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Genome-wide association studies identify the role 
of caspase-9 in kidney disease
Tomohito Doke1,2, Shizheng Huang1,2, Chengxiang Qiu1,2, Xin Sheng1,2, Matthew Seasock1,2, 
Hongbo Liu1,2, Ziyuan Ma1,2, Matthew Palmer3, Katalin Susztak1,2*

Genome-wide association studies (GWAS) have identified hundreds of genetic risk regions for kidney dysfunction 
[estimated glomerular filtration rate (eGFR)]; however, the causal genes, cell types, and pathways are poorly under-
stood. Integration of GWAS and human kidney expression of quantitative trait analysis using Bayesian coloca-
tions, transcriptome-wide association studies, and summary-based Mendelian randomization studies prioritized 
caspase-9 (CASP9) as a kidney disease risk gene. Human kidney single-cell epigenetic and immunostaining stud-
ies indicated kidney tubule cells as a disease-causing cell type. Mice with genetic deletion or pharmacological 
inhibition of CASP9 showed lower apoptosis while having improved mitophagy, resulting in dampened activa-
tion of cytosolic nucleotide sensing pathways (cGAS-STING), reduction of inflammation, and protection from 
acute kidney disease or renal fibrosis. In summary, here, we prioritized CASP9 as an eGFR GWAS target gene and 
demonstrated the causal role of CASP9 in kidney disease development via improving mitophagy and lowering 
inflammation and apoptosis.

INTRODUCTION
More than 800 million people in the world suffer from kidney dis-
ease. Kidney disease is one of the strongest risk factors for cardio-
vascular death, which can be as high as 15 to 20% annually, once 
end-stage renal failure is reached (1). At present, only a handful of 
drugs have been approved for the treatment of kidney disease. Cur-
rently available therapies slow disease progression but do not stop 
or reverse kidney function decline. The lack of new therapeutics 
development is mostly a consequence of poor mechanistic under-
standing of disease pathogenesis.

Kidney function shows strong heritability; therefore, substantial 
efforts have been dedicated to identifying the genetic variants asso-
ciated with this trait (2). Genome-wide association studies (GWAS) 
for kidney function are now available for close to a million participants 
and identified several hundred loci associated with lower kidney 
function (3–6). Almost all GWAS-identified genetic variants are 
located in the noncoding region of the genome; therefore, disease-
causing genes, cell types, and mechanisms remain unknown for the 
vast majority of these loci.

Several approaches have been taken to understand disease mech-
anisms based on recent GWAS results. A powerful and popular 
method has been analyzing the association between risk single- 
nucleotide polymorphisms (SNPs) and the gene expression of nearby 
genes, termed expression quantitative trait loci (eQTL) studies (7). 
eQTL studies require genotype and gene expression data for a large 
number of target tissue samples. Previously, our group has generat-
ed a cis-eQTL database for whole-kidney samples, as well as glom-
eruli and tubuli microdissected from healthy human kidneys of 
Caucasian individuals (8). By integrating results from kidney func-
tion GWAS and kidney compartment–specific eQTL studies, we 

previously prioritized genes for 24 GWAS-identified kidney function– 
associated risk loci.

Renal tubule epithelial apoptosis has been reported in a variety of 
different kidney disease models including the cisplatin or ischemia- 
induced acute kidney injury (AKI) models and the unilateral ureteral 
obstruction (UUO) kidney fibrosis models (9, 10). Oligomerization 
of the BCL2-associated X protein (BAX) leads to mitochondrial 
outer membrane pore formation and cytosolic release of cytochrome c, 
which is an important upstream regulator of the process. Cyto-
chrome c binds apoptotic peptidase–activating factor 1 (APAF1) 
and pro–caspase-9 (pro-CASP9), forming an “apoptosome,” resulting 
in the activation of CASP9 (11). CASP9 then cleaves and activates 
effector caspases such as CASP3 and CASP7. Effector caspases 
are responsible for the morphological and biochemical changes of 
apoptosis. While increase in apoptosis has been observed in multi-
ple kidney disease models, the role of apoptosis in kidney disease 
remains controversial. In early studies, the pan-caspase inhibitor 
ZVAD-fmk or Bad or Bax knockout mice showed protection from 
ischemic kidney injury (12, 13). A later study was unable to repli-
cate the protective effect of ZVAD-fmk on kidney function in the 
ischemic injury model (14). Furthermore, in the renal ischemic 
model, CASP3 knockout mice showed protection from renal fibro-
sis at later stages but more severe tubule injury at earlier time 
points (15). Likewise, the pan-caspase inhibitor emricasan (IDN-
6556) or VX-166, which is shown to attenuate hepatic injury and 
fibrosis in animal models, failed to meet its targets in clinical studies 
(16, 17).

There is a complex interaction between apoptosis and other cell 
death mechanisms such as pyroptosis, ferroptosis, necroptosis, and 
autophagy (18–21). Autophagy and apoptosis are the main nonin-
flammatory cell death mechanisms. Depending on the cell type and 
context, apoptosis can promote or inhibit autophagy. Activated 
caspases including CASP3 and CASP9 can degrade autophagy pro-
teins such as Beclin1 and ATG5 to inhibit autophagy (20, 22). On 
the other hand, CASP9 can facilitate autophagosome formation by 
ATG7 (23). Autophagy alteration in renal tubule cells has been ob-
served in cisplatin, UUO, and other kidney disease models (24–27). 
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Enhanced tubule autophagy is considered to be beneficial by lower-
ing inflammation and by clearing damaged proteins (28).

Here, we performed multiomics annotation of the chromosome 
1 estimated glomerular filtration rate (eGFR) GWAS locus and prior-
itized CASP9 as a likely causal gene. Follow-up mechanistic studies 
using in vitro and in vivo models demonstrated the role of CASP9 in 
kidney disease development by regulating not only apoptosis but 
also autophagy and mitophagy, thereby lowering inflammation and 
fibrosis.

RESULTS
Prioritization of CASP9 as a kidney disease gene
In this study, we decided to focus on the chromosome 1 eGFR 
GWAS locus, which showed a strong and reproducible association 
with kidney function (Fig. 1A and fig. 1, A to C) (3–6). Regional 
plot of eGFR GWAS indicated significant association of genetic 
variants on chromosome 1 with eGFR (rs12736181, P = 7.0 × 10−24) 
(Fig. 1A) (5). The same genetic locus also showed significant associ-
ation with CASP9 expression in microdissected renal tubules 
(P = 1.1 × 10−9), glomeruli (P = 9.3 × 10−8), and whole-kidney sam-
ples (P = 9.0 × 10−6) (Fig. 1A). Multitissue eQTL analysis performed 
in GTEx (genotype-tissue expression) showed strong association 
between genetic variant (rs12736181) and CASP9 expression levels 
in multiple tissues including kidney tubules and glomeruli (m value, 
>0.90) (fig. S2 and table S1). On the contrary, we did not observe 
an association between the genetic variant (rs12736181) and ex-
pression of DNAJC16 and CLEA2B, genes located next to CASP9 
(fig. S3, A and B).

To test whether the two traits (eGFR and CASP9 expression) 
share causal variants at this locus, we conducted Bayesian colocal-
ization analysis using coloc (29). We found strong evidence that 
variants associated with kidney function and CASP9 expression in 
kidney tubules were shared (PP4 = 0.95 and PP3 = 0.05). CASP9 
expression in the kidney were strongly genotype dependent 
(rs12736181, eGFR GWAS risk allele A, P = 1.13 × 10−9) (Fig. 1B). 
Transcriptome-wide association studies (TWAS) and summary-
based Mendelian randomization (SMR) (30, 31) indicated that the 
effect of the genetic variants on eGFR was mediated via CASP9 ex-
pression. In the SMR analysis, eQTL effect sizes negatively correlat-
ed with eGFR GWAS effect sizes, suggesting that higher CASP9 
expression was associated with lower eGFR levels (Fig. 1C).

While multiple variants showed association with eGFR and CASP9 
expression, it has been shown that the SNP with the best eQTL ef-
fect size or P value is not always the causal SNP but, rather, SNPs 
located in the regulatory region such as enhancer are likely to be 
causal (32, 33). To address this, we used human kidney single-
nuclear assay for transposase-accessible chromatin (snATAC) data 
to fine-map the region and further prioritize risk variants. Variants 
that overlapped with open chromatin regions were prioritized. With 
this prioritization strategy, we narrowed the likely causal SNPs 
(rs12736181 and rs12741552). Rs12736181 overlapped with open 
chromatin regions in proximal tubule (PT) cell, while rs12741552 
was located on an open chromatin region in all analyzed cell types 
(Fig. 1D and fig. S4). Both SNPs showed significant association 
with eGFR and CASP9 expression, and they were in high linkage 
disequilibrium (LD) (r2 = 1).

Next, we performed experiment validation. To examine whether 
the two prioritized variants regulate the expression of CASP9, we 

deleted open chromatin regions containing these SNPs and exam-
ined CASP9 expression (Fig.  1D). CASP9 expression was higher 
upon deleting open chromatin region harboring rs12736181 but 
unaffected when open chromatin region harboring rs12741552 was 
deleted. The deletion of the open chromatin region harboring 
rs12736181 did not affect the expression level of DNAJC16 and 
CELA2B. The deletion of the open chromatin region harboring 
rs12741552 did not affect CELA2B, while it reduced DNAJC16 level 
as it was located on exon1 of DNAJC16 (Fig. 1, D and E). In summa-
ry, integrative genetic analysis, single-nuclear epigenome mapping, 
and CRISPR-Cas9 gene editing prioritized CASP9 as a kidney dis-
ease risk gene in kidney tubule cells where increased CASP9 expres-
sion was associated with renal disease risk.

Expression of Casp9 correlates with fibrosis in a variety 
of mouse kidney disease models
While computational integration of multiple genetic studies such as 
GWAS, eQTL, snATAC, and CRISPR-Cas9 gene editing is an im-
portant first step for gene prioritization, experimental validation of 
target genes is equally critical. CASP9 is the prototypical initiator 
caspase of intrinsic apoptosis triggered by mitochondrial injury 
(Fig.  2A) (11). We quantified the expression of Casp9 and other 
apoptosis-associated genes in a variety of kidney disease models, in-
cluding the folic acid (FA)–induced kidney fibrosis, the uninephrec-
tomy and streptozotocin (STZ)–induced diabetes (UNx-STZ), renal 
aging, UUO, podocyte-specific expression of APOL1 risk variant–
induced glomerulosclerosis (APOL1) and the cisplatin-induced 
toxic AKI (Cis) models (34–36). We found that Casp9 transcript 
expression was higher in the FA, UUO, and Cis models (Fig. 2B). 
CASP9 activity showed consistent changes with transcript levels 
(Fig.  2C). Furthermore, CASP3 activity and expression of Apaf1 
and Bax were also higher in kidneys of FA, UUO, and Cis models, 
indicating the activation of the entire intrinsic apoptosis cascade in 
these models (Fig. 2, D to F).

