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DISEASES AND DISORDERS

PPDPF preserves integrity of proximal tubule by
modulating NMNAT activity in chronic kidney diseases

Xiaoliang Fang11', Yi Zhon921', Rui Zheng11', Qihui Wu3t, Yu Liu?, Dexin Zhang4, Yuwei Wang3,
Wubing Dings, Kaiyuan Wangz, Fengbo Zhongz, Kai Lin?, Xiaohui Yao®’, Qingxun Hu®, Xiaofei Li°,
Guofeng Xu? Na Liu'®, Jing Nie'', Dali Li?, Hongquan Geng1*, Yuting Guan

Genome-wide association studies (GWAS) have identified loci associated with kidney diseases, but the causal vari-
ants, genes, and pathways involved remain elusive. Here, we identified a kidney disease gene called pancreatic
progenitor cell differentiation and proliferation factor (PPDPF) through integrating GWAS on kidney function and
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multiomic analysis. PPDPF was predominantly expressed in healthy proximal tubules of human and mouse kid-
neys via single-cell analysis. Further investigations revealed that PPDPF functioned as a thiol-disulfide oxidore-
ductase to maintain cellular NAD" levels. Deficiency in PPDPF disrupted NAD* and mitochondrial homeostasis by
impairing the activities of nicotinamide mononucleotide adenylyl transferases (NMNATs), thereby compromising
the function of proximal tubules during injuries. Consequently, knockout of PPDPF notably accelerated the pro-
gression of chronic kidney disease (CKD) in mouse models induced by aging, chemical exposure, and obstruction.
These findings strongly support targeting PPDPF as a potential therapy for kidney fibrosis, offering possibilities

for future CKD interventions.

INTRODUCTION
The global prevalence of chronic kidney disease (CKD) is approxi-
mately 15%, making it the ninth leading cause of death worldwide
(1, 2). However, effective therapies to slow down CKD progression
are lacking, resulting in an increasing number of patients being
diagnosed with fatal end-stage renal disease. Despite decades of
mechanistic studies on CKD, the genes and molecular pathways
involved in its early stages remain incompletely understood and
require further investigation. Although genome-wide association
analyses (GWAS) have identified nearly 800 loci associated with
kidney function in large populations (3-7), the specific cell types
and underlying molecular mechanisms remain unresolved since
more than 90% of GWAS-identified variants are noncoding (8).
Recent genetic studies, such as GWAS and multiomic studies,
have highlighted the importance of proximal tubule (PT)-specific
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genes in renal pathophysiology (5, 9-11). Because of their high vul-
nerability during renal dysfunctions (12, 13), PT cells rapidly re-
spond to tubule fluid flow, intracavitary pressure, wall tension, and
matrix hardness alterations, which then accordingly regulate the
genomic transcriptions involved in cell proliferation, differentia-
tion, and apoptosis (14, 15). Moreover, PT injury has been demon-
strated in the early stages of diabetic kidney disease (DKD) and
promotes DKD progression (16). Therefore, understanding the ini-
tial cellular events driving kidney fibrosis would expand our knowl-
edge of CKD and help develop new therapeutic strategies.

PPDPF, also known as pancreatic progenitor cell differentiation
and proliferation factor, is widely distributed in various organs and
plays essential roles in multiple physiological and pathological pro-
cesses. For instance, it promotes lung adenocarcinoma progression
via inhibiting apoptosis and natural killer cell-mediated cyto-
toxicity (17). In addition, knockout (KO) of PPDPF significantly
suppresses the development of pancreatic ductal adenocarcinoma
driven by kirsten rat sarcoma viral oncogene homologue (KRAS)
mutation (18). While in nontumor studies, PPDPF prevents Raptor
ubiquitination and activation by inhibiting the interaction between
Raptor and CUL4B-DDBI, thereby reducing lipid synthesis and
ameliorating fatty liver development (19). Recently, a GWAS meta-
analysis involving creatinine-based estimated glomerular filtration
rate (eGFR) from the Chronic Kidney Disease Genetics Consortium
and UK Biobank (n = 1,201,909) revealed that PPDPF is highly rel-
evant to kidney function (20). The risk allele of GWAS eGEFR single-
nucleotide polymorphisms was associated with expression changes
of PPDPF in bulk expression quantitative trait loci (eQTL) (21), cell
fraction eQTL (22), as well as meta-eQTL analysis (7) of human kid-
ney samples. However, the molecular mechanisms between PPDPF
and renal injuries remain largely unexplored.

In this study, our aim was to identify genes and pathways that
drive kidney fibrogenesis from the earliest cellular events. To ad-
dress this issue, we analyzed the early-stage transcriptomes of CKD
tissues at both bulk and single-cell resolutions. Single-cell transcrip-
tomic analysis unveiled a marked up-regulation of PPDPF, a top
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target of kidney function GWAS, in the healthy PT subgroup during
early stages of CKD in human and mouse. Ppdpf deficiency results
in mitochondrial dysregulation by inhibiting nicotinamide mono-
nucleotide (NMN) conversion into NAD*. Mechanistically, PPDPF
functions as a thiol-disulfide oxidoreductase during this conversion
process to maintain the activity of nicotinamide mononucleotide
adenylyl transferases (NMNATs). Consistently, KO of Ppdpf aggra-
vates aging-, cisplatin-, unilateral ureteral obstruction (UUO)-,
and folic acid (FA)-induced mouse CKD models, while supple-
mentation with nicotinamide adenine dinucleotide (oxidized form;
NAD") but not NMN alleviates renal dysfunctions. Last, adeno-
associated virus-mediated overexpression of Ppdpf protects against
renal injuries in vivo. Our studies suggest that PPDPF is a regulator
of NAD* homeostasis involved in modulating CKD progression
and could be an effective therapeutic target.

RESULTS

Single-cell and GWAS identify PPDPF as a kidney

disease risk gene

To investigate gene expression profiles associated with early stages of
kidney fibrosis, we initially conducted bulk RNA sequencing (RNA-
seq) on kidneys at day 1 and day 5 post-UUO surgery (Fig. 1A). The
UUO models were well-characterized, showing kidney structural
damage and the expression of kidney injury markers Havcrl, Len2,
and Vimentin (fig. S1, A and B). Principal components analysis
(PCA) indicated gene expression clustering among control, UUO
1-day (1d), and UUO 5-day (5d) groups (fig. S1C). Differential
expression analysis identified 2052 differentially expressed genes
(DEGs) in UUO 1d (1027 up-regulated and 1025 down-regulated),
as well as 3114 DEGs in UUO 5d compared to the controls (1752
up-regulated and 1362 down-regulated) (fig. S1D). The volcano
plots highlighted DEGs that exhibited significant changes exclusive-
ly in UUO 1d but not in UUO 5d. In total, nearly a thousand genes
were identified during the initial progression of kidney fibrosis (488
increased and 490 decreased DEGs, respectively) (Fig. 1B).

Next, single-cell RNA-seq (scRNA-seq) was performed to fur-
ther explore the cellular changes at early stages of kidney fibrosis. A
total of 43,257 individual cells were analyzed from three control kid-
neys, three UUO 1d kidneys, and two UUO 5d kidneys. Cell cluster-
ing analysis revealed 18 major cell types based on the expression
patterns of marker genes (Fig. 1C and fig. S1E). Through the scRNA-
seq data, we observed marked alterations in cell proportions at day 1,
including increased ratios of immune cells such as macrophages
(1.8-fold), B cells (8.9-fold), T cells (4.63-fold), natural killer cells
(3.6-fold), and neutrophils (56.5-fold) (fig. S1F). There was a nota-
ble decrease in PT cells on day 1 (8-fold) despite concurrent increas-
es seen in other epithelial cell types like loop of Henle (7.3-fold),
distal convoluted tubule (4.1-fold), principal cell (4.8-fold), and in-
tercalated cell (5.1-fold) (fig. SIF). Furthermore, the significantly
changed genes on day 1 in bulk RNA-seq were enriched in PT cells
of scRNA-seq dataset (Fig. 1D). In particular, differential expression
analysis of PT cells on UUO 1d from scRNA-seq data identified 955
DEGs (502 up-regulated and 453 down-regulated) (fig. S1G). This
combined analysis of bulk seq and scRNA-seq dataset suggests a sig-
nificant involvement of PT cells in driving transcriptomic changes
during the early stages of kidney fibrosis.

To further narrow down the candidates involved in the onset or
regulation of kidney injury, we performed an overlapping analysis of
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up-regulated DEGs in PT on UUO 1d from scRNA-seq, up-regulated
DEGs on UUO 1d from bulk RNA-seq, as well as prioritized target
genes of kidney function GWAS identified through meta-analysis
of publicly available datasets from CKDGen, Pan-UK Biobank,
Million Veteran Program (MVP), Population Architecture Using
Genomics and Epidemiology (PAGE), Surrogate Markers for
Micro- and Macrovascular Hard Endpoints for Innovative Diabetes
Tools (SUMMIT) consortia (7). This analysis identified seven genes:
PPDPF, CALR, STAT3, NDRG1, SLC2A2, UHRF2, and COMT (Fig.
1E). Among these genes, CALR and STAT3 have been reported as
important modulators of kidney fibrosis development (23, 24). De-
spite having the highest priority score in eGFR GWAS locus, there
has been no previous experimental research specifically addressing
PPDPF in CKD. We then prioritized the eGFRcrea GWAS locus on
chromosome 20, where omic datasets and statistical models identi-
fied causal variants underlying kidney function and target gene
PPDPF (fig. S1H). Other GWAS have also consistently associated
the region on chromosome 20 tagged by rs72629024 with kidney
function (eGFR) (5, 20). The effect allele G of rs72629024 is associ-
ated with lower GFR in the GWAS. The top prioritized variant
rs72629024 showed significant association with kidney function
(eGFRcrea GWAS, z score = —9.661, P = 4.43 x 10~*%) and PPDPF
expression [eQTL (25), p = —0.416, P = 4.365 x 10~ "% eQTL(cf)
(22), p = —0.652, P = 2.011 x 107> (fig. S1I); eQTL(meta) (7),
B = —0.5834, P = 5.39 X 10™°*]. Overall, these results suggest that
172629024 has kidney-specific eQTL effects, prioritized PPDPF as a
gene associated with kidney disease.

