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Background: Metabolic influences of defective mitochondrial respiration in hepatocytes remain elusive.

Results: Mutation of mitochondrion-encoded NADH dehydrogenase 1 enhanced the activity of AMP-activated protein kinase
(AMPK) and decreased lactate turnover in differentiated hepatocytes.

Conclusion: Dysfunctional mitochondria in the hepatocytes may be responsible for lactic acidosis.

Significance: This study provides new insight on the role of AMPK in lactic acidosis caused by mitochondrial dysfunction.

A defective mitochondrial respiratory chain complex
(DMRC) causes various metabolic disorders in humans. How-
ever, the pathophysiology of DMRC in the liver remains unclear.
To understand DMRC pathophysiology in vitro, DMRC-in-
duced pluripotent stem cells were generated from dermal fibro-
blasts of a DMRC patient who had a homoplasmic mutation
(m.3398T—C) in the mitochondrion-encoded NADH dehydro-
genase 1 (MTNDI) gene and that differentiated into hepatocytes
(DMRC hepatocytes) in vitro. DMRC hepatocytes showed
abnormalities in mitochondrial characteristics, the NAD"/
NADH ratio, the glycogen storage level, the lactate turnover
rate, and AMPK activity. Intriguingly, low glycogen storage and
transcription of lactate turnover-related genes in DMRC hepa-
tocytes were recovered by inhibition of AMPK activity. Thus,
AMPK activation led to metabolic changes in terms of glycogen
storage and lactate turnover in DMRC hepatocytes. These data
demonstrate for the first time that energy depletion may lead to
lactic acidosis in the DMRC patient by reduction of lactate
uptake via AMPK in liver.

The mitochondrial respiratory chain complexes (MRCC)>
located on the mitochondrial inner membrane produce cellular
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energy through oxidative phosphorylation (OXPHOS). Impair-
ment in mitochondrial respiratory activity causes various dis-
orders throughout development and in multiple organs; these
disorders include neonatal fatal lactic acidosis, cardiomyopa-
thy, skeletal myopathy, hepatic failure in childhood, Leber
hereditary optic neuropathy (LHON) in young adults, and even
Parkinson disease in old age (1-5). Mitochondrial disorders
depend on the mutation site and the heteroplasmy of the defec-
tive mitochondria (6). Most patients suffering from MRCC
defects have mutations in complex I, the first MRCC complex
(7). Complex Iis composed of 44 subunits encoded by the mito-
chondrial and nuclear genomes. Complex I oxidizes NADH
into NAD™ and transports protons to the intermembrane space
across the inner membrane of mitochondria, thereby generat-
ing a proton gradient. The primary diseases caused by complex
I defects are Leigh disease, LHON, and mitochondrial myopa-
thy, encephalopathy, lactic acidosis, and stroke-like episodes
(MELAS) syndrome (8 —10).

Mitochondrially encoded NADH dehydrogenase 1 is a
component of complex I. Mutations in the MTNDI gene cause
various diseases that are categorized by complex I defects.
Approximately 90% of LHON patients with blindness have
m.3460G—A, m.11778G— A, or m.14484T— C mutation (11,
12). A patient with an m.3376G— A mutation showed both
LHON and MELAS symptoms (13). One MELAS patient with
both an m.3243A—G mutation in tRNA"" and an
m.3398T— C mutation in the MTNDI gene had severe pheno-
types, such as myopathy, lactic acidosis, and neurodegenerative
symptoms (14). The m.3398T— C mutation was attributed to
gestational diabetes or left ventricular noncompaction (15, 16),
depending on heteroplasmy. Although an MTNDI mutation is
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predicted to contribute to energy depletion by OXPHOS dys-
function and subsequent metabolic changes, this hypothesis
has not yet been tested at the molecular and biochemical levels
because of limitations of disease modeling in humans.

Recent work has suggested that disease modeling using
induced pluripotent stem cells (iPSCs) is a promising method to
understand the pathophysiology of genetic diseases in humans
(17-23). Mitochondrial structure, mtDNA copy number, and
mitochondrial mass are recapitulated in the pluripotent state
during cellular reprogramming of somatic cells (24). This
reprogramming of mitochondria enables modeling of mito-
chondrial diseases in specialized cell types because iPSCs are
able to differentiate into diverse cell types. Until now, only few
mtDNA mutations have been investigated in iPSCs, and any
mutation on MTNDI has not been studied in iPSCs (25-28).
Here, we generated disease-specific iPSCs with defective mito-
chondrial respiratory complex (DMRC-iPSCs) by m.3398T—C
mutation on the MTNDI gene and examined metabolic phe-
nomena in hepatocytes derived from those DMRC-iPSCs. Our
results suggest that enhanced AMPK activity caused by
OXPHOS dysfunction leads to a decrement of lactate turnover
capacity in hepatocytes and finally severe lactic acidosis in the
patient.

Experimental Procedures

Generation and Maintenance of iPS Cells—Patient dermal
fibroblasts were obtained from Asan Medical Center under a
protocol approved by the institutional review board. To induce
pluripotency, Yamanaka factors (OCT4, SOX2, ¢c-MYC, and
KLF4) were introduced into fibroblasts by retroviral infection. 5
days after infection, the fibroblasts were transferred onto a
mitomycin C (A.G. Scientific, San Diego)-treated mouse
embryo fibroblast feeder layer and cultured for ~2-3 weeks
until colonies formed. Single colonies were picked and sepa-
rately cultured as individual cell lines. iPSCs were cultured in
human embryonic stem cell medium at 37 °C, 5% CO, in air.
The human embryonic stem cell medium was composed of
DMEM/F-12 (Life Technologies, Inc.) supplemented with 20%
Knock-Out™ serum replacement (Life Technologies, Inc.), 1.2
g/liter sodium bicarbonate, 1 mm L-glutamine (Sigma), 1% non-
essential amino acid, 1% penicillin/streptomycin (Life Technol-
ogies, Inc.), 0.1 mm B-mercaptoethanol (Sigma), and 10 ng/ml
bFGF (R&D Systems, Minneapolis, MN). Every 5 days, single
iPSC colonies were mechanically sliced into 10—15 sections
and detached after incubation with 0.1 mg/ml collagenase type
IV (Life Technologies, Inc.) for 4 min. The medium was
changed daily. Wild-type iPSCs (WT-iPSCs) derived from der-
mal fibroblasts (29) were used as a control. To form embryoid
bodies (EB), hiPSC clumps were suspended in DMEM/F-12
(Life Technologies, Inc.) containing 10% Knock-Out™ serum
replacement in a low attachment dish for 7 days. Then, the EBs
were attached to the cell culture dish, further cultured in
DMEM (Welgene, Daegu, Korea) with 10% fetal bovine serum
(FBS, Life Technologies, Inc.) for 7 days, and subjected to RT
analysis to examine the expression of marker genes for the three
germ layers.

