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CQ14641:5’-acc cac act caa cag aaac
CQ15121:5%-aac age ctt cat agg cta tg
CQI15535:5°-cac cce tee cea cat caa gee
CQ15838:5"-cct aat acc aéc tat cte cc
CQ16200:5%-aca agc aag tac agc aat ca

CQ132:5-ctt tga tic ctg cct cat cc
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Table 3. Sequence variation in the mtDNA of the 15 LHON patients.
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* and ** : showed the members of the same family.
Gray boxes showed nucleotide change in this study.
Black boxes showed primary mutation of LHON.
Green boxes showed secondary mutation of LHON.

Purple box showed novel polymorphism of LHON in our family.
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Figure 1. Pedigree of the family.
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Figure 3. ATPase 6 polypeptide through evolution
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1 1
Patients  |QPMALAVRLTARVTAGHLLMHLIGSATLAMSTINLPSTL
Homo supiens | 0PHALAVRLTAN| TAGHLLNHL | GSATLAMST INLPSTL
Bos taurus  |(PHALAVRLTANI TAGHLL IHL IGGATLALMSISTTTAL
Canis fumiliaris |QPMALAVRLTANI TAGHLL THL 1GGATLAL INISATTAF
Gorilla gorilla | QPMALAVRLTANI TAGHLLNHL | GSATLAMSTTHLPSTL
Mus musculus | GPMALAVRLTANI TAGHLLNHL | GGATLVLUNISPPTAT
Susscrof |QPVALAVRLTANITAGHLL IHL IGGATLALLNINTNTAF

21 of 22



Tuesday , March 01, 2005
22 Povalko N. et al.
Figure legends
Figure 1.
Pedigree of the family. Arrow shows the Proband (II1.1), and filled symbols show
affected members for LHON (subjects 1.3, 1.4, I1.2, I1.3, and IL.4), Five personé out of 5 men in

the maternal relatives in this family are LHON indicated 100% penetrance in men.

Figure 2.

HpyCH4 IV restriction endonuclease digestion pattern for the A9016G shows in the
12% PAGE. The full length of PCR product (308bp) was cut into two fragments in the
presence of the A9016G. Both patients showed heteroplasmic condition in the 93 %of mutant.
Lane designations: 1 = undigested PCR product, 2 = control after digestion, 3 = PCR from

mother after digestion, 4 = PCR from proband after digestion.

Figure 3.
Comparison of mitochondrial ATPase 6 polypeptide among different species through
evolution. The A9016G changes a conserved amino acid from isoleucine into valine at the

aminoacid number of 164,
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Myc is a ubiquitous mediator of cell
proliferation that transactivates the expression
of various genes through E-box sites. Here we
report a novel gene, mimitin (Myc-induced
mitochondrial protein), that encodes a
mitochondrial protein with a MW of 20 kd. We
demonstrated that the transcription of mimitin
is directly stimulated by ¢-Myec. To investigate
the role of Mimitin, its expression was
suppressed by the RNA inferference (RNAI)
technique. While specific inhibition of mimitin
expression did not affect cell proliferation in
human cervical carcinoma, colon
adenocarcinoma, and hepatocarcinoma cell
lines, it did suppress cell proliferation in human
glioblastoma, esophageal squamous cell
carcinoma (ESCC), and embryonic lung
fibroblastic cells, with the greatest suppression
efficiency in ESCC cells, To investigate whether
mimitin is related to tumorigenesis in ESCC in
vivo, the expression of Mimitin protein in ESCC
tissues was studied. Mimitin was highly
expressed in 80% (28 out of 35) of ESCC
tumors, suggesting that high expression of
Mimitin is a characteristic feature of ESCC.
The expression level of Mimitin was found to be
correlated with that of c-Myc and cell
proliferation, but not with the histopathological
grade, stage of cancer, or age of patients. Taken
together, these results suggest that the novel
gene mimitin is a direct transcriptional target of
c-Myec, and is involved in Myc-dependent cell
proliferation at least in ESCC cells.

INTRODUCTION
The myc family of proto-oncogenes consists of
three main genes: c-myc, N-myc, and L-myc (1-5).

Deregulated expression of myc family genes
through pene amplification, viral promoter
insertion, chromosomal translocation, or promoter
mutation has long been known to be associated
with neoplastic diseases in a wide range of
vertebrates including humans. Embryonic mice
with ¢c-myc or N-myc deleted develop multi-organ
hypoplasia and die during mid-embryogenesis (6-
8). These results indicate that the myc family
genes are central regulators of cell growth (4, 5,
9).

c-mmye is one of the most widely studied proto-
oncogenes, and it is the best characterized member
of the. myc gene family. In .general, c-mye
expression is assoctated with cell proliferation and
is down-regulated in quiescent and differentiated
cells. The protein encoded by c-mye is a member
of the basic helix-loop-helix leucine zipper
transcription factors (5, 9). ¢-Myc protein has been
shown to directly transactivate the expression of a
number of genes (10), including ornithine
decarboxylase (ODC) (11), RCCI (12), nucleolin
(13), cyclin D2 (14), and mina33 (15), through E-
box sites (CACGTG elements) on their genomic
DNA. However, c-myc remains enigmatic, and
information about additional genes controlled by
c-myc may help elucidate its function.

Esophageal squamous cell carcinoma (ESCC)
is a highly aggressive disease with a poor
prognosis (16). It was suggested that genetic
changes associated with the development of ESCC
involve activation of proto-oncogenes (17),
including cyelin D1 (18), c-erbB2, and c-myc, and
inactivation of several tumor suppressor genes,
including p53, Rb, and p16 (19-22). However, the
precise mechanisms of the development of ESCC
remain unclear.

