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Abstract

Complex | is the largest and most intricate of the protein complexes of mitochondrial electron
transport chain (ETC). This L-shaped enzyme consists of a peripheral hydrophilic matrix domain
and a membrane-bound orthogonal hydrophobic domain. The interfacial region between these two
arms is known to be critical for binding of ubiquinone moieties and has also been shown to be the
binding site of Complex | inhibitors. Knowledge on specific roles of the ETC interfacial region
proteins is scarce due to lack of knockout cell lines and animal models. Here we mutated nuclear
encoded NADH dehydrogenase [ubiquinone] iron-sulfur protein 2 (NDUFS2), one of three protein
subunits of the interfacial region, in a human embryonic kidney cell line 293 using a CRISPR/
Cas9 procedure. Disruption of NDUFS?2 significantly decreased cell growth in medium, Complex
I specific respiration, glycolytic capacity, ATP pool and cell-membrane integrity, but significantly
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increased Complex Il respiration, ROS generation, apoptosis, and necrosis. Treatment with
idebenone, a clinical benzoquinone currently being investigated in other indications, partially
restored growth, ATP pool, and oxygen consumption of the mutant. Overall, our results suggest
that NDUFS?2 is vital for growth and metabolism of mammalian cells, and respiratory defects of
NDUFS2 dysfunction can be partially corrected with treatment of an established mitochondrial
therapeutic candidate. This is the first report to use CRISPR/Cas9 approach to construct a
knockout NDUFS2 cell line and use the constructed mutant to evaluate the efficacy of a known
mitochondrial therapeutic to enhance bioenergetic capacity.
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1. INTRODUCTION

Mitochondria are canonically known as the powerhouses of the cell and generate most of the
cell’s supply of adenosine triphosphate (ATP) through oxidative phosphorylation
(OXPHOS) via the electron transport chain (ETC). The mammalian mitochondrial ETC
consists of five transmembrane protein complexes (I-V). NADH:ubiquinone oxidoreductase
(Complex I; EC 1.6.5.3) is the largest of the multimeric complexes of ETC [1] and catalyzes
the first step of mitochondrial OXPHOS. Complex I is responsible for transferring electrons
from NADH to ubiquinone via flavin mononucleotide (FMN) and iron-sulfur clusters [2, 3].

Mammalian Complex | is an L-shaped structure of which, its hydrophilic peripheral arm
protrudes into the mitochondrial matrix while its hydrophobic orthogonal arm is embedded
in the lipid bilayer of the inner mitochondrial membrane [4-6]. The redox reaction involving
the transfer of electrons from NADH to ubiquinone takes place in the peripheral matrix arm,
whereas the proton transfer process takes place in the orthogonal membrane arm [7]. The
interface region between the matrix arm and the membrane arm is believed to be critical for
the function of Complex | enzyme as this (interface) region constitutes a large quinone or
inhibitor binding pocket [8, 9]. The interface region is comprised of three major core
subunits, namely, NADH dehydrogenase [ubiquinone] iron-sulfur protein 2 (NDUFS2 or 49
kDa), NADH dehydrogenase [ubiquinone] iron-sulfur protein 7 (NDUFS7 or PSST), and
NADH dehydrogenase 1 (ND1). Inhibitors in particular bind to the interfacial region
between matrix and membrane arms. The large cleft formed by NDUFS2 and NDUFS7
subunits is the site where ubiquinone is reduced by electrons from the terminal Fe-S cluster
[10, 11]. Therefore, the interfacial juncture between the peripheral and membrane domains
appears to be a “critical region” or a “hot spot” for the binding of inhibitors and ubiquinone.

Various knockout cell models have been used to characterize the involvement of 25
accessory subunits of Complex | for the assembly of this complex and for cell viability [12].
Nevertheless, more work remains to be completed to disclose the true association of
Complex I and its interface region to cellular respiration, metabolism, and mitochondrial
diseases. To date, suitable knockout models that allow for thorough examinations of
interface region of Complex | or its core subunit NDUFS2 have not been created. In this
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study, we successfully used a CRISPR/cas9 approach to mutate NDUFS2 of a human cell
line, HEK293, and used this mutant to elucidate the importance of this protein for /n vitro
growth, cell-membrane integrity, generation of reactive oxygen species (ROS), apoptosis,
glycolysis, ATP synthesis, and respiration.