The expression of Ppdpf was confirmed at both transcriptomic
and protein levels in mouse models induced by cisplatin, FA, and
ischemia reperfusion injury (IRI). All these models showed elevated
Ppdpf expression levels (Fig. 1, F and G). A higher signal of PPDPF
was observed in tubules with relative low levels of KIM1 (Fig. 1H
and fig. S1J), a marker for renal tubule injury. Consistently, the ex-
pression levels of PPDPF increased in human kidney samples of
acute kidney injury (AKI) from publicly available scRNA-seq and
bulk seq datasets (Fig. 1I) (26, 27). Regardless of this increase during
AKI or the early stage of fibrosis, dynamic changes of Ppdpf were
also observed during the progression of CKD, as characterized by an
increase on day 1 followed by a subsequent decrease on day 28 in FA
models (fig. SIK). In addition, another scRNA-seq conducted on
long-term kidney injury samples confirmed that reduced expression
of Ppdpf in the late stage of kidney injury (fig. S2, A to E). In line
with the UUO model, Ppdpf was enriched in PT but exhibited a
marked decrease following a 7-day treatment (fig. S2, F and G). The
collective findings suggest that Ppdpfis a susceptibility gene for kid-
ney diseases and exhibits up-regulated expression levels during the
initial stages, indicating its role as a renal protective factor.

Ppdpf is mainly expressed in the healthy subcluster of PT

We further examined Ppdpf expression in PT subclusters and found
a consistent increase followed by a decrease pattern, as shown in
both our and published scRNA-seq datasets (Fig. 2, A and B) (26).
Moreover, isolated LTL-positive PT cells from UUO 1d mouse kid-
neys confirmed up-regulation of Ppdpf at transcript and protein lev-
els (Fig. 2, C and D).

To better understand the role of Ppdpfin PT cells, we subclustered
healthy and diseased samples from UUO kidneys. We identified eight
subtypes of PT using publicly available markers (10, 26, 28). These sub-
types included proximal convoluted tubule (S1) expressing Slc5a12,
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Fig. 1. The kidney disease risk gene, PPDPF, was up-regulated in the early stages of both human and mouse kidney diseases. (A) Schematic representation of bulk
RNA-seq and scRNA-seq on kidney samples of 1d and 5d UUO. (B) DEGs that were significant in UUO 1d but not significant in UUO 5d of bulk RNA-seq. (C) The UMAP of
18 distinct cell types identified by unsupervised clustering. Endo, endothelial cell; podo, podocyte; LOH, loop of Henle; DTL, descending thin limb of Henle's loop; DCT, distal
convoluted tubule; PC, principal cell; IC, intercalated cell; urothelial, urothelial cell; macro, macrophage; B, B lymphocyte; NK, natural killer cell; T, T cell; neutro, neutrophile; DC,
dendritic cell; stroma, stroma cell; Immune1, immune cell type 1; Immune2, immune cell type 2. (D) Cell type-specific expression of top DEGs identified from (B). (E) Venn dia-
gram exhibits the overlaps among indicated sets (up arrow: up-regulated DEGs). (F) The relative mRNA expression of Ppdpf in the cisplatin (Cis)-, FA-, and UUO-administered
kidney samples. (G) Western blots of PPDPF in Cis-, FA-, UUO-, and IRI-administered kidney samples. Eight-week-old male mice were used. NC, negative control. (H) Represen-
tative images of double staining of PPDPF and KIM1 in the UUO-administered kidneys. Scale bar, 20 pm. (I) The relative mRNA expression of PPDPF in human AKI kidneys.
P value was calculated by two-tailed t test. P < 0.05 is statistically significant. Data are represented as mean =+ SEM. (A to D) n = 3, control; n = 3, UUO 1d mice; n = 2, UUO 5d
mice. (F) For Cis: n = 6, control; n = 5, Cis-treated mice. For FA: n = 6, control; n = 5, FA-treated mice. For UUO: n = 6, control; n = 6, UUO-treated mice. (G) Three control mice
and three diseased mice were included for each model. FC, fold change; GAPDH, glyceraldehyde phosphate dehydrogenase; DAPI, 4 ,6-diamidino-2-phenylindole.
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Fig. 2. Ppdpfis mainly expressed in the healthy PT subclusters. (A) Expression of Ppdpfin the PT of control, UUO 1d, and UUO 5d mouse kidneys by scRNA-seq.
(B) Bubble plot of Ppdpf expression in PT clusters of UUO by scRNA-seq (GSE190887). (C) Expression of Ppdpfin isolated LTL* cells from control and UUO 1d. (D) Top: West-
ern blots of PPDPF in isolated LTL™ cells from control and UUO 1d. Bottom: Western blots quantification. (E) UMAP of all PT cells in subclustering analysis. (F) UMAP of cell
densities of PT cells between different treatment groups. (G) Bubble plot of Ppdpf expression in each subcluster of (E). (H) Feature plots of E2f2 (proliferating PT) and Tfdp1
(proliferating PT). (I) Representative FISH images. Scale bars, 20 pm. (J) Expression of PPDPF in the scRNA-seq of human kidneys (GSE202109). Left: UMAP of human kidney
with cell type annotations. PEC, pericyte; CD, collecting duct. Middle: Bubble plots of injured cell cluster marker genes. Right: Expression of PPDPF in PT subcluster.
(K) Expression of PPDPF in the scRNA-seq of human kidneys (GSE183276). Left: Bubble plots of injured cell cluster marker genes; right: PPDPF expression in PT subcluster.
P value was calculated by two-tailed t test. P < 0.05 is statistically significant. Data are represented as mean + SEM. (A) n = 3, control; n = 3, UUO 1d mice; n = 2, UUO 5d
mice. (C) n = 3, control; n = 3, UUO 1d mice. (D) n = 3, control; n = 3, UUO 1d mice.
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proximal straight tubule (S2/S3) expressing Slc7al3, injured PT sub-
cluster expressing Havcrl, Ptgds, and Hsp90aal, proliferating PT ex-
pressing Top2a, and transient mixed PT expressing Wfdc15b (Fig. 2E
and fig. S3A). In addition, we found a proinflammatory subcluster pre-
viously reported as maladaptive PT that expresses various chemokines
(Fxyd5, Cxcl2, and CcI3) (Fig. 2E and fig. S3A) (28). The clustering
analysis revealed limited correlation between injured and healthy PT
cells (fig. S3B). The changes in cell density were analyzed to address the
issue of artificially clustering cells. Control samples showed the highest
cell density in healthy PT clusters, while UUO samples exhibited in-
creased density in injured clusters on day 1 after surgery (Fig. 2F). Both
injured and maladaptive PT displayed strong enrichment in proinflam-
matory pathways like JAK-Stat, tumor necrosis factor, and nuclear fac-
tor kB but showed weak signals in anti-inflammatory pathways such as
vascular endothelial growth factor and Wingless/Integrated (WNT)
signaling (fig. S3C). Ppdpf exhibited high expression levels within
healthy clusters (proliferating PT, healthy S2/S3, and healthy PT)
(Fig. 2G), consistent with a study by Humphreys’ group (fig. S3D) (26).
Moreover, fluorescent in situ hybridization (FISH) results demonstrated
the colocalization of Ppdpf with two transcription factors E2f2 and
Tfdp1 specifically expressed within the proliferating subgroup based on
scRNA-seq analysis (Fig. 2, H and I). To further investigate the origin of
increased Ppdpf expression, we isolated healthy and injured PT cells
from sham and UUO kidneys using LTL microbeads and KIM1 anti-
body with anti-rabbit microbeads (fig. S3E). Our findings revealed that
Ppdpf expression in the KIM1-negative PT cells of UUO kidneys was
higher compared to sham kidneys (fig. S3F), indicating that the up-
regulation of Ppdpf during early-stage kidney injury mainly originated
from healthy PT cells rather than injured ones, regardless of their abun-
dance. These results provide strong evidence for both localization and
up-regulation of Ppdpf within healthy PT cells.

To further validate our findings on PPDPF expression in clinical
samples, we reanalyzed three different scRNA-seq datasets of human
kidneys. The first dataset consisted of preimplantation kidney sam-
ples from 19 donors (29), revealing 11 distinct subpopulations with
higher PPDPF expression observed in the healthy PT subcluster com-
pared to the injured one (Fig. 2] and fig. S3G). Similar results were
found in the second dataset collected from cryopreserved human dia-
betic kidney samples (fig. S3H) (30). The third study using single-cell
and single-nucleus multiomic techniques profiled more than 400,000
cells, and nuclei from human kidneys (31) also confirmed that
PPDPF exhibited high expression in a degenerative PT (dPT) subcluster
with minimal expression of injured and immune markers KCNIP,
CXCL2, FXYD5, and HAVCRI (Fig. 2K). Thus, these scRNA-seq anal-
yses of human kidney confirmed that PPDPF was predominantly ex-
pressed in “healthy” PT cells as observed in animal models (Fig. 2G).

Disruption of Ppdpf impairs mitochondrial homeostasis

To assess the activated molecular pathways in UUO 1d kidneys, we
initially examined whether stress responses were enhanced in PT
cells. While the tissue damage-induced 98 stress responsive genes (32)
showed a significant increase in UUO 1d, there was no enrichment of
the stress score in the PT segment (Fig. 3, A and B). Conversely, DEGs
of PT on UUO 1d exhibited enrichment for metabolic pathways in-
stead (Fig. 3C).

To investigate the potential role of PPDPF in metabolism, we
performed knockdown using small interfering RNA (siRNA) in hu-
man embryonic kidney (HEK) 293T cells and KO using CRISPR-
Cas9 techniques in human PT HK2 cells, respectively. The efficiency
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was confirmed by quantitative polymerase chain reaction (qQPCR)
and Western blot in HEK293T cells (fig. S4, A and B) and human PT
HK?2 cells (fig. S4, C and D). Deficiency of PPDPF led to a significant
increase in LDH release in both cell types (fig. S4, E and F). Further-
more, transfection with siPPDPF or sgPPDPF disrupted mitochon-
drial membrane potential and reactive oxygen species levels, as
assessed by JC1 and mitoSOX dyes (fig. S4, G to ]).