RT-PCR—Commercial fetal and adult liver RNAs (Agilent
Technologies, Santa Clara, CA) were purchased, reverse-tran-
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scribed, and used as positive controls. Total RNAs were
extracted from cells using the Easy-BLUE reagent (Intron Bio-
technology, Sungnam, Korea). Reverse transcription was per-
formed using Moloney murine leukemia virus reverse tran-
scriptase (Enzynomics, Daejeon, Korea) according to the
manufacturer’s protocol. RT-PCR was performed with Tag-
Plus DNA polymerase (NanoHelix, Daejeon, Korea) on a Gene-
Amp® PCR System 9700 (Life Technologies, Inc.), and quanti-
tative PCR amplification was performed with a pre-made 2X
mixture on a CFX Connect™ real time system (Bio-Rad). The
2X mixture consisted of 40 mm Tris, pH 8.4, 0.1 m KCI, 6 mm
MgCl,, 2 mMm ANTP, 0.2% fluorescein, 0.4% SYBR Green, and
10% DMSO. Information regarding the primers used in this
study is provided in Table 1. The reaction conditions for real
time RT-PCR analysis were as follows: 95 °C for 5 min, followed
by 40 cycles of 95 °C for 10 s, 60 °C for 10 s, and 72 °C for 10s,
and a melting curve. For comparative analyses, the mRNA
expression level of genes was normalized to that of GAPDH and
then expressed as a fold-change relative to the expression level
of the control. The ACt value was calculated as the difference
between the GAPDH Ct and the target Ct. Fold changes in gene
expression levels between the sample and control were deter-
mined using the formula 2~ SA¢* — CACH,

Protein Analysis—For Western blot analysis, samples were
lysed in Pro-Prep™ (Intron Biotechnology) supplemented
with phosphatase inhibitors (5 mm NaF, 1 mm NaVO,, and 1
mM pyrophosphate) at 4 °C overnight. The lysed samples were
centrifuged at 13,000 X g for 30 min to obtain the supernatant
that contains protein. The protein concentrations of the cell
lysates were measured using the Bradford method. Proteins
were separated on a 7.5% Gradi-gel™ (Elpis Biotech, Daejeon,
Korea), transferred to nitrocellulose membranes, and blocked
with 5% bovine serum albumin (BSA, Sigma) or 4% skim milk.
The samples were then incubated in blocking solution at 4 °C
overnight with primary antibodies. The primary antibodies
used in this study were as follows: p-AMPK (Cell Signaling
Technologies, catalog no. 2531); AMPKa (Cell Signaling Tech-
nologies, catalog no. 2532); p-DRP1 (Cell Signaling Technolo-
gies, catalog no. 4494); DRP1 (dynamin-related protein 1) (Cell
Signaling Technologies, catalog no. 5391); and actin-HRP
(Santa Cruz Biotechnology, Dallas, TX, sc-1615 HRP). After
washing with 0.1% Tween 20 in Tris-buffered saline (TBST),
the membranes were incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies (Santa Cruz Biotech-
nology, anti-rabbit, sc-2313; anti-mouse, sc-2314) in blocking
solution for 1 h. Quantification of band densities was per-
formed with the ECL chemiluminescence system (Millipore,
Billerica, MA) and a Fujifilm LAS4000 CCD camera system
(Fujifilm, Japan). The density of each protein band was quanti-
fied using Image] software (National Institutes of Health,
Bethesda).

Hepatic Differentiation—Human iPSCs were differentiated
into hepatocytes using protocols previously reported (30, 31),
with some modifications. The overall procedures are described
in Fig. 3A. In brief, hiPSCs were transferred to Matrigel ™ (BD
Biosciences)-coated 4-well or 35-mm dishes and cultured in
conditioned medium for 2 days. To induce hepatic precursors
via the definitive endoderm stage, hiPSCs were treated with 100
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TABLE 1
Primers used in PCR analysis
Gene Forward primer Reverse primer Product size
bp
GAPDH gaaggtgaaggtcggagtc gaagatggtgatgggatttc 226
OCT4 tcggggtggagagcaact gggtgatcctcttctgette 177
SOX2 accagctcgcagacctacat tggagtgggaggaagaggta 154
NANOG tgatttgtgggcctgaaga gttgtttgcctttgggactg 150
KLF4 gaactgaccaggcactaccg ttctggcagtgtgggtcata 152
c-MYC aagaggacttgttgcggaaa ctcagccaaggttgtgaggt 179
REX1I aatgcgtcataaggggtgag gaacattcaagggagcttge 136
ECATIS ggagccgcctgececctggaaaatte tttttcctgatattctattcccat 371
hTERT tgtgcaccaacatctacaag gcgttcttggctttcaggat 166
E-cadherin cttgttctgagtaagtgtgttc tcatagttccgctectgtcet 117
AAT gaagtcaaggacaccgagga gctggcagaccttctgtett 261
AFP agcttggtggtggatgaa tctgcaatgacagcctcaag 182
ALB tgcacagaatccttggtgaa ttcacgagctcaacaagtgce 173
G6Pase gttcatcttggtgtccgtga gcacggaagtgttgctgtag 187
GLUT2 ttgaaaaggtagggtttgagga aaggaaatgtcaaaggagacga 163
HNF4A cgagcagatccagttcatca cgttggttcccatatgttee 149
PEPCK cagccctaccaggttceceg gttaagccgcaggccagg 199
HMGCR catccctgttggagtggcag gcacctccaccaagacctatt 132
GK cactgctgagatgctcttecg ccacgacattgttcccttcet 197
ACC1 ttttaagcccagctcaggaa cgaaagtcaccccgaataga 210
ACC2 ttcgagttcatggagcagtyg cggcagattaacatcagcaa 174
ACLY gaagttttactgggggcaca cggatctgggcatagttcat 159
AGXT gatgtactcccgcaagacga gtgatggtacatcctgggct 100
FBP1 ccccagataattcagctcectta gttgcattcgtacagcagtctc 149
PAX6 gtgtccaacggatgtgtgag ctagccaggttgcgaagaac 254
ZIC1 gcgctccgagaatttaaaga cgtggaccttcatgtgtttg 212
T (brachyury) aagtacgtgaacggggaatg tggtgagcttgactttgetg 142
SOX17 cagaatccagacctgcacaa gcggccggtacttgtagtt 154
FOXA2 atgcactcggcttccagtat cacgtacgacgacatgttca 225

