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SUMMARY

Patients with mtDNA depletion syndrome 3
(MTDPS3) often die as children from liver failure
caused by severe reduction in mtDNA content. The
identification of treatments has been impeded by
an inability to culture and manipulate MTDPS3
primary hepatocytes. Here we generated DGUOK-
deficient hepatocyte-like cells using induced pluripo-
tent stem cells (iPSCs) and used them to identify
drugs that could improve mitochondrial ATP produc-
tion and mitochondrial function. Nicotinamide
adenine dinucleotide (NAD) was found to improve
mitochondrial function in DGUOK-deficient hepato-
cyte-like cells by activating the peroxisome prolifera-
tor-activated receptor gamma coactivator 1-alpha
(PGC1a). NAD treatment also improved ATP produc-
tion in MTDPS3-null rats and in hepatocyte-like cells
that were deficient in ribonucleoside-diphosphate
reductase subunit M2B (RRM2B), suggesting that it
could be broadly effective. Our studies reveal that
DGUOK-deficient iPSC-derived hepatocytes recapit-
ulate the pathophysiology of MTDPS3 in culture and
can be used to identify therapeutics for mtDNA
depletion syndromes.

INTRODUCTION
The primary function of mitochondria is to provide energy for a

variety of biological processes through oxidative phosphoryla-
tion. Unlike other cellular organelles whose function is depen-
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dent solely on the transcription of nuclear DNA, mitochondria
maintain several copies of their own genome (mtDNA). The
mtDNA is essential for ATP production through oxidative phos-
phorylation because it encodes a subset of proteins that form
the electron transport chain (ETC) complexes. mtDNA depletion
syndromes (MTDPSs) are a group of genetic disorders charac-
terized by depletion of mtDNA and reduced ATP synthesis, lead-
ing to disease in multiple tissues. One of the leading causes
of death in MTDPS patients is liver dysfunction. The mtDNA
depletion results from mutations in genes that encode enzymes
that are required to maintain the mitochondrial dNTP pool
(Mandel et al., 2001) or regulate mtDNA replication (Van Goe-
them et al., 2001; Sarzi et al., 2007). Among these diseases,
deoxyguanosine kinase (DGUOK) deficiency is the most com-
mon cause of hepatic mtDNA depletion syndrome and accounts
for approximately 15%-20% of all MTDPS cases (Sezer et al.,
2015).

DGUOK is a nuclear gene that encodes a mitochondrial kinase
responsible for the phosphorylation of purine deoxyribonucleo-
sides. DGUOK deficiency prevents the production of deoxyade-
nosine monophosphate (JAMP) and deoxyguanosine mono-
phosphate (dAGMP) (Gower et al., 1979). The lack of available
nucleotides within the mitochondria results in a reduction of
mtDNA copy number in DGUOK-deficient hepatocytes (Dim-
mock et al., 2008b). Depending on the type of mutations,
DGUOK-related MTDPS, also called mtDNA depletion syndrome
3 (MTDPS3), can cause neonatal hepatic disorders or multi-
system diseases (Dimmock et al., 2008a, 2008b). Despite the
heterogeneity of clinical phenotypes, most MTDPS3 patients
suffer from hypoglycemia, lactic acidosis, and progressive liver
disease and commonly die from liver failure in infancy or early
childhood (Mandel et al., 2001; Salviati et al., 2002; Mancuso
et al., 2005; Dimmock et al., 2008b). No cure is available for
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MTDPS3, and all current treatments are palliative. Though pa-
tients with isolated liver disease can benefit from liver transplan-
tation, the survival rate is low, especially when neurological man-
ifestations are present (Dimmock et al., 2008a). In reality, the
variability in outcome associated with liver transplantation in
MTDPS3 patients coupled with a shortage of available liver do-
nors precludes transplantation as a viable treatment, so there
is a clear need for alternatives.

The identification of treatments for MTDPS3 has been
impeded by the scarcity of liver samples from patients with se-
vere DGUOK deficiencies. Recently, human induced pluripotent
stem cells (iPSCs) combined with gene editing have offered an
opportunity to model even the rarest of rare diseases in culture
without the need to access patients directly. In the present study,
we generated DGUOK loss-of-function iPSCs using CRISPR/
Cas9 and differentiated the DGUOK™~ iPSCs into hepatocyte-
like cells that recapitulate the mitochondrial dysfunction that is
associated with the livers of MTDPS3 patients. We next used
the DGUOK-deficient hepatocyte-like cells as a platform to iden-
tify drugs that could improve mitochondrial function and ATP
production in both DGUOK-deficient iPSC-derived hepatocytes
and in the livers of DGUOK™" rats. We propose that such drugs
have therapeutic potential for the treatment of various mtDNA
depletion syndromes.

RESULTS

Differentiation of iPSCs to Hepatocyte-like Cells Is
Accompanied by a Switch from Glycolysis to
Mitochondrial Respiration

Multiple protocols have been developed to differentiate iPSCs to
hepatocyte-like cells, and the resulting cells express hepatic
markers and exhibit many functions associated with hepato-
cytes (Si-Tayeb et al., 2010; Touboul et al., 2010). Researchers
have previously examined mitochondrial maturation during the
formation of iPSC-derived hepatocytes and confirmed an in-
crease of mtDNA copy number, mitochondrial gene expression,
cristae structure, and oxygen consumption in iPSC-derived he-
patocytes compared with undifferentiated cells (Yu et al., 2012;
Hopkinson et al., 2017). The high metabolic activity of hepato-
cytes makes them especially dependent on efficient mitochon-
drial function to provide ATP, while iPSCs rely largely on glycol-
ysis as the source of energy production (Folmes et al., 2011;
Zheng et al., 2016).

For iPSC-derived hepatocytes to be an effective model of
mitochondrial dysfunction associated with MTDPS3 requires
control cells to display active mitochondrial function. We there-
fore further assessed mitochondrial respiration by comparing
metabolic gene expression among iPSCs, iPSC-derived hepatic
cells, fetal livers, and adult livers using transcriptome analyses.
We first examined the mRNA levels from 15 genes that
were defined by the Gene Ontology Consortium (http://www.
geneontology.org) as encoding proteins with roles in glycolysis
and 67 genes that encoded proteins involved in electron trans-
port chain and mitochondrial respiration (Figure 1A). As ex-
pected, expression of electron transport chain genes was low
in human fetal livers (20-38 weeks of gestation), which rely on
glycolysis for ATP production, but high in adult livers that primar-
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ily use mitochondrial respiration (Sadava et al., 1992). Both
iPSCs and cells at early stages of differentiation primarily ex-
pressed glycolytic genes. However, as the iPSC-derived hepato-
cytes matured, between days 15 and 20 of differentiation,
glycolytic gene expression was reduced, and the expression of
electron transport chain genes increased. Hierarchical cluster
analyses of the expression data revealed that the undifferenti-
ated iPSCs formed a clade containing hepatic lineages from
the earliest stages of differentiation as well as fetal hepatocytes.
In contrast, day 15 and 20 differentiated cells segregated with
adult hepatocytes, indicating that they had adopted a metabolic
gene expression profile comparable with that of the adult liver
(Figure 1B). To confirm the transcriptome analysis, we next per-
formed functional assays to determine the mitochondrial activity
in iPSC-derived hepatocytes. We first confirmed that iPSCs were
capable of differentiating into hepatocyte-like cells using plates
that were compatible with Seahorse analyses. Immunostaining
and ELISA were performed to determine the expression of char-
acteristic hepatocyte proteins HNF4A and APOB (Figures S1A
and S1B). We next measured the oxygen consumption rate
(OCR) in undifferentiated iPSCs and hepatocyte-like cells (day
20). Undifferentiated iPSCs displayed a low level of oxidative
phosphorylation (OXPHOS) activity and low respiration capacity
and responded poorly to electron transport chain inhibitors and
uncouplers. In contrast, iPSC-derived hepatocytes were meta-
bolically active, with relatively high levels of oxidative phosphor-
ylation activity and basal respiration capacity and responded
robustly to the compounds targeting the electron transport chain
complexes (Figure 1C). We next measured the extracellular acid-
ification rate (ECAR) as a reflection of glycolysis, and the ratio of
OCR to ECAR was calculated as an indication of cellular meta-
bolic preference (Zhang et al., 2012). An increase of the OCR-
to-ECAR ratio confirmed the switch from glycolysis to oxidative
respiration during differentiation (Figure 1D). On the basis of
these data, we conclude that the differentiation of iPSCs into
hepatocyte-like cells recapitulates the change in metabolic
phenotype observed during hepatogenesis and that the day 20
hepatocyte-like cells primarily rely on mitochondrial respiration
for energy production.

Generation of DGUOK-Mutant iPSC-Derived
Hepatocytes

MTDPS3 is a rare disease, which results in extremely sick infants
with a limited lifespan. As a consequence, obtaining liver
biopsies is challenging. In contrast, introducing mutations into
an existing well-characterized iPSC line is relatively simple and
ensures that genomic variations present in patients, which are in-
dependent of the DGUOK locus but could potentially affect dif-
ferentiation efficiencies, will be excluded. To determine whether
an iPSC-hepatocyte model could mirror the loss of DGUOK
found in MTDPS3 livers, we first generated DGUOK-deficient
iPSCs using CRISPR/Cas9 (Figure 2A). We chose to mutate
Exond4 on the basis of studies of patients with a similar
deletion. We generated a compound heterozygote iPSC line
(DGUOKA¥2%) that contained frameshift deletions of 14 and
5 bp (p.[Trp166Ter];[His167LeufsTer213]) (Figures 2A and 2B),
which were confirmed by DNA sequencing. Wild-type and
DGUOKA¥2% ipSCs were then differentiated into hepatocytes
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Figure 1. Characterization of Glucose Metabolic Pathways during Human iPSC Differentiation to Hepatocyte-like Cells
(A) Heatmap showing relative abundance of 82 mRNAs encoding proteins with roles in glucose metabolism (67 electron transport chain genes and 15 glycolytic

genes) (n = 3).

(B) Dendrogram representing hierarchical cluster analyses of expression data.

(C) OCR of day 0 iPSCs (red) and day 20 hepatocyte-like cells (green) differentiated from wild-type iPSCs, determined by Seahorse assay (n = 3, mean + SEM).
Olig, oligomycin (1 uM); FCCP, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (1 uM); RO, rotenone (2 uM); AA, antimycin A (1 uM).
(D) Bar graph showing the ratio of OCR to ECAR during iPSC differentiation as determined by Seahorse assay (n = 3 biological replicates, mean + SEM).

using our previously described protocol (Mallanna and Duncan,
2013; Si-Tayeb et al., 2010). Immunoblot analysis found DGUOK
protein to be undetectable in DGUOK*'#A® iPSC-derived hepa-
tocytes (Figures 2C and 2D). Furthermore, the mRNA levels of
DGUOK were reduced by 5-fold in the DGUOK'#2% hepato-
cytes, which was likely the result of nonsense-mediated decay
of the transcript (Figure 2E). Immunostaining (Figure 2F) and
qRT-PCR (Figure 2G) showed that day 20 DGUOK'¥45 cells
expressed hepatic markers at the same level as control cells,
confirming that the DGUOK2 2% iPSCs can be efficiently differ-
entiated into hepatocyte-like cells.

DGUOK-Deficient iPSC-Derived Hepatocyte-like Cells
Recapitulate the Pathophysiology of MTDPS3

The phenotypes caused by DGUOK mutations in MTDPS3 pa-
tients have been well characterized. To determine whether the
DGUOKA %A% hepatocyte-like cells faithfully mimic the hepatop-
athy in MTDPS3, we started by comparing the mtDNA levels
across the time course of differentiation between wild-type and

DGUOKA2% cells using PCR (Bai and Wong, 2005; Dimmock
et al.,, 2010). As expected, in control cells the mtDNA copy
number increased more than 10-fold as the cells became fully
differentiated at day 20 (Figure 3A). In contrast to the control
cells, the levels of mtDNA found in the day 20 DGUOK*'#/45 he-
patocytes were 5- to 10-fold less. In addition to PCR analysis,
a recent study showed that staining with a low concentration
of fluorescent DNA intercalating dyes could detect mtDNA in
live cells (Sasaki et al., 2017). We therefore performed SYBR
green | staining on the day 20 wild-type and DGUOK*1#2% hepa-
tocytes and qualitatively examined the cells by confocal micro-
scopy. Although control iPSC-derived hepatocytes had bright
punctate staining of the mitochondrial genomes, staining in
DGUOK-deficient hepatocyte-like cells was markedly dimin-
ished (Figure S2A).