Next, we examined the cellular localization of CASP9 in healthy 
and disease kidney samples. Immunofluorescence staining showed 
higher CASP9 expression in FA and UUO fibrosis models com-
pared to healthy control kidneys (Fig. 2G and fig. S5). In addition, 
double immunofluorescence staining using the proximal tubule 
marker LTL (Lotus tetragonolobus lectin) demonstrated CASP9 ex-
pression in renal proximal tubules (Fig.  2G and fig. S5). Tubules 
with higher CASP9 expression showed weaker LTL signal, indi-
cating that they were likely injured (Fig. 2G). Consistently, we 
observed CASP9 expression in the proximal tubules in human 
chronic kidney disease (CKD) kidney samples as assessed by 
double immunostaining of CASP9 and proximal tubule marker 
LTL (fig. S6).

To examine the correlation between Casp9 expression and the 
degree fibrosis, we next evaluated collagen accumulation in the FA, 
UUO, UNx-STZ, and aging models of kidney disease. Severe fibro-
sis was observed in the FA and UUO models, but it was milder in 
kidneys of the UNx-STZ, and aging models (Fig. 2H). Sirius red–
positive area showed a strong correlation with kidney Casp9 expres-
sion (Fig. 2H).

Casp9 heterozygous mice were protected from AKI
Kidney disease risk allele was associated with a roughly 30% higher 
CASP9 expression in human kidney tubule samples. We analyzed 
Casp9 heterozygous (Casp9 HZ) mice, with about 50% change in 
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Fig. 1. Regional plots of genotype and eGFR (GWAS) and kidney CASP9 expression (eQTL). (A) Locus zoom plots of chromosome 1 region of eGFR GWAS, and CASP9 
eQTL in kidney tubules, glomeruli, and whole kidney. X axis shows the chromosomal location of SNPs. Y axis shows the strength of association [−log10(P)]. The data are 
centered at rs12736181; colors indicate linkage disequilibrium (LD) association. (B) Genotype (x axis) and relative CASP9 expression (y axis) association in human kidney 
tubules. (C) The effect sizes of SNPs from eGFR GWAS (y axis) and eQTL studies (x axis). The dashed line represents the SMR estimate, and the red triangle is the rs6690758 
that shows strong cis-eQTL effect size. Error bars are the SEs of SNP effects. (D) Genome browser view of human kidney snATAC-seq data. The top row shows the gene, 
followed by the eGFR risk SNPs, and cell type–specific open chromatin information, including proximal tubule (PT), loop of Henle (LOH), distal convoluted tubule (DCT), 
principal cells of the collecting duct (CDPC), intercalated cells of the collecting tubule (CDIC), podocytes (Podo), endothelial (Endo), and immune cell. The zoom-out version 
of the region can be viewed in fig. S4. (E) The relative mRNA expression levels of CASP9, DNAJC16, and CELA2B in human embryonic kidney (HEK) 293 cells stably expressing 
Cas9 with or without deletion of the open chromatin region harboring rs12741552 (blue bar) and rs12736181 (red bar) using CRISPR-Cas9 gene editing. The glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was used for internal control. The deleted region was shown on (D) by the blue or red arrows. n = 3, technical experimental triplicate. 
*P < 0.05. N.S., not significant.
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Casp9 expression (Fig.  3A) (37). At baseline, we did not observe 
significant differences in survival, body weight, serum electrolyte, 
and kidney function parameters such as blood urea nitrogen (BUN) 
between wild-type (WT) and Casp9 HZ mice at 6 and 24 months of 
age (table S2).

We next analyzed changes in injury setting, such as induced by 
cisplatin injection. The kidney function marker BUN was lower in 
Casp9 HZ when compared to WT mice after cisplatin injection 
(Fig. 3, A to C). The hepatitis A virus cellular receptor 1 (Havcr1 or 
Kim1) expression, a typical renal tubular injury marker, was 

Fig. 2. Casp9 expression and localization in mouse kidney disease models. (A) The intrinsic apoptosis pathway. (B to F) Relative mRNA levels of Casp9 (B), CASP9 
activity (C), CASP3 activity (D), relative mRNA levels of Apaf1 (E), and Bax (F) in kidneys from matched controls (CTRL) and injury models. FA, folic acid; UNx-STZ, 
uninephrectomy-streptozotocin; UUO, unilateral ureteral obstruction; ApoL1, APOL1 transgenic mice; Cis, cisplatin. (G) Representative images of double immunostaining 
with CASP9 and proximal tubule marker, LTL (Lotus tetragonolobus lectin) in FA, and UUO kidneys. Scale bar, 10 m. The right panels are enlarged images of the highlighted 
areas. (H) Left: Representative images of Sirius red staining of CTRL, FA, UUO, UNx-STZ, and aging mice. Right: The correlation of Casp9 expression with % area of Sirius red 
staining in the kidney from CTRL, FA, UUO, UNx-STZ, and aging mice. (B to F) FA CTRL (n = 6), FA injury (n = 6), UNx-STZ CTRL (n = 8), UNx-STZ injury (n = 12), aging CTRL 
(n = 6), aging injury (n = 4), UUO CTRL (n = 6), UUO injury (n = 6), ApoL1 CTRL (n = 6), ApoL1 transgenic (n = 6), Cis CTRL (n = 6), and Cis injury (n = 6). Data are presented as 
means ± SEM. *P < 0.05 and **P < 0.01.
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markedly lower in kidneys of cisplatin-treated Casp9 HZ mice 
(Fig. 3D). Kidneys of cisplatin-treated WT mice showed marked 
tubule epithelial damage, such as loss of brush border, epithelial cell 
death, tubular dilation, tubular cast, and infiltration of inflammato-
ry cells (Fig. 3E). Renal injury score was lower in cisplatin-treated 
Casp9 HZ compared to cisplatin-treated WT mice (Fig. 3E). The 
expression levels of apoptosis markers such as cleaved CASP9 and 
cleaved CASP3 were lower, and BCL2 was higher in cisplatin-treated 
kidneys of Casp9 HZ compared to WT mice (Fig. 3F and fig. S7A). 
Similarly, cultured Casp9 HZ renal tubule cells showed lower ex-
pression of apoptotic caspases and improved viability following 
cisplatin treatment (fig. S8, A to C). Although apoptosis per se is a 

noninflammatory cell death mechanism, expression of cytokines 
(Il1b, Csf2, Tnfa, and Cxcl10) and Icam1 was also markedly lower in 
kidneys of cisplatin-injected Casp9 HZ mice compared to cisplatin-
injected WT mice (Fig. 3G).

Pharmacological inhibition of CASP9 ameliorated  
cisplatin-induced AKI
Several small molecular inhibitors that target CASP9 have been de-
veloped with good specificity (38, 39). We investigated the effect of 
Z-LEHD-FMK (a CASP9 inhibitor) in the cisplatin model of kidney 
injury. Mice were injected with CASP9 inhibitor or vehicle daily 
starting 1 day before cisplatin administration. Serum creatinine and 

Fig. 3. Casp9 HZ mice are protected from Cis-induced AKI, apoptosis, and inflammation. (A) Experiment setup. Wild-type (WT) and Casp9 HZ (HZ) mice were eutha-
nized 3 days after Cis. CTRL mice were injected with phosphate-buffered saline (PBS). (B to D) The levels of renal Casp9 mRNA (B), BUN (C), and renal Havcr1 mRNA (D) in 
CTRL and Cis-treated mice. (E) Representative images and quantification of tubulointerstitial damage in hematoxylin and eosin sections in CTRL and Cis-injected kidneys 
of WT and Casp9 HZ (HZ) mice. Scale bar, 20 m. (F) Western blot image and quantification of pro-CASP9 (CASP9), cleaved CASP9 (cCASP9), BAX, BCL-2, and cleaved CASP3 
(cCASP3) in CTRL and Cis-injected kidneys of WT and Casp9 HZ (HZ) mice. GAPDH was used for loading CTRL. (G) Relative expression [quantitative reverse transcription 
polymerase chain reaction (qRT-PCR)] of Il1b, Csf2, Tnfa, Cxcl10, and Icam1 in CTRL and Cis-injected Cis kidneys of WT and Casp9 HZ (HZ) mice. CTRL WT (n = 6), CTRL HZ 
(n = 6), Cis WT (n = 6), and Cis HZ (n = 6). Data are presented as means ± SEM. *P < 0.05 and **P < 0.01.
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BUN levels were lower, and renal expression of Havcr1 was damp-
ened in Z-LEHD-FMK–treated mice. Furthermore, we also ob-
served that inflammatory cytokines (Il1b, Csf2, Tnfa, and Cxcl10) 
and Icam1 expression were lower in inhibitor-treated mice after 
cisplatin injury (Fig.  4,  A  to  E). Collectively, we found improved 
kidney function and lessened kidney damage in the cisplatin-injected 
mice treated with Z-LEHD-FMK.

Enhanced autophagy in cisplatin-treated Casp9 HZ mice
The role of apoptosis in kidney disease development is controversial. 
While lower apoptosis is associated with cellular preservation, absence 
of apoptosis can divert to more inflammatory cell death pathways. 
We were surprised to find that both genetic and pharmacological 
inhibition of CASP9 was associated with dampened inflammation; 
therefore, we decided to investigate changes in inflammatory cell 
death pathways such as necroptosis, pyroptosis, and ferroptosis (40). 
The expression levels of critical regulators of necroptosis (RIPK3), 
pyroptosis [NLRP3 and gasdermin D (GSDMD)], and ferroptosis 
[acyl–coenzyme A synthetase long-chain family member 4 (ACSL4)] 
were higher in kidneys of cisplatin-injected mice. On the other hand, 
we did not observe differences in inflammatory cell death pathways 
between cisplatin-treated WT and Casp9 HZ mice (Fig. 5A).

At the same time, the expression levels of LC3-II, a key molecule 
in autophagy, were higher in cisplatin-treated kidneys of WT mice, 
and it was further increased in cisplatin-treated kidneys of Casp9 
HZ mice (Fig. 5A). Therefore, we next analyzed autophagy markers 
in renal tubule cells isolated from WT and Casp9 HZ mice at base-
line and following cisplatin treatment. Autophagy flux was exam-
ined by treating cells with bafilomycin A1 (BafA1), which interferes 
with lysosomal function halting autophagosome-lysosomal fusion, 
enabling the quantification of the rate of autophagy. The LC3-II 
expression was higher in Casp9 HZ renal tubule cells exposed to 
cisplatin, and its level further increased following BafA1 treatment 
(Fig. 5, B and C) indicating an improved autophagy flux in cisplatin-
treated Casp9 HZ renal tubule cells (Fig. 5D). To better understand 

changes in autophagy, we transfected renal tubule cells with enhanced 
green fluorescent protein (EGFP)–LC3 plasmid. Autophagosome 
number, represented by EGFP-positive dots, was markedly higher 
in Casp9 HZ renal tubule cells exposed to cisplatin, which again 
further increased following BafA1 treatment (Fig. 5, E and F). The 
mRFP-EGFP-LC3 plasmid is another tool to evaluate autophagy 
flux by using different pH stability of GFP and red fluorescent pro-
tein (RFP). Under acidic conditions such as autolysosome, the GFP 
signal is quenched and only the RFP signal is visible. Autolysosome 
numbers indicated by RFP puncta were observably higher in Casp9 
HZ renal tubule cells exposed to cisplatin (Fig. 5, E and F). BafA1 
treatment restored the GFP signal.

