for wild-type ALK kinase and its mutants using the
synthetic YFF peptide as a sub where kinase activity is expressed as
relative values to that for wild-type kinase based on the densities in the auto-
radiogram. €, Kinase activity was also assayed for the poly-GluTyr peptide.
Significantly different measurements are indicated by asterisks with P
values. Bars show mean {*s.d.) in three independent experiments.
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activation loop of ALK (Fig. 2b, ¢). In accordance with these findings,
downstream molecules of ALK signalling including AKT, STAT3 and
ERK" were activated in cells expressing mutant ALK, as shown by
their increased phosphorylation (Fig. 2d).

Next, we investigated the oncogenic potential of these mutants.
NIH3T3 cells stably expressing mutant kinases showed increased
colony formation in soft agar compared with the wild-type protein
(Fig. 3a and Supplementary Fig. 11). The tumorigenicity of these
ALK mutants was further assayed by inject ing 1.0 % 10 "NIH3T3 cells
into nude mice. The NIH3T3 cells transfected with the ALK mutants
showed focus-forming capacity and developed subcutaneous
tumours (6 out of 6 inoculations) 21 days after inoculation, whereas
the mock and Wﬂd-t}-’pc ALK-transfected cells did not (0 out of 6
inoculations) (Fig. 3b, c). Finally, we examined the effect of ALK
inhibition on the proliferation of neuroblastoma-derived cell lines.
RNA interference (RNAi)-mediated ALK knockdown resulted in
reduced cell proliferation of SK-N-SH cells harbouring the F1174L
mutation, but the effects were less clear in wild-type ALK-expressing
LAN-2 cells (Fig. 3d, ¢). Of particular interest is a recent report that 5
out of 17 neuroblastoma-derived cell lines, including SK-N-SH and
NB-1, frequently showed high sensitivity to the specific ALK inhib-
itor TAE684 (ref. 19).
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Figure 3 | Oncogenic role of ALK mutations, a, Colony assays for NIHAT3
cells stably expressing wild-type as well as mutant ALK (F1174L and
K1062M). The ge bers of coloni mlnplwatccxpcﬂrnmum

dard deviation Is indi 1 1

plotted and st g statistically
significant differences as compared with experiments using mld—lype ALK
are indicated by asterisks with P values. b, ¢, NTH3T3 cells were transfected
with wild-type and mutant ALK (F1174L, K1062M and EML4-ALK) and
subjected to a focus forming assay (b) as well as an i vivo tumorigenicity
assay in nude mice (¢). d, Effect of RNAi-mediated ALK knockdown on cell
proliferation in neurobl cell lines expressing either the F1174L
mutant (SK-N-SH) or wild-type ALK (LAN-2). Cell growth was measured
using the Cell Counting Kit-8 after knockdown experiments using ALK
specific siRNAs (siRNA ALK), control siRNAs (siRNA Juc), or mock
experiments, where absorbance was measured in triplicate and averaged for
each assay. To draw growth curves, the mean * x.d. of the averaged

d, Western blot analyses of NIHIT3 cells expressing wild-type and
ALK for phosphorylated forms of AKT (pAKT), ERK (pERK1/2) and STAT3
|pSTAT3). The total amount of each molecule is also displayed (AKT, ERK1/
2, and STAT3) together with an anti-ALK blot (ALK).

bsorbance in three independent knockdown experiments is plotted.
e, Successful knockdown of ALK protein was confirmed by anti-ALK blots
(ALK) using Coomassie brilliant blue G-250 (CBB) staining gs loading
controls. NC, control siRNA; siRNA, ALK siRNA.
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Through the genome-wide analysis of genetic lesions in neuroblas-
toma, we identified novel oncogenic ALK mutations in advanced
neuroblastoma. Combined with the cases having a high-grade amp-
lification of the ALK gene, aberrant ALK signalling was likely to be
involved in 11% (16 out of 151) of the advanced neuroblastoma
cases, Because ALK kinase has been shown to be deregulated only
in the form ofa fusion kinase in human cancers, including lymphoma
and lung cancer, the identification of oncogenic mutations in ALK
not only increases our understanding of the malecular pathogenesis
of advanced neuroblastoma, but also adds a new paradigm to the
concept of “ALK-positive human cancers’ in that the mutated ALK
kinases themselves might participate in human cancers. Our results
again highlight the power of genome-wide studies to clarify the gen-
etic lesions in human cancers” =, Given that ALK mutations are
preferentially involved in advanced neuroblastoma cases having a
poor prognosis, our findings implicate that ALK inhibitors may
improve the clinical outcome of children suffering from intractable
neuroblastoma.

METHODS SUMMARY

Genomic DNA from 215 patients with primary neuroblastoma and 24 neuro-
blastoma-derived cell lines was analysed on GeneChip SNP genotyping micro-
arrays (Affymetrix GeneChip 250K Nspl). After appropriate normalization of
mean array intensities, signal ratios were calculated between tumours and
anonymous normal references in an allele-specific manner, and allele-specific
copy numbers were inferred from the observed signal ratios based on the hidden
Markov model using CNAG/ASCNAR software' ™", ALK mutations were exam-
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METHODS
Specimens. Primary neuroblastoma specimens were obtained during surgery or
biapsy from patients who were diagnosed with bi and admitted to a

number of hospitals in Japan. In total, 215 primary neuroblastuma specimens
were subjected to SNP array analysis after informed consent was obtained from
lhf parents of each patient. The patients were staged according fo the

nawure

specific to pTyr 1604 (Cell Signaling Technology) of ALK and the generic anti-
phosphotyrosine antibody (PY20). Thg in vitro kinase activity of ALK mutants
| i solid-phase enzyme-linked

was using a non-radi
immunosorbent assay using the Universal Trmshx Kinase Assay kit (Takara)
accordding to the manufacturer's suggested protocol. We also performed the in
mkmm assay with the synthetic Y'FF pqllldc (Operon Bintechnologies) as

Ty Il ‘lwsﬁﬂ'ﬂ"' The dinic f hal 3 fndl
are ized in Suppl y Table |. Twenty- fnu:ucwnﬂmnml drm'td
cell lines were also nmh-ud by SNP array analysis (Supplementary Table 2). The
SCMC-N2, SCMC-N4 and SCMC-N5 cell lines were estahlished in our labor-
atory**, The SINB series of cells and the UTP-N-1" cell line were gifts from A.
T. Loak and A. Inoue, respectively. The other cell lines used were obtained from
the Tapanese Cancer Resource Cell Bank (htrp.b‘cellhlnkmimp yl

desc iotsly". For anchorage-indep h analysis, | ¥ 10" sta-
Hrtn.ns&cba:l NTHIT3 cefls were mixed in 0.3% agarose with 108 FBS-DMEM
and plated on 0,6% agarose-coated 35-mm dishes. After culture for 28 days, the
colonies of >0.1 mm in diameter were counted. The quantification of the col-
onies was from three independent experiments. To investigate the downstream
signalling of ALK, western blot analysis was performed using the anti-ERK1/2,
anti-phospho-ERK1/2, anti-AKT, anti- ylw-pho--\l(‘l‘. anti-STAT? and anti-

Microarray analysis. High molecular mass DNA was isolated

specimens as well as from the peripheral blood or the bone marrow ud.-..mibtd
previously™, The DNA was subjected to SNP array analysis using Affymetrix
GeneChip M.l.ppmg 50K andlor 250K armays (Affymetrix) according to Ihc

phospho-STAT3 antibodies (Cell Signaling Technology) ",

The ¢DNA mutant of ALK was also inserted into the PMXS plasmid and the
constructs were introduced into NIH3T3 cells by the calcium phosphate method
nlk's:rib«l prwknuiy' The cells were then cither cultured for 21 days or

ly at six sites in three nude mice.

manufacturer's suggested protocol. The scanned array images were p
with Gene Chip Operation saftware (GCOS)", followed by SNP calls using

lldlibiﬂnaafa\l.ltthrwgh RNAi-mediated knockdown. To suppress the
ion of the ALK protein, two different pairs of ALK siRNAs (ALK

GTYE Genome-wide copy number measurements and loss of h
detection were performed using CNAG/ASCNAR algorithms', which emblcd
an accurate determination of allele-specific copy numbers.

Confirmation of SNP array data. FISH and/or g PCR analysis confirmed
the results of SNP array analyses as described previously'. PCR pnmcr scts were
designed to amplify several adjacent fragments inside and outside of the homo-

ypously deleted regions in t pl

Mutation analysis. Mutations in the ALK gene were examined in 239 neuro-
blastoma samples, including 24 cell lines, by denaturing high-performance liquid
chromatography (DHPLC) using the WAVE system (Model 4500;

Transgenomic) according to the facturer’s suggested p I'%, The sam-
ples showing abnormal confe 1ons were subjected to direct sequencing ana-
Iysis using an ABI PRISM 3100 Genetic Analyser (Applied Biosystems). Using

direct sequencing mutation analysis of MYCN was alss performed in seven cases
with ALK alterations but not MYCN amplification. The primer sets used in this
study wre Iuml in Supplementary Table 5.
Ti il of ALK Us. Total RNA was extracted from SINB-

1 (wild rype), SCMC N2 (F1174L) and SCMC-N5 (K1062M) cells as described
previously™, First-strand cDNA was synthesized from RNA using Transcriptor
Reverse Transcriptase and an oligo (dT) primer (Roche Applied Science), The
resulting cDNA was then amplified by PCR using the KOD-Plus-Ver.2 DNA
polymerase (Toyobo) and the primers sense 5'-TCAGAAGCTTTACCAA-
GGACTGTTCAGAGC-3" and antisense 5-AATTGOGGCCGCTACTTGTTA-
TCGTCGTCCTTGTAGTCGGGCCCAGGCTG GTTCATGC-3', thereby intro-
ducinga Hindlll sitc at the 5 terminus and a Not site and a Flag sequence at the
3" terminus. The HindIlI-Notl fn;mmb of ALK cDNA were subcloned inta

pcDNAS to generate I ids. After reseq ig to confirm that
they had no other ions, the ALK plasmid. wnmdfarmm{eqion into
NIH3T3 cells using Effectene Transfection Reagent (Qiagen) ing to the

suggested mmuflﬂum's protocol. The transfected NIH3T3 cells were selected
in 800 g ml ™" G418 for 2 weeks to obtain tably expressing clones.