To ensure that the reduction of mtDNA was due specifically to
the DGUOK™'#2® allele and was not a consequence of off target
effects of CRISPR/Cas9, we performed two independent rescue
experiments. First, we generated DGUOK'#25 cells containing
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doxycycline (Dox) dependent. These cells are referred to as
DGUOKA#ASINADGUOK. (Fiqre S2B). Wild-type, DGUOKA14/43,
and DGUOKA!4/A5indDGUOK cais were induced to differentiate
to day 20 in the presence or absence of Dox (10 ng/mL), and
the impact of expression of the DGUOK transgene on mtDNA
levels was measured using PCR (Figure 3B). As before, mtDNA
was dramatically reduced in DGUOK®'#5 cells regardless of
Dox. However, Although mtDNA levels were similarly reduced
in DGUOKA14/A8indDGUOK hanatocyte-like cells cultured without
Dox, the inclusion of Dox resulted in a complete recovery of
mtDNA. Second, it has been reported that dAMP and dGMP
supplementation can significantly increase mtDNA copy number
in DGUOK-dEeficient fibroblasts (Taanman et al., 2003) and myo-
tubes (Bulst et al., 2009). We therefore differentiated wild-type
and DGUOK*'¥2% iPSCs in the presence and absence of
400uM dAMP and dGMP and measured mtDNA content by
PCR at day 20. We found that including dAMP and dGMP during
the culture of wild-type cells had no effect on mtDNA content. In
contrast, treatment with dAMP and dGMP reversed mtDNA
depletion in DGUOK®'#25 cells (Figure 3C). From these data,
we conclude that the loss of DGUOK activity causes mtDNA
depletion in iPSC-derived hepatocyte-like cells.

Having demonstrated that DGUOK mutations recapitulate the
reduction in mtDNA copy number seen in MTDPS3 patients, we
next examined their impact on mitochondrial function. We exam-
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from either DGUOK™* or DGUOK"#/2% iPSCs by electron micro-
scopy (Figure 3D). Mitochondria in DGUOK*'#2% hepatocytes
showed decreased matrix density and abnormal cristae, which
supports previous clinical reports (Dimmock et al., 2008b). More-
over, consistent with the disruption of mitochondrial structure
observed by electron microscopy (EM), staining with tetrame-
thylrhodamine ethyl ester (TMRE) showed a decrease in mito-
chondrial membrane potential in DGUOK®'¥2® hepatocytes
compared with controls (Figure 3D). High-resolution images
confirmed that the reduced TMRE signal was due to the loss of
membrane potential, but not the reduction of mitochondria
numbers (Figures S2C-S2E).

It has been reported that mtDNA depletion has to surpass
a threshold to cause electron transport chain deficiencies
(Durham et al., 2005). We therefore addressed whether the
expression of electron transport chain genes was affected by
the observed mtDNA depletion. We measured the levels of
both nuclear-encoded and mitochondrial-encoded electron
transport chain proteins in hepatocyte-like cells derived from
control, DGUOK®'¥2% and DGUOK"'#/A5indDGUOK ipgCs py
immunoblot (Figure 3E). Whereas nuclear-encoded electron
transport chain proteins were unaffected, the levels of
mtDNA-encoded proteins from all electron transport chain
complexes were reduced in DGUOK?'#% hepatocytes. Impor-
tantly, the same electron transport chain proteins were also



depleted in DGUOKA14/A%indDGUOK honatocytes in the absence
of Dox, but they returned to levels found in the control cells after
induction of the DGUOK transgene. Having confirmed the
impact of DGUOK deficiency on the expression of mitochon-
drial electron transport chain genes, we next used a Seahorse
bioanalyzer to study the function of mitochondria in control
and DGUOK-deficient iPSC-derived hepatocyte-like cells. To
exclude the possibility that DGUOK deficiency may have an
impact on total cellular protein levels, which is used for normal-
ization of the Seahorse assay, we confirmed that the average
protein content in wild-type and DGUOK'#/2% hepatocyte-like
cells was the same (Figure S2F). When OCR was measured, it
revealed a significant reduction in oxidative phosphorylation ac-
tivity in DGUOK™#25 hepatocytes compared with controls (Fig-
ure 3F). Hepatocytes have high microsomal and peroxisome
activities as well as multiple P450-dependent reactions, all of
which contribute to oxygen consumption that is independent
of the mitochondria (Harper et al., 2008). To obtain an accurate
assessment of mitochondrial respiration rates, the data were
therefore corrected to the baseline level (non-mitochondrial)
OCR. Both basal and maximum OCR were dramatically
reduced by the loss of DGUOK function (Figures 3G and 3H),
indicating a lower level of basal oxidative phosphorylation and
an attenuated capacity for energy production.

Because the reduction in mitochondrial respiration in the
DGUOK™'#/25 hepatocytes implied that these cells would be
deficient in ATP production, we measured total ATP levels
using a luciferase assay in wild-type, DGUOK*'#25 and
DGUOKA14/45indDGUOK  ipg_derived  hepatocytes in  the
absence or presence of Dox (Figure 3l). As predicted, the
loss of DGUOK resulted in a 40% reduction in intracellular
ATP levels in DGUOK-deficient hepatocytes, and this impact
could be fully rescued by inducing expression of the DGUOK
transgene in the DGUOKA1#/ASIndDGUOK hanatocytes. More-
over, when mitochondrial ATP production was measured after
culture of cells in galactose as a primary carbon source, the
impact of loss of DGUOK on cellular ATP levels was exacer-
bated (Figure S2G). Mitochondrial function is essential for
redox regulation, so we also quantified the impact of DGUOK
deficiency on the levels of reactive oxygen species (ROS) using
a redox-sensitive fluorescent probe (DCFDA) (Figure 3J).
Although in the context of the mtDNA depletion, oxidative
phosphorylation activity is reduced, our results revealed an in-
crease in ROS levels in the DGUOK-deficient hepatocyte-like
cells, as has been described for other types of mtDNA deple-
tion syndromes (Antonenkov et al., 2015). Although ROS levels
increased in the absence of DGUOK, we found no significant
difference in expression the ROS scavenger protein SOD2 be-
tween wild-type and DGUOK*'¥25_derived hepatocytes (Fig-
ure S2H). We also determined levels of the mitophagy marker
PINK1 and found it to be unaffected by loss of DGUOK (Fig-
ure S2H). It is known that most MTDPS3 patients have lactic
acidosis that is caused by the increased rates of glycolysis (Al-
mannai et al., 2018). We therefore compared the extracellular
lactate levels in control and DGUOKA'¥A5 hepatocytes and
found that lactate levels were significantly increased in the
DGUOK-deficient hepatocytes compared with controls (Fig-
ure 3K). Cumulatively, our results demonstrate that hepato-

cytes generated from DGUOK”'4/2% iPSCs faithfully recapitu-

late the pathophysiology of MTDPS3.

A Drug Screen Reveals that NAD Treatment Rescues
Mitochondrial Dysfunction and ATP Levels in
DGUOK"'#/25 Hepatocyte-like Cells

Currently, no curative treatment is available for MTDPS3, and
efforts to develop treatments are limited because of the small
patient pool. Previously, our lab has successfully established a
platform using iPSC-derived hepatocytes that supports small
molecule screens (Cayo et al., 2017; Jing et al., 2017). We, there-
fore, reasoned that a similar approach could be applied to iden-
tify potential therapeutics for MTDPS3 (Figure 4A). Because the
symptoms of MTDPSS are ultimately a consequence of the cell’s
loss of mitochondrial function, we predicted that drugs that
restore ATP levels in DGUOK*'¥A% hepatocytes could offer a
potential treatment. Therefore, we used a luciferase ATP assay
to identify primary hits. The suitability of an assay for high-
throughput screening is most commonly determined by estab-
lishing the Z factor (Zhang et al., 1999). A reading of 1.0 is a per-
fect assay, and >0.5 is considered excellent. We tested the
feasibility of using the luciferase ATP assay for high-throughput
screening by determining its ability to detect differences in ATP
content between control and DGUOK*'#2% hepatocytes and
calculating the Z factor (Figure 4B). The results yielded a Z' opust
of 0.7, indicating that the assay is highly compatible with high-
throughput screening. We next performed a primary screen to
identify hits that increased cellular ATP levels. DGUOK*'#/A5
iPSCs were plated in 30 96-well plates, differentiated into hepa-
tocyte-like cells, and treated with approximately 2,400 drugs
(5 uM) from the SPECTRUM collection library from day 15 to
day 20 of the differentiation (Figure 4C). We chose the
SPECTRUM collection for our screening because the majority
of drugs (~1,300) in this library have been approved for human
use in the United States, Europe, or Japan. Any identified drugs
could therefore be repurposed and rapidly advance to clinical
trials. Drugs that increase glycolytic ATP production will likely in-
crease acidosis-associated etiology and are consequently not
suitable for clinical application. To circumvent this potential
problem and to focus on drugs that improved oxidative phos-
phorylation, glycolysis was inhibited by culturing the cells in
the presence of 2-deoxy-D-glucose (2-DG) for 24 hr, prior to per-
forming the assay. ATP levels were then used to identify com-
pounds that increase cellular energy production.

To analyze the results of the primary screen, data from each
well was collected and converted to aZ score on the basis of dis-
tribution per plate (Table S1). Drugs that resulted in Z scores > 3
were considered for further analyses (Figure 4D). All the primary
hits were repeated in triplicate for statistical analysis, and 34
drugs were confirmed to reproducibly (p < 0.05) increase ATP
levels in DGUOK®'¥2® hepatocyte-like cells (Figure 4E; Table
S1). Among the 34 hits, 15 increased ATP levels compared
with control wells by >20% (Figure 4F). We performed a bioinfor-
matics analysis using STITCH to identify proteins targeted by
each of the 34 drugs (Szklarczyk et al., 2016). Gene Ontology
(GO) analysis of the biological processes associated with the
target proteins showed that a plethora of metabolic processes
known to control cellular energy production, such as the
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Figure 3. Analysis of DGUOK-Deficient iPSC-Derived Hepatocyte-like Cells

(A) Bar graph showing mtDNA content during the differentiation of wild-type (blue) and DGUOK*'#25 (red) iPSCs (n = 8 biological replicates, mean + SEM, *p <
0.05, **p < 0.001).

(B) Bar graph showing mtDNA content in iPSC-derived hepatocyte-like cells from wild-type, DGUOKA'#2% and DGUOKA1#/A8:iindDGUOK jpgs in the absence
(blue) or presence (red) of Dox (10 ng/mL) (n = 8 biological replicates, mean + SEM, *p < 0.05).

(C) Bar graph showing mtDNA content in day 20 hepatocytes from wild-type and DGUOK*1#/2% iPSCs with (blue) or without (red) treatment with JAMP and dGMP
(n = 16, mean + SEM, *p < 0.05).

(D) Micrographs showing electron microscopy (left and middle) and TMRE staining (right) of day 20 DGUOK** and DGUOK*'#/2% hepatocytes. Arrows, mito-
chondria. Black scale bar, 800 nm; white scale bar, 100 pm.

(legend continued on next page)
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tricarboxylic acid (TCA) cycle, fatty acid oxidation (FAO), and
electron transport chain, were highly overrepresented (Fig-
ure S3). We next asked whether any of the drugs could increase
the expression of mtDNA-encoded electron transport chain
subunits. gqRT-PCR was performed using mRNA samples
from DGUOK™'¥25 hepatocyte-like cells treated with vehicle
(DMSO) or drugs (5 M) to determine the expression of represen-
tative mtDNA-encoded electron transport chain subunits from
complexes |, Ill, IV, and V (ND1, cytochrome b, MTCO1, and
ATP8). We found that several of the drugs were capable of
increasing the expression of one or more of the electron trans-
port chain subunits (Figure S4).

Of the drugs examined, we found that NAD could reproducibly
increase ATP levels and increase the expression of all mitochon-
drial-encoded electron transport chain genes examined (Fig-
ure S4). Moreover, as a bioactive form of niacin, NAD has
minimal toxicity, which could be desirable for long-term admin-
istration to patients. To determine the efficacy of NAD, we first
performed an eight-point dose-response assay with concentra-
tions in NAD ranging from 0.08 to 10 uM. Increased doses of
NAD led to a classic sigmoidal increase of ATP levels in
DGUOK-deficient iPSC-derived hepatocyte-like cells with a
half maximal effective concentration (ECsg) of 2.9 uM (Figure 5A).
Because we had shown that NAD was able to enhance the
expression of electron transport chain genes, we asked whether
NAD treatment rescues mitochondrial dysfunction. We exam-
ined mitochondria structure using electron microscopy and
found that in contrast to the untreated DGUOK*'#25 hepato-
cyte-like cells, NAD-treated DGUOK™*/2® cells exhibited normal
morphology with increased mitochondria matrix density and
normal cristae structure (Figure 5B). To test whether the restored
mitochondrial structure leads to improved mitochondria func-
tion, we performed TMRE staining followed by confocal micro-
scopy, which qualitatively revealed an increase of mitochondrial
membrane potential in DGUOK'#% hepatocytes after treat-
ment with NAD (5 uM) (Figure 5C). A quantitative measurement
of TMRE staining in multiple samples confirmed that the levels
of mitochondrial membrane potential are comparable between
wild-type cells and NAD-treated DGUOK-deficient cells (Fig-
ure 5D). NAD treatment could also efficiently reduce the ROS
levels, detected by DCFDA staining, in the DGUOK-deficient he-
patocytes (Figure 5C). Furthermore, by measuring OCR in wild-
type and DGUOK*'¥2® hepatocyte-like cells cultured with or
without NAD treatment, we revealed that NAD improved the
oxidative phosphorylation activity of DGUOK*'#2% hepatocytes
(Figure 5E), achieving both maximal respiration (Figure 5F) and
basal respiration capacities (Figure 5G) close to those observed
in wild-type cells. Finally, we addressed whether the observed

beneficial effects of NAD treatment on mitochondria activity
and electron transport chain gene expression are sufficient
to rescue the DGUOK mutation-associated ATP deficits. By
comparing the ATP levels in wild-type and DGUOK*1¥2% cells
treated with vehicle or NAD, we found that after NAD treatment
the DGUOK* 'A% hepatocyte-like cells no longer showed a sig-
nificant reduction of ATP levels compared with wild-type cells
(Figure 5H).

