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ABSTRACT

Deciphering the pathogenic mechanism of CoQ1o-deficient
glomerulopathy and optimizing therapeutic effect of drugs.

Steroid-resistant nephrotic syndrome (SRNS) is characterized by proteinuria and is commonly
associated with focal segmental glomerulosclerosis (FSGS), which can result from mutations in
genes involved in coenzyme Q1o (CoQ1o) biosynthesis, such as PDSS2, COQ2, COQ6, and ADCKA4.
CoQ1o is an essential component of the mitochondrial inner membrane, playing a crucial role in
electron transport in oxidative phosphorylation (OXPHOS) and protection against oxidative stress.
While CoQ)o supplementation provides partial therapeutic benefits, its efficacy is inconsistent and
has limitations. Therefore, it is crucial to elucidate the pathogenesis of CoQi¢-deficient
glomerulopathy and establish optimal treatment conditions. This study utilized CoQ1o-deficient cell
and animal models (podocyte-specific Adck4 knockout mice, Adck4”Pod<r¢) and kidney organoids
to investigate the effects of CoQjo deficiency. CoQio deficiency due to ADCK4 loss led to
mitochondrial dysfunction, including a reduction in membrane potential (A¥m), which was not
observed in HK-2 cells, indicating a greater susceptibility of podocytes to CoQio deficiency. In
addition, CoQio-deficient podocytes exhibited increased oxidative stress, further highlighting their
vulnerability to mitochondrial impairment. ADCK4 directly interacts with COQS5 and plays a crucial
role in stabilizing the COQ complex. Loss of ADCK4 resulted in a decrease in COQ complex protein
levels and a mild reduction in OXPHOS complex III expression. Consistent with this, CoQjio-
deficient kidney organoids exhibited normal overall morphology but displayed mitochondrial
abnormalities in podocytes, reinforcing the importance of CoQ;¢ in maintaining mitochondrial

homeostasis during kidney development. Single-cell RNA sequencing of kidney organoids derived

iii



from CoQo-deficient iPSC lines (PDSS2-, COQ2-, ADCK4-Knockout) revealed preserved cell-type
composition but distinct transcriptomic alterations in podocytes. Gene set enrichment analysis
identified downregulation of oxidative phosphorylation and upregulation of TGF-f signaling,
epithelial-to-mesenchymal transition, and apoptosis pathways, indicating mitochondrial dysfunction
and early injury responses in CoQo-deficient podocytes. Additionally, the therapeutic potential of
2,4-dihydroxybenzoic acid (2,4-diHB), 2-probucol and Aspirin were evaluated using mice model,
with a focus on the timing of treatment. Consistent with a previous study, early treatment (at 3
months) with 2,4-diHB successfully preserved kidney function in Adck4 oot mice, whereas
delayed treatment (at 5 months) was ineffective. Furthermore, Probucol and Aspirin did not show
significant therapeutic effects, suggesting that disease progression limits treatment efficacy and that
early intervention is essential. In conclusion, this study emphasizes the role of ADCK4 in
maintaining CoQjo homeostasis and podocyte integrity, demonstrating that CoQ o deficiency leads
to mitochondrial dysfunction and progressive glomerular damage. The establishment of a CoQo-
deficient kidney organoid model offers a robust platform for investigating disease mechanisms and
evaluating targeted therapeutic strategies. Notably, early intervention with 2,4-diHB effectively
preserved renal function, whereas delayed treatment failed to prevent disease progression,

highlighting the urgency of timely therapeutic intervention in CoQo-associated nephropathy.

Key words : nephrotic syndrome; coenzyme Q 10; PDSS2; COQ2; COQ6; ADCK4; primary
coenzyme Q 10 deficiency; kidney organoids; single cell RNA-sequencing; podocyte



1. Introduction

Nephrotic syndrome (NS) is a kidney disease defined by proteinuria with resulting
hypoalbuminemia, frequently causing edema and hyperlipidemia ', “Steroid-resistant” NS can be
distinguished from “steroids-sensitive” based on the patient’s response to standard steroid therapy .
SRNS with the histological correlate of focal segmental glomerulosclerosis (FSGS) invariably leads
to end-stage renal failure. SRNS is the second most common cause of chronic kidney disease in
childhood. Over the past years, 63 genes have been identified as causing monogenic form of SRNS
in human with an onset under their 30 years 8. Most variants implicated in SRNS are found in highly

expressed in the glomerular podocytes °-!!

, implicating podocytes as the primary site of injury in NS.
Podocytes are highly specialized epithelial cells that cover the outside of the glomerular capillary.
Podocytes have a cell body with numerous primary, secondary and tertiary extensions, called foot
processes. Adjacent foot processes are interconnected by slit diaphragms to form the final barrier to
filtration and protects from the leakage of proteins '2.

Interestingly, a group of mutations in genes involved in coenzyme Qio (CoQ1o, ubiquinone)
biosynthesis, such as prenyl diphosphate synthase subunit 2 (PDSS2), COQ2, COQ6 and ADCK4
(COQ8B), have also been associated with childhood-onset FSGS and SRNS *-15. CoQyo is a
component of the mitochondrial inner membrane and plays important roles in supporting electron
transport of oxidative phosphorylation (OXPHOS), protection from oxidative stress !®!7. Disruption
of CoQ1o biosynthesis in podocytes supports the view that mitochondrial function is crucial for the

18 whereas the neighboring tubular

maintenance and function of the glomerular filtration barrier
epithelial cells are spared early in disease despite higher mitochondrial content '°. While
mitochondria dysfunction is a hallmark of chronic kidney disease, recent work has demonstrated
that mitochondria are dispensable for podocyte function and survival -2,

The patients with ADCK4 mutations represented adolescence-onset nephrotic syndrome and
often progressed to End-stage kidney disease (ESKD) in the second decade of life '4?!. ADCK4-
associated glomerulopathy can be partially treated by CoQ1o supplementation '%?!-23. However, its
therapeutic efficacy was variable and limited because of poor oral availability. Another reason of
limited response to CoQ supplementation can be attributed to the progression of renal disease to an
irreversible stage. In yeast models, it is shown that CoQ intermediate precursors such as vanillic acid

and 3,4-diHB improved the biosynthesis of CoQ6 222, In additions, treatment with 2,4-



dihydroxybenzoic acid (2,4-diHB) prevents FSGS progression and renal fibrosis in podocyte-
specific Cog6 knockout mice 2. This 2,4-diHB was used to bypass ring precursor and able to restore
endogenous CoQ biosynthesis, which is mediated by Coq7 hydroxylase 2°, which implies that deeper
understanding of CoQ1o biosynthesis may provide effective novel drugs for CoQo-deficient disease.

