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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
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by an inability to culture and manipulate MTDPS3 primary hepatocytes. Here we generated
DGUOK-deficient hepatocyte-like cells using induced pluripotent stem cells (iPSCs) and used
them to identify drugs that could improve mitochondrial ATP production and mitochondrial
function. Nicotinamide adenine dinucleotide (NAD) was found to improve mitochondrial function
in DGUOK-deficient hepatocyte-like cells by activating the peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC1 a). NAD treatment also improved ATP production 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 recapitulate the pathophysiology of MTDPS3 in
culture and can be used to identify therapeutics for mtDNA depletion syndromes.
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In Brief

Jing et al. show that a drug screen using iPSC-derived hepatocytes that harbor a mutation in the
DGUOK gene leads to the identification of potential treatments for mtDNA depletion syndromes.
NAD, a bioactive form of niacin, increases ATP production and mitochondrial function in

DGUOK-deficient hepatocytes and rats.

INTRODUCTION

The primary function of mitochondria is to provide energy for a variety of biological
processes through oxidative phosphorylation. Unlike other cellular organelles whose
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function is dependent 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 phosphorylation 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 characterized by depletion of mtDNA and reduced ATP synthesis,
leading to disease in multiple tissues. One of the leading causes of death in MTDPS patients
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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 Goethem et al., 2001; Sarzi et al., 2007). Among these
diseases, deoxyguanosine kinase (DGUOK) deficiency is the most common 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 deoxyribonucleosides. DGUOK deficiency prevents the
production of deoxyadenosine monophosphate (dAMP) and deoxyguanosine
monophosphate (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 (Dimmock 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 multisystem 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; Dimmaock et al.,
2008b). No cure is available for MTDPS3, and all current treatments are palliative. Though
patients with isolated liver disease can benefit from liver transplantation, the survival rate is
low, especially when neurological manifestations 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 donors 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 severe 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 identify 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.

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
hepatocytes (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 increase of mMtDNA copy number, mitochondrial gene expression, cristae
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structure, and oxygen consumption in iPSC-derived hepatocytes compared with
undifferentiated cells (Yu et al., 2012; Hopkinson et al., 2017). The high metabolic activity
of hepatocytes makes them especially dependent on efficient mitochondrial function to
provide ATP, while iPSCs rely largely on glycolysis 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
therefore 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 transport chain
and mitochondrial respiration (Figure 1A). As expected, 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 primarily use mitochondrial
respiration (Sadava et al., 1992). Both iPSCs and cells at early stages of differentiation
primarily expressed glycolytic genes. However, as the iPSC-derived hepatocytes 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 undifferentiated 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 performed 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 characteristic 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 (OXPHQOS) activity and low respiration capacity and responded
poorly to electron transport chain inhibitors and uncouplers. In contrast, iPSC-derived
hepatocytes were metabolically active, with relatively high levels of oxidative
phosphorylation activity and basal respiration capacity and responded robustly to the
compounds targeting the electron transport chain complexes (Figure 1C). We next measured
the extracellular acidification rate (ECAR) as a reflection of glycolysis, and the ratio of OCR
to ECAR was calculated as an indication of cellular metabolic 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.
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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 independent of the DGUOK locus but could
potentially affect differentiation 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
Exon4 on the basis of studies of patients with a similar deletion. We generated a compound
heterozygote iPSC line (DGUOKRI485) that contained frameshift deletions of 14 and 5 bp
(p.[Trpl66Ter];[His167LeufsTer213]) (Figures 2A and 2B), which were confirmed by DNA
sequencing. Wild-type and DGUOKAI4AS jpSCs were then differentiated into hepatocytes
using our previously described protocol (Mallanna and Duncan, 2013; Si-Tayeb et al., 2010).
Immunoblot analysis found DGUOK protein to be undetectable in DGUOKA/AS jpSC-
derived hepatocytes (Figures 2C and 2D). Furthermore, the mRNA levels of DGUOK were
reduced by 5-fold in the DGUOKAIYBS hepatocytes, which was likely the result of
nonsense-mediated decay of the transcript (Figure 2E). Immunostaining (Figure 2F) and
gRT-PCR (Figure 2G) showed that day 20 DGUOKAI4B5 cells expressed hepatic markers at
the same level as control cells, confirming that the DGUOKAI4A5 ipSCs can be efficiently
differentiated into hepatocyte-like cells.