To evaluate the kinetics of NAD action, we treated DGUOK-
deficient cells with 5uM NAD for increasing lengths of time and
collected cells at day 20 of differentiation to determine ATP levels
(Figure S5A). NAD increased ATP as early as 24 hr of treatment
until @ maximum impact was reached at 3 days of treatment.
We also examined the impact of NAD on ATP levels after the
completion of differentiation. When DGUOK-deficient cells
were treated with NAD between days 20 through 25, ATP pro-
duction again significantly increased (Figure S5B).

MTDPSS patients suffer from progressive liver failure, implying
that that loss of DGUOK should affect hepatocyte viability. How-
ever, under standard culture conditions, which contain glucose
(25 mM), loss of DGUOK did not affect the number of hepato-
cyte-like cells. We reasoned that any requirement for oxidative
phosphorylation could be circumvented if ATP was produced
by the conversion of glucose to pyruvate through glycolysis.
We therefore examined the impact of loss of DGUOK on cell
viability when glycolysis was inhibited by 2-DG (Figure 5I). After
48 hr of treatment with 2-DG, DGUOK™*'* iPSC-derived hepato-
cytes remained viable, and there was no significant change in
cell number compared with untreated cells. In contrast, when
DGUOKA 2% hepatocytes were cultured with 2-DG, cell viability
was compromised. Finally, when treated with NAD, there was a
significant improvement in viability DGUOK*'¥A% hepatocytes
cultured in 2-DG (Figure 5l). Cumulatively, these data are consis-
tent with the view that treatment of DGUOK-deficient hepato-
cytes with NAD improves viability by improving mitochondrial
function.

NAD Rescues DGUOK Deficiency through the Activation
of PGC1qa

To determine the mechanism through which NAD rescues
DGUOK-associated mitochondrial dysfunction, we first asked
if NAD restores mtDNA content in DGUOK-deficient hepato-
cytes. Surprisingly, the mtDNA copy number in NAD-treated
DGUOK™%2% hepatocytes was comparable with that in un-
treated cells (Figure 6A), suggesting that NAD regulates mito-
chondrial functions through mechanisms other than restoring
mtDNA levels. As discussed earlier, treatment of DGUOK®!4/2%
iPSC-derived hepatocytes with NAD resulted in increased levels

(E) Immunoblot showing levels of electron transport chain proteins encoded by mitochondrial or nuclear genomes in day 20 wild-type (+/+), DGUOKA'#25 and
DGUOKA!4/485indDGUOK henatocytes in the presence (+) or absence (<) of Dox (10 ng/mL). HSP90 was used as a loading control.
(F) Graph showing oxygen consumption rate (OCR) of control (green) and DGUOK*'#/2® (red) hepatocytes at day 20 of differentiation as determined by Seahorse

assay (n = 3, mean + SEM).

(G) Basal respiration in DGUOK*"* and DGUOK*'#/2® ipSC-derived hepatocyte-like cells (mean + SEM, n = 3, *p < 0.05).
(H) Maximal respiration in DGUOK** and DGUOK'%% iPSC-derived hepatocyte-like cells (mean + SEM, n = 3, *p < 0.05).
(1) Bar graph showing intracellular ATP levels in day 20 DGUOK**, DGUOKA'#/2% and DGUOKA'#/A5:indDGUOK henatocytes in the presence (red) or absence (blue)

of Dox (10 ng/mL) (n = 8, mean + SEM, ***p < 0.0001).

(J) ROS levels measured by DCFDA staining in day 20 DGUOK*"* and DGUOK"'#25 hepatocytes (scale bar, 100 um).
(K) Bar graph showing extracellular lactate levels in day 20 DGUOK™* and DGUOK*'#/2® hepatocytes (mean + SEM, n = 3, *p < 0.05).
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A Figure 4. Drug Screen Using DGUOK-Defi-
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. - A14/A5
NAD 1.43 0.0005 alcohol and narcotic antagonist untreated  DGUOK A ni%atocytes’
ALLYLISOTHIOCYANATE 1.34 0.0416 counterirritant and NAD-treated DGUOK hepato-
DEFLAZACORT 1.33 0.0054 antiinflammatory cytes and immunoblotted with an anti-
TRIMIPRAMINE MALEATE 1.29 0.0304 antidepressant body that detects acetylated lysine. We
FOSCARNET SODIUM 1.28 0.0025 antiviral found that although the total protein levels
MILRINONE 1.26 0.0053 cardiotonic of PGC1a were unaffected by NAD treat-
THIOTEPA 1.25 0.0038 antineoplastic, alkylating agent ment. the por‘tion of PGC1o that was
METARAMINOL BITARTRATE 1.23 0.0346 antihypotensive acet ’Iate d was greatly reduced in NAD
PROTIRELIN 1.23 0.0011 prothyrotropin t tyd DGUOKQAM/Asy h t t
FURAZOLIDONE 123 0.0050 antibacterial reated ~ hepatocytes, re-
METHYLDOPA 1.22 0.0136 antihypertensive sulting in a substantial increase in the
PYRITHIONE ZINC 1.20 0.0080 antibacterial, antifungal, antiseborrheic relative level of active PGC1a. (Figure 6D).
IRBESARTAN 1.20 0.0010 angiotensin 2 receptor antagonist To confirm that the effect of NAD is medi-

of mtDNA-encoded mRNAs, including those encoding electron
transport chain proteins (Figure 6B). The observed elevation
in mitochondrial MRNA levels suggests that NAD therefore influ-
ences mitochondrial gene expression. It has been reported that
NAD promotes mitochondrial function by activating PGC1a
through deacetylation by Sirtuin 1 (Sirt1) (Nemoto et al., 2005;
Mouchiroud et al., 2013). PGC1a functions as a key regulator
of cellular metabolism by co-activating a variety of transcription
factors that are essential for mitochondria function and energy
production, including estrogen-related receptor alpha (ERR),
peroxisome proliferator-activated receptor alpha (PPARz), and
nuclear respiratory factors (NRF1 and NRF2) (Wu et al., 1999;
Vega et al., 2000; Schreiber et al., 2003). We therefore specu-
lated that NAD-mediated elevation of ATP levels in DGUOK-defi-
cient hepatocytes might be attributed to the activation of PGC1a.
pathways. To test this, we first measured the intracellular NAD*
levels in wild-type, untreated, and NAD-treated DGUOK*1#/4%
hepatocyte-like cells. Figure 6C shows that NAD levels
were lower in DGUOK-deficient cells compared with control
cells, and treatment of NAD from day 15 to day 20 significantly
increased intracellular NAD* in DGUOK~'¥2% cells. We next
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ated by the activation of PGCla, we

treated the DGUOK™'¥2% hepatocytes

with NAD in the presence of a PGC1a in-
hibitor SR18292 (Sharabi et al., 2017). Figure 6E shows that
SR18292 could block NAD from increasing the ATP levels in
DGUOK-deficient hepatocytes. Next, we asked whether the in-
crease in PGC1a activity leads to enhanced expression of genes
implicated in energy metabolism. Studies have shown that
PGC1a not only binds to ERRa, PPARa, and NRFs as a coacti-
vator but also forms autoregulatory loops with these partner
transcription factors to regulate their expression (Wu et al.,
1999; Schreiber et al., 2003; Huss et al., 2004). We therefore
determined the mRNA levels encoding ERRa, PPARa, and
NRFs by gRT-PCR and revealed that NAD treatment increased
the mRNAs encoding all four of these transcription factors in
DGUOKA¥2% hepatocytes (Figure 6F). We also examined the
downstream effects of the activation of these transcription fac-
tors. ERRa and NRF are known to upregulate mitochondria
biogenesis by increasing the levels of mitochondrial transcription
factors that are responsible for transcription of the mtDNA-en-
coded genes (Wu et al., 1999; Gleyzer et al., 2005). We therefore
determined the levels of MRNAs encoding the three major mito-
chondrial transcription factors: mitochondria transcription factor
A (TFAM), mitochondria transcription factor B1 (TFB1M), and
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mitochondria transcription factor B2 (TFB2M) in DGUOK!#/A%
hepatocytes treated with vehicle or NAD. As shown in Figure 6G,
treatment with NAD increased their mRNA levels between 2- and
5-fold, indicating enhanced transcription of the mitochondrial
genome. Because ERRa and PPARa play essential roles in regu-
lating glucose and fatty acid metabolism, we measured the
levels of mMRNAs encoding key enzymes of FAO (MCAD, VLCAD,

Finally, we noted that most of the other
drugs identified in the primary screen had
no effect on the level of MRNAs encoding

electron transport chain proteins (Figure S4), which implies that
they act through a mechanism that is different from that of
NAD. With this in mind, we examined whether any of the drugs
acted synergistically with NAD to increase ATP levels.
DGUOK-deficient hepatocytes were treated with each of the
drugs in the absence or presence of NAD and the impact on
ATP levels were measured as before. Of the 14 drugs that
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Figure 6. NAD Restores ATP Levels through Activation of PGC1a

(A) Bar graph showing relative mtDNA content in DGUOK** cells, untreated DGUOK*'#25 hepatocyte-like cells, and NAD-treated DGUOKA %25 hepatocyte-like
cells (n = 8 biological replicates, mean + SEM, ***p < 0.0001).

(B) Bar graph showing levels of MRNAs encoding electron transport chain proteins in DGUOKA%2% hepatocyte-like cells in the presence and absence of NAD
(5 uM) (mean + SEM, *p < 0.05).

(C) Bar graph showing that NAD treatment increases intracellular NAD* levels in DGUOK*'#25 hepatocyte-like cells (n = 8 biological replicates, mean = SEM,
**p < 0.0001).

(legend continued on next page)
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were examined, 7 significantly boosted ATP production in
DGUOK-deficient hepatocytes over NAD treatment alone (Fig-
ure 6J). We conclude that NAD rescues DGUOK-associated
mitochondrial dysfunction and ATP depletion by PGC1a-medi-
ated enhancement of mitochondrial gene expression and energy
metabolism. Moreover, the level that NAD can increase ATP pro-
duction can be enhanced by combining its action with other
drugs identified in the screen.

Nicotinamide Riboside Increases ATP Production in
DGUOK-Deficient Rats

To evaluate the potential of NAD as a treatment for MTDPSS3,
we asked whether NAD could also rescue the mitochondria
dysfunction and ATP reduction associated with the mutation
of DGUOK in vivo. A DGUOK-deficient rat model has been pre-
viously reported (Bennett et al., 2016). Although the rats are
viable and do not develop progressive liver failure, they exhibit
a significant reduction of hepatic mitochondrial activity and
ATP levels. We therefore decided to test the effect of NAD in
DGUOK-deficient rats. Although it is known that cultured
mammalian cells are capable of directly taking up NAD through
carriers that are yet to be identified, studies have shown that
orally administrated NAD is rapidly hydrolyzed in the small in-
testine (Billington et al., 2008). As a result, an alternative
regimen is required to boost intracellular NAD levels in vivo.
Multiple precursors or intermediates of NAD metabolism, such
as nicotinic acid (NA), nicotinamide (NAM), and nicotinamide
riboside (NR), are known to be capable of elevating the produc-
tion of NAD. Among them, NR has been reported to possess
superior pharmacokinetics and bioavailability (Trammell et al.,
2016). Studies have shown that NR-treated animals have
improved mitochondria function due to the NAD*-mediated
SIRT1 activation (Canto et al., 2012; Cerutti et al., 2014). There-
fore, we decided to use NR to increase intracellular NAD™ levels
in DGUOK™" rats. We first validated the efficiency of NR in
elevating NAD in DGUOK®'¥2® iPSC-hepatocytes. A dose
response assay performed on DGUOK2'¥A® hepatocyte-like
cells suggested that, similar to NAD, NR treatment also led to
increased ATP levels (Figure 7A). We next examined whether
NR could increase mitochondrial function and ATP levels in
DGUOK™" rats. Thirteen DGUOK-mutant rats (8 weeks old)
were orally provided vehicle (n = 6) or NR (500 mg/kg/day,
n = 7) for 1 week. Livers were collected and used to analyze
ATP levels and mitochondrial function (Figure 7B). The results

of ATP assays revealed that ATP levels in the livers of DGUOK™~
rats were reduced compared with controls and could be signif-
icantly improved after 1 week of NR treatment (Figure 7C).
To test whether this increase was caused by the improvement
of mitochondrial function, we next determined the activities
of each complex in the electron transport chain. As expected,
loss of DGUOK impaired electron transport chain complex ac-
tivity; however, when treated with NR, the activities of electron
transport chain complexes |, lll, IV, and V, all of which contain
mtDNA-encoded subunits, significantly improved (Figures 7D
and 7F-7H). In contrast, the activity of complex Il, which is
solely encoded by nuclear genes and unaffected by DGUOK
mutations (Bennett et al., 2016), was not significantly enhanced
(Figure 7E). We conclude that NR treatment of DGUOK-defi-
cient rats increases mitochondria function and improves
hepatic ATP levels in vivo.