Copyright 2005 by The American Society for Biochemistry and Molecular Biology, Inc.
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Here we report a novel gene, mimitin, whose
expression is directly induced by c-Myc. The
mimitin gene encodes a protein with a MW of 20
kd, which localizes in mitochondria. QOur results
suggest that mimitin contributes to cell
proliferation in ESCC cells,

EXPERIMENTAL PROCEDURES

Cells and cell culture - The human cells,
cervical carcinoma HeLa, promyelocytic leukemia
HL60, colon adenocarcinoma SWa20,
glioblastoma T98G, T98G-expressing c-MycER
chimeric protein (T98Gmycer-2 cells) (15), ESCC
TE-11 (23, 24), hepatocellular carcinoma Kyn2
(25), and embryonic lung HEL (26) were
described previously. T98G cells were cultured in
Eagle’s minimum essential medium supplemented
with non-essential amino acids and 10% fetal calf
serum (FCS). The other cells were cultured in
Dulbecco’s modified Eagle’s medium containing
10% FCS.

Polymerase chain reaction (PCR), rapid
amplification of 5’ cDNA ends (5’-RACE) and 3’
¢DNA ends (3-RACE) - PCR amplifications were
performed using Ex Taq polymerase (Takara,
Shiga, Japan) or KOD polymerase (Toyobe, Osaka,
Japan) according to their manufacturer’s
instructions. 5’-RACE reactions were performed
as described previously (15, 27). The first PCR for
5-RACE was performed using the primer,
mimitin-RACE-1 (5-
GCTGCTGGGAGCCACTGAGGGTTCT-3', a
sequence in the EST clone AI803230) and the AP1
primer provided by the supplier. Nested PCR was
performed using the mimitin-RACE-2 primer (5°-
GCATGGCCTTTAATTTGAGTTTGAAC-3"),
which corresponds to a sequence in the upstream
region of mimitin-RACE-1, and the AP2 primer
provided by the supplier. The amplified 0.5 kb
fragment was cloned into a pGEM-T vector
(Promega, Madison, WI) and sequenced,

The 3’-RACE was performed with the same
protocol as the 5°-RACE using primers, mimitin-
J’RACE-1 (-
GCGGCTGGAGCATTACCCCTACTGC-3’, a
sequence that was found in the 5’-RACE product)
for the first PCR, and mimitin-3'RACE-2 primer
(5"-AAACTGGGTGGACGGCATGGGTTGG-3%),
which comresponds to a sequence in the

downstream region of mimitin-3’RACE-1 for
nested PCR. The amplified 0.6 kb fragment was
cloned into a pGEM-T vector (Promega) to
produce pT/mimitin, and sequenced. It was found
that pT/mimitin contains a DNA sequence
encoding the whole 169 amino acid protein.

Plasmids - cDNA for human mimitin was
amplified by PCR with 5
CCGGAATTCTGCCATGGGTTGGTCTCAGGA
TTTGTTCC-3 (5°-mimitinEco), adding an EcoRI
site just before the initiation methionine, and 5°-
GGAAGATCTGAATTCATTGATTGTGGCTCTT
GCCATCTCG-3’, adding an EcoRI site just after
the stop codon, as primers from pT/mimitin. The
0.5 kb fragment was cleaved with EcoRI, and
inserted into fragments of a pCAGGS mammalian
expression vector (28), an E. coli expression
vector pGEX-3X (Amersham Biosciences,
Piscataway, NJ), and an E. coli expression vector
pET28b(+) (Novagen, Madison, WI), which were
cleaved with EcoRI and dephosphorylated with E.
coli  alkaline  phosphatase, to  produce
pCAGGS/mimitin, pGEX/mimitin for GST-
Mimitin fusion protein, and pET28&/mimitin for
His x 6 tagged-Mimitin protein, respectively.
c¢DNA for human mimitin was amplified by PCR
with 5- mimitinEco, and 5°-
GCATGGTACCTGATTGTGGCTCTTGCCATC-
3’, deleting the stop codon and adding a Kpnl site,
as primers from pT/mimitin, The 0.5 kb fragment
was cleaved with EcoRI and Kpnl, and inserted
into a fragment of a pcDNA3.1/myc-His(-)B
mammalian  expression vector (Invitrogen,
Carlsbad, CA) to produce pcDNA/mimitin-mychis.
Reporter plasmids containing a mimitin genomic
DNA fragment were constructed as described
below. A 0.9 kb genomic DNA fragment of the
human mimitin gene, which extends from the
promoter region to intron 1, was amplified by PCR
with 5-GTGGAGGGCAGTTATTCTITGGAG-
3" and 5-GGGCTCTCACTTTTCCTTCCTTTA-
3", and cloned into a pGEM-T vector (Promega) to

produce  pT/mimitin(promoter), The DNA
fragment was amplified from
pT/mimitin{promoter) with 5°-

GTGGAGGGCAGTTATTCTTTGGAG-3" and 5'-
GGGGCTCCCATGGTTCCTTCCTTTACTGAC

CTC-3’, adding a Neol site, The 0.9 kb amplified
fragment was cleaved with BamHI and Ncol to
produce a (.7 kb fragment, and inserted into the



4.8 kb fragment of a pGL3-Basic vector that
contained firefly luciferase cDNA (Promega),
which was cleaved with Bg/ll and Ncol to produce
pmimitin{W)luci. The mimitin genomic DNA
fragment contains a CACGTG element in the
coding region of exon 1. Mutations were
introduced at the CACGTG element of
pmimitin(W)luci as described previously (15), to
produce pmimitin(mE)luci, in which CACGTG
was mutated to CACCCG. pRL-CMYV containing
the Renilla reniformis luciferase gene under the
control of a CMV promoter was purchased from
Promega.

RNA preparation, differential display using a
DNA chip (cDNA micro array), Northern blot
analysis, and preparation of prebe DNAs - Total
RNA was isolated from cells as described
previously (15). Poly(A") RNA aliquots from
T98Gmycer-2 cells untreated or treated with 4-
hydroxytamoxifen (OHT) were subjected to
differential display using a DNA chip (UniGEM
Human V Ver. 2, Incyte Genomics, Palo Alto, CA)
as described previously (15). Northern blot
analysis was performed as described previously
(15). The DNA probes for c-myc (12) and
glyceraldehyde-3-phosphate dehydrogenase
{(GAPDH) (29) were described previously. The
DNA probe for mimitin was a 0.5 kb EcoRI
frapment of pCAGGS/mimitin.

