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shoulder flexion (15.0+7.3 degrees), shoulder abduction
(19.0 + 8.8 degrees), knee flexion (10.7 + 10,3 degrees), hip flexion
(14.2 £5.1 degrees; p=0.031), and elbow extension {8.1 + 3.4 de-
grees). However, most of the changes did not achieve statistical
significance. Shoulder extension (—0.3 + 4.1 degrees), elbow flex-
ion (0.9 £ 2.5 degrees), knee extension (0.8 + 2.5 degrees), and hip
extension (—1.3 +1.8 degrees) showed little change during the
study. Fig. 1 shows a 23 year-old study patient with severely lim-
ited shoulder range of motion (abduction and flexion), which im-
proved following one year treatment with idursulfase.

Oxygen desaturation index (ODI)

At baseline, the mean oxygen desaturation index (ODI) was 18.5
events/h {n=9), which is moderately abnormal [23]. Three pa-
tients had a normal ODI (<5 events/h), two had a mildly abnormal
ODI (5-15 events/h), and four had a moderately to severely abnor-
mal ODI (>15 events/h). During the study, the mean ODI increased
by 3.9 £3.5 events/h, which was largely due to a single patient
with an increase of 26.8 events/h. The other seven patients had sta-
ble ODI values (changes < 10 events/h).

Safety

Idursulfase was well-tolerated over the course of the study.
Adverse events were mainly mild, unrelated, and attributable to
expected symptoms of MPS I disease. Fifty percent (5/10) of
patients experienced a total of 11 drug-related adverse events.
Urticaria was the most frequent event (five events in two patients),
followed by erythema (two events in the same patient). Similarly,
50% (5/10) of patients experienced infusion-related reactions (i.e.
adverse events assessed as drug-related and occurring within
24 h of the infusion). The highest patient incidence involved skin
reactions, i.e. urticaria and erythema (three patients each), while
dyspnea, abdominal pain, and vasovagal syncope also were ob-
served in one patient each. Except for one patient who experienced
several episodes of urticaria between 9 and 12 months, the other
four patients had infusion-related reactions only once or twice dur-
ing the first three months of treatment. Management of infusion-
related reactions included antihistamine therapy and temporary
interruption of the infusion, and all events were followed by a suc-
cessful patient recovery. There were no clinical laboratory abnor-
malities reported as related to idursulfase.

Two patients experienced serious adverse events, including one
death, in the study. A 26 year-old male experienced an infusion-re-
lated reaction involving diffuse urticaria, flushing, and numbness of
the tongue 1 h after initiation of the fifth infusion. The patient was
pre-medicated with antihistamines without further events. A
42 year-old male had an infusion-related reaction reported by the
investigator as vasovagal syncope, which consisted of hypotension,
vomiting, weak pulse, and decreased consciousness and occurred
30 min into the first infusion. Subsequent infusions were preceded
by corticosteroid pre-medication administration without further
infusion-related reactions. The patient had a history of cardiac valve
incompetence and cardiac failure requiring medications, including
furosemide. Later in the study, he experienced an increase in leg
edema secondary to worsening congestive heart failure. He was de-
pressed and attempted suicide by drug overdose (not idursulfase).
Upon arrival at the hospital, the patient went into cardiac arrest.
Subsequent resuscitation measures were unsuccessful, and he died
due to hypoxic encephalopathy, pneumonia and renal failure.

Antibodies

Anti-idursulfase IgG antibodies were detected in 60% (6/10) of
patients, two of who became seronegative later in the study. No
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IgE antibodies were detected in patients who underwent testing
for infusion-related reactions. The mean reductions in urinary
GAG levels did not differ between patients who were seropositive
at any time (—-80.9% + 3.8%; n=5) and those who remained sero-
negative throughout the study (—78.6% £ 1.8%; n=4). Although
hypersensitive reactions or infusion-related adverse reactions
tended to occur in the antibody-positive patients (four antibody-
positive patients versus one antibody-negative patient), there
was no correlation between the presence of antibodies and other
adverse events. Furthermore, the frequency of hypersensitivity
reactions did not correlate with antibody titer.

Discussion

The most remarkable difference between this and previous clin-
ical studies of idursulfase [19,20] relates to the patient demograph-
ics and characteristics. The purpose of the JET study was to provide
access to treatment for the most seriously ill MPS II patients while
awaiting regulatory approval of idursulfase in Japan, which oc-
curred in October 2007. Patients in the JET study had a mean age
of 30.1 years, all were Japanese, and all were seriously ill (mean
percent predicted FVC 39.9% and mean 6MWT distance 286.0 m).
By comparison, MPS II patients in the Phase 1/2 and Phase 2/3
studies of idursulfase were younger (mean ages 13.9 years and
14.2 years), predominantly Caucasian (100% and 83%, respectively),
and less severely affected (mean percent predicted FVC 55.1% and
55.4%; mean 6MWT distance 397 m and 395 m) {19,20]. Despite
these patient differences, the JET study has shown that idursulfase
is a safe and effective (Table 1) treatment for Japanese patients
with MPS Il and its risk-benefit profile is similar to that reported
in previous studies.

In this study, idursulfase efficiently reduced GAG storage, as
evidenced by the statistically significant reductions in urinary
GAG levels (p=0.004) and hepatosplenomegaly {p=0.002)
(Fig. 2; Table 1). These pharmacodynamic changes appeared to
translate into clinical benefit, as evidenced by trends towards
improvement in functional capacity (mean 54.5m increase in
6MWT), respiratory function (mean 15.0% relative increase in per-
cent predicted FVC), joint range of motion (mean increases ranging
from 8.1-19.0 degrees for several joints), and LVMI (mean —12.4%
decrease). Cardiac EF and valve disease remained mostly stable,
although one patient with severe congestive heart failure showed
progressive worsening and one patient with a greatly elevated
LVMI showed a further increase. The mean ODI increased slightly
by 3.9 events/h, but importantly 89% (8/9) of patients showed no
clinically significant changes.

The safety profile of idursulfase in the JET study was similar to
that of previous studies with no new or unexpected adverse events
despite the older and more seriously ill patient population. Most
adverse events were considered by investigators to be disease-re-
lated and unrelated to idursulfase, The most common drug-related
adverse events were infusion-related reactions, occurring in 50% of
patients. The most common infusion-related reactions were skin
reactions consisting of urticaria and erythema. There were two re-
lated serious adverse events that occurred during the infusions—
one involving urticaria, flushing, and numbness of the tongue,
and the other involving vasovagal syncope. The one patient death
was attributed to suicide from a drug overdose and was not related
to idursulfase. ‘

MPS Il is a progressive and debilitating multisystem disease that
is associated with a shortened lifespan, primarily from cardiorespi-
ratory compromise [28]. Therefore, it is noteworthy that in this
one-year study, cardiac and respiratory functions were improved
or stable in most patients. Decreasing lung volumes are known
to be associated with increased morbidity and mortality [26];



24 T. Okuyama et al. f Molecular Genetics and Metabolism 99 (2010) 18-25

given the low percent predicted FVC values at baseline in study pa-
tients (mean 39.9%), a relative increase of 15% is of particular
importance. The American Thoracic Society defines a >15% relative
change in FVC occurring over a one-year period as being clinically
meaningful [26]. Similarly, the 54.5 m mean increase in 6MWT dis-
tance also is considered to be a clinically meaningful improvement,
based on a study of adult men with chronic obstructive pulmonary
disease [25]. The 6MWT is a sub-maximal exercise test that is a
composite assessment of cardiac, respiratory, and musculoskeletal
function. Because all three of these organ systems are involved in
the MPS disorders, walking tests have been widely used as primary
efficacy endpoints in clinical trials of enzyme replacement therapy
for other MPS disorders, including MPS [ [29,30] and MPS VI [31].