Suppression of the cytosolic nucleotide sensing pathways 
(cGAS and STING) by mitophagy
As we observed changes in autophagy, we next analyzed mitophagy 
using COX8-EGFP-mCherry plasmid. While cisplatin induced a 
severe mitophagy defect, mitolysosomes represented by the mCherry 
signal were markedly higher in Casp9 HZ renal tubule cells exposed 
to cisplatin (Fig. 6A). Cisplatin induced marked mitochondrial 
depolarization in kidney tubule cells, which was ameliorated in 
Casp9 HZ renal tubule cells (Fig. 6B). The cisplatin-induced mito-
chondrial damage has been shown to release mitochondrial DNA, 
which is sensed by the cytosolic nucleotide sensing pathways such 
as cGAS (cyclic GMP–AMP synthase) leading to STING (stimula-
tor of interferon genes) activation (41). We found that the cytosolic 
mitochondrial DNA release was lower in Casp9 HZ renal tubule 
cells when compared to WT following cisplatin treatment (Fig. 6C). 
Subsequently, protein levels of cGAS and STING were lower in 
cisplatin-treated Casp9 HZ renal tubule cells. Downstream signaling 
molecules, such as phosphorylated TANK-binding kinase 1 (pTBK1), 
phosphorylated p65 (pp65), and phosphorylated interferon regula-
tory factor 3 (pIRF3) were lower in cisplatin-treated Casp9 HZ renal 
tubule cells (Fig. 6, D and E, and fig. S9A). Furthermore, expression 
of downstream proinflammatory cytokines such as Il1b, Csf2, Tnfa, 

Fig. 4. Pharmacological inhibition of CASP9 protected from Cis-induced kidney injury and inflammation. (A) Experimental design. (B to D) The levels of serum 
creatinine (Cr) (B), BUN (C), and renal Havcr1 mRNA (D) in PBS-injected (PBS) or Cis-injected mice with CASP9 inhibitor (inhibitor) or vehicle CTRL. (E) Relative renal expres-
sion (qRT-PCR) of Il1b, Csf2, Tnfa, Cxcl10, and Icam1. PBS with vehicle CTRL (n = 3), PBS with CASP9-specific inhibitor (n = 3), Cis with vehicle CTRL (n = 6), and Cis with 
CASP9-specific inhibitor (n = 6). Data are presented as means ± SEM. *P < 0.05.
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Cxcl10, and Icam1 was also lower in cisplatin-treated Casp9 HZ re-
nal tubule cells (Fig. 6F).

Last, we validated changes observed in cytosolic nucleotide 
sensing pathways in kidneys of cisplatin-treated WT and Casp9 HZ 
mice. Protein levels of cGAS and STING were also lower in cisplatin-
treated Casp9 HZ mice when compared to cisplatin-treated WT 
mice (Fig. 6G).

Casp9 HZ mice are protected from kidney fibrosis
While our studies using the cisplatin model demonstrated the role 
of CASP9 in AKI, we next examined whether CASP9 plays a role in 
kidney fibrosis, a feature of CKD. We evaluated the FA injection 
crystal precipitation model as we found earlier an increase in kidney 
Casp9 levels in this model (Figs. 2B and 7, A and B). We found that 
markers of kidney function (BUN) and expression of tubule injury 

Fig. 5. Improved autophagy flux in Cis-treated Casp9 HZ renal tubule cells. (A) Western blot image and quantification of RIPK3, GSDMD, NLRP3, ACSL4, and LC3-II in 
CTRL and Cis-treated kidneys from WT and Casp9 HZ (HZ) mice. GAPDH was used for loading CTRL. (B) Isolation of renal tubule cells from WT and Casp9 HZ (HZ) mice. 
(C) Representative Western blot and quantification of LC3-II in cultured renal tubule cells from WT and Casp9 HZ (HZ) mice in indicated conditions (Cis + BafA1, Cis with 
bafilomycin A1). Cells were exposed to Cis for 8 hours. GAPDH was used for loading CTRL. (D) Autophagy flux in WT and Casp9 HZ (HZ) renal tubule cells. Flux was calculated 
as a difference in LC3-II levels (corrected by GAPDH) between Cis and Cis + BafA1 group. Three independent experiments were performed. (E) Representative confocal 
image of the renal tubule cell transfected with EGFP-LC3 plasmid or mRFP-EGFP-LC3 plasmid in indicated conditions. Scale bar, 10 m. (F) Quantification of autophagosome 
(left) and autolysosome (right) in the renal tubule cell in indicated conditions. Experiments were performed three times, and in each experiment, n = 10 cells were counted 
and mean value was plotted in the graph. Data are presented as means ± SEM. *P < 0.05.
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Fig. 6. Improved mitophagy and lower cGAS-STING activation in Cis-treated Casp9 HZ renal tubule cells. (A) Representative confocal images of renal tubule cells 
transfected with COX8-EGFP-mCherry plasmid. Quantification of mCherry dots (mitolysosome) in indicated conditions. Scale bar, 10 m. Three independent experiments 
were performed. In each experiment, n = 10 cells were counted and mean value was plotted. (B) Representative confocal image of JC-1–stained Cis or PBS-treated (CTRL) 
WT and Casp9 HZ (HZ) renal tubule cells. Scale bar, 10 m. Green fluorescence intensity indicates mitochondrial depolarization. (C) Extraction and quantification of cyto-
solic mitochondrial DNA (mtDNA) of Cis or PBS-treated (CTRL) WT and Casp9 HZ (HZ) renal tubule cells. (D) Representative Western blot image of cGAS, STING, pTBK1, 
TBK1, pp65, p65, pIRF3, and IRF3 in Cis- or PBS-treated (CTRL) WT and Casp9 HZ (HZ) renal tubule cells. (E) Relative expression (qRT-PCR) of Il1b, Csf2, Tnfa, Cxcl10, and 
Icam1 in Cis- or PBS-treated (CTRL) WT and Casp9 HZ (HZ) renal tubule cells. (F) Western blot image and quantification of cGAS and STING in CTRL and Cis kidneys of WT 
and Casp9 HZ (HZ) mice. GAPDH was used for loading CTRL. Data are presented as means ± SEM. *P < 0.05.
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markers (Havcr1) were improved in FA-treated CASP9 HZ mice 
(Fig. 7, C and D). We observed an increase in expression of proapop-
totic proteins such as CASP9 and cleaved CASP3  in kidneys of 
FA-treated mice, which were attenuated in Casp9 HZ mice (Fig. 7E 
and fig. S7B). Consistent with the lower apoptosis rate, expression 
of proximal and distal tubule marker genes (Slc22a30, Slc27a2, and 
Slc12a1) were preserved in the FA-treated Casp9 HZ mice (Fig. 7F). 
At the same time, expression of inflammatory cytokines (Il1b, Csf2, 
Tnfa, and Cxcl10), renal fibrosis, and profibrotic genes (Col1a1, Co-
l3a1, Fn1, and Vim) was lower in the FA-treated Casp9 HZ mice 
(Fig. 7, G to I).

Similarly, we observed less tubule injury and marked differences 
in apoptosis in Casp9 HZ mice following UUO (Fig. 8, A and B and 
fig. S10A). The expression of inflammatory cytokine levels (Il1b, 
Csf2, Tnfa, and Cxcl10) was lower in UUO kidneys from Casp9 HZ 
mice (Fig. 8C). We did not observe differences in necroptosis, pyro-
ptosis, and ferroptosis regulators (examined by RIPK3, GSDMD, 
NLRP3, and ACSL4) in UUO kidneys when Casp9 HZ and WT 
mice were compared (fig. S11A). The higher LC3-II levels in UUO 
kidney of Casp9 HZ mice were consistent with improved autophagy 
(Fig.  8D). Kidney expression of cGAS and STING was lower in 
UUO Casp9 HZ mice (Fig. 8D). Last, the lesser inflammation was 

Fig. 7. Casp9 HZ mice are protected from FA-induced kidney fibrosis. (A) WT and Casp9 HZ (HZ) mice were euthanized 7 days after FA injection (intraperitoneal 
injection of 250 mg/kg FA). (B to D) The levels of renal Casp9 mRNA (B), BUN (C), and renal Havcr1 mRNA (D) in CTRL and FA-induced mice. (E) Western blot image and 
quantification of pro-CASP9 (CASP9), cleaved CASP9 (cCASP9) in CTRL, and FA-induced kidneys from WT and Casp9 HZ (HZ) mice. GAPDH was used for loading CTRL. 
(F and G) Relative expression (qRT-PCR) of Slc22a30, Slc27a2, Slc12a2 (F), Il1b, Csf2, Tnfa, Cxcl10, and Icam1 (G) in CTRL and Cis-induced kidneys from WT and Casp9 
HZ (HZ) mice. (H) Representative images and quantification of tubulointerstitial fibrosis by Sirius red staining in CTRL and FA-induced kidneys from WT and Casp9 HZ (HZ) 
mice. Scale bar, 20 m. (I) Relative expression (qRT-PCR) of Col1a1, Col1a3, Fn1, and Vim in CTRL and FA-induced kidneys from WT and Casp9 HZ (HZ) mice. CTRL WT (n = 6), 
CTRL HZ (n = 6), FA WT (n = 6), and FA HZ (n = 6). Data are presented as means ± SEM. *P < 0.05 and **P < 0.01.
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associated with lower renal fibrosis and expression of profibrotic 
genes (Col1a1, Col3a1, Fn1, and Vim) in UUO kidney of Casp9 HZ 
mice (Fig. 8, E and F).

DISCUSSION
Here, we demonstrate that CASP9 is a kidney disease risk gene pri-
oritized by a variety of multiomics approaches. Follow-up in vitro 
and in vivo studies indicate that CASP9 not only lowered renal tu-
bule cell apoptosis but also improved mitophagy, resulting in the 

reduction of cytosolic mitochondrial DNA, cytosolic nucleotide 
sensing pathways (cGAS and STING), downstream inflammation, 
and fibrosis development.

While GWAS identifies risk regions in the genome, orthogonal 
datasets are needed for the functional interpretation of GWAS risk 
variants, such as kidney eQTL and single-nuclear epigenetic infor-
mation. Bayesian colocalization analysis revealed that the GWAS 
risk variants had a shared effect on both eGFR and kidney tubule 
CASP9 expression levels, where higher CASP9 expression levels 
were associated with lower eGFR levels. SMR and TWAS analysis 

Fig. 8. Lower inflammation and kidney fibrosis in Casp9 HZ mice subjected to UUO injury. (A) Experimental design. (B) Western blot image and quantification of 
pro-CASP9 (CASP9), cleaved CASP9 (cCASP9), BAX, BCL2, and cleaved CASP3 (cCASP3) in CTRL and UUO kidney from WT and Casp9 HZ (HZ) mice. GAPDH was used for 
loading CTRL. (C) Relative expression (qRT-PCR) of Il1b, Csf2, Tnfa, and Cxcl10 in CTRL and UUO kidney from WT and Casp9 HZ (HZ) mice. (D) Western blot image and 
quantification of LC3-II, cGAS, and STING in CTRL and UUO kidney from WT and Casp9 HZ (HZ) mice. GAPDH was used for loading CTRL. (E) Representative images and 
quantification of tubulointerstitial fibrosis by Sirius red staining in CTRL and UUO kidney from WT and Casp9 HZ (HZ) mice. Scale bar, 20 m. (F) Relative transcript expres-
sion (qRT-PCR) of Col1a1, Col1a3, Fn1, and Vim in CTRL and UUO kidney from WT and Casp9 HZ (HZ) mice. CTRL WT (n = 6), CTRL HZ (n = 6), UUO WT (n = 6), and UUO HZ 
(n = 7). Data are presented as means ± SEM. *P < 0.05 and **P < 0.01.
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indicated that CASP9 expression mediated the effect of the geno-
type on kidney function. Integration of Bayesian colocalization signal 
with single-nuclei open chromatin information prioritized likely 
causal variant and indicated tissue-specific (kidney), and cell type–
specific (tubules) regulation of CASP9 expression. CRISPR-Cas9 
gene editing confirmed the functional role of the open chromatin 
region containing likely causal variants.