Transient expression assay - A transient
expression assay was performed basically as
previously described (15). In brief, T98Gmycer-2
cells were plated into a dish and cultured in
medium supplemented with 0.25% FCS for 20-24
h. One pg of the reporter plasmids and 20 ng of
pRL-CMYV as an internal transfection marker were
transfected, Ten to 12 hours later, OHT was added
to activate MycER chimeric protein, and cells
were further cultured for 9-12 h. Cells were then
collected and analyzed for luciferase activity,

Chromatin immunoprecipitation - Chromatin
immunoprecipitation assay was performed as
described previously (15), basically according to
the methods described by Boyd et al. (30).
Immunoprecipitated DNA  fragments  were
detected by PCR, using the primers 35'-
GTGGAGGGCAGTTATTCTTTGGAG-3" and 5°-
GGGCTCTCACTTTTCCTTCCTTTA-3’, which

amplified a 0.9 kb fragment containing the
sequence of the promoter, exon 1 and part of
intron 1 of the human mimitin gene. A DNA
fragment of the human gene encoding the
trifunctional  enzyme  carbamoyl-phosphate
synthase/aspartate
carbamoyltransferase/dihydroorotase  (cad) was
also amplified by PCR, wusing the primers
described previously (31).

Antibodies - The GST fusion protein GST-
Mimitin was expressed using pGEX/mimitin in E.
coli JMI109 and isolated by a glutathione
Sepharose column (Amersham Biosciences), and
further purified by SDS-PAGE. Rabbits were
immunized with the recombinant polypeptide.
Polyclonal anti-Mimitin antibody was purified
from rabbit serum using Sepharose 4B conjugated
with recombinant His x 6-tagged Mimitin
polypeptide isolated by Nickel Column as
described previously (15). Antibody-2 against c-
Mye (12) and the antibody against mitochondrial
protein (Tom22) (32) were described previously,
Anti-c-Myc  antibody-1 (N262) (Santa Cruz
Biotechnology, Santa Cruz, CA), anti-
MAPK/ERK-1 antibody (K-23) (Santa Cruz
Biotechnology), anti-Tom20 mouse antibody (F-
10) (Santa Cruz Biotechnology), goat anti-rabbit
1gG-HRP antibody (Santa Cruz Biotechnology,
Cat# sc-2054), Alexa 488-conjugated anti-rabbit
IgG (Molecular Probes, Eugene, OR), Alexa 568-
conjugated anti-mouse IgG (Molecular Probes),
and anti-B-actin monoclonal antibody (AC-15)
(Sigma-Aldrich Fine Chemicals, St. Louis, MO)
were purchased.

Western blot analysis and  indirect
immunofluorescence staining - Cell lysates were
extracted and analyzed by Westerm blotting as
described previously (33). HeLa cells grown on
glass  coverslips  were fixed in 4%
paraformaldehyde in PBS for 30 min at room
temperature, permeabilized with 1% Triton X-100
in PBS, stained  with an indirect
immunofluoresence  staining  technique and
observed as described previously (15, 34).

T98G cells were fractionated into enriched
mitochondrial and cytosolic fractions, using a
mitochondria/cytosol fractionation kit (BioVision
Research Products, Mountain View, CA, USA,
Cat# K256-100).



Introduction of siRNA into cells - A small
interference RNA molecule (siRNA) targeting
human c¢-myc and a control siRNA (Ambion
Austin, TX, cat# 4604) were purchased. The
siRNA sequences targeting human mimitin, which
are positions 72-90 (si-mimitin-1) and 330-348
(si-mimitin-2) relative to the first nucleotide of the
start codon and the 2-nucleotide 3° overhang of
deoxythymidine, were chemically synthesized
(Hokkaido System Science, Sapporo, Japan).
Transfection was carried out with 200 pmol
siRNA per well using Oligofectamine (Invitrogen)
as described previously (15).

Tissues and immunostaining - Routinely
processed formalin-fixed and paraffin-embedded
specimens from 35 Japanese patients with ESCC
operated on from 1997 to 1998 at the Department
of Surgery of Kurume University Hospital were
used. One block containing a marginal region of
tumor was selected from each patient. The
specimens were assigned a TNM stage based on
the UICC criteria for tumor classification (35).
Haematoxylin and eosin (HE)-stained sections
were also  classified according to the
histopathological grading system as well (Gl),
moderately (G2), or poorly {G3) differentiated.
Histopathological grades and stagings were
determined by two  pathologists.  The
characteristics of the tissues are outlined in
Supplemental information, Table Sl.
Immunostaining of tissues was performed
essentially as described before (33). This study
was approved by the institutional ethics review
board of Kurume University.

For evaluation of the level of staining by
antibodies, the most highly stained area of each
section was scored on a scale from 0 to 4 by visual
observation. To estimate the percentage of stained
cells, the numbers of positive and negative cells in
a field were counted and expressed as the
percentage of cells stained. More than 500 cells in
each section were counted. A staining index was
calculated as staining intensity x average
percentage of cells stained. Tissues were scored by
two independent observers [N. A. and M. T.]
without prior knowledge of the patients’ other data
with a very high correlation between scores (P <
0.0001),

Statistical analysis - The Mimitin staining
index was compared with the cell proliferation
index (the staining index for Ki-67), the staining
index for c-Myc, histopathological grade, stage of
cancer, and age of patient by the Spearman rank
correlation coefficient and statistical test of
independence, using the statistical analysis
program StatView ver. 5 (SAS Institute, Cary,
NC).