To evaluate the phnqlhnrrinlon stutus of ALK mutants, the cell lysates of
stable clones were i ibodies to Flag (Sigma) and the
resulting precipitates were mbm:d to western blot analysis with the antibody

SRMNAI and ALK 5iRNA2) were obtained (Qiagen)', The sequences were 5'-
GAGUCUGGCAGUUGACUUCATAT-3' for ALK siRNAL and 5'-GCUCC-
GGCGUGOCA;\GCAG&T:IT-J for ALKsiRNAL A siRNA, targeting a sequence
in firefly ( Photinus pyralis) luciferase mRNA (lue siRNA ), was used as a negative
control (Qiagen)". The sequences of fuc siIRNA were as follow: sense 5'-
COUACGCGGAAUACUUCGAATAT-3" and antisense 5'-UCGAAGUAUL.
CCGCGUACGATAT-Y, Gene knockdown was ad'ail.'wd in SK-N-SH and
LAN-2 cells using HiPerFea fection reagent following the manufacturer’s
suggested instructions (Qiagen). To assess the effect anUC knockdown on cell
growth, these cells were seeded in 96-well plates at a concentration of 8.0 % 10°
cells per well 24 h before transfection and assayed wsing the Cell Counting Kit-§
(Wako).

Statistical analysis. The significance of the correlation between MYCN amp-
lification and ALK mutation was tested according to the conventional 2% 2
contingency table using Fisher's exact test. The significance of the differences
in kinase activity between wild-type and mutant ALK kinases was examined by
the Mann-Whitney U-test based on the measured percentage activity of kinases
in the precipitates of the corresponding samples. The significance of the differ-
ences in colony formation between wild-type and mutant ALK kinases was also
examined by the Mwn—\'\ﬂ:lﬂm U-test, The :irg of the hazards from possible
risk factors, including 1 ional N Staging System stages,
MYCN status and ALK mutation/amplification were estimated by Cox regres-
sion analysis assuming a proportional hazard model using Stata software,
Corrdlation between ploidy and clinical stage was tested by nptrend test.

23, Smith, £ |, Haase, G. M, Seeger, R, C.&Brodel.l G M. Aswgi:nlurspectmm
the current staging in Staging
System proposal, | Pediatr. Surg. 24, 3!!-6-390 (1989).

24. Takita, J. ef al. Allelotype of neuroblastoma. Oncogene 11, 1829-1834 (1995),

5. ?n:u}aolﬂmm«mvdqwmalmmmaymm

n bl bui not y in Ewing sarcoma or
rhabdomycsarcama, Modﬂm Dnm'.!is-ll 543 (2000).

26, Takita, L et ol Allelic imb 2qand L

8 gene in neuroblastomna. Omogemm 4424-4432 (2001).
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ROS-Generating Mitochondrial
DNA Mutations Can Regulate
Tumor Cell Metastasis

Kaori Ishikawa,"** Keizo Takenaga,*** Miho Akimoto,® Nobuko Koshikawa, Aya Yamaguchi,’
Hirotake Imanishi,’ Kazuto Nakada,™* Yoshio Honma,® Jun-ichi Hayashilt

Mutations in mitochondrial DNA (mtDNA) occur at high frequency in human tumors, but whether
these mutations alter tumor cell behavior has been unclear. We used cytoplasmic hybrid (cybrid)
technology to replace the endogenous mtDNA in a mouse tumor cell line that was poorly metastatic
with mtDNA from a cell line that was highly metastatic, and vice versa, Using assays of metastasis
in mice, we found that the recipient tumor cells acquired the metastatic potential of the transferred
mtDNA. The mtDNA conferring high metastatic potential contained G13997A and 13885insC
mutations in the gene encoding NADH (reduced form of nicotinamide adenine dinucleotide)
dehydrogenase subunit 6 (ND6). These mutations produced a deficiency in respiratory complex |
activity and were associated with overproduction of reactive oxygen species (ROS). Pretreatment of
the highly metastatic tumor cells with ROS scavengers suppressed their metastatic potential in
mice. These results indicate that mtDNA mutations can contribute to tumar progression by

enhancing the metastatic potential of tumor cells,

ecause most chemical carcinogens bind

preferentially to mitochondrial DNA

(miDNA) rather than to nuclear DNA
(/-3), mtDNA is considered to be their major
cellular target. It has been hypothesized that
the resultant somatic mutations in mDNA play
a causal role in oncogenic tmmsformation (3),
Many subsequent studies have supported the
idea of preferential accumulation of somatic
mutations i tumor miDNAs (+¥) and their
contribution lo umor growth (0, /1), However,
the apparent high frequency of miDNA muta-
tions in tumors could be due either to their
stochastic accumulation (/2. 13) or to laboratory
crrors (/4). Moreover, if mtDNA mutations in-
duce oncogenic transformation, all the offspring
of a mother carrying such mutations should
develop tumors due to the malermal inheritance
of mDNA (73, /6), but no bias toward matemal
inheritance of tumor development has been re-
ported. Nonetheless, it remains possible that
mtDNA mutations are involved at a later stage of
tumorigenesis, for example, in the development
of metastatic potential. Recent studies demon-
strated that dysfunction of the tricarboxylic acid
cycle (TCA cycle) caused by mutations in nu-
clear DNA controls tumor phenotypes by the

YGraduate School of Life and Erwironmental Scierces, Uni-
versity of Tsukuba, 1-1-1 Tennodai, Tsukuba, Ibaraki 305-
8572, Japan. “TARA Center, University of Tsukuba, 1-1-1
Tennodai, Taukuba, (baraki 305-8572, Japan. *Japan Society
for the Promotion of Science (JSPS), 8 Ichiban-cho, Chiyoda-ku,
Tokyo 102-8472, Japan, *Division of Chemotherapy, Chiba
Cancer Center Research Institute, 666-2 Nitona, Chuo-ku,
Chibs 260-8717, Japan. *Shimane University Faculty of Med-
icine, 89-1 Enya-cho, lrumo, Shimane 693-8501, Japan.

These authors contributed equally to this work,

induction of a pseudo-hypoxic pathway under
nomoxic conditions (/7-19). However, there
has been no evidence of the involvement of
miDNA mutations in the development of meta-
static potential or in the regulation of the pseudo-
hypoxic pathway because of the difficulty of
excluding possible involvement of nuclear DNA
mutations in these processes (20),

We have examined the role of pathogenic
mtDNA mutations in the development of tumor
cell metastasis by studying two mouse tumor cell
lines with different metastatic potentials (low meta-
static P29 and high melastatic All cells) that
origmated from Lewis lung carcinoma (table S1)
21-23). We compared mitochondrial respiratory
function by estimating the activitics of respimtory
complexes and found that P29 cells had normal
activities, whereas All cells showed reduced
activity of complex T (NADH dehydrogenase)
(Fiz. 1A). Complex I defects were also observed
in high metastatic fibrosarcoma BS2ZM cells but
not in high metastatic colon adenocarcinoma LuM |

tivity decreased in the cybrids with A1l miIDNA,
whereas those with P29 mIDNA showed normal
activity, irrespective of whether their nuclear
DNAs were derived from P29 or A11 cells (Fig.
1B). Thus, complex I defects in the cybrids with
All mtDNA appear to result from pathogenic
mutations m their mDNA, not in their nuclear
DNA. We then examined the metastatic potential
of the cybrids by inoculating them into a tail vein
(o test “expenmental” metastasis) and under the
skin (1o ftest “spontancous™ metastasis) of CSTBL/6
mice and counting the number of nodules formed
in the g, Cybrids with A1l miDNA acquired
high metastatic potential, whercas cybnids with
P29 mIDNA lost metastatic potential (table §2),
These observations suggest that complex T de-
fects and high metastatic potential are transferred
simultaneously with the transfer of mIDNA from
the ALl cells, whereas normal complex 1activity
and low metastatic potential are transfemed simul-
taneously with the transfer of mIDNA from P29
cells. The miDNA of A1l cells is therefore likely
to harbor a mutation(s) responsible for complex |
defects and metastasis,

We next examined whether these findings
could be generlized to additional imor cell lines.
In these exp s, we ferred mDNA from
All cells into fibrosarcoma B&2 cells with low
metastatic potential and normal complex T activity,
resulting in isolation of B82mtA || cybrids (table
52). Conversely, we trnslerred miDNA from
B82M cells, which are derived from B82 cells
but express high metastatic potentinl and com-
plex I defects, into low lic P29 cells, re-
sulting in isolation of P29OmtB&2M cybrids. Both
BRImtA1l and P29mtB82M cybrids acquired
complex 1 defects (Fig. 1C) and high metastatic
potential (table $2), which suggests the cotransfer
of these phenotypes and the mDNAs from high
lo low metastatic cells of different tumor types.
Notably, transfer of miDNA from high metastatic
All and B82M cells into nontrunsformed
NIH3T3 cells did not induce tumorigenicity and
metastatic potentinl in the resultant NIHmtA1]
and NIHmtBRE2M cybrids (fig S2A and table
52), Thus, pathogenic mIDNA mutations that
induce complex | defects are present in Al1 and
BE2IM cells and control development of metas-

cells (Fig. 1A), which suggests that
tumors are not always associated with complex |
defects.