ng/ml activin A (PeproTech, Rocky Hill, NJ) in RPMI 1640
medium (HyClone, South Logan, UT) with 2% B27 supplement
(Life Technologies, Inc.) for 5 days, followed by treatment with
10 ng/ml fibroblast growth factor 4 (FGF4) and 10 ng/ml hep-
atocyte growth factor (HGF, PeproTech) in RPMI 1640
medium for 4 days. Then, hiPSC derivatives were trypsinized,
replated on Matrigel™-coated 96-well plates, and cultured in
hepatocyte culture medium (HCM, Lonza, Walkersville, MD)
containing 1% insulin/transferrin/selenium (ITS, Sigma), 10
ng/ml FGF4, 10 ng/ml oncostatin M (PeproTech), and 100 nm
dexamethasone (Sigma) for 5 days. In a final step, the hiPSC-
derived hepatocytes were further cultured in HCM containing
0.5 mm dibutyryl-cAMP (Santa Cruz Biotechnology) for 5-10
days. The medium was changed every 2 days. To examine the
effects of the AMPK inhibition, DMRC hepatocytes were cul-
tured in HCM containing 25 um compound C (A.G. Scientific)
for 3 days.

Complex I Activity Assay—The activity of complex I was mea-
sured with a Complex I Enzyme Activity Microplate Assay kit
(Abcam, Cambridge, UK) according to the manufacturer’s
instructions. The optical density (OD) was measured at a wave-
length of 450 nm in 30-s intervals for 30 min. Complex I activity
in the patient’s cells was described as the NADH degradation
rate (OD/min) and is expressed as the fold-change relative to
the rate of the control.

Characterization of hiPSC-derived Hepatocytes—hiPSC-de-
rived hepatocytes were incubated in HCM for 24 h, and then
the supernatant was harvested. The amount of secreted albu-
min was measured from the supernatant using a human albu-
min ELISA kit (Bethyl Laboratories, Montgomery, TX) ac-
cording to the manufacturer’s instructions. The OD was im-
mediately read at a wavelength of 450 nm on a Wallac 1420
Victor2 microplate reader (PerkinElmer Life Sciences). The
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concentration of secreted albumin in each well was adjusted by
normalizing to the whole cell lysate protein in each well.

A quantitative glycogen assay was performed with the Enzy-
Chrom™ glycogen assay kit (BioAssay Systems, Hayward, CA)
according to the manufacturer’s instructions. The stained cells
were observed on an IX70 fluorescence microscope (Olympus,
Tokyo, Japan).

Glucose and Lactate Uptake Assays Using Radioactive
Isotopes—To measure glucose uptake using radioactive isotope
(RI), fibroblasts and iPSC-derived hepatocytes were first
starved in low glucose DMEM (5.5 mM glucose) containing
0.5% EBS for 4 h followed by incubation in low glucose DMEM
containing 10% FBS for 12 h prior to the treatment of RI. Cells
were incubated in PBS containing 0.5 mM glucose and 1 uCi of
2-deoxy-p-[1-*C]glucose (PerkinElmer Life Sciences) at 37 °C,
5% CO, for 1 h. After washing with PBS, cells were harvested
and lysed in RIPA buffer containing 1% Triton X-100. Cell
lysates were mixed with ULTIMA-FLO™ AP scintillation
mixture (PerkinElmer Life Sciences), and the amounts of RI
were counted by Tri-Carb 2910 TR liquid scintillation analyzer
(PerkinElmer Life Sciences) for 1 min. The amount of glucose
taken was calculated from the counts/min (cpm) value.

To measure lactate uptake using RI, iPSC-derived hepato-
cytes were treated with uptake buffer (10 mm HEPES, 5 mm KCl,
150 mm NaCl, 1 mm CaCl,, 1 mm MgCl,, pH 7.5) containing 1
wCi of L-[U-"*C]lactic acid (PerkinElmer Life Sciences) and 14
mM L-lactate at 37 °C, 5% CO,, for 30 min. The overall proce-
dure for RI measurements was the same as glucose assay
described above.

AMPK Activity Assay—Cyclex AMPK kinase assay kit
(Cyclex, Japan) was used for the measurement of AMPK activ-
ity. All procedures followed the manufacturer’s instruction.
Briefly, cells were collected and lysed with RIPA buffer contain-
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ing Triton X-100 and phosphatase inhibitors (5 mm NaF, 2 mm
NazVO,, and 2 mm B-glycophosphate). Cell lysates and Kinase
Reaction Buffer were added to substrate-coated wells followed
by incubation for 30 min at 30 °C. Anti-phospho-mouse IRS-1
$789 antibody was added to each well at room temperature for
30 min. Next, HRP-conjugated anti-mouse IgG was added to
the washed well and incubated at room temperature for 30 min.
Then substrate reagents were added to each well and incubated
for 10 min followed by addition of Stop Solution. The OD in
each sample was read on a Wallac 1420 Victor2 microplate
reader. The concentrations were calculated from the OD value
and finally determined by normalizing to the whole cell lysate
protein in each sample. Wells were washed five times after each
step.