NAD Treatment Improves ATP Levels in RRM2B-
Deficient Hepatocyte-like Cells

Given the observation that NAD rescues ATP production in
DGUOK¥2% ipSC hepatocytes, we asked whether NAD treat-
ment could benefit a broader range of mtDNA depletion
syndromes. Recently, mtDNA depletion syndromes received in-
ternational attention (Huxtable, 2018) because of the death of
an infant who had mutations in the RRM2B gene encoding
the ribonucleotide reductase regulatory TP53 inducible subunit
M2B. RRM2B is part of the ribonucleotide reductase complex
that catalyzes the conversion of ribonucleoside diphosphates
into deoxyribonucleoside diphosphates (Cho and Yen, 2016).
Disruption of RRM2B causes MTDPS8A/B, which results in a
range of clinical features including neurological impairment,
muscle weakness, and liver damage (Valencia et al., 2016;
Bourdon et al., 2007). We therefore generated RRM2B™~ iPSCs
using CRISPR/Cas9 (Figures 71 and 7J). Examination of the
mtDNA content and ATP levels after differentiation to hepato-
cyte-like cells revealed that both were significantly diminished,
although less severely than was observed for DGUOKA14/4%
iPSC hepatocytes (Figures 7K and 7L). Despite the milder
phenotype, treatment of RRM2B™"~ hepatocyte-like cells with
NAD significantly improved ATP production without affecting
mtDNA levels (Figures 7K and 7L). These data imply that the
beneficial effects of NAD are not restricted to DGUOK defi-
ciency and could be used to treat a broad range of mtDNA
depletion syndromes.

(D) Micrograph showing the results of an immunoprecipitation (anti-PGC1a) followed by immunoblot to detect total PGC1a and acetylated PGC1a in DGUOK**
iPSC-derived hepatocytes and in DGUOKA14/45 hepatocyte-like cells with and without 5 uM NAD treatment.
(E) Bar graph showing relative ATP levels in control DGUOK** hepatocyte-like cells and in DGUOKA'#/2® hepatocyte-like cells treated with NAD in the absence

and presence of SR18292 (n = 8, mean + SEM, **p < 0.001).

(F) Bar graph showing relative steady-state mRNA levels encoding transcription factors regulated by PGC1a (ERRa, NRF1, NRF2, and PPARg) (n = 3 biological

replicates, mean + SD, **p < 0.01, **p < 0.001, ***p < 0.0001).

(G) Bar graph showing relative steady-state mRNA levels encoding mitochondrial transcription factors (TFAM, TFB1M, and TFB2M) (n = 3 biological replicates,

mean + SD, *p < 0.01, ***p < 0.0001).

(H) Bar graph showing relative steady-state mRNA levels encoding FAO enzymes (MCAD, VLCAD, CPT1A, and ACOX1) (n = 3 biological replicates, mean + SD,

*p < 0.05, *p < 0.01, **p < 0.001).

(I) Bar graph showing relative steady-state mRNA levels encoding key TCA cycle enzymes (OGDH, CS, IDH3A, and IDH3B) (n = 3 biological replicates, mean +

SD, *p < 0.05, *p < 0.01, **p < 0.0001).

(J) Bar graph showing relative ATP levels in DGUOK~'#25 hepatocyte-like cells treated with 5 uM NAD alone (DMSO) or with 5 uM NAD + 5 uM of each drug
identified in the primary screen to increase ATP > 20% (n = 8 biological replicates, mean + SD, *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001).
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Figure 7. NR Increases Mitochondrial Activity and ATP Levels in DGUOK-Deficient Rats and RRM2B-Deficient Hepatocyte-like Cells

(A) Graph showing the result of a dose-response assay to detect ATP levels (luminescence) in DGUOK*'#2% hepatocyte-like cells treated with nicotinamide
riboside (NR) at 0.08, 0.16, 0.32, 0.6, 1.25, 2.5, 5, and 10 uM (n = 4 biological replicates, mean + SEM).

(B) Scheme of experimental approach used to test the effect of NR in DGUOK-deficient rats.

(C—H) Bar graphs showing relative ATP levels (C), and electron transport chain complex | (D), Il (E), lll (F), IV (G), and V (H) activities in livers from DGUOK** (n =6,
blue) or DGUOK™" rats without (n = 6, red) or with 500 mg/kg/day NR treatment for 7 days (n = 7, green) (mean + SEM, **p < 0.01, **p < 0.001).

(legend continued on next page)
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DISCUSSION

More than three decades have passed since the earliest cases of
mtDNA depletion syndrome were reported, and hundreds of pa-
tients with a variety of mtDNA depletion-causing mutations have
subsequently been identified. Such syndromes have recently
received international attention after an infant named Charlie
Gard became the subject of a “best interests” case in the United
Kingdom in which the parents and health care providers dis-
agreed over termination of life support (Huxtable, 2018). Unfortu-
nately, no curative therapy is available for any of these disorders,
and the discovery of treatments is impeded by the difficulties in
obtaining patient samples and the absence of animal models
that fully mimic the pathology of mtDNA depletion syndrome.
Recently, human pluripotent stem cells combined with gene-ed-
iting techniques have paved the way to identify treatments for
rare diseases in culture, without the need to access patients
directly (Robinton and Daley, 2012; Swinney and Xia, 2014;
Ding etal., 2013; Cayo et al., 2012). In this study, we successfully
used CRISPR/Cas9 gene editing to generate iPSC-derived he-
patocytes that model the most prevalent hepatic type of mtDNA
depletion syndrome, MTDPS3.

Previous efforts in identifying mtDNA depletion syndrome
treatments have focused on reversing the pathogenesis by trying
to rescue mtDNA depletion (Bulst et al., 2009; Camara et al.,
2014). However, the small number of biological processes that
are involved in the regulation of mtDNA homeostasis makes it
difficult to rationally find “druggable” targets. In the present
study, we used a phenotypic screen to identify drugs that are
capable of increasing ATP levels in DGUOK-deficient hepato-
cytes. As the clinical manifestations of MTDPS3 are primarily
caused by unmet energy requirements, drugs that rescue the
DGUOK-associated reduction of ATP will hold promise. Most
important, such a strategy allows us to screen all the signaling
pathways or biological processes that affect cellular ATP levels
and thus greatly broadens the spectrum of the target pool. As
a result, we were able to successfully identify NAD as a lead
drug that could promote mitochondrial function and restore
ATP without reverting the reduction of mtDNA copy number in
DGUOK-deficient hepatocytes. Our study showed that NAD
treatment caused an elevation of intracellular NAD*, which pro-
moted SIRT1-mediated activation of PGC1a. PGC1a is a master
regulator of energy production that indirectly increases the tran-
scription of mtDNA-encoded electron transport chain subunits
and enhances fatty acid and glucose metabolism, which further
fuels the electron transport chain for mitochondrial ATP produc-
tion. Our finding that NAD also increased ATP production by
iPSC-derived hepatocytes with mutations in RRM2B implies
that the potential of NAD as a treatment may not be limited to
DGUOK-related MTDPS3.

NAD homeostasis plays an important role in cellular energy
metabolism, and repletion of intracellular ATP by treatment
with NAD or NAD precursors has showed beneficial effects on
a wide range of metabolic and age-related disorders (Canto
et al., 2012; Gomes et al.,, 2013; Scheibye-Knudsen et al.,
2014). However, the ability of NAD to rescue mitochondrial func-
tion in mtDNA depletion disorders has not previously been
appreciated and emphasizes the benefits of using a phenotypic
screen. Whether, NAD will be effective in patients will require
clinical trials; however, our data demonstrate that enhancing
NAD* levels in a DGUOK-deficient rat model using a NAD pre-
cursor, NR, increases hepatic mitochondria activity and ATP
levels. Although NR has been widely used in vivo to increase
NAD* levels because of its oral bioavailability (Cerutti et al.,
2014; Zhang et al., 2016; Trammell et al., 2016), other NAD pre-
cursors, such as nicotinamide and NMN, are also known to be
capable of elevating NAD™ levels and hold promise for the treat-
ment of metabolic and neurodegenerative diseases (Yoshino
etal., 2011; Yang et al., 2014; Long et al., 2015). NAD has mini-
mal toxicity and thus can be administrated long term at relatively
high dose without causing severe adverse events (Knip et al.,
2000; Conze et al., 2016). In our experiments, the DGUOK-defi-
cient cells and animals were treated with NR for a relatively short
period (5 days in cells and 7 days in rats). We believe it likely that
chronic long-term exposures that use a combination of NAD
along with other drugs identified in our screen could have an
even greater beneficial effect.

Although liver disease is one of the primary clinical features
and cause of death of MTDPS3, some of the DGUOK mutations
lead to multisystem disorders with muscular or neurological
manifestations, including hypotonia, psychomotor retardation,
or nystagmus (Dimmock et al., 2008a, 2008b). It is desirable to
test the impact of NAD repletion on the mitochondrial function
and ATP levels in brain or muscle. Unfortunately, the DGUOK-
deficient rats showed no biochemical or phenotypical abnormal-
ities in tissues other than liver, preventing us from studying the
therapeutic potential of NAD for multi-organ DGUOK disorders
in this model. Nevertheless, it has been reported that NR treat-
ment led to an increase of NAD" in skeletal muscle and brown
adipose tissue and showed a protective role against mitochon-
drial myopathy in mice (Khan et al., 2014). Additionally, nicotin-
amide has been shown to be able to cross the blood-brain barrier
and increase NAD levels in the brain (Spector and Johanson,
2007); the effects of NR and NMN on improving mitochondrial
function in neural system are supported by multiple studies using
animal models (Gong et al., 2013; Long et al., 2015). On the basis
of these studies, it is possible that NAD is capable of rescuing the
muscular or neurological manifestations of MTDPS3 and holds
promise in the treatment of other forms of mtDNA depletion syn-
dromes that primarily affect brain and muscle. It will be of interest

1) Schematic illustration of RRM2B exon 2 showing the CRISPR/Cas9 guide (red) and nucleotide sequences of RRM2B wild-type (RRM2B*/*) and mutant alleles

(
(RRM2BA10/A10)
(

J) Micrograph of an immunoblot to detect expression of RRM2B and HSP90 in RRM2B*"* and RRM2B21%210 ipSC—derived hepatocytes.

K) Bar graph showing relative mtDNA content in wild-type cells, untreated RRM2B™~ hepatocyte-like cells, and NAD-treated RRM2B™~ hepatocyte-like cells

(
(n =6, mean + SEM, *p < 0.05).
(

L) Bar graph showing relative ATP levels in control RRM2B*/* iPSC-derived hepatocytes and in RRM2B ™~ hepatocyte-like cells untreated or treated with 5 uM

NAD (n = 12, mean + SEM, **p < 0.001).
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to understand the effects of NAD treatment on various cell types,
such as myocytes or neurons, differentiated from iPSCs with
MTDPS-associated mutations.

It is important to note that other drugs identified by our screen
that could lead to treatment of mtDNA depletion syndromes in
addition to NAD. For instance, trimipramine was found to syner-
gize with NAD to further enhance ATP production by DGUOK-
deficient cells (Figure 6J). Trimipramine is a tricyclic antidepres-
sant used to treat depression (Berger and Gastpar, 1996).
Another confirmed hit, deflazacort, is a glucocorticoid used
as an anti-inflammatory drug. Glucocorticoids are known to
stimulate mitochondria biogenesis (Weber et al., 2002), and de-
flazacort was recently approved by the U.S. Food and Drug
Administration to treat Duchenne muscular dystrophy, which in
addition to the inflammatory disease is known to be associated
with mitochondrial dysfunction (Vila et al., 2017). Taken together,
the phenotypic screen using iPSC-derived DGUOK-deficient
hepatocytes provides a variety of new perspectives in the iden-
tification of therapies for mtDNA depletion syndromes. We
believe that a similar strategy can be applied for drug discovery
or for mechanistic dissection of other rare diseases that have
previously been difficult to study.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

e KEY RESOURCES TABLE
® CONTACT FOR REAGENT AND RESOURCE SHARING
o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Cell lines
O Animals
e METHOD DETAILS
Differentiation of Human iPS Cells
ATP, lactate, and NAD* Measurements
Drug screening
Measurement of OCR and ECAR
Measurement of MMP
Measurement of electron transport chain activities
Immunostaining
Immunoblot and Immunoprecipitation
Quantitative Real-Time PCR analysis
Measurement of mtDNA content
Electron Microscopy
CRISPR/Cas9 Genome Editing
o QUANTIFICATION AND STATISTICAL ANALYSIS

O

OO0 O0OO0OO0OO0OO0OO0OO0O0Oo

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures and two tables and can be
found with this article online at https://doi.org/10.1016/j.celrep.2018.10.036.