RESULTS

Identification of mimitin as a Myc-controlled
gene - To conditionally induce c-Myc activity, the
estrogen-inducible Myc system (12, 36, 37) was
used. The chimeric protein c-MycER consists of c-
Myc and the estrogen-binding domain of the
estrogen receptor. c¢-MycER  anchors to
cytoskeletal components of cells in the absence of
estrogen. When estrogen or its analogous molecule
4-hydroxytamoxifen (OHT) binds to the chimeric
protein, it becomes free to function as c-Myc. The
human glioblastoma cell line T98G expressing c-
MycER protein (T98Gmycer-2 cells) was
established previously (15). Total RNAs from
T98Gmycer-2 cells in an exponentially growing
phase in the presence or absence of OHT for 20 h
were processed by cDNA micro array analysis.

To shed light on a new facet of c¢-Myc
functions, we focused on human EST sequences
among genes stimulated by ¢-MycER activation,
The signal for EST clone AI803230 was
stimulated 2.2-fold with ¢-Myc activation. This
stimulation rate was similar to those of the Myc
tarpet genes, ODC (2.6-fold), nueleolin (1.6-fold),
and mina33 (1.9-fold), measured in this study.
c¢DNAs encoding the 5 upstream and 3’
downstream parts of the EST clone AI803230
were isolated using the 5’-RACE and 3’-RACE
protocols from a library of human erythroid
leukemia cells. It was found that EST AI803230
includes part of the cDNA that encodes a protein
of 169 amino acids with a predicted meolecular
weight of 19.9 kd (Fig. 1A).

When an antibody raised against this protein
was used in Western blotting, a band of about 20
kd, which has a similar mobility to that predicted
from the amino acid sequence, was detected in
T98G cells (Fig. 1B left panel). When T98G cells
were transfected with mammalian expression
plasmids coding this protein or the c-myc-tagged



protein, this antibody recognized a 20 kd band
with increased intensity and a slowly migrating
band (Fig. 1B, right panel) in the cell lysates. As
described later (Fig. 3), the treatment of cells with
siRNAs specific for this gene specifically reduced
the intensity of the band. These results ‘indicate
that this antibody specifically recognized the
protein.

When c-MycER was activated in T98Gmycer-
2 cells by OHT, the intensity of the band was
increased, while that for B-actin was not (Fig. 1B).
The c-MycER activation in T98Gmycer-2 cells
had little effect on cell proliferation (data not
shown). These results suggest that the expression
of this protein can be induced by ¢-Myc without
necessarily stimulating cell proliferation.

The subcellular localization of this protein was
visualized by indirect immunofluorescence
staining. As shown in Fig. 1C, the protein was
present in the cytoplasmic region of cells with a
maze-like localization. Double staining with
antibodies against this protein and Tom2( (a
component of the preprotein translocase of the
outer membrane of mitochondria) (Fig. 1C) or
cytochrome ¢ (data not shown) indicated that the
staining for this protein was mostly consistent with
mitochondria. We also detected mitochondrial
localization of this protein when the ¢-myc-tagged
construct was transfected and the tagged-protein
was detected by anti-Tag antibody (9E10) (data
not shown). Therefore, we refer to this gene and
the protein, respectively, as mimitin and Mimitin
(Myc-induced mitochondrial protein).

We also used a biochemical approach to study
Mimitin subcellular localization. Cells were
fractionated into enriched mitochondria and
cytosolic fractions, and analyzed by Western
blotting using antibodies against Mimitin, a
cytosolic  protein  (MAPK/ERK), and a
mitochondrial protein (Tem22) (32). The results in
Fig. 1D show that Mimitin was fractionated into
the mitochondrial fraction but not into the

cytosolic  fraction, further supporting our
observation that Mimitin is a mitochondrial
protein.

Mimitin is conserved in human and mouse -
Mouse cDNA that appears to be a homologue of
human mimitin was found by a Blast search
{GenBank accession No. AKO007894). The
predicted amino acid sequence for mouse Mimitin

was aligned with that of human Mimitin (Fig. 1A).
The open reading frame (ORF) of mouse mimitin
encodes a 168 amino acid protein. The human and
mouse amino acid sequences of Mimitin proteins
are 80% identical to each other, suggesting that
mimitin is conserved in mammals. There is an
ATP/GTP binding motif (P-loop within amino acid
positions 146-153 in human Mimitin) in human
and mouse Mimitin (Fig. 1A). A domain called
Complex1_17_2kD (Fig. 1A, surrounded by a
dotted line), was detected using the SMART
program (38). The nucleotide 3 bp upstream of the
methionine initiation codon is G in mimitin of both
species, conforming to a Kozak consensus
sequence (39),

Expression of mimitin mRNA - The
expression profile of mimitin mRNA was
examined. As shown in Fig. 2A, serum stimulation
of serum-starved T98G cells resulted in a
detectable increase at 6 h and a 3-fold increase in
the expression of mimitin mRNA at 12-15 h. An
increase of the c-myc mRNA level was detected at
3 h after serum addition. The expression of
glyceraldehyde-3-phosphate dehydrogenase
{GAPDH), which is widely used as a control, is
high in cells overexpressing c-Myc, but is not
directly controlled by c-Myc (40). By 9 h, the
expression of GAPDH mRNA was almost
unchanged, but a 2-fold increase was detectable at
12-15 h. These results suggest that up-regulation
of mimitin mRNA followed the increase of ¢-myc
mRNA, and preceded the increase of GAPDH
mRNA.

In human promyelocytic leukemia HL60 cells,
cell proliferation is arrested and the c-myc
expression level is reduced by phorbol 12-
myristate  13-acetate (TPA) (41, 42). This
experimental system was used to investigate
whether Myc-targeted genes are affected while
Myec is shut off (15, 43). As shown in Fig. 2B,
when HL60 cells were cultured with 10 nM TPA
for 3 hours, the level of ¢c-myc mRNA started to
decline and reached one fifth at 7 h, Down-
regulation of mimitin mRNA followed the
decrease in c-myc mRNA, and the level of mimitin
mRNA had decreased to cne half and one third at
12 h and 24 h, respectively. The leve!l of GAPDH
mRNA had not changed at 12 h and had decreased
to 60% only at 24 h. These experiments indicate
that the down-regulation of mimitin expression



followed that of c-myc and preceded the decrease
of GAPDH mRNA.