Metabolic Assays—The NAD " /NADH ratio was determined
in fibroblasts, hiPSCs, and hiPSC-derived hepatocytes using the
EnzyChrom™ NAD"/NADH assay kit (BioAssay Systems).
Samples were homogenized in NAD* and NADH extraction
buffers. Each extract was heated at 60 °C for 5 min, neutralized
with the opposite extraction buffer, and then centrifuged at
13,000 X g for 5 min. Forty microliters of each supernatant was
mixed with working reagent and then incubated at room tem-
perature for 15 min.

The lactate level was quantified from the medium cultured in
fibroblasts, hiPSCs, and hiPSC-derived hepatocytes using the
EnzyChrom™ r-lactate assay kit (BioAssay Systems). The cul-
ture medium was harvested at 24 h after incubation to measure
the lactate secretion level. The harvested sample and working
reagent were mixed in a 96-well plate and then incubated for 20
min.

Cellular ATP levels were measured with an EnzyLight™
ATP assay kit (BioAssay Systems). Approximately 5,000 cells
were replated to allow attachment to a 96-well plate for 6 h.
After removing the medium, the working reagent was immedi-
ately added to the cell plate. After 1 min, the luciferase activity
was measured.

ATP production rate in mitochondria was measured as
described previously (32). Briefly, cells were permeabilized and
suspended in Medium A (20 mm HEPES, 10 mm MgCl,, 250 mm
sucrose, pH 7.3). Ninety microliters of the reaction buffer (0.15
mM Ap5A, 10 mM glutamate, 10 mm malate, 10 uM rotenone, 70
M luciferin, and 0.05 pg/ml luciferase) was added to each sam-
ple (10 wl), and the luminescence was read. After that, 200 um
ADP was added, and luminescence was read for 2 min in kinetic
mode.

Using the fluorometric method, glucose uptake was mea-
sured with an EnzyChrom™ glucose assay kit (BioAssay Sys-
tems). The culture medium containing 25.5 mm glucose was
harvested at 24 h after incubation to measure glucose levels.
The harvested sample and working reagent were mixed in a
96-well plate and then incubated at room temperature for 30
min. The relative fluorescent unit was read at 530 nm for exci-
tation and 585 nm for emission. Relative fluorescent unit was
normalized to the whole cell lysate protein in each sample and
expressed as a decrease in glucose in the medium per h. To
determine the lactate turnover rate with the colorimetric
method using EnzyChrom™ 1-lactate assay kit (BioAssay Sys-
tems), medium was collected at 1-3 h after the addition of
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sodium r-lactate (250 mMm) to the culture medium supple-
mented with 1 mm cAMP. The harvested sample and working
reagent were mixed in a 96-well plate and then incubated for 20
min.

The OD, fluorescence, and luminescence in each sample
were read on a Wallac 1420 Victor2 microplate reader. The
concentrations were calculated from the OD and luminescence
values and finally determined by normalizing to the whole cell
lysate protein in each sample.

mtDNA Copy Number Assay—Whole genomic DNA was
extracted from cell samples with a G-DEX™ genomic DNA
extraction kit (Intron Biotechnology). The mtDNA copy num-
ber was measured using a TagMan® copy number assay (Life
Technologies, Inc.) according to the manufacturer’s instruc-
tions. Primers and probes for B-actin, a nuclear DNA (nDNA)
target gene, and cytochrome ¢ oxidase I, a mtDNA target gene,
used for this assay were designed as described previously (33).
The reaction mixture was prepared in a total volume of 20 ul by
mixing 2X TagMan® genotyping master mix, 20X TaqMan
copy number assay working stock, 20X TagMan® copy number
reference assay RNase P (Life Technologies, Inc.), and 20 ug of
genomic DNA. This assay was performed on a CFX Connect ™™
real time system. The reaction conditions were 95 °C for 10 min
followed by 40 cycles of 95 °C for 15 s and 60 °C for 60 s. For
comparative analyses, the mtDNA copy number was normal-
ized to the nDNA copy number and then expressed as a fold-
change. The ACt value was calculated as the difference between
the nDNA Ct and the mtDNA Ct. Fold changes in the copy
number between the nDNA Ct and the mtDNA Ct were deter-
mined using the formula 2~ (SA<* — CACH,

Transmission Electron Microscopy—Cells were fixed in 3%
glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2, containing
0.1% CaCl, for 2 h at room temperature. After washing five
times with 0.1 M cacodylate buffer at 4 °C, the cells were post-
fixed in 1% OsO, in 0.1 M cacodylate buffer containing 0.1%
CaCl, at 4 °C for 2 h. After rinsing with cold distilled water, the
cells were dehydrated slowly in an ethanol series and propylene
oxide at 4°C. The samples were embedded in Embed-812
(EMS, Fort Washington, PA). After polymerization of the resin
at 60 °C for 36 h, serial sections were cut with a diamond knife
on an ULTRACUT UC7 ultramicrotome (Leica, Nussloch,
Germany) and mounted on Formvar-coated slot grids. Sections
were stained with 4% uranyl acetate for 10 min and lead citrate
for 7 min. The sections were observed using a Tecnai G2 Spirit
Twin transmission electron microscope (FEI Co., Hillsboro,
OR).

AMPK Knockdown—The small interfering RNA (siRNA)
duplexes against AMPK (Life Technologies, Inc., AM51331-
769) were transfected into hepatocytes using Lipofectamine
RNAiIMAX reagents (Life Technologies, Inc.) according to the
manufacturer’s instructions. Briefly, hepatocytes were dissoci-
ated into single cells by serial treatment of collagenase I (Life
Technologies, Inc.) and Accutase (Thermo Fisher Scientific,
Waltham, MA) for 15 min, respectively. siRNA was mixed with
Lipofectamine reagent in the Opti-MEM medium (Life Tech-
nologies, Inc.) and then added to culture media containing
hepatocytes (250 cells/mm?) to be 10 num at a final concentra-
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tion. After 12 h, the medium was replaced with HCM, and cells
were further cultured for 24 h.

Statistical Analysis—All data are presented as the mean =
S.E., and p values were evaluated by Student’s ¢ test using
GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA).

TABLE 2
Patient characteristics

The following abbreviations are used: AST, aspartate aminotransferase; ALT, ala-
nine aminotransferase; INR, international normalized ratio; PTT, partial thrombo-
plastin time.

