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Abstract

More than 800 million people in the world suffer from chronic kidney disease (CKD). Genome-
wide association studies (GWAS) have identified hundreds of loci where genetic variants

are associated with kidney function, however, causal genes and pathways for CKD remain
unknown. Here we performed integration of kidney function GWAS studies and human kidney-
specific expression quantitative trait analysis (eQTL) and identified that the expression of beta
mannosidase (MANBA) was lower in kidneys of subjects with CKD risk genotype. We also show
an increased incidence of renal failure in subjects with rare heterozygous loss of function coding
variants in MANBA using phenome-wide association analysis (PheWAS) of 40,963 subjects with
exome sequencing data. MANBA is a lysosomal gene highly expressed in kidney tubule cells.
Deep phenotyping revealed structural and functional lysosomal alterations in human kidneys from
subjects with CKD risk alleles and mice with genetic deletion of Manba. Manba heterozygous and
knock-out mice developed more severe kidney fibrosis when subjected to toxic injury induced

by cisplatin or folic acid. Manba loss altered multiple pathways, including endocytosis and
autophagy. In the absence of Manba, toxic acute tubule injury induced inflammasome activation
and fibrosis. Taken together, these results illustrate the convergence of common non-coding and
rare coding variants in MANBA in kidney disease development and demonstrate the role of the
endolysosomal system in kidney disease development.

One-sentence summary:

MANBA is a kidney disease risk gene that alters tubular endolysosomal function, inducing
inflammasome activation and fibrosis.

INTRODUCTION

Chronic kidney disease (CKD) is a global public health burden affecting more than 800
million people worldwide (1). CKD is associated with complex metabolic disturbances, and
markedly increased mortality. Diabetes, hypertension, old age, and toxic injury remain the
key cause of CKD worldwide. Heritability of kidney function is estimated to be 30-50% (2).

Genome-wide association studies (GWAS) have emerged as an important method to map
disease associated loci by testing the association of sequence variants across the genome
with a disease or a trait of interest (3). The genetic underpinning of CKD has been

analyzed by genotyping and phenotyping large numbers of subjects with varying degrees

of kidney dysfunction(4, 5). Although GWAS has been highly effective in identifying
genetic variations associated with disease states, these observations have not translated

into better understanding of disease-causing genes, cell types, and mechanisms (6). A
fundamental limitation has been that almost all disease-associated variants are located in the
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non-coding region of the genome(7). The most widely accepted view is that disease-causing
variants reside on cell-type specific regulatory regions (8) and the causal variant alters
transcription factor binding strength, leading to quantitative differences in expression in cell-
type specific target genes. To identify genes influenced by GWAS variants, the expression
quantitative trait loci (eQTL) analysis has gained popularity, which defines the association
between genetic variants and tissue gene expression(9). Integration of GWAS, eQTL,

and epigenome annotation studies has been successfully used to identify disease-causing
genes from GWAS studies(10). Our group has previously generated an eQTL atlas for the
human kidney cortex and later microdissected glomerular and tubule compartments (5, 8).
Computational integration of GWAS and eQTL datasets using Bayesian colocalization or
Mendelian randomization methods highlighted 24 putative causal genes for kidney disease
development (8). However, detailed /n vivo and in vitro follow-up studies have been
limited to a few loci. These studies identified UMOD on chromosome 16 and DAB2on
chromosome 5 as disease-causing genes(8, 11). DABZis expressed by proximal tubule
cells. Genetic lowering of Dab2 expression in kidney tubules protected mice from kidney
injury. /n vitro studies indicated that Dab2 plays an important role in endocytosis. In

this manuscript, we provide evidence that MANBA is a third kidney disease risk gene

by computational integration of GWAS and eQTL studies, phenotype analysis of cohorts
with exome-sequencing and mechanistic experiments using genetic knock-out mice and
cells. Our mechanistic studies indicate that lower Manba expression leads to structural and
functional lysosomal alterations, a block in endocytosis and autophagy, ultimately inducing
an inflammatory cell death and fibrosis after an acute toxic injury.

Identification of MANBA as a CKD risk gene

Common non-coding nucleotide variations on chromosome 4 have been associated with
kidney function (creatinine based estimated glomerular filtration rate [eGFR¢¢,] and

blood urea nitrogen [BUN]) and CKD in multiple GWAS analyses (12-15). The GWAS
association was initially reported in 2016 by the CKDGen consortium (4) and later
replicated in a larger European and recently in a multi-ethnic cohort (Fig.1 and fig.S1)(12-
14). The locus has been named based on its vicinity to MANBA and NFKBI (Fig.1, A and
B). Annotation of this region with whole-kidney eQTL data indicated that variants in this
region significantly (p=9.086e-5) influenced the expression of MANBA in human kidney
cortex samples (Fig.1A). By examining association of the genotype and kidney function (in
GWAS) and genotype and gene expression in a collection (n=150) microdissected human
kidney tubule samples we found that multiple SNPs showed a strong association with
MANBA and CISDZ2 expression (top p-values 9.4e-6 and 4e-7, respectively) but not with
NFKBI1 expression (Fig.1, A and B and fig. S2). The genotype-gene expression association
of the top GWAS variants and MANBA expression in microdissected glomerular and tubule
samples was significant (P=3.55E-6 in glomeruli and P=9.39E-6 in tubules, respectively (fig.
S3). Furthermore, we also found a nominally significant SNP-gene expression association
(P=0.027 in Glomeruli and 0.047 in tubule) in a publicly available human kidney eQTL
database (generated from diseased kidney tissue samples) (10) (fig.S4). Examining the
genotype-expression correlation in the GTEx compendium (9), we detected an association
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between the CKD risk genotype and MANBA expression in multiple tissue types (p=4E-82
in GTEx multi-tissue eQTL) (fig.S5 and S6). We did not observe an association between this
genetic variant and expression of NFKBI in kidney, liver, or blood samples (fig.S3 to S6).