Here, we show that kidney Casp9 mRNA expression levels cor-
related with fibrosis severity. Higher Casp9 expression and activity 
and more severe fibrosis were observed in the FA and UUO models 
compared to UNx-STZ and aging mice. The FA and UUO models 
are widely recognized as kidney fibrosis models (42–45), while the 
diabetic and aging models only show mild histological changes and 
lack of GFR decline (46–48). CASP9 expression in proximal tubules 
of FA and UUO mice and patients with CKD supports the key role 
of proximal tubule in kidney disease development.

Via the use of mouse genetic models, we demonstrated the causal 
role of CASP9 in AKI, fibrosis, and inflammation, rendering CASP9 
a kidney disease risk gene. Genetic deletion or pharmacological 
inhibitor of CASP9 lowered apoptosis and protected from acute 
injury induced by cisplatin and kidney fibrosis induced by FA and 
UUO. The protective role of CASP9 in kidney disease development 
can be explained by two mechanisms. First, apoptosis seems to contrib-
ute to tubule epithelial cell loss, such as proximal tubule and the loop 
of Henle cells. Preserved epithelial cell number likely results in func-
tional preservation; however, as epithelial cells can regenerate, this 
might not fully explain the protection from disease development.

Second, our observations indicate that mechanisms outside of 
apoptosis play an important role in the CASP9-afforded protection. 
The Casp9 expression and CASP9 activity did not fully correlate 
with classic apoptosis genes such as Bax and Apaf1 levels. We ob-
served improved mitophagy in Casp9 HZ renal tubule cells treated 
with cisplatin and UUO model of kidney fibrosis. Defect in mitoph-
agy has been associated with cytosolic leakage of mitochondrial 
DNA and activation of the cytosolic nucleotide sensing pathways 
following subsequent inflammation (49). We observed marked dif-
ferences in cGAS and STING activation and lower inflammation in 
Casp9 HZ renal tubule cells and mice. These observations are con-
sistent with previous reports showing the pathogenic proinflamma-
tory role of the cGAS-STING pathway in kidney fibrosis (50).

Future studies shall examine the molecular mechanism of the inter-
action between CASP9 and autophagy/mitophagy. Experimental 
demonstration of the association of improved autophagy/mitophagy 
in tubule epithelial with renal inflammation will also be important.

In summary, we prioritized CASP9 as an eGFR GWAS target 
gene using computational and experimental tools, as well as cellular 
and animal models. We demonstrate the causal role of CASP9  in 
kidney disease development via improving mitophagy and lowering 
inflammation and apoptosis. Our results could open new avenues 
for kidney disease therapeutics via the use of small molecular 
CASP9 inhibitors.

METHODS
Visualization of SNPs in GWAS and eQTL
LocusZoom (51) was used to view genomic regions of interest in 
chromosome 1 for kidney function GWAS (3–6) and eQTL of 
CASP9, CELA2B, and DNAJC16 in tubules, glomeruli, and whole 
kidneys (8). eQTL box plots were used to show the associations 

between reference and alternative alleles of given genotypes and 
CASP9 expression in tubule samples.

Colocalization analysis
The eQTL dataset of tubules, glomeruli, and whole kidney has been 
generated as previously published (8). To estimate the posterior prob-
abilities of sharing the same genetic variants between kidney function 
and gene expression in tubuli and glomeruli, we performed colocal-
ization analysis using coloc (29) and GWAS and eQTL summary data 
(5). A 100-kilobase region around the index SNP was used to calculate 
posterior probability. In the coloc results, H3 represents the posterior 
probability that both traits (kidney function and gene expression) are 
associated, but with different causal variants; H4 represents the poste-
rior probability that both traits are associated and share a single causal 
variant. PP_H4 > 0.8 was used for the threshold of colocalization.

TWAS FUSION
TWAS FUSION pipeline was performed using eGFR GWAS (5) and 
tubule eQTL data (8) as previously described (30, 52). We generated 
gene expression weights using human kidney tubule RNA sequencing 
(n = 121) data following the FUSION pipeline (30). Genotypes were 
imputed to the 1000 Genomes Phase 1 v3, and restricted to well-
imputed (information score, >0.9) sites. Reads per kilobase of tran-
script per million mapped reads and log-adjusted gene expression 
levels were estimated in a generalized linear model controlling for 
three gene expression principal components and rank-normalized. 
We filtered genes that did not exhibit cis-genetic regulation at current 
samples sizes by keeping only genes with nominally significant esti-
mates of cis-SNP heritability. We refrained from reporting genes in 
the human leukocyte antigen region due to the complicated LD pat-
terns. To generate predictive models, FUSION defines gene expression 
for samples as a linear function of SNPs in a 1-megabase region 
flanking the gene as where are the SNP weights, are covariates (e.g., 
sex, age, genotype principal components, genotyping platform, PEER 
factors) and their effects, and is random environmental noise (53). 
FUSION estimated weights for expression of a gene in a tissue using 
multiple penalized linear models (here, we used LASSO).

Summary-based Mendelian randomization
SMR was used to test potential causal effects of a gene on complex 
trait, given an SNP as an instrumental variable (31), using summary-
level data from eGFR GWAS (5) and eQTL studies (8). SMR reports 
the association for visualization of SMR analysis, and we depicted 
SMR effect plot with SMREffectPlot function in plot_SMR.r using 
multiple variants in the cis-eQTL region of genes.

Multiple-tissue eQTL mapping
The eQTL summary results of 44 other human tissues were downloaded 
from GTEx (54). METASOFT (55), a meta-analysis method, was per-
formed on all variant-gene pairs that were significant (false discovery 
rate < 5%) in at least 1 of the 46 tissues (two kidney compartments; 
tubules and glomeruli and 44 GTEx tissues). A random-effects model 
in METASOFT (called RE2) was used, and the posterior probability 
(m value) was calculated for each SNP-gene pair and tissue tested. The 
significance cutoff of m > 0.9 was used to discover high-confidence eQTLs.

Human kidney snATAC sequencing
Human kidneys were homogenized and single-nuclear suspension 
for snATAC sequencing (snATACseq) was prepared according to 



Doke et al., Sci. Adv. 7, eabi8051 (2021)     5 November 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

12 of 15

the manufacturer’s protocol (10X Genomics) as previously described 
(56, 57). Quality control for constructed library was perform by an 
Agilent Bioanalyzer High Sensitivity DNA kit. The libraries were 
sequenced on an Illumina HiSeq. The data processing and analysis 
were performed as previously described (57).

CRISPR-Cas9 genomic deletions
Human embryonic kidney (HEK) 293 cells stable expressing Cas9 
was a gift of L. Wang and L. Song (University of Pennsylvania). 
Guide RNAs were designed by CRISPOR and cloned into pLKO.
sgRNA plasmid. After confirming insert sequences, plasmids were 
transfected into Cas9-expressing HEK293 using Lipofectamine 3000 
(Thermo Fisher Scientific, #L3000015) at 70 to 80% confluent ac-
cording to the manufacturer’s instruction. Cultured cells were col-
lected 48 hours after transfection, and RNA was extracted using TRIzol 
as previously described (52). Gene expression was quantified by 
quantitative reverse transcription polymerase chain reaction (qRT-
PCR). Target genomic region deletion was confirmed by Sanger 
sequencing. The full guide RNA sequences were included in table S3.

SNP prioritization
The likely causal SNP was prioritized by the following method: (i) 
reached genome-wide significance in eGFRcrea GWAS (5), (ii) 
reached genome-wide significance in human kidney eQTL for 
CASP9 (8), (iii) located in an open chromatin area in human kidney 
snATACseq data (57), and (iv) altered the expression of the target 
gene in CRISPR-Cas9 locus deletion experiments.

Sample procurement
Human kidney samples were obtained from surgical nephrecto-
mies. Nephrectomies were deidentified, and the corresponding 
clinical information was collected through an honest broker; there-
fore, no consent was obtained from the individuals.

Mouse studies
Eight- to 10-week-old male WT mice and littermate male Casp9 HZ 
mice were used for the cisplatin, FA, and UUO models. Casp9 HZ 
mice were obtained from R. A. Flavell in the Yale University (37). 
Mice were injected intraperitoneally with FA (#10752485 ACROS 
Organics, 250 mg/kg, dissolved in 300 mM sodium bicarbonate) or 
sodium bicarbonate (#S6014, Sigma-Aldrich) and euthanized on 
day 7. Mice were euthanized on day 7 after left ureteral ligation or 
sham surgery. Mice were euthanized on day 3 after administration 
of a single dose of cisplatin (20 mg/kg body weight) (Cayman, 
#Cay13119) or phosphate-buffered saline (PBS). Mice were eutha-
nized 18 weeks after uninephrectomy and following low-dose STZ 
(50 mg/kg, i.p. for 5 days) (streptozotocin, Santa Cruz Biotech-
nology, #U-9889) or PBS injection. Aging mice were euthanized at 
2 years of age. Transgenic mice (Nphs1-rtTA/TRE-APOL1-G2) were 
placed on a doxycycline diet to induce transgene expression and 
euthanized as described previously (35). All animal experiments 
were approved by the University of Pennsylvania ethics committee 
(Institutional Animal Care and Use Committee).

Quantitative reverse transcription polymerase 
chain reaction
RNA was isolated from kidney tissue or cells using TRIzol (Invitro-
gen, #15596018). RNA was reverse-transcribed using the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 

#4368813), and qRT-PCR was run in the ViiA 7 System (Life Tech-
nologies) instrument using SYBR Green Master Mix (Applied 
Biosystems, #4367659) and gene-specific primers. For quantitative 
analysis, samples were normalized to glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) with the Ct method. Primer sequences 
are listed in table S4.