To investigate the role of Ppdpfin kidney tissues, we used CRISPR-
Cas9 technique to generate Ppdpf KO mice (fig. S5A) (33). The Ppdpf
KO mice were born at the expected Mendelian ratio and appeared
phenotypically normal. The successful generation of the Ppdpf KO
mice was confirmed by analyzing transcript and protein expressions
in kidney tissues (fig. S5, B and C). The specificity of the PPDPF an-
tibody was also confirmed through staining, which revealed a robust
punctate pattern of PPDPF expression in wild-type (WT) kidneys. In
contrast, this pattern was not observed in KO kidneys or negative
control kidneys that were only treated with a secondary antibody
(fig. S5D). Moreover, most blood biochemical parameters, including
creatinine, blood urea nitrogen (BUN), electrolytes, and kidney seg-
ment markers in KO mice, showed similar levels to those of W'T, ex-
cept for a significant increase in Lcn2 observed in KO kidneys (fig.
S6, A and B), indicating potential kidney injuries of the KO mice.

Electron microscopy (EM) analysis showed that mitochondria in
Ppdpf KO kidneys exhibited enlarged and rounded shapes, weakened
matrix, shortened cristae, widened intercristal space, and vacuoles of
varying sizes compared to WT (Fig. 3, D and E), indicating progres-
sive structural defects. Consistently, Ppdpf KO led to decreased
mitochondrial DNA (mtDNA) copy number and complex I activity in
kidney tissues (Fig. 3, F and G). In addition, KO of Ppdpf also result-
ed in reduced expression of mitochondrial complex I in the electron
transport chain, as indicated by NDUFB9 and NDUEFS3 antibodies
specific for complex I, along with an oxidative phosphorylation
(OXPHOS) antibody cocktail (Fig. 3H and fig. S6C). Moreover, primary
cells with Ppdpf deficiency exhibited increased fluorescence of JC1
and mitoSOX (Fig. 3I), while MitoTracker staining showed punctate
and fragmented mitochondria in Ppdpf KO cells compared to the
normal filamentous morphology observed in WT cells (Fig. 3]). In
addition, Ppdpf deficiency impaired mitochondrial function in pri-
mary cells, as evidenced by reduced oxygen consumption rate (Fig.
3K). We also examined mitochondrial impairments in nonrenal or-
gans due to the widespread expression of Ppdpf (The Human Protein
Atlas). EM analysis revealed that KO mice exhibited reduced mito-
chondrial cristae in tissues with high levels of Ppdpf expression, such
as the brain and intestine. However, in the heart where Ppdpf had
moderate expression levels, KO mice showed similar mitochondrial
cristae to WT mice but displayed weakened mitochondrial matrix
(fig. S7A). No abnormalities were observed in DRP1 expression
within these KO tissues for the lung, liver, and spleen which have low
Ppdpf expression (fig. S7B). Overall, our findings suggest that PPDPF
maintains mitochondrial homeostasis.

Ppdpf regulates cellular NAD* production

To investigate how Ppdpf maintains mitochondrial homeostasis, we
performed bulk RNA-seq on WT and Ppdpf KO kidneys. Among
the top 20 DEGs of Ppdpf KO versus W, several cellular respiration
genes (Cox8b, Ucpl, and Nnt) showed a significant decrease in
Ppdpf KO kidneys compared to WTs (Fig. 4A). Gene set enrichment
analysis (GSEA) confirmed a marked down-regulation of genes as-
sociated with mitochondrial respiratory chain complex I assembly
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in Ppdpf KO kidneys (Fig. 4B), consistent with previous findings on
expression and activity of complex I (Fig. 3, G and H). Notably,
PPDPF expression in human kidneys positively correlated with
NDUFB6 (fig. S8A) (34), a gene responsible for transferring electrons
from NADH to the respiratory chain within mammalian complex
L. Furthermore, Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis showed a strong correlation with nicotinate and nicotin-
amide metabolism (Fig. 4C), suggesting potential involvement of
Ppdpfin NAD* biosynthesis.

To test this hypothesis, we measured NAD* levels in total and mi-
tochondrial lysates from HEK293T, HK2, and primary cells. We con-
sistently observed a decrease in NAD" levels across all tested cell types
after knocking out Ppdpf (Fig. 4D and fig. S8, B and C). To avoid po-
tential tissue contaminations during isolation, we used two genetically
encoded fluorescent biosensors, FiNad (35) and SoNar (36), to visual-
ize NAD™ levels within living cells. Both FiNad and SoNar probes de-
tected a decline in free NAD" levels in Ppdpf KO cells compared to
WTs (Fig. 4E). Notably, targeted metabolomic studies using high-
performance liquid chromatography-tandem mass spectrometry
(MS/MS) revealed that only NAD™ and oxaloacetate exhibited a sig-
nificant decrease among the 21 tested metabolites in total lysates of
PpdpfKO kidneys (Fig. 4, F to H, and fig. S8D). In addition, our liquid
chromatography-MS/MS (LC-MS/MS)-based analysis of the NAD™
metabolic pathways revealed a decrease of downstream metabolites
nicotinamide, 1-methylnicotinamide. and nicotinamide N-oxide in
the Ppdpf KO kidneys, while upstream metabolites tryptophan and
quinolinic acid displayed comparable levels to WTs (Fig. 4I). Collec-
tively, these data suggest that Ppdpf plays a pivotal role in cellular
biosynthesis of NAD?.

PPDPF deficiency inhibits the functions of NMNATs

To gain further insights into how Ppdpf modulates cellular NAD™
levels, we analyzed its subcellular localization using immunofluo-
rescent staining. The results showed that PPDPF colocalized with
mitochondrial markers ATP5A1, HSP60, and TOMM?20 (Fig. 5A).
In addition, PPDPF was also found in the nuclear fraction as well as
cytoplasmic fractions without nucleus according to Western blots of
different cellular fractions (Fig. 5B). Furthermore, the subcellular
localization predictor (CELLO) predictive system (37, 38) consis-
tently predicted the subcellular localization of PPDPF in the nucle-
us, mitochondria, and cytoplasmic compartments (table S1). These
findings suggest that the functional role of PPDPF extends beyond
mitochondria and may have a crucial impact on maintaining cellu-
lar NAD* homeostasis.

Consistent with this notion, we observed a similar expression
pattern between PPDPF and NMNATSs. Both proteins showed punc-
ta in the nucleus and filaments in the cytoplasm and mitochondria
(fig. S9A), aligning with previous findings that NMNAT]1 is pre-
dominantly enriched in the nucleus, NMNAT2 mainly localizes to
the cytosol, and NMNAT3 is widely expressed in mitochondria (39).
Given that NMNATs convert NMN into NAD™ enzymatically (Fig.
5C), we hypothesized that PPDPF might regulate cellular NAD™"
levels through NMNATS. To test this hypothesis, HK2 cells and pri-
mary cells were treated with NMN for 4 hours. The data indicated
an increase in cellular NAD™ levels in control cells, but no signifi-
cant changes were observed in single guide RNA (sgRNA)-treated
HK?2 cells and Ppdpf KO cells (Fig. 5, D and E). In addition, live-cell
imaging using the SoNar probe revealed a continuous reduction of
NAD" levels in Ppdpf KO cells after a 4- and 12-hour administration
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of NMN (Fig. 5, F and G). These findings suggest that Ppdpf defi-
ciency disrupts the synthesis of NAD" from NMN.

To investigate the modulation of NMNATS expression by Ppdpf, we
examined RNA and protein levels of NMNATs. However, no significant
changes in NMNATS were observed between control and Ppdpf KO tis-
sues, PPDPF knockdown, or PPDPF overexpressing cells (fig. S9, B and
C). In contrast, primary cells from Ppdpf KO mice showed a decrease in
enzymatic activity of NMNATS (Fig. 5H). Thus, we propose that PPDPF
physically interacts with NMNATS to regulate their enzymatic activities
during NAD" synthesis. To test this hypothesis, we overexpressed
FLAG-PPDPF and hemagglutinin (HA)-NMNATs in HEK293T cells
and performed coimmunoprecipitation (co-IP), which revealed a physi-
cal interaction between PPDPF and NMNAT: (fig. S9, D and E). Im-
munofluorescent staining further showed the nuclear colocalization of
PPDPF with NMNAT1, cytoplasmic colocalization with NMNAT?2, and
mitochondrial colocalization with NMNAT?3 in HK2 cells (Fig. 5I).
Co-IP using anti-NMNATSs antibodies and PPDPF antibody con-
firmed the direct interaction between endogenous PPDPF and all
three NMNAT subunits, NMNAT1, NMNAT?2, and NMNATS3 (fig.
S9F). As a complementary approach to demonstrate the physical inter-
action between these two proteins, we used an imaging-based proximity
ligation assay (PLA) to investigate the spatial proximity of PPDPF and
NMNAT:. Notably, PLA fluorescent puncta were observed at the inter-
face of PPDPF and NMNATs (Fig. 5, ] and K). These collective findings
demonstrated that PPDPF physically binds and influences the activities
of NMNATS, thereby facilitating the conversion of NMN into NAD*.

PPDPF modulates the activities of NMNATSs through its
thiol-disulfide oxidoreductase motif

Previous studies have shown that PPDPF is responsible for NAD*
synthesis through NMNATSs, but the regulatory mechanisms remain
unclear. AlphaFold modeling (40) indicated few secondary struc-
tures in PPDPF (fig. S10A), indicating an improbable direct binding
between NAD* and PPDPF due to the requirement of a higher sec-
ondary fold for NAD™ binding (41). Nevertheless, structural predic-
tion with Phyre2 (42) suggested a high confidence for oxidoreductase
activity in PPDPF (fig. S10B). Mitochondrial proteomics of WT and
Ppdpf KO kidneys further showed an abundance of proteins associ-
ated with oxidoreductase activity (fig. S10, C and D). Further analy-
sis on the amino acid sequences revealed two cysteines at positions
30 and 35 (Cys30 and Cys35), separated by four other residues. This
suggests that PPDPF may function as a disulfide oxidoreductase, as
it contains an active disulfide center (CxxxxC) commonly found in
pyridine nucleotide disulfide oxidoreductases (Fig. 6A) (43).

