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Fig. 4 Identification of endogenous PRUNE2 protein. a Western blot
of samples precipitated with anti-hPr2N Ig (Pr2) or normal rabbit Ig
(Cont.) from extracts prepared from HeLa MR or HEK293T cells
transfected with pIRES2-EGFP:PRUNE2. The arrowhead indicates
the signals for endogenous and recombinant full-length PRUNE2. b
Confirmation of endogenous PRUNE2 protein by Western blot. In the
two right hand lanes, extracts prepared from KNS81 cells treated with
siRNA control (Cont.) or #04 (Pr2) were analyzed by Western blot
with anti-hPr2N Ig. Samples precipitated from KNS81 extract with
anti-hPr2N Ig (Pr2) or normal rabbit Ig (Cont.) were loaded on the two
left hand lanes. The arrowhead indicates endogenous PRUNE2. ¢
Interaction between PRUNE2 and 8-oxo-GTP. GTP and 8-oxo-GTP-
immobilized-Sepharoses were incubated with a cytoplasmic extract
prepared from KNS81 cells. Bound fractions from 33 pg of extract
were analyzed by Western blot using anti-hPr2N TIg. The arrowhead
indicates full-length PRUNE2 signals. d PRUNE2 proteins in whole
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cell extracts prepared from neuroblastoma cell lines. Ten micrograms
of protein from whole cell extracts from each of the five neuroblas-
toma cell lines and KNS81 cells was subjected to Western blot using
anti-Pr2N Ig. Bands corresponding to the full-length PRUNE2 are
shown by an wrrowhead. e Interaction between nucleotides and
PRUNE2 protein derived from neuroblastoma cell lines. Cytoplasmic
extracts prepared from SK-N-AS, SK-N-BE, and NB-1 were subjected
to a pull-down assay with ribose linked GTP- or 8-oxo-GTP-
immobilized Sepharose. The bound fractions from 167 ug of protein
of each extract (right) and 10 pg of protein of each input extract (left)
were analyzed by Western blot with anti-Pr2N Ig. An arrowhead
indicates full-length PRUNE2 proteins, and arrows indicate short
forms of PRUNE2 in the bound fractions. Bands corresponding to the
full-length PRUNE2 protein shown with an arrowhead were clear in
an image with longer exposure (right bottom)
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Table 1 Proteins co-immunoprecipitated with anti-PRUNE2 antibody but not with control Ig

Protein name

Accession number Mascot score

Multifunctional protein ADE2 NP_001072993 107
Membrane-associated progesterone receptor component | NP_006658 68
B-cell receptor-associated protein 31 P51572 62
Chondroitin sulfate synthase 1 NP_055733 54
Diablo NP_063940 53
Occludin NP_002529 46
Ubiquitin carboxyl-terminal hydrolase 17-like protein QTRTZ2 45
NADH-ubiquinone oxidoreductase 75 kDa subunit, NP_004997 44
mitochondrial precursor

Synaptotagmin-like protein 4 Q96C24 43
DNA polymerase mu NP_037416 43
Antigen KI-67 P46013 41
Malate dehydrogenase, mitochondrial precursor NP_005909 41
POLM protein AAH49202 41
Isoform B of LIM/homeobox protein Lhx6.1 NP_954629 40
Insulin-like growth factor binding protein-like 1 CAD13245 40
Hypothetical protein LOC283461 NP_001026918 40
Neutral alpha-glucosidase AB Q14697 40
Forkhead box P1 isoform 2 NP_001012523 40
Hornerin NP_001009931 40
T-cell activation Rho GTPase-activating protein NP_473455 39
PRUNE?2 Is Highly Expressed in Adult DRG Neurons Discussion

We performed quantitative real time RT-PCR of PRUNE?2
mRNA using total RNA from human tissues and two sets of
primers, RT900 (exon 7) and RT7500 (exon 8/9) (Fig. 5a).
The highest expression of PRUNE2 mRNA was detected in
total RNA from DRG tissues. Whole brain, spinal cord, uterus,
and prostate also expressed high levels of PRUNE2 mRNA.
Thus, PRUNE?2 expression was relatively high in human adult
nerve tissues, although it was very low in fetal brain.

To examine the age-dependent expression of Prune2
mRNA, we analyzed the expression level of Prune2 mRNA
in nerve tissues (cortex, cerebellum, brain stem, and spinal
cord) prepared from C57BL/6J mice at 3 and 11 days, 3, 6,
11, and 52 weeks of age. The results showed that Prune2
expression is highest in the spinal cord and, to a lesser extent,
in the brain stem in all ages examined and that expression is
elevated considerably from 11 days to 3 weeks after birth
(Fig. 5b). As observed for human PRUNE?2, the expression
level of Prune2 mRNA in the DRG was two times higher
than that in the spinal cord at 11 weeks of age (Fig. 5¢).

To identify cells expressing PRUNE2 protein in the
human DRG, we performed immunohistochemistry using
anti-hPr2N Ig. As shown in Fig. 6a, DRG neurons exhibit
the strongest immunoreactivity in their soma and to a lesser
extent in satellite and Schwann cells.

Using nucleotide-immobilized-Sepharose, mouse and hu-
man PRUNE2 were identified as 8-oxo-GTP/GTP-associ-
ated proteins. Soh et al. reported that BNIPXL, which
corresponds to the C-terminal region of PRUNE2, interacts
with RhoA and RhoC (Soh and Low 2008). Therefore, it is
likely that PRUNE2 protein, which is associated with the
Rho family small G proteins and may indirectly bind to 8-
0x0-GTP/GTP-immobilized-Sepharose, was detected in the
nucleotide-bound fractions. The N-terminal region of
PRUNE2 has homology with PRUNE, a DHH (Asp-His-
His) super family protein (D’Angelo et al. 2004). Several
enzymes ot the DHH family including exopolyphosphatase
of budding yeast (ScPPX) possess phosphohydrolase
activity (Wurst and Komberg 1994). Recently, PRUNE
was reported to have exopolyphosphatase activity against
adenosine 5'-tetraphosphate (Tammenkoski et al. 2008).
Thus, PRUNE2 may recognize the phosphate group of §-
oxo-GTP/GTP. PRUNE2 protein is expressed in normal
tissues, such as DRG neurons, and in malignant tissues. In
our results, KNS81 and HeLa MR expressed full-length
PRUNE2 as major products. By contrast, the full-length
protein is a relatively minor product in neuroblastoma cell
lines, such as NB-1, SK-N-AS, SK-N-BE, RTBM1, and
IMR32 cells. PRUNE2 proteins with different molecular
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Fig. 5 Expression of PRUNE? in tissues. a PRUNE2 mRNA levels in
human tissues were analyzed by quantitative real time RT-PCR using
two primer sets, RT900 and RT7500. b PRUNE2 mRNA levels in
nerve tissues of mice at different weeks of age were analyzed by

sizes might have different properties or functions in
different tissues and/or different cells, especially with
regard to its association with GTP and/or 8-oxo-GTP.
Oxidation of GTP occurs under oxidative stress, which is
known to be much higher in malignant tissues than in
normal tissues. The results suggest that higher levels of 8-
0xo-GTP present in malignant tissues might alter the
function of various variant PRUNE2 proteins, thereby
contributing to the malignancy.

Q_) Springer

quantitative real time RT-PCR. ¢ PRUNE2 mRNA levels in the spinal
cord and DRG of 11-week-old mice were compared. The levels of
relative expression are expressed as the mean = SD of three
measurements

Machida et al. suggested that the pro-apoptotic
function of BMCCI is important for determining the
fate of neuroblastoma (Machida et al. 2006). In this
report, we observed that PRUNE2 is constitutively
expressed in adult nerve tissue and the prostate,
suggesting that PRUNE2 may have a physiological role
in these tissues, in addition to promoting apoptosis in
neuroblastoma. KNS81, a cell line derived from glioblas-
toma, exhibited relatively high levels of PRUNE2 expres-
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without 1st aitibody anti-hPr2N

anti-Schwann

Fig. 6 PRUNE2 protein in human DRG neurons. a Immunohisto-
chemical detection of PRUNE2. Frozen sections of human DRG were
prepared and reacted with anti-hPr2N Ig as described in “Materials
and Methods”. b Frozen sections were processed for the immunohis-
tochemistry in the absence of the primary anti-hPr2N Ig. ¢ Frozen
sections were reacted with anti-Schwann Ig. Scale bars=50 um

sion compared with that in HeLa MR and SH-SYS3Y.
PRUNE?2 may be expressed and function in glial cells such
as astrocytes in the central nervous system, in addition to
DRG neurons in the peripheral nervous system. From
KNS81 cells, we identified 20 candidates for PRUNE2-
associating proteins by co-immunoprecipitation. Among
them, T-cell activation Rho GTPase-activating protein,
TAGAP, is one of the most interesting molecules because
the C-terminus of PRUNE2 was previously reported to
inactivate Rho family small G protein by inhibiting a
RhoGEF, Lbc (Soh and Low 2008). As TAGAP possesses
a Rho-GAP domain (Mao et al. 2004), PRUNE2 might
regulate the activity of Rho family small G proteins by
controlling the function of TAGAP in addition to Lbc. In

addition to TAGAP, Smac/DIABLO was also identified in
the complex. Smac/DIABLO enhances apoptosis by
inhibiting inhibitors of apoptosis proteins (Martinez-Ruiz
et al. 2008), and its expression was observed in the
peripheral nervous system (Perrelet et al. 2004). It is likely
that PRUNE2/BMCC! regulates apoptosis through an
interaction with Smac/DIABLO.