Because complex 1 consists of subunits en-
caded by both nuclear DNA and mtDNA (24), it
was necessary 1o determine which genome, nu-
clear or mitochondnial, was responsible for the
complex T defects and whether the complex |
defects were responsible for the high metastatic
potential. We addressed these issues by complete
reciprocal exchange of miDNAs between P29
and All cells by means of cell fusion to isolate
transmitochondrial cybrids (fig. SIA and table 82)
and examined whether complex | defects and

elastatic polentials were cotransferred with the

fTo whom ¢ P should be adds d. E-mail:

jihd S@sakura.cc tsukuba.ac jp

mtDNA. The results showed that complex T ac-

tases; | er, these mutations do not control
the development of tumorigenicity and metasta-
sis, al least in nontransformed NIH3T3 cells.

To identify the pathogenic miDNA mutations
that induced complex 1 defects and high meta-
static potentinl in All and BE2M cells, we
compared the whole mtDNA sequences between
P29 and Al cells and between B82 and B82M
cells, We conclude that a missense G13997A
mutation i the All cells and a frame-shift
13885insC mutation in the BE2M cells, both
within the ND6 (NADH dehydrogenase sub-
unit 6) gene, are the pathogenic mutations that
induce complex | defects, because these are the
only mulations exclusively observed in the
miDNA of the high metastatic A1l cells and
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B82M cells (Table 1), Restriction enzyme
digestion of the polymerase chain reaction pro-
ducts amplified using mismatched primers sug-
gests complete and reciprocal replacement of
parental mtDNAs in our cybnds (fig. S3).

We next explored how the mutated mtDNA
and resultant complex | defects regulate metasta-

sis, Because complex | defects may lead to
overproduction of reactive oxygen species (ROS)
(24, 25), we estimated the amounts of ROS (fig,
$4), and found that the cybrids with the mutated
miDNA from A1l cells showed enhanced ROS
production, whereas the cybrids without the mu-
tated miDNA from P29 cells did not (fig. S4B).

A B Cybrid clones
")
Lewis lung -8‘? » @é@ g:‘\
carcinoma Fiby Colon cancer Q(fue W .\‘\«
P29 AN Ba2 Bezm NMTT LuMi b
F1507 . L 50 F160q e 1509 s
21004 100+ - 1004 (1 _T_ 100 100 4
B 50+ 50- 50- 8 504 504 I
3 bty o MSipmy | I P | [
F2007 . 160 150 71507 150 4
21507 [ 1004 1004 I ] 210044 100 -
S0 i
L 50 50 = 50 50
E3 0 o E 0
Fig. 1. Mitochondrial respiratory .
function of parental mouse cellsand € Cybrid clones
their transmitochondrial cybrids. (A) 2 o & & 2 &a‘
Comparison of respiratory complex qn‘fs rpgﬁp éfi;@ qz@ ‘dﬁ ‘z@
activities between low and high meta- <% <% E L &
static tumor cell lines. P29 and A11 &% g B i 2
cells are low- and high-metastatic 21001 1004 -5 | 100 = I |
Lewis lung carcinoma cells, respec- =
tively; B82 and BB2M cells are low- & 501 50+ [L] 50 11] I_'l'_I
and high- metastatic fibrosarcoma 3 o |l| 5 "
cells, respectively; NM11 and LuM1 1501 150 150
cells are low- and high-metastatic = T
colon cancer cells, respectively (see E' 10041 1004 = 100+
table S1). Respiratory complex | T _ | | 4
(NADH dehydrogenase), complex Il = " -
(succinate dehydrogenase), and = o 0 0

complex lll (cytochrome ¢ reductase)

are components of the electron-transport chain located in the mitochondrial inner membrane,
Mitochondrial respiratory function was examined by estimating their activities. Because the activity of
complexes 11+l is normal in the A11 and B82M cells, the reduced activity of complexes I+Il exclusively
observed in the A11 and B82M cells should represent complex | defects. (B) Comparison of respiratory
complex activities of the cybrids with mtDNA exchanged between low-metastatic P29 and high-metastatic
A1l Lewis lung carcinoma cells, (C) Comparison of respiratory complex activities of the cybrids with
mtDNA transferred from different types of tumor cells expressing high metastatic potential, Bars represent

the mean + SD (n = 3). *P < 0.05; **F < 0.01.

Such cotransfer of ROS-producing properties to
the cybrids along with the tmnsfer of miDNA
with or without the mutation suggests that ROS
overproduction 1s due to the G13997 A mutation,
ROS overproduction was also observed in the
P29mtBE2M and BEZmtA 11 eybrids (fig. S4C),

How does ROS overproduction regulate me-
tastasis, and which nuclear genes (if any) are
involved in this process? We have reported pre-
viously (22, 26) that A11 cells, but not P29 cells,
show resistance 1o hypoxia-induced apoptosis,
accompanied by up-regulation of antiapoptotic
MCL-1 (myeloid cell leukemia—1). Morcover,
All cells showed higher expression levels of two
genes associated with ncoangiogenesis, HIF-1a
(hypoxia-inducible factor-le) and VEGF (vas-
cular endothelial growth factor), in comparison
with P29 cells (27), Thus, we focused here on the
expression of these three nuclear-coded genes.
We found that up-regulation of the MCL-1,
HIF-1a, and VEGF was cotransferred when mu-
tant MIDNA was transferred from All cells to
the P29mtAll and AllmtAll cybrds. Down-
regulation of three genes was cotmnsferred when
wild-type mtDNA was transferred from P29 cells
to the P29mitP29 and A 11mtP29 cybrids (Fig. 2).
Therefore, the mutated mDNA and the resultant
complex T defects induce up-regulation of the
MCL-1, HIF-1a, and VEGF genes and are asso-
ciated with high metastatic potential (lig. S1B).
Gene expression profiling to compare P29miP29
with P2O0mtA 1l and Al1mtP29 with AllmiAll
showed consistent up-regulation of other genes
possibly related to metastasis in the cybrids with
All mDNA (table 83), which suggests involve-
ment of additional genes in the mIDNA-mediated
effects on metastasis,

To obtain direct evidence that ROS over-
production caused by the mutated miIDNA from
All cells is responsible for high metastatic po-
tentinl, we treated the P29mtAll cybrids with
ROS scavengers and ined their effects on
the amounts of ROS and on the expression of the
genes and the phenotypes related to metastasis.
N-acetyleysicine (NAC), which has been used as
an anticancer agenl in preclinical models, was
used ns one ROS scavenger. The results showed

Table 1. identification of pathogenic mutations by comparison of mtDNA sequences between low- and high-metastatic mouse tumor cells,

Ami id s Cell lines
Position Gene ’:I::: ’: strain

» C57BL/G P29 A1l L929 BB2 BB2M NIH/3T3

T6589C cor V421A T T T C C C T
(9348A conr v248| G G G A A A G
T9461C ND3 Silent T C C C C C C
9821-PolyA  (tRNA®? - 8A 94 94 104 104 104 104
C11493A ND4 P443T C A A C C C C
A13672T ND6 Silent A T T A A A A
13885insC NDé Frame-shift - - - - - [ o -
G13997A ND& P25L G G A G G G G
Accession No. AY172335 EU312160 EU312161 ﬁ.]#&%ﬂ? EU315229 EU315228 AY999076
*The G13997A mutation in NDé is a missense mutation tl-at changes the amino acid proline to leucine at a site that is highly h The 13885insC mutation in NDé

is a frame-shift mutation that has been previously

that induces

dasa

1 complex | defects in same suhiinn of an L9279 fibroblast cell line and A9 cells (23).
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that treatment of the cybrids with NAC in cell
culture reduced the amount of ROS (Fig. 3A)and
down-regulated MCL-1 (Fig. 3B). Moreover,
pretreatment of the cybrids with NAC reduced
their metastatic polential in two mouse madels
(Fig. 3C). Similar results were obtained by treat-
ment with another ROS scavenger, Ebselen, which
1= a mimic of gluathione peroxidase (Fig. 3)
Thus, ROS overproduction catsed by the mutated
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MIDNA induces a high metastatic potential, at least
in part, by up-regulation of MCL-1. This iden is
supported by the finding that down-regulation of
MCL-1 in P29mtAll cybrids by small interfer-
ing RNA also suppressed their metastatic polential
(fig. S5). Morcover, NAC treatment suppressed the
metastatic potential without reducing glycolytic
activity (fig. S6), which suggests that metastasis
1 not caused by up-regulation of glycolysis.
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Fig. 2. Reversible control of metastasis-related

nuclear gene expression by mDNA, (A) Expressions
of nuclear-coded MCL-1 and HIF-1a and (B) VEGF under normoxia (N) and hypoxia (H). As loading
controls in the Western blots, we used B-actin for MCL-1 and E2F-1 for HIF-1a (A). In (B), blue bars
represent cybrids carying mtDNA from P29 cells (P29mtP29 and A11mtP29), and red bars represent
cybrids carrying mtDNA from A11 cells (A11mtA11 and P29mtA11). Bars represent the mean = 5D

(n=3).*P < 0,01; **P < 0.00L

REPORT I

Contribution of mDNA to tumor cell metas-
tasis can be extended to human tumors, because
the transfer of mDNA from human breast cancer
MDA-MB-231 cells ing high metastati
potential into low metastatic Hela cells induces
complex | defects, increased ROS production, and
high metastatic potential in HeLa cells (Fig. 4),
These observations suggest that the mtDNA in
MDA-MB-231 cells can promote metastasis, al-
though we have not done the miDNA sequencing
Therefore, the metastatic potential of all the mouse
and human tumor cell lines that we examined was
greatly enhanced by exchanging their endog
mIDNA with mutant miDNA, that induces com-
plex l-mediated ROS overproduction. Recent
reports sl { that a pathogeni tation in the
ATPS gene of v mDNA g d ROS
and enbanced tumor growth (/0, /1) However,
in our experiments, the enhanced growth mte of
primary tumeors did not necessarily comelate with
expression of the high metastatic potentinl in
mouse umors (fig. S2B),

This study partially resolves the debate on the
relevance of mIDNA mutations in umors (#-14)
by showing that mutations in miDNA can control
the metastatic potential of certain tumor cells but
that they do not confer tumaorigenic: potential to
nontransformed mouse NTH3T3 cells. Moreover,
reversible repulation of metastasis by the ex-
change of mIDNA between P29 and Al cells
and by treatment with ROS scavengers suggests
that metastasis of these cells is regulated by ROS-
medinted reversible up-regulation of nuclear genes
but not by ROS-mediated acceleration of genetic
instbility, The miDNA-mediated reversible con-

g Fig. 3. Suppression of

A P2OMIATT P2mtA11 C__ s i 50 metastasis by treatment
20 mM NAC 20 uM Ebselen 28 of the P29mIA11 cybrids

§ l_realmenl § realment é g§ 40 40 with ROS scavengers.