2. MATERIALS AND METHODS

2.1. Cell lines and culture conditions.

Human embryonic kidney cell line 293 (HEK293) was kindly provided by Dr. Joseph Ruiz
at Enzerna Biosciences (Raleigh, NC). Media and reagents for growing and maintaining
cells were purchased from Life Technologies Corporation (Carlsbad, CA). The cells were
maintained in Dulbecco’s Modified Eagle’s medium (DMEM) supplemented with 10% (by
volume) fetal bovine serum and 1% penicillin-streptomycin. Cells were sustained in a
humidified incubator at 37°C and 5% CO,. A 0.25% trypsin-EDTA solution was used for
detachment of cells. One Shot Stbl3 Chemically Competent cells of Escherichia coli (Life
Technologies Corporation) were used for constructing the mutagenesis plasmid. Bacteria
carrying the plasmids were maintained in Luria Bertani (LB; Sigma-Aldrich, St. Louis, MO)
agar or broth, and sustained in a humidified incubator at 37°C.

2.2. Construction and validation of NDUFS2 mutant.

Single guide RNA (sgRNA) sequences were designed, purchased from Integrated DNA
Technologies (Skokie, IL), and cloned into plasmid px458 (Addgene, Watertown, MA).
HEK?293 cells were transfected with recombinant px458 plasmid using transfection reagent
Xfect (Takara Bio USA Inc, Mountain View, CA). Clones with mutation in NDUFS2 were
picked using procedures described elsewhere [13] and validated by Western immunoblotting
using rabbit polyclonal antibody to NDUFS2 (Cat# PA522364; Life Technologies
Corporation, Carlsbad, CA) and rabbit polyclonal antibodies to 3-Actin (Cat# ab8227,
Abcam Inc, Cambridge, MA). A clone missing NDUFS2 was chosen for further work and
designated as HEK293A NDUFS2 (Fig. 1).

The NDUFS2 DNA region including the targeted mutation site was PCR amplified using the
primers shown in Table-1 and sequenced by Sanger Sequencing using the same primers.
Moreover, the DNA regions encompassing the top three off-targets were PCR amplified and
sequenced using the primers shown in Table 1.

2.3. Cell growth and metabolism.

To measure the cell proliferation of parent HEK293 and mutant HEK293 A NDUFS?2,
aliquots of 50,000 cells were introduced into 75 cm? flasks each carrying 25 ml growth
media and cell numbers were quantified in triplicates after 4 and 6 days of incubation.
Membrane porousness of cell lines was assessed using Mitochondrial ToxGlo Assay (Cat#
G8000; Promega Corporation, Madison, WI). This assay is based on the differential
measurement of a biomarker associated with changes in cell membrane integrity relative to
vehicle-treated control cells during short exposure periods. Cell membrane integrity is
assessed by measuring the presence or absence of a distinct protease activity associated with
necrosis using a fluorogenic peptide substrate (bis-AAF-R110) to measure “dead cell
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protease activity”. The bis-AAF-R110 substrate cannot cross the intact membrane of live
cells and therefore gives insignificant signal with viable cells, relative to non-viable cells.
ROS generation was measured using ROS-Glo H,0, Assay (Cat# G8820; Promega).
Apoptosis and necrosis were assessed using Real Time-Glo Annexin V Apoptosis and
Necrosis Assay (Cat# JA1011; Promega). Extracellular Acidification Rate (ECAR) was
determined with an Agilent Seahorse XFe96 analyzer [14, 15], and glycolysis and glycolytic
capacity per 20,000 cells were calculated as described elsewhere [15]. Oxygen Consumption
Rate (OCR) of saponin-permeabilized cells was assayed with an Agilent Seahorse XFe96
analyzer, and basal respiration, reserve respiratory capacity and maximal respiratory
capacity were calculated as described elsewhere [15]. Seahorse cell culture plates were pre-
coated the with Cell-Tak (Corning, Cat. # 354240) as per the vendor guidelines
(5991-7153EN.pdf(agilent.com) prior to plating the cells. Cellular ATP pool was measured
using Mitochondrial ToxGlo Assay (Promega Corporation, Madison, WI). Oxygen
consumption of saponin-permeabilized cells [16] was measured by Oroboros O2k
respirometry [17, 18].

2.4. Restoring (rescuing) the impaired growth and respiration the mutant.

Effectiveness of the potential Complex | therapeutic idebenone in restoring the ATP
synthesis defects of the mutant HEK293 A NDUFS2 was evaluated. In this procedure, mutant
cells were cultured in media supplemented with 1 uM of idebenone in 96-well plates at
2,000 cells/well. Fresh media (with or without the therapeutic) were added on days 0, 3 and
5. Cellular ATP pool was assessed on day 6 of incubation by Mitochondrial ToxGlo Assay.
Mutant cells were also cultured in 6-well plates at 2000 cells/well in medium supplemented
0.5, 1, 5, or 10 uM of idebenone. Fresh media containing the drug was added on days 3, 6
and 9, and the cell counts in wells of triplicates was determined following 10 days
incubation. Efficacy of idebenone in improving respiration of permeabilized mutant cells
was measured by O2k respirometry as described above with the following modification:
subsequent to glutamate+malate injection, idebenone was injected into chambers at 1 uM
final concentration. The control groups received DMSO. Moreover, effectiveness of
idebenone in improving OCR of permeabilized cells was assessed with the Agilent Seahorse
XFe96 analyzer as outlined above with the following modification: cells grown overnight in
XFe96 culture plates were washed, and glucose-free DMEM (pH 7.4) supplemented with 10
mM glucose, 10 mM sodium pyruvate, and 2 mM glutamine, 20 pg/ml saponin and 1 uM of
idebenone was added to the wells prior to incubating for 40 min at 37°C in a CO,-free
station. The control wells received the same medium added with DMSO but without
idebenone.