To determine whether the disulfide bonds in PPDPF were func-
tional or structural, a redox potential assay was performed using 3-
(N-maleimidopropionyl)-biocytin (MPB) labeling (44). The results
showed that band intensity increased with a more reducing redox
environment (Fig. 6B), indicating a gradual reduction of disulfide
bonds and an increase in available free cysteine thiols for MPB label-
ing. The redox characteristics of PPDPF were further confirmed by
constructing two single mutants (C30S and C35S), where the N-
terminal active cysteine residue was replaced with serine. All mu-
tants were expressed in Escherichia coli and purified, and their
activities were compared to those of WT PPDPF protein in disulfide
reductase assays. In the insulin reductase assay, the candidate protein
cleaves the bridging disulfide bonds of insulin, causing p chain ag-
gregation (45). As expected, the WT PPDPF exhibited higher activity
compared to the C30S and C35S mutants (Fig. 6C). In addition, we
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conducted a di-eosin oxidized glutathione assay (di-eosin-GSSG),
commonly used to measure thiol isomerase activity (44). Consistent-
ly, WT PPDPF showed higher activity than C30S and C35S mutants
in this assay as well (Fig. 6D), indicating that these active sites of
PPDPF are responsible for its reductase activity. Furthermore, we
performed a denatured ribonuclease (RNase) isomerase assay to de-
termine whether the candidate protein catalyzes intramolecular di-
sulfide interchange in scrambled RNase, leading to restoration of
native disulfide pairing and recovery of RNase activity (44). The re-
sults demonstrated that WT PPDPF efficiently refolded scrambled
RNase, while mutants appeared less efficient (Fig. 6E), suggesting
that at least one active site is required for its isomerase activity. We
conducted an assay using thiol reactive probes to investigate whether
NMNATS are substrates of PPDPE. Reduction of disulfide bonds by
PPDPF introduces free thiols into NMNATs protein which can be
detected by incorporating MPB as a free thiol probe and then detect-
ing it using streptavidin-horseradish peroxidase (HRP) probe (Fig.
6F) (46). These results demonstrated that three isoforms of NMNAT
could efficiently be labeled with MPB in the presence of PPDPF, con-
firming them as substrates for PPDPF (Fig. 6F).

Next, we investigated whether the reductase activity of PPDPF is
responsible for NAD™ synthesis in eukaryotic cells. We constructed
FLAG-tagged eukaryotic expression vectors of PPDPF with or with-
out C30S and C35S mutations (Fig. 6G). The expression level of
PPDPF was unaffected by these mutations (Fig. 6H). Subsequently, we
transfected W'T, C30S, and C35S mutants of the PPDPF vectors into
HEK293T cells where PPDPF had been knocked down by siRNA
and then analyzed cellular NAD* and NMNAT activity. As expect-
ed, knockdown of PPDPF resulted in decreased NMNAT activity
and NAD™ levels, which was rescued only by the WT PPDPF but
not mutants (Fig. 5I), indicating that the active central disulfides of
PPDPF contribute to NAD™ biosynthesis.

Ppdpf deficiency exacerbates renal injuries in aged mice
Considering the importance of NAD" and mitochondria in kidney
pathophysiology (47, 48), we investigated the role of PPDPF in aged
mice. To address this, we used 12-month-old WT and Ppdpf KO lit-
termates (Fig. 7A), as previous studies have shown that liver-specific
KO of Ppdpfleads to spontaneous fatty liver in mice at 8 months
old (49). Our findings revealed elevated levels of serum creatinine,
BUN, and cystatin C in Ppdpf KO mice compared to WTs at 12 months
old (Fig. 7, B to D). However, urine albumin and electrolyte levels
were similar between WT and KO mice (Fig. 7E and fig. S11A).
Histological analysis using hematoxylin and eosin (H&E) and
Masson staining showed severe tubular dilation and immune cell
infiltration in the kidneys of Ppdpf KO mice at 12 months old, while
those from WT mice appeared healthier (Fig. 7, F and G). In addi-
tion, transcript levels of Collal, Col3al, and Vimentin, as well as the
protein levels of vimentin, KIM1, and alpha smooth muscle actin
(aSMA), were significantly increased in Ppdpf KO mice compared
to their WT littermates at 12 months old (Fig. 7, H to J). Consis-
tently, cellular NAD™ levels were lower in aged Ppdpf KO mice than
those observed in WTs (Fig. 7K). These findings suggest that Ppdpf
deficiency accelerated spontaneous kidney injuries.

Ppdpf deficiency exacerbates renal injury in mouse models
of cisplatin- and UUO-induced CKD

Then, we examined the susceptibility of Ppdpf KO mice to chemical-
and obstruction-induced CKD. Eight-week-old male mice were
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given alow dose of cisplatin via intraperitoneal injection and euthanized
4 weeks later (Fig. 8A), mimicking the nephrotoxicity observed in
patients with cancer treated with cisplatin chemotherapy (50-52).
Cisplatin-injected Ppdpf KO mice showed higher serum creatinine
levels compared to the control group (Fig. 8B), while the urine albu-
min and electrolyte levels in KO mice after cisplatin treatment were
similar to those in WTs (Fig. 8C and fig. S11B). After 1 month of
cisplatin injection, Ppdpf KO mice displayed more severe histological
changes such as loss of PT brush border, tubular dilation, cast forma-
tion, and increased collagen accumulation compared to WT mice
(Fig. 8, D and E). Consistently, qPCR and Western blot analysis
revealed elevated expression levels of fibrosis markers including
Col3al, vimentin, fibronectin, and aSMA in cisplatin-treated Ppdpf
KO mice (Fig. 8, F and G). Moreover, increased expression levels of
DRP1 confirmed mitochondrial damage in Ppdpf deficient kidneys
following cisplatin treatment (Fig. 8G). In line with these findings,
we observed a notable reduction in NAD™ levels within cisplatin-
treated Ppdpf KO kidneys compared to WTs (Fig. 8H).

To further validate the impact of Ppdpf deficiency on healthy PT
clusters, we performed scRNA-seq on WT and Ppdpf KO mice with
UUO surgery (fig. S12A). The scRNA-seq of WT, Ppdpf KO, WT-
UUO, and Ppdpf KO-UUO kidneys revealed a significant decrease
in the proportion of the healthy PT subgroup in Ppdpf KO com-
pared to WT (12.85% versus 53.83%) (fig. S12, B to G), further con-
firming the essential roles of Ppdpf in preserving PT cells against
injury. These data suggest that Ppdpf KO exacerbated renal injuries
in cisplatin- and UUO-induced CKD by damaging mitochondria
and reducing healthy PT subclusters.

NAD" but not NMN ameliorated renal injury in the

diseased mice

To investigate the modulation of NAD™ conversion by Ppdpf during
disease progression, 8-week-old male WT and Ppdpf KO mice were
treated with NAD* or NMN. They were then intraperitoneally
administered FA to induce kidney fibrosis (Fig. 9A). As expected,
NAD™" supplement effectively restored serum creatinine levels in
FA-treated Ppdpf KO mice, while NMN supplement did not exhibit
the same effect (Fig. 9B). Consistently, H&E, Masson, or Sirus red
staining also showed that NAD™, but not NMN, effectively reduced
tubule dilation and collagen deposition in the Ppdpf KO kidneys
(Fig. 9, C and D, and fig. S13). In addition, qPCR and Western blot
analysis revealed a reduction in fibrotic markers like Fibronectin and
Col3al in NAD™ pretreated Ppdpf KO mice (Fig. 9, E and F). How-
ever, administration of NMN did not effectively alleviate renal in-
jury induced by FA in Ppdpf KO mice (Fig. 9F).

To investigate the interventional effect of NAD" in Ppdpf KO
mice, which has notable clinical implications, we administered
NAD™ 1 day after FA administration (fig. S14A), based on our data
indicating an up-regulation of PPDPF 1 day following injury. Sup-
plementation with NAD™ after FA effectively restored serum BUN
levels in FA-treated Ppdpf KO mice as well (fig. S14B). Histological
analysis using H&E and Sirus red staining demonstrated that NAD*
supplementation reduced tubule dilation and collagen deposition in
Ppdpf KO kidneys (fig. S14, C and D). In addition, qPCR analysis
revealed a decrease in fibrotic markers such as Fibronectin and
Col3al in NAD*-treated Ppdpf KO mice (fig. S14E), and immuno-
histochemistry analyses showed that supplementation with NAD*
after FA reduced the expression of COL3A1 and ACTA2 in Ppdpf
KO kidneys (fig. S14F). These findings suggest that early-stage
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Fig. 7. Ppdpf deficiency exacerbates renal injury in aged mice. (A) Scheme of the experimental process. Kidneys, serum, and urine were harvested at the age of
12 months. (B) Serum creatinine levels in WT and Ppdpf KO mice at 12 months old. (C) Serum BUN levels in WT and Ppdpf KO mice at 12 months old. (D) Serum cystatin C
levels in WT and Ppdpf KO mice at 12 months old. (E) Urine albumin levels in WT and Ppdpf KO mice at 12 months old. (F) Representative images of H&E- and Masson-
stained kidney sections from WT and Ppdpf KO mice at 12 months old. Scale bar, 20 pm. (G) Quantification of tubular injury score and Masson staining area from (F).
(H) Relative mRNA levels of fibrosis markers Col3a1, Col1al, and Vimentin in kidneys of WT and Ppdpf KO mice at 12 months old. (I) Western blots and quantifications of
vimentin, ACTA2, and KIM1 in kidneys of WT and Ppdpf KO mice at 12 months old. (J) Representative images of vimentin and KIM1 staining in kidney sections from WT and
Ppdpf KO mice at 12 months old. Scale bars, 20 um. (K) NAD" content of whole kidney lysates of WT and Ppdpf KO mice at 12 months old. P value was calculated by two-
tailed t test. P < 0.05 is statistically significant. Data are represented as mean + SEM. (Band C) n=4,WT; n=9,KO. (D) n=3,WT;n=5,KO. (E) n =8, WT; n=8,KO. (F) n =6,
WT; n=11,KO. (H)n=7,WT; n=13,KO. (H) n =3, WT; n = 3, KO. (K) n = 4, WT; n = 4, KO.
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Fig.9. NAD* but not NMN alleviates the renal injuries in Ppdpf KO mice with FA treatment. (A) Scheme of the experimental approach. Eight-week-old male mice were
intraperitoneally injected with NAD™ (3 mg/g) or NMN (500 mg/kg). FA (250 mg/kg) was injected 3 days later, and mice were then euthanized after 7 days. (B) Serum cre-
atinine levels of WT and Ppdpf KO mice with or without FA, NAD" or NMN treatment. (C) Representative images of H&E- and Sirus red-stained kidney sections from WT
and Ppdpf KO mice following FA and NAD injection. Scale bar, 20 pm. (D) Quantifications of tubular injury score and Sirus red staining area in the kidneys of WT and Ppdpf
KO mice with or without FA, NMN, or NAD™ administration. (E) Western blots of vimentin in kidneys of WT and Ppdpf KO mice with or without FA and NAD* treatment.
(F) The relative expression of fibrosis markers Fibronectin and Col3a1 in kidneys of WT and Ppdpf KO mice with or without FA, NMN, or NAD* administration. P value was
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KO + NMN + FA; n =5, WT + NAD + FA; n = 3, KO + NAD + FA. (D) n = 10 for each group. (E) n = 2 for each group. (F) n =4, WT; n = 4, KO; n =3, WT + FA; n = 3, KO + FA;
n=6,WT + NMN + FA; n =6, KO + NMN + FA; n =5, WT + NAD + FA; n = 3, KO + NAD + FA.
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administration of NAD" can also alleviate renal injuries. Overall,
our results highlight the crucial protective role of Ppdpfin modulat-
ing cellular NAD™ levels to mitigate renal injuries.