Next, we performed Bayesian colocalization studies at this locus to understand whether the
genetic variants that control MANBA expression and kidney disease risk originate from the
same region. We found evidence for significant colocalization (PP4=0.99) between kidney
disease-associated variants and variants associated with MANBA and C/SDZ2 expression in
kidney tubule samples (Fig.1, A and B) (16). Again, we failed to see an association between
disease risk variants and NFKBI expression (fig.S2).

Furthermore, analyzing human kidney chromatin conformation capture data (Hi-C) we
confirmed that the GWAS variants are in physical contact with numerous accessible
chromatin regions that overlap with DNase I-hypersensitive sites at the MANBA promoter
and gene body (fig. S7), further supporting that MANBA is the target gene of the risk
variants.

In summary, by analyzing multiple kidney disease GWASs and human kidney eQTLs, we
demonstrate that variants identified in kidney function GWAS are associated with MANBA
expression in human kidney tubule samples.

Individuals with heterozygous loss of function variants in MANBA have increased
incidence of renal failure

Integration of GWAS and eQTL indicated that common non-coding variants on chromosome
4 are associated with kidney function and lower MANBA expression in kidney tubules.

We next analyzed the association between rare protein altering loss-of-function (LoF)
coding variants of MANBA and kidney phenotypes in two large cohorts; the PennMedicine
BioBank (PMBB) and the BioMe Biobank. PMBB had 9,713 subjects with clinical and
exome sequencing data, whereas 31,250 subjects with clinical and whole exome sequencing
data were available in the BioMe biobank. We were not able to identify subjects with
homozygous LoF variants, but we identified 11 heterozygous LoF variants in PMBB

and 35 in BioMe. For unbiased phenotype ascertainment we performed phenome-wide
association analysis (PheWAS) by comparing diagnostic code-based disease phenotypes
(ICD9) in cases (heterozygous LoF) and controls in these large biobanks (fig.S8). The
incidence of neuropsychiatric and respiratory diseases was higher amongst the MANBA
het LoFs (fig.S8). This finding was consistent with the disease spectrum already reported
for subjects with homozygous LoF (17). By performing meta-analysis of the PMBB and
BioMe biobanks, we found that individuals with heterozygous LoF had increased incidence
of end stage renal disease and dialysis (P<0.05) (table S1). Using extracted individual
phenotype information we found that 36.1% of heterozygous LoF variants had CKD and
16.6% had ESRD, confirming our diagnosis code-based analysis (Fig.1C). Overall, our
approach indicated that LoF coding variants in MANBA are associated with increased
kidney disease incidence.
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Manba knockout mice show increased severity of acute and chronic kidney disease

To understand the role of Manba in kidney disease development, we characterized
genetically engineered Manba knock-out (Manba™~) mice. First we confirmed the decrease
in Manba transcript expression, serum beta-mannosidase expression and beta-mannosidase
enzyme activity in kidneys of Manba™~ mice. Heterozygous mice showed a 45% reduction
in Manba transcripts in their kidneys. Serum beta-mannosidase and beta-mannosidase
enzyme activity was reduced similarly (Fig. 2, A to C).

Gross phenotypic analysis of the Manba knock-out mice showed no obvious changes in
body weight (fig. S9A), systolic blood pressure (fig. S9B), random blood glucose (fig.
S9C), albuminuria (quantified as albumin/creatinine ratio) (fig. S9D), or kidney filtration
parameters such as serum creatinine (fig. S9E), blood urea nitrogen (BUN) (fig. S9F) and
Len2 and Hacvrl which encode NGAL and KIM-1, respectively (fig. S9G).

We next compared the injury response of control and Manba heterozygous and knock-out
mice. First, we tested the renal response to folic acid injection. Folic acid precipitates in
kidney tubules inducing acute injury initially, and later fibrosis. Kidneys of Manba™~ mice
showed more severe tubular injury than control animals after folic acid injection. Structural
changes analyzed on PAS-stained sections showed more severe tubule dilation, epithelial
cell simplification, widened interstitium, and collagen and immune cell accumulation (Fig.
2D). Sirius red staining showed an increase in the accumulation of collagen in folic-acid
injected Manba™~ mice, when compared to wild type folic acid injected animals (Fig. 2E).
In line with the histological changes, QRT-PCR analysis indicated that transcript expressions
of profibrotic genes including vimentin (Vim), fibronectin (Fr), procollagenlal (Collal),
procol3al (Col3a 1), were markedly increased in Manba™~ mice compared to wild-type
mice after folic acid injection (Fig. 2F). Immunoblots confirmed the increase in fibrotic
markers, including a-SMA and fibronectin in Manba™~ mice compared to wild-type mice
following folic acid injection (Fig. 2G).