2.5. Statistical analyses.

Student’s t-tests were performed using Microsoft Excel program (Microsoft, Redmond, WA)
or GraphPad Prism 7 (GraphPad Software, San Diego, CA) to compare the means of the
parent versus mutant or vehicle control versus idebenone treatment. The ECAR data were
analyzed by repeated measures ANOVA using GraphPad Prism 8. Mean differences between
groups were considered statistically significant at p < 0.05.
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3. RESULTS

3.1. Construction of the recombinant mutant cell ine HEK293ANDUFS2.

The 2061 bp long nucleotide sequence of Homo sapiens NDUFSZ2 (GenBank locus ID
BC008868) was used as the template for designing sgRNA sequences. Two separate sites of
the gene NDUFS2 on HEK293 genome, independently from each other, were targeted for
mutating based on the predictions made by two separate online CRISPR guide tools. One of
the tools, the online program of Integrated DNA Technologies (https://www.idtdna.com/site/
order/designtool/index/CRISPR_CUSTOM), predicted the 1002-bp site of the forward
strand of the gene as the most reliable for mutagenesis with an on-target specificity score of
88% and off-target score of 71% (Fig. 1A). The guide strand predicted by this program for
this site was ACGTTTGTTGAACCACATCA that is located right upstream of the
protospacer adjacent motif (PAM) sequence TGG. The top and bottom sgRNA sequences for
this site in 5’ to 3" direction were CACCgACGTTTGTTGAACCACATCA and
AAACTGATGTGGTTCAACAAACGTC, respectively. A second site for mutagenesis was
also chosen based on the prediction of the other online guide tool, named, CRISPOR (http://
crispor.tefor.net/). This program predicted the 970-bp site of the forward strand of the gene
as reliable for mutagenesis with 87% on-target specificity score (Fig. 1A). The relevant
guide strand and PAM sequences predicted by this program for this site were
CAGTGGATCCGAGTGCTGTT and TGG, respectively. The top and bottom sgRNA
sequences for this site in 5’ to 3’ direction were CACCgQCAGTGGATCCGAGTGCTGTT
and AAACAACAGCACTCGGATCCACTGC, respectively.

In our efforts to mutate the 970-bp site of NDUFS2, protein expression of 21 individual
clones grown from single individual cells were examined by Western immunoblotting. All
these 21 clones produced protein profiles exactly similar to the parent strain HEK293
suggesting that none of these clones carried an expected mutation in NDUFSZ2 gene.

In our efforts to mutate the 1002-bp site of the forward strand of NDUFSZ gene, protein
expression of 22 individual clones grown from single individual cells were examined using
the same approach by Western immunoblotting. Six of these clones were found missing an
approximately 49 kDa protein (Fig. 1B), corresponding to the predicted molecular weight of
NDUFS2. One of these clones was chosen for further work and designated
HEK293ANDUFS2. \We then PCR amplified and sequenced the NDUFS2region
encompassing the CRISPR targeting site (at 1002-bp). The results indicated deletion of one
base four bases upstream of the PAM sequence and insertion of three bases at the deletion
site (Fig. 1C). These alterations at DNA level led to a frame-shift mutation. As a result, a
stop codon had been created four bases downstream of the CRISPR targeting site (Fig 1C).
Overall, the INDEL recombination events at the CRISPR targeting site have disrupted the
amino acid sequence downstream of the targeting site. These observations justify the
Western immunoblot data in Fig. 1B that reflect the total absence of NDUFS2 protein
expression in the mutant.

Using the online CRISPR prediction site of the Integrated DNA Technologies, we identified
the top three potential off-target sites (Table 1). The DNA regions encompassing these sites
were PCR amplified and sequenced. The DNA sequences of these sites of the mutant were
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similar to those of the parent cell line indicating absence of any off-target genetic alterations
in the genome of the mutant.