In previous studies, podocyte-specific Adck4 knockout mice (Adck4*P%o) developed
albuminuria at 4 months and represented abnormal glomeruli with significant fibrosis, disturbed
podocyte morphology with foot process effacement 27. The glomerular phenotype of Adck4*odecre
mice recapitulated aspects of the pathology of FSGS in humans resulting from 4DCK4 mutations.
However, the precise mechanism of glomerular injury due to CoQ jo-deficiency has not been clearly
described. Although the effects of 2,4-diHB were limited to the preventive effect, the treatment with
2,4-diHB improved survival, and reduced sclerotic glomeruli and expression of fibrotic markers,
and maintained renal function. However, it is not certain whether these CoQ1o precursors are still
effective even when renal function begins to decline. This makes it difficult to apply these drugs for
clinical uses because most patients have already been diagnosed after renal function began to fail.
In order to medicate properly after diagnosis, it is important to investigate pathogenic mechanisms
of CoQjo-deflicient glomerulopathy and validate therapeutic effects of drugs using elaborate
manipulations.

In line with these findings, cellular models of ADCK4 deficiency have demonstrated that CoQ o
depletion in cultured podocytes leads to impaired mitochondrial respiratory chain activity,
particularly complex II-III, and increased susceptibility to metabolic stress such as arachidonic acid
exposure 2. Notably, these mitochondrial dysfunctions were partially rescued by treatment with 2,4-
diHB. Transmission electron microscopy further revealed podocyte-specfic mitochondrial defects,
including abnormal fission and disrupted cristae, which were not observed in ADCK4-deficient HK-
2 cells (human proximal tubular cells). Moreover, the CoQo-deficient podocytes displayed reduced
cellular area, exacerbated under stress, indicating cytoskeletal and structural alterations. These in
vitro observations highlight the podocyte-specific vulnerability to CoQio-deficiency and provide
insights relevant to designing effective treatment strategies beyond the preventive stage.

Based on these results, it was hypothesized that uncharacterized mechanisms underlie CoQ 1o-
deficient podocyte-specific defects and that CoQ1o-deficient glomerulopathy may have an optimal
treatment regimen to maximize therapeutic efficacy. To elucidate the pathogenesis of CoQio-

deficient glomerulopathy, in vitro CoQio-deficient podocytes and kidney organoid models were



employed to examine their impaired function. Additionally, the therapeutic effects were evaluated

by adjusting the timing of drug administration in Adck4*F°d* mice.

2. Materials and Methods

2.1. Mice

The animal experimental protocols were reviewed and approved by Yonsei University College of
Medicine (#2015-0179). Mice were housed under pathogen-free conditions with a light period from
8:00 am to 8:00 pm and had ad libitum access to water and irradiated rodent chow (catalog #0006972;
LabDiet, St. Louis, MO). Nphs2.Cre+ (stock #008205) were obtained from Jackson Laboratory.
The Nphs2.Cre+; Adck4'*?"**" mouse model on C57BL/6 genetic background used in this study was
generated from targeted Adck4™8EVCOMMEmeu (4 ck4m12) embryonic stem cells obtained from
EUCOMM. ES cells were injected into the blastocysts of mice. Chimeric mice were bred with

*1oxP mice were crossed with Nphs2.Cre+

C57BL/6J mice to establish germline transmission. Adck4
mice and double heterozygous mice were crossed to generate podocyte-specific
Nphs2.Cre+;Adck4'*"*F knockout mice and littermate controls. Genotyping was performed by
PCR using the following primers: #1, GGATAGGGGGCTGGAGAGATG; #2,
GCCCGCCTCCCTGTATCTTAG; #3, TCGGAGAGGAAAGGACTGGAG; #4,
CCCTTTCCCTTGAGTTCACAGC; and #5, TGGCCTCAAACTCATGAAAATACTCC. Mice
were maintained in mixed sex and were randomly assigned to the different experimental groups. For
mouse studies, experimental results were validated over multiple litters, across several generations
of the mouse colony with n>3. Data collection of urine, whole blood, and plasma analysis data were

blinded to genotype so that the operator did not know the genotype during performing the

measurements.

2.2. Supplementation of drugs to the mice in drinking water

Mice received drug treatments via both drinking water and chow to ensure continuous
administration. 2,4-diHB was administered at a concentration of 25 mM in drinking water, which
was refreshed twice a week. 2-probucol was provided at a concentration of 1% (w/w) in chow,

allowing for ad libitum consumption. Additionally, acetylsalicylic acid was administered in drinking



water at a concentration of 1 mM, with water changed twice a week. The treatment regimen began
at 5 months of age and continued until 8 months of age. Control mice received standard chow and
untreated drinking water. Food intake and body weight were monitored regularly to ensure

consistent drug consumption.

2.3. Cell culture

Human podocytes were a kind gift from Moin Saleem, University of Bristol, Bristol, UK, and
cultured as previously described.33 Human podocytes were cultured in RPMI 1640 supplemented
with 10% FBS and 1% penicillin/streptomycin and 1% insulin transferrin selenium. Human
proximal tubule cells (HK-2) were maintained in DMEM supplemented with 10% FBS and 1%

penicillin/streptomycin.

2.4. Gene editing

To establish ADCK4 knockout (KO) cells, Single guide RNAs (sgRNAs) targeting human
ADCK4 (sgRNAI, GCTGCACAATCCGCTCGGCAT; sgRNA2,
GTAAGGTCTGCACAATCCGCT; and sgRNA3, GACCTTATGTACAGTTCGAG) were cloned
into BsmBI-digested lentiCRISPR v2 (plasmid #52961; Addgene). lentiCRISPR v2, pMD2.G, and
psPAX2 were transfected into Lenti-X 298T cells (Clontech). Supernatants containing lentivirus
were collected 48 hours after transfection and passed through a 0.2 uM filter. Cultured podocytes
and HK-2 cells were transduced with lentivirus, selected, and maintained with 4 pg/ml puromycin.