Next we analyzed kidney disease severity in Manba heterozygous mice that mimic changes
in Manba expression in subjects with the risk allele or heterozygous LoF. Cisplatin is a
known nephrotoxic chemotherapeutic due to the uptake of platinum by the proximal tubules.
Animals were injected 20 mg/kg cisplatin and wild-type, heterozygous and knock-out mice
were sacrificed 3 days after the injection. Kidney structure analysis examined on H&E

and Sirius red staining showed more severe tubule injury in Manba*~and Manba™~ mice
compared to wild-type animals (Fig. 3A and fig. S10, A and B). Wild-type mice developed
modest injury as evident by serum BUN and creatinine, whereas Manba heterozygous and
knock-out mice had higher BUN and creatinine following injury (Fig. 3B). Expression of
kidney injury markers such as Havcrl and Lcn2were higher in cisplatin-injected Manba™~
and Manba™" mice (Fig. 3C). Markers of chronic kidney disease and fibrosis such as

Vim, transforming growth factor p1 (7g#81), Col1 a1, and Col3a 1 were not changed

in wild-type mice, but were markedly elevated in kidneys of cisplatin injected Manba®~
and Manba™" mice (Fig. 3D). Protein expression of a-SMA and fibronectin, analyzed

by Western blots, strongly correlated with transcript expressions (Fig. 3E). These studies
indicate that Manba™~ and Manba*’~ mice develop more severe kidney injury. In addition,
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whereas wild-type mice showed minimal fibrotic changes, Manba*'~and Manba™~ mice
developed evident renal fibrosis, indicating an AKI to CKD transition.

Manba deficiency reduces autophagic clearance in cultured kidney tubule cells

Analyzing mouse kidney single cell RNA sequencing datasets(18), we found that expression
of Manba was the highest in kidney tubule cells such as the proximal tubules and collecting
duct (Fig. 4A). Immunohistochemistry staining confirmed the expression of MANBA by
tubule epithelial cells (Fig. 4B). Cisd2was not readily detectable (Fig. 4A), whereas Nfkb1
and UbeZd3were expressed in fibroblasts and immune cells (Fig. 4A).

Next, we wanted to understand the molecular mechanism of Manba mediated protection
from kidney damage. We isolated renal tubule cells from wild-type and Manba™" mice
and cultured them on filters so they remained polarized, which we confirmed by the tight
junction marker zona occludens-1 (ZO-1) and microtubule marker end-binding protein-1
(EB-1) immunofluorescence stainings (fig. S11A).

Manba is a lysosomal gene and its deficiency causes lysosomal storage disease due

to lysosomal dysfunction. To characterize lysosomal structure, we performed LAMP1
immunofluorescence staining. We found that lysosome number and size were increased

in Manba knock-out tubule cells at baseline and after nutrient deprivation (Fig. 4C).
Furthermore, lysosomes showed perinuclear distribution in Manba knockout tubule cells,
compared to wild-type tubule cells, after starvation (Fig. 4C). LysoTracker staining further
confirmed the increase in lysosomal number and size in Manba knock-out tubule cells (Fig.
4D).

Lysosomes play key roles in degrading cargo from endocytic vesicles and from
autophagosomes. Therefore, we examined whether the structural defect observed in
lysosomes also leads to functional changes in endocytosis and autophagy. We analyzed
fluid-phase endocytosis using fluorescent labelled 10 kD dextran and found that dextran
uptake was lower in Manba knock-out cells (Fig. 4E). Next, we examined receptor-mediated
endocytosis using fluorescent labelled albumin and found that labelled albumin uptake was
also lower in Manba™" cells (Fig. 4F), indicating a defect in endocytosis.

To explore alterations in autophagic clearance, we examined autophagy flux in wild-type
and Manba™" cells. Cells were cultured in regular medium (fed) or nutrient poor (starved)
conditions in the presence or absence of chloroquine (CQ) and bafilomycin A1(BafAl) to
block lysosomal function and thereby lysosome-mediated degradation of autophagosomes.
As expected, LC3BII, an autophagosomal marker, increased under nutrient deprivation.
CQ and BafA1l further increased LC3BI|I as the lysosomal degradation of autophagosomes
was blocked (Fig. 4, G and H), however, the change in LC3BII in Manba™~ cells was
minimal. The difference was more pronounced at 4-hour compared to 2-hour time-point.
LC3B immunofluorescence staining confirmed our findings (Fig. 4, 1 and J).

Defects in both autophagosome biogenesis and lysosomal fusion can lead to
failure in LC3BII accumulation. During the assembly of the autophagosome, WIPI1
(WD repeat domain phosphoinositide-interacting protein 1) interacts with the lipid
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phosphatidylinositol-3 phosphate (PI3P) and mediates the recruitment of the large
multimeric complex of ATG12-ATG5-ATG16 (19). ULK1 (Unc-51 like autophagy
activating kinase) is essential for autophagy and is activated by nutrient deprivation.

ULK1 Ser757 phosphorylation is decreased by starvation, which disrupts the interaction
between ULK1 and MAPK and activates autophagy (20). We analyzed these markers

of autophagosome biogenesis and found that baseline P-ULK1 was higher in Manba™~
cells and the reduction of P-ULK1 (induced by starvation, CQ, or BafA1l) was greater

in wild-type cells, indicating a potential defect at the early stages of autophagy (fig.