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

MTDPS3

The phenotypes caused by DGUOK mutations in MTDPS3 patients have been well
characterized. To determine whether the DGUOKA4/B5 hepatocyte-like cells faithfully
mimic the hepatopathy in MTDPS3, we started by comparing the mtDNA levels across the
time course of differentiation between wild-type and DGUOKA/BS cells using PCR (Bai
and Wong, 2005; Dimmaock 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
DGUOKRI4IDS hepatocytes 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 DGUOKA4/25 hepatocytes and qualitatively
examined the cells by confocal microscopy. Although control iPSC-derived hepatocytes had
bright punctate staining of the mitochondrial genomes, staining in DGUOK-deficient
hepatocyte-like cells was markedly diminished (Figure S2A).

To ensure that the reduction of mtDNA was due specifically to the DGUOKAI4A5 gllele and
was not a consequence of off target effects of CRISPR/Cas9, we performed two independent
rescue experiments. First, we generated DGUOKA4D5 cells containing a wild-type
DGUOK cDNA whose expression was doxycycline (Dox) dependent. These cells are
referred to as DGUOKAL4/ASINdDGUOK (Figyre S2B). Wild-type, DGUOKAI4AS and
DGUOKAL4/A5;indDGUOK a5 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
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mtDNA levels was measured using PCR (Figure 3B). As before, mtDNA was dramatically
reduced in DGUOKRIYBS cells regardless of Dox. However, Although mtDNA levels were
similarly reduced in DGUOKA14/A5indDGUOK hepatocyte-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-deficient fibroblasts (Taanman et al., 2003) and myotubes (Bulst et al.,
2009). We therefore differentiated wild-type and DGUOK2I4/A5 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
DGUOKBIAIBS ce|ls (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 examined mitochondrial structure in hepatocyte-like cells derived from either
DGUOK*"* or DGUOKAIB5 ipSCs by electron microscopy (Figure 3D). Mitochondria in
DGUOKLIBS hepatocytes showed decreased matrix density and abnormal cristae, which
supports previous clinical reports (Dimmock et al., 2008b). Moreover, consistent with the
disruption of mitochondrial structure observed by electron microscopy (EM), staining with
tetramethylrhodamine ethyl ester (TMRE) showed a decrease in mitochondrial membrane
potential in DGUOKAI4A5 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, DGUOK24/5 and
DGUOKAL4/A5;indDGUOK jpsCs by 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 DGUOKR4A5 hepatocytes.
Importantly, the same electron transport chain proteins were also depleted in
DGUOKAIB5;indDGUOK hepatocytes 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 mitochondrial 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
normalization of the Seahorse assay, we confirmed that the average protein content in wild-
type and DGUOKRI4A5 hepatocyte-like cells was the same (Figure S2F). When OCR was
measured, it revealed a significant reduction in oxidative phosphorylation activity in
DGUOKLBS hepatocytes compared with controls (Figure 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
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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 DGUOKAI4/A5 hepatocytes
implied that these cells would be deficient in ATP production, we measured total ATP levels
using a luciferase assay in wild-type, DGUOK2AS and DGUOKAL4/AS;indDGUOK jpge.
derived hepatocytes in the absence or presence of Dox (Figure 3I). 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 DGUOKA4/A5indDGUOK henatocytes. Moreover, 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 exacerbated (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 increase in ROS levels
in the DGUOK-deficient hepatocyte-like cells, as has been described for other types of
mtDNA depletion 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 between wild-type and DGUOKPIAA5_derived hepatocytes (Figure S2H). We
also determined levels of the mitophagy marker PINK1 and found it to be unaffected by loss
of DGUOK (Figure S2H). It is known that most MTDPS3 patients have lactic acidosis that
is caused by the increased rates of glycolysis (Almannai et al., 2018). We therefore
compared the extracellular lactate levels in control and DGUOKA425 hepatocytes and
found that lactate levels were significantly increased in the DGUOK-deficient hepatocytes
compared with controls (Figure 3K). Cumulatively, our results demonstrate that hepatocytes
generated from DGUOKA/B5 iPSCs faithfully recapitulate the pathophysiology of
MTDPS3.