Recently, BMCC!1 was reported to be up-regulated in
prostate cancer (Clarke et al. 2009). However, other
groups reported conflicting data (Lavin et al. 2009).
Moreover, Price et al. found that the expression levels of
C9orf65, which corresponds to the 5'-terminal region of
PRUNE?2, was high in LMS, but low in GIST (Price et al.
2007). Adversely, they showed that the levels of OBSCN
mRNA were low in LMS, but high in GIST. The BCH
domain in the C-terminal region of PRUNE2 has been
reported to inhibit RhoA and cellular transformation
mediated by Lbc RhoGEF (Soh and Low 2008). On the
other hand, OBSCN protein was reported to possess
RhoGEF activity and to activate RhoA (Bowman et al.
2008; Ford-Speelman et al. 2009). It is possible that
PRUNE2 and OBSCN may competitively regulate RhoA
activity, thus contributing to the characteristics of LMS
and GIST cells. Because strong activation of RhoA was
reported to induce growth cone collapse and neurite
retraction (Jalink et al. 1994), the elevated expression of
PRUNE? in adult nerve tissues may contribute to the
maintenance of mature neural networks, although we do
not have any direct evidence.

For future studies of the physiological function of
PRUNE?2 in vitro, three neuroblastoma-derived cell lines,
SK-N-AS, SK-N-BE, and NB-1 may be useful because
PRUNE?2 is highly expressed in the mature nervous system.
In vivo analysis using genetically modified mice may be
helpful in understanding the function of PRUNE2. It was
reported that portions of the PRUNE?2 gene are likely to be
expressed in short forms (Jalink et al. 1994). Tt is possible
that BMCC1 or BNIPXL is a short variant of PRUNE2
gene products. However, there is no paper reporting the
biochemical and physiological functions of full-length
PRUNE2. More detailed analyses are necessary to under-
stand the biological significance of full-length PRUNE2
and its variants.

In the present study, we isolated the full-length
PRUNEZ c¢DNA and demonstrated the full-length
PRUNE?2 protein in HeLa MR and KNS81 cells. These
data indicate that the two malignant tumor-associated
genes, C9orf65 and BMCCI/BNIPXL, are transcribed as a
single mRNA, PRUNE2 mRNA, which is translated to a
large PRUNE2 protein. The nerve tissue-specific and
post-development expression of PRUNE2/Prunel sug-
gests that PRUNE?2 may contribute to the maintenance of
mature nervous systems.

@ Springer

-102 -



114

J Mol Neurosci (2011) 44:103--114

Acknowledgments We thank Dr. Toru Iwaki for providing human
tissue samples and helpful discussion. We thank Dr. Masaki
Matsumoto from the Division of Proteomics of the Medical Institute
of Bioregulation for helpful discussions. We thank Mizuho Oda,
Emiko Koba, and Masumi Ohtsu from the Laboratory for Technical
Support of the Medical Institute of Bioregulation and Setsuko
Kitamura and Kazumi Asakawa for their technical assistance. This
work was supported by MEXT KAKENHI 20013034, 21117512,
JSPS KAKENHI 19390114, and by the Kyushu University Global
COE program. T.L is a research fellow of JSPS.

References

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic
local alignment search tool. J Mol Biol 215:403-410

Biedler JL, Helson L, Spengler BA (1973) Morphology and growth,
tumorigenicity, and cytogenetics of human neuroblastoma cells in
continuous culture. Cancer Res 33:2643--2652

Bowman AL, Catino DH, Strong JC, Randall WR, Kontrogianni-
Konstantopoulos A, Bloch RJ (2008) The rho-guanine nucleotide
exchange factor domain of obscurin regulates assembly of titin at
the Z-disk through interactions with Ran binding protein 9. Mol
Biol Cell 19:3782-3792

Clarke RA, Zhao Z, Guo AY et al (2009) New genomic structure for
prostate cancer specific gene PCA3 within BMCCI: implications
for prostate cancer detection and progression. PLoS ONE 4:¢4995

D’Angelo A, Garzia L, Andre A et al (2004) Prune cAMP
phosphodiesterase binds nm23-H1 and promotes cancer metasta-
sis. Cancer Cell 5:137-149

Ford-Speelman DL, Roche JA, Bowman AL, Bloch RJ (2009) The
rho-guanine nucleotide exchange factor domain of obscurin
activates rhoA signaling in skeletal muscle. Mol Biol Cell
20:3905-3917

lida T, Furuta A, Nakabeppu Y, Iwaki T (2004) Defense mechanism to
oxidative DNA damage in glial cells. Neuropathology 24:125-130

Jalink K, van Corven EJ, Hengeveld T, Morii N, Narumiya S,
Moolenaar WH (1994) Inhibition of lysophosphatidate- and
thrombin-induced neurite retraction and neuronal cell rounding
by ADP ribosylation of the small GTP-binding protein Rho. J
Cell Biol 126:801-810

Kajitani K, Yamaguchi H, Dan Y, Furuichi M, Kang D, Nakabeppu Y
(2006) MTHI1, an oxidized purine nucleoside triphosphatase,
suppresses the accumulation of oxidative damage of nucleic acids in
the hippocampal microglia during kainate-induced excitotoxicity. J
Neurosci 26:1688-1698

Larkin MA, Blackshields G, Brown NP et al (2007) Clustal W and
Clustal X version 2.0. Bioinformatics 23:2947-2948

@ Springer

Lavin MF, Clarke R, Gardiner RA (2009) Differential expression of
PCA3 and BMCCI in prostate cancer. Prostate 69:1713-1714,
author reply 1715

Machida T, Fujita T, Ooo ML et al (2006) Increased expression of
proapoptotic BMCC1, a novel gene with the BNIP2 and
Cdc42GAP homology (BCH) domain, is associated with favorable
prognosis in human neuroblastomas. Oncogene 25:1931-1942

Mao M, Biery MC, Kobayashi SV et al (2004) T lymphocyte
activation gene identification by coregulated expression on
DNA microarrays. Genomics 83:989-999

Martinez-Ruiz G, Maldonado V, Ceballos-Cancino G, Grajeda JP,
Melendez-Zajgla J (2008) Role of Smac/DIABLO in cancer
progression. J Exp Clin Cancer Res 27:48

Nakabeppu Y, Nathans D (1991) A naturally occurring truncated form
of FosB that inhibits Fos/Jun transcriptional activity. Cell
64:751-759

Nakabeppu Y, Kajitani K, Sakamoto K, Yamaguchi H, Tsuchimoto D
(2006a) MTHI, an oxidized purine nucleoside triphosphatase,
prevents the cytotoxicity and neurotoxicity of oxidized purine
nucleotides. DNA Repair (Amst) 5:761-772

Nakabeppu Y, Sakumi K, Sakamoto K, Tsuchimoto D, Tsuzuki T,
Nakatsu Y (2006b) Mutagenesis and carcinogenesis caused by
the oxidation of nucleic acids. Biol Chem 387:373-379

Nonaka M, Tsuchimoto D, Sakumi K, Nakabeppu Y (2009) Mouse
RS21-C6 is a mammalian 2'-deoxycytidine 5'-triphosphate
pyrophosphohydrolase that prefers 5-iodocytosine. FEBS J
276:1654-1666

Perrelet D, Perrin FE, Liston P et al (2004) Motoneuron resistance to
apoptotic cell death in vivo correlates with the ratio between X-
linked inhibitor of apoptosis proteins (XIAPs) and its inhibitor,
XIAP-associated factor 1. J Neurosci 24:3777-3785

Price ND, Trent J, El-Naggar AK et al (2007) Highly accurate two-
gene classifier for differentiating gastrointestinal stromal tumors
and leiomyosarcomas. Proc Natl Acad Sci USA 104:3414-3419

Soh UJ, Low BC (2008) BNIP2 extra long inhibits RhoA and cellular
transformation by Lbc RhoGEF via its BCH domain. J Cell Sci
121:1739-1749