ACKNOWLEDGMENTS

We thank Dr. Paula Traktman for advice on electron microscopy, Yuri Peterson
for input on drug screens, and Howard Jacob for useful discussions on rare ge-
netic diseases. This study was funded in part by NIH grants DK087377 and
HG006398 to S.A.D.

1482 Cell Reports 25, 1469-1484, November 6, 2018

AUTHOR CONTRIBUTIONS

Conceptualization, S.A.D., D.P.D., and R.J.; Methodology, S.A.D., R.J.,
AM.G., and J.J.L.; Investigation, R.J., J.L.C., J.C., G.C.B, C.C.B., S.S.C,,
and L.L.; Formal Analysis, R.J.; Validation, R.J. and J.L.C.; Writing — Original
Draft, S.A.D. and R.J.; Writing - Review & Editing, S.A.D., J.L.C., and R.J;
Visualization, S.A.D. and R.J.; Resources, S.A.D., C.C.B., and A.M.G.; Super-
vision, S.A.D., AM.G., C.C.B., and J.J.L.; Funding Acquisition, S.A.D.

DECLARATION OF INTERESTS
The authors declare no competing interests.

Received: March 2, 2018
Revised: September 18, 2018
Accepted: October 8, 2018
Published: November 6, 2018

REFERENCES

Almannai, M., El-Hattab, A.W., and Scaglia, F. (2018). Mitochondrial DNA repli-
cation: clinical syndromes. Essays Biochem. 62, 297-308.

Antonenkov, V.D., Isomursu, A., Mennerich, D., Vapola, M.H., Weiher, H.,
Kietzmann, T., and Hiltunen, J.K. (2015). The human mitochondrial DNA deple-
tion syndrome gene MPV17 encodes a non-selective channel that modulates
membrane potential. J. Biol. Chem. 290, 13840-13861.

Bai, R.K., and Wong, L.J. (2005). Simultaneous detection and quantification of
mitochondrial DNA deletion(s), depletion, and over-replication in patients with
mitochondrial disease. J. Mol. Diagn. 7, 613-622.

Bennett, B., Helbling, D., Meng, H., Jarzembowski, J., Geurts, A.M., Frieder-
ich, M.W., Van Hove, J.L.K., Lawlor, M.W., and Dimmock, D.P. (2016). Poten-
tially diagnostic electron paramagnetic resonance spectra elucidate the
underlying mechanism of mitochondrial dysfunction in the deoxyguanosine ki-
nase deficient rat model of a genetic mitochondrial DNA depletion syndrome.
Free Radic. Biol. Med. 92, 141-151.

Berger, M., and Gastpar, M. (1996). Trimipramine: a challenge to current con-
cepts on antidepressives. Eur. Arch. Psychiatry Clin. Neurosci. 246, 235-239.

Billington, R.A., Travelli, C., Ercolano, E., Galli, U., Roman, C.B., Grolla, A.A.,
Canonico, P.L., Condorelli, F., and Genazzani, A.A. (2008). Characterization
of NAD uptake in mammalian cells. J. Biol. Chem. 283, 6367-6374.

Bourdon, A., Minai, L., Serre, V., Jais, J.P., Sarzi, E., Aubert, S., Chrétien, D., de
Lonlay, P., Paquis-Flucklinger, V., Arakawa, H., et al. (2007). Mutation of
RRM2B, encoding p53-controlled ribonucleotide reductase (p53R2), causes
severe mitochondrial DNA depletion. Nat. Genet. 39, 776-780.

Bulst, S., Abicht, A., Holinski-Feder, E., Mlller-Ziermann, S., Koehler, U., Thi-
rion, C., Walter, M.C., Stewart, J.D., Chinnery, P.F., Lochmdiller, H., and Hor-
vath, R. (2009). In vitro supplementation with dAMP/dGMP leads to partial
restoration of mtDNA levels in mitochondrial depletion syndromes. Hum.
Mol. Genet. 18, 1590-1599.

Camara, Y., Gonzélez-Vioque, E., Scarpelli, M., Torres-Torronteras, J., Cabal-
lero, A., Hirano, M., and Marti, R. (2014). Administration of deoxyribonucleo-
sides or inhibition of their catabolism as a pharmacological approach for mito-
chondrial DNA depletion syndrome. Hum. Mol. Genet. 23, 2459-2467.

Canto, C., Houtkooper, R.H., Pirinen, E., Youn, D.Y., Oosterveer, M.H., Cen,
Y., Fernandez-Marcos, P.J., Yamamoto, H., Andreux, P.A., Cettour-Rose,
P., et al. (2012). The NAD(+) precursor nicotinamide riboside enhances oxida-
tive metabolism and protects against high-fat diet-induced obesity. Cell
Metab. 75, 838-847.

Cayo, M.A., Cai, J., DeLaForest, A., Noto, F.K., Nagaoka, M., Clark, B.S., Col-
lery, R.F., Si-Tayeb, K., and Duncan, S.A. (2012). JD induced pluripotent stem
cell-derived hepatocytes faithfully recapitulate the pathophysiology of familial
hypercholesterolemia. Hepatology 56, 2163-2171.

Cayo, M.A., Mallanna, S.K., Di Furio, F., Jing, R., Tolliver, L.B., Bures, M., Ur-
ick, A., Noto, F.K., Pashos, E.E., Greseth, M.D., et al. (2017). A drug screen


https://doi.org/10.1016/j.celrep.2018.10.036
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref1
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref1
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref2
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref2
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref2
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref2
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref3
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref3
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref3
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref4
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref4
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref4
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref4
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref4
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref4
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref5
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref5
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref6
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref6
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref6
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref7
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref7
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref7
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref7
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref8
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref8
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref8
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref8
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref8
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref8
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref8
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref9
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref9
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref9
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref9
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref10
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref10
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref10
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref10
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref10
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref11
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref11
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref11
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref11
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref12
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref12

using human iPSC-derived hepatocyte-like cells reveals cardiac glycosides as
a potential treatment for hypercholesterolemia. Cell Stem Cell 20, 478-489.e5.

Cerutti, R., Pirinen, E., Lamperti, C., Marchet, S., Sauve, A.A., Li, W., Leoni, V.,
Schon, E.A., Dantzer, F., Auwerx, J., et al. (2014). NAD(+)-dependent activa-
tion of Sirt1 corrects the phenotype in a mouse model of mitochondrial dis-
ease. Cell Metab. 19, 1042-1049.

Cho, E.C., and Yen, Y. (2016). Novel regulators and molecular mechanisms of
p53R2 and its disease relevance. Biochimie 7123, 81-84.

Conze, D.B., Crespo-Barreto, J., and Kruger, C.L. (2016). Safety assessment
of nicotinamide riboside, a form of vitamin Bz. Hum. Exp. Toxicol. 35, 1149-
1160.

Dimmock, D.P., Dunn, J.K., Feigenbaum, A., Rupar, A., Horvath, R., Freisinger,
P., Mousson de Camaret, B., Wong, L.J., and Scaglia, F. (2008a). Abnormal
neurological features predict poor survival and should preclude liver transplan-
tation in patients with deoxyguanosine kinase deficiency. Liver Transpl. 74,
1480-1485.

Dimmock, D.P., Zhang, Q., Dionisi-Vici, C., Carrozzo, R., Shieh, J., Tang, L.Y.,
Truong, C., Schmitt, E., Sifry-Platt, M., Lucioli, S., et al. (2008b). Clinical and
molecular features of mitochondrial DNA depletion due to mutations in deox-
yguanosine kinase. Hum. Mutat. 29, 330-331.

Dimmock, D., Tang, L.Y., Schmitt, E.S., and Wong, L.J. (2010). Quantitative
evaluation of the mitochondrial DNA depletion syndrome. Clin. Chem. 56,
1119-1127.

Ding, Q., Regan, S.N., Xia, Y., Oostrom, L.A., Cowan, C.A., and Musunuru, K.
(2013). Enhanced efficiency of human pluripotent stem cell genome editing
through replacing TALENs with CRISPRs. Cell Stem Cell 12, 393-394.

Durham, S.E., Bonilla, E., Samuels, D.C., DiMauro, S., and Chinnery, P.F.
(2005). Mitochondrial DNA copy number threshold in mtDNA depletion myop-
athy. Neurology 65, 453-455.

Folmes, C.D., Nelson, T.J., Martinez-Fernandez, A., Arrell, D.K., Lindor, J.Z.,
Dzeja, P.P., Ikeda, Y., Perez-Terzic, C., and Terzic, A. (2011). Somatic oxida-
tive bioenergetics transitions into pluripotency-dependent glycolysis to facili-
tate nuclear reprogramming. Cell Metab. 74, 264-271.

Gleyzer, N., Vercauteren, K., and Scarpulla, R.C. (2005). Control of mitochon-
drial transcription specificity factors (TFB1M and TFB2M) by nuclear respira-
tory factors (NRF-1 and NRF-2) and PGC-1 family coactivators. Mol. Cell.
Biol. 25, 1354-1366.

Gomes, A.P., Price, N.L., Ling, A.J., Moslehi, J.J., Montgomery, M.K., Rajman,
L., White, J.P., Teodoro, J.S., Wrann, C.D., Hubbard, B.P., et al. (2013).
Declining NAD(+) induces a pseudohypoxic state disrupting nuclear-mito-
chondrial communication during aging. Cell 155, 1624-1638.

Gong, B., Pan, Y., Vempati, P., Zhao, W., Knable, L., Ho, L., Wang, J., Sastre,
M., Ono, K., Sauve, A.A., and Pasinetti, G.M. (2013). Nicotinamide riboside re-
stores cognition through an upregulation of proliferator-activated receptor-y
coactivator 1a regulated B-secretase 1 degradation and mitochondrial gene
expression in Alzheimer’s mouse models. Neurobiol. Aging 34, 1581-1588.
Gower, W.R., Jr., Carr, M.C., and Ives, D.H. (1979). Deoxyguanosine kinase.
Distinct molecular forms in mitochondria and cytosol. J. Biol. Chem. 254,
2180-2183.

Harper, M.E., Green, K., and Brand, M.D. (2008). The efficiency of cellular en-
ergy transduction and its implications for obesity. Annu. Rev. Nutr. 28, 13-33.
Hopkinson, B.M., Desler, C., Kalisz, M., Vestentoft, P.S., Juel Rasmussen, L.,
and Bisgaard, H.C. (2017). Bioenergetic changes during differentiation of hu-
man embryonic stem cells along the hepatic lineage. Oxid. Med. Cell. Longev.
2017, 5080128.

Huss, .M., Torra, I.P., Staels, B., Giguere, V., and Kelly, D.P. (2004). Estrogen-
related receptor alpha directs peroxisome proliferator-activated receptor
alpha signaling in the transcriptional control of energy metabolism in cardiac
and skeletal muscle. Mol. Cell. Biol. 24, 9079-9091.

Huxtable, R. (2018). Clinic, courtroom or (specialist) committee: in the best in-
terests of the critically ill child? J. Med. Ethics 44, 471-475.

Jing, R., Duncan, C.B., and Duncan, S.A. (2017). A small-molecule screen
reveals that HSP90B promotes the conversion of induced pluripotent stem

cell-derived endoderm to a hepatic fate and regulates HNF4A turnover. Devel-
opment 7144, 1764-1774.

Khan, N.A., Auranen, M., Paetau, |., Pirinen, E., Euro, L., Forsstrom, S., Pasila,
L., Velagapudi, V., Carroll, C.J., Auwerx, J., and Suomalainen, A. (2014). Effec-
tive treatment of mitochondrial myopathy by nicotinamide riboside, a vitamin
B3. EMBO Mol. Med. 6, 721-731.

Knip, M., Douek, I.F., Moore, W.P., Gillmor, H.A., McLean, A.E., Bingley, P.J.,
and Gale, E.A.; European Nicotinamide Diabetes Intervention Trial Group
(2000). Safety of high-dose nicotinamide: a review. Diabetologia 43, 1337—
1345.