3 G2 a0 (A) Effects of NAC and

@ b - Eoo Ebselen treatments on
£ 31 ! § g%éaﬂ 20 the amounts of ROS. The
é / 3 iR R o P29mtA11 cybrids (1 x
3 ES 10° cells) treated with

al 8 o e o 5 uM dichlorofluorescin

| 1{:!1 10 0" 0 4 0 4 diacetate were subjected
FL1-H FLI-H 20 mM NAC 20 uM Ebsalen g fiyorescence-activated

B Non-treated H Non-treated treatment (days) treatment (days) cell sorting (FACS) anal-
[J20 mM NAC, 24 h [120 uM Ebselen, 24 h P2OMIAT1 P20miA11 rsk:m: qhmmg"eﬁi-

O Autofivorescence O autofiuorescance doi mation of ROS (H,0;). FACS was carried out before

% . (green) and after (yellow) 24 hours treatment of the

m‘§3 ﬁ\:ﬂwm:dﬂmamuﬂhdﬂ&m)

P 11 P29mtA11 B Ei ol Ebselen treatments on MCL-1

- ﬁ &P 70 M Ebselen Eg; expression. Western blot analysis of MCL-1 was
treatment (days) ffﬁ treatment (days) f 3 _5 carried out before and after the treatment of

0 a4 < "0 a4 < g 5 P29mIALL cybrids with 20 mM NAC or 20 M

“"gd ! Ebselen for 4 days. fi-actin served as the loading

meet | e | Eme=—== E2 | control. (€) Effects of NAC and Ebselen treatments
] = + on metastatic potential. The P29mtA11 cybrids
A [ — | ——] TOmgmiNAG  Pretreated for 4 days with 20 mM NAC o with
administration 20 uM Ebselen were injected into the tail vein o

P2OMIATT C57BL/6 mice to test the experimental metastatic

potential. To examine the effect of NAC admin-

fstration on spontaneous metastatic potential, P29mtA11 cybrids without NAC pretreatment were injected subcutaneously into C57BL/6 mice, which
subsequently received 10 mg/ml NAC in drinking water ad libitum. Bars represent the mean £ SD (1 = 3). *P < 0.05; **P < 0.01.
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Fig. 4. Induction of high metastatic
potential in Hela cells by introduc-
tion of mDNA from human breast
adenocarcinoma MDA-MB-231 cells
expressing high metastatic potential.
Induction of (A) complex | defects,

(B) ROS overproduction, and (C) high memtahc potential in the Hemt231 cybrids. HemtHe,
HemtHe cybrids carrying nuclear DNA from p° Hela cells and mtDNA from wild-type Hela cells;
Hemt231, Hemt231 cybrids carrying nuclear DNA from p° Hela cells and mtDNA from MDA-MB-
231 cells, Bars represent the mean = SD (n = 3). *P < 0.05.

trol of metastasis, therefore, reveals a novel
function of mIDNA and suggests that in such
cases ROS scavengers may be therapeutically
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It has been controversial whether mtDNA mutations are responsible for oncogenic transformation (nor-
mal cells to develop tumors), and for malignant progression (tumor cells to develop metastases). To clar-
ify this issue, we created trans-mitochondrial cybrids with mtDNA exchanged between mouse tumor
cells that express different metastatic phenotypes. The G13997A mutation in the NDG gene of mtDNA
from high metastatic tumor cells reversibly controlled development of metastases by overproduction
of reactive oxygen species (RDS), but did not control development of tumors. The mtDNA-medjated
reversible control of metastasis reveals a novel function of mtDNA, and suggests that ROS scavengers
may be therapeutically effective in suppressing metastasis,

© 2008 Elsevier B.V. and Mitochondria Research Society. All rights reserved,

1. Are mtDNA mutations involved in oncogenic transformation
of normal cells to develop tumors?

Mitochondria of tumor cells have been reported to differ func-
tionally and morphologically from those of normal cells (Pedersen,
1978). Moreover, many chemical carcinogens have been shown to
bind preferentially to mtDNA rather than to nuclear DNA (Allen
and Coombs, 1980; Backer and Weinstein, 1980). Therefore,
mtDNA was considered to be the major cellular target of chemical
carcinogens, and resultant creation of mutations in mtDNA could
be responsible for oncogenic transformation of normal cells to de-
velop tumors (Shay and Werbin, 1987). Although there has been no
direct evidence for creation of mtDNA mutations by carcinogens,
and for their contribution to develop tumors in mammalian cells,
recent studies showed high frequencies of homoplasmic mutations
in mtDNA of tumors rather than in mtDNA of normal tissues of the
same patients (Polyak et al, 1998; Fliss et al, 2000). Many subse-
quent studies supported preferential accumulation of mutated
mtDNAs in tumor cells (Penta et al., 2001; Taylor and Turnbull,
2005; Czarnecka et al., 2006; Gallardo et al,, 2006),

On the contrary, our previous studies did not support the
idea that miDNA mutations are involved in tumor development
(Hayashi et al, 1992; Hayashi et al., 1986; Hayashi et al., 1989),
For example, we showed nuclear but not mitochondrial genome
involvement in 3-methylcholanthrene (MCA}-induced expression

* Corresponding author, Fax: +81 29 853 6614,
E-mail address: jihd5@sakura.cctsukuba.ac jp (1-L Hayashi).

of tumorigenicity by isolation of trans-mitochondrial cybrids using
mtDNA exchange technology between normal mouse fibroblasts
and their MCA-induced tumor cells (Hayashi et al,, 1989); cybrids
with nuclear DNA from MCA-induced tumor cells and mtDNA from
normal cells expressed tumorigenicity, while those with nuclear
DNA from normal cells and mtDNA from MCA-induced tumor cells
did not express tumorigenicity. Similar results were obtained
when mtDNA of Hela cells was replaced by mtDNA from normal
human skin fibroblasts: HeLa cybrids with nuclear DNA from Hela
cells and mtDNA from normal skin fibroblasts expressed tumorige-
nicity (Hayashi et al., 1986; Hayashi et al., 1992}, All these observa-
tions suggested nuclear but not mitochondrial control of tumor
development.

Our observations may represent some specific cases, and in
most cases, mtDNA mutations control tumor development. How-
ever, this idea can be excluded by the following two reasons. First
is that there is no statistical evidence for association of respiration
defects and tumor development in the patients with mitochondrial
diseases expressing significant respiration defects in their tissues.
Of course, it is possible that some polymorphic mtDNA mutations
that do not induce significant respiration defects and mitochon-
drial diseases could be responsible for tumor development. In this
case, all family members sharing the same mothers carrying such
mtDNA mutations, irrespective of whether they are pathogenic or
polymorphic, should develop tumors, since mtDNA inherit mater-
nally (Kaneda et al,, 1995; Shitara et al, 1998). However, there
has been no statistical evidence for the presence of maternal inher-
itance of tumor development.

1567-7249/$ - see front matter © 2008 Elsevier B.V. and Mitochondria Research Society. All rights reserved.
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2. Are mtDNA mutations involved in malignant progression of
tumor cells to develop metastasis?

Nonetheless, it is still possible that mtDNA mutations are
involved in other processes than oncogenic transformation of
normal cells to develop tumors, such as in the malignant pro-
gression of tumor cells to develop metastatic potential. Recent
studies demonstrated that dysfunction of the TCA cycle caused
by mutations in nuclear DNA controls tumor phenotypes by
the induction of a pseudo-hypoxic pathway under normoxic con-
ditions (Baysal et al, 2000; Niemann and Muller, 2000; Gottlieb
and Tomlinson, 2005). However, there has been no direct
evidence of the involvement of mtDNA mutations in malignant
progression or in the regulation of the pseudo-hypoxic pathway,
because of the difficulty of excluding possible involvement of
nuclear DNA mutations in these processes (Augenlicht and
Heerdt, 2001).

We addressed this issue by means of mtDNA exchange technol-
ogy to examine the involvement of pathogenic mtDNA mutations
in malignant progression of tumor cells todevelop metastatic poten-
tial (Ishikawa et al., 2008). We used two mouse tumor cell lines
expressing different metastatic potentials (low metastatic P29 cells
and high metastatic A11 cells). Both cells are originated from the
same Lewis lung carcinoma line formed in C57BL/6 mice (Takenaga
et al, 1997; Takasu et al,, 1999). We compared respiratory function
by estimating the activities of respiratory complexes. The results
showed that P29 cells had normal respiratory function, whereas
A11 cells showed significant reduction of complex | (NADH dehydro-
genase) activity.

Since complex | consists of subunits encoded by both nuclear
DNA and mtDNA (Wallace, 1999), it was necessary to determine
which genome, nuclear or mitochondrial, was responsible for the
complex | defects, and whether the complex | defects were responsi-
ble for the high metastatic potentialin A11 cells. We addressed these
issues by complete and reciprocal exchange of mtDNAs between P29
and A11 cells by means of cell fusion technology to isolate trans-
mitochondrial cybrids (Fig. 1). For complete and reciprocal mtDNA
exchange between the parental cells, we isolated mtDNA-less (p°)
P29 and p° A11 cells, and then, used as mtDNA recipients, and gen-
erated four kinds of cybrids. P29mtP29 and P29mtA11 are the cy-
brids with nuclear genome from P29 cells and mitochondrial
genome from P29 and A11 cells, respectively; A11mtA11 and
A11mtP29 are the cybrids with nuclear genome from A11 cells and
mitochondrial genome from A11 and P29 cells, respectively (Fig. 1).