Tammenkoski M, Koivula K, Cusanelli E et al (2008) Human
metastasis regulator protein H-prune is a short-chain exopoly-
phosphatase. Biochemistry 47:9707-9713

Torisu K, Tsuchimoto D, Ohnishi Y, Nakabeppu Y (2005) Hemato-
poietic tissue-specific expression of mouse Neil3 for endonucle-
ase VIII-like protein. J Biochem 138:763-772

Tsuchimoto D, Sakai Y, Sakumi K et al (2001) Human APE2 protein is
mostly localized in the nuclei and to some extent in the
mitochondria, while nuclear APE2 is partly associated with
proliferating cell nuclear antigen. Nucleic Acids Res 29:2349-2360

Wurst H, Kornberg A (1994) A soluble exopolyphosphatase of
Saccharomyces cerevisiae. Purification and characterization. J
Biol Chem 269:10996-11001

-103 -



SAGE-Hindawi Access to Research
Parkinson’s Disease

Volume 2011, Article ID 307875, 9 pages
doi:10.4061/2011/307875

Review Article

Therapeutic Effects of Hydrogen in Animal Models of

Parkinson’s Disease

Kyota Fujita,! Yusaku Nakabeppu,? and Mami Noda'

! Laboratory of Pathophysiology, Graduate School of Pharmaceutical Sciences, Kyushu University, 3-1-1 Maidashi,

Fukuoka 812-8582, Japan

2 Division of Neurofunctional Genomics, Medical Institute of Bioregulation, Kyushu University,

Fukuoka 812-8582, Japan

Correspondence should be addressed to Mami Noda, noda@phar.kyushu-u.ac.jp

Received 15 September 2010; Revised 5 January 2011; Accepted 14 March 2011

Academic Editor: David S. Park

Copyright © 2011 Kyota Fujita et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Since the first description of Parkinson’s disease (PD) nearly two centuries ago, a number of studies have revealed the clinical symp-
toms, pathology, and therapeutic approaches to overcome this intractable neurodegenerative disease. 1-methy-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) and 6-hydroxydopamine (6-OHDA) are neurotoxins which produce Parkinsonian pathology. From
the animal studies using these neurotoxins, it has become well established that oxidative stress is a primary cause of, and essential
for, cellular apoptosis in dopaminergic neurons. Here, we describe the mechanism whereby oxidative stress evokes irreversible cell
death, and propose a novel therapeutic strategy for PD using molecular hydrogen. Hydrogen has an ability to reduce oxidative
damage and ameliorate the loss of nigrostriatal dopaminergic neuronal pathway in two experimental animal models. Thus, it is
strongly suggested that hydrogen might provide a great advantage to prevent or minimize the onset and progression of PD.

1. Introduction

The central pathological feature of PD was loss of neurons in
substantia nigra pars compacta (SNpc). DA depletion by the
loss of dopaminergic neurons in SNpc is a primary symptom
of PD [1]. PD is one of the most common neurodegenerative
and progressive diseases, along with Alzheimer’s disease
(AD) [2, 3]. In these last two decades, many lines of evidence
have emerged to suggest that oxidative stress is closely related
to the onset and the progression of PD and AD.

Using neurotoxins in experimental animal models, an
enormous number of studies have been undertaken to
develop neuroprotective drugs against PD. MPTP (1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine) was found to be a by-
product of the chemical synthesis of a meperidine analog
with potent heroin-like effects [4, 5]. MPTP has the ability
to induce PD-like pathology and has been used in var-
ious species including nonhuman primates, and rodents.
Among the neurotoxic mechanism of MPTP, mitochondrial
impairment is highly associated with oxidative damage and
related neurodegeneration; the detailed mechanism and the

linkage between oxidative damage and neurodegeneration
are discussed in this review. Although MPTP-induced PD
model animals are regarded as the best reproducible model,
another neurotoxin, 6-hydroxydopamine (6-OHDA; 2,4,5-
trihydroxyphenylethylamine), is also used for toxin-induced
animal model of PD [6].

Many trials have focused on the reduction of oxidative
stress as a therapeutic strategy because oxidative stress is
regarded as one of the major risk factors in the onset of
PD as mentioned above. However, there are still no known
antioxidant drugs which are clinically used to prevent PD.
Here, the neurotoxic mechanism of MPTP which induces
Parkinsonian pathology and behavior, and how molecular
hydrogen prevents them, is discussed in this review.

2. Acute and Chronic PD Model
Induced by MPTP

MPTP is a protoxin which is high lipophilic molecule, and
can penetrate the blood-brain barrier (BBB) after systemic
administration. After crossing the BBB, MPTP is readily
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converted to 1-methyl-4-phenylpyridinium ion (MPP"), an
actual toxin which can lead to dopaminergic neurodegen-
eration [7]. MPTP conversion to MPP* is dependent on
the activity of monoamine oxidase B (MAO-B) by a two-
step reaction. First, MPTP is converted to the interme-
diate 1-methyl-4-phenyl-2,3-dihydropyridinium (MPDP*),
catalyzed by MAO-B [8]. Then, unstable MPDP™ dissociates
to MPP* and MPTP [9, 10]. Conversion of MPTP to
MPDP* occurs in glial cells and serotonergic cells, not in
dopaminergic cells. Dopaminergic neurons exhibit a high-
affinity uptake process of MPP* through the dopamine
transporter, which allows the neurotoxin MPP* to cause
selective dopaminergic neuronal loss [11]. Inside the neu-
rons, MPP* accumulates in the mitochondrial matrix, whose
uptake is driven by mitochondrial transmembrane potential
gradient [12, 13]. MPP* impairs mitochondrial respiration
by inhibiting the multisubunit enzyme complex I of the
mitochondrial electron transport chain [14, 15]. Inhibition
of complex I causes two early and major events: ATP
depletion and the buildup of reactive oxygen species (ROS).
Complex I activity appears to be decreased by more than
50% to induce nonsynaptic mitochondrial ATP depletion.
In vitro studies also revealed that mitochondria which
are isolated from whole brain require 70% inhibition of
complex I activity for ATP depletion. However, in vivo
MPTP administration causes only a transient 20% reduction
of ATP levels in mouse striatum and midbrain [16]. In
vitro experiments with synaptic mitochondria show that
exceeding a threshold of 25% inhibition of complex I results
in significant ATP depletion [17]. These findings may imply
that synaptic mitochondria show a better correlation with
both complex I inhibition and ATP depletion than those in
somatic mitochondria. This may answer the question why
dopaminergic neurodegeneration shows retrograde degener-
ation from striatal nerve terminals, which are rich in synaptic
mitochondria.

The extents of loss of dopaminergic neurons and behav-
ioral alteration vary depending on differences in the protocol
of MPTP administration. Acute administration (20 mg/kg,
3 or 4 times at 2 hours interval) can reduce ~70% of nigral
dopaminergic neurons and ~90% of striatal nerve terminal
fibers 7 days after administration when the loss of nigral
neurons is stable [18] (see Table 1). Up to 10% of MPTP-
administered involuntarily die within 24 hours because of
cardiovascular side effects, not of dopaminergic neuronal
loss, and mice were immobilized until 24 to 48 hours. Striatal
MPP™ level was increased and peaked ~3 hours after the last
administration of MPTP. In subacute injection model, MPTP
is administrated once a day at 30 mg/kg for 5 consecutive
days. Since mild doses of MPTP was administered compared
to the acute injection model, an incidence of death was lower
in the subacute injection model. Loss of nigral dopaminergic
neurons and striatal nerve terminal fibers was also less than
acute injection model; ~50% loss of fibers and ~40% loss
of nigral dopaminergic neurons were observed 3 weeks after
the last day of MPTP administration. For the continuous
administration model, MPTP was infused subcutaneously
(s.c.) or intraperitoneally (i.p) using osmotic pumps. Our
observation revealed that subcutaneous infusion of MPTP

Parkinson’s Disease

at 45 mg/kg/day for 28 days caused 50% loss of nigral
dopaminergic neurons [19]. Continuous administration of
MPTP subacutely or chronically caused less dopaminergic
neuronal loss, which might reflect sprouting of residual
fibers or de novo appearance of tyrosine hydroxylase-(TH-)
positive dopaminergic neurons in DA-depleted striatum
[22-25]. Therefore, chronic recovery and damage of TH
fiber may occur simultaneously in nigrostriatal pathway.
The chronic administration model had several unique
features which were regarded as better phenomena as PD
model: (i) formation of inclusion bodies which were positive
for alpha-synuclein and ubiquitin, (ii) loss of noradrener-
gic (NE) neurons in locus coeruleus, (iii) impairment of
ubiquitin-proteasome system, and (iv) behavioral alteration.
Especially, loss of NE neurons was observed as in human PD
[26], and dopamine f-hydroxylase knockout (Dbh™~) mice
which lack NE neurons showed more profound motor deficit
compared to MPTP-treated mice [27]. Furthermore, bolus
administration of MPTP did not induce inclusion bodies
formation [21]. Therefore, chronic administration model
using an osmotic pump could mimic human PD feature.