We then investigated whether mutation in NDUFSZ altered the expression of other subunits
of the five ETC complexes. Expression of complex | subunit NDUFB8 (Fig. 1D and 1E)
decreased significantly in the mutant (p = 0.0003) suggesting that NDUFS2 expression has
direct impact on expression of other subunits of the complex I. Moreover, the expression of
complex Il subunit SDHB (Fig. 1D and 1F) and complex V subunit ATP5A (Fig. 1D and 11)
decreased significantly in the mutant (»<0.0001 and 0.0386, respectively) suggesting an
association in protein expression between complexes | and other ETC complexes.
Nevertheless, the expressions of complex I11 subunit UQCRC2 (Fig. 1D and 1G) and
complex IV subunit MT-CO1 (Fig. 1D and 1H) were not different between the parent or the
mutant suggesting that mutation did not impact expression of those two subunits/complexes.

3.2. Mutation of NDUFS2 impaired cell-membrane integrity, and increased ROS
production, apoptosis and necrosis.

The amount of ROS generated did not differ between the parent and the mutant significantly
at 0 h (immediately after addition of the substrate to the reaction; p= 0.3893; Fig. 2A).
Nevertheless, the mutant produced 24.7% (p < 0.0001) and 47.1% (o < 0.0001) greater
amounts of ROS respectively at 24 and 72 h after addition of the substrate. These
observations suggest that disruption of NDUFSZ results in subsequent increases in ROS
generation over time.

Cell membranes of the mutant were 27.7% more porous than those of the parent (p =
0.0221) (Fig. 2B) indirectly indicating increased necrosis and cell death. At all the time
points, the mutant displayed significantly increased level of apoptosis (v < 0.0001 for each
time point; Fig. 2C). The mutant also showed significantly increased necrosis at each time
point (p=0.0085, 0.0115, 0.0002, and < 0.0001 respectively at 0, 2, 24, and 72 h post-
incubation; Fig. 2D). Overall, our findings indicate that disruption of NDUFSZ2is associated
with weakened cell-membrane integrity, and made the cells more apoptotic and susceptible
to necrosis.

3.3. Disruption of NDUFS2 impaired glycolysis and ATP synthesis.

ECAR of intact cells was determined (Fig. 3A). Both glycolysis (o < 0.0001; Fig. 3B) and
glycolytic capacity (p < 0.0001; Fig. 3C) decreased significantly in mutant cells. The
findings indicate an association between NDUFS2 function and glycolysis. Luminescence
data indicated that compared to the parent, the mutant produced 57.6% less amount of ATP
(p<0.0001; Fig. 3D). Impaired ATP synthesis was consistent with suppressed mitochondrial
and glycolytic metabolism.

3.4. Disruption of NDUFS2 impaired oxygen consumption.

Oxygen consumption rate was measured using Oroboros Oxygraph 2k. Oxygen
consumption was collected at each step along ETC (Fig. 3E). Disruption of NDUFS2
decreased Complex I respiration by 75% (p < 0.0001), highlighting the vitality of this
subunit for Complex | respiration. Nevertheless, the Complex I respiration of the mutant
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increased by 40% (p = 0.001), reflecting a possible compensatory regulation by the Complex
Il in a scenario of a functional deficiency of Complex | (Fig. 3E). OCR of permeabilized
cells was also assessed using an Agilent Seahorse XFe96 Analyzer (Fig 4A). In the mutant,
basal respiration (p <0.0001; Fig. 4B) and maximal respiratory capacity (p <0.0001; Fig.
4D) decreased significantly, whereas reserve respiratory capacity decreased numerically (p=
0.2611; Fig 6C). Oroboros O2k and Seahorse OCR assays collectively indicate an
impairment of cellular respiration.

3.5. Disruption of NDUFS2 impaired growth.

After four days of incubation, 62% fewer number of cells were recovered from the mutant
compared to the parent (p= 0.019; Fig. 5A). After six days of incubation, 82% fewer
number of cells were recovered from the mutant (p = 0.027; Fig. 5A). The doubling time of
the mutant between the days 0 and 4 was 197.4% longer than that of the parent (v = 0.0477;
Fig. 5B). Impaired oxygen consumption and glycolysis of the mutant may have decreased
the cell proliferation capacity.