Results

Generation of DMRC-iPSCs—A male patient with DMRC
was diagnosed with infantile metabolic acidosis (lactic acidosis)
and liver failure (Table 2) and died at 5 months old. The patient
had a point mutation in the mitochondrial genome (homoplas-
mic m.3398T— C)-encoded MTNDI gene (Fig. 14) (29). Of the
20 iPSC lines established from the patient’s fibroblasts, two
lines (DMRC-iPSC 13 and DMRC-iPSC 15) were used in this
study. The cell lines had the typical morphology of pluripotent
stem cells and expressed pluripotency markers at the mRNA
(Fig. 1B) and protein (Fig. 1C) levels. The promoter regions of

Normal
Patient range the pluripotent marker genes OCT4, REX1, and NANOG were
AST/AST, IU/liter 202/70 <40/<40 demethylated (Fig. 1D), representing epigenetic reprogram-
Total bilirubin, mg/dl 13.4 0.2-1.2 : . : : :
Direct bilirubin, m/dl 83 05 ming. No karyotype. abnormality was detected in the 1PS(? Ilpes
Serum albumin, g/dl 2.3 3.3-5.2 (Fig. 1E). EB formation was employed to test the differentiation
Prothrombin time, seconds (INR) 27.0 (2.50) 10-13 (0.8-1.3) . . . .
Activated PTT, seconds 14 25 32 potential of pluripotent stem cel}s because EB contains various
Lactate, mm 13.9 0.9-1.7 cell types of three germ layers. Like WT-EBs, DMRC-EBs tran-
Pyruvate, mu 0.48 0.045-0.079 scribed three germ layer-related genes (ectoderm, paired box 6
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FIGURE 1. Generation of DMRC-iPSCs. A, homoplasmic mutation in DMRC fibroblasts (FIB) and DMRC-iPSCs. B, transcriptional expression of pluripotency-
associated genes in DMRC-iPSCs. C, expression of pluripotency-associated proteins in DMRC-iPSCs. Two DMRC-iPSC lines expressed pluripotency-associated
markers, including OCT4, SOX2, NANOG, SSEA4, TRA-1-60, and TRA-1-81. Scale bar, 200 um. D, reprogramming of DNA methylation in DMRC-iPSCs. The
promoter regions of these genes were highly demethylated in DMRC-iPSCs compared with DMRC fibroblasts. E, normal karyotypes of DMRC-iPSCs. F, expres-
sion of marker genes of the three germ layers in DMRC-EBs. Marker genes of three germ layers were expressed in DMRC-EBs. G, teratomas derived from
DMRC-iPSCs. The teratomas formed after subcutaneous injection of DMRC-iPSCs contained diverse tissues of three germ layers. Scale bar, 50 um. FOXA2,
forkhead box protein A2; GATA2, GATA-binding protein 2; PAX6, paired box 6; SOX17, sex-determining regions Y-BOX 17; T, brachyury.
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FIGURE 2. Mitochondrial physiology in DMRC fibroblasts and DMRC-
iPSCs. A, mitochondrial morphology in WT and DMRC fibroblasts. Mitochon-
dria of DMRC fibroblasts were smaller and poorly developed compared with
WT fibroblasts. Scale bar, 1000 nm. B, mitochondrial morphology of WT- and
DMRC-iPSCs. No differences were observed in the mitochondrial morphology
between WT- and DMRC-iPSCs. Scale bar, 1000 nm. C, increment of p-DRP1
(Se-616) in DMRC fibroblasts. The ratio of p-DRP1/DRP1 was quantified (right,
n = 3). D, mtDNA copy number of DMRC fibroblasts. mtDNA copy number
decreased in DMRC fibroblasts. **,p < 0.01 (n = 3). E, mtDNA copy number of
DMRC-iPSCs (n = 3). FIB, fibroblasts; mtDNA, mitochondrial DNA; EM, electron
microscopy; DRP1, dynamin-related protein 1.

(PAX6), and Zic family member 1 (ZICI); mesoderm,
brachyury (7), and GATA-binding protein 2 (GATA2); endo-
derm, sex-determining regions Y-Box 17 (SOX17), and fork-
head box protein A2 (FOXA2)) (Fig. 1F). In vivo differentiation
potential of iPSCs is commonly evaluated by teratoma forma-
tion after subcutaneous injection of iPSCs into immunodefi-
cient mice. Teratomas originated from DMRC-iPSCs con-
tained various tissues of three germ layers (Fig. 1G).

Mitochondrial Physiology in hiPSCs—The mitochondrial
morphology of DMRC fibroblasts and DMRC-iPSCs were
observed with electron microscopy (EM) to assess whether a
mutation in the MTNDI gene affected mitochondrial structure.
Mitochondria in DMRC fibroblasts had a smaller and thinner
size than normal fibroblasts, and their cristae were poorly
developed (Fig. 2A4). However, no difference was detected in the
mitochondrial appearance between WT-iPSCs and DMRC-
iPSCs (Fig. 2B). Phosphorylation of dynamin-related protein 1
(DRP1), which regulates mitochondrial fission (34, 35) was
enhanced in DMRC fibroblasts compared with the control (Fig.
2C). An increase in p-DRP1 likely led to the smaller size and
immature cristae in DMRC fibroblasts. The mtDNA copy num-
ber was significantly decreased in DMRC fibroblasts (Fig. 2D)
but not in DMRC-iPSCs (Fig. 2E).

Hepatic Differentiation—The major symptoms of the DMRC
patient were lactic acidosis and liver failure (Table 2). To eluci-
date the causes of liver failure in the patient in vitro, WT-iPSCs
and DMRC-iPSCs were differentiated into hepatocytes. Like
WT hepatocytes, hepatocytes derived from DMRC-iPSCs
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(DMRC hepatocytes) expressed hepatic marker genes (Fig. 3B).
The differentiation efficiency to hepatocytes was high, over 90%
of albumin-positive cells, in both WT- and DMRC-iPSCs (Fig.
3C). The expression and secretion levels of albumin in DMRC
hepatocytes were similar to those of WT hepatocytes (Fig. 3, D
and E). Intriguingly, DMRC hepatocytes showed a lower com-
petence in glycogen storage than WT hepatocytes. Periodic
acid-Schiff (PAS) stains were relatively weak in DMRC hepato-
cytes compared with WT hepatocytes (Fig. 3F). The levels of
glycogen in DMRC hepatocytes were significantly lower than
WT hepatocytes (Fig. 3G).