3. Oxidative Damage and Apoptotic
Signals in MPTP Model

ROS, mostly a superoxide, is produced in mitochondria
because of a leak of electrons from the respiratory chain
inhibited by MPP* [28]. Energy metabolic inhibition and
ROS overproduction have their peak several hours after
MPTP administration, which trigger the downstream of
cellular apoptosis and neurodegeneration days after MPTP
treatment [29, 30]. In PD patients, iron level is increased
selectively in SNpc, which leads to the greater accessibility
of ferrous iron (Fe?™) with hydrogen peroxide and thus
generating hydroxyl radical (¢ OH) [31]. Moreover, lipid per-
oxidation, protein carbonyls, and 8-oxo-7,8-dihydroguanine
(8-0x0G) are increased, which means that cellular lipids,
proteins, and DNA are highly exposed to oxidative stress
[32, 33]. Such oxidative damage occurs prior to the cellular
apoptosis processes.

Sources of ROS are various, and ROS is produced not
only in neurons but also in glial cells such as microglia when
they become activated (reactive) and show morphological
changes [34]. From dopaminergic neurons, superoxide is
produced not only in mitochondria but also by auto-
oxidation of DA [35]. It is known that auto-oxidation of
DA leads to the production of DA (semi)quinones that are
converted into aminochrome, which can generate superoxide
[36, 37]. Increased ROS causes oxidative damage to DNA [38,
39], cellular lipid peroxidation [40, 41], and stress-related
signaling activation such as MAPK and JNK activation
[42—44].

Oxidative stress in DNA leads to cellular apoptosis which
is mediated by p53 activation and p53-derived Bax translo-
cation to mitochondria. Furthermore, Bax translocation
and cytochrome ¢ from mitochondria to the cytosol leads
to caspase-dependent apoptosis [45]. Oxidative damage in
DNA induces not only caspase-dependent apoptosis but
also caspase-independent apoptosis. Among the five normal
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TasLE 1: Comparison of representative MPTP-PD models. Each written model is representative and reproducible examples of MPTP-PD
model because many researchers modify their own protocols in creating MPTP-PD model.

Acute Sub-acute Chronic
Dose of MPTP 20 mg/kg 30 mg/kg 30 or 45 mg/kg/day
(using osmotic pump)
Duration of MPTP 3or4timesat2hinterval  Once a day for 5 consecutive days 28 days
.. . . . ip. (30 mg)
Administration of MPTP L.p. i.p. s.c. (45 mg)

Extirpation of brain 7 days after injection
Anticipating nigral cell loss 70%

Anticipating striatal fiber loss 90%

Notable features Undesirable death (~10%)

Nitrated a-synuclein accumulation

Less or no undesirable death

21 days after injection 28 days after pump infusion

40% 50%
50% 50%

Behavioral alteration
(open-field test)
Formation of inclusion bodies
(stained for a-synuclein, ubiquitin)
Loss of noradrenergic neurons
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nucleobases, guanine is the most susceptible to oxidation,
and the C8 position of free deoxyguanosine (dG) or dGTP
is the most effectively oxidized by «OH in comparison to
those in DNA. In fact, eight- to nine-times more 8-0x0G is
formed in nucleotide dGTP than in DNA [46, 47]. Under
the oxidative stress condition, 8-0x0G accumulates in mito-
chondrial and nuclear DNA, which can be selectively visu-
alized by immunohistological technique [39, 48]. Systemic
MPTP administration promoted the accumulation of §-
0x0G both in mitochondria DNA and in nuclear DNA [39].
Mitochondrial 8-0x0G (mt8oxoG) accumulated in nerve
terminal in the striatum, prior to nuclear 8-0x0G (nu8oxoG)
accumulation in nigral dopaminergic neurons. Oka et al.
[49] demonstrated that accumulation of mt8oxoG causes
mitochondrial dysfunction resulting in ATP depletion, which
can open the mitochondrial membrane permeability tran-
sition (MMPT) pore. During replication of mitochondrial
DNA (mtDNA) with an increased level of 8-0x0G, adenine
is frequently inserted opposite 8-0x0G in mtDNA, and such
adenine paired with 8-0x0G is selectively excised by adenine
DNA glycosylase encoded by Mutyh gene. During the base
excision repair (BER) process, apurinic/apyrimidinic (AP)
endonuclease or AP lyases convert abasic sites to single-
strand breaks (SSBs) [50-53]. It has been demonstrated
that the MUTYH-initiated BER causes mtDNA degradation
resulting in its depletion under oxidative stress [49]. This
depletion may induce a decreased supply of mitochondria-
encoded proteins, transfer RNAs, and ribosomal RNAs, lead-
ing to dysfunction of mitochondrial respiration. Therefore,
accumulation of mt8oxoG results in the depletion of ATP.
Furthermore, MMPT opening enables Ca’®* to leave mito-
chondria, and cytoplasmic Ca*" increase activates calpain,
a ubiquitous calcium-sensitive protease, thus inducing cell
death [49, 54]. It has been well documented that calpain

activation causes the cleavage of neuronal substrates that
negatively affect neuronal structure and function, leading
to inhibition of essential mechanisms for neuronal survival
[55]. Moreover, inhibition of calpain is known to reduce
the dopaminergic neuronal loss in the MPTP model [56].
Taken together, we propose that oxidative stress in dopamine
neurons initiated by MPTP administration increases accu-
mulation of mt8oxoG, and thereby causes mitochondrial
dysfunction resulting in dopaminergic neuronal loss which
is dependent on the calpain pathway (Figure 1).

On the other hands, SSBs are accumulated in nuclear
DNA as a result of excision of adenine opposite nu8oxoG
by MUTYH, and activate poly (ADP-ribose) polymerase
(PARP) with the increase of poly-ADP ribosylation, leading
to nuclear translocation of apoptosis inducing factor (AIF)
and NAD/ATP depletion [49]. PARP, known as a molecular
nick-sensor, binds SSBs specifically and utilizes S-NAD*
as a substrates to catalyze the synthesis of (ADP-ribose)
polymers (poly-ADP ribosylation) on nuclear proteins,
including PARP itself with the increase of PARP activity
[57, 58]. PARP activation signal induces AIF release from
mitochondria and translocation to the nucleus, which results
in a caspase-independent pathway of programmed cell death
[59]. Activation of PARP leads to its autoconsumption, and
depletes ATP content. Therefore, a loss of energy supply
also contributes to cell death [49]. Several reports indicate
that PARP activation is associated with MPTP-derived
neurotoxicity [60, 61]. It is, however, noteworthy that
MUTYH-dependent PARP activation requires replication
of nuclear DNA [49], indicating that mitotic cells in brain
such as glial cells other than neurons may be affected by the
PARP-AIF pathway with increased level of nu8oxoG. Among
glial cells, oligodendrocytes and astrocytes show PARP-AIF
pathway mediated apoptotic cell death [62, 63]. Therefore,

- 106 -



PARP activation

— GO —

In nuDNA } Lysosomal rupture ]

In mtDNA

Parkinson’s Disease

AIF translocation

ATP depletion

Cell death

T

] Calpain activation ]

Ca?" release

' mtDNA degeneration H ATP depletion ]

Ficurs 1: Scheme of apoptotic death signaling by accumulation of 8-oxoguanine (8-0x0G; GO) and single-strand-breaks (SSBs) in DNA.
ROS, especially hydroxyl radical, increase the 8-0x0oG accumulation and SSBs by MUTYH. In the case of SSBs in nucleus, activation of poly
(ADP-ribose) polymerase (PARP), apoptosis inducing factor (AIF) translocation from mitochondria to nucleus, and ATP depletion followed
by NAD* depletion leads to cellular apoptosis. On the other hands, in mitochondria, accumulation of SSBs induces mitochondrial DNA
(mtDNA) degeneration. Loss of function of energy supply leads to ATP depletion, and mitochondrial membrane permeability transition
(MMPT), and calpain activation results in lysosomal rupture, which potentiates cell death (modified from Figure 8, Oka et al., 2008 [49]).

accumulation of 8-0xoG in nuDNA in glial cells may thus
cause caspase-independent cellular apoptosis, which might
play critical roles in neurodegeneration (Figure 1).