We observed no evidence for an effect of race on immunogenic-
ity or safety. IgG antibodies were detected in 60% (6/10) of patients
treated with idursulfase, which is similar to the 49.6% rate seen in
the Phase 2/3 study that enrolled predominantly Caucasian and
other non-Asian patients [20]. In addition, the adverse event profile
was similar in all respects; infusion-related reactions occurred in
50% of patients in the current study compared to 69% of patients
receiving weekly idursulfase in the Phase 2/3 study [20].

Limitations of this study include its open-label treatment, lack
of control group, and small sample size. Other aspects of the study
design, however, including the treatment dose and regimen, study
duration, and efficacy and safety assessments were identical or
very similar to those used in the Phase 2/3 study [20]. A placebo
effect in this study cannot be excluded, especially for effort-depen-
dent assessments such as the 6MWT and active joint range of mo-
tion. Nevertheless, the magnitude of change in the GMWT distance
was similar to those observed in previous studies of idursulfase
[19,20]. Determination of FVC by spirometry is less susceptible to
a placebo effect given the requirement for test-retest reproducibil-
ity at each assessment [21]. This study enrolled only 10 patients,
which may not have had sufficient power to detect a statistically
significant clinical response even if clinical improvements were
present. On the other hand, the biomarkers of lysosomal GAG
clearance, ie. liver and spleen volumes and urinary GAG level,
did have sufficiently large effect sizes (change/standard deviation
of change) to show statistically significant differences. Finally,
the study involved only adult males, all of whom had a substantial
pre-existing disease burden. This study shows that many disease
features of seriously ill patients, including diminished cardiorespi-
ratory function, restricted joint range of motion, and hepatosplen-
omegaly can improve with idursulfase treatment. An even better
response is expected in young children prior to final organ matura-
tion and the development of chronic tissue damage. In this regard,
a study in MPS Il patients <5 years of age is underway.

Conclusions

Idursulfase was generally well-tolerated and produced clinical
improvements in adult japanese patients with attenuated MPS II
treated with the labeled dose, 0.5 mg/kg administered intrave-
nously once weekly. Treatment with idursulfase also resulted in
substantial reductions in hepatosplenomegaly and urinary GAG
excretion, indicating efficient clearance of lysosomal GAG. The
safety profile and immunogenicity of idursulfase appear to be sim-
ilar between Japanese and previously studied Caucasian patients.
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Lon is the major protease in the mitochondrial matrix in eukar-
yotes, and is well conserved among species. Although a role for
Lon in mitochondrial biogenesis has been proposed, the mechan-
istic basis is unclear. Here, we demonstrate a role for Lon in mtDNA
metabolism. An RNA interference (RNAi) construct was designed
that reduces Lon to less than 10% of its normal level in Drosophila
Schneider cells. RNAi knockdown of Lon results in increased abun-
dance of mitochondrial transcription factor A (TFAM) and mtDNA
copy number. In a corollary manner, overexpression of Lon reduces
TFAM levels and mtDNA copy number. Notably, induction of mtDNA
depletion in Lon knockdown cells does not result in degradation of
TFAM, thereby causing a dramatic increase in the TFAM:mtDNA
ratio. The increased TFAM: mtDNA ratio in turn causes inhibition
of mitochondrial transcription. We conclude that Lon regulates
mitochondrial transcription by stabilizing the mitochondrial TFAM:
mtDNA ratio via selective degradation of TFAM.

AAA+ protease | mtDNA maintenance | quality control

Lon is the major protease in the mitochondrial matrix and
is well conserved among species (1-4). Lon is a member of the
super family of ATPases associated with diverse cellular activities
(AAAT ATPases)', and forms a homooligomeric, ring-shaped
structure (5, 6). Lon contributes to protein quality control surveil-
lance in mitochondria by degrading preferentially oxidatively-
modified or misfolded proteins before they aggregate (7-9). In
bacteria, in addition to proteolysis of damaged proteins, Lon also
plays a key role in turnover of specific unstable proteins involved in
avariety of biological processes (3,4). Similarly, the steroidogenic
acute regulatory protein StAR, several subunits of cytochrome ¢
oxidase, and oxidized mitochondrial aconitase are known to be
Lon substrates in animal mitochondria (10-14).

In addition to its proteolytic function, mitochondrial Lon has
the ability to bind DNA in vitro (15-17), and has been shown to
interact with mtDNA in human cultured cells (18). However, the
physiological role of DNA binding by Lon is not clear. In yeast,
loss of PIMI1, which is the ortholog of animal Lon protease,
causes mtDNA deletion, impairs mitochondrial gene expression
and results in respiratory deficiency (19, 20). A role for Lon has
been postulated in mtDNA replication, transcription, and/or
maintenance, but this remains to be validated. Lon was demon-
strated to be a component of mitochondrial nucleoids, which are
protein: DNA complexes formed to package mtDNA (21, 22).
The major protein component of mtDNA nucleoids is mitochon-
drial transcription factor A (TFAM or mtTFA) (23, 24). TFAM
contains two high mobility group (HMG) amino acid sequence
boxes; it binds to mtDNA both specifically and nonspecifically
(25). TFAM is essential for mtDNA transcription and for mtDNA
packaging inmtDNA maintenance (26-30). Interestingly, mtDNA
and TFAM levels are interdependent, such that knockdown
of TFAM results in mtDNA depletion, and reduction of mtDNA
copy number causes reduction of TEAM levels (26, 29, 31).
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In this study, we investigated the role of Lon protease in reg-
ulating mtDNA maintenance and transcription, and the protein
components of mitochondrial nucleoids in cultured cells. Our
results argue strongly that Lon modulates mtDNA biogenesis
by the selective degradation of TEAM.

Results

Overexpression of Lon Reduces TFAM Levels and mtDNA Copy Number.
Mitochondrial localization of the Drosophila Lon gene product
(CG8798) was confirmed in Schneider cells by fluorescence mi-
croscopy (Fig. S1). Next, Drosophila Lon was subcloned into the
inducible expression vector pMt/Hy under the control of the me-
tallothionein promoter. The resulting expression vector, pMt/
Lon/Hy, was introduced into Schneider cells, and stable cell lines
harboring this plasmid were cultured in media with or without
0.2 mM CuSO,. After 10 d of incubation in the presence of
copper, immunoblot analysis indicated a fivefold increase in
Lon relative to that in the uninduced control cells (Fig. 14). In
contrast, expression of B-tubulin, used as a control protein, was
unchanged. Levels of protein components of the mitochondrial
nucleoid were measured by immunoblotting of cells carrying
no plasmid, pMt/Hy, or pMt/Lon/Hy.