Next, the effect of c-Myc activation in c-
MycER on mimitin mRNA was investigated (Fig.
2C). The mimitin mRNA level in OHT-treated
T98Gmycer-2 cells rose steadily for 9 h, showing
nearly 2-fold induction, although OHT-treatment
of T98G parent cells did not stimulate the mimitin
mRNA level. Induction of mimitin mRNA by OHT
in T98Gmycer-2 cells was maintained in the
presence of the protein-synthesis inhibitor
cycloheximide (CHX), while treatment with CHX
had little effect on the mimitin mRNA level in
T98G parent cells. The GAPDH mRNA level did
not change in this experiment, These results
indicate that the mimitin gene is a direct target of
Myec.

c-Myc stimulates the gene expression of
mimitin through a mimitin genomic DNA
JSragment - We found the sequence for exon 1 of
human mimitin in a genome data-base
{AC073546; chromosome 5 clone RP11-406P13).
More recently, human genomic DNA sequences,
which include full-length mimitin  c¢cDNA
sequences, were found by the UCSC Genome
Browser, showing that the human mimitin gene
maps to chromosome 5 (5ql2.1). To investigate
the promoter activity of the mimitin gene, 2 0.7 kb
human mimitin genomic DNA fragment containing
upstream of exon 1, exon 1 and part of intron 1
was joined to firefly luciferase cDNA to construct
a reporter plasmid, pmimitin{W)luci. Transient
expression assays in T98Gmycer-2 cells indicate
that the DNA fragment has promoter activity.
After c-MycER activation by OHT, the luciferase
activity was increased up to 1.8-fold (Fig. 2D, a
bar for wild). This stimulation is comparable to
that observed for an increase in mimitin mRNA
level by OHT in T98Gmycer-2 cells (Fig. 2C).

Exon 1 has one E-box site (CACGTG element).
When the CACGTG celement was mutated to
CACCCQG, luciferase activity was not increased by
the activation of ¢-MycER as a pGL3-Basic empty
vector (Fig. 2D, bars for mutant and pBasic).
These results indicate that c-Myc stimulates the
expression of pmimitin{W)luci through the
CACGTG element.

c-Myc binds to the mimitin gene in vivo - To
examine c-Myc protein binding to the endogenous

mimitin gene during proliferation of HL60 cells,
chromatin immunoprecipitation was performed as
described  previously (30, 44).  After
immunoprecipitation,  enrichment  of  the
endogenous mimitin gene fragment in each sample
was monitored by PCR using primers that
specifically amplify a mimitin DNA fragment,
which containing the CACGTG element. As
shown in Fig. 2E, two different anti-c-Myc
antibodies immunoprecipitated the mimitin DNA
fragment from HL60 cells in the proliferating
phase, while the same antibodies did not
immunoprecipitate detectable levels of DNA
fragment from cells treated with TPA. Enrichment
of the mimitin genomic DNA fragment is
dependent on ¢-Myc binding to the mimitin gene,
because a nonspecific antibody did not
immunoprecipitate the mimitin DNA fragment.
Additionally, binding of ¢-Myc detected in the
mimitin gene is specific, because antibodies
against c-Myc enriched the well-established Myc-
target gene, cad (Fig. 2F), but did not enrich the
genomic DNA fragment containing an E-box that
is located in a chromosomal region without any
detectable gene on chromosome 22 (Fig. 2E).
These results demonstrate that the mimitin gene is
bound by c-Myc specifically at the proliferating
phase in HL60 cells.

Mimitin is involved in proliferation of some
kinds of cultured cells - To gain insight into the
biological function of mimitin, the expression of
mimitin was specifically suppressed by the RNAi
technique. As shown in Fig. 3A, the expression of
Mimitin protein was reduced by siRNA specific
for mimitin in colon carcinoma SW620, cervical
carcinoma HelLa, ESCC TE-11, glioblastoma
T98G, embryonic lung HEL, and hepatocellular
carcinoma Kyn2 cells, while the expression of p-
actin was not reduced in these cells. These results
suggest that the siRNA specifically reduced the
expression of Mimitin. However, the effect of the
suppression of mimitin expression differed
between cell lines. While specific inhibition of
mimitin expression reduced cell proliferation of
TE-11, T98G and HEL cells, it hardly affected cell
proliferation of SW620, Hela, and Kyn2 cells
(Fig. 3B).

The levels of c-Myc protein in cell lines used
here were compared by Western blotting, As
shown in Fig. 3C, the two cell lines SW620 and



HeLa, which proliferated without being affected
by mimitin knockdown, contained high levels of c-
Myec. c-Myec protein levels were relatively low and
similar in TE-11, T98G, and Kyn2 cells. In this
group, mimitin knockdown suppressed cell
proliferation in TE-11 and T98G cells, but not in
Kyn2 cells. The c-Myc protein level was very low
in HEL cells, whose cell proliferation was weakly
suppressed by mimitin knockdown.

Among the cells, proliferation of ESCC TE-11
cells was most severely suppressed by the
reduction of Mimitin expression. To confirm this
result, the expression of Mimitin in TE-11 cells
was specifically suppressed by another siRNA
molecule targeting a different position from the
first one. Two kinds of siRNA specific to mimitin
reduced the expression of Mimitin protein (Fig.
3D). As shown in Fig. 3E, si-mimitin-2 suppressed
cell proliferation more severely than si-mimitin-1
did, showing that the rate of suppression of cell
proliferation was propertional to the reduction of
Mimitin expression (Fig. 3D).