Dysfunction of Mitochondria in DMRC Hepatocytes—An EM
analysis revealed abnormal mitochondrial structures in DMRC
hepatocytes (Fig. 44). Unlike WT hepatocytes, the mitochon-
dria in DMRC hepatocytes were smaller and had a round shape.
Consistent with the abnormal morphology, the level of phos-
phorylation on Ser-616 of DRP1 was enhanced in DMRC hepa-
tocytes (Fig. 4B). Thus, mitochondrial fragmentation appears
to occur in DMRC hepatocytes, thereby leading to the aberrant
morphologies shown in Fig. 4A4. Additionally, DMRC hepato-
cytes retained a lower mtDNA copy number than WT hepato-
cytes (Fig. 4C).

Next, we examined OXPHOS-related mitochondrial metab-
olism in DMRC fibroblasts and DMRC derivatives. To deter-
mine whether a mutation in the MTNDI gene (m.3398T—C)
influences the activity of complex I, the NADH degradation
rate was measured in fibroblasts and hiPSC-derived hepato-
cytes. The activity of complex I was significantly decreased in
DMRC fibroblasts (Fig. 54) and DMRC hepatocytes (Fig. 5B)
compared with WT cells. This lower activity of complex I con-
sequently caused decreases of ATP production rate in both
DMRC fibroblasts (Fig. 5C) and DMRC hepatocytes (Fig. 5D).
Also, cellular ATP levels were reduced in both DMRC fibro-
blasts (Fig. 5E) and DMRC hepatocytes (Fig. 5F). The lower
ATP levels led to enhanced AMPK phosphorylation in DMRC
hepatocytes (Fig. 5G). Therefore, our data demonstrate that a
mutation in complex I results in abnormal morphology and low
production of cellular ATP in DMRC hepatocytes.

Aberrant Metabolism in DMRC Hepatocytes—In general,
complex I in mitochondria degrades NADH into NAD™, and
the resultant electrons are transported to the next complex,
thereby resulting in a proton gradient across the mitochondrial
inner membrane. Thus, we can hypothesize that decreased
complex I activity leads to a reduction in the NADH degrada-
tion rate. In fact, NAD™ levels were significantly reduced,
whereas NADH levels were remarkably enhanced in DMRC
fibroblasts compared with WT fibroblasts (Fig. 6A, left panel).
Consequently, DMRC fibroblasts showed a lower NAD™/
NADH ratio than WT fibroblasts (Fig. 64, right panel). Addi-
tionally, DMRC hepatocytes had a lower NAD*/NADH ratio
than WT hepatocytes (Fig. 6B). In contrast to those of differen-
tiated cells, no difference was detected in the NAD*/NADH
ratio between WT- and DMRC-iPSCs (data not shown). The
secreted lactate level in DMRC fibroblasts increased up to 35%
compared with that of WT fibroblasts (Fig. 6C, left histogram).
However, no significant differences were observed in the
secreted lactate level between WT-and DMRC-iPSCs (data not
shown). Intriguingly, no difference was detected in the secreted
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hepatocytes. ***, p < 0.001 (n = 3). HEP, hepatocytes; NC, negative control.

lactate level between WT and DMRC hepatocytes (Fig. 6C, right
histogram). Thus, the imbalance in NAD " and NADH appears
to be insufficient to stimulate lactate production in DMRC
hepatocytes.

To estimate glucose consumption, glucose uptake was mea-
sured in DMRC fibroblasts and DMRC hepatocytes using
[**C]glucose. Glucose uptake was increased in DMRC fibro-
blasts compared with WT fibroblasts (Fig. 6D, left histogram).
DMRC hepatocytes also showed a higher glucose uptake than
WT hepatocytes (Fig. 6D, right histogram). Fluorometric assay
for glucose uptake represented the same results of RI experi-
ments (data not shown). These results indicate compensation
by glycolysis for the decrease in cellular ATP in DMRC fibro-
blasts and hepatocytes. Nonetheless, the transcription of lac-
tate metabolism-related genes, such as alanine-glyoxylate ami-
notransferase (AGXT), glucose-6-phosphatase (Glc-6-Pase),
phosphoenolpyruvate carboxykinase (PEPCK), and fructose-
1,6-bisphosphatase (FBPI), was down-regulated in DMRC
hepatocytes (Fig. 6E). In lactate uptake experiments using

SASBMB

DECEMBER 4, 2015« VOLUME 290+ NUMBER 49

[**Cllactic acid, DMRC hepatocytes showed a lower lactate
turnover rate than WT hepatocytes (Fig. 6F). Colorimetric
assay also represented aberrant lactate turnover in DMRC
hepatocytes (data not shown). Thus, OXPHOS dysfunction
resulted in lactate overproduction and a paucity of lactate turn-
over in DMRC hepatocytes. Our findings suggest that lactate
overproduction and reduced competence of lactate turnover
into glucose may have caused lactic acidosis in the DMRC
patient.