Western blot
Tissue lysates were homogenized in SDS lysis buffer [Cell Signaling 
Technology (CST), #7722] and transferred onto polyvinylidene 
difluoride membranes. After blocking in 5% milk in tris-buffered 
saline and 0.1% Tween 20, membranes were incubated overnight 
with the following antibodies at 4°C: CASP9 (Abcam, #ab202068), 
cleaved CASP3 (CST, #9664), RIP3 (Millipore Sigma, #PRS2283), 
BAX (CST, #2772), BCL2 (CST, #3498), GSDMD (Santa Cruz Bio-
technology, sc-393656), NLRP3 (CST, #15101), ACSL4 (Abcam, 
#ab155282), LC-3 (CST, #2775S), cGAS (CST, #31659), STING 
(CST, #13647S), TBK1 (CST, #38066), pTBK1 (CST, #5483), IRF3 
(CST, #4302), pIRF3 (CST, #4947), p65 (CST, #8242), pp65 (CST, 
#3033), and GAPDH (CST, #5174). Membranes were incubated 
with horseradish peroxidase–conjugated secondary anti-rabbit or 
anti-mouse antibody (CST, #7074 and #7076) for 1 hour at room 
temperature. Signal was detected by enhanced chemiluminescence 
(SuperSignal West Femto Maximum Sensitivity Substrate, #34094; 
Thermo Fisher Scientific). Western blots were quantified using the 
Fiji software (58).

Renal function and histology
BUN was determined by a TRACE DMA Urea kit (Thermo Electron 
Corporation, #TR12003), according to the manufacturer’s instruc-
tions. Electrolytes (Na, K, and Cl) and hemoglobin were measured 
with the iSTAT Portable Clinical Analyzer using i-STAT CHEM8+ 
cartridge (Abaxis, #10023291). Kidney tissue was stained with he-
matoxylin and eosin to investigate renal injury. The degree of tubu-
lointerstitial damage was scored semiquantitatively on a 0 to 5+ 
scale, according to the percentage of the area affected by hydropic 
degeneration, hyaline casts, cytoplasmic vacuolization, loss of the 
brush border, and tubular lumen dilation (0 = normal, 1 = <10%, 
2 = 10 to 25%, 3 = 26 to 50%, 4 = 51 to 75%, and 5 = >75%). Sirius 
red staining was performed according to the manufacturer’s proto-
col (Polysciences, #24901) to determine the degree of fibrosis. For 
each analysis, five to eight fields were randomly selected and quan-
tified using the Fiji software (58). Each dot represents the mean 
score of a single animal.

Primary culture of kidney tubule cells
Primary kidney tubule cells were isolated from 3- to 4-week-old 
mice. Kidneys were minced and incubated for 30 min at 37°C with 
collagenase I (Worthington Biochemical Product, #CLS-1). Digest-
ed kidney cells were filtered through the 100-, 70-, and 40-m mesh 
to isolate single cells. Cell suspensions were cultured in RPMI 1640 
(Corning, #10-040-CM) supplement with 10% fetal bovine serum 
(Atlanta Biologicals, #S11950), EGF (20 ng/ml; PeproTech #AF-
100-15), insulin-transferrin-selenium (ITS) (Gibco, #51500-056), 
and 1% penicillin-streptomycin (Corning, #30-002-CI) at 5% CO2 
and 37°C. Approximately 1 × 106 cells were seeded per well in 
six-well plates and allowed to adhere overnight. Kidney tubule cells 
were treated with cisplatin (20 M) for 8 hours in the presence and 
absence of BafA1 (100 nM; Sigma-Aldrich, #B1793).
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Cytotoxicity assay
Renal tubule cells from WT and Casp9 HZ mice were seeded on 
96-well plates (10,000 cells per well). After reaching 80% confluency, 
cells were treated with cisplatin (20 M) for 8 hours. Live cells were 
monitored according to the manufacturer’s protocol (Promega, 
#G9200). Fluorescent signal at 400/505 nm (excitation/emission) 
was detected in a microplate reader (BioTek, Synergy H1).

Cytosolic fraction extraction
Cytosolic, mitochondrial, and nuclear fractions from kidney tubules 
were extracted as described previously, by lysing cells with digitonin 
buffer (Thermo Fisher Scientific, #BN2006) (59). Cytosolic and mito
chondrial DNAs were purified with the DNeasy Blood and Tissue Kit 
according to the manufacturer’s instructions (Qiagen, #69506). 
Quantitative PCR was performed using the ViiA 7 System (Life 
Technologies). The data were analyzed using the Ct method and 
shown as fold change. Primers are listed in table S4.

Plasmid transfection
EGFP-LC3 (#11546), ptfLC3 (#21074), and Cox8-EGFP-mCherry 
(#78520) were purchased from Addgene. Plasmids were transfected 
with Lipofectamine 3000 according to the manufacturer’s protocol 
(Thermo Fisher Scientific, #L3000008). After transfection, tubule 
cells were incubated for 24 hours. The fluorescent signal was detected 
by a confocal microscope (Leica TCS SP8 Confocal). The number of puncta 
was counted in 10 cells, and mean puncta number were plotted.

Immunostaining
Kidneys were fixed in 10% neutral formalin and 5-m-thick sec-
tions were prepared. Sections were deparaffinized, followed by anti-
gen retrieval in citrate buffer at 95°C for 10  min. Sections were 
allowed to cool slowly, washed in distilled water, and incubated in 
3% H2O2 for 10  min. Sections were incubated in 5% goat serum 
(blocking buffer) at room temperature for 1 hour. In addition, avi-
din/biotin blocking was performed using the avidin/biotin blocking 
kit (Vector Laboratories, #004303). Sections were incubated over-
night at 4°C with primary antibody for cleaved CASP3 (1:500; CST, 
#9664). After washing, sections were incubated with goat anti-rabbit 
secondary antibody for 1 hour at room temperature. ABC ready-to-
use reagent (Vector Laboratories, #PK-6101) and ImmPACT DAB 
Peroxidase (HRP) Substrate (Vector Laboratories, #SK-4105) were 
used for visualization.

For immunofluorescence studies, sections were incubated with 
CASP9 (Novus, NB100-56118) antibody, washed with PBS, and in-
cubated with donkey anti-mouse IgG (H + L) highly cross-adsorbed 
secondary antibody, Alexa Fluor 594 (Thermo Fisher Scientific, #A-
21203) and fluorescein isothiocyanate-labeled LTL (Vector Laboratories, 
FL-1321-2), coverslip-mounted, and examined under a fluorescence 
microscope (OLYMPUS DP73).

Caspase activity assay
Kidney tissue was homogenized in lysis buffer according to the manu-
facturer’s protocol (Biovision, #K118). Protein concentrations were 
measured using the Pierce BCA Protein Assay Kit (Thermo Fisher Sci-
entific, #23225). Fifty micrograms of total protein was incubated at 37°C 
for 1 hour with reaction buffer (Biovision, #K118) and CASP3 or CASP9 
substrate (Ac-DEVD-AFC: Biovision, #1007 and Ac-LEHD-AFC, Bio-
vision #1075). The enzyme-catalyzed release of AFC was quantified in a 
fluorimeter (excitation of 400 nm and emission of 505 nm).

Statistics
Data are presented as means ± SEM. Unpaired two-tailed Student’s 
t test was used for comparisons between two groups. One-way anal-
ysis of variance (ANOVA) with Tukey’s post hoc test was used to 
compare multiple groups. P < 0.05 was considered significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abi8051

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES
	 1.	 A. S. Levey, J. Coresh, Chronic kidney disease. Lancet 379, 165–180 (2012).
	 2.	 Y. A. Ko, H. Yi, C. Qiu, S. Huang, J. Park, N. Ledo, A. Kottgen, H. Li, D. J. Rader, M. A. Pack, 

C. D. Brown, K. Susztak, Genetic-variation-driven gene-expression changes highlight 
genes with important functions for kidney disease. Am. J. Hum. Genet. 100, 940–953 
(2017).

	 3.	 C. Pattaro, A. Teumer, M. Gorski, A. Y. Chu, M. Li, V. Mijatovic, M. Garnaas, A. Tin, R. Sorice, 
Y. Li, D. Taliun, M. Olden, M. Foster, Q. Yang, M. H. Chen, T. H. Pers, A. D. Johnson, Y. A. Ko, 
C. Fuchsberger, B. Tayo, M. Nalls, M. F. Feitosa, A. Isaacs, A. Dehghan, P. d'Adamo, 
A. Adeyemo, A. K. Dieffenbach, A. B. Zonderman, I. M. Nolte, P. J. van der Most, 
A. F. Wright, A. R. Shuldiner, A. C. Morrison, A. Hofman, A. V. Smith, A. W. Dreisbach, 
A. Franke, A. G. Uitterlinden, A. Metspalu, A. Tonjes, A. Lupo, A. Robino, Å. Johansson, 
A. Demirkan, B. Kollerits, B. I. Freedman, B. Ponte, B. A. Oostra, B. Paulweber, B. K. Krämer, 
B. D. Mitchell, B. M. Buckley, C. A. Peralta, C. Hayward, C. Helmer, C. N. Rotimi, C. M. Shaffer, 
C. Müller, C. Sala, C. M. van Duijn, A. Saint-Pierre, D. Ackermann, D. Shriner, D. Ruggiero, 
D. Toniolo, Y. Lu, D. Cusi, D. Czamara, D. Ellinghaus, D. S. Siscovick, D. Ruderfer, C. Gieger, 
H. Grallert, E. Rochtchina, E. J. Atkinson, E. G. Holliday, E. Boerwinkle, E. Salvi, 
E. P. Bottinger, F. Murgia, F. Rivadeneira, F. Ernst, F. Kronenberg, F. B. Hu, G. J. Navis, 
G. C. Curhan, G. B. Ehret, G. Homuth, S. Coassin, G. A. Thun, G. Pistis, G. Gambaro, 
G. Malerba, G. W. Montgomery, G. Eiriksdottir, G. Jacobs, G. Li, H. E. Wichmann, 
H. Campbell, H. Schmidt, H. Wallaschofski, H. Völzke, H. Brenner, H. K. Kroemer, H. Kramer, 
H. Lin, I. M. Leach, I. Ford, I. Guessous, I. Rudan, I. Prokopenko, I. Borecki, I. M. Heid, I. Kolcic, 
I. Persico, J. W. Jukema, J. F. Wilson, J. F. Felix, J. Divers, J. C. Lambert, J. M. Stafford, 
J. M. Gaspoz, J. A. Smith, J. D. Faul, J. J. Wang, J. Ding, J. N. Hirschhorn, J. Attia, 
J. B. Whitfield, J. Chalmers, J. Viikari, J. Coresh, J. C. Denny, J. Karjalainen, J. K. Fernandes, 
K. Endlich, K. Butterbach, K. L. Keene, K. Lohman, L. Portas, L. J. Launer, L. P. Lyytikäinen, 
L. Yengo, L. Franke, L. Ferrucci, L. M. Rose, L. Kedenko, M. Rao, M. Struchalin, M. E. Kleber, 
M. Cavalieri, M. Haun, M. C. Cornelis, M. Ciullo, M. Pirastu, M. de Andrade, M. A. McEvoy, 
M. Woodward, M. Adam, M. Cocca, M. Nauck, M. Imboden, M. Waldenberger, M. Pruijm, 
M. Metzger, M. Stumvoll, M. K. Evans, M. M. Sale, M. Kähönen, M. Boban, M. Bochud, 
M. Rheinberger, N. Verweij, N. Bouatia-Naji, N. G. Martin, N. Hastie, N. Probst-Hensch, 
N. Soranzo, O. Devuyst, O. Raitakari, O. Gottesman, O. H. Franco, O. Polasek, P. Gasparini, 
P. B. Munroe, P. M. Ridker, P. Mitchell, P. Muntner, C. Meisinger, J. H. Smit, P. Kovacs, 
P. S. Wild, P. Froguel, R. Rettig, R. Mägi, R. Biffar, R. Schmidt, R. P. Middelberg, R. J. Carroll, 
B. W. Penninx, R. J. Scott, R. Katz, S. Sedaghat, S. H. Wild, S. L. Kardia, S. Ulivi, S. J. Hwang, 
S. Enroth, S. Kloiber, S. Trompet, B. Stengel, S. J. Hancock, S. T. Turner, S. E. Rosas, 
S. Stracke, T. B. Harris, T. Zeller, T. Zemunik, T. Lehtimäki, T. Illig, T. Aspelund, 
T. Nikopensius, T. Esko, T. Tanaka, U. Gyllensten, U. Völker, V. Emilsson, V. Vitart, V. Aalto, 
V. Gudnason, V. Chouraki, W. M. Chen, W. Igl, W. März, W. Koenig, W. Lieb, R. J. Loos, Y. Liu, 
H. Snieder, P. P. Pramstaller, A. Parsa, J. R. O'Connell, K. Susztak, P. Hamet, J. Tremblay, 
I. H. de Boer, C. A. Böger, W. Goessling, D. I. Chasman, A. Köttgen, W. H. Kao, C. S. Fox, 
Genetic associations at 53 loci highlight cell types and biological pathways relevant 
for kidney function. Nat. Commun. 7, 10023 (2016).