4. 6-OHDA Model and Oxidative Damage in
Nigrostriatal Neurons

For PD model animal, 6-OHDA is also used for deletion of
catecholamine in the brain and in periphery [64]. 6-OHDA
serves as a neurotoxin; which is readily auto-oxidized and
deaminated by monoamine oxidase (MAO) [65]. Because 6-
OHDA cannot penetrate blood-brain barrier, direct admin-
istration into the brain is required for the neurodegeneration
in 6-OHDA model [66]. This neurotoxin can be generated
within the brain by nonenzymatic reaction of dopamine,
hydrogen peroxide, and free iron [67-69]. Auto-oxidation
of dopamine by nitrite ions or manganese can also generate
6-OHDA [70, 71]. Oxidative damage via hydrogen perox-
ide and derived ¢OH are associated with the neurotoxic
mechanism by 6-OHDA [64]. The steps to generate ROS
are several varied processes: (1) in physiological condition,
6-OHDA is subjected to non-enzymatic auto-oxidation and
generates several toxic products such as quinones, superoxide
anion radicals, hydrogen peroxides, and «OH [65]; (2)
Fenton reaction initiates and/or amplifies ROS generation.
The deamination by MAO, or auto-oxidization increases
the hydrogen peroxide [72, 73]. Both neurotoxins, MPTP
and 6-OHDA, can potentiate the cellular apoptosis with
the increase of oxidative damage in DNA, but SSBs-derived
PARP activation does not affect 6-OHDA-derived cell death
in embryonic nigral grafts [74]. This might be because
of less formation of NO in grafted nigral neurons [75].

The apoptotic mechanism by 6-OHDA is explained by the
role of p53 and Bax translocation, and caspase activation
[66].

5. Hydrogen as a Therapeutic Antioxidant for
Experimental Animal Models of PD

Since the first striking evidence indicating that molecular
hydrogen acts as an antioxidant and inhalation of hydrogen-
containing gas reduces ischemic injury in brain [76], there
have been increasing reports which support therapeutic
properties of hydrogen against oxidative stress-related dis-
eases and damages in brain [77, 78], liver [79], intestinal
graft [80], myocardial injury [81, 82], and atherosclerosis
[83]. Hydrogen can be taken up by inhalation of hydrogen-
containing gas (hydrogen gas) or drinking hydrogen-
containing water (hydrogen water). One hour after the start
of inhalation of hydrogen gas, hydrogen can be detectable in
blood, at levels of 10 uM in arterial blood [76]. The content
of hydrogen can be measured even after intake of hydrogen
water by a catheter, which shows 5uM in artery calculated
after 3min of hydrogen water incorporation [77]. Taking
into account its continuous intake, it is easier and safer to
drink hydrogen water than inhaling hydrogen gas.

We have previously reported that hydrogen in drinking
water reduced the loss of dopaminergic neurons in MPTP-
treated mice [19]. The therapeutic effects of hydrogen water
against PD model have also been confirmed in another
animal model, 6-OHDA-treated rats [84]. It is reported that
6-OHDA also causes 8-0xoG accumulation and mitochon-
drial dysfunction through oxidative stress [85], and thus our
model shown in Figure 1 can be applied to the PD model.
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Figure 2: The effects of hydrogen in oxidative stress-derived neural apoptosis in dopaminergic cells. Hydrogen (H,) selectively reduces
hydroxyl radical (¢OH) by direct reaction, and decreased oxidative damage such as mitochondrial/nuclear 8-0x0G (mt8oxoG/nu8oxoG)
accumulation, and 4-hydroxynonenal (4-HNE) production in dopaminergic neurons. Each oxidative damage is involved in different
neuronal apoptosis. Abbreviation; MPP*: 1-methyl-4-phenylpyridinium ion, DAT: dopamine transporter, ROS: reactive oxygen species,
ATP: adenosine 5’ -triphosphate, « OH: hydroxyl radical, «O,": superoxide, 4-HNE: 4-hydroxynonenal.

In these animal models, a number of dopaminergic
neurons in SNpc, as well as nerve terminal fibers in stria-
tum, were decreased by administration of the neurotoxin.
However, hydrogen water significantly reduces the loss of
both neuronal cell bodies and fibers compared with normal
water. In MPTP-treated mice, chronic administration using
an osmotic minipump results in neuronal loss as well as
behavioral impairments observed by the open-field test
[21]. Rats administered with 6-OHDA also show behav-
ioral impairments assessed by the rotarod test. Hydrogen
improved behavioral impairment in both MPTP and 6-
OHDA model. From these observations, hydrogen water
even prevents behavioral alteration which is regarded as a
major symptom in PD.

It would provide us with useful information for the
design of a therapeutic strategy to investigate how long
the neuroprotection acquired by hydrogen water lasts.
Continuous intake of hydrogen water before and during
MPTP administration showed significant neuroprotection.
However, intake of hydrogen water even after MPTP
administration also reduced neurotoxic damage [19]. PD
is regarded as a progressive neurodegenerative disease, so
daily intake of hydrogen water might prevent the disease
progression as well as the onset of neurodegeneration.

It has been reported that hydrogen reduced cytotoxic
*OH selectively whereas the production of other radicals
such as superoxide, hydrogen peroxide and nitric oxide was
not altered by hydrogen [76]. This selectivity was proved
by cell-free system, and in particular, the preference of

scavenging of eOH rather than superoxide was confirmed
in PC12 cell culture system [76]. According to Setsukinai et
al. [86], both «OH and peroxynitrite (ONOO™) were much
more reactive than other ROS. This would be an answer why
hydrogen shows selective reaction with only the strongest
radicals both in the cell-free system and in PC12 cells.

Especially, «OH overproduction in oxidative and neu-
rotoxic reaction by MPTP leads to lipid peroxidation
observed by 4-hydroxynonenal (4-HNE) immunostaining
in nigral dopaminergic neurons prior to cellular death. 4-
HNE immunoreactivity in MPTP-treated mice is increased
by three-times as much as in saline-treated mice [19], which
was similar to the previous report of 4-HNE protein levels in
substantia nigra observed at the same periods after MPTP
administration using HPLC [41]. Hydrogen water signifi-
cantly reduces the formation of 4-HNE in dopaminergic
neurons in the substantia nigra to the level of control [19]
(Figure 2). On the other hand, the increase of superoxide,
which is detectable by administration of dihydroethidine
(DHE) intravenously, was not significantly reduced by
hydrogen water [19]. Although hydrogen reduces the pro-
duction of superoxide in brain slices in hypoxia/reperfusion
injury [87], hydrogen water might show a preferential
reduction of «OH during the protection of dopaminergic
neurons.

Hydrogen water significantly reduces the accumulation
of 8-0xoG in striatum after MPTP administration [19]
(Figure 2). As mentioned above, 8-0x0G, an oxidized form
of guanine, accumulates both in mitochondria and in
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nucleus; their nomenclature are mt8oxoG and nu8oxoG,
respectively. Mt8oxoG accumulates in striatum which are
rich in mitochondria in nerve terminal of dopaminergic
neurons projected from the substantia nigra. Although
nu8oxoG was not detected in nigral cell nucleus [19],
hydrogen water might prevent the mt8oxoG-induced cellular
apoptotic signals, not just reduce «OH in dopaminergic
nerve terminals.

Hydrogen was effective when it was inhaled during reper-
fusion; when hydrogen was inhaled just during ischemia
(not in reperfusion), infarct volume was not significantly
decreased [76]. It was shown that hydrogen in the brain
decreased immediately after stopping inhalation and com-
pletely disappeared within 10 min [19], indicating that the
effect of hydrogen can be observed only during the period
when the oxidative insults occur. Hydrogen could be detected
in the blood 3 min after administration of hydrogen water
into the stomach [77]. However, unpublished data showed
that the half-life of hydrogen in the muscle in rats was
approximately 20 min after the administration of hydrogen
gas. Taking these reports into consideration, hydrogen in
the brain and other tissues does not stay long enough to
exert its ability as an antioxidant to ROS directly. Therefore,
it is unlikely that direct reaction of hydrogen itself with
ROS plays a major role in the neuroprotection, especially
by hydrogen in drinking water, although hydrogen itself has
the ability to reduce «OH preferentially. In accordance with
this hypothesis, previous reports from Nakao et al. [88]
has demonstrated that drinking hydrogen water increases
urinary antioxidant enzyme, superoxide dismutase (SOD),
an endogenous defensive system against ROS- (especially
superoxide-) mediated cellular damage. Although it takes
eight weeks for significant increase of SOD in humans,
hydrogen has the ability to alter the expression level of
urinary antioxidant enzyme. It was also reported that hydro-
gen water increased total bilirubin for four to eight weeks
compared to baseline. Bilirubin is produced by the catalytic
reaction of heme oxygenase 1 (HO-1), and degradation of
heme generates bilirubin as well as carbon monoxide and
free iron. The increase of HO-1 expression is likely due to
the response to oxidative stress, and this response is also
characterized as a phase II antioxidant which is positively
regulated by several stress-responsive transcriptional factors
[89]. Therefore, taking these observations into account, we
might better have another aspect for protective effect of
hydrogen in drinking water apart from inhalation. It is possi-
ble that drinking of hydrogen water has not only the ability to
reduce cytotoxic radicals, but also novel mechanisms which
are related to anti-oxidative defense system.