When expression of c-myc was specifically
suppressed in TE-11 cells (Fig. 3D), the
expression of Mimitin reduced (Fig. 3D) and cell
proliferation was severely suppressed (Fig. 3E).
These results suggest that c-myc is involved in cell
proliferation and the expression of mimitin in
ESCC cells.

Expression of Mimitin in ESCC tissues - To
investigate whether mimitin is related to
tumorigenesis of ESCC, tumors from surgical
ESCC specimens were resected, and Mimitin was
detected immunchistochemically. HE staining was
used to demarcate turnor areas. The section shown
in Fig. 4A contains a moderately differentiated
ESCC, Fig. 4B shows marked staining for Mimitin
in tumor areas. Staining for Mimitin was found in
the cytoplasmic region of cells, consistent with qur
observation that Mimitin is a mitochondrial
protein (Fig. 1C and D). Specific staining was not
observed when the first antibody was omitted (Fig.
4C). Staining indices of Mimitin in non-neoplastic
epithelial areas from 23 patients were determined,
and the averaged index for non-neoplastic
epithelial areas was 0.81. Next, staining indices of
Mimitin for ESCCs were determined in 35
specimens (Supplemental information, Table S1).
Twenty-eight out of 35 tumor specimens had
staining indices higher than 0.81. Therefore, 80%

of the ESCC tissues highly expressed Mimitin,
and high expression of Mimitin appearsto be a
characteristic feature of ESCC.

The level of Mimitin expression is related to
cell proliferation - Because the expression levels
of Mimitin differed between specimens, with
staining indices from 0 to 3.92 (Supplemental
information, Table S1), we investigated whether
the level of Mimitin expression is associated with
biological events in ESCC. When the staining
indices of Mimitin were compared with the
histopathological grade, stage of cancer, and age
of patients (Supplemental information, Table S1),
we did not observe any correlation (Table 1).

Next, the tissues were stained by anti-c-Myc
antibody (Fig. 4D). The area stained by anti-c-
Myc antibody overlapped well with that stained by
anti-Mimitin antibody. When the staining indices
of e-Myc were compared to those of Mimitin in 35
tumor tissues, a significant association was
detected (Table 1). These results are consistent
with our observation that mimitin is a Myc-target
gene (Fig. 2).

Ki-67 is expressed in proliferating cells (45,
46), and anti-Ki-67 antibody is widely used to
detect proliferating cells, including ESCC (47, 48).
Fig. 4D shows that anti-Ki-67 antibody strongly
stained the ESCC area, which was also stained by
anti-Mimitin antibody (Fig. 4B). The staining
indices of Mimitin correlated well with those of
Ki-67 (Table 1). These results suggest that
Mimitin is related to cell proliferation in ESCC.

DISCUSSION

Mimitin is a novel myc-target gene -We
identified a novel gene, mimitin, which is up-
regulated by c-Myc. The high conservation of
amino acid sequences between human and mouse
Mimitin suggests that mimitin has an important
function in mammals, We showed here several
lines of evidence that ¢-Myc directly induces the
expression of mimitin. In brief, changes of mimitin
expression followed those of ¢c-myc (Fig. 2A and
B). A significant association between Mimitin
expression and c-Myc expression was observed in
ESCC tissues (Fig. 4 and Table 1). Suppression of
c-Mye expression by siRNA specific for c-myc
reduced expression of Mimitin protein (Fig. 3D).
When c-Myc was activated in the c-MycER



chimeric protein by OHT, stimulation of the
expression of Mimitin protein (Fig. 1B) and
mimitin mRNA (Fig. 2C) was observed. The
stimulation of mimitin mRNA expression was
maintained even in the presence of the protein
synthesis inhibitor (Fig. 2C), suggesting that
mimitin expression is directly controlled by c-
Myec.

c-Myc protein binds to the endogenous
mimitin genomic DNA that contains the CACGTG
element in proliferating HL60 cells but not in
HL60 cells treated with TPA (Fig. 2E and F).
Experiments using reporter plasmids containing a
human mimitin genomic DNA fragment suggest
that c-Myc transactivates mimitin expression
through the CACGTG element (Fig. 2D). Together,
these results demonstrate that mimitin expression
is controlled by c¢-Myc through the CACGTG
element,

Mimitin protein is localized in mitochondria -
Double staining with antibodies to Mimitin and a
mitochondrial protein indicate that Mimitin is
localized in mitochondria (Fig, 1C). Analysis by
the SMART program showed that Mimitin has a
domain called Complex1_17_2kD. This domain
was found in NADH-ubiquinone oxidoreductase
subunit B17.2 (Complex I-B17.2 or DAP13,
GenBank accession No. AAF91224) (49, 50),
which was originally identified as a subunit of
complex I involved in oxidative phosphorylation
in bovine heart mitochondria. Only one putative
orthologous protein for Mimitin and Complex I-
B17.2 was found in C. elegans (Y94HG6A.S,
GenBank accession No. NP_500247} or D.
melanogaster (CG3214, GenBank accession No.
AAF51238), suggesting that Mimitin and
Complex I-B17.2 originated from the same gene.
These results suggest that Mimitin may be
involved in ATP generation in mitochondria.
However, the similarity between Mimitin and
Complex I-B17.2 is weak (28% identical), and it is
not possible to directly compare the function of
Mimitin with that of Complex I-B17.2 because the
function of Complex I-B17.2 has not yet been
specified, Further studies are necessary to clarify
the function of Mimitin.

Recently it was reported that several
mitochondrial proteins are candidates for Mye-
target genes (51, 52), suggesting that control of
mitochondrial functions may be one of the

important classes of Mye-functions. Mitochondrial
serine hydroxymethyl transferase (mSHMT), a
major source of the one-carbon unit for cell
metabolism, partially restored cell proliferation of
the c-myc-null fibroblasts, and was reported to be
a Myc target (53). Myc induces mitochondria-
mediated apoptosis, and a mitochondrial
peroxidase redox protein PRDX3 (Peroxiredoxin
HI) was shown to be a Myc target and involved in
apoptosis (54), mSHMT and PRDX3 were found
in 8. cerevisiae, C. elegans, D. melanogaster, and
mammals. Mimitin was required for some types of
cells to proliferate. Mimitin and/or proteins with
significant similarity to Mimitin have been found
in C. elegans, D. melanogaster, and mammals, but
not in §. cerevisiae. These results suggest that Myc
elevates expression of a variety of mitochondrial
proteins, which would contribute to the multi-
functional character of Myc. Further thorough
studies are necessary to provide a complete picture
of Myc control of mitochondrial functions.