Overexpression of Lon reduced the level of TFAM to 75% of
that in the control cells (Fig. 1 4, B). Levels of other proteins
localized in mitochondrial nucleoids, including mtTFB2, mtDNA
helicase, pol y-a, and mtSSB, were not changed. We used South-
ern blots to quantify relative mtDNA copy number in the Lon
overexpression cells. We found that the relative mtDNA copy
number in the overexpression cells was ~0.7-fold of that in the
control cells (Fig. 1C). Northern blots were used to quantify
the relative expression of the Cyth, ND4, and 125 rRNA genes
in cells grown for 10 d in the presence or absence of copper. Over-
expression of Lon did not show any significant changes on these
mitochondrial transcript levels as compared to the control cells
(Fig. 1D). Furthermore, TFAM mRNA levels were unchanged
by Lon overexpression, indicating that the reduction in TFAM
protein levels in the knockdown cells does not result from the
reduction of TFAM mRNA.

RNAi-Dependent Knockdown of Lon Increases TFAM, Mitochondrial
DNA Copy Number, and Mitochondrial Transcription. We reduced
the abundance of Lon by expressing a metallothionein-inducible
Lon-targeted RNAI species from the plasmid pMt/invLon/Hy.
The RNA species produced a form of dsRNA hairpin homolo-
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Fig. 1. Expression of Drosophila Lon protease in Schneider cells. Schneider
cells with no plasmid (control) or carrying pMt/Hy (vector) or pMt/Lon/Hy (Lon
WT) were cultured for 10 d in the presence or absence of 0.2 mM CuSOA4.
(A) Protein extracts (20 ug) were fractionated by 7.5%, 10.5%, or 13.5%
SDS-PAGE, transferred to nitrocellulose filters and probed with antibodies
against Lon protease, TFAM, mtTFB2, mtDNA helicase, pol y-a, mtSSB, ATPase
B, or p tubulin as indicated. (8) The TFAM/ B tubulin ratio was quantitated by
normalizing TFAM protein levels to p tubulin protein levels as described
under Materials and Methods. Error bars indicate means = standard error
of three independent experiments. The asterisk indicates P < 0.05 in compar-
ison to control. (C) Total DNA (10 pg) was extracted from Schneider cells or
Schneider cells carrying pMt/Hy or pMt/Lon/Hy that were cultured for 10d in
the presence of 0.2 mM CuSO4. DNA was digested with Xhol, fractionated in
a 0.7% agarose/ TBE gel, and then blotted to a nylon membrane. The mem-
brane was hybridized with a radiolabeled probe for CytB, and then stripped
and rehybridized with radiolabeled probe for the histone gene cluster as a
control. The relative mtDNA copy number was quantitated as described
under Materials and Methods. Error bars indicate means = standard error
of three independent experiments. The asterisk indicates P < 0.05 in compar-
ison to control. (D) Total RNA (10 pg) was extracted from Schneider cells or
Schneider cells carrying pMt/Hy or pMt/Lon/Hy after 10 d of culture in the
presence or absence of 0.2 mM CuSO4. RNA was fractionated in a 1.2%
agarose/formaldehyde gel, blotted to nylon membrane, and hybridized with
radiolabeled probes for the mitochondrial transcripts 725 rRNA, ND4, and
Cytb, the nuclear transcript RP49, and TFAM.

gous to Lon. Schneider cells stably expressing pMt/invLon/Hy
showed the accumulation of oxidized proteins in mitochondria
(Fig. S2), but the knockdown cells could be maintained for at
least 6 mo under normal culture conditions. Schneider cells stably
expressing pMt/invLon/Hy were cultured for 10 d in the absence
or presence of 0.2 mM CuSO,. Immunoblot analysis of copper-
treated cells showed that cells carrying pMt/invLon/Hy expressed
>10-fold less Lon than cells carrying the control vector (Fig. 24).
Even in the uninduced condition, the cells carrying pMt/invLon/
Hy suppressed expression of Lon by >10-fold, most likely due to
leaky expression (32-35). In contrast, expression of B-tubulin was
unchanged. Again levels of mitochondrial nucleoid proteins were
measured by immunoblotting of cells carrying no plasmid, pMt/
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Hy, or pMt/invLon/Hy. Depletion of Lon increased the protein
levels of TFAM and mtTFB2 ~1.4-fold relative to their levels in
the control cells (Fig. 24, B). At the same time, the levels of other
mitochondrial nucleoid proteins were not changed significantly.
Next, relative mtDNA copy number was measured in the knock-
down cells in the presence or absence of copper and found to be
~1.3-fold higher than in the control cells (Fig. 2C). These results
suggest that the increase in mtDNA copy number results from the
increased TFAM levels.

Northern blots were used to quantitate relative expression of
the Cyth, ND4, and 128 rRNA genes in cells grown for 10 d in the
presence or absence of copper. Basal expression of Lon-targeted
RNAI increased the transcript levels of Cyth, ND4, and 1285 rRNA
to ~1.4-fold that of the control cells (Fig. 2D). This increase in the
mitochondrial transcripts may result from either the increase in
mtTFB2 or mtDNA copy number, or both. In contrast, the level
of transcripts from the nuclear gene RP49 was unchanged by Lon
knockdown. Similar to that observed upon the overexpression of
Lon, TFAM mRNA levels were unchanged in the Lon knock-
down cells (Fig. 2D), indicating that the increase in TFAM pro-
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Fig. 2. Expression of Drosophila Lon-targeted RNAi in Schneider cells.
Schneider cells with no plasmid (control) or carrying pMt/Hy (vector) or
pMt/invLon/Hy (Lon RNAI) were cultured for 10 d in the presence or absence
of 0.2 mM CuSO4. (A) Immunoblot analysis was carried out as described in
the legend to Fig. 1A. (B) The TFAM/B tubulin ratio was quantitated by nor-
malizing TFAM protein levels to p tubulin protein levels as described under
Materials and Methods. Error bars indicate means =+ standard error of three
independent experiments. The asterisk indicates P < 0.05 in comparison to
control. (C) Relative mtDNA copy number was determined as described in
the figure legend to Fig. 1C. Error bars indicate means =+ standard error of
three independent experiments. The asterisk indicates P < 0.05 in comparison
to control. (D) Northern blot analysis using 125 rRNA, ND4, Cytb, RP49, and
TFAM was carried out as described in the legend to Fig. 1D.
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tein in the knockdown cells does not result from an increase in the
steady-state level of TFAM transcripts.