6. Conclusion

Oxidative stress is a key factor to induce cellular apoptosis
in MPTP- and 6-OHDA-derived neurotoxicity. From studies
using postmortem human brain of PD patients, increased
iron, oxidation of proteins and DNA, lipid peroxidation
in the SN appear to be important findings of oxidative
stress [90-93]. Thought there are effective antioxidants or
therapeutic strategies for PD, reduction of oxidative stress

Parkinson’s Disease

would be more desirable to attenuate neurotoxic damage in
PD. Here, we would like to address that one of the most
efficient ways to attenuate oxidative stress is taking low con-
centration of hydrogen in drinking water, a safer and easier
way of hydrogen intake. Although the precise mechanism
how hydrogen works is still under investigation, it will be
possible to reveal the mechanisms using conventional PD
models such as MPTP and 6-OHDA models. Not only that
it is of great interest to know the neuroprotective mechanism
of hydrogen but also hydrogen will bring great beneficial
effects to reduce a risk of lifestyle-related oxidative damage
and related neurodegenerative diseases including PD.
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Frequent Truncating Mutation of TFAM Induces
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Abstract

The mitochondrial transcription factor A (TFAM) is required for mitochondrial DNA (mtDNA) replication and
transcription. Disruption of TFAM results in heart failure and premature aging in mice. But very little is known
about the role of TFAM in cancer development. Here, we report the identification of frequent frameshift
mutations in the coding mononucleotide repeat of TFAM in sporadic colorectal cancer (CRC) cell lines and in
primary tumors with microsatellite instability (MSI), but not in microsatellite stable (MSS) CRC cell lines and
tumors. The presence of the TFAM truncating mutation, in CRC cells with MSI, reduced the TEAM protein level
in vivo and in vitro and correlated with mtDNA depletion. Furthermore, forced overexpression of wild-type
TFAM in RKO cells carrying a 7FAM truncating mutation suppressed cell proliferation and inhibited RKO cell-
induced xenograft tumor growth. Moreover, these cells showed more susceptibility to cisplatin-induced
apoptosis due to an increase of cytochrome b (Cyt b) expression and its release from mitochondria. An
interaction assay between TFAM and the heavy-strand promoter (HSP) of mitochondria revealed that mutant
TFAM exhibited reduced binding to HSP, leading to reduction in Cyt & transcription. Collectively, these data
provide evidence that a high incidence of 7FAM truncating mutations leads to mitochondrial copy number
reduction and mitochondrial instability, distinguishing most CRC with MSI from MSS CRC. These mutations
may play an important role in tumorigenesis and cisplatin-induced apoptotic resistance of most microsatellite-
unstable CRCs. Cancer Res; 71(8); 2978-87. ©2011 AACR.
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Introduction

Colorectal cancers (CRC) display 2 major types of genomic
instability: chromosomal instability (CIN) and microsatellite
instability (MIN or MSI; 1). CRC exhibiting MSI is character-
ized by the inactivation of DNA mismatch repair (MMR)
proteins (2). As a consequence, tumors with MSI accumulate
genetic alterations in both coding and noncoding microsa-
tellite repeats, which are widely distributed throughout the
genome (1, 3). MSI occurs in ~90% of cancers in patients with

Authors' Affiliations: 'Department of Genetics, Louisiana State University
Health Sciences Center, New Orleans, Louisiana; Department of Labora-
tory Medicine & Pathology, Mayo Clinic, Rochester, Minnesota; *Depart-
ment of Pathology, Jiaotong University; “Department of Surgery, Ninth
People's Hospital, Shanghai, China; *Department of Clinical Chemistry
and Laboratory Medicine, Kyushu University, Fukuoka, Japan; and ®Life
Technologies, Carlsbad, California

Note: Supplementary data for this article are available at Cancer Research
Online (http://cancerres.aacrjournals.org/).

Jianhui Guo, Li Zheng, and Wenyong Liu contributed equally to this work.

Corresponding Author: Wanguo Liu, Department of Genetics, Louisiana
State University Health Sciences Center, New Orleans, LA 70112. Phone:
504-568-5143; Fax: 504-568-8500; E-mail: wiiu2@Iisuhsc.edu

doi: 10.1158/0008-5472.CAN-10-3482
©2011 American Association for Cancer Research.

hereditary nonpolyposis CRC and in 10% to 15% of sporadic
CRC (4). Since the inactivation of an MMR gene by itself is
unlikely to result in a transforming event, additional genetic
changes are believed to be required for cells to become
malignant. In addition to the large number of microsatellite
repeat alterations in noncoding regions that have been
reported in CRC with MSI, many genes with frameshift
mutations in their coding repeats have also been documented.
Examples include TGFBRII, BAX, AXIN2, and HDAC2 (5-9).
Functional analyses of some of these mutants have demon-
strated that frameshift mutations can lead to loss of tumor
suppressor function and are probably responsible for driving
tumorigenesis in colonic tissues (6, 9). Therefore, it is critical
to identify the genes carrying frameshift mutations in their
coding repeats and defining their roles in tumorigenesis for an
improved understanding of the etiology of CRC with MSL
Furthermore, this will provide valuable information for prog-
nostic evaluation and better therapeutic intervention.

On screening for potential mutation targets of deficient
MMR, we identified a coding poly(A),o repeat in the TFAM
gene. TFAM (also known as mtTF1, mtTFA, or TCF6) is a
mitochondrial transcription factor (10). It regulates mtDNA
transcription and replication, and plays a critical role in
maintaining mtDNA copy number and mitochondrial mor-
phology (10-12). Tfam heterozygous knockout mice exhibited
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a 50% reduction in both Tfam transcription and Tfam protein
levels, resulting in a marked reduction in the mtDNA copy
number (11). TFAM and mtDNA copy number have been
shown to be critical for the regulation of mitochondrial gene
expression; their reduction leads to reduced heart function
and aging (13, 14). Moreover, the depletion of mtDNA and
reduction of TFAM-dependent mtDNA expression are
involved in infantile mitochondrial myopathy, Alzheimer dis-
ease, and Parkinson disease (13, 15, 16).

In the present study, we explored the role of TFAM in
colorectal carcinogenesis. We identified a high frequency of
TFAM truncating mutations, showed low level of TFAM
protein and reduced mtDNA copy number in both CRC cell
lines and primary CRC tissues with MSI. We also examined the
effect of the mutant TFAM on tumorigenesis, mitochondrial
gene expression, and cisplatin-induced apoptotic resistance.
Our results indicate that TFAM mutations induce mtDNA
depletion and result in decreased tumor sensitivity to cisplatin
in most CRC with MSI. The presence of these alterations
suggests the potential importance of TFAM in tumorigenesis
of CRC with MSI and implicates TFAM-dependent mitochon-
drial instability as a unique pathogenetic factor for CRC with
MSI. TFAM mutation may be potentially useful in predicting
outcomes and selecting chemotherapy for patients with
microsatellite-unstable CRC.

Materials and Methods

Tumor tissues and cell lines

Eighty-nine CRC tissue specimens including 43 MSI and 46
MSS collected at Mayo Clinic were previously described (6).
Seventeen CRC cell lines including 11 with MSI (LS174T,
Coll5, LoVo, TC7, HCT-15, HCT 116, TC71, SW48, RKO,
HCT-8, and LS411) and 6 MSS (SW480, SW837, COL0205,
SW620, HT-29, and Caco-2), as well as 4 endometrial cancer
cell lines with MSI (HEC-1-A, HEC59, Ishikal4, and RL95-2), 1
gastric cancer cell line with MSI (SNU-1), and 4 non-CRC cell
lines (LNCaP, SKBR3, MDA-MB231, and MCF-7) were
obtained from American Type Culture Collection. Cells were
cultured in medium by the standard protocol. Genomic DNA
from tissues or cell lines was isolated using Easy-DNA Kit
(Invitrogen) following the manufacturer's instructions.

Mutation analysis

PCR was performed using the forward primer in exon 4 of
TFAM: 5'-ATAAAGAAGAGATAAGCAGATT-3' and the reverse
primer in intron 5: 5'-TGCCTATTAAGAGAAAACTAC-3' fol-
lowing the condition previously described (17). Mutations
were determined by direct sequencing analyses of the PCR
products (18). All mutations were confirmed by repeated PCR
amplification and bidirectional sequencing analysis.