To establish CoQ10-deficient iPSCs, Precision gRNA Synthesis Kit (Invitrogen, #A29377) and
TrueCutTM Cas9 Protein v2 (Invitrogen, #A36496) were used. gRNAs targeting PDSS2, COQ2,
COQ6 and ADCK4 were synthesized respectively according to the manufacturer’s instruction.

Target 5’-Sequences-3’

PDSS2gRNA1 GCAACATCGCTATGCAGGTG

gRNA2 GCCACGTTATCTTGGAGCCT

COQ2 gRNA1 CTCGGATTGACGTCATTCCC
gRNA2 AACCGCATGAGGCGCAAGTA
COQo6 gRNA1 TTGGACCTGCTTCGAGCAAC

gRNA2 GGCCCTGATAATGTTTGATA



ADCK4 gRNA1 TGACCGCTCTCGAGAACGCA

gRNA2 TCAGCCGCTTGGCCAACTTT
Mouse embryonic fibroblasts were seeded one day before transfection in gelatin-coated 60 mm
plate at 70% confluency. gRNAs were synthesized as manufacturer’s instructions (Invitrogen). The
iPSC were dissociated into single cells using Accutase (Accutase #AT104). The gRNA (10pg) and
Cas9(5ug) proteins were transfected to iPSCs by electroporation using Super electroporator NEPA
21 typell (NEPA GENE). For each electroporation experiment, the cell pellet was resuspended in
Opti-MEM medium to a final concentration of 5*104 cells per 100 pL. For the electroporation a
NEPA electroporator was used with the following set up; poring pulse: 125(V), 5(ms), 50(ms),
10(D.rate) + (polarity); transfer pulse: 20(V), 50(ms), 59(ms), 40(D.ate)+/-(polarity). After the cells
were electroporated, they were transferred to a 60mm plate with mTeSR1 medium and monitored

for at least 8 days.

2.5. Histologic analysis

The kidney tissues were fixed in 4% paraformaldehyde, sectioned (5 um thickness), and stained

with hematoxylin and eosin following the standard protocols for histologic examination.

2.6. Immunoblotting

Cells were incubated with lysis buffer [150 mM NaCl, 1 mM EDTA, 50 mM Tris-HCI (pH 7.4),
1% NP-40, and complete proteinase inhibitors], sonicated, and centrifuged at 13,200 rpm for 15 min.
The supernatant was collected, and its protein concentration was measured by using Bradford assay.
Absorbance at 590 nm was measured by using the SpectraMax microplate reader. The protein was
mixed with 5x LDS sample buffer (KOMA) and loaded into a 4—12% Glycine-Tris gel (KOMA).
The separated protein was then transferred to a nitrocellulose membrane. The blot was blocked with
5% skim milk at room temperature for 1 hr. Primary antibodies were diluted in 5% skim milk and
incubated for overnight at 4°C. After washing with TBST, membranes were incubated with
secondary antibodies. Protein blots were visualized by using West pico chemiluminescent substrate
or West femto maximum sensitivity substrate kit (Pierce). Immunoblotting was quantified by

densitometry using ImagelJ software (National Institutes of Health, Bethesda, MD, USA).



2.7. Maintenance of human induced pluripotent stem cells

IMR90, human iPSCs (hiPSC derived from healthy fibroblasts; passage 16) were maintained in
mTeSR1 (STEMCELL, #85850) in 6-well tissue culture plates (Falcon, #353046) coated with 1%
vol/vol LDEV-Free hESC-qualified Geltrex (Life Technologies, #A1413302) in a 37°C incubator
with 5% CO2. hiPSCs were passaged using Dissociation Solution for ReLeSR (STEMCELL,
#05872) at a 1:5 split ratio every 5 days according to the manufacturer’s protocol. ASE-9209 was
purchased from Applied StemCell.

2.8. Differentiation of human induced pluripotent stem cells

hiPSCs grown on Geltrex were washed once with PBS (Life Technologies, #10010-049) and
dissociated into single cells with Accutase (STEMCELL Technologies, #07920). Cells were then
plated at a density of 5 x 104 or 1 x 101 cells/cm2 onto 24-well tissue culture plates (TPP, #92024)
coated with 1% Geltrex in mTeSTR1 supplemented with the ROCK inhibitor Y27632 (10 pM)
(TOCRIS, #1254).After 72 hours, cells (50% confluent) were briefly washed in PBS and then
cultured in basic differentiation medium consisting of Advanced RPMI 1640 (Life Technologies,
#12633-020) and 1X L-GlutaMAX (Life Technologies, #35050-061) supplemented with
CHIR99021 (8—10 uM) (TOCRIS, #4423) for 4 days to induce late primitive streak cells Noggin (5
ng/ml) was also used for hiPSC differentiation in addition to CHIR (8-10 uM). To induce posterior
intermediate mesoderm, cells were then cultured in Advanced RPMI + 1X L-GlutaMAX + activin
(10 ng/mL) (R&D, #338-AC-050) for 3 days. For induction of nephron progenitor cells, the media
was then changed to Advanced RPMI + 1X L-GlutaMAX + FGF9 (10 ng/ml) (R&D, #273-F9—
025/CF) for 7 days. CHIR (3 uM) was added to the media from day 9 to 11 of differentiation to
induce renal vesicles. On day 14, cells were switched to the basic differentiation medium and
cultured for an additional 7 to 14 days (total of 21 to 28 days). The medium was replaced every 2 or
3 days.

2.9. Ultrastructural analysis

The kidney tissues and cells were fixed in 2.5% glutaraldehyde, 1.25% paraformaldehyde, and
0.03% picric acid in 0.1 M sodium cacodylate buffer (pH 7.4) overnight at 4°C. They were then
washed with 0.1 M phosphate buffer, postfixed with 1% osmium tetroxide dissolved in 0.1 M PBS



for 2 hours, dehydrated in ascending gradual series (50%—100%) of ethanol, and propylene oxide
was used for infiltration. Samples were embedded using the Poly/Bed 812 Kit (Polysciences)
according to manufacturer’s instructions. After pure fresh resin embedding and polymerization in a
65°C oven (TD-700; DOSAKA, Kyoto, Japan) for 24 hours, sections of approximately 200250 nm
thickness were cut and stained with toluidine blue for light microscopy. Sections of 70 nm thickness
were double stained with 6% uranyl acetate (22400; EMS) for 20 minutes and lead citrate (Fisher)
for 10 minutes for contrast staining. The sections were cut using a Leica EM UC-7 with a diamond
knife (Diatome) and transferred onto copper and nickel grids. All the sections were observed by
transmission electron microscopy (TEM; JEM-1011, JEOL, and Zeiss 912) at an acceleration

voltage of 80 kV.