Mimitin and cell proliferation - Specific
inhibition of mimitin expression by an RNA
interference (RNAi) method severely suppressed
cell proliferation in ESCC cells, which require ¢-
myc for proliferation (Fig. 3). A clear correlation
was found in ESCC tissues between the Mimitin
staining index and cell proliferation and between
the indices of Mimitin staining and ¢-Myc staining
(Table 1). These results suggest that mimitin is
involved in Myc-dependent cell proliferation in
ESCC.

Mimitin siRNA reduced c-Myec levels in ESCC
TE-11 cells (Fig. 3C). However, mimitin siRNA
did not reduce c-Mye expression level in SW620
cells (data not shown), in which mimitin siRNA
did not suppress cell proliferation (Fig. 3B). c-myc
expression is associated with cell proliferation and
is down-regulated in quiescent cells. Therefore,
the reduced expression of c-Myc by mimitin
siRNAs in TE-11 cells could be the indirect effect
via the suppression of cell proliferation induced by
mimitin siRNA.

The suppression of Mimitin expression did not
reduce cell proliferation in some kinds of cultured
cells (Fig. 3B). One possible reason is the
existence of a functionally redundant protein.
Cyclin D2 is a well-established Myc-target gene.
Mice lacking the cyclin D2 gene grow into adults
with few abnormalities (55), showing that cyclin



D2 is not always necessary for cell proliferation.
The existence of the functionally redundant
proteins cyclin D1 and cyclin D3 apparently can
compensate for the absence of cyclin D2,
Therefore, cyelin D2 is a Myc target gene that is
necessary only in specific types of cells, and
mimitin appears to belong to this class of Myc-
target genes. A protein homologous to Mimitin,
Complex 1-B17.2 (49) described above, may have
a redundant function with Mimitin, and may be
expressed in some cells that do not require
Mimitin to proliferate.

Another possibility is the existence of a
functionally redundant mechanism. The cell lines
SW620 and HeLa, which were resistant to mimitin
knockdown, expressed c-Myc highly compared to
the other cell lines. Therefore, it is possible that
overexpression of Myc triggers alternative Myc
proliferating pathway(s), conferring resistance to
mimitin knockdown. If Mimitin is involved in ATP
generation, glycolysis is a candidate pathway.,
Because a number of glycolytic genes are up-
regulated by c-Myc (40, 56) and elevation of the
glycolysis level would produce an elevated
amnount ATP, the effect of mimitin knockdown may
be blunted in Myc-overexpressing cells.

Mice lacking a myc-target gene ODC die in
early embryogenesis (57). Loss of ODC in yeast
results in a cessation of growth (58), and yeast
cells lacking RCC1, a Myc-target gene (12), do not
grow (59). These Myc-target genes appear to be
generally important for all types of cells to
proliferate. Thus, a treatment to inhibit the
function of one of these general type Myc target
genes in a body would suppress cell proliferation
of not only cancer cells but also norma! cells, and
would have serious side effects. On the other hand,

the other class of Myc-target genes, such as cyclin
D2 and mimitin, are necessary for only specific
types of cells to proliferate. Thus, inhibition of the
function of one of these specific Myc-target genes
may hamper only some restricted types of cells
and would have fewer side effects and more
potential than a general type for cancer therapy.
Further identification and characterization of these
specific Myc-target genes may lead to the
discovery of new methods for cancer therapy and
would help elucidate the mechanisms by which
Myc controls cell proliferation in the highly
complex animal system.
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FOOTNOTES
The nucleotide sequences studied here were deposited in the GenBank database: cDNA sequence for
human Mimitin, AB183433; DNA sequence for the mimitin gene promoter, AB183435; cDNA sequence
for mouse Mimitin, AB183434. During our experiments, similar sequences for human mimitin were
deposited in the GenBank database (LOC361894).

The abbreviation used are: ESCC, esophageal squamous cell carcinoma; PBS, phosphoate buffered saline;
ODC, ornithine decarboxylase; OHT, 4-hydroxytamoxifen; CHX, cycloheximide; RNAi, the RNA

interference; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; cad, the trifunctional enzyme
carbamoyl-phosphate synthase/aspartate carbamoyltransferase/dihydroorotase.



FIGURE LEGENDS

Fig. 1. Amino acid sequence, expression, and subcellular localization of Mimitin protein. A, Amino acid
sequence of human Mimitin protein, which was predicted from the cDNA isolated in this study, is shown.
Only those residues of the mouse protein that are divergent are shown below. The ATP/GTP-binding site
motif A (P-loop) and a region called Complex1_17_2kD domain are surrounded by solid and dotted lines,
respectively. B, Western blotting analysis of Mimitin. T98G and T98Gmycer-2 cells were cultured in the
presence or absence of 0.2 uM OHT for 40 h (left panel). T98G cells were transfected with a Mimitin
expression plasmid (mimitin), ¢-myc-tagged Mimitin expression vector (mimitin-mychis), or contrel
vector {contr) (right panel). Lysates from these cells were subjected to Western blotting using a specific
antibody against Mimitin protein (upper panel). The blotting membrane detecting Mimitin was re-probed
with anti-B-actin antibody (lower panel). The same amounts of protein analyzed by Western blotting were
electrophoresed and stained for total protein to confirm that a similar amount of the protein was analyzed
in this study {data not shown). C, The subcellular localization of human Mimitin protein. The localization
of Mimitin in HeLa cells was visualized by indirect immunofluorescence staining with antibodies against
Mimitin (Mimitin) and Tom20 (Tom20). An overlapped image is also shown (merge). Scale bars, 20 pm.
D, T98G cells were fractionated into cytosolic and mitochondrial fractions, and analyzed by Western
blotting using antibodies against Mimitin, MAPK/ERK, and Tom22.