Western blotting

The whole cell lysates, cytosol, and mitochondria fractions
were isolated from cells as previously described (19). Western
blot analysis was performed following the protocol described
before (17) using rabbit polyclonal TFAM antibody (20) and
antibodies against Cyt b, cleaved PARP-1, and cleaved Casp-3

(Cell Signaling), B-actin and B-tubulin, and the corresponding
HRP-conjugated secondary antibodies (Sigma), respectively.

Immunofluorescence and immunohistochemistry
analyses

For immunofluorescence analysis, cells grown on the 12-
well chamber slides were incubated with 100 nmol/L
MitoTracker Red CMVRos (Invitrogen) for 20 minutes. Cells
were then washed, fixed, and blocked in 1% bovine serum
albumin-PBS, incubated with primary antibodies and goat
antirabbit secondary antibody conjugated to Alexa 488 (Invi-
trogen). Microscopy was performed on LSM510 Carl Ziess
Confocal Laser Scanning Microscope. For immunohistochem-
ical analysis, tissue sections were deparaffinized, rehydrated,
and treated in 3% H,0,-methanol to remove endogenous
peroxidase. The sections were then boiled in 10 mmol/L citric
acid buffer (pH 6.0) for 20 minutes for antigen retrieval,
followed by incubation with anti-TFAM antibody (20), bioti-
nylated goat antisera, and streptavidin peroxidase (Jackson
ImmunoResearch). Detection was done using 3,3'-diamino-
benzidine (Vector Labs). Sections were scored as 0 (—, nega-
tive), 1 (4, weak positive), 2 (++, medium positive), and 3
(+-++, strong positive), respectively.

Determination of mtDNA copy number and
mitochondrial mass

The mtDNA copy number was determined by quantitative
real time PCR (qPCR) using the Platinum SYBR Green gPCR
SuperMix-UDG with ROX (Invitrogen) on ABI PRISM 7900
Sequence Detector (Applied Biosystems; 21). The primer
sequences used were NDI1-F1, 5-CACCCAAGAACAGGG-
TTTGT-3' and NDI-R1, 5-TGGCCATGGGATTGTTGTTAA-
3’ for mitochondrial NADH dehydrogenase 1 (NDI), and
B-actin-F, 5'-TCCCAGCACACTTAACTTAGC-3' and B-actin-
R, 5'-AGCCACAAGAAACACTCAGG-3/, for B-actin (nuclear
DNA control), respectively. Relative copy number was cal-
culated from the threshold cycle value (Ct value) using the
delta delta Ct (AACT) method (22). Each reaction was
optimized and confirmed to be linear within an appropriate
concentration range using genomic DNA from a normal
colon epithelial cell line CRL1807. The mitochondrial mass
was determined using flow cytometry. Briefly, 1 x 10° cells
were labeled with 100 nmol/L MitoTracker Red CMXRos
(M7512, Invitrogen) in Dulbecco's modified Eagle medium
containing 10% FBS and incubated at 37°C for 30 minutes,
washed and resuspended in 1 mL PBS with 1% FBS. Indi-
vidual cellular fluorescence signals were analyzed compared
to unstained cells as controls using FACSCalibur and Cell-
Quest Pro software (BD Biosciences).

RNA extraction and gRT-PCR

Total RNA was extracted using Trizol reagent (Invitrogen)
following the manufacturer's instructions. The first strand
cDNA was synthesized by Superscript III First-Strand Kit
(Invitrogen). gRT-PCR was carried out with ABI Prism 7900
using primers: ND1-F2, 5-TCGCCCTATTCTTCATAGCC-3/
and NDI-R2, 5-AGAAGTAGGGTCITGGTGAC-3' for NDI;
CYTB-F, 5-CTATCCATCCTCATCCTAGC-3' and CYTB-R,
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5-TGGTTGTCCTCCGATTCAGG-3' for mitochondrial cyto-
chrome & gene (CYTB), respectively. Glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) was used as an internal control
with primers GAPDH-F, 5-TCCCAGCACACTTAACTTAGC-3'
and .GAPDH-R, 5'-AGCCACAAGAAACACTCAGG-3'. Relative
expression levels of NDI and CY7TB were calculated by the
AACT method as described above.

Constructs, lentivirus preparation, and infection

The full-length wild-type TFAM (Wt-TFAM) c¢DNA was
PCR-amplified and cloned into pCMV-tag5b expression vector
(Strategene). The mutant TFAM (Mut-TFAM) was created
using the pCMV-tagsb-Wt-TFAM as a template by deleting
1 A in the poly(A),, region using QuickChange XL site-directed
mutagenesis kit (Stratagene) following the supplier’s instruc-
tions. Lentiviral constructs expressing Wt- or Mut-TFAM were
generated by inserting the PCR products of the full-length Wt-
or Mut-TFAM-Myc gene into pCDH-CMV-MCS-EF1-copGFP
vector (System Biosciences) with the BamH1/Nod restriction
sites, respectively. To express the GST (glutathione S transfer-
ase) fusion proteins of mature Wt- or Mut-TFAM in Escher-
ichia coli, the Wt- or Mut-TFAM without the mitochondrial
target sequence (1-43 amino acid residues) was amplified by
PCR using pCMV-tag5b-Wt- or Mut-TFAM-Myc as templates
and cloned into pGEX-4T-1 vector (GE Healthcare) with
BamH1/Notl restriction sites. All constructs were verified by
sequencing and immunoblotting. Lentivirus production and
cell infection were performed according to the manufacturer's
instructions.

Separation and analyses of mitochondrial
NP-40-soluble and -insoluble fractions

Mitochondrial NP-40-soluble and -insoluble fractions were
separated and analyzed as previously described (23) with
modification. Briefly, mitochondria (1.0 mg protein/mL) iso-
lated from RKO cells expressing Wt-TFAM-Myc, Mut-TFAM-
Mye, or control vector were resuspended in TES buffer (10
mmol/L Tris-HCl, pH 7.4, 0.25 mol/L sucrose, 1 mmol/L
EDTA) containing 1x protease inhibitor mix and 0.5% NP-
40. After incubation (30 minutes on ice) and centrifugation
(20,000 x g, 30 minutes, 4°C), samples were separated into a
pellet (P1) and a supernatant (SI). The P1 fractions were
resuspended in mitochondrial lysis buffer, centrifuged (20,000
x g 30 minutes) and supernatants (S2) were collected. Equal
volumes of S1 or S2 fractions were subjected to 15% SDS-PAGE
and detected by immunoblotting using anti-TFAM antibody.
In addition, the mtDNA in P1 and S1 fractions were extracted
(23) and subjected to PCR amplification and gel electrophor-
esis analysis.

Interaction assay of TFAM protein with mitochondrial
heavy-strand promoter

GST-Wt-TFAM and GST-Mut-TFAM fusion proteins were
generated as previously described (20) and purified using
BugBuster GST Bind Purification Kit following manufacturer’s
instruction (Novagen). The mitochondrial heavy-strand pro-
moter (HSP) was generated by annealing 2 complementary
oligonucleotides HSP-F: 5-CACACACCGCTGCTAACCC-

Normal Mutant
n #

T
LS

linker  HMG box 2

Figure 1. Sequence analysis of TFAM frameshift mutation in human CRC.
A, sequence chromatograms of TFAM poly(A);o mononuclectide repeat in
normal (left) and CRC tissue (right). Arrow indicates the mutation site. B,
genomic and domain structures of human TFAM. Frameshift TFAM
mutation in the poly(A)1¢ mononucleotide repeat region of exon 4 results in
a truncated protein lacking the C-terminus of TFAM, including a small
portion of the linker domain, the entire HMG box2 domain, and the tail
domain.

CATACCCCGAACCAACCAAACCCCAAAGACACCCCC-3' and
HSP-R: 5-GGGGGTGTCTTTGGGGTTTGGTTGGTTCGGGG-
TATGGGGTTAGCAGCGGTGTGTG-3'. The interaction assay
was performed as previously described (24) with modification.
Briefly, the reactions were performed in 50 uL binding buffer
(20 mmol/L HEPES pH 7.6, 100 mmol/L NaCl, 1 mmol/L
EDTA, 0.1% NP40) containing 500 nmol/L HSP and 0, 20,
50, 100, 200, or 400 nmol/L of GST, GST-Wt-TFAM or
GST-Mut-TFAM proteins. After incubation with glu-
tathione-sepharose beads and centrifugation, the superna-
tants containing the unbound HSP were subjected to qPCR
analysis using primers corresponding to the mitochondrial
HSP, hsp-rtF: 5-CACACACCGCTGCTAAC-3" and hsp-rtR: 5'-
GGGTGTCTTTGGGGTTT-3'. The levels of protein-bound HSP
were determined by subtracting the unbound HSP.