Using these four cybrids, we examined whether complex | de-
fects and metastatic potentials were co-transferred along with
the mtDNA transfer, The results showed that complex | activity de-
creased in the cybrids with A11 mtDNA, whereas those with P29
mtDNA showed normal activity, irrespective of whether their nu-
clear DNAs were derived from P29 or A11 cells (Ishikawa et al.,
2008), Thus, complex | defects in the cybrids with A11 mtDNA ap-
pear to result from pathogenic mutations in their mtDNA, not in
their nuclear DNA. Then, we examined the metastatic potential
of the cybrids by inoculating them into a tail vein (to test “exper-
imental” metastasis) and under the skin (to test “spontaneous”
metastasis) of C57BLJ6 mice, and counting the number of nodules
formed in the lung. Cybrids with A11 mtDNA (P29mtA11 and
A11mtP29 cybrids) acquired high metastatic potential, whereas

mtDNA

P
Nuclear DNA - )
Parent Cytoplasm o e
cells viop! Pt
Normal Complex | activi :
Low H
*miDNA daplelioy \EnudeﬂUnn Enudeal.ic::/ QIDNA depletion
piP29 Enucleated P29 Enucleated A11 pIA11
rCel_l ho‘
g
P29mtP29 AlimtA1
Cybrids
Narmal
Low
Fig. 1. Scheme for the isolation of trans-mitochondrial cybrids with completely exchanged mtDNA. *, Parental P29 and A11 cells were treated with ditercalinium to lsolate

p"P29 and p°A11 cells, which have no mtDNA, and then the G418-resistance plasmid was introduced into the 0°P29 and p°A11 cells to permit isolation of p° cells resistant to
G418, High metastatic potential and complex | defects are transferred with the transfer of mtDNA from the A11 cells. and low metastatic potential and normal complex |
activity are transferred with the transfer of mtDNA from the P29 cells.
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The cybrids with A11 mtDNA

b anti-apop

pregura

Gmaiic mutation

| | (Genetic instability)

Enhanced
glycolysis

Fig. 2. Reversible control of metastasis by ROS-generating miDNA mutations. Complex | defects caused by the G13997A mutation of mtDNA reversibly control metastasis by
ROS overproduction and resultant upregulation of nuclear-coded genes related to metastasis, such as Mcl-1. The possibility that ROS averproduction controls metastasis
by induction of genetic instability can be excluded from the evidence of reversible control of metastasis. Another possibility that ROS overproduction controls metastasis by
induction of enhanced glycolysis also can be excluded from the evidence that ROS scavengers suppress metastasis without suppression of the enhanced glycolysis. Since
complex | defects simultaneously induce enhanced glycolysis in addition to ROS overproduction, it is still possible that enhanced glycolysis caused by complex | defects alone
1s responsible for metastasis. This possibility can be excluded from the observation that metastasis is not induced in the P29mitA cybrids expressing enhanced glycolysis but

not expressing ROS overproduction caused by the mtDNA with deletion mutation.

cybrids with P29 mtDNA (P29mtP29 and A11mtA11 cybrids) lost
metastatic potential (Fig. 1).

3. Determination of the mtDNA mutations causing complex |
defects and metastasis

These observations suggest that complex | defects and high
metastatic potential are transferred simultaneously with the trans-
fer of mtDNA from the A11 cells, whereas normal complex | activ-
ity and low metastatic potential are transferred simultaneously
with the transfer of mtDNA from P29 cells. Thus, some pathogenic
mtDNA mutations that induce complex | defects are present in A11
cells and control development of metastases.

Of course, it is possible that cytoplasmic factors transcribed
from nuclear DNA of A11 cells, but not mtDNA of A11 cells control
metastasis in P2Z9mtA11 cybrids, since both nuclear-coded cyto-
plasmic factors and mtDNA were present in cytoplasts ol A11 cells,
and simultaneously introduced into the cybrids (see Fig. 1). How-
ever, this possibility can be excluded by the observations that
A11mtP29 cybrids possessing nuclear-coded cytoplasmic factors
of A11 cells do not express high metastatic potentials (Fig. 1). Thus,
some mutated mtDNAs should be present in A11 cells and control
complex | defects and metastasis.

To identify the presumptive pathogenic mutations in mtDNA
from A11 cells, whole mtDNA sequences were compared between
P29 and A11 cells. We found that the G13997A mutation in the A11
cells in the ND6 (NADH dehydrogenase subunit 6) gene corre-
sponded to pathogenic mutations that induced complex | defects
by the following three reasons: (1) the G13997A mutation is the
only mutations exclusively observed in the mtDNA of the high
metastatic A11 cells; (2) The mutation occurred in the ND6 gene,
which encodes one of the subunits of complex I; (3) The mutation
is a missense mutation that changes the amino acid proline to leu-
cine, and is created at a site that is highly conserved throughout
vertebrates (Ishikawa et al., 2008).

The G13997A mutation in A11 mtDNA can be effectively used to
confirm complete and reciprocal replacement of parental mtDNAs
in our cybrids. Since the mutation in A11 mtDNA creates an Afi 1l
site in PCR products on amplification using mismatch primers,
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we carried out Afl Il digestion of their PCR products. The results
showed that the mtDNA in P29mtA11 and A11mtA11 cybrids pos-
sessed a homoplasmic G13997A mutation, and that mtDNA in the
P29mtP29 and A1 1mtP29 cybrids did not (Ishikawa et al., 2008),
These observations provide unambiguous evidence for complete
and reciprocal replacement of parental mtDNAs between the P29
and A11 cells in the cybrids (Fig. 1).

4. How does the mutated mtDNA from A11 cells control
metastasis?

The next question is how the mutated G13997A mtDNA and
resultant complex | defects regulate metastasis (Fig. 2). Since com-
plex | defects may lead to overproduction of ROS (Wallace, 1999),
first we estimated the amounts of using a FACScan flow cytometer
after incubation the cybrids with 2, 7'-dichlorofluorescein diace-
tate (DCFH-DA), and found that the cybrids with the mutated
mtDNA from A11 cells showed enhanced ROS production, whereas
the cybrids without the mutated mtDNA from P29 cells did not
(Ishikawa et al., 2008). Such co-transfer of ROS-producing proper-
ties to the cybrids along with the transfer of mtDNA with or with-
out the mutation suggests that ROS overproduction is due to the
G13997A mutation (Ishikawa et al., 2008).

Then, we examined expression of anti-apoptotic MCL-1 and hy-
poxia-inducing factor HIF-1eo, which are nuclear-coded genes re-
lated to metastasis, since previous reports showed that
upregulation of MCL-1 and HIF-1a in highly metastatic A11 cells
resulted in expression of resistance to hypoxia-induced apoptosis
and enhanced neoangiogenesis, respectively, reading to expression
of high metastatic potential in A1l cells (Takasu et al, 1999;
Koshikawa et al., 2003, 2006). We focused here on the expression
of these nuclear-coded genes that regulate hypoxia resistance
and necangiogenesis, and showed that upregulation of the MCL-1
and HIF-1a were observed in the cybrids with mtDNA from A1l
cells, while their down regulation was observed in the cybrids with
mtDNA from P29 cells (Ishikawa et al, 2008). Therefore, complex |
defects induced by the mutated mtDNA and the resultant ROS
overproduction may upregulate the nuclear-coded genes related
to metastasis and lead to expression of high metastatic potential.
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However, it is still possible that ROS overproduction regulates
metastasis not by inducing upregulation of the nuclear-coded
genes related metastasis, but by inducing genetic instability and
extensive creation of somatic mutations in nuclear-coded genes re-
lated to metastasis (Fig. 2). Moreover, it is also possible that ROS
overproduction regulates metastasis by induction of enhanced gly-
colysis (the Warburg effect). To address these important issues, we
treated the P29mtA11 cybrids with ROS scavengers, and examined
their effects on the amounts of ROS and on the expression of the
genes and the phenotypes related to metastasis (Ishikawa et al.,
2008). N-Acetylcysteine (NAC), which has been used as an anti-
cancer agent, was used as one ROS scavenger. Treatment of the cy-
brids with NAC under the culture condition reduced the amount of
ROS and downregulated MCL-1. Moreover, NAC treatment reduced
both the experimental and spontaneous metastatic potentials.
Similar results were obtained by treatment of the cybrids with an-
other anti-oxidant. Ebselen (Ishikawa et al, 2008). Since the
expression of the metastasis is reversibly controlled by ROS over-
production, ROS-induced genetic instability would not be responsi-
ble for metastasis. Moreover, we found that NAC treatment
reduced both the amounts of ROS and metastatic potential without
reducing glycolytic activity (Ishikawa et al., 2008). Thus, ROS over-
production induces high metastatic potential without stimulation
of glycolysis (the Warburg effect) (Fig. 2).

Considering that complex | defects simultaneously induce res-
piration defects and enhanced glycolysis in addition to induce
ROS overproduction, it would be necessary to examine whether
enhanced glycolysis caused by complex | defects also could be
responsible for metastasis (Fig. 2). For this, we isolated new cybrids
named P29mtA with AmtDNA (mtDNA with a large-scale deletion
mutation) by the fusion of p° P29 cells with platelets from mito-
mice carrying predominant amounts of AmtDNA. Accumulation
of AmtDNA resulted in overall respiration defects by suppression
of mitochondrial translation due the deletion of 5 mitochondrial
IRNA genes in AmtDNA (Inoue et al., 2000; Nakada et al,, 2001).
As expected, the cybrids expressed overall respiration defects
and enhanced glycolysis, but did not show ROS overproduction,
probably due to overall respiration defects. Then, we examined
their metastasis, and found that they did not show high metastatic
potential (Ishikawa and Hayashi, unpublished observations). These
observations suggest that the mutated A11 mtDNA control metas-
tasis by ROS overproduction and resultant upregulation of nuclear-
coded genes, such as MCL-1 (Fig. 2), but not by enhanced
glycolysis.