Li, C., and Wong, W.H. (2001). Model-based analysis of oligonucleotide arrays:
expression index comutatin and outlier detection. Proc. Natl. Acad. Sci. U.S.A.
98, 31-36.

Long, A.N., Owens, K., Schlappal, A.E., Kristian, T., Fishman, P.S., and Schuh,
R.A. (2015). Effect of nicotinamide mononucleotide on brain mitochondrial res-
piratory deficits in an Alzheimer’s disease-relevant murine model. BMC Neu-
rol. 15, 19.

Ludwig, T.E., Bergendahl, V., Levenstein, M.E., Yu, J., Probasco, M.D., and
Thomson, J.A. (2006). Feeder-independent culture of human embryonic
stem cells. Nat. Methods 3, 637-676.

Mallanna, S.K., and Duncan, S.A. (2013). Differentiation of hepatocytes from
pluripotent stem cells. Curr. Protoc. Stem Cell Biol. 26, 1G.4.1-1G.4.13.

Mancuso, M., Ferraris, S., Pancrudo, J., Feigenbaum, A., Raiman, J., Christo-
doulou, J., Thorburn, D.R., and DiMauro, S. (2005). New DGK gene mutations
in the hepatocerebral form of mitochondrial DNA depletion syndrome. Arch.
Neurol. 62, 745-747.

Mandel, H., Szargel, R., Labay, V., Elpeleg, O., Saada, A., Shalata, A., An-
binder, Y., Berkowitz, D., Hartman, C., Barak, M., et al. (2001). The deoxygua-
nosine kinase gene is mutated in individuals with depleted hepatocerebral
mitochondrial DNA. Nat. Genet. 29, 337-341.

Mi, H., Muruganujan, A., Casagrande, J.T., and Thomas, P.D. (2013). Large-
scale gene function analysis with the PANTHER classification system. Nat.
Protoc. 8, 1551-1566.

Mouchiroud, L., Houtkooper, R.H., Moullan, N., Katsyuba, E., Ryu, D., Canto,
C., Mottis, A., Jo, Y.S., Viswanathan, M., Schoonjans, K., et al. (2013). The
NAD(+)/sirtuin pathway modulates longevity through activation of mitochon-
drial UPR and FOXO signaling. Cell 154, 430-441.

Nagaoka, M., Si-Tayeb, K., Akaike, T., and Duncan, S.A. (2010). Culture of
human pluripotent stem cells using completely defined conditions on a recom-
binant E-cadherin substratum. BMC Dev. Biol. 10, 60.

Nemoto, S., Fergusson, M.M., and Finkel, T. (2005). SIRT1 functionally inter-
acts with the metabolic regulator and transcriptional coactivator PGC-1alpha.
J. Biol. Chem. 280, 16456-16460.

Ran, F.A., Hsu, P.D., Wright, J., Agarwala, V., Scott, D.A., and Zhang, F. (2013).
Genome engineering using the CRISPR-Cas9 system. Nat. Protoc. 8, 2281-
2308.

Robinton, D.A., and Daley, G.Q. (2012). The promise of induced pluripotent
stem cells in research and therapy. Nature 487, 295-305.

Sadava, D., Frykman, P., Harris, E., Majerus, D., Mustard, J., and Bernard, B.
(1992). Development of enzymes of glycolysis and gluconeogenesis in human
fetal liver. Biol. Neonate 62, 89-95.

Salviati, L., Sacconi, S., Mancuso, M., Otaegui, D., Camafo, P., Marina, A., Ra-
binowitz, S., Shiffman, R., Thompson, K., Wilson, C.M., et al. (2002). Mitochon-
drial DNA depletion and dGK gene mutations. Ann. Neurol. 52, 311-317.
Sarzi, E., Goffart, S., Serre, V., Chrétien, D., Slama, A., Munnich, A., Spelbrink,
J.N., and Rétig, A. (2007). Twinkle helicase (PEO1) gene mutation causes mito-
chondrial DNA depletion. Ann. Neurol. 62, 579-587.

Sasaki, T., Sato, Y., Higashiyama, T., and Sasaki, N. (2017). Live imaging re-
veals the dynamics and regulation of mitochondrial nucleoids during the cell
cycle in Fucci2-Hela cells. Sci. Rep. 7, 11257.

Scheibye-Knudsen, M., Mitchell, S.J., Fang, E.F., lyama, T., Ward, T.,
Wang, J., Dunn, C.A., Singh, N., Veith, S., Hasan-Olive, M.M., et al.

Cell Reports 25, 1469-1484, November 6, 2018 1483

OPEN

ACCESS
Cell



http://refhub.elsevier.com/S2211-1247(18)31612-7/sref12
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref12
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref13
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref13
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref13
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref13
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref14
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref14
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref15
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref15
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref15
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref15
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref16
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref16
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref16
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref16
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref16
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref17
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref17
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref17
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref17
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref18
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref18
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref18
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref19
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref19
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref19
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref20
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref20
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref20
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref21
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref21
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref21
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref21
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref22
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref22
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref22
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref22
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref23
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref23
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref23
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref23
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref24
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref24
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref24
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref24
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref24
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref25
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref25
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref25
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref26
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref26
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref27
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref27
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref27
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref27
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref28
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref28
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref28
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref28
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref29
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref29
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref30
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref30
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref30
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref30
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref31
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref31
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref31
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref31
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref32
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref32
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref32
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref32
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref33
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref33
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref33
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref34
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref34
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref34
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref34
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref35
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref35
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref35
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref36
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref36
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref37
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref37
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref37
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref37
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref38
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref38
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref38
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref38
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref39
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref39
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref39
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref40
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref40
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref40
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref40
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref41
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref41
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref41
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref42
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref42
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref42
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref43
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref43
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref43
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref44
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref44
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref45
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref45
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref45
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref46
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref46
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref46
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref47
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref47
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref47
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref48
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref48
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref48
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref49
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref49

OPEN

ACCESS
Cell

(2014). A high-fat diet and NAD(+) activate Sirt1 to rescue premature aging
in cockayne syndrome. Cell Metab. 20, 840-855.

Schreiber, S.N., Knutti, D., Brogli, K., Uhimann, T., and Kralli, A. (2003). The
transcriptional coactivator PGC-1 regulates the expression and activity of
the orphan nuclear receptor estrogen-related receptor alpha (ERRalpha).
J. Biol. Chem. 278, 9013-9018.

Sezer, T., Ozcay, F., Balci, O., and Alehan, F. (2015). Novel deoxyguanosine
kinase gene mutations in the hepatocerebral form of mitochondrial DNA deple-
tion syndrome. J. Child Neurol. 30, 124-128.

Sharabi, K., Lin, H., Tavares, C.D.J., Dominy, J.E., Camporez, J.P., Perry, R.J.,
Schilling, R., Rines, A.K., Lee, J., Hickey, M., et al. (2017). Selective chemical
inhibition of PGC-1a gluconeogenic activity ameliorates type 2 diabetes. Cell
169, 148-160.e15.

Si-Tayeb, K., Noto, F.K., Nagaoka, M., Li, J., Battle, M.A., Duris, C., North,
P.E., Dalton, S., and Duncan, S.A. (2010). Highly efficient generation of human
hepatocyte-like cells from induced pluripotent stem cells. Hepatology 57,
297-305.

Spector, R., and Johanson, C.E. (2007). Vitamin transport and homeostasis in
mammalian brain: focus on Vitamins B and E. J. Neurochem. 703, 425-438.
Swinney, D.C., and Xia, S. (2014). The discovery of medicines for rare dis-
eases. Future Med. Chem. 6, 987-1002.

Szklarczyk, D., Santos, A., von Mering, C., Jensen, L.J., Bork, P., and Kuhn, M.
(2016). STITCH 5: augmenting protein-chemical interaction networks with tis-
sue and affinity data. Nucleic Acids Res. 44 (D7), D380-D384.

Taanman, J.W., Muddle, J.R., and Muntau, A.C. (2003). Mitochondrial DNA
depletion can be prevented by dGMP and dAMP supplementation in a resting
culture of deoxyguanosine kinase-deficient fibroblasts. Hum. Mol. Genet. 12,
1839-1845.

Touboul, T., Hannan, N.R., Corbineau, S., Martinez, A., Martinet, C., Brancher-
eau, S., Mainot, S., Strick-Marchand, H., Pedersen, R., Di Santo, J., et al.
(2010). Generation of functional hepatocytes from human embryonic stem
cells under chemically defined conditions that recapitulate liver development.
Hepatology 57, 1754-1765.

Trammell, S.A., Schmidt, M.S., Weidemann, B.J., Redpath, P., Jaksch, F., Del-
linger, R.W., Li, Z., Abel, E.D., Migaud, M.E., and Brenner, C. (2016). Nicotin-
amide riboside is uniquely and orally bioavailable in mice and humans. Nat.
Commun. 7, 12948.

Valencia, C.A., Wang, X., Wang, J., Peters, A., Simmons, J.R., Moran, M.C.,
Mathur, A., Husami, A., Qian, Y., Sheridan, R., et al. (2016). Deep sequencing
reveals novel genetic variants in children with acute liver failure and tissue ev-
idence of impaired energy metabolism. PLoS ONE 77, e0156738.

Van Goethem, G., Dermaut, B., Lofgren, A., Martin, J.J., and Van Broeck-
hoven, C. (2001). Mutation of POLG is associated with progressive external
ophthalmoplegia characterized by mtDNA deletions. Nat. Genet. 28, 211-212.

1484 Cell Reports 25, 1469-1484, November 6, 2018

Vega, R.B., Huss, J.M., and Kelly, D.P. (2000). The coactivator PGC-1 cooper-
ates with peroxisome proliferator-activated receptor alpha in transcriptional
control of nuclear genes encoding mitochondrial fatty acid oxidation enzymes.
Mol. Cell. Biol. 20, 1868-1876.

Vila, M.C., Rayavarapu, S., Hogarth, M.W., Van der Meulen, J.H., Horn, A., De-
four, A., Takeda, S., Brown, K.J., Hathout, Y., Nagaraju, K., and Jaiswal, J.K.
(2017). Mitochondria mediate cell membrane repair and contribute to
Duchenne muscular dystrophy. Cell Death Differ. 24, 330-342.

Weber, K., Briick, P., Mikes, Z., Kiipper, J.H., Klingenspor, M., and Wiesner,
R.J. (2002). Glucocorticoid hormone stimulates mitochondrial biogenesis spe-
cifically in skeletal muscle. Endocrinology 743, 177-184.

Wu, Z., Puigserver, P., Andersson, U., Zhang, C., Adelmant, G., Mootha, V.,
Troy, A., Cinti, S., Lowell, B., Scarpulla, R.C., and Spiegelman, B.M. (1999).
Mechanisms controlling mitochondrial biogenesis and respiration through
the thermogenic coactivator PGC-1. Cell 98, 115-124.

Yang, S.J., Choi, .M., Kim, L., Park, S.E., Rhee, E.J., Lee, W.Y., Oh, K.W.,
Park, S.W., and Park, C.Y. (2014). Nicotinamide improves glucose metabolism
and affects the hepatic NAD-sirtuin pathway in a rodent model of obesity and
type 2 diabetes. J. Nutr. Biochem. 25, 66-72.

Yang, W., Liu, Y., Slovik, K.J., Wu, J.C., Duncan, S.A., Rader, D.J., and Morri-
sey, E.E. (2015). Generation of iPSCs as a pooled culture using magnetic acti-
vated cell sorting of newly reprogrammed cells. PIOS One 70, e0134995.
Yoshino, J., Mills, K.F., Yoon, M.J., and Imai, S. (2011). Nicotinamide mononu-
cleotide, a key NAD(+) intermediate, treats the pathophysiology of diet- and
age-induced diabetes in mice. Cell Metab. 74, 528-536.

Yu, Y., Liu, H., Ikeda, Y., Amiot, B.P., Rinaldo, P., Duncan, S.A., and Nyberg,
S.L. (2012). Hepatocyte-like cells differentiated from human induced pluripo-
tent stem cells: relevance to cellular therapies. Stem Cell Res. (Amst.) 9,
196-207.

Zhang, J.H., Chung, T.D., and Oldenburg, K.R. (1999). A simple statistical
parameter for use in evaluation and validation of high throughput screening as-
says. J. Biomol. Screen. 4, 67-73.