Lon Regulates mtDNA-Dependent TFAM Degradation in Schneider
Cells. Our data show that Lon regulates TEAM levels and mtDNA
copy number. Because of the interdependent relationship of
TFAM and mtDNA, we asked whether or not Lon degrades
TEAM directly. To do so, we cultured the cell lines in the presence
of ethidium bromide (EtBr), an inhibitor of mtDNA replication.
In the control cells, EtBr treatment results in a rapid reduction
of mtDNA copy number, and TFAM protein levels were also re-
duced, albeit more slowly than that of mtDNA (Fig. 3 4, B). At
the same time, TFAM mRNA levels were unchanged (Fig. S3).
Because the levels of other mitochondrial nucleoid proteins were
not affected by mtDNA depletion with EtBr, we conclude that
TFAM is depleted selectively following mtDNA reduction. In
the Lon overexpression cells, EtBr treatment also resulted in
the reduction of mtDNA (Fig. 3B). Interestingly, here the reduc-
tion of TFAM was faster than in the control cells (Fig. 34). EtBr
treatment also caused mtDNA depletion in the Lon knockdown
cells. However in this case, the relative level of TEAM protein was
increased 1.2-fold (Fig. 34), while again TFAM mRNA levels
were unchanged (Fig. S3). Similar to the control cells, the levels
of other mitochondrial nucleoid proteins were unchanged in the
EtBr treated Lon knockdown cells.

To demonstrate conclusively the proteolytic role of Lon in
mtDNA-dependent TFAM degradation, we established a cell line
expressing a Lon mutant carrying a S880A amino acid substitu-
tion, in which the conserved serine in the proteolytic active site

A control Lon WT Lon RNAL
days 0 2 4 6 0 2 4 8 6 2 4 6
Lamn e ——————
TEAM s sssn, o Sl oo o - -
IUTFB2 o s s 0 s e o s S s o s
mIDNA helicage o e o o JOPE, A et

18! VT e pe————
MISSB o anipm
AT Pasef} s s e
£ tbulin " e e s

sk W S S

P

R W W GRS W

R =
Z
=N i 1
252
B
z 0 0 0
Sdays 0 2 4 6 0 2 4 6 0 2 4 6
control Lon WT Lon RNAj
C 3 5 5
2 4 4 4
-]
£Eg 3 3 3
S g
2% 2 2 2
& )
= 1 1 i
0 J 0 0
davs 0 2 4 6 0 2 4 6 02 4 6
control Lon WT Lon RNAL

Fig. 3. Dynamics of mitochondrial nucleoid proteins during mtDNA deple-
tion in Lon overexpressing or knockdown Schneider cells. Schneider cells with
no plasmid (control) or carrying pMt/Lon/Hy (Lon WT) or pMt/invLon/Hy
(Lon RNAI) were cultured for 6 d in the presence of 200 ng/mL EtBr. The cells
were harvested prior to EtBr treatment (0 d) and after 2, 4, and 6 days of
EtBr treatment. (A) Immunoblot analysis was carried out as described in
the legend to Fig. 1A. (B) Relative mtDNA copy number was determined as
described in the legend to Fig. 1C. Error bars indicate means + standard error
of two independent experiments. (C) The TFAM/ mtDNA ratio was quanti-
tated by normalizing TFAM levels to relative mtDNA copy number. Error bars
indicate means =+ standard error of two independent experiments.
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was replaced by alanine. The cell line expressing Lon S880A
showed severe retardation of TFAM degradation following
mtDNA depletion, likely because overexpression of Lon S880A
results in a dominant negative phenotype that is caused by the
formation of mixed oligomeric forms (Fig. S4). Taken together,
our data show clearly that Lon is responsible for specific degra-
dation of TFAM.

What Is the Physiological Role of Lon Degradation of TFAM? We
sought to investigate the functional significance of the specific
degradation of TFAM in mtDNA-depleted cells. In control cells
treated with EtBr, the TFAM: mtDNA ratio was raised transi-
ently, and then reverted to normal levels within 6 d (Fig. 3C).
However, Lon knockdown cells did not recover a normal
TFAM:mtDNA ratio. In mammalian cells, overexpression of
TFAM causes suppression of mitochondrial transcription (36).
We confirmed this phenomenon in Schneider cells overexpres-
sing TFAM under the control of the metallothionein promoter
(Fig. S5), and find that suppression occurs in cells containing
a TFAM:mtDNA ratio >2 (Fig. 4). Interestingly, the highest
overexpression level showed depletion of mtDNA copy number
in addition to transcriptional suppression. We thus hypothesized
that Lon regulates mtDNA transcription by stabilizing the
cellular TFAM: mtDNA ratio. To document this hypothesis,
we measured mitochondrial transcript levels in mtDNA-depleted
cells. Because EtBr also inhibits mtDNA transcription, we instead
induced mtDNA depletion by knockdown of mtDNA replication
factors and in particular, the catalytic subunit of mitochondrial
DNA polymerase and the mtDNA helicase. Control and Lon
knockdown cells were cultured for 10 d with dsRNA targeted
against these proteins or GFP as a control, and the relevant pro-
tein levels were then evaluated by immunoblotting (Fig. 54). The
cells cultured with GFP dsRNA showed no change in these pro-
tein levels, whereas in the cell lines cultured with the mtDNA
helicase or mtDNA polymerase dsRNAs, mtDNA copy number
was reduced to ~60% of that in the control cells (Fig. 5B). After
the dsRNA treatments, the TFAM levels decreased to 75% in
control cells, but increased 1.2-fold in the Lon knockdown cells
(Fig. 54). After the dsRNA treatments, the TFAM : mtDNA ratio
in the control cells was increased ~1.3-fold relative to the control
cells alone, and the ratio in the Lon RNAI cells was increased
~2.5-fold (Fig. 5C). Mitochondrial transcripts in the control cells
were unchanged with or without dsRNA treatment (Fig. 5D).
However, the transcript levels in mtDNA-depleted Lon RNAi
cells were reduced to 47%-60% of those in the mtDNA-depleted
cells that showed transcript levels equivalent to 66%-84% of the
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Fig. 4. Expression of TFAM in Schneider cells. Relative ratio of mtDNA
copy number (open circles, solid line), mt mRNAs/nRNA (crosses, dotted line),
and TFAM/mtDNA (filled triangles, dashed line) were measured at different
overexpression levels of TFAM in Schneider cells as indicated. Relative mtDNA
copy number was determined as described in the legend to Fig. 1C. The mt
mRNAs/nRNA ratio was quantitated by normalizing mitochondrial transcript
abundance (ND4 and Cyt b) to that of nuclear Rp49. TFAM/mtDNA ratio was
quantitated by normalizing TFAM protein levels to relative mtDNA copy
number.
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Fig. 5. Effects of Lon knockdown on mitochondrial transcript levels after
mtDNA depletion in Schneider cells. Schneider cells carrying no plasmid
(control) and or pMtfinvLon/Hy (Lon RNAI) were cultured for 10 d in the
presence or absence of dsRNA of mtDNA helicase, pol y-a, or GFP as control.
(A) Immunoblot analysis was carried out as described in the legend to Fig. 1A,
(B) Relative mtDNA copy number was determined as described in the legend
to Fig. 1C. Error bars indicate means = standard error of two independent
experiments. The asterisk indicates P < 0.05 in comparison to the control.
(©) The ratio of TFAM/mtDNA was determined as described in the legend
to Fig. 3C. Error bars indicate means =+ standard error of two independent
experiments. The asterisk indicates P < 0.05 in comparison to each cell that
was cultured in the absence of dsRNA. (D) Northern blot analysis using ND4,
Cytb, and RP49 was carried out as described in the legend to Fig. 1D. Relative
mitochondrial mRNA |evels were quantitated by normalizing ND4 and Cytb
abundance to that of RP49. Error bars indicate means + SE of two in
dependent experiments. The asterisk indicates P < 0.05 in comparison to
the control.

control cells. Interestingly, the reduced mitochondrial transcript
levels were lower than that of control cells. Together, these results
indicate that Lon regulates mitochondrial transcription by con-
trolling the TFAM : mtDNA ratio.