Fig. 2. Control of mimitin expression by c-Myc. A-C, RNA was isolated at the indicated time points, and
then analyzed by Northern blotting to detect mimitin, c-myc (except C), and GAPDH mRNA. 28S and 185
ribosomal RNAs are also shown. Serum-starved T98G cells were stimulated by the addition of serum at a
final concentration of 10% (A). Human promyelocytic leukemia HL60 cells were exposed to 10 nM TPA
(B). After T98Gmycer-2 cells (mycer) and parental T98G cells (contr) were cultured in the medium
supplemented with 0.25% serum for 40 h, cells were treated with 200 nM 4-hydroxytamoxifen (OHT) to
activate c-MycER., When indicated as +, 20 pg/ml cycloheximide (CHX) was added 20 min before the
addition of OHT (C). D, Transient expression assay for the mimitin promoter. The reporter plasmid
(pmimitin{W}luci, wild) was constructed from a DNA fragment of mimitin (containing upstream of exon 1,
exon 1 and part of intron 1) that contained a CACGTG element and firefly luciferase. The CACGTG
element was mutated to CACCCG in pmimitin(mE)luci (mutant). After normalization, firefly luciferase
activities were expressed as the ratio to activities without MycER activation. Values are the means of four
separate experiments. The bars indicate the standard errors, E and F, Chromatin immunoprecipitation
experiments. HL60 cells in the proliferating phase (-TPA) and those treated with 10 nM TPA for 24 h
(+TPA) were fixed with 1% formaldehyde, nuclear extracts were collected, and chromatin fragments were
immunoprecipitated using antibodies against c-Myc (anti-c-Myc antibody-1 and anti-c-Myc antibody-2),
control antibody, or no antibody (- antibody)}. Mock immunoprecipitation, in which no nuclear extracts
were added, was also performed (- nuclear extract). Following DNA purification, samples were subjected
to PCR with primers designed to amplify a DNA fragment of the mimitin gene (mimitin primers) or
primers to specifically amplify a DNA fragment containing a chromosome 22 E-box (control primers) (14,
15) (E), and with the mimitin primers or primers to specifically amplify a DNA fragment containing the
cad gene (cad primers) (F),

Fig. 3. Mimitin is involved in cell proliferation of cultured ESCC cells. A, Reduction of Mimitin protein
expression by siRNA specific to mimitin. Human cells, colon adenocarcinoma SW620, cervical carcinoma
HeLa, esophageal squamous cell carcinoma TE-11, glioblastoma T98G, human embryonic fung HEL, and
hepatocellular carcinoma Kyn2 were transfected with siRNA specific to mimitin (si-mimitin-2) or control
siRNA (contr) without serum. Forty hours after adding serum, cells were collected, and cell extracts from
the same number of cells in each set were analyzed by Western blotting using anti-Mimitin and anti-B-
actin antibodies. B, Cells in (A) were transfected with si-mimitin-2 (@) or a control siRNA (O) without
serum. Then cells were cultured in the presence of serum {arrow) from day 0, and cell numbers were
counted on various days and expressed on the y-axis. Experiments were performed at least 3 times, and
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error bars are shown. C, c-Myc protein expression. Cells used here were collected, lysed, and the protein
concentration was determined. Similar amounts of protein were analyzed by Western blotting using anti-c-
Myc antibedy. The blotting membrane was re-probed with anti-B-actin antibody. D, Reduction of Mimitin
protein expression by siRNA specific to c-myc or mimitin in ESCC cell line TE-11. Cells were transfected
with a control siRNA (contr), an siRNA duplex specific for c-myc (myc), and siRNA duplexes specific for
mimitin, si-mimitin-1, or si-mimitin-2 (mimitin-1 or mimitin-2, respectively) without serum. Forty hours
after adding serum, cell extracts were processed for Western blot analysis using anti-c-Myc and anti-
Mimitin antibodies. The blotting membrane detecting Mimitin was re-probed with anti-B-actin antibody,
Aliquots of the same amounts were electrophoresed, transferred, and stained for protein to confirm that
similar amounts of proteins were used in this experiment (data not shown). E, Cell proliferation of siRNA
transfected TE-11 cells. TE-11 cells were transfected with siRNA duplexes specific for mimitin (si-
mimitin-1 (4} and si-mimitin-2 (&), c-myc (@) or a control siRNA (O) without serum. Then cells were
cultured in the presence of serum (arrow) from day 0. On various days, cell numbers were counted and
expressed on the y-axis. Experiments were performed 3 times, and error bars are shown.

Fig. 4. Expression of Mimitin, ¢-Myc and Ki-67 in surgically resected human ESCC tissues. A, HE
staining of a section that contained moderately differentiated ESCC. B, A serial section of (A) stained by
anti-Mimitin antibody showing the expression of Mimitin in the tumor area. C, A control serial section, in
which the primary antibody was omitted. D, A serial section of (A) stained by anti-c-Myc antibody. E, A
serial section of {A) stained by anti-Ki-67 antibody. Positive staining is brown and counterstained nuclei
are blue (B-E). Scale bars, 50 um.



Table 1, Relationship between expression of Mimitin and biological events in ESCC. The Mimitin staining
index was statistically compared with histopathological grade, stage of cancer, age of patient, the staining
index for c-Myc, and the cell proliferation index (the staining index for Ki-67).

Factor : r P

Histopathological grade 0.070 0.6901
Stage of cancer 0.131 0.4545
Age of patients -0.069 0.6973
Staining index of c-Myc 0.435 0.0084
Cell proliferation ' 0.728 <0.0001

{(staining index of Ki-67)
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