	 4.	 A. P. Morris, T. H. Le, H. Wu, A. Akbarov, P. J. van der Most, G. Hemani, G. D. Smith, 
A. Mahajan, K. J. Gaulton, G. N. Nadkarni, A. Valladares-Salgado, N. Wacher-Rodarte, 
J. C. Mychaleckyj, N. D. Dueker, X. Guo, Y. Hai, J. Haessler, Y. Kamatani, A. M. Stilp, G. Zhu, 
J. P. Cook, J. Arnlov, S. H. Blanton, M. H. de Borst, E. P. Bottinger, T. A. Buchanan, 
S. Cechova, F. J. Charchar, P. L. Chu, J. Damman, J. Eales, A. G. Gharavi, V. Giedraitis, 
A. C. Heath, E. Ipp, K. Kiryluk, H. J. Kramer, M. Kubo, A. Larsson, C. M. Lindgren, Y. Lu, 
P. A. F. Madden, G. W. Montgomery, G. J. Papanicolaou, L. J. Raffel, R. L. Sacco, E. Sanchez, 
H. Stark, J. Sundstrom, K. D. Taylor, A. H. Xiang, A. Zivkovic, L. Lind, E. Ingelsson, 
N. G. Martin, J. B. Whitfield, J. Cai, C. C. Laurie, Y. Okada, K. Matsuda, C. Kooperberg, 
Y. I. Chen, T. Rundek, S. S. Rich, R. J. F. Loos, E. J. Parra, M. Cruz, J. I. Rotter, H. Snieder, 
M. Tomaszewski, B. D. Humphreys, N. Franceschini, Trans-ethnic kidney function 
association study reveals putative causal genes and effects on kidney-specific disease 
aetiologies. Nat. Commun. 10, 29 (2019).

	 5.	 M. Wuttke, Y. Li, M. Li, K. B. Sieber, M. F. Feitosa, M. Gorski, A. Tin, L. Wang, A. Y. Chu, 
A. Hoppmann, H. Kirsten, A. Giri, J. F. Chai, G. Sveinbjornsson, B. O. Tayo, T. Nutile, 

https://science.org/doi/10.1126/sciadv.abi8051
https://science.org/doi/10.1126/sciadv.abi8051
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.abi8051


Doke et al., Sci. Adv. 7, eabi8051 (2021)     5 November 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

14 of 15

C. Fuchsberger, J. Marten, M. Cocca, S. Ghasemi, Y. Xu, K. Horn, D. Noce, 
P. J. van der Most, S. Sedaghat, Z. Yu, M. Akiyama, S. Afaq, T. S. Ahluwalia, P. Almgren, 
N. Amin, J. Arnlov, S. J. L. Bakker, N. Bansal, D. Baptista, S. Bergmann, M. L. Biggs, G. Biino, 
M. Boehnke, E. Boerwinkle, M. Boissel, E. P. Bottinger, T. S. Boutin, H. Brenner, M. Brumat, 
R. Burkhardt, A. S. Butterworth, E. Campana, A. Campbell, H. Campbell, M. Canouil, 
R. J. Carroll, E. Catamo, J. C. Chambers, M. L. Chee, M. L. Chee, X. Chen, C. Y. Cheng, 
Y. Cheng, K. Christensen, R. Cifkova, M. Ciullo, M. P. Concas, J. P. Cook, J. Coresh, T. Corre, 
C. F. Sala, D. Cusi, J. Danesh, E. W. Daw, M. H. de Borst, A. De Grandi, R. de Mutsert, 
A. P. J. de Vries, F. Degenhardt, G. Delgado, A. Demirkan, E. Di Angelantonio, K. Dittrich, 
J. Divers, R. Dorajoo, K. U. Eckardt, G. Ehret, P. Elliott, K. Endlich, M. K. Evans, J. F. Felix, 
V. H. X. Foo, O. H. Franco, A. Franke, B. I. Freedman, S. Freitag-Wolf, Y. Friedlander, 
P. Froguel, R. T. Gansevoort, H. Gao, P. Gasparini, J. M. Gaziano, V. Giedraitis, C. Gieger, 
G. Girotto, F. Giulianini, M. Gogele, S. D. Gordon, D. F. Gudbjartsson, V. Gudnason, 
T. Haller, P. Hamet, T. B. Harris, C. A. Hartman, C. Hayward, J. N. Hellwege, C. K. Heng, 
A. A. Hicks, E. Hofer, W. Huang, N. Hutri-Kahonen, S. J. Hwang, M. A. Ikram, 
O. S. Indridason, E. Ingelsson, M. Ising, V. W. V. Jaddoe, J. Jakobsdottir, J. B. Jonas, 
P. K. Joshi, N. S. Josyula, B. Jung, M. Kahonen, Y. Kamatani, C. M. Kammerer, M. Kanai, 
M. Kastarinen, S. M. Kerr, C. C. Khor, W. Kiess, M. E. Kleber, W. Koenig, J. S. Kooner, 
A. Korner, P. Kovacs, A. T. Kraja, A. Krajcoviechova, H. Kramer, B. K. Kramer, 
F. Kronenberg, M. Kubo, B. Kuhnel, M. Kuokkanen, J. Kuusisto, M. La Bianca, M. Laakso, 
L. A. Lange, C. D. Langefeld, J. J. Lee, B. Lehne, T. Lehtimaki, W. Lieb, S. C. Lim, L. Lind, 
C. M. Lindgren, J. Liu, J. Liu, M. Loeffler, R. J. F. Loos, S. Lucae, M. A. Lukas, 
L. P. Lyytikainen, R. Magi, P. K. E. Magnusson, A. Mahajan, N. G. Martin, J. Martins, 
W. Marz, D. Mascalzoni, K. Matsuda, C. Meisinger, T. Meitinger, O. Melander, A. Metspalu, 
E. K. Mikaelsdottir, Y. Milaneschi, K. Miliku, P. P. Mishra, K. L. Mohlke, N. Mononen, 
G. W. Montgomery, D. O. Mook-Kanamori, J. C. Mychaleckyj, G. N. Nadkarni, M. A. Nalls, 
M. Nauck, K. Nikus, B. Ning, I. M. Nolte, R. Noordam, J. O'Connell, M. L. O'Donoghue, 
I. Olafsson, A. J. Oldehinkel, M. Orho-Melander, W. H. Ouwehand, S. Padmanabhan, 
N. D. Palmer, R. Palsson, B. Penninx, T. Perls, M. Perola, M. Pirastu, N. Pirastu, G. Pistis, 
A. I. Podgornaia, O. Polasek, B. Ponte, D. J. Porteous, T. Poulain, P. P. Pramstaller, 
M. H. Preuss, B. P. Prins, M. A. Province, T. J. Rabelink, L. M. Raffield, O. T. Raitakari, 
D. F. Reilly, R. Rettig, M. Rheinberger, K. M. Rice, P. M. Ridker, F. Rivadeneira, F. Rizzi, 
D. J. Roberts, A. Robino, P. Rossing, I. Rudan, R. Rueedi, D. Ruggiero, K. A. Ryan, Y. Saba, 
C. Sabanayagam, V. Salomaa, E. Salvi, K. U. Saum, H. Schmidt, R. Schmidt, B. Schottker, 
C. A. Schulz, N. Schupf, C. M. Shaffer, Y. Shi, A. V. Smith, B. H. Smith, N. Soranzo, 
C. N. Spracklen, K. Strauch, H. M. Stringham, M. Stumvoll, P. O. Svensson, S. Szymczak, 
E. S. Tai, S. M. Tajuddin, N. Y. Q. Tan, K. D. Taylor, A. Teren, Y. C. Tham, J. Thiery, 
C. H. L. Thio, H. Thomsen, G. Thorleifsson, D. Toniolo, A. Tonjes, J. Tremblay, I. Tzoulaki, 
A. G. Uitterlinden, S. Vaccargiu, R. M. van Dam, P. van der Harst, C. M. van Duijn, 
D. R. V. Edward, N. Verweij, S. Vogelezang, U. Volker, P. Vollenweider, G. Waeber, 
M. Waldenberger, L. Wallentin, Y. X. Wang, C. Wang, D. M. Waterworth, W. B. Wei, 
H. White, J. B. Whitfield, S. H. Wild, J. F. Wilson, M. K. Wojczynski, C. Wong, T. Y. Wong, 
L. Xu, Q. Yang, M. Yasuda, L. M. Yerges-Armstrong, W. Zhang, A. B. Zonderman, 
J. I. Rotter, M. Bochud, B. M. Psaty, V. Vitart, J. G. Wilson, A. Dehghan, A. Parsa, 
D. I. Chasman, K. Ho, A. P. Morris, O. Devuyst, S. Akilesh, S. A. Pendergrass, X. Sim, 
C. A. Boger, Y. Okada, T. L. Edwards, H. Snieder, K. Stefansson, A. M. Hung, I. M. Heid, 
M. Scholz, A. Teumer, A. Kottgen, C. Pattaro, A catalog of genetic loci associated 
with kidney function from analyses of a million individuals. Nat. Genet. 51, 957–972 
(2019).

	 6.	 J. N. Hellwege, D. R. V. Edwards, A. Giri, C. Qiu, J. Park, E. S. Torstenson, J. M. Keaton, 
O. D. Wilson, C. Robinson-Cohen, C. P. Chung, C. L. Roumie, D. Klarin, S. M. Damrauer, 
S. L. DuVall, E. Siew, E. A. Akwo, M. Wuttke, M. Gorski, M. Li, Y. Li, J. M. Gaziano, 
P. W. F. Wilson, P. S. Tsao, C. J. O’Donnell, C. P. Kovesdy, C. Pattaro, A. Kottgen, K. Susztak, 
T. L. Edwards, A. M. Hung, Mapping eGFR loci to the renal transcriptome and phenome 
in the VA Million Veteran Program. Nat. Commun. 10, 3842 (2019).