Ppdpf overexpression protected kidney from FA-induced
renal injuries

In addition to loss of function, we performed a rescue approach by
injecting adeno-associated virus serotype 9 encoding Ppdpf (AAV9-
PPDPF) and AAV9-Ctrl into the renal cortex of 8-week-old male mice
as previously described (53, 54). Subsequently, FA was injected to induce
kidney injuries in mice (Fig. 10A). After a 4-week injection of AAV9-
PPDPE transcript levels of Ppdpf were significantly increased in the kid-
neys, along with an increase in protein expression levels tagged by the
FLAG and PPDPF antibodies (Fig. 10, B and C). In addition, immuno-
fluorescent staining revealed enhanced PPDPF signals in the LTL-
positive tubule of AAV9-PPDPF kidneys compared to AAV9-Ctrl (fig.
S15). The up-regulation of PPDPF in PTs was further investigated by
isolating LTL-positive cells and subjecting them to the analysis of
PPDPF protein levels, which showed a remarkable increase (Fig. 10D).
Moreover, overexpression of Ppdpfimproved tubular dilation and colla-
gen deposition caused by FA (Fig. 10, E and F). qPCR and immunohis-
tochemistry analyses showed that Ppdpf overexpression reduced the
expression of fibrosis and renal injury markers in kidneys (Fig. 10, G and
H). Furthermore, NAD™ levels and NMNAT activity consistently in-
creased in kidneys with Ppdpf overexpression (Fig. 10, I and J), indicat-
ing that PPDPF contributes to NMNAT activity and NAD* synthesis
in vivo. These findings suggest that Ppdpf overexpression exhibits
a protective effect against renal injuries through synthesis of NAD™.

DISCUSSION

Here, we found that metabolic dysfunction in PT cells is a key fea-
ture of early-stage kidney injuries. The eGFR GWAS target gene
PPDPF is up-regulated in healthy PT subclusters in humans and
animals as a compensatory response. Ppdpf deficiency results in mi-
tochondrial damage and reduces NAD™ levels in HEK293T, HK2,
and primary cells. Mechanistically, PPDPF regulates NMNAT activ-
ity through its oxidoreductase domain. Consistently, genetic abla-
tion of Ppdpfleads to spontaneous kidney injuries in aged mice and
exhibits more severe kidney fibrosis in chemical- and obstruction-
induced mouse CKD models, which can be attenuated by overex-
pressing PPDPF or supplementing NAD™ but not NMN.

First, comprehensive transcriptomic analyses of kidney tissues have
been conducted to define the molecular hallmarks of CKD in both hu-
man samples and mouse models (55-57), revealing a correlation be-
tween numerous transcripts and kidney fibrosis. However, most studies
primarily focus on genetic functions during the irreversible late stages of
CKD. Kidney epithelial cells rapidly sense even minor changes in fluid
due to their role in reabsorbing 99% of water and ions/nutrients (58).
For instance, the expression of mechanosensitive Piezol increases with-
in 30 min after UUO surgery (59). Our study aligns with previous
findings that among all cell types in kidneys, PT cells exhibit notable
responses at the early stages of UUO. Therefore, emphasizing the early
stages of kidney fibrosis could help identify pivotal molecules or path-
ways driving CKD progression.

Second, renal tubular epithelial cells contain abundant mitochon-
dria, which is second only to that in cardiomyocytes. Mitochondria con-
tinuously produce adenosine triphosphate (ATP) to maintain the
reabsorption function of renal tubules. NAD" serves as a mitochondrial

Fangetal., Sci. Adv. 11, eadr8648 (2025) 19 March 2025

“fuel” for the respiratory chain and regulates cellular energy transduc-
tion through ATP production (60). Dysregulation of NAD™ homeosta-
sis has been observed in both human and animal models of kidney
injuries (48, 61-63). On one hand, administration of NAD* precursors,
such as nicotinamide, nicotinamide riboside, and NMN, protects against
kidney injury in rodents (62, 64). However, few studies have shown pro-
tective effects from the 25 clinical trials on nicotinamide riboside sup-
plements (65). On the other hand, NMN supplementation has shown
promising potential for boosting NAD™ levels in rodents (66-68). How-
ever, further mechanism study is needed to understand the conversion
of NMN into NAD" before expanding its applications in CKD and
other diseases due to limited clinical trials on NMN (69). In addition,
differences in NAD" synthesis and metabolism between mice and
humans may be attributed to distinct genetic backgrounds or bio-
availability of NAD* precursors across species which require further
investigation. PPDPF was reported to be located within mitochondria
via the mitochondrial high-confidence proteome assay (70), suggesting
that its primary function is closely related to metabolism. Accordingly,
our study identified PPDPF as an oxidoreductase that regulates NMNAT
activity and NAD" synthesis, maintaining mitochondrial homeostasis
in response to kidney injuries. Our study revealed that PPDPF showed a
compensatory increase in the early stages of CKD while gradually de-
creased as the disease progressed, and only NAD* but not NMN exhib-
ited protective effects on mice with CKD. These findings further
highlighted the importance of PPDPF in the biosynthesis of NAD* in
vivo and could be a potential therapeutic intervention for patients with
kidney diseases. Because of its high metabolic activity, the kidney has
been emerged as an intriguing system for studying NAD* biology. Con-
sidering the ubiquitous widespread presence of NAD* metabolism in
cellular homeostasis, insights gained from kidney may provide perspec-
tives applicable to other organs.

Last, the high failure rates and substantial costs associated with de-
veloping new drugs in clinical trials can largely be attributed to unfore-
seen adverse side effects (71). Recent studies indicate that tissue-specific
genetic features can predict drug side effects in clinical trials (72). Spe-
cifically, human genetic data can be used to predict drug safety profiles
by targeting genes supported by genome-wide association loci for relat-
ed phenotypes, as drugs causing side effects are more likely to do so (73).
For instance, the adenosine triphosphatase Na*/K* transporting sub-
unit alpha 1 (ATP1A1I) gene, a target for heart failure, shows an eQTL
signal in both colonic and esophageal tissues. Clinical trial results have
demonstrated that drugs targeting ATP1A1, such as digoxin, induce gas-
trointestinal adverse effects such as nausea, vomiting, and diarrhea
(74, 75). In our study, we have shown that PPDPF is a risk gene for CKD
based on GWAS data. In addition, we have elucidated its role in main-
taining PT integrity in kidneys. However, previous studies have reported
that PPDPF inhibits cancer development such as pancreatic ductal ade-
nocarcinomas (76) and lung adenocarcinoma development (17). The
differential effects of PPDPF between cancerous and nontumor tissues
suggest potential nephrotoxicity when targeting PPDPF for cancer treat-
ment. Our findings not only contribute to further analysis of NMN’s
clinical efficacy but also emphasize considering nephrotoxic side effects
when developing and using anticancer drugs targeting PPDPE