S11B). Immunaoblotting analysis confirmed the immunostaining results (fig. S11C). WIPI1
increased in wild-type tubule epithelial cells (TECs) after a 4-hour nutrient deprivation,
indicating an induction of autophagy, but changed minimally in Manba™~ TECs (fig. S11,
D and E). Treatment with rapamycin a weak inducer of autophagy increased LC3BII but did
not fully normalize autophagy flux in Manba™~ TECs (fig. S11F). In summary, by analyzing
cultured TEC cells, we found that Manba deficient cells had marked structural lysosomal
defects and showed alterations both in fluid phase and receptor mediated endocytosis and
autophagy flux.

Mice with Manba loss show impaired autophagy

To determine whether our /n vitro observations could be recapitulated /7 vivo, we analyzed
Manba knock-out mice. In older Manba™~ mice, we observed visible accumulations of

large vesicles in renal tubule cells by PAS staining (fig.S12A). Immunostaining with

the lysosomal marker, LAMP1 indicated that these vesicles were lysosomes (Fig.5A).
Lysosomal density was further increased in folic acid -treated mice (fig.S12B). Transmission
electron microscopy analysis confirmed the increase in lysosome number (Fig.5B).
Consistent with our /n vitro studies, we also observed a defect in lysosomal structure such as
lysosomal diameter was increased in Manba™~ mice (Fig. 5B).

We did not detect an observable change in LC3B at baseline, and found only minor changes
in autophagy when comparing folic acid-treated and control kidney samples (Fig. 5C). On
the other hand, LC3BII was markedly higher in folic acid-injected Manba™~ mice (Fig. 5C).
Autophagic vacuole content analyzed by LC3B IF staining (fig. S12C) showed increased
LC3 in folic acid-injected Manba™~ mice when compared to wild type FA injected animals.
Sequestosome-1 (SQSTML1) is an autophagy cargo protein that targets other proteins for
selective autophagy. Protein expression of SQSTM1 was increased in folic acid-injected
Manba™" mice (Fig. 5C), indicating a defect in autophagy.

Consistent with prior studies, we observed an increase in expression of LC3BII in the
cisplatin induced model of kidney injury (21). The accumulation of LC3BII was greater

in Manba heterozygous mice after cisplatin injection as compared to cisplatin-injected
wild-type mice (Fig. 5D). Protein expression of SQSTM1 was higher in cisplatin-injected
wild-type mice compared to control, and even higher in cisplatin-injected Manba®™~ mice
(Fig. 5D). Moreover, in cisplatin-injected Manba™~ mice, we observed enlarged lysosomes
and increased LC3B accumulation compared to cisplatin-treated wild-type mice (Fig. 5, E
and F). Western blot analysis indicated an increase in SQSTM1 expression in Manba™~
mice after injection of cisplatin (Fig. 5G). Taken together, our /n vivo data indicated
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an impairment of lysosomal functions and autophagy flux in Manba heterozygous and
knockout mice, a finding consistent with our /n vitro studies.

Loss of Manba leads to an increase in inflammatory cell death

Next, we aimed to understand the connection between an impaired auto-lysosomal function
observed in Manba deficiency mice and kidney fibrosis development. Defects in lysosomes
have been directly linked to inflammasome (NLRP3) activation and downstream pyroptosis
(22). In addition, as autophagy plays a role in the clearance of injured cells, a defect in
autophagy would result in an increase in other more inflammatory cell death pathways (for
example pyroptosis).

We found minimal NLRP3 expression in folic acid-injected wild-type mice, however,
NLRP3 expression was markedly increased in the folic acid-injected Manba knock-out
mice (Fig. 6A). Expression of cleaved caspasel; the effector caspase in the pyroptosis
pathway was also higher in folic acid-injected Manba™~ animals (Fig. 6A). Expression

of inflammatory cytokines such as //-15, Tnfa, Cc/2mRNA were greater in folic acid-
injected Manba™~ mice compared to folic acid-injected wild-type mice, consistent with the
activation of an inflammatory cell death pathway (Fig. 6B).

Upon analyzing the cisplatin model of kidney injury, we found an increase in NLRP3
and caspase 1 expression in the cisplatin-injected Manba™~ mice, indicating inflammasome
activation and pyroptosis (Fig. 6C). We also observed a marked increase in inflammatory
and immune cell markers such as //-18, Nlrp3, Tnfa, Ccl2, Cd68, and Lyz2in cisplatin-
injected Manba™~ mice (Fig. 6, D and E). To confirm that the increase in pyroptosis

was related to kidney tubule cells, we analyzed wild-type, heterozygous, and knock-out
cultured TECs. We found that the expression of Nirp3, 11-15, Tnfa, Ccl2was higher in
Manba™~ TECs compared to wild-type TECs, indicating activation of the inflammasome
in the cells (Fig. 6F). Taken together, these results suggest that loss of Manba leads to

a defect in lysosomal structure and functions which directly or indirectly (via autophagy
dysfunction) activates the inflammasome and shifts to a more inflammatory cell death
mechanism (pyroptosis), resulting in a more severe inflammation and fibrosis in Manba
heterozygous and knockout mice (Fig. 6G).