Discussion

‘We have established that Lon knockdown cell lines express <10%
of endogenous Lon protein levels, yet these cells grow for at least
6 mo. In human fibroblast cells, depletion of Lon over 4 d re-
sulted in apoptotic cell death (37, 38), whereas Lon knockdown
in human colon carcinoma cells allows survival for at least 15 d
(18). Thus, the effects of Lon depletion may be species- or cell
type- specific. As in a recent report with human rhabdomyosar-
coma cells (39), depletion of Lon protease in Drosophila Schnei-
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der cells results in an increase in the levels of oxidized proteins in
mitochondria, indicating that Lon is responsible for degradation
of oxidized mitochondrial proteins, and suggesting that variations
in cell viability as a result of Lon depletion may reflect varying
cellular tolerances for oxidative damage to mitochondrial
proteins.

It is known that TEAM protein levels are reduced coincident
with mtDNA depletion in animal cells, but the mechanism for
this phenomenon is unclear (31). Here, we show that Lon is re-
sponsible for degradation of TFAM upon mtDNA depletion.
Moreover, Lon may be also responsible for TFAM degradation
under normal conditions, because the cellular level of TFAM
varies in concert with Lon levels. These findings imply that TFAM
turnover is strongly dependent on Lon protease function. In ad-
dition to TFAM, we found that the mtTFB2 level is increased in
Lon knockdown cells, so it may also be a specific substrate for the
Lon protease. Other mitochondrial biogenesis proteins tested
were unchanged appreciably in either Lon knockdown or over-
expression cells. In Escherichia coli, some substrates for Lon over-
lap those of other AAA™ proteases such as the ClpP protease;
notably, the ClpP ortholog in animal cells comprises another
major protease in the mitochondrial matrix space (2, 3, 40).
Therefore, the depletion of mitochondrial Lon may be compen-
sated partially by mitochondrial ClpP protease. Alternatively, the
residual Lon in knockdown cells may be sufficient to degrade its
protein targets.

We found that mitochondrial transcripts in Lon knockdown
cells are increased moderately in association with an increase
of TFAM and mtTFB2 levels. Previous studies showed that
the relative levels of mtDNA and TFAM are not critical to ob-
serve stimulation of mitochondrial transcription in Drosophila
Kc167, and Schneider cells (29, 35). We suggest that in contrast,
increase of mtTFB2, which is essential for mitochondrial tran-
scription, may be responsible for up-regulation of mitochondrial
transcription.

‘We show that degradation of TFAM by Lon protease is facili-
tated by mtDNA depletion. Interestingly, a similar phenomenon
was reported in Bacillus subtilis. B. subtilis LonA, which is the
ortholog of Lon, is involved in degradation of the structural main-
tenance of chromosomes protein (SMC), and the degradation of
SMC is facilitated by DNAase treatment (41). Although the
mechanisms by which Lon recognizes its target proteins are
not well understood, a recent report showed that E. coli Lon re-
cognizes specific aromatic residue-rich sequences that are hidden
in the hydrophobic cores of native structures, but are accessible in
unfolded structures (42). Interestingly, the HMG boxes in TFAM
contain four conserved aromatic residues within a hydrophobic
core, and these residues may be masked when TFAM binds
DNA (25, 27, 29). Another possible explanation is that TFAM
not bound to mtDNA becomes exposed to oxidative stress,
whereas TFAM bound to mtDNA comprises part of the core
of the mitochondrial nucleoids, and is thus surrounded by other
proteins (43). Mitochondrial Lon has the ability to bind DNA and
localizes in mitochondrial nucleoids (15-18). Our current hypoth-
esis is that excess, free TFAM is degraded by Lon before the
TFAM binds DNA. Alternatively, it seems possible, albeit more
complicated, that excessive DNA compaction resulting from
binding of high TFAM levels signals the degradation of TFAM
by DNA-bound Lon. Further experiments are warranted to ad-
dress these and other possibilities, and to clarify the link between
the DNA-binding activity of Lon and TFAM turnover.

Suzuki and colleagues showed that mtDNA copy number
was unchanged after 15 d of Lon knockdown in human colon
carcinoma cells (18). This model differs from ours, in which
we observe an increase in mtDNA copy number. We established
our Lon knockdown cells over a period of 8 wks and because of
leaky expression from the inducible promoter in the RNAi vector,
Lon depletion was already ongoing prior to the 10 d induction
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period. Thus, one possible explanation for the difference we
observe is that TFAM accumulation may be slower in their
model and consequently, increased mtDNA copy number might
not have been apparent. Another possible explanation is that
compensation by other proteases such as ClpP (2, 40) might effect
TFAM degradation in the Lon-depleted human colon carcino-
ma cells.

‘We found that upon EtBr treatment, the TFAM : mtDNA ratio
is nearly restored within 6 d in both control and Lon overexpres-
sing cells, whereas restoration did not occur in Lon knockdown
cells. Moreover, TFAM turnover resulting from mtDNA deple-
tion by EtBr treatment is strongly reduced in cells overexpressing
a protease-deficient Lon variant, which shows a dominant
negative effect. Similar results involving restoration of normal
TFAM/ mtDNA ratios were produced in the case of knockdowns
of mtDNA helicase and mtDNA polymerase, though there the
reduction of mtDNA is lower as compared to that upon EtBr
treatment. Until stabilization occurs, excess overexpression of
TFAM results in reduction of mitochondrial transcript levels; no-
tably, in TFAM overexpressing cells, ratios of TFAM : mtDNA >2
show inhibitory effects on mitochondrial transcription. In the
case of knockdown of mtDNA helicase or mtDNA polymerase,
mitochondrial transcription levels are unchanged in control cells
upon mtDNA depletion, whereas Lon knockdown cells showed a
similar reduction in mitochondrial transcripts. Upon knockdown
of mtDNA helicase or mtDNA polymerase, the TFAM :mtDNA
is ~1.3 in control cells and >2 in Lon knockdown cells, consistent
with the observations in TFAM overexpression cells. Because
there are environmental conditions under which mtDNA copy
number is known to vary, such as during development and upon
drug treatment (44, 45), transient Lon degradation of excess
TFAM would be important to maintain normal mitochondrial
transcription levels. We conclude that the TFAM :mtDNA ratio
is crucial for both mtDNA biogenesis and homeostasis, and that
Lon stabilizes the TFAM : mtDNA ratio by degradation of excess
TFAM. With the example of TFAM, we provide direct evidence
of the physiological role of Lon protease activity in mtDNA main-
tenance in animal cells, warranting future study of its potential
involvement in the surveillance and turnover of other proteins
involved in mtDNA replication, transcription, and translation.