3.6. Treatment with idebenone restored altered phenotypes of the mutant.

Idebenone is a short-chain benzoquinone with greater hydrophilicity [19], which has shown
promise as a therapeutic for mitochondrial dysfunction [19-21]. We tested whether
idebenone modified oxygen consumption of mutant cells by Seahorse XFe96 and O2k
respirometry. In Seahorse assay, treatment of permeabilized mutant cells with 1 uM
idebenone significantly increased basal respiration (p <0.0001; Fig. 4B), reserved respiratory
capacity (p=0.0285; Fig. 4C), and maximal respiratory capacity (v <0.0001; Fig. 4D). In
02k respirometry assay, when idebenone was injected at 1 uM final concentration into the
chamber carrying permeabilized mutant cells, Complex I respiration, Complex Il respiration,
OXPHOS capacity, and maximal respiration were improved significantly (p = <0.0001,
0.0078, 0.0018, and 0.0046, respectively; Fig. 6A). Fig. 6B depicts representative 02k
oxygraphs of mutant cells treated with DMSO (top) or 1 pM idebenone (bottom). In this
assay, the permeabilized mutant cells were treated with DMSO or idebenone for 30 min
prior to loading them into the O2k chambers. O2 slope neg. [pmol/(s*mL)] presented in red
line was collected subsequent to injection of glutamate+malate (G/M), rotenone (Rot),
succinate (Succ), ADP, and FCCP into the chamber. We also tested whether long-term
idebenone treatment modified ATP synthesis of mutant cells using Mitochondrial ToxGlo
Assay. Compared to the mutant cells treated with DMSO, those treated with 1 uM idebenone
produced significantly greater amount of ATP (o= 0.0101; Fig. 6C). We next examined
whether long-term idebenone treatment would influence cell growth. Due to the slow growth
of mutant, cells were grown for 10 days in growth media added 0.5, 1, 5, or 10 pM
idebenone. After 10 days, 32.1% more cells were recovered from cells treated with 0.5 uM
idebenone compared to the DMSO control (p= 0.0011; Fig. 6D). However, treatment with 1
or 5 uM idebenone did not improve growth of the mutant (Fig. 6D), whereas treatment with
10 uM idebenone caused cell death (not shown). Overall, our findings suggest that the
therapeutic idebenone is effective in partially restoring the growth and respiratory defects of
the mutant cells.

Mitochondrion. Author manuscript; available in PMC 2022 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bandara et al.

Page 8

We then studied whether idebenone treatment improves the respiration of parent cells. In
Seahorse OCR assay, treatment with 1 uM idebenone significantly increased basal
respiration (p <0.0001; Fig. 4B) and maximal respiratory capacity (p <0.0001; Fig. 4C), and
numerically increased reserved respiratory capacity (o= 0.2364; Fig. 4B) of parent cells.
When idebenone was injected at 1 uM final concentration into the O2k chamber carrying
permeabilized parent cells Complex I respiration, Complex Il respiration, OXPHOS
capacity, and maximal respiration improved significantly (o= 0.0028, 0.0015, 0.0013, and
0.0023, respectively; Fig. 6E). Our findings suggest that the therapeutic idebenone is
effective in enhancing the bioenergetics of the parent cell lines.

4. DISCUSSION

Isolated complex | deficiency caused by the genetic mutations in ETC Complex I is the most
frequently observed OXPHOS defect among children with mitochondrial disease [22, 23].
NDUFS?2 is a constituent of the metabolically important interface region of the
mitochondrial Complex | [8, 9]. Due to the reported importance of this protein subunit to
Complex I respiration and associated disease pathologies [24-31], a thorough examination
of molecular level contribution of NDUFS2 to cellular respiration is required. Cabello-
Rivera et al., [32] constructed a conditional knockout mouse model with suppressed
NDUFS2 expression in radial glial cells and in neural stem cells. ATP synthesis and
proliferation of neural stem cells were severely affected by this mutation. These mice also
displayed markedly inhibited perinatal brain development, and all animals died before the
tenth postnatal day [32]. Gene silencing has been employed to characterize the functional
importance of NDUFS2. Hypoxic pulmonary vasoconstriction (HPV) in pulmonary artery
smooth muscle cells regulates the systemic oxygen delivery by a process of matching
ventilation to perfusion. By using lung-targeted siRNA treatments, Dunham-Snary et al.,
[33] reported that NDUFS2 activity is essential for acute oxygen-sensing HPV in rats. The
NDUFS2 function has also been studied using non-mammalian models. NCUM is the
homolog of human NDUFS2 in yeast Yarrowia lipolytica. Mutations in NCUM in Y.
lipolyticaresulted in complete absence of Complex | expression and moderate reduction in
Complex | activity [28]. Nevertheless, studies on organization and functionality on NDUFS2
have been hampered by the lack of knockout cell culture or mouse models.

A defined and reliable NDUFS2 knockout cell line is essential for understanding the critical
roles played by this subunit protein in OXPHOS and mitochondrial diseases. We
successfully used a CRISPR/Cas9 approach to mutate the NDUFS2 of HEK293. Two
separate sites of HEK293 genome were targeted for mutating. The efforts to mutate the
1002-bp site of NDUFS2 gene produced six clones with disrupted NDUFS2 expression. The
online guide tool of Integrated DNA Technologies had predicted this site as reliable and
specific for mutating this gene. Nevertheless, the efforts to mutate the 970-bp site of the
gene failed to produce any clones with disrupted NDUFS2 expression. The online guide tool
named CRISPOR had predicted this (second) site as suitable for mutagenesis. The failure to
mutate the 970-bp site can be attributed to two possible reasons: (i) the sequence in this site
may not be compatible for the CRISPR/Cas9 insertion/deletion (indel) mechanism; and/or
(ii) the disruption in this site of the gene may be lethal for the cell line, and therefore, the
clones may not have survived upon mutagenesis. The INDEL recombination events at the
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1002-bp site disrupted the whole amino acid sequence downstream of the targeting site.
And, mutagenesis procedure did not create any detectable off-target genetic alterations.