Effects of AMPK Inhibition on Glycogenesis and Lactate
Uptake in DMRC Hepatocytes—To determine whether the
reduced glycogen storage and lactate turnover rate in DMRC
hepatocytes is associated with an enhanced AMPK level caused
by a lower ATP level, AMPK inhibition experiments were per-
formed in DMRC hepatocytes. As a result, AMPK inhibition
effectively reduced phosphorylation of AMPK in DMRC hepa-
tocytes (Fig. 7A). ELISA showed reduction of AMPK activity in
DMRC hepatocytes, unlike in WT hepatocytes (Fig. 7B). Sub-
sequently, glycogen storage levels were enhanced in DMRC
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hepatocytes by AMPK inhibition in terms of the phenotype and
the quantity (Fig. 7, Cand D, respectively). Thus, it is likely that
low competence for glycogen storage is associated with activa-
tion of the AMPK pathway. Also, lactate metabolism-associ-
ated genes such as Glc-6-Pase, FBP1, PEPCK, and AGXT were
transcriptionally increased in DMRC hepatocytes, not in WT
hepatocytes, by AMPK inhibition (Fig. 7E). Furthermore,
AMPK inhibition significantly enhanced the turnover rate of
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FIGURE 4. Mitochondrial physiology in DMRC hepatocytes. A, mitochon-
drial morphology in WT and DMRC hepatocytes. Mitochondria were frag-
mented in DMRC hepatocytes. Mitochondria were indicated by white arrow-
heads. Scale bar, 500 nm. B, increment of p-DRP1 in DMRC hepatocytes. C,
reduction of mtDNA copy number in DMRC hepatocytes. **, p < 0.01; ***,p <
0.001 (n = 3).
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[**C]lactic acid in DMRC hepatocytes (Fig. 7F). These results
indicate that enhanced phosphorylation of AMPK leads to
lower glycogen storage and dysfunctional lactate turnover in
DMRC hepatocytes.

Effects of AMPK Knockdown on Expression of Gluconeogenic
Genes in DMRC Hepatocytes—To know whether down-regula-
tion of AMPK influences expression of gluconeogenic genes,
siRNA against AMPK was transfected into DMRC hepatocytes.
Protein level of AMPK was decreased to ~50% in DMRC hepa-
tocytes by treatment with AMPK-siRNA (Fig. 84). Transcripts
of AMPK were significantly down-regulated in DMRC hepato-
cytes (Fig. 8B). Reduction of AMPK expression increased tran-
scriptional expression of lactate metabolism-associated genes
in DMRC hepatocytes (Fig. 8C). Taken together, our data solid-
ify that AMPK inhibition may recover lactate uptake in DMRC
hepatocytes.

Discussion

Here, we demonstrate for the first time that a homoplasmic
MTNDI mutation (m.3398T—C) results in suppression of
both glycogenesis and gluconeogenesis in DMRC hepatocytes
through AMPK signaling. Although it is conceivable that the
mutation causes energy depletion by OXPHOS dysfunction
and subsequent metabolic changes in hepatocytes, this idea has
not yet been tested at molecular and biochemical levels.

Decreases in mitochondrial heteroplasmy in some clones of
iPSCs have been observed during reprogramming and long
term passaging in recent studies (25, 26). This phenomenon
causes difficulties in the modeling of mitochondrial diseases
with iPSCs. In our observation, the homoplasmy of the M TND1
mutation was maintained throughout long term cultivation of

m
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FIGURE 5. Aberrant oxidative phosphorylation in DMRC hepatocytes. A, decrease of complex | activity in DMRC fibroblasts. **, p < 0.01 (n = 3). B, reduction
of complex | activity in DMRC hepatocytes. *, p < 0.05 (n = 3). C, decreased ATP production rate in DMRC fibroblasts. **, p < 0.01 (n = 3). D, reduction of ATP
production rate in DMRC hepatocytes. *, p < 0.05 (n = 3).E, decrease of cellular ATP levels in DMRC fibroblasts. *, p < 0.05 (n = 3). F, reduced cellular ATP levels
in DMRC hepatocytes. *, p < 0.05 (n = 3). G, enhanced p-AMPK levels in DMRC hepatocytes.

29500 JOURNAL OF BIOLOGICAL CHEMISTRY

SASBMB

VOLUME 290-NUMBER 49-DECEMBER 4, 2015



Aberrant Mitochondrial Respiration Causes Lactic Acidosis

I\ 2.5 ud 25 E;
- . WT-FIB
§2-0 CIDMRCFIB .2 o>
Z15 |0 820
$ o Eas
©0.6 <
€ N
§ 0.4 é
Jo.2 zZ5
0 0
NAD+ NADH
= 500 =100
L3 * 23
8 5 400 8o 80
85 g a
— o 300 —~ o 60
TE BE
83 200 35 40
gTE) 100 32 20
S E CE
0 0
) o o o
T W W W
P F I X
b E S B
s =
s 0O O
=] ¥ &
= =2
8 o
E B WT-HEP
B DMRCA3-HEP
15 ] DMRCA5-HEP
S - % - -
‘« lxx T s i
3
51.0 ’_| ’—‘
%
]
[
2
0.5 ﬂ
©
: i
G6Pase FBP1 PEPCK AGXT

307
~14 B WT-HEP o
'_l [ DMRC13-HEP ;9.. 25
242 [JDMRC15-HEP &
g . T 20
2 o
® 10 ]
s : ml 215
c Rk +
@ 10 1
S 4 . 2
8 2 =5
0 0
NAD+ NADH
= 40 o £30
£s = 35
S o 30 8
&5 %Em
g g20 3 E
9 8< 10
35 10 20
o £
GE OE
£ 0 ]
] o
s T I
[S) ) 0
5 g 2
e s =
o o
F _ 800,
= s
08
E g_ 600
2o
o £ 400 |
E £
SE
83 200 -
E
.
0 B
o o o
w w w
T I I
= ) 0
S b2) b2)
x 4
= =
o o

FIGURE 6. Abnormal metabolism in DMRC hepatocytes. A, decrease of the NAD */NADH ratio in DMRC fibroblasts. *, p < 0.05; **, p < 0.01; ***, p < 0.001 (n =
3). B, reduction of the NAD*/NADH ratio in DMRC hepatocytes. **, p < 0.01; ***, p < 0.001 (n = 3). G, lactate secretion in DMRC fibroblasts (left) and DMRC

hepatocytes (right). Lactate secretion was increased in DMRC fibroblasts but not

in DMRC hepatocytes. *, p < 0.05 (n = 3).D, glucose uptake in DMRC fibroblasts

(left) and DMRC hepatocytes (right) using RI. Both DMRC fibroblasts and hepatocytes showed increased glucose uptake. **, p < 0.01; ***, p < 0.001 (n = 3).E,
relative expression of lactate metabolism-associated genes in DMRC hepatocytes. Transcriptional expression of Glc-6-Pase, FBP1, PEPCK, and AGXT was
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DMRC-iPSCs (Fig. 1A4). Thus, homoplasmic mutations have an
advantage in modeling mitochondrial diseases via cellular
reprogramming.