Materials and Methods

Preparation of Lon Antibody. A recombinant protein corresponding to amino
acids Asp613 to Ser838 of Drosophila Lon (CG8798) was used to immunize
rabbits to obtain polyclonal antibody.

Preparation of Inducible Plasmids Expressing Lon, TFAM, and Lon-Targeted
RNAI. The plasmid pMt/Lon/Hy, in which Lon is regulated by the metallothio-
nein promoter and the plasmid pMt/invLon/Hy, which carries an inverted
repeat of a nucleotide sequence from Lon ¢cDNA that is transcribed from
the metallothionein promoter were constructed as described in the S/ Text.
Plasmid pMt/TFAM/Hy is as described previously (35).

Generation and Induction of Stable Cell Lines. Drosophila Schneider S2 cells
were cultured at 25 °C in Drosophila Schneider Medium (Invitrogen) supple-
mented with 10% FBS. Cells were subcultured to 3 x 108 cells/mL every fifth
day. Cells were transfected using Effecten (QIAGEN). Hygromycin-resistant

. Lee |, Suzuki CK (2008) Functional mechanics of the ATP-dependent Lon protease-
lessons from endogenous protein and synthetic peptide substrates. Biochim Biophys
Acta 1784:727-735.

. Koppen M, Langer T (2007) Protein degradation within mitochondria: versatile activ-
ities of AAA proteases and other peptidases. Crit Rev Biochem Mol Biol 42:221-242.

. Tsilibaris V, Maenhaut-Michel G, Van Melderen L (2006) Biological roles of the Lon
ATP-dependent protease. Res Microbiol 157:701-713.

4, Chandu D, Nandi D (2004) Comparative genomics and functional roles of the
ATP-dependent proteases Lon and Clp during cytosolic protein degradation.
Res Microbiol 155:710-719.

. Park SC, et al. (2006) Oligomeric structure of the ATP-dependent protease La (Lon) of
Escherichia coli. Mol Cells 21:129-134.

. Stahlberg H, et al. (1999) Mitochondrial Lon of Saccharomyces cerevisiae is a ring-
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cells were selected with 200 pg/mL hygromycin. Cells were passaged for
8 wks in hygromycin-containing medium and then cultured in standard med-
ium. The cell lines were grown to a density of 3 x 108/mL and then treated
with 0.2 mM CuSO, to induce expression from the metallothionein promoter.

Immunoblotting. Total cellular protein (20 pg per lane) was fractionated
by 13.5%, 10.5%, or 7.5% SDS-PAGE and transferred to nitrocellulose filters.
Immunoblotting was performed as described previously (46). Protein bands
were visualized using ECL Western blotting reagents (Amersham). ECL lumi-
nescence was quantified on a Kodak Image Station 4000R. Antibodies against
Drosophila mtSSB (47), TFAM (29), Pol y-a (48), mtDNA helicase (32), ATPase p
(32), mtTFB2 (35), and B tubulin (E7) (Developmental Studies Hybridoma
Bank) were prepared and used as described. The ratio of the signals for
TFAM and B tubulin was used to estimate the relative protein levels of
TFAM. The TFAM immunoblotting experiments shown in Figs. 1, 2, 3, and
5 were performed two or thee times with each of the two or three indepen-
dent cell lines carrying each plasmid construct, including control (no plasmid).
The data presented represent one such experiment, and the quantitation is
provided for the duplicate or triplicate experiments from one of two or thee
cell lines.

Northern and Southern Blotting. Northern blotting was performed as de-
scribed previously (46), and the data were analyzed using a Phospholmager
(Molecular Dynamics). The signal for RP49 was used to normalize mitochon-
drial transcripts.

Southern blotting was performed as described previously (32), and the
data were analyzed using a Phospholmager (Molecular Dynamics). Blots were
probed with radiolabeled DNAs for the mitochondrial gene Cytb and the nu-
clear histone gene cluster. The ratio of the signals for these two genes was
used to estimate the relative copy number of mtDNA. The Northern and
Southern blot experiments shown in Figs. 1, 2, 3, 4, and 5 were performed
two or thee times with each of the two or three independent cell lines carry-
ing each plasmid construct, including control (no plasmid). The data pre-
sented represent one such experiment, and the quantitation is provided
for the duplicate or triplicate experiments from one of two or thee cell lines.

RNA Interference. To generate double-stranded RNA (dsRNA) for RNAI, se-
quences directed against the protein to be silenced were amplified by PCR
from each cDNA. Each primer used in the PCR contained a T7 RNA promoter
followed by sequences specific for the targeted genes. The following primer
sets were used for each protein: mtDNA helicase for GTAATACGACTCACTA-
TAGGGCATGGAAAATGAGACGCGC and GTAATACGACTCACTATAGGGGAT-
TGCTGACTAGAACCGC; DNA polymerase y-a for TAATACGACTCACTATAGG-
GTGCCTACGCCTGCGGTGAGC and TAATACGACTCACTATAGGGCTCCAATG-
CTCGACTAAGAC; GFP for GTAATACGACTCACTATAGGGGGAGAAGAACTTTT-
CACTGG and GTAATACGACTCACTATAGGGTCTGCTAGTTGAACGCTTC. PCR
products were used as templates for in vitro transcription using the T7 Mega-
script RNAI kit (Ambion). 3 x 107 52 Drosophila tissue culture cells were plated
into a T25 flask in 5 mL of medium without FBS. 100 pg of dsRNA was added
and mixed by swirling. After 30 min, 5 mL of media containing 20% FBS was
added. The cells were collected after 5 d culture and repeat dsRNA treatment.
After 5 d after second dsRNA treatment, the cells were harvested for the
analysis.
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S| Materials and Methods. Preparation of inducible plasmids expres-
sing cMyc-Lon and the Lon S880A mutant. The plasmid pMt/Lon/Hy,
in which Lon is regulated by the metallothionein promoter, was
constructed as follows: a fragment of Drosophila Lon cDNA was
amplified by PCR using as 5'-primer 5'- GGGCTCGAGTGC-
GAGTGGATATTGCTTTC -3' and as 3'-primer 5'- GCGCAC-
TAGTATTACAAGTCTTCTTCAGAAATAAGCTTTTGA-
GAATAAGGCCACGTCTC -3'. The PCR fragment was cleaved
by Xhol and Spel and subcloned.

pMt/S880A/Hy was constructed from pMt/Lon/Hy by site
directed mutagenesis using the following pair of primers: 5'-
AGATGGCCCCGCTGCGGGCATC -3’ and 5'- GATGCCCG-
CAGCGGGGCCATCT -3'.

Detection of carbonylated proteins. The OxyBlot procedure (Milli-
pore) was used to perform immunoblot detection of oxidatively
modified proteins by the generation of carbonyl groups. Ten
micrograms of protein were used for each reaction. Carbonyl
groups in mitochondrial protein samples (10 pg) were derivatized
to 2,4-dinitrophenylhydrazone (DNP-hydrazone) by reaction with
2,4-dinitrophenylhydrazine. Carbonylated proteins were detected
by immunoblot analysis using an anti-DNP antibody.