Deep-phenotyping of human kidney samples from CKD risk genotype subjects indicates a
lysosomal defect and exacerbated inflammation

Last, we wanted to understand whether non-coding variants around MANBA were
associated with observable changes in the endolysosomal system in patients with CKD.
Immunostaining studies with the lysosomal marker LAMP1 indicated an increase in
lysosome number and size in kidneys of subjects (n=3 in each group) with the risk allele
compared to reference allele (Fig. 7A). Next, we analyzed gene expression changes in
microdissected human kidney tubule samples from subjects (n=150) with risk or reference
genotypes by RNA sequencing. We identified 50 genes that showed a nominally significant
difference in kidneys of reference and risk allele subjects (table S2). Gene ontology analysis
of differentially expressed genes indicated enrichment in immune system markers and
immune system regulators in kidneys of patients with the risk allele (Fig. 7B). For example,
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we found that the expression of CZQL1 showed differences in subjects with risk and
reference alleles, even after adjusting for important confounders such as age, race, and
gender disease severity (Fig. 7C). In summary, analysis of kidneys from subjects with risk
and reference alleles indicated a defect in lysosomal structure and immune cell activation,
underlining the importance of these pathways in disease development in patients.

DISCUSSION

Here, we show that genetic variants on chromosome 4 that have been associated with kidney
disease (such as eGFRes, BUN, and CKD) in multiple large genome-wide association
studies also influence the expression of beta-mannosidase in human kidney tubule samples.
Individuals with CKD risk variant had lower expression of MANBA in kidney tubules.
Subjects who carried a rare heterozygous LoF MANBA variant also had an increased
incidence of end stage kidney disease. Functional studies using mice with genetic loss of
Manba indicated that kidney injury was more severe in mice with lower Manba expression.
The defect seemed to be mediated by lysosomal dysfunction in Manba™~ mice, which lead
to a block in endocytosis and autophagy, activation of the inflammasome, and an enhanced
fibrotic response following a toxic injury.

We used an integrated approach for GWAS target identification that not only relied on
multiple genotype-phenotype association studies but also examined multiple kidney eQTL
datasets and data from more than 40 other organs. Our analysis clearly showed that variants
associated with kidney function on chromosome 4 also modulate MANBA expression

in human kidney tubule samples. This direction-specific association was replicated in
glomeruli, whole kidney cortex samples, disease kidney tissue samples, and fibroblasts,
indicating the robustness of this observation. At present, we cannot fully exclude that CKD
GWAS genetic variants also associate with the expression of C/SD2. The C/SDZ2 association
was only observed in a single dataset, whereas the MANBA association was consistent in all
datasets. Future studies can be aimed to understand the role of C/SDZ2in the kidney.

Lysosomes are acidic intracellular compartments important for degradation of biomolecules.
Extracellular proteins are taken up by endocytosis, whereas intracellular components are
digested via autophagy (23). Genetic defects in lysosomal proteins result in lysosomal
storage diseases. Kidney dysfunction is a major cause of morbidity and mortality

in multiple lysosomal storage diseases, such as Fabry’s disease and cystinosis (24).
Fabry’s disease is caused by deficiency of the enzyme alpha galactosidase A, leading

to glycolipid globotriaosylceramide accumulation. MANBA encodes the beta-mannosidase
that subcellularly localizes to the lysosome, where it is the final exoglycosidase for N-
linked glycoprotein oligosaccharide catabolism (25). Patients with beta-mannosidosis have
a wide spectrum of neurological involvement, including intellectual disability, hearing loss,
ataxia, and seizures (26). Here, we recapitulated this phenotype spectrum even in subjects
with heterozygous loss of function variants in our health system-based exome-sequencing
cohorts. Beta mannosidase deletion is relatively common in ruminates (goats and calf) and
associated with a more severe phenotype resulting in neonatal death (27, 28). The function
of MANBA is still poorly understood, patients with MANBA mutations are diagnosed by
increased urinary excretion of oligosaccharides. In 2006, the first Manba knock-out mice
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displayed severe cytoplasmic vacuolization in the CNS and minimal vacuolation in most
visceral organs along with tissue accumulation of non-degraded oligosaccharides and a
compensatory upregulation of other lysosomal enzymes such as the alpha mannosidase and
alkaline phosphatase(29). Future studies should analyze the renal phenotype of patients with
homozygous MANBA mutations.

Our studies highlight the critical role of lysosomal integrity in protecting from kidney
disease development. The renal glomerulus serves a size selective filter, where molecules
smaller than around 60kD are filtered. This necessitates the uptake and recycling of a

large number of biomolecules. Proximal tubule epithelial cells express high levels of the
multiligand receptors such as megalin and cubilin, which mediate the efficient uptake of
low molecular weight proteins and other ligands from the filtrate (30). The apical endocytic
pathway in proximal tubule cells is uniquely specialized to accommodate the high capacity
needs of these cells and is acutely and chronically regulated in response to changes in ligand
exposure (31). Receptor-mediated endocytosis is strongly linked to lysosomal function.
Mice that lack Megalin have low molecular weight proteinuria and lose lysosomal proteins
in the urine, indicating a role for Megalin in recapturing these enzymes as well as in
lysosomal biogenesis (32, 33).