In agreement with the observed alteration of the NDUFS2 DNA sequence, amino acid level
expression of the protein NDUFS2 was totally disrupted in the mutant. Moreover, as a result
of the NDUFS2 mutation, expression of another complex | subunit (NDUFB8) decreased
significantly suggesting interdependency in expression among different subunits of this
complex. Quite interestingly, the expression of a complex Il subunit (SDHB) and a complex
V subunit (ATP5A) also decreased significantly in the mutant suggesting an association in
protein expression between complex | and other complexes. Nevertheless, the NDUFS2
mutation did not alter expressions of subunits other two ETC complexes (UQCRC2 of
complex Il and MT-COL1 of complex 1V) suggesting independency of these two complexes
from complex | in terms of protein expression.

We investigated the impact of NDUFS2 disruption on cellular ROS generation. ROS act as
signaling molecules and can cause cell damage or cell death when available in excess
amounts [34]. The NDUFS2 mutant generated significantly increased ROS levels over a
period of 72 hours. This observation was anticipated since mutation of NDUFS2 must have
partially disrupted or impaired the electron flow in ETC causing electrons to leak out of the
ETC. In general, electrons that do not follow the normal order of the ETC pathway and
instead leaked out are eventually transferred directly to O, to generate ROS [35, 36]. ETC
Complex 1 is believed to be the main ROS production site of mitochondria [37, 38], and
defective Complex | produces greater ROS amounts [39].

We also investigated the potential association of NDUFS2 disruption with cell-membrane
integrity, apoptosis, and necrosis of HEK293. The mutant displayed increased cell
porousness highlighting an association between membrane integrity and ETC functionality.
NDUFS2 mutation also led to increased apoptosis and necrosis. Taken together, these
observations highlight an association between NDUFS2 dysfunction, membrane porousness,
apoptosis, and necrosis.

Our NDUFS2 knockout cell line was impaired in Complex | respiration. This was predicted
since NDUFS2 is a subunit of Complex | and a constituent of the interfacial region of this
complex. Nevertheless, quite interestingly, the mutant exhibited a greater Complex Il
respiration than the parent possibly because Complex 11 functions at a greater rate in the
mutant to compensate the overall oxygen consumption. Glycolysis and glycolytic capacity
decreased significantly of the mutant cells. It is possible that decreased demand for the
Complex I substrate NADH lowered the necessity of pyruvate imposing a potential negative
feedback on glycolysis. The mutant also produced a significantly less amount of ATP
possibly as a result of decreased respiration and glycolysis. The mutant cells proliferated
slower than the parent. This was anticipated since NDUFS2 dysfunction decreased
respiration and glycolysis resulting in less abundance of ATP used in cell growth.

We then investigated whether effects of NDUFS2 disruption could be corrected with use of
mitochondrial therapeutics. Idebenone, a short-chain benzoquinone that is more hydrophilic
than ubiquinone [19], has potential as a therapeutic for conditions associated with oxidative
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stress and mitochondrial dysfunction [19-21, 40-47]. Acute treatment with idebenone
improved oxygen consumption all along the ETC of the mutant, suggesting that this
ubiquinone analog can be a useful substitute for Complex I as an electron donor in ETC.
Specifically, the idebenone treatment contributed to enhance the Complex | respiration
substantially. Moreover, long-term treatment with idebenone improved the ATP pool and
enhanced the cell proliferation. We then evaluated whether idebenone is effective in
inducing the bioenergetics of the parent cell line as well. Acute treatment with this drug
enhanced the oxygen consumption all along the ETC of the parent cell line. These
observations highlight the potential use of idebenone in bypassing the ETC defects of
mutant cells as well as in enhancing bioenergetics of healthy cells.

We contributed to science by constructing a knockout CRISPR mutant of NDUFS2 and
using the constructed mutant to evaluate the effectiveness of a mitochondrial therapeutic
candidate. Nevertheless, further work is needed to characterize the contribution of NDUFS2
protein on structural assembly of Complex I. Moreover, ideal types/concentrations of
therapeutics and treatment conditions to rescue the effects of NDUFS2 mutation need to be
identified and evaluated.