Indirect immunofluorescence. Indirect immunofluorescence was
performed as described (1) with anti-c-Myc monoclonal antibody

1. Goto A, Matsushima Y, Kadowaki T, Kitagawa Y (2001) Drosophila mitochondrial
transcription factor A (d-TFAM) is dispensable for the transcription of mitochondrial
DNA in Kc167 cells Biochem J 354:243-248.

anti-Myc

Mitotracker red

(Sigma) and Alexa Fluor 488 anti-mouse IgG (Molecular
Probes).

Preparation of inducible plasmids expressing Lon, TFAM, and Lon-Tar-
geted RNAI. The plasmid pMt/Lon/Hy, in which Lon is regulated
by the metallothionein promoter, was constructed as follows: a
fragment of Drosophila Lon cDNA was amplified by PCR using
as 5'-primer 5'- GGGCTCGAGTGCGAGTGGATATTGC-
TTTC -3’ and as 3'-primer 5'- GCGCACTAGTCTAAGAA-
TAAGGCCACGTCTC -3'. The PCR fragment was cleaved by
Xhol and Spel and subcloned. The plasmid pMt/TFAM/Hy
was as described previously (2). The plasmid pMt/invLon/Hy car-
ries an inverted repeat of a nucleotide sequence from Lon cDNA
that is transcribed from the metallothionein promoter. The insert
in pMt/invLon/Hy was generated from two PCR-amplified frag-
ments of Lon cDNA. One fragment has terminal Xhol and
EcoRI sites and was prepared using the following pair of primers:
5'- GCGCCTCGAGACTAGTGGGATGATTCCAAC-
GGGGAT -3’ (forward) and 5'- GCGCGAATTCGGGATC-
GATTCCGCTTGATCAGTGCTTTG -3'(reverse). A second
fragment has terminal Spel and EcoRI sites and was prepared
using the primers 5'- GCGCCTCGAGACTAGTGGGAT-
GATTCCAACGGGGAT -3’ (forward) and 5'- GCGCGAATT-
CAAAAAGCTTTCCGCTTGATCAGTGCTTTG -3’ (reverse).
The two PCR products were ligated and cloned into the pMt/
Hy vector cleaved with Xhol and Spel.

2. Matsushima Y, Garesse R, Kaguni LS (2004) Drosophila mitochondrial transcription
factor B2 regulates mitochondrial DNA copy number and transcription in schneider
cells. J Biol Chem 279:26900-26905

merge

Fig. S1. Overexpression of Drosophila Lon in Schneider cells. Immunocytochemistry was performed on Schneider cells that were transiently transfected with
pMK/Lon-Myc/Hy using anti-c-Myc monoclonal antibody (Sigma), and counterstained with Mitotracker Red.
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Fig. 2. Protein oxidation status in mitochondria from Lon knockdown cells. Mitochondrial fractions were prepared from Schneider cells carrying no vector
(control) or pMt/invLon/Hy (Lon RNAI). (A) Detection of oxidized protein was performed using the Oxyblot protocol (Millipore). Mitochondrial protein extracts
(10 pg) were incubated in the presence or absence of 2,4-dinitrophenylhydrazine (DNPH) to derivatize protein carbonyl groups. After fractionation by 4%-10%
gradient SDS-PAGE, the proteins were transferred to a nitrocellulose filter, and oxidized proteins were detected with antibody against DNP. (B) Mitochondrial
protein extracts (10 ug) were fractionated by 12% SDS-PAGE, transferred a nitrocellulose filter and probed with affinity-purified rabbit antiserum against
ATPase B as a control.
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Fig. $3. Unchanged TFAM mRNA levels in Schneider cells upon EtBr treatment. After 6 d culture, Total RNA was isolated from Schneider cells with no plasmid

(control) or carrying pMt/Lon/Hy (Lon) or pMt/invLon/Hy (Lon RNAI) that were cultured for 6 d in the presence or absence of 200 ng/mL EtBr. Northern blot
analysis using TFAM and RP49 probes was carried out as described in the legend to Fig. 1D.
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Fig. S4. Steady-state levels of mitochondrial nucleoid proteins during mtDNA depletion in Lon S880A- overexpressing Schneider cells. Schneider cells carrying
pMU/S880A/Hy (S880A) were cultured for 6 d in the presence of 200 ng/mL EtBr. The cells were harvested prior to and after EtBr treatment at 0, 2, 4, and 6 days.
(A) Immunoblot analysis was carried out as described in the legend to Fig. 1A. (B) Relative mtDNA copy number was determined as described in the legend to
Fig. 1C.
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Fig. §5. Expression of Drosophila TFAM in Schneider cells. Schneider cells (C) or cells carring pMt/TFAM/Hy were grown for 10d in the presence of 0, 0.05, 0.1,
or 0.4 mM CuSO4. (A) Immunablot analysis was carried out as described in the legend to Fig. 1A. (B) Relative mtDNA copy number was determined as described
in the legend to Fig. 1C. Error bars indicate means = standard error of two independent experiments. (C) Northern blot analysis using 725 rRNA, ND4, Cytb, and
RP49 was carried out as described in the legend to Fig. 1D.
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Reversible Infantile Respiratory Chain
Deficiency: A Clinical and Molecular Study

Masakazu Mimaki, MD, PhD,’ Hideyuki Hatakeyama, PhD," Hirofumi Komaki, MD,"?
Mina Yokoyama, MD,? Hidee Arai, MD,® Yohei Kirino, PhD,* Tsutomu Suzuki, PhD,*
Ichizo Nishino, MD, PhD,” Ikuya Nonaka, MD, PhD,?® and Yu-ichi Goto, MD, PhD'*?

Objective: To characterize the clinical features and clarify the pathogenicity of "“benign cytochrome ¢ oxidase
deficiency myopathy.”
Methods: The study included 8 patients with the phenotype of this disease. Six patients underwent muscle biopsies
and all the 8 underwent mitochondrial DNA analyses. To confirm the pathogenicity of the detected mitochondrial
DNA mutation, we performed northern blot analysis, using muscle specimens, and blue native polyacrylamide gel
electrophoresis and respiratory chain enzyme activity assay of transmitochondrial cell lines (cybrids).
Results: Clinical symptoms were limited to skeletal muscle and improved spontaneously in all cases; however, 2
siblings had basal ganglia lesions. In all patients, we identified a homoplasmic m.14674T>C or m.14674T>G
mitochondrial transfer RNA-glutamate mutation. Northern blot analysis revealed decreased levels of mitochondrial
transfer RNA-glutamate molecules. Muscle specimens and cybrids derived from patients showed decreased activity
of respiratory complexes IV, and/or |, lll; however, this was normal in naive myoblasts.
Interpretation: Identification of a novel m.14674T>G mutation in addition to m.14674T>C indicated the importance
of this site for disease causation. Analyses of cybrids revealed the pathogenicity of m.14674T>C mutation, which
resulted in defects of cytochrome ¢ oxidase and multiple respiratory chain enzymes. Furthermore, patients with basal
ganglia lesions provided new insights into this disease, in which only skeletal muscle was thought to be affected.
Normal respiratory chain enzyme activities in naive myoblasts suggested the compensatory influence of nuclear
factors, which may be a clue to understanding the mechanisms of spontaneous recovery and low penetrance in
families carrying the mutation.