	 7.	 M. V. Rockman, L. Kruglyak, Genetics of global gene expression. Nat. Rev. Genet. 7, 
862–872 (2006).

	 8.	 C. Qiu, S. Huang, J. Park, Y. Park, Y. A. Ko, M. J. Seasock, J. S. Bryer, X. X. Xu, W. C. Song, 
M. Palmer, J. Hill, P. Guarnieri, J. Hawkins, C. M. Boustany-Kari, S. S. Pullen, C. D. Brown, 
K. Susztak, Renal compartment-specific genetic variation analyses identify new pathways 
in chronic kidney disease. Nat. Med. 24, 1721–1731 (2018).

	 9.	 L. Nilsson, K. Madsen, S. Krag, J. Frokiaer, B. L. Jensen, R. Norregaard, Disruption 
of cyclooxygenase type 2 exacerbates apoptosis and renal damage during obstructive 
nephropathy. Am. J. Physiol. Renal Physiol. 309, F1035–F1048 (2015).

	 10.	 N. G. Docherty, O. E. O’Sullivan, D. A. Healy, J. M. Fitzpatrick, R. W. Watson, Evidence that 
inhibition of tubular cell apoptosis protects against renal damage and development 
of fibrosis following ureteric obstruction. Am. J. Physiol. Renal Physiol. 290, F4–F13 
(2006).

	 11.	 P. Li, D. Nijhawan, I. Budihardjo, S. M. Srinivasula, M. Ahmad, E. S. Alnemri, X. Wang, 
Cytochrome c and dATP-dependent formation of Apaf-1/caspase-9 complex initiates 
an apoptotic protease cascade. Cell 91, 479–489 (1997).

	 12.	 M. A. Daemen, C. van’t Veer, G. Denecker, V. H. Heemskerk, T. G. Wolfs, M. Clauss, 
P. Vandenabeele, W. A. Buurman, Inhibition of apoptosis induced by ischemia-
reperfusion prevents inflammation. J. Clin. Invest. 104, 541–549 (1999).

	 13.	 S. Mei, L. Li, Q. Wei, J. Hao, Y. Su, C. Mei, Z. Dong, Double knockout of Bax and Bak 
from kidney proximal tubules reduces unilateral urethral obstruction associated 
apoptosis and renal interstitial fibrosis. Sci. Rep. 7, 44892 (2017).

	 14.	 A. Linkermann, J. H. Bräsen, N. Himmerkus, S. Liu, T. B. Huber, U. Kunzendorf, S. Krautwald, 
Rip1 (receptor-interacting protein kinase 1) mediates necroptosis and contributes 
to renal ischemia/reperfusion injury. Kidney Int. 81, 751–761 (2012).

	 15.	 B. Yang, S. Lan, M. Dieude, J. P. Sabo-Vatasescu, A. Karakeussian-Rimbaud, J. Turgeon, 
S. Qi, L. Gunaratnam, N. Patey, M. J. Hebert, Caspase-3 is a pivotal regulator 
of microvascular rarefaction and renal fibrosis after ischemia-reperfusion injury. J. Amer. 
Soc. Nephrol. 29, 1900–1916 (2018).

	 16.	 R. P. Witek, W. C. Stone, F. G. Karaca, W. K. Syn, T. A. Pereira, K. M. Agboola, A. Omenetti, 
Y. Jung, V. Teaberry, S. S. Choi, C. D. Guy, J. Pollard, P. Charlton, A. M. Diehl, Pan-caspase 
inhibitor VX-166 reduces fibrosis in an animal model of nonalcoholic steatohepatitis. 
Hepatology 50, 1421–1430 (2009).

	 17.	 A. Canbay, A. Feldstein, E. Baskin-Bey, S. F. Bronk, G. J. Gores, The caspase inhibitor 
IDN-6556 attenuates hepatic injury and fibrosis in the bile duct ligated mouse. 
J. Pharmacol. Exp. Ther. 308, 1191–1196 (2004).

	 18.	 M. Fritsch, S. D. Günther, R. Schwarzer, M. C. Albert, F. Schorn, J. P. Werthenbach, 
L. M. Schiffmann, N. Stair, H. Stocks, J. M. Seeger, M. Lamkanfi, M. Krönke, M. Pasparakis, 
H. Kashkar, Caspase-8 is the molecular switch for apoptosis, necroptosis and pyroptosis. 
Nature 575, 683–687 (2019).

	 19.	 V. Nikoletopoulou, M. Markaki, K. Palikaras, N. Tavernarakis, Crosstalk between apoptosis, 
necrosis and autophagy. Biochim. Biophys. Acta 1833, 3448–3459 (2013).

	 20.	 P. Tsapras, I. P. Nezis, Caspase involvement in autophagy. Cell Death Differ. 24, 1369–1379 
(2017).

	 21.	 X. C. Zhao, M. J. Livingston, X. L. Liang, Z. Dong, Cell apoptosis and autophagy in renal 
fibrosis. Adv. Exp. Med. Biol. 1165, 557–584 (2019).

	 22.	 M. Djavaheri-Mergny, M. C. Maiuri, G. Kroemer, Cross talk between apoptosis 
and autophagy by caspase-mediated cleavage of Beclin 1. Oncogene 29, 1717–1719 
(2010).

	 23.	 J. Han, W. Hou, L. A. Goldstein, D. B. Stolz, S. C. Watkins, H. Rabinowich, A complex 
between Atg7 and Caspase-9: A novel mechanism of cross-regulation between 
autophagy and apoptosis. J. Biol. Chem. 289, 6485–6497 (2014).

	 24.	 M. J. Livingston, H. F. Ding, S. Huang, J. A. Hill, X. M. Yin, Z. Dong, Persistent activation 
of autophagy in kidney tubular cells promotes renal interstitial fibrosis during unilateral 
ureteral obstruction. Autophagy 12, 976–998 (2016).

	 25.	 S. Mei, M. Livingston, J. Hao, L. Li, C. Mei, Z. Dong, Autophagy is activated to protect 
against endotoxic acute kidney injury. Sci. Rep. 6, 22171 (2016).

	 26.	 C. Yang, V. Kaushal, S. V. Shah, G. P. Kaushal, Autophagy is associated with apoptosis 
in cisplatin injury to renal tubular epithelial cells. Am. J. Physiol. Renal Physiol. 294, 
F777–F787 (2008).

	 27.	 W. J. Liu, M. N. Luo, J. Tan, W. Chen, L. Z. Huang, C. Yang, Q. Pan, B. Li, H. F. Liu, Autophagy 
activation reduces renal tubular injury induced by urinary proteins. Autophagy 10, 
243–256 (2014).

	 28.	 A. L. Anding, E. H. Baehrecke, Cleaning house: Selective autophagy of organelles. Dev. Cell 
41, 10–22 (2017).

	 29.	 C. Giambartolomei, D. Vukcevic, E. E. Schadt, L. Franke, A. D. Hingorani, C. Wallace, 
V. Plagnol, Bayesian test for colocalisation between pairs of genetic association studies 
using summary statistics. PLOS Genet. 10, e1004383 (2014).

	 30.	 A. Gusev, A. Ko, H. Shi, G. Bhatia, W. Chung, B. W. Penninx, R. Jansen, E. J. de Geus, 
D. I. Boomsma, F. A. Wright, P. F. Sullivan, E. Nikkola, M. Alvarez, M. Civelek, A. J. Lusis, 
T. Lehtimäki, E. Raitoharju, M. Kähönen, I. Seppälä, O. T. Raitakari, J. Kuusisto, M. Laakso, 
A. L. Price, P. Pajukanta, B. Pasaniuc, Integrative approaches for large-scale transcriptome-
wide association studies. Nat. Genet. 48, 245–252 (2016).

	 31.	 Z. Zhu, F. Zhang, H. Hu, A. Bakshi, M. R. Robinson, J. E. Powell, G. W. Montgomery, 
M. E. Goddard, N. R. Wray, P. M. Visscher, J. Yang, Integration of summary data from GWAS 
and eQTL studies predicts complex trait gene targets. Nat. Genet. 48, 481–487 (2016).

	 32.	 R. E. Gate, C. S. Cheng, A. P. Aiden, A. Siba, M. Tabaka, D. Lituiev, I. Machol, M. G. Gordon, 
M. Subramaniam, M. Shamim, K. L. Hougen, I. Wortman, S. C. Huang, N. C. Durand, 
T. Feng, P. L. De Jager, H. Y. Chang, E. L. Aiden, C. Benoist, M. A. Beer, C. J. Ye, A. Regev, 
Genetic determinants of co-accessible chromatin regions in activated T cells across 
humans. Nat. Genet. 50, 1140–1150 (2018).

	 33.	 T. Örd, K. Õunap, L. K. Stolze, R. Aherrahrou, V. Nurminen, A. Toropainen, I. Selvarajan, 
T. Lönnberg, E. Aavik, S. Ylä-Herttuala, M. Civelek, C. E. Romanoski, M. U. Kaikkonen, 
Single-cell epigenomics and functional fine-mapping of atherosclerosis GWAS loci.  
Circ. Res. 129, 240–258 (2021).

	 34.	 E. D. O'Sullivan, J. Hughes, D. A. Ferenbach, Renal aging: Causes and consequences. 
J. Amer. Soc. Nephrol. 28, 407–420 (2017).



Doke et al., Sci. Adv. 7, eabi8051 (2021)     5 November 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

15 of 15

	 35.	 P. Beckerman, J. Bi-Karchin, A. S. Park, C. Qiu, P. D. Dummer, I. Soomro, C. M. Boustany-Kari, 
S. S. Pullen, J. H. Miner, C. A. Hu, T. Rohacs, K. Inoue, S. Ishibe, M. A. Saleem, M. B. Palmer, 
A. M. Cuervo, J. B. Kopp, K. Susztak, Transgenic expression of human APOL1 risk 
variants in podocytes induces kidney disease in mice. Nat. Med. 23, 429–438 (2017).

	 36.	 S. Huang, J. Park, C. Qiu, K. W. Chung, S. Y. Li, Y. Sirin, S. H. Han, V. Taylor, U. Zimber-Strobl, 
K. Susztak, Jagged1/Notch2 controls kidney fibrosis via Tfam-mediated metabolic 
reprogramming. PLoS Biol. 16, e2005233 (2018).

	 37.	 K. Kuida, T. F. Haydar, C. Y. Kuan, Y. Gu, C. Taya, H. Karasuyama, M. S. Su, P. Rakic, 
R. A. Flavell, Reduced apoptosis and cytochrome c-mediated caspase activation in mice 
lacking caspase 9. Cell 94, 325–337 (1998).

	 38.	 N. Ozoren, K. Kim, T. F. Burns, D. T. Dicker, A. D. Moscioni, W. S. El-Deiry, The caspase 9 
inhibitor Z-LEHD-FMK protects human liver cells while permitting death of cancer cells 
exposed to tumor necrosis factor-related apoptosis-inducing ligand. Cancer Res. 60, 
6259–6265 (2000).