The final possibility that we have to address is whether upreg-
ulation of nuclear-coded MCL-1 is responsible for expression of
metastasis. Even though ROS overproduction induce upregulation
of MCL-1 and metastasis, this does not necessarily mean that
upregulation of MCL-1 is responsible for expression of metastasis.
To test this possibility, we examined the effects of knock-down of
MCL-1 by siRNA on metastasis. The results showed that downreg-
ulation of MCL-1 resulted in suppression of metastasis (Ishikawa
et al, 2008), Thus, ROS overproduction caused by the mutated
mIDNA induces a high metastatic potential, at least in part, by
upregulation of MCL-1 (Fig. 2).

5. Generalization of the mtDNA-mediated metastasis

To generalize our concept to different tumor types, we used two
pairs of mouse tumor cells, fibrosarcoma B82 and B82M cells, and
colon cancer NM11 and LuM1 cells expressing low and high meta-
static potentials, respectively. Complex | defects and ROS overpro-
duction observed in high metastatic A11 cells were also observed
in high metastatic fibrosarcoma B82M cells, but not in high meta-
static colon cancer LuM1 cells, suggesting that high metastatic tu-

K Ishikawa et ol / Mitochondrion 8 (2008) 339-344

mors are not always associated with complex | defects. Whole
sequence analysis of mtDNA from B82M cells showed that
13885insC mutation in the ND6 gene is responsible for complex |
defects, ROS overproduction, and metastasis.

The question is whether high metastatic potential can be trans-
ferred to low metastatic tumor cells of different types along with
the transfer of mtDNA from high metastatic tumor cells. First, we
isolated p° B82 cells from low metastatic B82 cells as mtDNA
recipients, and then, transferred A11 mtDNA into p® B82 cells,
resulting in isolation of BE2mtA11 cybrids. The cybrids possessed
nuclear DNA from low metastatic B82 cells and mtDNA from high
metastatic A1l cells. Conversely, we transferred mtDNA from
B82M cells, which are derived from B82 cells but express high met-
astatic potential and complex | defects, into p® P29 cells, resulting
in isolation of P29mtB82M cybrids. They possessed nuclear DNA
from low metastatic P29 cells and mtDNA from high metastatic
B8ZM cells. Both B82mtA11 and P29mtB82M cybrids acquired
complex | defects and high metastatic potential, suggesting the
co-transfer of these phenotypes and the mtDNAs from high to
low metastatic cells of different tumor types (Ishikawa et al., 2008).

Contribution of mtDNA to metastasis of tumor cells can be ex-
tended to human cases: we used p” Hel.a cells obtained from low
metastatic HeLa cells as mtDNA recipients, and introduced the
mtDNA from human breast cancer MDA-MB-231 cells expressing
high metastatic potential. Resultant Hemt231 cybrids showed
complex | defects, increased ROS production, and high metastatic
potential. These observations suggest that the mtDNA in MDA-
MB-231 cells can promote metastasis. Therefore, the metastatic
potential of all mouse and human tumor cell lines we examined
was greatly enhanced by exchanging their endogenous mtDNA
with exogenous mtDNA carrying mutations that enhance ROS pro-
duction by inducing significant complex | defects (Ishikawa et al.,
2008).

6. Does the mutated mtDNA that induce metastasis in tumor
cells also induce tumor development in normal cells?

Our previous report showed that the MCA-induced tumor cells
retained normal respiratory function, and that mtDNA replacement
of normal cells by the mtDNA from MCA-induced tumor cells did
not induce tumor development (Akimoto et al., 2005). Considering
that many cancer cells in vivo carry mtDNA mutations (Polyak
et al,, 1998; Fliss et al., 2000), they may become dependent on gly-
colytic pathway (the Warburg effect), and consume more glucose
or other nutrients (Gottlieb and Tomlinson, 2005). To answer the
question of whether defects in the mitochondrial respiratory func-
tion are related to tumor development, we should use tumor cells
that have already acquired respiration defects and certain degree
of activation of glycolytic pathway as mtDNA donors to examine
its effect on oncogenic transformation of normal cells to tumor
cells,

To address this issue, we used Al1 cells as mtDNA donors to
transfer mtDNA and examined whether the mutated mtDNA from
high metastatic A11 cells can induce tumor development, when it
was introduced into normal mouse cells. The G13997A mutation
that induces respiration defects and metastasis in tumor cells
may also induce twumor development in normal cells. We used
NIH3T3 cells as normal cells, and isolated NIH3T3mtA11 cybrids
by the fusion of p® NIH3T3 cells with enucleated A11 cells. The cy-
brids possessed nuclear DNA from NIH3T3 cells and mtDNA from
Al1 cells, and expressed complex | defects and ROS-overproduc-
tion, but did not express tumorigenicity and metastatic potential
(Ishikawa et al., 2008). Thus, the mutated mtDNA in A11 cells con-
trols metastatic potential, but does not control development of tu-
mors at least in non-transformed NIH3T3 cells. These observations
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again support our concept that mtDNA mutations are not involved
in development of tumors (Akimoto et al., 2005),

7. Conclusion and future prospect
Our study can be summarized as follows:

(1) A missense G13997A mutation in the ND6 gene of All
mtDNA induces complex | defects, and reversibly controlled
the metastatic potential, but does not control tumor
development,

(2) Induction of metastasis is not due to enhanced glycolysis,
but to ROS overproduction.

(3) ROS overproduction induces metastasis not by acceleration
of genetic instability as usually proposed, but by reversible
upregulation of nuclear-coded genes related to metastasis.
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(4) ROS scavengers are therapeutically effective in suppressing
mtDNA-mediated metastasis.

Thus, our study partly resolves the controversial issue on the
relevance or irrelevance of mtDNA mutations in tumor develop-
ment andfor tumor phenotypes by showing that mutations in
mouse mMIDNA control development of metastasis in tumor cells.
In this case, the phenotype of tumor progression must inherit
maternally. This issue could be resolved by the generation of
trans-mitochondrial mice (mito-mice) by introducing the mutated
G13997A mtDNA into mouse fertilized eggs or mouse female-type
(XO-type) ES cells based on the procedures as reported previously
(Inoue et al,, 2000; Kasahara et al., 2006; Fan et al., 2008), to exam-
ine whether the mito-mice would develop tumors that are already
metastatic. In humans, complex | defects caused by mtDNAs with
pathogenic mutations and the resultant overproduction of ROS
are reported to be associated with the pathogenesis in Leber's
hereditary optic neuropathy (LHON; Wallace, 1999), Thus, statisti-
cal analysis would resolve the question of whether the patients
with LHON develop cancers that are already metastatic.

Conventional mitochondrial theories propose that ROS-medi-
ated genetic instability is responsible for aging, age-associated dis-
orders, and tumor development (Wallace, 1999; Jacobs, 2003: Loeb
et al,, 2005). Although maternal inheritance is not reported in these
phenotypes, this idea appears to be supported by a recent finding
that mice expressing a proofreading-deficient version of mtDNA
polymerase y show accelerated accumulation of somatic mutations
in mIDNA, resulting in respiration defects and premature aging
(Trifunovic et al., 2004). Subsequent studies have demonstrated
the occurrence of premature aging in the absence of ROS overpro-
duction (Kujoth et al., 2005; Trifunovic et al., 2005). Thus, it re-
mains controversial whether ROS overproduction also induces
premature aging phenotypes. This issue could be resolved by the
generation of the mito-mice with the mutated G13997A mtDNA:
these mice would continuously generate significant amounts of
ROS in every tissue due to the mutated mtDNA, and would thus
provide an ideal system rto investigate precisely whether and
how ROS overproduction results in the expression of LHON, the
premature aging phenotypes, and the development of malignant
tumors that are already metastatic.
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Abstract We addressed the issue of whether enhanced glycoly-
sis caused by mtDNA mutations independently induces metasta-
sis in tumor cells using MUDNA transfer technology. The
resultant trans-mitochondrial cybrids sharing the same nuclear
background of poorly metastatic carcinoma P29 cells,
P29mtAll and P29miA cybrids, possessed mtDNA with a
G13997A mutation from highly metastatic carcinoma A11 cells
and mtDNA with a 4696 bp deletion mutation, respectively. The
P29mtA cybrids expressed enhanced glycolysis, but did not ex-
press ROS overproduction and high metastatic potential,
whereas PZ9mtAll cybrids showed enhanced glycolysis, ROS
overproduction, and high metastatic potential, Thus, enhanced
glycolysis alone does not induce metastasis in the cybrids.

© 2008 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved,

Keywords: Pathogenic mtDNA mutation; mtDNA transfer
technology; Trans-mitochondrial cybrid; Enhanced glycolysis;
The Warburg effect; ROS overproduction; Metastasis

1. Introduction

Involvement of mtDNA mutations and the resultant mito-
chondrial respiration defects in tumor development have been
suggested based on the evidence that most chemical carcino-
gens bind preferentially to mtDNA rather than to nuclear
DNA [1-3]. Moreover, somatic mutations in mtDNA are
accumulated preferentially in tumor cells rather than in normal
cells of the same subjects [4,5], and many subsequent studies
supported high frequencies of homoplasmic mutations in
mtDNA of tumors [6-9].