Cell proliferation and apoptosis assays

For cell proliferation assay, cells infected with Lenti-vector,
-Wt-TFAM, or -Mut-TFAM were seeded in 6-well plates (0.3 x
10° cells/well in triplicate) and counted daily for 5 days using a
hemacytometer with trypan blue staining. For apoptosis
analysis, the infected cells were treated with cisplatin (50
wmol/L/mL, 12 hours), followed by propidium iodide staining
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Table 1. TFAM mutations identified in cancer cell lines with or without MSI

Tumor cell lines MS status Cell line Ay, allele status

Colorectal cancer
MSI Co115 A9/A10
MSI LS174T A9/A10
MSI LoVo AS/A10
MSI TC71 A9/A10
MSI HCT15 AQ/A10
MSI HCT116 A9/A10
MSI TC7 A9/A10
MSI Sw48 A9/A10
MSI RKO A8/A10
MSI HCT8 A9/A10
MSI LS411 A9/A10
MSS Sw480 A10
MSS Sw837 A10
MSS Colo205 A10
MSS SW620 A10
MSS HT-29 A10
MSS Caco-2 A10

Endometrial cancer
MSI HEC-1A A9/A10
MSI HEC59 AY/A10
MSI Ishika14 A9/A10
MSI RL95-2 A10

Gastric cancer
MSI SNU-1 A9/A10

(25) and analyzed by the FACScan flow cytometer (Coulter
Epics XL-MSL, Beckman Coulter).

Xenograft tumor growth assay

Cells infected with various lentiviral constructs grown to
70% to 80% confluences in complete medium were harvested
with trypsin-EDTA and washed with PBS. Cells were counted
and suspended in sterile PBS at a concentration of 2.0 x 107
cells/mL. Five-week-old nude mice (NCI) were inoculated s.c.
in the left and right hind flanks with 200 pL cell suspension.
Tumor development was closely monitored and pictures of
mice were taken 3 weeks after inoculation.

Statistical analysis

Data are presented as mean =+ SE. Student's ¢ test was used
to compare means of 2 independent groups. One-way ANOVA
and post hoc Turkey's test was applied to analyze the differ-
ence of means of more than 2 groups. A P < 0.05 was
considered statistically significant using SigmaStat 3.5 (Systat
Software).

Resulis

TFAM frameshift mutations in primary CRCs and cell
lines

We analyzed the poly(A);o mononucleotide repeat within
exon 4 of the TFAM gene for mutations in 17 CRCs cell lines

and 89 CRC tissue specimens. We detected a mutation fre-
quency of 100% (11/11) in CRC cell lines and 74.4% (32/43) in
CRC tissue specimens with MSI. All the mutations displayed a
heterozygous deletion of 1 base in the mononucleotide A
track, except 1 cell line and 4 tissue specimens that displayed
a 2-base deletion (Fig. 1A and Table 1). The TFAM frameshift
mutation was also detected in 3 of 4 endometrial and 1 gastric
cancer cell lines with MSI but not in 6 CRC cell lines and 46
CRC tissue specimens without MSI, nor in DNA isolated from
normal individuals and cancer cell lines without MSI (Table 1
and data not shown). These data clearly demonstrate that the
frequent frameshift mutation of the T7FAM gene is unique to
microsatellite-unstable cancers, particularly to microsatellite-
unstable CRC, distinguishing them from MSS CRC.

TFAM mutation results in reduction in TFAM protein
level

The TFAM frameshift mutation is predicted to result in a
protein truncation at codon 149 (Leul49Stop; A149), leading
to the deletion of the entire region of the second HMG domain
and the tail region (Fig. 1B). To assess the putative effect of the
mutation, we analyzed TFAM levels in 10 CRC cell lines (5 with
MSI and 5 without MSI) by Western blotting using the TFAM
polyclonal antibody. All 5 CRC cell lines with MSI showed
reduced TFAM protein levels as compared to those in the 5
MSS CRC cell lines (Fig. 2A). Similar results were obtained by
another TFAM antibody (ABCOM, Ab 47517, data not shown).
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Figure 2. TFAM frameshift mutation results in reduction of TFAM protein and mtDNA in CRC with MSI. A, relatively low levels of TFAM protein in CRC cell lines
with MS!| and TFAM mutations compared to those in MSS CRC cell lines. B, immunofluorescent analysis of TFAM (green) and mitochondria (red) in
MSS CRC cells (Caco2 and SW837) and CRC cells with MSI (HCT116 and TC71). Scale bar indicates 10 pm. C, mitochondrial mass of CRC cells.
Shown here are flow cytometry curves for cells as in (B; top), and average values of the mean fluorescent intensity (MFI) of MitoTracker Red (bottom, P < 0.05).
Results represent mean + SE of 3 independent experiments. D, representative images of TFAM immunohistochemical analysis in 2 CRC specimens with MSI
carrying TFAM mutations and 2 MSS CRC specimens. Positive TFAM immunoreactivity appeared brown in cytoplasm. Scale bar indicates 50 um.

In agreement with the Western blot data, immunofluores-
cence analysis showed relatively lower levels of TFAM protein
in CRC cells with MSI than in MSS CRC cells (Fig. 2B). In
addition, cells with reduced TFAM expression exhibited
reduced mitochondrial mass compared to that in MSS CRC
cell lines shown by decreased MitoTracker labeling (Fig. 2B
and C). To examine the above observations in vivo, we
performed immunohistochemical analysis of TFAM in 20
primary CRC specimens. Nine of the 10 CRC with MSI carrying
TFAM mutations showed low levels of TFAM, while all 7 CRC
with MSI carrying no 7FAM mutations and 3 MSS CRC
specimens displayed strong levels of TFAM (Fig. 2D). Taken
together, these in vitro and in vivo data suggest that the TEAM
truncating mutation correlates with the reduction in TFAM
protein in most CRC with MSIL

TFAM mutation leads to mtDNA depletion in CRC
Reduction in TFAM protein has been shown to induce
mtDNA depletion in Tfam knockout mice and in cultured
mammalian cells (11, 26). To determine whether this is also
the case in CRC with MSI, we performed qPCR of mtDNA from
17 CRC cell lines, using the NDI gene as the mtDNA marker
and B-actin as a nuclear control. We first determined the
efficiency and reproducibility of the method using a normal
colon epithelial cell line (CRL-1807) as a control and generated
a standard curve (Supplementary Fig. S1). The results indi-
cated that the mtDNA copy number in 11 CRC cell lines with
MSI was significantly lower than that in the 6 MSS CRC cell
lines (1:2.63, P < 0.01; Fig. 3A, left). Similar results were
obtained on analysis of 4 non-CRC cell lines with MSI
(Table 1) and 5 non-CRC cell lines (LNCaP, SKBR3, RL95-2,
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MDA-MB231, and MCF-7), which do not carry 7FAM muta-
tions (Fig. 3A, right). These data demonstrate that the TFAM
truncating mutation resulting in TFAM protein reduction led
to the decrease in mtDNA copy number in CRC with MSIL.

Mut-TFAM promotes tumorigenesis in CRC

To assess the potential role of the mut-TFAM in CRC
tumorigenesis, we performed a cell proliferation assay using
the RKO CRC cell line, which harbors a 7FAM truncating
mutation. The growth rates of RKO cells infected with Lenti-
Mut-TFAM or Lenti-Wt-TFAM were compared with the
growth rates of RKO cells infected with Lenti-vector. The
expression level of exogenous TFAM (Wt- or Mut-TFAM)
was about 10% of the level of endogenous TFAM and appeared
no apparent toxic effect on cells compared to the cells infected

with Lenti-vector (Supplementary Fig. S2A and B). We found
that the cells expressing Mut-TFAM grew faster, while the cells
expressing Wt-TFAM grew slower than the control cells (P <
0.05, Fig. 3B, left). Similar results were observed in the HCT116
CRC cell line, which also harbors a TFAM truncating mutation
(Fig. 3B, right). To determine the cell growth suppression
potential of Wt-TFAM irn vivo, we implanted athymic nude
mice with RKO cells expressing the Lenti-vector or Lenti-Wt-
TFAM on the right or left hind flank, respectively. Consistent
with the in vitro cell proliferation data, RKO cells infected with
Wt-TFAM induced much smaller tumors than those induced
by the control RKO cells (Fig. 3C, left). The weight of the
tumors induced by Wt-TFAM was reduced by more than 70%
compared to those induced by control RKO cells (P < 0.01,
Fig. 3C, right). These results suggest that the 7FAM truncating
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