The mitochondrial morphology of DMRC-iPSCs was similar
to that of WT-iPSCs in appearance (Fig. 2B). This similarity in
mitochondrial morphology is thought to be due to a paucity of
mitochondrial function in the pluripotent state. In fact, mito-
chondrial respiration operates poorly in the pluripotent stage
because the maturation and replication of mitochondria are
suppressed in embryonic stages in mammals (36 —40). Addi-
tionally, the in vitro and in vivo differentiation potentials of
DMRC-iPSCs appeared to be normal, similar to WT-iPSCs
(Fig. 1, E and F). Therefore, a defect in complex I caused by a
homoplasmic MTNDI mutation does not influence cellular
reprogramming and the differentiation competence of hiPSCs
into specialized cell types. In contrast to the DMRC-iPSCs, the
mitochondria of somatic cells such as DMRC fibroblasts and
DMRC hepatocytes showed abnormalities in their morpholo-
gies (Figs. 24 and 44, respectively) and biogenesis (Figs. 2D and
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4C, respectively). Mitochondrial dysfunction is often associated
with mitochondrial fragmentation by DRP1 phosphorylation
(41, 42). Similarly, p-DRP1 was enhanced in DMRC fibroblasts
and DMRC hepatocytes (Figs. 2C and 4B, respectively). In addi-
tion, the mtDNA copy number was significantly decreased in
DMRC fibroblasts and DMRC hepatocytes (Figs. 2D and 4C).
This decrease in mtDNA copy number is related to mitochon-
drial dysfunction (43). Our results demonstrate that a
homoplasmic MTNDI mutation contributed to mitochondrial
anomalies in morphology and biogenesis.

The pathogenicity of the homoplasmic m.3398T— C muta-
tion on the MTNDI1 gene found in this patient was so far
unknown. Here, we showed that this mutation caused the
reduction of complex I activity in DMRC cells (Fig. 5, A and B).
Moreover, a decrease of complex I activity led to down-regula-
tion of ATP production in DMRC hepatocytes (Fig. 5D),
thereby resulting in the reduction of cellular ATP and the incre-
ment of phospho-AMPK Thus, MTNDI mutation appears to
be associated with enhanced AMPK activity in hepatocytes.
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Lactate is an end product of lactic fermentation, which
actively occurs to provide NAD™ to glycolysis by degrading
NADH in anaerobic conditions. Because the NADH degrada-
tion rate of complex I was decreased in DMRC fibroblasts and
DMRC hepatocytes (Fig. 5, A and B), the NAD*/NADH ratio
was significantly reduced in DMRC fibroblasts and DMRC
hepatocytes (Fig. 6, A and B). This imbalance of NAD" and
NADH may stimulate lactic fermentation (44). As expected,
lactate secretion was increased in DMRC fibroblasts (Fig. 6C,
left histogram). However, intriguingly, no difference was
observed in the lactate secretion level between WT-and DMRC
hepatocytes (Fig. 6C, right histogram). The differential lactate
secretion levels between fibroblasts and hepatocytes can
be explained by the different metabolic characteristics of the
respective cell types. In this study, the levels of secreted lactate
were different among cell types: more than 4 umol/day/mg
protein in hiPSCs (data not shown), 250 -350 nmol/d/mg pro-
tein in fibroblasts, and ~80 nmol/day/mg protein in hepato-
cytes. Based on these differential levels of secreted lactate, it is
expectable that high energy-consuming cell types such as mus-
cles and neurons in DMRC patients may produce much more
lactate because of the aberrant NAD"/NADH ratio shown in
this study. In fact, the patient subjected to this study repre-
sented a higher concentration (13.9 mm) of lactate in the blood
as compared with the normal group (Table 2). To more clarify
this expectation, differentiation of DMRC-iPSCs into muscle
cells or neurons should be carried out.

Lactate molecules secreted from many tissues in the body are
converted into glucose molecules in the liver, namely the Cori
cycle. This fact indicates that the liver plays a key role in the
control of lactate concentration in the bloodstream. Although
it was predicted that a paucity of lactate turnover in the liver
causes lactic acidosis (45), the molecular mechanisms to
explain lactic acidosis remain elusive. In this study, we found
decreases in glycogen storage, cellular ATP level, and lactate
turnover rate in DMRC hepatocytes. These results provide the
possibility that aberrant lactate turnover is attributed to mito-
chondrial dysfunction in hepatocytes. In general, glycogen stor-
age and the expression of gluconeogenic genes are regulated by
AMPK (46, 47). Interestingly, dysfunctions for glycogen storage
and lactate turnover in DMRC hepatocytes were ameliorated
by AMPK inhibition (Fig. 7). Also, AMPK knockdown
increased the expression of glyconeogenic genes in DMRC
hepatocytes (Fig. 8). Taken together, it is likely that the lactic
acidosis caused by mitochondrial dysfunction results not only
from excessive lactate production in energy-consuming cell
types but also from reduced capacity of lactate turnover by
enhanced AMPK activity in hepatocytes.

Although many drugs, including electron acceptors, antiox-
idants, and cofactors, such as coenzyme Q10, vitamins, succi-
nate, carnitine, creatine monohydrate, and dichloroacetate,
have been developed for the treatment of DMRC patients (48 —
57), any pharmacologic medication described to date is non-
effective. To overcome this limitation for the recovery of mito-
chondrial respiration, genomic editing tools can be employed.
A recent study suggested that heteroplasmy can be reduced
below the phenotypic threshold using mitochondrion-targeted
TALEN (58).
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Here, we identified a mitochondrial defect that is attributed
to anomalies in mitochondrial respiration, cellular ATP, and
lactate turnover in hepatocytes via cellular reprogramming fol-
lowed by differentiation. Based on our results, we propose a
putative model for lactic acidosis in the DMRC patient (Fig.
8D). Lower ATP production due to MTNDI mutation
enhances the AMPK activity. Increased AMPK activity down-
regulates expression of gluconeogenic genes. Hence lactate
molecules from the blood are not converted to glucose mole-
cules in DMRC hepatocytes. In conclusion, reduced compe-
tence of lactate turnover in liver caused by AMPK activation
may account for lactic acidosis in the patient.
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