5. CONCLUSIONS

Functions of NDUFS2 are associated with growth, cell-membrane integrity, ROS generation,
apoptosis, necrosis, Complex | respiration, glycolysis, and ATP synthesis of HEK293. The
respiratory defects of NDUFS2 disruption can be partially restored by treatment with the
potential therapeutic idebenone. The constructed mutant is a useful tool for studying the
isolated complex | deficiency and an effective platform for evaluating the efficacy of novel
mitochondrial therapeutics.
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Figure 1. Construction of the NDUFS2 mutant.
The gene sequence of NDUFSZ2with CRISPR targeting sites is shown (A). The sgRNA and

PAM sequences predicted by the online CRISPOR program are depicted in purple and green
colors, respectively; the specific site for mutation (at 970-bp) is shown with a blue-arrow.
The sgRNA and PAM sequences predicted by the online idtdna program are depicted in blue
and red colors, respectively; the specific site for mutation (at 1002-bp) is shown with a
green-arrow. Expression of NDUFS2 protein is shown (B). The protein extracts reacted with
rabbit polyclonal antibodies to NDUFS2 and rabbit polyclonal antibodies to R-Actin are
shown. The DNA level recombination events in the genome of the mutant are illustrated (C).
The targeted PAM sequence of TGG is shown highlighted and in blue color. The base A
(highlighted and in red color) of the parent has been replaced with bases GTT (highlighted
and in red color) in the mutant. These events generated a TGA stop codon (highlighted and
in green color) downstream of the PAM sequence of mutant genome. Expression of
representative subunits from all five ETC complexes are shown (D — ). The expression of
NDUFB8 (complex I; D and E), SDHB (complex II; D and F), UQCRC2 (complex IlI; D
and G), MTCO1 (complex IV; D and H), and ATP5A (complex V; D and I) were normalized
to the expression of B-Actin.
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Figure 2. ROS production, membrane porousness, apoptosis, and necrosis of cell lines.
ROS generation measured using ROS-Glo H,0, Assay is shown (A). The measurements are

expressed as total luminescence per 15,000 cells. The mean values were compared between
the parent HEK293 and the mutant HEK293A NDUFSZ2. The p values for the differences
between the mean values were 0.3893, < 0.0001, and < 0.0001 respectively at 0, 24, and 72
hours after addition of substrate to the reaction. Membrane porousness measured using
Mitochondrial ToxGlo Assay is shown (B). Measurements are expressed as total
fluorescence per 10,000 cells (p=0.027). Apoptosis (C) and necrosis (D) per 15,000 cells
measured using RealTime-Glo Annexin V Apoptosis and Necrosis Assay at 0, 2, 24, and 72
hours of incubation are shown. Apoptosis measurements are expressed as total
luminescence; the pvalue for the differences between the mean values was < 0.0001 for
each time point. Necrosis measurements are expressed as total fluorescence; the p values for
the differences between the mean values were 0.0085, 0.0115, 0.0002, and < 0.0001
respectively at 0, 2, 24, and 72 h post-incubation. The mean values significantly different
between two cell lines are indicated by *. Error bars represent the SE of the mean. The
number of wells per cell line is n = 12 for each parameter.
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Figure 3. Respiration, glycolysis, and ATP synthesis of cell lines.
ECAR measured using Agilent Seahorse XFe96 analyzer of 20,000 live cells/well (A), and

calculated glycolysis (B) and glycolytic capacity (C) are shown. The mean values were
compared between the parent HEK293 and the mutant HEK293 A NDUFSZ2. The number of
wells per cell line is n = 12. ATP synthesis of parent and mutant cells measured using
Mitochondrial ToxGlo Assay (D) is shown. The measurements are expressed as total
luminescence per 10,000 cells. The number of wells per cell line is n = 12. Oxygen
consumption measured using Oroboros O2k per million saponin-repermeabilized cells of the
parent or the mutant in response to exposure of glutamate-malate (G/M), succinate, ADP,
and FCCP is shown (E). The number of chambers per cell line is n = 6. The pvalues for the
differences between the mean values were < 0.0001, 0.001, 0.747, and 0.645 respectively for
complex | respiration, complex Il respiration, OXPHOS capacity, and maximal respiration.
The mean values significantly different between two cell lines are indicated by *. Error bars
represent the SE of the mean.
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Figure 4. Respiration of cell lines measured by Seahorse assay.
Oxygen consumption rate (OCR) was measured using Agilent Seahorse XFe96 of parent