A Drug Screen Reveals that NAD Treatment Rescues Mitochondrial Dysfunction and ATP
Levels in DGUOKA4A5 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, therefore, reasoned that a similar approach could be applied to
identify potential therapeutics for MTDPS3 (Figure 4A). Because the symptoms of
MTDPS3 are ultimately a consequence of the cell’s loss of mitochondrial function, we
predicted that drugs that restore ATP levels in DGUOKAIYAS 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
establishing the Z factor (Zhang et al., 1999). A reading of 1.0 is a perfect assay, and =0.5 is
considered excellent. We tested the feasibility of using the luciferase ATP assay for high-
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throughput screening by determining its ability to detect differences in ATP content between
control and DGUOKAI4A5 hepatocytes and calculating the Z factor (Figure 4B). The results
yielded a Z’ opyst 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. DGUOKPIYBS jpSCs were plated in 30 96-well plates, differentiated into hepatocyte-
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 increase acidosis-associated etiology and
are consequently not suitable for clinical application. To circumvent this potential problem
and to focus on drugs that improved oxidative phosphorylation, glycolysis was inhibited by
culturing the cells in the presence of 2-deoxy-D-glucose (2-DG) for 24 hr, prior to
performing the assay. ATP levels were then used to identify compounds that increase cellular
energy production.

To analyze the results of the primary screen, data from each well was collected and
converted to a Zscore on the basis of distribution per plate (Table S1). Drugs that resulted in
Zscores = 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 DGUOKLIYDS 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 bioinformatics 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 tricarboxylic acid (TCA)
cycle, fatty acid oxidation (FAQ), and electron transport chain, were highly overrepresented
(Figure S3). We next asked whether any of the drugs could increase the expression of
mtDNA-encoded electron transport chain subunits. gRT-PCR was performed using mRNA
samples from DGUOKPIYBS hepatocyte-like cells treated with vehicle (DMSO) or drugs (5
UM) to determine the expression of representative mtDNA-encoded electron transport chain
subunits from complexes I, 111, 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 transport chain subunits (Figure S4).

Of the drugs examined, we found that NAD could reproducibly increase ATP levels and
increase the expression of all mitochondrial-encoded electron transport chain genes
examined (Figure S4). Moreover, as a bioactive form of niacin, NAD has minimal toxicity,
which could be desirable for long-term administration to patients. To determine the efficacy
of NAD, we first performed an eight-point dose-response assay with concentrations 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 (ECsp) 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 examined mitochondria structure using
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electron microscopy and found that in contrast to the untreated DGUOKI4/AS hepatocyte-
like cells, NAD-treated DGUOKPIY/DS 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 function, we performed
TMRE staining followed by confocal microscopy, which qualitatively revealed an increase
of mitochondrial membrane potential in DGUOKAI4AS hepatocytes after treatment with
NAD (5 pM) (Figure 5C). A gquantitative 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 (Figure 5D). NAD
treatment could also efficiently reduce the ROS levels, detected by DCFDA staining, in the
DGUOK-deficient hepatocytes (Figure 5C). Furthermore, by measuring OCR in wild-type
and DGUOKMIBS hepatocyte-like cells cultured with or without NAD treatment, we
revealed that NAD improved the oxidative phosphorylation activity of DGUOKA4/A5
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
DGUOKBI4IDS cells treated with vehicle or NAD, we found that after NAD treatment the
DGUOKBIBS hepatocyte-like cells no longer showed a significant 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 a
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 production again significantly increased
(Figure S5B).