Another key function of lysosomes is the direct digestion and degradation of endogenous
proteins via autophagy(34). Genetic deletion of autophagy regulators such as A#g5 and
Atg7in kidney tubules indicated an important role for autophagy in tubule epithelial cell
health and protection from injury (21, 35, 36). Autophagy flux relies on the degradative
capacity of lysosomes, an impaired lysosomal function may explain the accumulation of
autophagosomes in lysosomal storage diseases such as cystinosis (37). Although autophagy
defect has been proposed to play a role in fibrosis development, its role is somewhat
controversial (36, 38, 39). Defects in autophagy exacerbate most forms of acute kidney
injury, which could lead to more severe fibrosis. Furthermore, autophagy is also a key
mechanism for retrieval of stored lipids for oxidation (34) and eliminating dysfunctional
mitochondria by mitophagy. Kidney tubule cells strongly rely on fatty acid oxidation and
oxidative phosphorylation as their major energy source, a defect in autophagy could easily
disturb energy homeostasis as well (40). Here we show that the MANBA-induced lysosomal
dysfunction and defect in autophagy resulted in inflammasome (NLRP3) activation,
pyroptosis, and inflammatory cell death. This is likely to be the key mechanism of
MANBA deficiency-induced kidney disease development, and this effect seems to be more
pronounced during aging or a toxic injury. Whereas a toxic injury (cisplatin) is associated
with an acute injury and recovery in wild-type mice, we observed a profibrotic response in
the Manba knock-out mice.

A key strength of the study is the systematic common and rare variant analysis,

the identification of a new disease-causing gene and mechanism. Our results indicate

that GWAS and eQTL data are powerful for causal gene identification, and analyzing
subjects with heterozygous LoF could provide important avenues to understand phenotype
development. The phenotypes in subjects with MANBA LoF were neuropsychiatric

and pulmonary diseases. End-stage kidney disease and renal dialysis reached nominal
significance in the meta-analysis. Future larger studies using this approach might be able
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to refine the phenotype with better precision, as full PheWAS studies are heavily penalized
for the multiple comparisons.

Our study has several limitations; such as we used kidney function-based GWAS studies
not variants per se associated with CKD. Future studies shall analyze the role of C/SD2in
kidney disease development, in addition, the role of inflammasome activation in MANBA-
associated kidney disease development should be formally tested using genetically modified
animal models. Our finding could open new avenues for therapeutic targeting of the
autolysosomal pathways in kidney disease development.

In conclusion, here we identified MANBA as a kidney disease severity gene through the
integration of the CKD GWAS, eQTL,and exome analysis. We show that deletion of Manba
exacerbated kidney injury in animal models mostly via lysosomal derangement.

MATERIALS AND METHODS
Study design

The objective of this study was to understand the role of MANBA in kidney disease
development. Computational integration of common genetic variants (from GWAS)
associated with kidney function and human kidney eQTL studies prioritized MANBA

as a likely causal gene. We analyzed the phenotypes (PheWAS) of subjects with rare
heterozygous loss of function variants in MANBA and studied kidney disease development
in mice with genetic deletion of MANBA. For in vivo studies, we used littermates. Animals
(wild type, heterozygous, or knock-out) from the same litter were randomly assigned to
sham, folic acid, or cisplatin injection. The number of replicates (n>3) is indicated in

the figure legends. Sample processing was performed simultaneously and in parallel for

all conditions within each experiment. Renal sections were scored by an independent
pathologist (M.P.) who was not aware of the disease state or genotype.

Study populations

Participants in the Penn Medicine Biobank were recruited from throughout the clinical
practice sites of the University of Pennsylvania Health System. Participants were consented
for bio-specimen storage, access to electronic health record data, and permission to
recontact. Whole exome sequences were generated from DNA extracted from stored buffy
coats by the Regeneron Genetics Center and mapped to Genome Reference Consortium
Build 38 (GRCh38) as described elsewhere.

The BioMe Biobank is an EHR-linked clinical care cohort comprised of participants from
diverse ancestries (African, Hispanic/Latino, European and Other ancestries). Participants

in this analysis were recruited between 2007 and 2015. Enrollment of participants was
predominantly through ambulatory care practices. Genetic data was linked to a wide array
of longitudinal biomedical traits including clinical outcomes, imaging results, exposure data,
originating from Mount Sinai’s system-wide Epic EHR. The study was approved by each
institution’s Institutional Review Board.
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Animal studies

Animal care and experiments were performed in accordance with the National Institutes

of Health guidelines and approved by the Animal Care Committee at Perelman School

of Medicine, University of Pennsylvania. Manba heterozygous mice was a kind gift of
Professor Karen H. Friderici from Michigan State University (29). For the folic acid injury
model, mice 8-10 weeks of age were intraperitoneally injected with folic acid (250 mg/kg,
dissolved in 300 mM NaHCO3) and sacrificed 7 days after injection. For the cisplatin injury
model. mice 6-8 weeks of age were intraperitoneally injected with cisplatin (20mg/kg,
Cayman Chemical) in saline and sacrificed 3 days after injection.

Primary culture of mouse TECs

Kidneys were collected from 3-6 week-sold mice, minced and digested by 2 mg/ml
collagenase | for 30 mins at 37 °C and then filtered successively through 100 pm, 70 pm
and 40 um mesh to collect single TEC cells. Cells were cultured in RPMI 1640 supplement
with 10% FBS, 20 ng/ml EGF, and 100X ITS at 5% CO», 37 °C. At 80% confluence, cells
were treated in fed condition (RPMI+10%FBS), or starved in HBSS with or without 50uM
Chloroquine (CQ) or 50nM Bafilomycin A1(BafA1l) for 2 or 4 hours.