2.10. Statistical analysis
Statistical analyses were conducted using PRISM 8.0 (GraphPad, San Diego, CA, USA). All

graphed results are expressed as means + S.E.M. Statistical comparisons were made using two-way
analysis of variance (ANOVA) with Bonferroni’s corrections for multiple comparisons. Statistical
significance is indicated in the figures as n.s., non-significant (P > 0.05), *P < 0.05, **P < 0.01, and
***p < 0.001. All other analyses were conducted with at least three independent experiments or

samples to minimise statistical errors.



3. Results

3.1 Molecular and cellular consequences of coenzyme Q1o deficiency in

podocytes

To investigate the role of Coenzyme Q1o (CoQ1o) in podocytes, ADCK4 knockout (KO) cultured
podocytes were generated, and, for comparison, ADCK4 KO HK-2 cells (human proximal tubular
cells) were also established (Figure 1A). Given the previously observed reduction in CoQo levels
in ADCK4-deficient podocytes, these cell lines were subsequently used for functional and
morphological analyses. As CoQio is known as an essential electron transfer carrier in the
mitochondrial respiratory chain, mitochondrial membrane potential (A¥'m) was assessed using JC-
10 and TMRM staining to determine whether this CoQ 1o deficiency impacts mitochondrial function.
CoQio-deficiency is expected to disrupt mitochondrial bioenergetics. Consistent with this, ADCK4
KO podocytes showed a marked decrease in AWm, which was partially restored by 2,4-diHB
treatment (Figure 2A, B). In contrast, ADCK4 KO HK-2 cells retained normal mitochondrial
membrane potential, further supporting the notion of podocyte-specific mitochondrial vulnerability
(Figure 2C, D).

To further examine mitochondrial function, reactive oxygen species (ROS) levels were evaluated
in podocytes. Basal ROS production was nearly twice as high in ADCK4 KO podocytes compared
to controls (Figure 3A). Mitochondrial superoxide levels, measured using MitoSOX staining, were
also significantly elevated in ADCK4 KO cells (Figure 3B). Furthermore, ADCK4 KO podocytes
showed heightened sensitivity to oxidative stress induced by hydrogen peroxide (H,O>), a general
ROS-generating agent, and tert-butyl hydroperoxide (tBHP), a lipid peroxidation inducer, as well as
to arachidonic acid (AA), indicating increased mitochondrial oxidative stress. Notably, 2,4-diHB
treatment reduced mitochondrial superoxide levels in both control and ADCK4 KO podocytes,
suggesting a protective effect.

To determine whether ADCK4 regulates COQ complex expression, mRNA and protein levels of
COQ subunits were analyzed in podocytes. RT-PCR analysis revealed no significant differences in
COQ complex gene expression between control and ADCK4 KO podocytes, indicating that ADCK4
deficiency does not affect transcription (Figure 4A). However, western blot analysis showed a

significant reduction in COQ complex protein levels in ADCK4 KO podocytes, suggesting that



ADCK4 is essential for COQ protein stability (Figure 4B). Enzymatic activity assays further
confirmed a decline in COQ complex function in ADCK4 KO podocytes (Figure 4C).

Since ADCK4 is required for COQ complex stability, its interaction with COQS5, a key enzyme
in the CoQ biosynthetic pathway, was subsequently investigated. Western blot analysis revealed a
significant reduction in COQ5 protein levels in ADCK4 KO podocytes, which was rescued by wild-
type ADCK4 reintroduction and 2,4-diHB treatment (Figure 5A, B). Immunoprecipitation (IP)
assays confirmed a direct interaction between ADCK4 and COQS5, as FLAG-tagged ADCK4 co-
precipitated with endogenous COQ5 (Figure 5C). Further analysis showed that truncated ADCK4
mutants partially rescued COQS, whereas missense-mutant ADCK4 proteins restored COQS5
stability to levels comparable to wild-type ADCK4 (Figure 5D).

Given the role of CoQio in the mitochondrial respiratory chain, OXPHOS complex levels were
subsequently in podocytes. Western blot analysis showed a mild but significant reduction in
Complex III protein levels in ADCK4 KO podocytes, while other OXPHOS complexes remained
unaffected (Figure 6A, B). In addition, COQ and OXPHOS complex stability was assessed in
glomeruli from Adck44P°4 mice. Western blot analysis revealed a significant reduction in COQ
complex protein levels, supporting the idea that ADCK4 is required for COQ complex stability
(Figure 7A, B). OXPHOS complex analysis showed a mild reduction in Complex III protein levels,

whereas other mitochondrial respiratory chain complexes remained unchanged (Figure 7C, D).
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Figure 1. Schematic illustration of the generation and validation of ADCK4 knockout
podocytes and HK-2 cells. (A) CRISPR-Cas9 genome editing was used to generate ADCK4
knockout in immortalized human podocytes and HK-2 cells. Successful gene disruption was

confirmed by Saner sequencing.
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Figure 2. Coenzyme Q1o deficient-podocytes exhibit reduced mitochondrial membrane
potential in podocytes but not in HK-2 cells. Podocytes (A-B) and HK-2 cells (C-D) were assessed
for mitochondrial membrane potential (AY) using JC-10 and tetramethylrhodamine methyl ester
(TMRM) staining. (A-B) ADCK4 KO podocytes exhibited a decrease in A¥m compared to control
podocytes. This reduction was partially restored with the addition of 500 mM 2,4-diHB. (C-D)
ADCK4 KO HK-2 cells showed normal AY compared to that of controls. Statistical analysis was