MATERIALS AND METHODS

Bulk RNA-seq

Total RNA was extracted using TRIzol reagent (Thermo Fisher Scientific,
#15596018) following the manufacturer’s procedure. Subsequently, the
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Fig. 10. Overexpression of Ppdpf alleviates kidney fibrosis induced by FA administration. (A) Schematic diagram of Ppdpf overexpression in mice. Eight-week-old
male mice were in situ injected with AAV9 encoding Ppdpf or scramble. Post-4-week injection, the mice were subjected to FA treatment. (B) The relative expression levels
of Ppdpf in kidneys with AAV9-Ctrl or AAV9-PPDPF injections. (C) Western blots of Flag and PPDPF in kidneys with AAV9-Ctrl or AAV9-PPDPF injections. (D) Western blots
of PPDPF in LTL-positive cells from AAV9-Ctrl or AAV9-PPDPF kidneys. (E) Representative images of H&E- and Sirus red-stained kidney sections from AAV9-Ctrl- or AAV9-
PPDPF-injected mice following FA administration. Scale bars, 20 pm. (F) Quantifications of tubular injury score and Sirus red staining area from (E). (G) The relative expres-
sion levels of fibrosis markers Col3a1, Vimentin, and Fibronectin, as well as injury markers Kim1 and Lcn2 in kidneys of AAV9-Ctrl- or AAV9-PPDPF-injected mice following
FA administration. *P < 0.05. (H) Representative images of vimentin, fibronectin, and Col3a1 staining on kidney sections from AAV9-Ctrl- or AAV9-PPDPF-injected mice
following FA administration. Scale bars, 50 or 20 pm. (I) NAD™ content of whole kidney lysates from AAV9-Ctrl- or AAV9-PPDPF-injected mice. (J) NMNAT activity of pri-
mary cells isolated from AAV9-Ctrl- or AAV9-PPDPF-injected kidneys. P value was calculated by two-tailed t test (B, F, |, and J) and two-way ANOVA (G). P < 0.05 is statisti-
cally significant. Data are represented as mean + SEM. (B) n = 3, AAV9-Ctrl; n = 4, AAV9-PPDPF. (C and D) n = 3 for each group. (F) n = 10 for each group. (G) n = 3,
FA-AAV9-Ctrl; n = 4, FA-AAV9-PPDPF. (1) n = 4 for each group.
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quantity and purity of the total RNA were assessed using the Bioanalyzer
2100 and the RNA 6000 Nano LabChip Kit (Agilent, CA, USA,
5067-1511). Only high-quality RNA samples with an RNA Integrity
Number (RIN) number >7.0 were used for constructing a sequencing
library. The Illumina Novaseq 6000 platform by LC Bio Technology Co.
Ltd. (Hangzhou, China) was used for sequencing the RNA libraries.
Alignment of reads from all samples to either the rat or mouse reference
genome was performed using HISAT? (77) software (https://dachwan-
kimlab.github.io/hisat2/, version: hisat 2-2.0.4). StringTie and ballgown
(78) tools were used to estimate expression levels of all transcripts
and calculate FPKM (fragment per kilobase of transcript per million
mapped reads) values for mRNA abundance analysis. Differential gene
expression analysis between two different groups was conducted using
DESeq2 software; edgeR was used when comparing two samples instead
(79). Genes exhibiting a false discovery rate (FDR) parameter below
0.05 and an absolute fold change of >2 were considered as DEGs.

Single-cell RNA-seq

Euthanized mice were perfused with chilled 1x phosphate-buffered
saline (PBS) through the left ventricle. Kidneys were harvested,
minced into approximately 1-mm?’ cubes, and digested using a
Multi Tissue dissociation kit (Miltenyi, 130-110-201). The tissue
was homogenized using 21G and 26 1/2G syringes. Up to 0.25 g of
the tissue was digested with 50 pl of enzyme D, 25 pl of enzyme R,
and 6.75 ml of enzyme A in a total volume of RPMI 1640 (1 ml) and
incubated for 30 min at 37°C. The reaction was deactivated by add-
ing 10% fetal bovine serum (FBS). Subsequently, the solution was
passed through a cell strainer with a pore size of 40 mm. After cen-
trifugation at 400g for 5 min, the resulting cell pellet was incubated
with red blood cell lysis buffer (1 ml) on ice for 3 min. Cell number
and viability were analyzed using Countess Auto Counter (Invitrogen,
C10227). This method generated single-cell suspension with more
than 80% viability.

The single-cell suspensions were loaded onto a 10X Chromium
system following the manufacturer’s instructions of the 10x Ge-
nomics Chromium Single-Cell 3’ kit (V3). Subsequently, cDONA am-
plification and library construction steps were carried out according
to the standard protocol. For sequencing, libraries were subjected
to paired-end multiplexing run on an Illumina sequencing system
with a read length of 150 bp. LC-Bio Technology Co. Ltd. (HangZhou,
China) performed the sequencing at a minimum depth of 20,000
reads per cell.

The sequencing results were demultiplexed and converted to
FASTQ format using Illumina bcl2fastq software (version 2.20).
Sample demultiplexing, barcode processing and single-cell 3’ gene
counting were performed using the Cell Ranger pipeline (version
3.1.0), with scRNA-seq data aligned to Ensembl genome GRCm38
or mRatBN7.2 reference genome. A total of 120,000 single cells were
captured from three healthy rat kidneys, three UUO 1d kidneys, and
two UUO 5d kidneys; in addition, a total of 40,000 single cells were
captured from one WT kidney, one Ppdpf KO kidney, one WT UUO
kidney, and one Ppdpf KO UUO kidneys using a 10X Genomics
Chromium Single Cell 3" Solution kit. The output from Cell Ranger
was imported into Seurat (version 3.1.1) for dimensional reduction
analysis and clustering, and further analysis of scRNA-seq data
quality control measures included removing genes expressed in less
than three cells; setting a cutoff of >500 genes expressed per cell as
low expression and <5000 genes expressed per cell as high expres-
sion; filtering out unique molecular identifier (UMI) counts less
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than 500; and ensuring that the percentage of mtDNA-derived gene
expression was below <25%.

Seurat R package (version 2.3.4) was used for data quality con-
trol, preprocessing, and dimension reduction analysis. After gener-
ating the gene cell data matrix, cells of poor quality were excluded
on the basis of the criteria of having less than 200 or more than 3000
expressed genes. In addition, genes expressed in fewer than 10 cells
as well as mitochondrial genes, ribosomal protein genes, and human
leukocyte antigen genes known to induce unwanted batch effects
were removed for subsequent analysis. Cells with mitochondrial
gene percentages exceeding 50% were also discarded. To normalize
the sequencing depth to a total of 10,000 molecules per cell, the data
underwent natural logarithm transformation and scaling followed
by regression-out of UMI and gene counts. The batch effect was cor-
rected using the “remove Batch Effect” function in edgeR. The
expression values after batch correction were exclusively used for
PCA, Uniform Manifold Approximation and Projection (UMAP)
visualization, and clustering analyses. The original expression values
before batch correction were used for downstream analyses such as
marker gene identification and differential gene expression analysis.
To perform dimension reduction, highly variable genes across single
cells were identified using a low cutoff of 0.0125 and a high cutoff of
0.3. PCA was performed using the variable genes as input, and top
20 principal components were used for the initial UMAP projection.
Marker genes for each cluster were identified through the Wilcoxon
rank-sum test (with default parameters, “bimod”: likelihood ratio
test) using the Find All Markers function in Seurat. This approach
selects marker genes that are expressed in more than 10% of cells
within a cluster and have an average log fold change greater than
0.25. A resolution of 0.5 was used for subclustering of the clusters.
Differential expression analysis was conducted for every pair of sub-
clusters, with merging occurring when there were fewer than or
equal to 15 DEGs (10 differential genes specifically for T lympho-
cytes) exhibiting an average expression difference greater than
one natural logarithm and FDR-corrected P value less than 0.01.
As a result of this clustering analysis, a total of 35 cell clusters
were obtained. Subsequently, PT cell clusters underwent fur-
ther subclustering.

Targeted metabolomics

The kidney sample (100 mg) was vortexed in 1 ml of cold methanol/
acetonitrile/H,O (2:2:1, v/v/v) and homogenized using an MP Bio-
medicals FastPrep homogenizer (24 X 2, 6.0 MS, 60 s, twice). Subse-
quently, the homogenate underwent sonication twice at 4°C followed
by centrifugation at 14,000¢ for 20 min. The resulting supernatant
was dried using a vacuum centrifuge. For LC-MS analysis, the sam-
ples were redissolved in 100 pl of acetonitrile/water (1:1, v/v), thor-
oughly vortexed again, and then subjected to centrifugation (14,000,
4°C, 15 min). Last, the supernatants were collected for LC-MS/MS
analysis using an UHPLC system (1290 Infinity LC, Agilent Tech-
nologies) coupled with a quadrupole ion trap (QTRAP) instrument
(AB Sciex 5500).

The samples were subjected to hydrophilic interaction liquid
chromatography (HILIC) separation using an ACQUITY UPLC
BEH Amide column (2.1 mm by 100 mm, 1.7 pm, Waters MS Tech-
nologies, Manchester, UK). A mobile phase consisted of A =15 mM
CH3;COONHy, in water and B = acetonitrile was used. The samples
were stored at 4°C in the automatic sampler, while the column tem-
perature was maintained at 45°C throughout the analysis. Gradients
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were run at a flow rate of 300 pl/min with each sample injected as a
2-pl aliquot. The gradient initiated with 90% B and gradually de-
creased to 40% within the first 0 to 18 min and then rapidly in-
creased to reach 90% within an additional minute before further
increasing to 85% within another minute and maintaining this com-
position from 18.1 to 23 min. Quality control samples prepared
from pooled samples were interspersed after every five regular sam-
ples for monitoring method precision and operational stability.

To construct the metabolite MS/MS Analysis [multiple reaction
monitoring (MRM)] library, each metabolite standard (100 mg/ml)
was initially analyzed in electrospray ionization negative mode via
flow injection to obtain the optimal MRM transition parameters.
Subsequently, the retention time of each metabolite was determined
by individually measuring its corresponding MRM (Q1/Q3) transi-
tion on the column. A standard mixture sample (32 STD_mix), con-
taining all 32 metabolites, was measured together with biological
samples in every experiment. LC-MS quantification of energy me-
tabolites was achieved with six-point standard curves prepared by
diluting succinic acid (D6, 98%, DLM-831-5, Cambridge Isotope
laboratories, Inc.) in a relevant matrix matched to the analytical
sample for absolute quantification. Data acquisition and processing
were performed using Multiquant software.

Animals

The study used male C57BL/6 mice for in vivo experiments. All
mice were bred and maintained in specific pathogen—free condi-
tions in the animal facilities of East China Normal University. All
animal experiments were reviewed and approved by the Laboratory
animal Welfare Ethics Committee of the East China Normal Univer-
sity (ethics approval numbers: ARXM2022106 and m20240901).

The Ppdpf mutant mice were generated by coinjection of Cas9
mRNA and sgRNA in the strain of C57BL/6 mice as described pre-
viously (80). The sgRNA sequences and genotyping primers were
listed in table S2.