HEK?293 cells treated DMSO (Parent+DMSO), parent cells treated 1uM idebenone (Parent
+ldeb), mutant HEK293A NDUFS2 cells treated DMSO (Mutant+DMSO), and mutant cells
treated 1uM idebenone (Mutant+ldeb). OCR per 20,000 permeabilized cells (A), and the

calculated basal respiration (B), reserve respiratory capacity (C) and maximal respiratory

capacity (D) are shown. The number of wells per cell line is n = 12. The mean OCR values
were compared between the parent versus the mutant or DMSO treatment versus idebenone

treatment. Error bars represent the SE of the mean.
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Figure 5. Growth of cell lines.
The number of cells harvested after four and six days of culture (A) and doubling times (B)

of parent HEK293 and mutant HEK293 ADUFS2 cell lines are shown. The pvalues for the
differences between the means of two cell lines were 0.019 for cell numbers at day 4, 0.027
for cell numbers at day 6, and 0.0477 for doubling time. The number of cells recovered from
the mutant cultures treated with 0.5, 1, or 5 pM idebenone or DMSO control are shown (C).
The pvalue for the differences in cell numbers between DMSQO control versus treatment
with idebenone at 0.5, 1 and 5 pM were 0.0011, 0.9577 and 0.9954, respectively. The
number of flasks per cell line is n = 3. The mean values significantly different between cell
lines/treatments are indicated by *. Error bars represent the SE of the mean.
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Figure 6. Restoration or improvements of growth and respiration of cell lines.
Oxygen consumption per million permeabilized cells of the mutant HEK293ANDUFS2

treated with DMSO or idebenone was measured by Oroboros O2k respirometry (A). The

number of chambers per cell line is n = 6. The pvalues for the differences between the mean
values of DMSO control versus idebenone treatment were 0.3215, <0.0001, 0.0078, 0.0018,
and 0.0046, respectively. Representative O2k oxygraphs of mutant cells treated with DMSO
(B top) or 1 uM idebenone (B bottom) are shown. In this assay, permeabilized mutant cells
were treated with DMSO or idebenone for 30 min prior to loading them into the O2k
chambers. O2 slope neg. [pmol/(s*mL)] presented in red line was collected subsequent to
injection of glutamate+malate (G/M), rotenone (Rot), succinate (Succ), ADP, and FCCP into
the chamber. ATP pools of the mutant cells treated with idebenone for six days is shown (C).
The measurements are expressed as luminescence normalized to the values of DMSO
control. The number of wells per cell line is n = 12. The pvalue for the difference between
DMSO control and idebenone treatment was 0.0101. The growth of DMSO or idebenone
treated cells was measured (D). The number of cells recovered from the mutant cultures
treated with 0.5, 1, or 5 uM idebenone or DMSO control is shown. The number of flasks per
cell line is n = 3. The pvalue for the differences in cell numbers between DMSO control
versus treatment with idebenone at 0.5, 1 and 5 uM were 0.0011, 0.9577 and 0.9954,
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respectively. Oxygen consumption per million permeabilized cells of the parent HEK293
treated with DMSO or idebenone was measured by Oroboros O2k respirometry (E). The
number of chambers per cell line is n = 6. The pvalues for the differences between the mean
values of DMSO control versus idebenone treatment were 0.1292, 0.0028, 0.0015, 0.0013,
and 0.0023 for complex | respiration, respiration after DMSO/idebenone treatment, complex
Il respiration, OXPHOS capacity, and maximal respiration. The mean values significantly
different between treatments are indicated by *. Error bars represent the SE of the mean.
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Targeted mutagenesis site, possible off-target sites, the respective protospacer adjacent motif (PAM)
sequences, and forward (F) and reverse (R) oligonucleotide primers used for PCR amplification and DNA

sequencing.

Guide strand PAM

Chromosome in human genome

Oligo primers used in sequencing (5’-3)

Targeted mutagenesis site
ACGTTTGTTGAACCACATCA TGG

Possible off-target sites
ACCTGTGCTGAACCGCATCA CGG

AC-TTTGATGAACCACATCA TGG

ATCTTTGTCTAACCACATCA  AAG

11

12

17

GGAAGCCTCCACCTTGGAAT (F)
CCAATGTCAATTGTCCGATT (R)

ACGTTTGTTGAACCACATCA (F)
ACGTTTGTTGAACCACATCA (R)

ACGTTTGTTGAACCACATCA (F)
ACGTTTGTTGAACCACATCA (R)

ACGTTTGTTGAACCACATCA (F)
ACGTTTGTTGAACCACATCA (R)

Expression of protein subunits representative to each of the five ETC complexes was examined by Western immunoblotting using Total OXPHOS
Human WB Antibody Cocktail (Cat# ab110411, Abcam). Since the expression of complexes | and IV subunits was not clearly visible in Western
blots with this antibody, the expression of these two complexes was examined separately by Western immunoblotting using antibodies to NDUFB8
(complex I; Cat# ab192878, Abcam) and MT-CO1 (complex IV; Cat# ab203912, Abcam).
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