performed using an unpaired t-test. *P < 0.05, **P < 0.005. Data are presented as mean + SD.
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Figure 3. Coenzyme Q1o deficiency results in increased mitochondrial superoxide levels and
altered ROS sensitivity in podocytes. (A) Cellular Reactive oxygen species (ROS) were measured
using CellROX reagent. Basal ROS production was approximately twice as high in ADCK4 KO
cells compared to controls, exposure to H.02, tBHP, or AA did not significantly alter ROS levels
between the two groups. (B) Mitochondrial superoxide levels were measured using the MitoSOX
reagent, revealing an increase in ADCK4 KO cells. These cells demonstrated heightened sensitivity
to oxidative stress induced by H20:, tBHP, and particularly AA. Treatment with 2,4-diHB reduced
mitochondrial superoxide levels in both control and ADCK4 KO podocytes. Statistical analysis was
performed using an unpaired t-test (*P < 0.05, **P < 0.005, ***P < 0.0001), with error bars

representing mean + SD. tBHP, tert-butyl hydroperoxide. AA, Arachidonic acid.
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Figure 4. Loss of ADCK4 affects COQ complex protein stability but not mRNA levels in
podocytes. (A) RT-PCR analysis of COQ complex gene expression in control and ADCK4 KO
podocytes. No significant differences in mRNA levels were observed between control and ADCK4
KO cells, indicating that ADCK4 deficiency does not affect COQ complex transcription. (B)
Western blot analysis of COQ complex proteins. ADCK4 KO podocytes exhibit reduced protein
levels of key COQ complex components, suggesting that ADCK4 is critical for maintaining COQ
complex protein stability. (C) Quantification of COQ complex activity. Statistical analysis was

performed using an unpaired t-test, with error bars representing mean + SD.
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Figure 5. ADCK4 interacts with COQS and regulates its stability in podocytes. (A-B) Western
blot analysis (A) and their quantification (B) shows a significant reduction in COQS5 protein
expression in ADCK4 KO podocytes compared to controls. Restoration of ADCK4 wild-type (WT)
and 2,4-diHB treatment rescued COQS5 protein levels, suggesting that ADCK4 is critical for COQ5
stability. (C) Immunoprecipitation (IP) analysis confirming the interaction between ADCK4 and
COQS5 in cultured podocytes. 3XFLAG-tagged ADCK4 or BAP was transfected into podocytes and
immunoprecipitated using an anti-FLAG antibody, followed by immunoblot detection of
endogenous COQS5. (D) Impact of ADCK4 mutations on COQ5 stabilization in ADCK4 KO
podocytes. COQS5 levels were only partially rescued by truncated ADCK4 mutant proteins, whereas
missense-mutated ADCK4 proteins restored COQ5 stability to levels comparable with wild-type
ADCKA4. (E) Statistical analysis was performed using an unpaired t-test, with error bars representing

mean = SD.
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Figure 6. OXPHOS complex protein levels in ADCK4 knockout podocytes. (A) Western blot
analysis of mitochondrial oxidative phosphorylation (OXPHOS) complexes in control and ADCK4
KO podocytes. Representative immunoblots show the expression levels of Complex I, Complex I,
Complex III, Complex IV, and Complex V. (B) Quantification of OXPHOS complex protein
expression. Densitometric analysis confirms a mild but significant reduction in Complex III levels
in ADCK4 KO podocytes compared to controls. Other OXPHOS complexes show no significant

changes. Statistical analysis was performed using an unpaired t-test, with error bars representing

mean = SD.
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Figure 7. COQ complex and OXPHOS protein levels in Coenzyme Qio-deficient mouse
glomeruli. (A) Western blot analysis of the COQ complexes in Adck44M% mouse glomeruli.
Protein expression levels of key COQ complexes components were assessed in control and
experimental groups. (B) Densitometric quantification confirms the reduction of COQ complexes in
the absence of ADCK4, suggesting impaired stability or assembly. (C-D) Western blot analysis of
the OXPHOS complex in Adck44r°%< mouse glomeruli. Representative immunoblots (C) and
densitometric quantification (D) reveal a mild reduction in Complex II protein levels, while other
mitochondrial respiratory chain complexes remain largely unchanged. Statistical analysis was

performed using an unpaired t-test, with error bars representing mean + SD.
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3.2 CoQqo-deficiency induce mitochondrial alterations without
disrupting kidney organoid morphogenesis

To investigate the role of CoQo in podocytes, PDSS2, COQ2 and ADCK4 KO induced pluripotent
stem cells (iPSCs) were generated for each gene using CRISPR/Cas9-mediated gene editing. Sanger
sequencing confirmed successful gene ablation, with PDSS2 KO showing 75 bp and 171 bp
deletions, COQ2 KO exhibiting a 13 bp deletion, and ADCK4 KO containing a 38 bp deletion. the
generation of COQ6 KO iPSCs was unsuccessful (Figure 8). Sequence chromatograms validated the
specific regions of deletion, confirming the efficiency of the knockout strategy.

Kidney organoids were successfully differentiated from control and knockout iPSCs to assess
their ability to self-organize into nephron-like structures. Bright-field microscopy revealed no overt
morphological differences among control, PDSS2, COQ2 and ADCK4 KO organoids. Hematoxylin
and eosin (H&E) staining demonstrated well-formed nephron-like structures in all conditions.
Additionally, immunofluorescence staining for key nephron markers, including Lotus
tetragonolobus lectin (LTL, green), nephrin (red), and E-cadherin (ECAD, white), confirmed proper
segmentation and patterning of kidney organoids, suggesting that nephrogenesis remains unaffected
in the absence of PDSS2, COQ2, or ADCK4 (Figure 9)

To assess whether podocyte differentiation and structural integrity were affected by the knockout
of PDSS2, COQ2 or ADCK4, immunofluorescence staining and transmission electron microscopy
(TEM) were performed on kidney organoids. Nephrin (red) and WT1 (green) staining confirmed the
presence of podocytes in all organoids, with no apparent differences in marker expression between
control and knockout groups. Additionally, TEM analysis at 2900% and 6800% magnifications
revealed normal podocyte foot process architecture and slit diaphragm structures across all
conditions, indicating that podocyte ultrastructure remained unaffected despite genetic ablation of
PDSS2, COQ2, or ADCK4 (Figure 10).