Statistical analyses

Statistical tests were chosen based on nature of the variable (continuous or discrete) and data
distribution (normal or skewed). The continuous variables with normal distribution were
presented as mean + S.E.M; non-normal variables were presented as median(interquartile
range). Unpaired Student’s t-test was used for comparisons between two groups. When
needed multiple testing correction was performed by one-way or Two-way ANOVA with
Tukey’s post hoc tests. Data sets for which we could not determine normality were assessed
using nonparametric statistical tests such as Mann-Whitney for comparisons between two
groups or Kruskal-Wallis test for comparisons among more than two groups followed by
Conover-Iman test with Bonferroni adjustment for multiple comparisons. P value < 0.05 was
considered to be significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Common (GWAS) and rare variant (PheWAS) analysisidentifies an association between
MANBA, kidney function, and kidney disease.

(A and B) LocusZoom plots of chromosome 4 region of CKD eGFR GWAS(15), MANBA
eQTL and C/SD2eQTL in whole kidneys(5), glomeruli, and tubules(8). X-axis shows the
chromosomal location of SNPs. Y-axis shows the strength of association or recombination
rate. (C) Distribution of non-CKD, CKD without ESRD, and ESRD subjects amongst the
identified MANBA heterozygous LOF alleles compared to subjects in the Biome and PMBB
biobanks. Y-axis shows the percentage of the disease distributions.
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Fig. 2. Manba deficiency exacerbatesfibrosisin a folic acid-induced kidney injury model
(A) Manba expression of wild-type, Manba®~, and Manba™~ mice determined by real-time

PCR (n=5 to 9 animals per group). (B) Beta-Mannosidase activity was assayed in kidney
tissues of wild-type, Manba*~, and Manba™~ mice (n=5 to 9 animals per group). (C)

Serum beta-Mannosidase expression in wild-type mice, Manba*’~, and Manba™~ mice (n=5
to 7 animals per group). (D) Representative images of PAS-stained kidney sections from
wild-type and Manba™~ mice 7 days after sham or folic acid (FA) injection. Scale bar,
20um. (E) Representative images of Sirius Red-stained kidney sections from wild-type

and Manba™" mice 7 days after sham or FA injection. Scale bar, 50um. Quantification of
Sirius Red-staining (n=3 per group). (F) Relative mRNA abundance of Vim, Fn, Cola 1,

and Col3al, in wild-type and Manba™~ mice kidneys 7 days after sham or FA injection
(n=4 to 7 animals per group). (G) Representative Western blots of fibronectin anda-SMA of
kidney tissues of wild-type and Manba™~ mice 7 days after sham or FA injection (n = 3 per
group). Densitometry analysis was performed to quantify protein expression. Data shown are
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means £ SEM. Statistical analysis by (A to C, and F to G) One-way ANOVA with Tukey’s
post-hoc test, *£ < 0.05, **P< 0.01, ***P< 0.001, **** A< 0.0001.
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Fig. 3. Genetic deletion of Manba exacer bates cisplatin-induced kidney injury.
(A) Representative images of H&E-stained kidney sections from wild-type, Manba®™~ and

Manba™~ mice 3 days after sham or cisplatin injection. Scale bar, 20um. Tubular injury
scores of kidney sections of wild-type, Manba™~, and Manba™~ mice 3 days after sham or
cisplatin injection. (B) BUN and serum creatinine of wild-type, Manba®~, and Manba™~
mice 3 days after sham or cisplatin injection. (C and D) Relative mMRNA abundance of
Lcn2, Hacvrl, Vim, Tgf1, Colal, and Col3a 1 in kidneys of wild-type, Manba*~, and
Manba™~ mice 3 days after sham or cisplatin injection. (E) Representative Western blots of
fibronectin and a.-SMA of kidney tissues of wild-type and Manba™~ mice 3 days after sham
or cisplatin injection (n = 3 per group). Densitometry analysis was performed to quantify
protein expression. Data are means + SEM. Statistical analysis by (A) Kruskal-Wallis
followed by Conover-Iman test with Bonferroni adjustment, n=4 to 9 animals per group, #,
£<0.0001, control group versus corresponding cisplatin group. ****P< 0.0001; (B to D)
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Two-way ANOVA test, n=4 to 9 animals per group, &, £<0.01, $, 7<0.001, #, £<0.0001,
control group versus corresponding cisplatin group. *£< 0.05, **P< 0.01, ***P< 0.001,
**** P < 0.0001; (E) One-way ANOVA with Tukey’s post-hoc test. *£< 0.05, **£ < 0.01,
***P<0.001.
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Fig. 4. Manba deficiency induces structural and functional lysosomal changes and blocks
autophagy and endocytosisin cultured kidney tubule cells.