For the UUO model, 8-week-old male mice underwent ligation
of their left ureter and were euthanized on day 1 or day 5, while
sham-operated mice were used as controls. For the cisplatin-induced
injury model, 8-week-old male WT and Ppdpf KO mice received
weekly intraperitoneal injections of cisplatin (7 mg/kg) for 4 weeks
(50). For FA-induced nephropathy mouse models, 8-week-old male
WT and Ppdpf KO mice received intraperitoneal injections of FA
(250 mg/kg) before being euthanized on day 7 (81). Mice receiving
NAD" treatment had a daily intraperitoneal injection (3 mg/g) (82)
during FA treatment; those receiving NMN treatment had a daily
intraperitoneal injection of NMN (500 mg/kg) during FA treatment.

To induce overexpression of PPDPF in kidneys, AAV9-mediated
delivery was used. Male C57BL/6] mice aged 8 to 10 weeks were
used for this study. Briefly, mice were anesthetized with isoflurane
and subsequently injected with 1.5 x 10'* vector genome (vg)/ml
AAV9-CMV-PPDPE-3 X FLAG and 1.5 x 10'* vg/ml AAV9 control
into five distinct sites (5 pl at each site) within the renal cortex using
a glass micropipette.

Serum BUN, creatinine, and cystatin Clevels

The levels of serum creatinine and BUN were determined using the
BX-3010 Automatic biochemical analyzer, following the instruc-
tions provided by the manufacturers. The measurement of serum
cystatin C was performed using the cystatin C (mouse) ELISA Kit
(Beyotime Biotechnology).
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Cell culture

HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM,) supplemented with 10% FBS and 1% penicillin-streptomycin
at a temperature of 37°C and under a CO, concentration of 5%.
Meanwhile, HK2 cells were cultured in DMEM/F12 medium con-
taining 10% FBS, epidermal growth factor (EGF; 5 ng/ml; PeproTech,
#AF-100-15), 1x insulin-transferrin-selenium supplement (ITS;
Gibco, #51500-056), and 1% penicillin-streptomycin (Corning,
#30-002-CI) under the same conditions. All cell lines underwent
regular mycoplasma testing.

siRNA knockdown

The siRNA targeting human PPDPF (RiboBio Co. Ltd.) was resus-
pended in a 10 mM tris (pH 8.0) buffer at a concentration of 20 pM.
Cells were seeded in six-well plates, cultured overnight until they
reached 60 to 70% confluency, and subsequently transfected with
siRNA at a final concentration of 50 nM using Lipofectamine 3000.
Following treatment, cells were incubated for 48 hours before being
subjected to experimental procedures.

Cloning and expression

The cDNA sequences of human PPDPE, PPDPF-C30S, and PPDPF-
C35S were tagged with a C-terminal 3X FLAG epitope and ligated into
the Plv-ER-GFP vector (Addgene, #80069) that was linearized by Xho
I and Xba I restriction enzymes. Similarly, the cDNA sequences of
human NMNAT1, NMNAT2, and NMNAT?3 were tagged with an HA
epitope and cloned into the Plv-ER-GFP vector using Xho I and Xba I
restriction enzymes. E. coli codon-optimized human NMNAT1,
NMNAT?2, and NMNAT?3 were cloned into the pGEX4t-1 vector using
Bam HI and Not I restriction endonucleases. In addition, E. coli
codon-optimized human PPDPF was inserted into pET28a vector
using Eco RI and Sal I restriction endonucleases.

Lentivirus production and transduction of cell lines

HEK293T cells were seeded into a 10-cm dish 1 day before transfec-
tion. Upon reaching approximately 85% confluency, they were co-
transfected with 10 pg of transfer plasmid (lentiCRISPR v2-sgPPDPF),
5 pg of pMD2.G, and 7.5 pg of psPAX2. The viral supernatant was col-
lected at 48 and 72 hours posttransfection. To remove cellular debris,
the supernatant was centrifuged at 4000g for 10 min at 4°C, filtered
through a low-protein binding membrane (0.45-pm pore size, Milli-
pore), and subsequently concentrated by centrifugation at 25,000¢ for
2.5 hours at 4°C.

Generation of stably transfected HK2 cells

The parental HK2 cells were cultured in DMEM/F12 medium supple-
mented with 10% FBS, EGF (5 ng/ml) from PeproTech (#AF-100-15),
ITS (Gibco #51500-056), and penicillin-streptomycin. After 3 days of
lentiviral transduction in a 10-cm dish, the transfected HK2 cells
were incubated for 2 weeks in complete DMEM/F12 medium con-
taining puromycin at a concentration of 2 pg/ml, with regular re-
placement of the medium every other day. Cells that stably expressed
the transgene were confirmed by immunofluorescence and immu-
noblot analysis.

LTL* cell isolation and cultivation

The kidneys were obtained from male mice aged 3 to 5 weeks. Cells
were isolated by digestion with collagenase I (Gibco, #17018-029) at
a concentration of 2 mg/ml for 30 min at 37°C with gentle stirring.
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Subsequently, the cells were sequentially filtered through mesh sizes
of 100, 70, and 40 pm to obtain single cells. After centrifugation, the
supernatant was discarded. A working concentration of LTL biotin
antibody at 20 pg/ml was added along with 2 ml of magnetic-
activated cell sorting (MACS) buffer. The mixture was incubated on
ice for 10 to 15 min and then washed with MACS buffer before un-
dergoing another round of centrifugation. Meanwhile, a solution
containing beads was prepared by combining 20 pl of beads with 400 pl
of MACS buffer. The supernatant of the cells was replaced with the
bead solution and incubated on ice for an additional period of time
lasting approximately 15 min while gently shaking in between. After a
second wash with MACS buffer, the cell suspension was resuspended
in 500 pl of buffer and loaded onto the MS column. Following three
washes with 500 pl of buffer each time, cells were collected by pushing
the plunger into the column. Last, cells were cultured in RPMI 1640
(Sangon Biotech, #E600028) supplemented with 10% FBS (Gibco,
#A5256701), EGF (20 ng/ml; PeproTech, #AF-100-15), 1x ITS (Gibco,
#51500-056), and 1% penicillin-streptomycin at a temperature of 37°C
under 5% CO,.

Transmission electron microscopy

The mitochondrial structure was examined using standard transmis-
sion electron microscopy. Fresh kidney tissue was fixed overnight
with a mixture of 2% paraformaldehyde and 2.5% glutaraldehyde,
followed by thorough washing, dehydration, and embedding in resin
according to established protocols. Subsequently, the embedded
samples were analyzed using a transmission electron microscope
(Hitachi, Japan).

Western blot

Kidney tissues or cultured cells were lysed in ice-cold lysis buffer
[50 mM tris-base (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, and a protease inhibitor cocktail (cOmplete
Mini; Roche, #11836153001)]. Protein extracts were quantified by the
Micro BCA Protein Assay Kit (Thermo Fisher Scientific), resolved by
SDS-polyacrylamide gel electrophoresis, and probed with the following
antibodies: PPDPF (Proteintech, #19912-1-AP), NDUFB9 (Proteintech,
#15572-1-AP), NDUFS3 (Proteintech, #15066-1-AP), SDHA (Protein-
tech, #14865-1-AP), SDHB (Proteintech, #10620-1-AP), LAMIN B1
(Proteintech, #66095-1-Ig), TOMM?20 (Proteintech, #66777-1-Ig),
Flag (Proteintech, #66008-3-Ig), vimentin (Proteintech, #10366-1-AP),
ACTA2 (Sigma-Aldrich, #SAB5700835), KIM1 (Proteintech, #83221-
2-RR), fibronectin (Abcam, #ab2413), DRP1 (Abcam, #ab184247),
OXPHOS (Abcam, #ab110413), HA (Proteintech, #51064-2-AP),
NMNAT1 (Sigma-Aldrich, #HPA059447), NMNAT?2 (Sigma-Aldrich,
#HPA015708), NMNAT3 (Sigma-Aldrich, #HPA039077), ACTIN
(Proteintech, #HRP-60008), GAPDH (Proteintech, #HRP-60004), and
TUBULIN (Proteintech, #66031-1-Ig). HRP-labeled goat anti-rabbit
immunoglobulin G (IgG) (H + L) (Beyotime, #A0208) and HRP-labeled
goat anti-mouse IgG (H + L) (Beyotime, #A0216) were used as a
secondary antibody. Anti-rabbit IgG (H + L) (DyLight 800 4x PEG
conjugate) (Cell Signaling Technology, #5151) and anti-mouse IgG
(H + L) (DyLight 680 conjugate) (Cell Signaling Technology, #5470)
were also used.

Fluorescent in situ hybridization

The paraffin-embedded section was subjected to dewaxing and
dehydration, followed by boiling in the retrieval solution and sub-
sequent natural cooling. Proteinase K (20 pg/ml) was added and
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incubated at 37°C for 15 min. Subsequently, it was washed with
water and PBS. Each section was treated with prehybridization solu-
tion for 1 hour at 37°C. After removing the prehybridization so-
lution, hybridization solution containing the probe was added, and
overnight hybridization took place at 37°C in an incubator. The
hybrid solution was washed off, followed by washing with 2x
SSC. Last, the sections were incubated with primary antibodies,
and then secondary antibodies were applied before imaging using
a microscope.

mtDNA analysis

The determination of mtDNA copy number involves the calculation
of the mtDNA/nDNA ratio, which is obtained by measuring mtDNA
and nuclear DNA levels. Total DNA was extracted from kidney tis-
sue using the TTANamp Genomic DNA Kit (TTANGEN, #4992254).
The mtDNA/nDNA ratio was assessed through qPCR analysis tar-
geting two mitochondrial genes [16S ribosomal RNA (rRNA) and
NDI1] and one nuclear gene (HK2 rRNA) (83), with primer se-
quences provided in table S2.

Live-cell imaging

Primary cultured renal PT cells were incubated with 100 nM Mito-
Tracker (Beyotime, #C1035) for 30 min, followed by washing
with PBS and direct imaging using a confocal microscope. For
NAD™ sensor imaging, cells were infected with FiNad- or SoNar-
overexpressing lentivirus for a period of 48 hours, after which they
were washed and directly imaged using a confocal microscope.