ANN NEUROL 2010;68:845-854

itochondrial cytochrome ¢ oxidase (COX) a multisu-

bunit assembly present in the inner membrane. is re-
sponsible for the terminal event in electron transport.'
Deficiency of this enzyme is one of the most frequent and
clinically heterogeneous causes of respiratory chain defi-
ciency.l_j An increasing number of genetic defects have
been identified in both mitochondrial DNA (mtDNA) and
nuclear DNA.*'? The onset of COX deficiency is variable,
and most patients show progressive clinical symptoms.

Benign infantile COX deficiency, known as “benign
COX deficiency myopathy,” is very rare and distinct
because of its unusual disease course, which is character-

ized by clinical and pathological improvement. These
patients have lactic acidosis, hypotonia, hyporeflexia, and
generalized muscle weakness from early infancy—features
similar to those seen in the classical fatal infantile
form."*'* The symptoms, however, improve spontane-
ously after 1 year of age.”” ™ The molecular defect in
this disease was previously unknown; however, Horvath
et al.”' have recently reported a single homoplasmic
m.14674T>C mutation.

In this study, we investigated 8 patients with benign
infantile COX deficiency to evaluate its clinical and path-
ological characteristics and disease outcome. We detected

View this article online at wileyonlinelibrary.com. DOI: 10.1002/ana.22111
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the reported homoplasmic mutation in 6 patients and
identified a novel T to G base change at the same nucle-
otide point (np) in 2 patients. Furthermore, we per-
formed biochemical analyses on the transmitochondrial
cell lines (cybrids) to confirm the pathogenicity of the

mutation and influence of nuclear factors.

Patients and Methods

Case Reports

Subjects of this study were 8 (3 male and 5 female) benign in-
fantile COX deficiency patients (Table 1). Patient 7 and 8 were
siblings. Patient 4 has been described previously in a Japanese
report.”’ Six patients underwent muscle biopsies and the muscle
specimens for patients 7 and 8 were not available. We obtained
written informed consent to perform muscle biopsies, biochem-
ical studies, and/or molecular analyses from parents of all
patients.

None of the patients’ parents were consanguineous. All
patients were born uneventfully after a normal pregnancy. All
patients presented as “floppy infants” with muscle weakness and
hypotonia from early infancy, but symptoms improved with
age, particularly after 1 year of age. The follow-up period
ranged from 18 months to 15 years. We documented develop-
mental milestones, history of tube feeding and respirator man-
agement, complications (short stature, hearing loss, renal dys-
function, liver dysfunction, cardiac failure, diabetes mellitus,
seizure, and mental status), laboratory data (lactate levels in
blood and cerebrospinal fluid [CSF], and creatinine kinase
[CK] in blood), and neuroimaging.

Histopathological Studies

Muscle biopsy from biceps brachii was performed at mean age
of 5.6 months (range, 3-9 months). Serial frozen sections were
stained with hematoxylin and eosin, modified Gomori tri-
chrome, succinate dehydrogenase (SDH), COX, and ATPase

stains.

mtDNA Analysis

For mtDNA analysis, toral DNA was extracted from muscle
specimens of 6 patients (patients 1-6) and lymphocytes of
patients 7 and 8. Southern blot and long polymerase chain
reaction (PCR) analyses were performed to detect mtDNA rear-
rangements, as described previously.”*** Total mtDNA
sequencing was performed as described previously.”* The
sequence daca were compared with the Human Mitochondrial
DNA Revised Cambridge Reference Sequence (MITOMAP;
confirm m.14674T>C and
m.14674T>G mutations by restriction fragment length poly-

htep://www.mitomap.org). To
morphism (RFLP) analysis, PCR fragments were digested by
Bell and Nlalll, respectively (see the section on RFLP analysis

in Supporting Information Methods).

Mitochondrial Transfer RNA Analysis
For transfer RNA (tRNA) analysis, total RNA was extracted by
Isogen (Nippon Gene, Toyama, Japan) from muscle specimens,

846

213

naive myoblasts, and cybrids obtained by fusing enucleated
myoblasts of patient 6 carrying m.14674T>C muration with
human osteosarcoma 143B/TK-cells lacking mtDNA as
described previously.*

To evaluate the molecular size and quantity of tRNA-glu-
tamate ((RNA™), we performed northern blot analysis using
total RNA extracted from muscle specimens of patients 3 and
4, and normal infants. Patients 3 and 4 had the m.14674T>G
muration and m.14674T>C mutation, respectively. Samples of
total RNA were electrophoresed and northern hybridization was
performed using a DNA probe specific for mitochondrial
RNAM, (RNA™ amounts were normalized by the amount of
mitochondrial tRNA-Leu (UUR) and nuclear-encoded 5S ribo-
somal RNA (tRNA)?® (see the section on Quantification of
tRNA®" in Supporting Information Methods).

To evaluate aminoacylation levels of t(RNA, we performed
acid polyacrylamide gel electrophoresis (PAGE). Total RNA sam-
ples were extracted from cybrids and 143B/TK-cells (normal
control), prepared to be aminoacyl-tRNAs or forcibly deacylated
tRNAs according to the literature,”” and electrophoresed to sepa-
rate aminoacyl‘tRNA(;l" and uncharged tRNA“Y (see the section
on acid PAGE in Supporting Information Methods).

Enzymatic Activity of Respiratory Chain
Complexes of Naive Myoblasts, Cybrids,

and Muscle Specimens

Enzymatic activity of individual mitochondrial respiratory com-
plexes was determined using isolated mitochondria obtained
from cultured primary myoblasts and cybrids derived from
patient 6, according to Trounce et al.?® with modifications.
Skeletal muscle specimens from patients 3, 4, and 6 were also
available. The activities of complexes I, IL, III, and IV and ci-
trate synthase (CS) were measured using spectrophotometric
assays. All samples were measured at least in duplicate and
averaged.

Blue Native PAGE and Western Blot

for Immunodetection

Mitochondrial proteins were isolated from cultured 143B/
TK cells and cybrids derived from patient 6. The mito-
chondrial proteins (100ug) were solubilized in sample buffer
containing 0.5% (w/v)n-dodecyl-f-D-maltoside. Electrophore-
sis was performed on 3% to 12% polyacrylamide gels (Invi-
trogen, Carlsbad, CA).”>? Following blue native PAGE
(BN-PAGE), gels were blotted on polyvinylidene fluoride
membranes using the iBlot transfer system (Invitrogen). Sub-
(Molecular
Probes, Eugene, OR) were used to immunodetect protein
complexes. The cockeail of primary antibodies included 39kDa
(complex I) (0.5 pg/mL), 70kDa (complex II) (0.5ug/ml),
core II (complex 1) (0.5 pg/ml), subunit I (complex IV)
(2.5 pg/ml), and subunit f(complex V) (0.5 pg/ml). After
removing the cocktail of primary antibodies, alkaline phospha-
tase-conjugated anti-mouse secondary antibody was reacted and

unit-specific mouse  monoclonal  antibodies

nitroblue tetrazolium chloride—derived chromogenic detection
was performed.
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