Since PDSS2, COQ2 and ADCK4 play essential roles in coenzyme Q biosynthesis, mitochondrial
morphology was examined in podocytes derived from control and knockout kidney organoids
(Figure 11). TEM imaging revealed that podocytes from kidney organoids with deletions in each
gene exhibited enlarged mitochondria, indicative of mitochondrial hypertrophy, compared to control
podocytes. Additionally, quantification of mitochondrial number demonstrated a significant increase
in PDSS2 and COQ2 KO podocytes, suggesting mitochondrial hyperplasia in response to gene
ablation. Notably, ADCK4 KO podocytes did not exhibit significant mitochondrial abnormalities
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(Figure 11). These findings suggest that loss of PDSS2 and COQ2, but not ADCK4, leads to
mitochondrial remodeling in podocytes, potentially disrupting energy homeostasis and cellular
function.

To elucidate transcriptome-level changes induced by CoQ1o deficiency, single-cell RNA-seq was
performed on day-21 kidney organoids derived from three CRISPR knock-out (KO) human iPSC
lines (PDSS2-KO, COQ2-KO and ADCK4-KO) and an isogenic control (CTRL), allowing precise
comparison of transcriptional profiles across all cell lineages. After quality filtering, 58,214 cells
were jointly embedded with UMAP (Figure 12A). Unsupervised Leiden clustering (resolution = 0.4)
identified 18 transcriptionally distinct populations that were annotated with canonical markers
(Figure 12B). These included four podocyte clusters (Podocyte-1—4), proximal (PT) and distal (DT-
1/2) tubular epithelia, nephron-progenitor cells (NPC-1/2), three mesenchymal clusters, endothelial,
neuron-like and muscle-like cells, plus three minor “off-target” clusters.

Cell-type frequencies were largely comparable across genotypes, with no substantial shifts in the
relative abundance of any lineage between control and CoQo-deficient organoids (Figure 15C). A
violin plot of representative genes confirmed the robustness of the cell-type calls: NPHS2 and
SYNPO were confined to podocytes, LRP2 and CUBN to PT cells, EPCAM broadly marked
epithelia, and DCN highlighted stromal lineages (Figure 12D).

Podocytes were the primary cell type of interest; therefore, the podocytes were examined in
greater detail. To achieve this, podocytes, and for comparison, proximal tubule (PT) were re-
embedded and analyzed separately (Figure 13A-B). To look for disease-driven podocyte pathways,
gene set enrichment analysis (GSEA) was applied on the podocyte cluster (Figure 13C). This
analysis revealed Oxidative phosphorylation were significantly down-regulated in all three KO lines,
consistent with impaired mitochondrial electron transport secondary to CoQ1o depletion. Conversely,
TGF-B signaling, epithelial-to-mesenchymal transition and apoptosis gene sets were modestly
enriched, hinting at maladaptive remodeling and early injury responses (Figure 13D).

These single-cell insights provide a mechanistic framework for understanding the early

podocytopathy seen in CoQo-deficiency-associated nephrotic syndromes.
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Figure 8. Sanger sequencing confirms the generation of PDSS2, COQ2, and ADCK4 knockout
iPSCs. (A) Sanger sequencing results validating the knockout of PDSS2, COQ2, and ADCK4 in
induced pluripotent stem cells (iPSCs). The PDSS2 knockout (KO) exhibited deletions of 75 bp and
171 bp, while COQ2 KO showed a 13 bp deletion. ADCK4 KO displayed a 38 bp deletion. Sequence

chromatograms indicate the deleted regions compared to reference sequences.
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Figure 9. Kidney organoids from PDSS, COQ2, and ADCK4 knockout iPSCs develop with
intact structural organization. (A) Bright-field images, H&E staining, and immunofluorescence
analysis of kidney organoids generated from control, PDSS, COQ2, and ADCK4 KO iPSCs. Bright-
field images show no significant morphological differences among the groups. H&E staining reveals
well-formed nephron-like structures across all conditions. Immunofluorescence staining for lotus
tetragonolobus lectin (LTL, green), nephrin (red), and E-cadherin (ECAD, white) indicates proper

segmentation of nephron structures in all organoids.
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Figure 10. Podocyte architecture is preserved in PDSS2, COQ2, or ADCK4-deficient kidney
organoids. (A) Immunofluorescence staining and transmission electron microscopy (TEM) images
of podocytes in kidney organoids derived from control, PDSS, COQ2, and ADCK4 KO iPSCs.
Immunofluorescence staining for nephrin (red) and WT1 (green) indicates proper podocyte marker
expression across all groups. TEM images at 2900x and 6800 magnifications reveal structurally
intact podocyte foot processes, with no apparent ultrastructural abnormalities in knockout organoids

compared to controls.
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Figure 11. PDSS2 and COQ?2 deficiency induces mitochondrial enlargement and hyperplasia
in podocytes. (A) Transmission electron microscopy (TEM) images of podocytes from control,
PDSS, COQ2, or ADCK4 KO kidney organoids. Enlarged mitochondria are evident in PDSS, COQ2,
or ADCK4-deficient podocytes compared to controls. (B) Quantification of mitochondrial number
in podocytes. PDSS2 and COQ2 knockout podocytes demonstrate a significant increase in
mitochondrial size, indicating mitochondrial hyperplasia. Statistical analysis was performed using

an unpaired t-test, with error bars representing mean = SD. PP, Primary process.
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Figure 12. scRNA-seq analysis of the control and CoQio-deficient kidney organoids. (A)
UMAP projection of the integrated single-cell transcriptomes from four conditions, Control (CTRL),
PDSS2-KO, COQ2-KO and ADCK4-KO. (B) The same UMAP coloured by Leiden clusters
(resolution 0.4). Eighteen transcriptionally distinct populations were annotated on the basis of
canonical marker genes and are labelled Podocyte-1-4, Proximal Tubule (PT), Distal Tubule (DT-
1/2), Nephron Progenitor Cell (NPC-1/2), Mesenchymal-1-3, Endothelial, Neuron-like, Muscle-
like and three small “off-target” clusters. (C) Stacked bar plot comparing the proportion of each
cluster across the four samples. (D) Violin plot of representative marker genes (columns) across

clusters (rows) that supports the cell-type annotations in B.
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Figure 13. Podocyte-specific transcriptional re-wiring in CoQio-deficient organoids. (A-B)

UMAP of the Podocyte or Proximal Tubule (PT) compartments. (C) Heatmap showing enrichment

of hallmark genesets of the Molecular Signatures Database (MsigDB) in profiles of Podocytes from

each sample. (D) Dot plot showing pathway enrichment scores across podocyte and PT clusters.