On the contrary, our previous studies showed that miDNA
mutations were not involved in tumor development of cultured
mouse [10.11] and human cells [12,13] using trans-mitochon-
drial cybrids obtained by mtDNA transfer between normal
and tumor cells. The possibility that these observations repre-
sent some specific tumor cases can be excluded, since there has
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been no statistical evidence for the association of pathogenic
mtDNA mutations and tumor development in the patients
with mitochondrial diseases expressing respiration defects
duc to the pathogenic mtDNA mutations. The possibility of
the involvement of polymorphic mtDNA mutations in tumor
development also can be excluded, since there has been no sta-
tistical evidence for the presence of maternal inheritance of tu-
mor development in spite of the strictly maternal inheritance of
mammalian mtDNA [14,15].

However, it is still possible that mtDNA mutations are in-
volved in other processes besides the oncogenic transformation
of normal cells to develop tumors, such as the malignant pro-
gression of tumor cells to develop metastatic potential, Our re-
cent study addressed this issue by means of mtDNA exchange
technology, and demonstrated that mtDNA mutations induc-
ing complex 1 defects and resultant overproduction of reactive
oxygen species (ROS) reversibly controlled malignant progres-
sion of tumor cells to develop metastatic potential [16]. How-
ever, considering that complex 1 defects simultaneously induce
enhanced glycolysis under normoxia (the Warburg effect) and
ROS overproduction, it is necessury to determine whether the
Warburg effect also controls metastasis independently. In fact,
recent reports demonstrated that up-regulation of glycolysis
caused by mutations or epigenetic controls of nuclear-coded
genes regulate tumor phenotypes by the induction of a pseu-
do-hypoxic pathway under normoxia [17-20],

To address this issue, we generated trans-mitochondrial
P29mtA cybrids by introduction of AmtDNA4696 with a
4696 bp deletion mutation into low metastatic Lewis lung car-
cinoma P29 cells. The P29mtA cybrids expressed mitochon-
drial respiration defects and enhanced glycolysis under
normoxia, but did not express ROS overproduction, providing
proper cellular system 1o examine whether the Warburg effect
alone can control metastasis.

2. Materials and Methods

2.0, Cell lines and cell culture

The mouse cell lines and their characteristics are listed in Table 1.
The P29 cells originated from Lewis lung carcinoma (C57BL/6 mouse
strain), and B82 cells are fibrosarcoma cells derived from the 1929
fibroblast cell line (C3H/An mouse strain). Parental cells, p° cells,
and the trans-mitochondrial cybrids were grown in normal medium
[DMEM + pyruvate (0.1 mg/ml) + uridine (50 mg/ml) + 10% feial bo-
vine serum].

doi:10.1016f.febslet. 2008.09.024
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Table 1

Genetic charucteristics of parent cells and their trans-mitochondrinl cybrids

Cell lines* Nuclear genotypes (genetic marker)”  mtDNAgenotypes  Fusion combination Selection
Nuclear donors b mIDNA donors

Nuclear donors

p"P29 P29 (HAT", BrdU") miDNA-less

mtDNA donors

B82mitP29 B82 (HAT, BrdU") Wild ype p'B82 b enP29 BrdU + UP

B82mtA Il B82 (HAT, BrdU") G13997A p"BEZ ® enAll BrdU + UP

BS2mitA B82 (HAT', BrdU") AmtDNA4696 p"BS2 x platelets 0)

Trans-mitochondrial cybrids

P2OmtP29 P29 (AT, BrdU") Wild type P29 x enBE2mitP29 HAT + UP

P29mtAll P29 (HAT, BrdU") GI3997A p'P29 » enBE2mitAl | HAT + UP

P29miA P29 (HAT", BrdU") AmIDNA4696 P29 * enB82mtA HAT + UM

“As mIDNA donors, we used B82mtP29, B82mtA 11, und B82miA cybrids shearing the same nuclear background of B82 cells for excluding varistions
of nuclear-coded cytoplasmic factors in mtDNA donors. BS2miP29 cybrids carrying nuclear DNA from B82 cells and mitDNA from P29 cells were
obtained by fusion of p"B82 cells with enucleated P29 cells and subsequent cultivation in the selection medium with BrdU and UP”, p"B&2 cells can
survive in the selection medium with BrdU due to their lacking thimidine kinase activity, and cannot survive in the selection medium without uridine
and pyruvate (UP" medium) duc to their lacking mtDNA. Thus, BrdU and UP eliminate unenucleated P29 cells and unfused p”B82 cells,
respectively, and allow exclusive growth of the BE2ZmiP29 cybrids. B82mtA cybrids carrying nuclear DNA from B82 cells and AmtDNA4696 were
obtained by fusion of p"B82 cells with platelets from mito-mice carrying AmtDNA4696 [23] in the UP™ selection medium, As G13997A mtDNA
donors, we used BE2mtA 11 cybrids obtained in our previous work [16].

"All the mtDNA donors sharing the B82 nuclear background lacking thymidine kinase activity cannot survive in the presence of a hypoxanthine/

aminopterin/thymidine (HAT). On the contrary, nuclear donors p°P29

cells can grow in the HAT selection medium due to their processing thimidine

kinase activity, but not in UP™ selection medium due to their complete respiration defects by mtDNA depletion. Thus, HAT and UP™ allow exclusive

growth of the P29mtP29, P29mtAll, and P29miA cybrids.
“en Represents enucleated,

2.2, Isolation of trans-mitochondrial cybrids

We isolated p? cells by treati I cells with 1.5 mg/ml diterca-
linium (DC), an i bis-i lating agent [21). Complete
depletion of mtDNA was confirmed by PCR analysis. Enucleated cells
of the mtDNA donor were prepared by their pretreatment with cyto-
chalasin B (10 pg/ml) for 10 min and centrifugation at 12000 x g for
30 min. Resultant cytoplasts were fused with p” cells by polyethylene
glycol. Trans-mitochondrial cybrids were isolated in the selection med-
ium that allows exclusive growth of the cybrids (see Table 1).

2.3. Genotyping of mtDNAs

Transfer of mDNAs in the cybrids was confirmed by RFLP analysis
of the PCR products and Soutl blot analysis. For recognition of
the G13997A mutation, a 147-bp fragment containing the 13997 site
was amplified by PCR. The nucleotide sequences from n.p. 13963 o
13996 (CCCACTAACAATTAAACCTAAACCTCCATARTA, small
letters indicate  the mismatch site) and n.p. 14109 w0 14076
(TTCATGTCATTGGTCGCAGTTGAATGCTGTGTAG) were used
as oligonudeotide primers. Combination of the PCR-genemted muta-
tion with the G13997A mutation creates a restriction site for Aff 11,
and generates 114-bp and 33-bp fragments on Af! 11 digestion. The
restriction frag were sef 1 in 3% ag gel. To esti
the proportion of AmtDNA, we carried out Southern blot analysis. To-

2.5, Measurement of ROS production
R . 4 s

i was with mitochondrial suj id
indicator MitoSOX-RED (Invitrogen, Carisbad, CA, USA). Cells
were incubated with 5 uM MitoSOX-RED for 10 min at 37 °C in
serum-free DMEM, washed twice with Dulbecco’s phosphate-buffered
saline (DPBS), and then immediately analyzed with a FACS can flow
cytometer (Becton Dickinson, Mountin View, CA, USA).

2.6. SDS-PAGE and Western blotting

To detect MCL-1, cells were lysed on ice for 10min in 1% Triton
X-100, 1% sodium deoxycholate, 0.1% SDS, 50 mM Tns-HCI (pH
7.5), 150 mM NaCl, | mM PMSF, and protease inhibitor cockiail
(Sigma-Aldrich, St. Louis, MO, USA). After centrifugation at
10000 x g for 10 min at 4 °C, the supematant was used as a sample.
Proteins were resolved by SDS-PAGE under reducing conditions.
The resolved proteins were transferred electrophoretically to a nitro-
cellulose b Aller incubation with 5% dry milk in TBS-T
[150 mM NaCl, 50 mM Trs-HCI (pH 7.4), 0.05% Tween 20] for at
least 1h at room ture, the b was incubated with
polyclonal anti-MCL-1 antibody (Santa Cruz Biotechnologies, Inc.,
Santa Cruz, CA, USA) for | h at room temperature, washed exten-
sively with TBS-T, and then incubated with horseradish peroxidase-

tul DNAs (3 pg) extracted from cybrids were digested with the

enzyme Xho . Restriction frag I 1in 0.8% agarose gel,
ferred 1o a nylon and hybridized with alkaline phospha-

tase-lnbeled mouse mtDNA probes (n.p. 1751-3803). Probe labeling and

signal detection were carried out as described in the protocols of the Alk-

Phos Direct (GE Healthcare, Buckinghamshire, UK). For quantifica-

tion of AmiDNA, we use the NTH IMAGE program.

2.4. Biochemical measurement of respiratory enzyme activities

Cells in log-phase growth were harvested, and the respimtory com-
plexes were assayed as described before [22]. Briefly, NADH and cyto-
chrome ¢ (oxidized form) were used as substrutes for estimation of
complexes 1 + I activity, and the reduction of cytochrome ¢ was mon-
itored at 550 nm. For estimation of complexes 11 + 111 activity, sodium
succinate und cytochrome ¢ (oxidized form) were used as substrates,
und reduction of cytochrome ¢ was monitored at 550 nm. For estima-
tion of complex 1V activity, cytochrome ¢ (reduced form) was used as
substrates, and the enzyme activity was determined by monitoring the
oxidation of cytochrome ¢ at 550 nm,

jugated goat anti-rabbit 1gG. Proteins were detected using ECL
Western blotting detection reagents (GE Healtheare). For loading
controls, the membrane was stripped, and subsequently incubated
with monoclonal anti-p-uctin antibody (Sigma-Aldrich) followed by
incubation with horseradish peroxidase-conjugated goat anti-mouse
1eG.

2.7 M of the cone of lactate in the cell medium

Cells were seeded at 5 10* cells/well of a 6-well plate and cultured
for 24 h. The amounts of lactate in the cell medium were estimated
using an F-kit L-Lactic acid (Roche, Basel, Switzerland).