(A) Expression of Manba, Nfkb1, Ube2d3, and Cisd2in mouse kidney single cells (18).
Blue/yellow corresponds to the gene expression Z-score. Endo, containing endothelial,
vascular; Podo, podocyte; PCT, proximal convoluted tubule; LOH, loop of Henle; DCT,
distal convoluted tubule; CD-PC, collecting duct principal cell; CD-IC, collecting duct
intercalated cell; Fib, fibroblast; Macro, macrophage; Neutro, neutrophil; B lymph, B
lymphocyte; T lymph, T lymphocyte; NK, natural killer cell. (B) Representative images

of MANBA immunohistochemistry staining of control and Manba knock-out mouse kidney
samples. (C) Representative confocal and 3D reconstruction images of TECs from wild-type
and Manba™~ mice in fed or starved medium labeled with LAMP1 (red) and DAPI (blue).
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(D) Representative images of kidney cells from wild-type and Manba™~ mice stained with
Lysotracker (red) and DAPI (blue). Quantification of numbers of Lysotracker+ structures
per cell. *P< 0.05, t test. (E and F) Representative confocal and 3D reconstruction images
of TECs from wild-type and Manba™~ mice incubated with 10 kD Dextran labelled with
Alexa-488 for 24h and 488-Alexa conjugated albumin for 4h, respectively. (G and H)
Representative Western blots of LC3B protein expression in wild-type and Manba knockout
cultured renal tubule cells in fed or starved medium with or without 50uM chloroquine
(CQ) or 50 nM BafilomycinAl(BafAl) for 2h or 4h. (I and J) LC3B immunofluorescence
staining of wild-type and Manba™~ tubule cells (LC3B [red] and DAPI [blue]) in fed or
starved medium with or without 50uM chloroquine (CQ) or 50 nM BafilomycinAl(BafAl)
for 2h or 4h. (B) Scale bar, 20 ym; (C to F and I to J) Scale bars, 10 um.
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Fig. 5. Manba deficiency leadsto impaired autophagy flux.
(A) Representative images of LAMP1 immunostaining of kidney sections of wild-type and

Manba™~ aging mice. (B) Representative electron microscopic images showing lysosomes
in wild-type and Manba™" aging mice. Quantification of numbers and size of lysosomes in
tubular epithelial cells of aging wild-type and Manba™~ mice. Black squares contain images
at higher magnification. Yellow arrowhead indicates mitochondria; red, lysosomes; blue,
autophagic vacuoles. (C) Representative Western blots of SQSTM1 and LC3B from kidney
tissues of wild-type and Manba™~ mice 7 days after sham or folic acid (FA) injection (n =

3 to 6 animals per group). (D) Representative Western blots of SQSTM1 and LC3B from
kidney tissues of wild-type and Manba™~ mice 3 days after sham or cisplatin injection (n

= 3 per group). (E and F) Representative images of LAMP1 and LC3B immunostaining of
kidney sections from wild-type and Manba™~ mice 3 days after sham or cisplatin injection
(LAMPL (red), LC3B(red) and DAPI (blue)). (G) Representative Western blots of SQSTM1
from kidney tissues of wild-type and Manba™~ mice 3 days after sham or cisplatin injection
(n = 3 per group). Densitometry analysis was performed to quantify protein expression. Data
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shown are means + SEM. Y-axes differ between barplots. Statistical analysis by (B) t test,
(C, D and G) One-way ANOVA-Tukey’s post hoc test. *£< 0.05, **P < 0.01. (B) scale bar,
1um; (A, E and F) Scale bars, 10 um.
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Fig. 6. Genetic Manba loss induces NL RP3 inflammasome signaling.
(A) Representative Western blots of NLRP3 and Cleaved Caspasel from kidney tissues

of wild-type and Manba™" mice 7 days after sham or folic acid (FA) injection (n = 3

per group). (B) Relative mRNA abundance of /18, Tnfa, Cc/2in kidneys of wild-type
and Manba™" mice 7 days after sham or FA injection (n=4 to 7 animals per group). (C)
Representative Western blots of NLRP3 and Cleaved Caspasel in kidneys of wild-type and
Manba™~ mice 3 days after sham or cisplatin injection (n = 3 per group). (D and E) Relative
mRNA abundance of /18, Nlrp3, Tnfa, Ccl2, Cd68and Lyz2in wild-type, Manba™",
Manba™" mice kidneys 3 days after sham or cisplatin. (n=4 to 9 animals per group). (F)
Relative mMRNA abundance of Manba, 1118, Nirp3, Tnfa, Ccl2 of wild-type, Manba™’",
Manba™" tubular epithelial cell. (n=3 per group). Densitometry analysis was performed to
quantify protein expression. Data shown are means + SEM. Statistical analysis by (A and
C) One-way ANOVA-Tukey’s post hoc test. *£< 0.05, ** P< 0.01, *** P< 0.001, ****
£<0.0001; (B and D to F) Two-way ANOVA test, /A, A<0.05, &, £<0.01, $, A<0.001, #,
F£<0.0001, control group versus corresponding cisplatin group. * £<0.05, ** £<0.01, ***
£<0.001, **** P< 0.0001.
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Fig. 7. Phenotypic characterization of kidneys obtained from subjectswith CKD associated

genetic-risk variants

(A) Representative images of LAMP1 staining in human kidney tissues of subjects with
AA, AG and GG alleles, respectively. The A allele is the risk allele. White squares indicate
images shown at higher magnification. Scale bar, 10 um. (B) Gene expression analysis

of microdissected kidney tubule samples from risk allele vs. reference allele. Pathway
enrichment analysis (DAVID) of top differentially expressed genes. The bar plot shows the
significance (logyg(p) and logqg(odds ratio)) of the enrichment of specific pathways. (C)
Relative mRNA expression of CZQL 1 in reference and risk genotype kidney tubule samples.
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