Zhang, J., Nuebel, E., Wisidagama, D.R., Setoguchi, K., Hong, J.S., Van Horn,
C.M,, Imam, S.S., Vergnes, L., Malone, C.S., Koehler, C.M., and Teitell, M.A.
(2012). Measuring energy metabolism in cultured cells, including human
pluripotent stem cells and differentiated cells. Nat. Protoc. 7, 1068-1085.
Zhang, H., Ryu, D., Wu, Y., Gariani, K., Wang, X., Luan, P., D’Amico, D., Ro-
pelle, E.R., Lutolf, M.P., Aebersold, R., et al. (2016). NAD* repletion improves
mitochondrial and stem cell function and enhances life span in mice. Science
352, 1436-1443.

Zheng, X., Boyer, L., Jin, M., Mertens, J., Kim, Y., Ma, L., Ma, L., Hamm, M.,
Gage, F.H., and Hunter, T. (2016). Metabolic reprogramming during neuronal
differentiation from aerobic glycolysis to neuronal oxidative phosphorylation.
elLife 5, 5.


http://refhub.elsevier.com/S2211-1247(18)31612-7/sref49
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref49
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref50
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref50
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref50
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref50
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref51
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref51
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref51
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref52
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref52
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref52
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref52
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref53
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref53
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref53
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref53
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref54
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref54
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref55
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref55
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref56
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref56
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref56
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref57
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref57
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref57
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref57
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref58
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref58
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref58
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref58
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref58
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref59
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref59
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref59
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref59
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref60
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref60
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref60
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref60
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref61
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref61
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref61
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref62
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref62
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref62
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref62
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref63
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref63
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref63
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref63
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref64
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref64
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref64
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref64
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref64
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref65
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref65
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref65
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref65
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref66
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref66
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref66
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref66
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref67
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref67
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref67
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref68
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref68
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref68
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref69
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref69
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref69
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref69
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref70
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref70
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref70
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref71
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref71
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref71
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref71
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref72
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref72
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref72
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref72
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref72
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref73
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref73
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref73
http://refhub.elsevier.com/S2211-1247(18)31612-7/sref73

STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

DGUOK Santa Cruz Cat#SC-398093
Oxidative phosphorylation cocktail Abcam Cat#Ab110413
PGC1 alpha Abcam Cat#Ab77210
Acetyl lysine abcam Cat#Ab190479
HSP90 beta Abcam Cat#Ab32568
MT-ATP8 Santa Cruz Cat#SC-84231
Cytochrome b Santa Cruz Cat#SC-11436
ND6 Santa Cruz Cat#SC-20510
MTCO1 abcam Cat#Ab14705
SOD2 (Abcam, #13533 abcam Cat#Ab13533
PINK1 abcam Cat#Ab23707
HSP90B Abcam Cat#Ab32568
Goat anti-Mouse IgG ThermoFisher Scientific Cat#31430
Goat Anti-Rabbit IgG ThermoFisher Scientific Cat#656120
Donkey Anti-Goat IgG ThermoFisher Scientific Cat#11058
Bacterial Strains

pzbFGF BL21 Star E. coli Ludwig et al., 2006 N/A
Chemicals, Peptides, and Recombinant Proteins

B-27® Supplement (50X), serum free ThermoFisher Scientific Cat#17504044
B-27® Supplement, minus insulin ThermoFisher Scientific Cat#A1895601
Activin A Recombinant Human Protein ThermoFisher Scientific Cat#PHC9563
FGF-Basic (AA 10-155) Recombinant Human Protein ThermoFisher Scientific Cat#PHG0023
Purified recombinant zebrafish FGF-Basic Ludwig et al., 2006 Cat#N/A
BMP4 Recombinant Human Protein ThermoFisher Scientific Cat#PHC9533
HGF Recombinant Human Protein ThermoFisher Scientific Cat#PHG0321
Oncostatin M Recombinant Human Protein ThermoFisher Scientific Cat#PHC5015

NADIDE

Niagen

dAMP

dGMP

SYBR green | nucleic acid gel stain
SR 18292

MicroSource Discovery Systems, Inc.

Chromadex

Santa Cruz biotechnology
Santa Cruz biotechnology
ThermoFisher Scientific
Cayman Chemical

Spectrum Collection; CAS 53-84-9
Cat#ASB-00014332
Cat#Sc-338742

Cat#Sc-225815

Cat#S7563

Cat#2095432-55-4

Critical Commercial Assays

RNeasy mini Kit

TURBO DNA-free™ Kit

M-MLV Reverse Transcriptase

TagMan® Gene Expression

Power SYBR Green

Lactate colorimetric/fluorometric assay kit
NAD/NADH colorimetric kit

Pierce BCA protein assay kit

TMRE mitochondrial membrane potential assay kit
Mitochondrial isolation kit from tissue

Electron transport chain complex | enzyme activity
microplate assay kit

QIAGEN

ThermoFisher/Ambion
ThermoFisher/Invitrogen
ThermoFisher/Applied Biosystems
ThermoFisher/Applied Biosystems
Biovision

Biovision

Thermo Fisher

Abcam

Abcam

Abcam
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Cat#74106
Cat#AM1907
Cat#28025-013
Cat#4369016
Cat#4367659
Cat#607
Cat#K337
Cat#23227
Cat#Ab113852
Cat#Ab110168
Cat#Ab109721

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Electron transport chain complex Il enzyme activity Abcam Cat#Ab109908
microplate assay kit

Electron transport chain complex Ill enzyme activity Biovision Cat#K520
microplate assay kit

Electron transport chain complex IV rodent enzyme Abcam Cat#Ab109911
activity microplate assay kit

ATP synthase enzyme activity microplate assay kit Abcam Cat#Ab109714
QuickExtract™ DNA extraction solution Epicenter Cat#QE09050
Experimental Models: Cell Lines

iPSC-SV20 Yang et al., 2015 N/A
Experimental Models: Organisms/Strains

DGUOK—/— Rat Bennett et al., 2016 N/A

Recombinant DNA

PX459 pSPCas9(BB)-2A-Puro vector

Ran et al., 2013

Addgene Plasmid #62988

DGUOK-pTETon-MCS This paper N/A
Oligonucleotides

DGUOK exon 4 CRISPR guide sequence: Integrated DNA Technologies N/A
catcgagtggcatatctatc

Forward PCR primer for DGUOK INDELs: Integrated DNA Technologies N/A
atcccacttccaaccaggtatatctttge

Reverse PCR primer for DGUOK INDELSs: Integrated DNA Technologies N/A
ctggggagaagcctggaggtagatgaag

RRM2B exon 2 CRISPR guide sequence: Integrated DNA Technologies N/A
tcctaagaaagagttctcge

Forward PCR primer for RRM2B INDELs: Integrated DNA Technologies N/A
acaggctctcaaaccaatgc

Reverse PCR primer for RRM2B INDELSs: Integrated DNA Technologies N/A
tctcagtaattccaacacttatcttc

Primers for qPCR, see Table S2 Integrated DNA Technologies N/A
Software and Algorithms

Image Lab software Bio-Rad Cat#1709691
GraphPad Prism v6 Graphpad Software, Inc N/A

DNA-Chip Analyzer (dChip)
PANTHER classification System
STITCH database

Li and Wong, 2001
Mi et al., 2013
Szklarczyk et al., 2016

www.dchip.org
www.pantherdb.org
stitch.embl.de

Other

Spectrum Collection
HCM BulletKit (CC-3199 & CC-4182)
Seahorse XF96 Cell mito Stress Test system

Microsource Discovery Systems Inc
Lonza
Agilent

www.msdiscovery.com/spectrum.html
Cat#CC-3198
Cat#103015-100

CONTACT FOR REAGENT AND RESOURCE SHARING

Information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Stephen A. Dun-

can (duncanst@musc.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

Human SV20 iPSCs were generated from peripheral blood and characterized previously (Yang et al., 2015). Human wild-type SV20
or DGUOKA#A% ipSCs were cultured in mTeSR medium (Ludwig et al., 2006) with 4 ng/ml zbFGF on an E-cadherin-IgG Fc fusion

protein matrix (Nagaoka et al., 2010) in 4% O./5% CO, at 37°C with daily medium changes.
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Animals

The development of the DGUOK deficient rat has been previously described (Bennett et al., 2016) and is maintained at the Medical
College of Wisconsin in a specific pathogen-free facility as a homozygous breeding colony, fed Teklad #7034 low-salt chow, under a
14/10-hr light/dark cycle. 8-week-old, 22" intercross generation, naive DGUOK homozygous deficient rats (167-272-g body weight)
were randomly assigned to study groups, group housed, and orally administrated with water (vehicle) (n = 6; 5 males, 1 female) or NR
(Niagen, ChromaDex, CA) (n = 7; 3 males, 4 females, 500mg/kg/day) for seven days. Immune competency is unknown in this model.
On day 8 the animals were euthanized and liver samples were collected for ATP and electron transport chain activity assays. To
prevent circadian variations, all treatments and sample collections were conducted at the same time of the day. All studies were
performed in accordance with the Guide for the Care and Use of Laboratory Animals and approved by the MCW Institutional Animal
Care and Use Committee.

METHOD DETAILS

Differentiation of Human iPS Cells

SV20 cells were seeded on Matrigel (2 mg/ml)-coated tissue culture plates 24 hours prior to differentiation. Cells were induced to form
hepatocyte-like cells as described in a stepwise protocol published previously. {Mallanna and Duncan, 2013, Curr Protoc Stem Cell
Biol, 26, Unit 1G.4.}. Specifically, iPSCs were treated with bone morphogenetic protein 4 (BMP4, 10ng/ml), fibroblast growth factor 2
(FGF2 20ng/ml), and Activin A (100ng/ml) for 2 days and Activin A (100ng/ml) alone for another 3 days to form endoderm, followed by
5 days of BMP4 (20ng/ml) and FGF2 (10ng/ml) to induce hepatic progenitor cell formation. The hepatic progenitors were then culture
with hepatocyte growth factor (HGF 20ng/ml, day 10 to day 15) and Oncostatin M (OSM 20ng/ml, day 15 to day 20) to generate
hepatocyte-like cells.

ATP, lactate, and NAD* Measurements

ATP levels in cultured cells were measured using CellTiter-Glo assay (Promega, #G7570) and Tissue ATP levels were measured using
an ATP assay kit (Abcam, #ab83355), according to the manufacturer’s instructions. Lactate levels were measured using lactate color-
imetric/Fluorometric assay Kit (Biovision, #607) and NAD" levels were measured using NAD/NADH quantitation colorimetric kit
(Biovision, #K337) following manufacturer’s direction. Results were normalized to protein content determined by the Pierce BCA pro-
tein assay kit (Thermo Fisher, #23227).

Drug screening

Human DGUOKA1#2% ipSCs were seeded on thirty 96-well plates and induced to differentiate until day 15. Drugs from the Spectrum
collection (MicroSource, CT) were individually applied between day 15 to day 20 of differentiation. In each 96-well plate, 8 wells were
untreated, 8 wells were treated with DMSO, and the remaining wells were treated with drugs at a concentration of 5 uM. At the end of
day 20, cells were treated with 20mM 2-DG (Sigma-Aldrich, #D8375) for 24hr and a luminescent assay (CellTiter-Glo (Promega,
#G7570)) was performed to detect ATP levels. Z scores were calculated based on ATP levels to identify hits. Bioinformatics analyses
of the hits were performed using STITCH (Szklarczyk et al., 2016) and the PANTHER classification system (Mi et al., 2013).

Measurement of OCR and ECAR

iPSCs were plated on Matrigel (2mg/ml)-coated Agilent Seahorse XF96 Microplates (Agilent, #101085-004) and differentiated to
hepatocyte-like cells. Seahorse XF96 Analyzer (Agilent, CA) was used to measure the basal levels of OCR and ECAR, as well as
the OCR and ECAR of cells in the presence of electron transport chain inhibitors and uncouplers (oligomycin, 1 uM; carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone, 1 uM; rotenone, 2 uM; antimycin A, 1 uM). A BCA assay was performed on tested wells
and OCR and ECAR results were normalized to protein content. Statistics and graphs were generated using Agilent Seahorse Wave
Desktop software.

Measurement of MMP

TMRE-Mitochondrial membrane potential assay kit (Abcam, #ab113852) was used to measure MMP. Live hepatocyte-like cells were
first incubated with culture medium containing 200nM TMRE for 30 minutes at 37 degree, then rinsed three times with PBS and
incubated with culture medium containing 50 nM TMRE. Cells were imaged by Zeiss LSM 880 laser scanning microscopy or ZOE
fluorescent cell imager (Biorad, CA). For quantitative assays, we measured TMRE staining using Synergy HTX microplate reader
(BioTek, VT) following manufacturer’s instruction.