MTDPS3 patients suffer from progressive liver failure, implying that that loss of DGUOK
should affect hepatocyte viability. However, under standard culture conditions, which
contain glucose (25 mM), loss of DGUOK did not affect the number of hepatocyte-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 51). After 48 hr of treatment with 2-DG, DGUOK
** iPSC-derived hepatocytes remained viable, and there was no significant change in cell
number compared with untreated cells. In contrast, when DGUOKRI4/B5 hepatocytes were
cultured with 2-DG, cell viability was compromised. Finally, when treated with NAD, there
was a significant improvement in viability DGUOKA4A5 hepatocytes cultured in 2-DG
(Figure 51). Cumulatively, these data are consistent with the view that treatment of DGUOK-
deficient hepatocytes with NAD improves viability by improving mitochondrial function.
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NAD Rescues DGUOK Deficiency through the Activation of PGCla

To determine the mechanism through which NAD rescues DGUOK-associated
mitochondrial dysfunction, we first asked if NAD restores mtDNA content in DGUOK-
deficient hepatocytes. Surprisingly, the mtDNA copy number in NAD-treated DGUOKAIA/AS
hepatocytes was comparable with that in untreated cells (Figure 6A), suggesting that NAD
regulates mitochondrial functions through mechanisms other than restoring mtDNA levels.
As discussed earlier, treatment of DGUOKA4/5 ipSC-derived hepatocytes with NAD
resulted in increased levels of mtDNA-encoded mRNAs, including those encoding electron
transport chain proteins (Figure 6B). The observed elevation in mitochondrial mMRNA levels
suggests that NAD therefore influences mitochondrial gene expression. It has been reported
that NAD promotes mitochondrial function by activating PGCla through deacetylation by
Sirtuin 1 (Sirtl) (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 (ERRa.), peroxisome proliferator-activated receptor alpha (PPARa), and
nuclear respiratory factors (NRF1 and NRF2) (Wu et al., 1999; Vega et al., 2000; Schreiber
et al., 2003). We therefore speculated that NAD-mediated elevation of ATP levels in
DGUOK-deficient hepatocytes might be attributed to the activation of PGCla pathways. To
test this, we first measured the intracellular NAD* levels in wild-type, untreated, and NAD-
treated DGUOKPIAAS 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 DGUOKPIAAS cells. We next
determined whether the increase in NAD* leads to PGC1la activation through deacetylation.
We performed PGC1a immunoprecipitation in wild-type cells, untreated DGUOKAL4/A5
hepatocytes, and NAD-treated DGUOKAI4A5 hepatocytes and immunoblotted with an
antibody that detects acetylated lysine. We found that although the total protein levels of
PGC1la were unaffected by NAD treatment, the portion of PGCla that was acetylated was
greatly reduced in NAD-treated DGUOKPIAAS hepatocytes, resulting in a substantial
increase in the relative level of active PGCla (Figure 6D). To confirm that the effect of
NAD is mediated by the activation of PGCla, we treated the DGUOKLI4/A5 hepatocytes
with NAD in the presence of a PGCla inhibitor 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 increase in PGCla activity leads to enhanced
expression of genes implicated in energy metabolism. Studies have shown that PGCla not
only binds to ERRa, PPARa, and NRFs as a coactivator 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 qRT-PCR and revealed that NAD treatment
increased the mRNAs encoding all four of these transcription factors in DGUOKA4/AS
hepatocytes (Figure 6F). We also examined the downstream effects of the activation of these
transcription factors. 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-encoded genes (Wu et al., 1999; Gleyzer et al., 2005). We
therefore determined the levels of MRNASs encoding the three major mitochondrial
transcription factors: mitochondria transcription factor A (TFAM), mitochondria
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transcription factor B1 (TFB1M), and mitochondria transcription factor B2 (TFB2M) in
DGUOKAIAAS 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 regulating glucose and fatty acid metabolism, we measured the levels of mMRNAs
encoding key enzymes of FAO (MCAD, VLCAD, CPT1A, and ACOX1) and the TCA cycle
(OGDH, Cs, IDH3A, and IDH3B) (Figures 6H and 61). Our results revealed a significant
increase in expression of genes encoding of all these enzymes, indicating an increase in fatty
acid/glucose metabolism, which also contributes to the increased ATP levels by fueling the
mitochondria. Interestingly, no increase in ATP levels or activation of PGCla pathways was
observed in wild-type iPSC-derived hepatocytes treated with NAD (Figures S5C and S5D).

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-defici