Representative pathways related to TGF-P signaling, oxidative phosphorylation (OXPHOS), and

epithelial-mesenchymal transition (EMT) are displayed. Circle size represents the proportion of

cells expressing at least one isoform, while color indicates the mean expression level. Expression is

markedly diminished in Podocytes from every knock-out line, whereas PT cells remain largely

unaffected.
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3.3 Delayed treatment leads to progressive kidney dysfunction and

podocyte fibrosis

To evaluate the impact of early versus delayed treatment on kidney function, previously generated
podocyte-specific Adck4 knockout (Adck447%%%) mice were employed (Figure 14A-B) 7.
Histological analysis revealed that early 2,4-diHB treatment preserved glomerular structure in
Adck44Pode mice, whereas delayed treatment with 2,4-diHB, probucol, or aspirin did not prevent
glomerular damage (Figure 15A). To assess kidney function, urinary albumin, blood urea nitrogen
(BUN), and serum creatinine levels were measured following administration of 2,4-diHB, probucol,
or aspirin at either 3 months (early) or 5 months (delayed). Mice treated early (3 months) with 2,4-
diHB maintained normal kidney function, as indicated by stable urinary albumin, BUN, and serum
creatinine levels (Figure 16A). However, mice receiving delayed treatment (5 months) exhibited a
progressive decline in renal function, with significant increases in urinary albumin, BUN, and serum
creatinine, regardless of whether they were treated with 2,4-diHB (Figure 16B), probucol (Figure
16C), or aspirin (Figure 16D). These findings indicate that once kidney dysfunction progresses
beyond 5 months, therapeutic intervention is no longer effective in preserving renal function.

To further assess the structural consequences of delayed treatment, immunofluorescence staining
for nephrin (podocyte marker) and a-smooth muscle actin (aSMA, fibrosis marker) was performed
in glomeruli. Early treatment with 2,4-diHB preserved nephrin expression and suppressed aSMA
upregulation, indicating that early-intervention maintained podocyte integrity and prevented fibrosis
(Figure 17A). In contrast, delayed treatment with 2,4-diHB (Figure 17B), Probucol (Figure 17C), or
Aspirin (Figure 17D) failed to restore nephrin expression or prevent fibrotic changes, as evidenced
by increased aSMA staining. These results suggest that early intervention is critical for protecting
podocytes and preventing fibrosis, while delayed treatment is ineffective in reversing established

glomerular injury.
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Figure 14. Schematic representation of early and delayed treatment in the Adck4 " mouse
model. (A) Podocyte-specific Adck4 knockout (KO) mice, referred to as Adck4/7o%ee were
generated by crossing Nphs2-Cre* mice with Adck4"*/°* mice, in which exons 5 and 6 of the Adck4
gene are flanked by loxP sites. (B) Mice were provided with treatment via drinking water or food,
with two different intervention time points: early treatment (blue, 3 months) and delayed treatment
(red, 5 months). This model was used to evaluate the therapeutic efficacy of 2,4-diHB, Probucol,

and Aspirin in preserving kidney function in CoQ¢ deficiency-associated nephropathy.
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Figure 15. Early treatment with 2,4-diHB prevents renal pathology in podocyte-specific Adck4
knockout mice, whereas delayed treatment is ineffective. (A) Hematoxylin and eosin (H&E)
staining of glomeruli from control and Adck4~P*% mice. Adck4”Po%a' mice treated early (3
months) with 2,4-diHB (first column) exhibited preserved glomerular structure, indicating
prevention of renal pathology. Delayed treatment (5 months) with 2,4-diHB, probucol, or aspirin

failed to prevent glomerular damage, suggesting a lack of therapeutic efficacy at later stages.
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Figure 16. Delayed treatment leads to progressive decline in kidney function after 5 months.
(A-D) Urinary albumin, blood urea nitrogen (BUN), and serum creatinine were measured to assess
the kidney function in control and Adck4 P24 mice following early (3 months) (A) or delayed (5
months) treatment with 2,4-diHB (B), probucol (C), or aspirin (D). Values and error bars are means

+ S.EM. *P < 0.05, **P < 0.01, ***P < 0.001, n.s. not significant, two-way ANOVA with

Bonferroni’s post hoc analysis.
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Figure 17. Early treatment with 2,4-diHB preserves podocyte integrity and prevents fibrosis,
whereas delayed treatment is ineffective. (A—D) Immunofluorescence staining of podocyte
marker nephrin (red) and fibrosis marker a-smooth muscle actin (aSMA, green) in glomeruli from
control and Adck4Fo% mice. DAPI (blue) stains nuclei. (A) Early treatment (3 months) with 2,4-
diHB preserved nephrin expression and prevented aSMA upregulation, maintaining podocyte
integrity and preventing fibrosis. (B—D) Delayed treatment (5 months) with 2,4-diHB (B), Probucol
(C), or Aspirin (D) failed to restore nephrin expression or prevent fibrosis, as indicated by increased
aSMA staining. Statistical analysis was performed using an unpaired t-test, with error bars

representing mean = SD.

4. Discussion

This study provides novel insights into the effects of CoQ o deficiency on mitochondrial function,
oxidative stress, podocyte integrity, and kidney pathology. CoQ1o deficiency was shown to disrupt
mitochondrial homeostasis and cellular architecture in podocytes, based on analyses of genetically
modified podocytes, kidney organoids, and a podocyte-specific Adck4 knockout (Adck44Fodoate)
mouse model.

These findings reveal that loss of CoQo in podocytes leads to impaired mitochondrial function,
characterized by reduced complex II-III activity, loss of mitochondrial membrane potential (A¥m),
and increased oxidative stress. These defects appear to be podocyte-specific, as HK-2 cells remained
largely unaffected, highlighting the unique metabolic demands of podocytes and their heightened
vulnerability to CoQio depletion. Notably, mitochondrial superoxide production was significantly
elevated in CoQo-deficient podocytes, rendering them highly susceptible to oxidative stress. These
findings align with previous studies demonstrating that podocytes rely heavily on mitochondrial
metabolism and that oxidative damage contributes to glomerular disease progression in diabetic
nephropathy 202831,

Additionally, studies have shown that analogs of CoQ precursors bypass steps of CoQ
biosynthesis and restore CoQ levels in yeast and mouse models 22?432, These findings suggest that
CoQio precursor analogs may serve as potential therapeutic agents for patients with CoQio
deficiency-related renal dysfunction. Consistent with thie perspective, this study demonstrates that

treatment with the CoQ precursor 2,4-diHB partially rescues mitochondrial function in ADCK4 KO
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podocytes, further supporting its potential as a pharmacological intervention for CoQ o deficiency-
associated nephropathy.