2.8, Assays of metastavic potential

To test experimental metastatic potential, 5x 10° cells/100 p! PBS
were injected into the tail vein of 6-week-old male C57BL/6 mice
(CLEA Japan, Tokyo, Japan). The mice were sacrificed 18 days later,
and their lungs were removed. The lungs were fixed in the Bouin's solu-
tion, and parietal nodules were counted,
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3. Results

3.1, Isolation of the miDNA donors sharing the same nuclear
background of B82 cells

This study examined whether the Warburg effect induced by
mitochondnal respiration defects alone controls metastasis in
mouse Lewis lung carcinoma cells. For this, we used mtDNA-
less (p”) P29 cells derived from poorly metastatic Lewis lung
carcinoma P29 cells as nuclear DNA donors and mtDNA recip-
ients (Table 1).

As miDNA donors, we isolated trans-mitochondrial
BE2miP29, B82mtAll, and BS2miA cybrids shearing the same
nuclear background of B82 cells (Table 1). The B82mtP29 cy-
brids carrying nuclear DNA from B82 cells and mtDNA from
P29 cells were obtained by fusion of p"B82 cells with enucle-
ated P29 cells (Table 1). The B82mtA cybrids carrying nuclear
DNA of BS2 cells and AmtDNA4696 were obtained by fusion
of pBB2 cells with platelets from mito-mice carrying
AmtDNA4696 [23]. The BE2mtA 11 cybrids isolated in our pre-
vious work [16] were obtained by fusion of p"B82 cells with
enucleated All cells.

These cybrids are appropriate to be used as mtDNA denors
to p"P29 cells by the following two reasons, One is that the cy-
brids sharing the B82 nuclear background can exclude the
influence of variations of the nuclear-coded cytoplasmic fac-
tors on metastasis of the mtDNA recipient p"P29 cells, An-
other is that the cybrids sharing B82 nuclear background
lack thymidine kinase activity, and cannot survive in the pres-
ence of a hypoxanthine/aminopterin/thymidine (HAT), Thus,
unenucleated mtDNA donor cybrids can be excluded in the
selective medium with HAT (Table 1).

3.2. Isolation of trans-mitochondrial cybrids carrying mtDNA
with pathogenic mutation

These mtDNA donor cybrids were used for obtaining the
trans-mitochondrial cybrids, P29mtP29, P29miAll, and
P29mtA (Table 1), First, we isolated trans-mitochondrial
P29mtA cybrids, possessing the nuclear genome of the P29 cells
and mitochondrial genome of AmMIDNA4696 with a 4696 bp
deletion mutation, by the fusion of the p®P29 cells with enucle-
ated B82mtA cybrids (Table 1). Our previous reports showed
that accumulation of the AmtDNA4696 induced suppression
of overall mitochondrial translation due to the large-scale dele-
tion mutation including five mitochondrial tRNA genes from
AmIDNAA4696 [23,24]. Thercfore, we expected that the
P29mtA cybrids with AmtDNA4696 would express enhanced
glycolysis under normoxia, but not express ROS overproduc-
tion, probably due to overall mitochondrial respiration defects
induced by AmtDNA4696, Thus, the P29mtA cybrids would
provide an ideal system to examine whether enhanced glycoly-
sis alone could induce metastasis in poorly metastatic P29 cells.

We also obtained trans-mitochondrial P29mtAll and
P29m129 cybrids by the fusion of the p”P29 cells with enucle-
ated BE2ZmtAll and B82mtP29 cybrids for using as positive
and negative controls of metastasis, respectively (Table 1),
Our recent report [16] isolated P29mtAl11 and P29mtP29 cy-
brids by the fusion of p°P29 with enucleated All cells and
P29 cells, respectively, and showed that the P29mtA 1] cybrids
were highly metastatic and P29mt29 cybrids were poorly met-
astatic, However, it was possible that some cytoplasmic factors
encoded by nuclear DNA may affect metastatic potentials,
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Fig 1. Genotyping of miDNA and respiratory complex activities. {A)
Idenufication of the mtDNA genotypes. Upper panel: For identifica-
tion of All mtDNA with the G13997A mutation, the PCR products
were digested with Af1 11. The PCR products of the mtDNA with the
G13997A mutation from Al cells produce 114- and 33-bp fragments
because of the gain of an AfM 11 site by a GI13997A substitution,
whereas those of miDNA without the mutation produce a 147-bp
fragment due to the absence of the AN 11 site. Lower panel: For
estimation of AmiDNA469 proportions in the cybrids, we used
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Southern blot analysis of total DNA digested with the
ch | Xho 1. Fragments of 16.3 kbp and 11.6 kbp correspond
to wild-type m{DNA and AmtDNA469, ively. (B} Biochemical

analysis of respiralory complex activilies, Respirtory complex 1
(NADH dehydrogenase), complex 11 (succinate dehydrogenase), com-
plex H1 (cytochrome ¢ reductase), and complex IV (cytochrome ¢

idase) ure P ts of el port chain, and are located
in the mitochondnal mner membrane. Mitochondrial respiratory
function was exnmined by estimating their activities. Since the activity
of complexes 11+ 111 is normal in the P29miAll cybrids, reduced
activity of complexes [ + 111 in them should result from complex |
defects. Bars represent the means £ 5.1, (0 = 3), *, P < 0.05.

since nuclear background of mtDNA donor A1l and P29 cells
are different from each other. This study can exclude this pos-
sibility by the use of the B82mtAll and B82mtP29 cybrids
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sharing the same nuclear background of B82 cells as mtDNA
donors,

3.3. mDNA genotypes and resultant phenotypes of respiratory
Junction in the cybrids

Using PCR and Southern blot analyses, we carried out the
mtDNA  genotyping of the P29mtP29, P29mtAll, and
P29mtA cybrids (Fig. 1A). The G13997A mutation in mtDNA
from A1l cells creates an Af 11 site in PCR products amplified
using mismatch primers [16]. Therefore, we carried out Af 11
digestion of their PCR products, and showed that mtDNA
in P29mtAll cybrids possessed 4 homoplasmic G13997A
mutation, while mtDNA in P29mtP29 and P29mtA cybrids
did not (Fig. 1A, upper panel), The AmtDNA4696 was identi-
fied by Southern blot analysis. The results showed that
P29mtA cybrids possessed 88% AmtDNA4696, while the
P29mtP29 and P29mtAll cybrids did not have any
AmiDNA4696 (Fig. 1A, lower panel), As expected, no
mtDNA was found in parental p’P29 cells (Fig. 1A).

Then, their mitochondrial respiratory function was exam-
ined by estimating activities of mitochondrial respiratory com-
plexes (Fig. IB). Parental pP29 cells and P29mtA cybrids
showed overall respiration defects due to complete mtDNA
depletion and accumulation of AmtDNA4696 possessing a
4696 bp-deletion mutation, respectively. Specific reduction of
complex | activity was exclusively observed in P29mtAll cy-
brids, while P29mtP29 cybrids showed normal mitochondrial
respiratory [unction (Fig. 1B).

3.4. Effects of respiration defects on ROS production and
nuclear-coded MCL-1 expression
Since we have reported recently [16] that ROS overproduc-
tion and resultant up-regulation of nuclear-coded antiapopto-
tic MCL-1 (myeloid cell leukemia-1), at least in part, are
responsible for metastasis, we estimated the amounts of ROS
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and the nuclear-coded MCL-1 in the cybrids (Fig. 2). The
P29mtA cybrids did not show ROS overproduction (Fig, 2A)
and up-regulation of MCL-1 (Fig. 2B). Similar results were ob-
tained in p"P29 cells and the P29mtP29 cybrids (Fig. 2B). On
the contrary, the P29mtAll cybrids expressing complex 1 de-
fects showed ROS overproduction (Fig. 2A) and upregulation
of MCL-1 (Fig. 2B). These observations suggest that ROS
overproduction and up-regulation of MCL-1 cannot be in-
duced by overall mitochondrial respiration defects or normal
respiratory function.

3.5, Effects of mitachondrial respiration defects on glycolytic
activity and metastasis

Then, we examined the glycolytic activity of these cybrids
and parental p’P29 cells by estimating lactate level in their cul-
ture medium. As expected, parental p'P29 cells and P29mtiA
cybrids expressing overall respiration defects (Fig. 1B) showed
significant overproduction of lactate (Fig. 3A). Slight overpro-
duction of lactate was observed in P29mtAl] cybrids express-
ing complex T defects, while P29mtP29 cybrids showed normal
lactate secretion (Fig. 3A). These observations suggest that
p"P29 cells and P29mtA cybrids expressed enhanced glycolysis
under normoxia, i.e., the Warburg effect, due to overall mito-
chondrial respiration defects, but did not express ROS over-
production. Thus, they can be used for determination of
whether the Warburg effect alone induces high metastatic po-
tential in tumor cells.

Finally, we examined metastatic potentials by inoculation of
the cybrids into the tail vein of male C57BL/6 mice and count-
ing the number of nodules formed in the lung 18 days after
inoculation, The p"P29 cells and P29mtA cybrids expressing
the Warburg effect, but not expressing ROS overproduction
did not form lung nodules (Fig. 3B). As expected from our re-
cent report [16], P29mtA 11 cybrids expressing the Warburg ef-
fect and ROS overproduction formed nodules in the lung,

A P29mtP29 P29mtA11 P29mta pOP2g
i :
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Fig. 2. Effects of mitochondrial respiratory function on ROS production and MCL-| expression. (A) Esti

. We carried out

of ROS prod

flow-cytometric analysis using | x 10 cells. Cells treated with 5 pM MitoSOX-RED were subjected to FACScan for quantitative estimation of
superoxide. (B) Expression of nuclear-coded MCL-1 by Western blot analysis. We used f-actin as loading control in the Western blots.
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