Measurement of electron transport chain activities

Mitochondria were isolated from the DGUOK deficient rat tissues using mitochondria isolation kit for tissue (Abcam, #ab110168). The
activities of electron transport chain complex |, I, lll, IV, V were determined using complex | enzyme activity microplate assay kit (Ab-
cam, #ab109721), complex Il enzyme activity microplate assay kit (Abcam, #ab109908), mitochondria complex Il activity assay kit
(Biovision, #K520), complex IV rodent enzyme activity microplate assay kit (Abcam, #ab109911), and ATP synthase enzyme activity
microplate assay kit (Abcam, #ab109714), respectively, following manufacturer’s instruction.
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Immunostaining

Cultured cells were fixed with 4% PFA for 30 minutes and made permeable using 0.5% Triton X-100 in PBS for 15 minutes. Cells were
treated with 3% BSA in PBS for 30 minutes followed by overnight incubation with primary antibody at 4°C. Antibodies used were
HNF4A (Santa Cruz, #sc-1556, 1:250), Albumin (Cedarlane, #CL2513A, 1:500), and AFP (Sigma, #A8452, 1:250). Cells were rinsed
with PBS 3 X 5 minutes and incubated with DAPI (1 pg/ml) and secondary antibody for 1 hour at room temperature. Alexa fluor an-
tibodies (594 nm anti-goat, 488 nm anti-rabbit, 488 nm anti-goat) were used at 1:1000 dilution. Images were processed using Adobe
Photoshop to optimize brightness/contrast. Control and experiment wells were processed identically.

Immunoblot and Immunoprecipitation

Whole cell lysates were collected using NP-40 or RIPA buffer with protease inhibitor cocktail (ThermoFisher Scientific, NY, #78443).
30ug total protein was separated by SDS-PAGE using Any kD™ Mini-protean TGX stain-free™ precast gels (BioRad, CA,
#4568123), and transferred to PVDF membranes using the Trans-Blot Turbo™ Transfer System (BioRad, CA, #1704155). Mem-
branes were incubated overnight with antibodies against DGUOK (Santa Cruz, #sc-398093, 1:200), HSP90pB (Abcam, #ab32568,
1:100000), MT-ATP8 (Santa Cruz, #sc-84231, 1:200), cytochrome b (Santa Cruz, #sc-11436, 1:200), ND6 (Santa Cruz, #sc-20510,
1:200), MTCO1 (abcam, #ab14705, 1:1000), oxidative phosphorylation antibody cocktail (UJQCRC2, ATP5A, MTCO1) (Abcam,
#ab110413, 1:250), PGC1 alpha (Abcam, #ab77210, 1:400), SOD2 (Abcam, #13533, 1:5000), PINK1 (Abcam, #23707, 1:500) or
Acetyl lysine (Abcam, #ab190479, 1:500) at 4°C. HRP-conjugated secondary antibodies were used at a dilution of 1:2000. Protein
levels were calculated using BioRad stain-free Imaging System and were normalized to total protein using Image Lab software
from BioRad. Immunoprecipitation was performed using Catch and Release® V2.0 kit (EMD Millipore, CA, #17-500) following the
manufacturer’s directions.

Quantitative Real-Time PCR analysis

RNA was isolated from SV20 cells or iPSC-derived hepatocyte-like cells using the RNeasy mini Kit (QIAGEN, #74106). Genomic DNA
was removed using the TURBO DNA-free™ Kit (ThermoFisher/Ambion, NY, #AM1907). First strand cDNA was synthesized using
M-MLV Reverse Transcriptase (ThermoFisher/Invitrogen, NY, #28025-013). Quantitative real-time PCR was performed on a BioRad
CFX384 real-time PCR machine using TagMan® Gene Expression assay (ThermoFisher/Applied Biosystems, NY, #4369016) or Po-
wer SYBR Green PCR assays (ThermoFisher/Applied Biosystems, NY, #4367659) following the manufacturer’s directions. SYBR
green primers and TagMan assays are listed in Table S2.

Measurement of mtDNA content

mtDNA staining was performed on Day 20 iPSC-derived hepatocyte-like cells. Cells were incubated with culture medium containing
SYBR green | Nucleic Acid Gel Stain (1:100,000 dilution) and imaged using Zeiss LSM 880 laser scanning microscopy. mtDNA copy
number were measured by SYBR green gPCR using primers targeting mitochondrial tRNA leucin and nuclear gene beta-2-micro-
globin (B2M). The relative mtDNA levels were calculated based on the ACq value between mitochondrial and nuclear genes (Bai
and Wong, 2005). Primers used are listed in Table S2.

Electron Microscopy

D20 hepatocytes were washed with Sorensen’s buffer and fixed with 1% glutaraldehyde in Sorensen’s buffer for 30 min. Cells were
collected by scraping followed by centrifugation at 800 x g for 7 min and fresh fixative was added. Samples were then processed for
conventional electron microscopy and embedded in Embed 810 resin (Electron Microscopy Sciences, Hatfield, PA). Thin sections
were examined on a JEOL JEM-1010 microscope.

CRISPR/Cas9 Genome Editing

CRISPR guide RNAs targeting exon 4 of the DGUOK or exon 2 of RRM2B were designed following the protocol established by Zhang
and colleagues (Ran et al., 2013). A guide sequence (catcgagtggcatatctatc) was cloned into PX459 pSPCas9(BB)-2A-Puro vector
(Ran et al., 2013). The plasmid was introduced into SV20 cells by electroporation using a BTX electroporator. Electroporated iPSCs
were cultured on Matrigel for 24 hours in the presence of ROCK inhibitor Y27632 (StemRD, CA, #146986-50-7) and then treated with
1 ng/ml Puromycin for two days. Cells that survived the selection were expanded until clones could be collected. Genomic DNA was
extracted from the clones using QuickExtract™ DNA extraction solution (Epicenter, WI, #QE09050). The targeted regions of were
amplified using Herculase Fusion Polymerase (Agilent, CA, #600675) and run on Novex® 4%-20% TBE gels (ThermoFisher/Invitro-
gen, CA, #EC6225B0OX) to detect INDELs (DGUOK For: atcccacttccaaccaggtatatctttge, Rev: ctggggagaagcctggaggtagatgaag;
RRM2B For: acaggctctcaaaccaatgc, Rev: tctcagtaattccaacacttatcttc). Amplicons were cloned into plasmid and subjected to nucle-
otide sequencing to confirm the identity of the INDELSs.

QUANTIFICATION AND STATISTICAL ANALYSIS

Inthe drug screen, Z-factor was defined based on the means and standard deviations of both the positive and negative control values
and calculated using an online Z-factor calculator (http://www.screeningunit-fmp.net/tools/z-prime.php).
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Primary hits were identified by determining the z-score for each drug calculated plate by plate. Drugs with a z score > 3 were
considered as primary hits. All the primary hits were then repeated in triplicate, and the P values were calculated using Student’s
t test (unpaired). To determine the significance of the difference between control and experimental results generated by ATP assay,
NAD measurement, seahorse analysis, lactate assay, mtDNA content measurement, immunostaining pixel intensity measurement
(TMRE), immunoblot densitometry, and RT-gPCR assays, statistical significance was determined using unpaired Student’s t test.
Graphs were generated using Excel, and statistics were calculated with GraphPad Prism. Statistic parameters in each experiment
(value of n, SEM, or SD) are reported in the figure legends. In the animal experiments, DGUOK-deficient rats were randomly assigned
to control (n = 6) and experimental group (n = 7) to test the efficacy of NR. Unpaired Student’s t test was performed to determine the
statistical significance in the mitochondrial activity assays.
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and pixel intensity (E) of TMRE staining, protein content (F) per cell of control and DGUOK deficient hepatocytes
normalized to cell number, and (G) cellular ATP content in control and DGUOK deficient hepatocytes cultured in
galactose for 24 hrs, N=4 biological replicates; * p = <0.05, ** p<0.01. H) Immunoblot detecting the level of a
characteristic mitophagy marker (PINK1) and mitochondrial ROS scavenger (SOD2) in control and
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Fig. S4. Related to Figure 4. Expression of ETC genes in DGUOK deficient iPSC-derived hepatocyte-like
cells treated with drugs. Bar graph showing fold change in the steady-state mRNA levels of mitochondrial ETC
genes in DGUOKA14/A5 ipSC-derived hepatocytes treated with vehicle (DMSO) or hits. (mean+SEM, N=3, *p<0.05)
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Fig. S5. Related to Figures 5 and 6. Response of hepatocyte-like cells to NAD treatment.

A) Graph showing impact of NAD on ATP production over time. DGUOK-deficient hepatocytes treated with

5uM NAD for 0, 6, 12, 24, 48, 72, and 120 hoursbefore ATP levels were detected by luminescence assay at Day 20.
(n=8, mean + SEM). B) DGUOK-deficient hepatocyte-like cells were treated with vehicle (DMSQO) or 5uM NAD for

5 days before measuring ATP levels luminescence assay at day 25. (n=8, mean + SEM, **** p<0.0001). C) Bar graph
showing ATP levels in control and NAD treated (5uM) wild type iPSC-derived hepatocyte-like cells. B) Bar graph
showing relative steady-state mRNA levels of PGC1a targets (ERRa, PPARa, NRF1, and NRF2) in control and NAD
treated wild type iPSC-derived hepatocyte-like cells .



Table S2. Related to STAR methods. Primers used for PCR amplifications

Gene Forward 5'-3' Probe 5'-3' Reverse 5'-3'

TagMan PCR primers

HNF4A TGG ACA AAG 56- ATA GCT TGA CCT TCG AGT
ACA AGA GGA FAM/TCTGGACGG/ZEN/CCTCC | GC
ACC TTCTTCATGC/3IABKFQ

RPL13A GGCCACACTGT | 56- CCATAATCCCCAGCAATCTC
TGATGACA FAM/TTGCACAAA/ZEN/GCCTC | A

AACACCTCC/3IABKFQ

CYP3A4 ACCAGTGGAAA | TGATCACATCCATGCTGTAGG | TTGGTGAGAAATCTGAGGC
ACTCAAGGAG GGGAAG

ASGR1 TCCTTTCTGAG CGTGAAGCAGTTCGTGTCTGA | TGAAGTCGCTAGAGTCCCA
CCATTGCC CCT G

SYBR green PCR primers

RPL13A CTCAAGGTGTT TACTTCCAGCCAACCTCGT
TGACGGCATCC GAG

APOB AGAGGACAGAG CTGGACAAGGTCATACTCT
CCTTGGTGGAT GCC

HSP90 GGATGACAGCG GAGCCCGACGAGGAATAAA
GTAAGGATAAG TAG

MCAD ACAGGGGTTCA TCCTCCGTTGGTTATCCACA
GACTGCTATT T

VLCAD TCAGAGCATCG AGGGCTCGGTTAGACAGAA
GTTTCAAAGG AG

ACOX1 GAGGTCCACGA TTGCACACAGGCGCTTTCT
ATCTTACAAGC
A

CPT1A TCCAGTTGGCT CTAACGAGGGGTCGATCTT
TATCGTGGTG GG

OGDH AGATCATCCGT CTTCTCAGAGGACCACTTC
CGGCTGGAGAT CGCTG
GG

CS CAACTCAGGAC GTAGTAATTCATCTCCGTCA
GGGTTGTTCCA TGCC
GG

IDH3A ACATCCTTAGT GCATTGCCTCCCAAATCTTT
GACTTGTGTGC TGTC
AG

IDH3B GATGTGCTTGT GTGATACTCAAGATTAAGAT
GATGCCCAATC GCCG
TC

NRF1 AGCAAAAGCAG CTGTGTTTGCGTTTGCTGAT
AGGGTTTCA

NRF2 GAGAGCCCAGT TGCTCAATGTCCTGTTGCAT
CTTCATTGC




PPARa CAGAACAAGGA TTCAGGTCCAAGTTTGCGA
GGCGGAGGTC AGC

ERRa CCTCTGTGACC TACTGACATCTGGTCAGAC
TCTTTGACC A

TFAM CCGAGGTGGTT GCATCTGGGTTCTGAGCTT
TTCATCTGT T

TFB1M ATGGCTCAGTA TGGGCTGTATCAAGGGAGT
CCTCTGCAATG GA

TFB2M ATCCCGGAAAT GACCAAGGCTCCATGTGCA
CCAGACTTGT

ND1 ATGGCCAACCT TTATGGCGTCAGCGAAGGG
CCTACTCCTCA TTGTA
1T

COX1 ACCCTAGACCA TAGGCCGAGAAAGTGTTGT
AACCTACGCCA GGGAA
AA

CYTB AGTCCCACCCT AGTAAGCCGAGGGCGTCTT
CACACGATTCT TGATT
1T

ATP8 ACCGTATGGCC TTTATGGGCTTTGGTGAGG
CACCATAATTAC GAGGT
C

mt-tRNA- CACCCAAGAAC TGGCCATGGGTATGTTGTT

Leu AGGGTTTGT A

B2G TGCTGTCTCCA TCTCTGCTCCCCACCTCTAA
TGTTTGATGTAT GT

CT
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