CoQio-deficient podocytes also exhibit heightened susceptibility to mitochondrial damage,
particularly in the presence of polyunsaturated fatty acids (PUFAs) such as arachidonic acid (AA).
CoQo, in its reduced form (QH>), acts as a potent lipid-soluble antioxidant, scavenging lipid peroxyl
radicals and preventing oxidative damage to mitochondrial membranes. However, in CoQo-
deficient conditions, this protective mechanism is impaired, leading to increased lipid peroxidation
of PUFA-rich mitochondrial membranes. Arachidonic acid, due to its multiple double bonds, is
highly prone to oxidative degradation. Without sufficient CoQ, this leads to mitochondrial
membrane destabilization and impaired bioenergetics. Additionally, CoQi¢ deficiency promotes
electron leakage from the electron transport chain (ETC), leading to increased mitochondrial
superoxide (O:") production. The peroxidation of AA further amplifies reactive oxygen species
(ROS) generation, creating a vicious cycle of oxidative damage that can compromises mitochondrial
DNA integrity, protein stability, and cellular viability. Moreover, AA metabolism generates pro-
inflammatory eicosanoids, which may exacerbate oxidative stress and inflammatory responses in
podocytes. These findings suggest that oxidative stress, lipid peroxidation, and inflammation
collectively contribute to the increased mitochondrial vulnerability observed in CoQo-deficient
podocytes when exposed to AA.

Kidney organoids provide an isolated multicellular systems and enables the study of pathogenetic
pathways, which is not feasible in classic monolayer podocytes cultures, as these lack interactions
between different cell types and tissue organization **. The use of kidney organoids derived from
CoQio-deficient iPSCs further confirmed that podocytes exhibit mitochondrial abnormalities despite
the overall normal morphology of the organoids, reinforcing the essential role of CoQ ) in podocyte
homeostasis.

For clinical application, determining the optimal timing of treatment is crucial, as therapeutic
effects are most effective before renal dysfunction progresses to an irreversible stage. Additionally,
the reduced form of CoQ (QH2) acts a potent antioxidant, scavenging free radicals and preventing
lipid peroxidative damage. Based on this, it was hypothesized that CoQo deficiency-induced
mitochondrial superoxide production triggers in cellular stress, which may be reversible through
mitochondrial uncouplers such as salicylic acids 3*33. While ADCK4-associated glomerulopathy can

be partially managed with CoQo supplementation 27, its effectiveness is inconsistent. One possible
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reason for treatment failure is the progression of renal disease to an irreversible stage, highlighting
the need for early genetic diagnosis to identify ADCK4 mutations. Since ADCK4-associated
glomerulopathy typically manifests around childhood often near the age of 10, timely diagnosis
could allow for early intervention before the disease reaches a critical stage. Another contributing
factor is CoQio’s poor oral bioavailability, which limits its therapeutic efficacy and leads to
variability in patient outcomes. A key translational aspect of this study is the comparison between
early (3 months) and delayed (5 months) treatment with 2,4-diHB, Probucol, and Aspirin in Adck4
“Podocyte mice. These results demonstrate that early intervention with 2,4-diHB successfully
preserves kidney function and prevents glomerular damage, whereas delayed treatment fails to
restore renal function.

This study highlights the critical role of CoQ1o in mitochondrial function, oxidative balance, and
podocyte integrity. ADCK4 was shown to be essential for COQ complex stability, and early
therapeutic intervention with 2,4-diHB was found to mitigate podocyte dysfunction. Furthermore,
the use of CoQo-deficient kidney organoids provides a valuable platform for studying the molecular
mechanisms of CoQ-associated nephropathy and identifying new therapeutic strategies. These
findings reinforce the importance of timely intervention in CoQ o deficiency-related kidney diseases
and lay the foundation for future research into targeted therapies for mitochondrial dysfunction in

glomerular disorders.

5. Conclusion

The mechanisms underlying podocyte dysfunction and potential therapeutic strategies for
coenzyme Qio (CoQio) deficiency remain incompletely understood. This study systematically
examined the effects of CoQio depletion on mitochondrial function, oxidative stress, podocyte
integrity, and kidney organoid development, providing new insights into the role of CoQio in
maintaining mitochondrial and cellular homeostasis. The findings of this study demonstrate the

following:

1 CoQio deficiency disrupts mitochondrial function in podocytes, leading to reduced
mitochondrial complex II-III activity, abnormal cristae structure, and impaired mitochondrial
membrane potential (A¥m). These defects were podocyte-specific, as HK-2 cells remained

unaffected.
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2 ADCKA4 plays a key role in stabilizing the COQ complex, particularly COQS5, without affecting
COQ gene transcription. ADCK4 interacts directly with COQS5, and its loss leads to COQ
protein instability and a mild reduction in OXPHOS complex III levels.

3 Kidney organoids derived from CoQo-deficient iPSCs develop normally in overall morphology
but exhibit mitochondrial abnormalities in podocytes, reinforcing the essential role of CoQ 1o in
mitochondrial homeostasis during kidney development.

4 Early treatment (3 months) with 2,4-diHB effectively preserved kidney function and glomerular
integrity in podocyte-specific Adck4 knockout (Adck447°40<v€) mice, whereas delayed treatment
(5 months) with 2,4-diHB, Probucol, or Aspirin failed to restore renal function, emphasizing

the importance of timely intervention.

Furthermore, this study may provide key information on the molecular consequences of CoQ 1o
deficiency in podocytes, the role of ADCK4 in COQ complex stability, and the importance of early
therapeutic intervention in preserving kidney function. Additionally, the establishment of CoQ io-
deficient kidney organoids offers a valuable in vitro model to further investigate the mechanisms of

CoQio-associated nephropathy and explore new therapeutic strategies.
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