Mitochondrial membrane potential and mitochondrial
superoxide assays

HEK293T cells, HK2 cells, or primary cultured renal PT cells were
incubated in a 96-well plate and grown overnight reaching 70 to
80% confluency. Subsequently, the cells were exposed to 5 pM mito-
SOX (Thermo Fisher Scientific, #M36008) for 10 min and analyzed
using a plate reader with excitation/emission wavelengths set at
396/610 nm. In addition, the cells were incubated with JC-1 reagents
from the mitochondrial membrane potential assay kit with JC-1
(Beyotime, #C2006) for a period of 20 min and measured using a
plate reader at an excitation/emission of 490/530 nm.

Immunofluorescence staining

The cells were washed with PBS, fixed with 4% paraformaldehyde,
permeabilized using PBS containing 0.2% Triton X-100, and subse-
quently blocked with 5% FBS. Immunostaining was carried out using
the following primary antibodies: PPDPF (Proteintech, #19912-1-AP),
KIM1 (R&D, #AF1817-SP), ATP5A1 (Proteintech, #66037-1-Ig),
HSP60 (Proteintech, #66041-1-Ig), TOMM?20 (Proteintech, #66777-
1-Ig), NMNAT1 (Abcam, #ab118270; Sigma-Aldrich, #HPA059447),
NMNAT?2 (Abcam, #ab56980; Sigma-Aldrich, #HPA015708), NMNAT3
(Abcam, #ab71904; Sigma-Aldrich, #HPA039077), NAMPT (Thermo
Fisher Scientific, #PA1-1045), vimentin (Proteintech, #10366-1-AP), fi-
bronectin (Proteintech, #15613-1-AP), Col3al (Proteintech, #22734-
1-AP), and LTL (Vector, #FL-1321-2).

Real-time qPCR

The RNA was extracted from mouse kidneys or cells using TRIzol
reagent (Invitrogen) and reverse-transcribed into cDNA using
HiScript ITI RT SuperMix (Vazyme, #R323). Real-time qPCR analy-
sis was conducted using ChamQ Universal SYBR qPCR Master
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Mix (Vazyme, #Q711). The primer pair sequences are provided
in table S2.

Histopathology analysis

The kidneys were harvested from mice, rinsed in PBS, and fixed in
10% formalin and then subsequently in paraffin. Paraffin-embedded
sections were subjected to H&E staining for histological analysis.
Masson’s trichrome and Picrosirius red staining were used to evalu-
ate the extent of fibrosis. The degree of tubular injury was evaluated
according to previously established scoring criteria (81).

NAD* measurement in extracts

For cell samples, the culture medium was aspirated and replaced with
ice-cold NAD"/NADH extraction buffer. Cells were gently resuspended
by pipetting to facilitate lysis on ice or at room temperature. For tissue
samples, specimens were dissected into small fragments and homoge-
nized in NAD"/NADH extraction buffer using a mechanical homoge-
nizer. The resulting lysates were centrifuged at 12,000g for 10 min at 4°C,
and the supernatant was collected for subsequent analysis. NAD* levels
were quantified using the NAD*/NADH Assay Kit with WST-8
(Beyotime, #S0175) according to the manufacturer’s protocol.

Mitochondrial isolation

Cells were washed with PBS, treated with trypsin-EDTA solution,
and subsequently centrifuged at 100 to 200g for 5 to 10 min at room
temperature. The cells were gently resuspended in ice-cold PBS. A
small aliquot of the cell suspension was taken for counting, while
the remaining cells were centrifuged at 600g for 5 min at 4°C. After
discarding the supernatant, 2 ml of mitochondria isolation reagent
from the Cell Mitochondria Isolation Kit (Beyotime, #C3601) was
added per 2 x 107 cells. The cells were gently resuspended and incu-
bated on ice for 15 min. The cell suspension was then transferred to
a glass homogenizer and homogenized 45 times. The resulting ho-
mogenate was centrifuged at 600g for 10 min at 4°C. The superna-
tant was carefully transferred to a new centrifuge tube and subjected
to another centrifugation at 11,000¢ for 10 min at 4°C. The mito-
chondria were obtained from the resulting pellet after carefully re-
moving the supernatant.

Complex | and NMNAT1 activity assay

Kidneys were harvested from mice, rinsed, and homogenized. The su-
pernatant was subjected to NMNAT1 activity assay (Abcam, #ab221820)
and complex I enzyme activity assay (Abcam, #ab109721), following
the manufacturer’s instructions.

Protein purification

PPDPF WT, C30S, C35S, and NMNAT1/2/3 proteins were purified as
previously described (84). Briefly, proteins were expressed in Transetta
(DE3) (Transgen Biotech), induced at optical density at 0.8 with 0.2 mM
isopropyl-f-D-thiogalactopyranoside followed by at least 16 hours of ex-
pression at 18°C. The protein was bound to Ni2" ions-nitrilotriacetic
acid Agarose (QIAGEN) and extensively washed with a solution con-
taining 20 mM tris (pH 8.0), 500 mM NaCl, and 10% glycerol. Then,
linear gradient elution was performed using a solution containing
500 mM imidazole, 20 mM tris (pH 8.0), 250 mM NaCl, and 10%
glycerol. Fractions with more than 90% purity were dialyzed against a
solution containing 150 mM KCl, 20 mM tris (pH 7.5), 1 mM dithioth-
reitol (DTT), and 10% glycerol. Then, the purified proteins were
aliquoted and stored at —80°C.
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Insulin turbidity assay

A total of 3 pM PPDPF WT, PPDPF C30S, or PPDPF C35S was re-
spectively mixed with 100 pM insulin. Then, 1 pl of DTT was added
before measuring theoptical density at 650 nm for 90 min. The re-
duction of insulin by DTT alone was used as a background.

Di-eosin glutathione disulfide assay

A total of 300 nM PPDPF WT, PPDPF C30S, or PPDPF C35S was
respectively mixed with 150 nM di-eosin-GSSG. Just before starting
the measurement, DTT was added to achieve a final concentration
of 5 pM. The total reaction volume was 200 pl. The reaction mix was
transferred to a well in a 96-well black plate, and fluorescence was
measured at excitation/emission wavelengths of 520/550 nm for
30 min. Background fluorescence was determined by measuring the
reduction of 150 nM di-eosin-GSSG by 5 pM DT'T alone.

Denatured RNase disulfide isomerase assay

The reaction mixture was prepared using 8 mM denatured RNase,
1 mM glutathione, 0.2 mM GSSG, and 4.5 mM cyclic pyrimidine
nucleotides cytidine 3',5’-cyclic monophosphate (cCCMP) in a pH 8.0
buffer composed of 55 mM tris/acetate and 1 mM EDTA. PPDPF
WT, PPDPF C30S, or PPDPF C35S protein was added to the mix-
ture at a concentration of 3 pM. Denatured reduced RNase was re-
placed with native RNase by adding 2.5 pl of the latter to achieve a
final concentration of 40 pM. The hydrolysis of cCMP by native
RNase at a concentration of 40 uM was designated as representing
full enzymatic activity (100%). The background signal was deter-
mined by measuring the hydrolysis of cCMP by denatured reduced
RNase alone. The absorbance of the solution at 296 nm was moni-
tored continuously for 30 min to quantify RNase activity.

Redox potential determination

Fifteen reactions were prepared in 0.6-ml tubes, each containing
45 ul of “substrate stock 1”7 (1.1 uM substrate protein and 0.55 mM
DTTox in PBS with 0.1 mM EDTA). Separate stocks of DT Tred were
prepared at a 10X final concentration by first creating a 100 mM
stock of DTTred in PBS and 0.1 mM EDTA. This stock was added to
the tubes containing substrate stock 1 to establish varying ratios of
DTTred/DTTox, which define the redox-buffering environment for
the disulfide bond. After adding 5 pl of each prepared DT Tred stock
to the corresponding substrate stock 1, the reactions were mixed
thoroughly. To minimize oxidation during incubation, the micro-
centrifuge tubes were quickly flushed with argon gas before sealing.
The sealed tubes were incubated at 25°C for an 18 hours until redox
equilibrium was reached. The temperature may vary depending on
the calculation of the standard redox potential. To label free thiols in
the reaction, 5 pl of a 55 mM MPB stock was added to each reaction,
yielding a final concentration of 5 mM MPB. The reactions were
incubated with MPB for 1 hour at the defined temperature to ensure
complete thiol labeling. Excess unreacted MPB was quenched by
adding 5 mM glutathione and incubating at room temperature for
60 min. Nonreducing protein loading buffer was added to the sam-
ples, and the redox state of the proteins was analyzed using an SDS-
gel shift assay on a 4 to 20% polyacrylamide gradient gel.

Proximity ligation assay

After incubation with primary antibodies, PLA was performed using
20l of reaction per step per slide according to the Sigma-Aldrich
Duolink In Situ PLA manufacturer’s instructions (Sigma-Aldrich,
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catalog no. DUO92101). Briefly, two PLA secondary probes, anti-
mouse MINUS (targeting anti-NMNAT1/2/3 mouse primary) and
anti-rabbit PLUS (targeting anti-PPDPF rabbit primary), were dilut-
ed 1:5 in antibody diluent buffer provided by the manufacturer and
incubated 1 hour at 37°C. Slides were washed in twice wash buffer A
for 10 min. For the following ligation reaction, PLA ligation stock was
diluted 1:5 in distilled H,O with ligase (added at 1:40), and then slides
were incubated for 30 min at 37°C. Slides were then washed twice in
wash buffer A for 10 min, and then the PLA amplification reaction
buffer was added (1:5 amplification stock and 1:80 polymerase diluted
in distilled H,O), and slides were incubated for 100 min at 37°C. Slides
were then washed twice with 1x wash bufter B for 10 min and 0.01
wash buffer B for 1 min. After mounted with mounting Mmdium
(with 4',6-diamidino-2-phenylindole), images were taken using con-
focal microscope with a 100X oil immersion objectives.

Statistical analysis

The statistical analyses were conducted using GraphPad Prism soft-
ware (GraphPad Software Inc., La Jolla, CA). A two-tailed ¢ test was
used for comparing two groups, while one-way or two-way analysis
of variance (ANOVA) was used for comparing multiple groups. All
data are presented as mean + SEM. Statistical significance was de-
fined as P values less than 0.05.
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