	 39.	 Z. Yang, A. Balic, F. Michon, E. Juuri, I. Thesleff, Mesenchymal Wnt/-catenin signaling 
controls epithelial stem cell homeostasis in teeth by inhibiting the antiapoptotic effect 
of Fgf10. Stem Cells 33, 1670–1681 (2015).

	 40.	 L. Galluzzi, I. Vitale, S. A. Aaronson, J. M. Abrams, D. Adam, P. Agostinis, E. S. Alnemri, 
L. Altucci, I. Amelio, D. W. Andrews, M. Annicchiarico-Petruzzelli, A. V. Antonov, E. Arama, 
E. H. Baehrecke, N. A. Barlev, N. G. Bazan, F. Bernassola, M. J. M. Bertrand, K. Bianchi, 
M. V. Blagosklonny, K. Blomgren, C. Borner, P. Boya, C. Brenner, M. Campanella, E. Candi, 
D. Carmona-Gutierrez, F. Cecconi, F. K. Chan, N. S. Chandel, E. H. Cheng, J. E. Chipuk, 
J. A. Cidlowski, A. Ciechanover, G. M. Cohen, M. Conrad, J. R. Cubillos-Ruiz, P. E. Czabotar, 
V. D'Angiolella, T. M. Dawson, V. L. Dawson, V. De Laurenzi, R. De Maria, K. M. Debatin, 
R. J. DeBerardinis, M. Deshmukh, N. Di Daniele, F. Di Virgilio, V. M. Dixit, S. J. Dixon, 
C. S. Duckett, B. D. Dynlacht, W. S. El-Deiry, J. W. Elrod, G. M. Fimia, S. Fulda, A. J. García-Sáez, 
A. D. Garg, C. Garrido, E. Gavathiotis, P. Golstein, E. Gottlieb, D. R. Green, L. A. Greene, 
H. Gronemeyer, A. Gross, G. Hajnoczky, J. M. Hardwick, I. S. Harris, M. O. Hengartner, 
C. Hetz, H. Ichijo, M. Jäättelä, B. Joseph, P. J. Jost, P. P. Juin, W. J. Kaiser, M. Karin, 
T. Kaufmann, O. Kepp, A. Kimchi, R. N. Kitsis, D. J. Klionsky, R. A. Knight, S. Kumar, 
S. W. Lee, J. J. Lemasters, B. Levine, A. Linkermann, S. A. Lipton, R. A. Lockshin, 
C. López-Otín, S. W. Lowe, T. Luedde, E. Lugli, M. MacFarlane, F. Madeo, M. Malewicz, 
W. Malorni, G. Manic, J. C. Marine, S. J. Martin, J. C. Martinou, J. P. Medema, P. Mehlen, 
P. Meier, S. Melino, E. A. Miao, J. D. Molkentin, U. M. Moll, C. Muñoz-Pinedo, S. Nagata, 
G. Nuñez, A. Oberst, M. Oren, M. Overholtzer, M. Pagano, T. Panaretakis, M. Pasparakis, 
J. M. Penninger, D. M. Pereira, S. Pervaiz, M. E. Peter, M. Piacentini, P. Pinton, 
J. H. M. Prehn, H. Puthalakath, G. A. Rabinovich, M. Rehm, R. Rizzuto, C. M. P. Rodrigues, 
D. C. Rubinsztein, T. Rudel, K. M. Ryan, E. Sayan, L. Scorrano, F. Shao, Y. Shi, J. Silke, 
H. U. Simon, A. Sistigu, B. R. Stockwell, A. Strasser, G. Szabadkai, S. W. G. Tait, D. Tang, 
N. Tavernarakis, A. Thorburn, Y. Tsujimoto, B. Turk, T. Vanden Berghe, P. Vandenabeele, 
M. G. Vander Heiden, A. Villunger, H. W. Virgin, K. H. Vousden, D. Vucic, E. F. Wagner, 
H. Walczak, D. Wallach, Y. Wang, J. A. Wells, W. Wood, J. Yuan, Z. Zakeri, B. Zhivotovsky, 
L. Zitvogel, G. Melino, G. Kroemer, Molecular mechanisms of cell death: 
Recommendations of the Nomenclature Committee on Cell Death 2018. Cell Death Differ. 
25, 486–541 (2018).

	 41.	 H. Maekawa, T. Inoue, H. Ouchi, T. M. Jao, R. Inoue, H. Nishi, R. Fujii, F. Ishidate, T. Tanaka, 
Y. Tanaka, N. Hirokawa, M. Nangaku, R. Inagi, Mitochondrial damage causes inflammation 
via cGAS-STING signaling in acute kidney injury. Cell Rep. 29, 1261–1273.e6 (2019).

	 42.	 S. Klahr, J. Morrissey, Obstructive nephropathy and renal fibrosis. Am. J. Physiol. Renal 
Physiol. 283, F861–F875 (2002).

	 43.	 R. L. Chevalier, M. S. Forbes, B. A. Thornhill, Ureteral obstruction as a model of renal 
interstitial fibrosis and obstructive nephropathy. Kidney Int. 75, 1145–1152 (2009).

	 44.	 H. C. Yang, Y. Zuo, A. B. Fogo, Models of chronic kidney disease. Drug Discov. Today Dis. 
Models 7, 13–19 (2010).

	 45.	 M. Pavkovic, L. Pantano, C. V. Gerlach, S. Brutus, S. A. Boswell, R. A. Everley, J. V. Shah, 
S. H. Sui, V. S. Vaidya, Multi omics analysis of fibrotic kidneys in two mouse models. Sci. 
Data 6, 92 (2019).

	 46.	 D. Schlöndorff, Choosing the right mouse model for diabetic nephropathy. Kidney Int. 77, 
749–750 (2010).

	 47.	 R. Schmitt, C. Jacobi, N. Susnik, V. Broecker, H. Haller, A. Melk, Ageing mouse kidney—Not 
always the SAME old story. Nephrol. Dial. Transplant. 24, 3002–3005 (2009).

	 48.	 H. Sugimoto, G. Grahovac, M. Zeisberg, R. Kalluri, Renal fibrosis and glomerulosclerosis 
in a new mouse model of diabetic nephropathy and its regression by bone morphogenic 
protein-7 and advanced glycation end product inhibitors. Diabetes 56, 1825–1833 (2007).

	 49.	 T. Oka, S. Hikoso, O. Yamaguchi, M. Taneike, T. Takeda, T. Tamai, J. Oyabu, T. Murakawa, 
H. Nakayama, K. Nishida, S. Akira, A. Yamamoto, I. Komuro, K. Otsu, Mitochondrial DNA 
that escapes from autophagy causes inflammation and heart failure. Nature 485, 
251–255 (2012).

	 50.	 K. W. Chung, P. Dhillon, S. Huang, X. Sheng, R. Shrestha, C. Qiu, B. A. Kaufman, J. Park, 
L. Pei, J. Baur, M. Palmer, K. Susztak, Mitochondrial damage and activation of the STING 
pathway lead to renal inflammation and fibrosis. Cell Metab. 30, 784–799.e5 (2019).

	 51.	 R. J. Pruim, R. P. Welch, S. Sanna, T. M. Teslovich, P. S. Chines, T. P. Gliedt, M. Boehnke, 
G. R. Abecasis, C. J. Willer, LocusZoom: Regional visualization of genome-wide association 
scan results. Bioinformatics 26, 2336–2337 (2010).

	 52.	 T. Doke, S. Huang, C. Qiu, H. Liu, Y. Guan, H. Hu, Z. Ma, J. Wu, Z. Miao, X. Sheng, J. Zhou, 
A. Cao, J. Li, L. Kaufman, A. Hung, C. D. Brown, R. Pestell, K. Susztak, Transcriptome-wide 
association analysis identifies DACH1 as a kidney disease risk gene that contributes 
to fibrosis. J. Clin. Invest. 131, (2021).

	 53.	 O. Stegle, L. Parts, M. Piipari, J. Winn, R. Durbin, Using probabilistic estimation 
of expression residuals (PEER) to obtain increased power and interpretability of gene 
expression analyses. Nat. Protoc. 7, 500–507 (2012).

	 54.	 A. Battle, C. D. Brown, B. E. Engelhardt, S. B. Montgomery, Genetic effects on gene 
expression across human tissues. Nature 550, 204–213 (2017).

	 55.	 J. H. Sul, B. Han, C. Ye, T. Choi, E. Eskin, Effectively identifying eQTLs from multiple tissues by 
combining mixed model and meta-analytic approaches. PLOS Genet. 9, e1003491 (2013).

	 56.	 Z. Miao, M. S. Balzer, Z. Ma, H. Liu, J. Wu, R. Shrestha, T. Aranyi, A. Kwan, A. Kondo, 
M. Pontoglio, J. Kim, M. Li, K. H. Kaestner, K. Susztak, Single cell regulatory landscape 
of the mouse kidney highlights cellular differentiation programs and disease targets.  
Nat. Commun. 12, 2277 (2021).

	 57.	 X. Sheng, Y. Guan, Z. Ma, J. Wu, H. Liu, C. Qiu, S. Vitale, Z. Miao, M. J. Seasock, M. Palmer, 
M. K. Shin, K. L. Duffin, S. S. Pullen, T. L. Edwards, J. N. Hellwege, A. M. Hung, M. Li, 
B. F. Voight, T. M. Coffman, C. D. Brown, K. Susztak, Mapping the genetic architecture 
of human traits to cell types in the kidney identifies mechanisms of disease and potential 
treatments. Nat. Genet. 53, 1322–1333 (2021).

	 58.	 J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T. Pietzsch, S. Preibisch, 
C. Rueden, S. Saalfeld, B. Schmid, J. Y. Tinevez, D. J. White, V. Hartenstein, K. Eliceiri, 
P. Tomancak, A. Cardona, Fiji: An open-source platform for biological-image analysis.  
Nat. Methods 9, 676–682 (2012).

	 59.	 L. D. Aarreberg, K. Esser-Nobis, C. Driscoll, A. Shuvarikov, J. A. Roby, M. Gale Jr., 
Interleukin-1 induces mtDNA release to activate innate immune signaling via 
cGAS-STING. Mol. Cell 74, 801–815.e6 (2019).

Acknowledgments: We thank J. Kuo, S. Pullen, and C. Boustany (from Boehringer Ingelheim) 
for advice. Funding: Work in the Susztak laboratory is supported by NIH National Institute of 
Diabetes and Digestive and Kidney Diseases grants R01 DK076077 and R01 DK087635. Author 
contributions: This study was led by K.S. T.D. performed experiments with assistance from 
M.S. and S.H. X.S., C.Q., H.L., and Z.M. performed computation analysis, and M.P. performed 
histological analysis. T.D. and K.S. wrote the manuscript. Competing interests: The Susztak 
laboratory is supported by Boehringer Ingelheim, Lilly, Regeneron, GSK, Merck, Gilead, and 
Bayer and is on the advisory board of Jnana. The other authors declare that they have no 
competing interests. Data and materials availability: The eQTL data are publicly available at 
https://susztaklab.com/. All other data needed to evaluate the conclusions in the paper are 
present in the paper and/or the Supplementary Materials.

Submitted 1 April 2021
Accepted 16 September 2021
Published 5 November 2021
10.1126/sciadv.abi8051


