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Abstract

Introduction: Nephronophthisis (NPHP) is an autosomal recessive kidney disease resulting mainly from
primary cilium defects, with unspecific and variable symptoms that can progress to kidney failure needing
replacement therapy at a young age. Currently, up to 64% of likely NPHP cases can be diagnosed by
assessing known genes. Therefore, there is a need to gain more insight in what genes can cause this disease.

Methods: In a diaghostic setting, we performed broad genetic testing in patients with advanced kidney
disease. We carried out in silico and in vitro analyses for TMEM72, including immunohistochemistry and
affinity proteomics, and in vivo experiments to further interpret our findings.

Results: We identified biallelic TMEM72 variants in nine patients from six families with a phenotype
suggestive for NPHP. Five families presented with kidney failure at a (young) adult age. One family had a
different phenotype with prenatal onset of kidney failure and neurological symptoms. The phenotypes of the
patients correspond to TMEM72 expression mainly in the kidney. In silico analyses indicate that homozygous
loss-of-function variants are likely not tolerated in TMEM72. Immunohistochemistry staining of kidney
biopsies revealed altered localization and expression of TMEM72 in cases compared to controls. In human-
derived tubuloids, we showed that TMEM72 localizes to the cilium. Furthermore, using an affinity proteomics
approach, we found an association of TMEM72 and ciliary function, more specifically in selective ciliary
cholesterol transport.

Conclusion: We present the first genetic evidence, underlined by immunohistochemistry and protein
binding assays, linking TMEM72 variants to kidney disease and ciliary function. We conclude that TMEM72 is
a candidate gene for NPHP. Future work is needed to further characterize TMEM?72 variants and unravel its
disease mechanism.

G20z 19quadaQ g0 Uo Jasn uopuo- 86909 AusieAun Aq Jpd 8656+5000/2.12.L17/86567S000/65 L L 01/10P/Ppd-ajo1e/jou 00 18B1e)//:dRy Wwoly papeojumod



Introduction

Chronic kidney disease (CKD) that has progressed to kidney failure needing replacement therapy (KFRT) is
life-threatening and causes a devastating social, economic, and medical burden worldwide [1-3]. One
category of causes for CKD encompasses monogenic kidney disease (MKD). Despite each individual
disease being rare, together MKDs are estimated to account for 70% of KFRT in children, and approximately
10-30% of the overall prevalence of KFRT in adults [4-6]. In children and young adults, nephronophthisis
(NPHP) is the most frequent monogenic cause of KFRT [7,8].

NPHP is mostly an autosomal recessive disease characterized by renal fibrosis, interstitial nephritis, and
occasional presence of kidney cysts [8-10]. Patients with NPHP often experience polyuria, polydipsia, and
secondary enuresis as initial symptoms, due to impairment of urine concentration. Because of these
unspecific and variable symptoms, NPHP is notoriously difficult to diagnose clinically [11-13] and most
patients only present with the disease when it has progressed to advanced kidney failure, especially those
without extra-renal features [11,14-17]. Extra-renal features that are present in approximately 15-20%
percent of the cases involve different organs such as the eyes, central nervous system, heart, liver, and
skeleton [8,14,18-20].

NPHP is classified as a ciliopathy, since the disease is mainly caused by pathogenic variants in genes
encoding proteins that are important for adequate functioning of the primary cilium [12,21,22]. The primary
cilium functions as a cellular antenna by performing sensory and signaling functions [23]. The primary cilium
consists of several components, including a basal body, a transition zone, an axoneme, a ciliary membrane,
and a specialized intraflagellar transport (IFT) system [24].

Localization of the NPHP-associated proteins in the primary cilium is diverse, so no single ciliary
compartment can be linked to the development of NPHP [25]. Therefore, a unifying disease mechanism to
date remains elusive, and it is still unclear why disease in the majority of NPHP patients is isolated to the
kidney. Furthermore, up to 64% of all likely NPHP cases can be diagnosed by screening known genes for
pathogenic variants [26]. Finding novel NPHP causing genes is therefore crucial to elucidate potential
underlying mechanisms and to improve the diagnostic yield.

In this study, we present nine patients from six families that carry biallelic variants in TMEM72, encoding
transmembrane protein 72 (TMEM72). TMEM72 is a 275 amino acid protein mainly expressed in the kidney. It
contains four transmembrane domains and a relatively large intracellular domain at the C-terminus [27].
TMEM72 belongs to the family of transmembrane proteins (TMEMs), a protein family with diverse functions in
essential cellular pathways [28]. Pathogenic variants in several genes encoding various TMEMs have already
been shown to cause kidney disease and more specifically renal ciliopathies [9,29]. Previous studies
demonstrate distinct expression of TMEM?72 in the kidney and suggest a role in tumorigenesis, but TMEM72
has not yet been associated with monogenic disease [27,30-34]. Here, we show through in silico and in vitro
analyses that TMEM72 variants in the patients we described could cause their kidney disease, and might be
functionally linked to ciliary function.

Methods
Patient enrolment

We included patients carrying rare variants in TMEM?72 through two complementary approaches. First,
individuals were included through routine diagnostic genetic testing performed in the context of suspected
hereditary kidney disease at the University Medical Center Utrecht in the Netherlands, the Sorbonne
University and Assistance Publique Hopitaux de Paris in France and the Boston Children’s Hospitalin the
United States of America (USA). Collaboration between these centers was established through
GeneMatcher [35]. In these patients no deleterious variants were detected in known kidney disease genes
relevant for their phenotype (Supplementary Table 1). Second, additional patients were identified through a
systematic analysis of the 100,000 Genomes Project (100kGP). All patients provided informed consent for
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whole exome sequencing (WES) or whole genome sequencing (WGS), and for their anonymized data to be
used for research. Patients from the 100kGP were enrolled as previously described [36].

Genomic analyses

Details on whole exome sequencing, variant filtering, SNP genotyping and structural variant analysis are
described in the Supplementary Material. Here we also describe how we determined relatedness between
the patients from family A and B.

Immunohistochemistry

Kidney biopsy tissue of patients from family A and B, a healthy control and a CKD control kidney biopsy with
ANCA-associated glomerulonephritis was stained with a rabbit-anti-TMEM72 antibody (Atlas Antibodies,
HPA039894). A kidney biopsy was also performed on an unaffected parent (B-I-2) of a patient, before a living-
donor kidney transplantation procedure.

Tissue sections were deparaffinized, endogenous peroxidase was blocked for 30 minutes (min) and antigen
retrieval was done by boiling in citrate pH6 for 20 min. Primary antibody incubation was performed for 1 hour
(h) at room temperature (RT) with the antibody at a 1:100 dilution in PBS with 1% Bovine Serum Albumin
(BSA). BrightVision anti-rabbit (VWR) was applied for 45 min, after which the Nova Red substrate (Vector)
was incubated for 10 min, followed by counterstaining with hematoxylin (Merck). Slides were washed with
tap water for 10 minutes and then dehydrated and mounted. Imaging was performed with a Nikon ES00M
microscope. Details on immunofluorescence are described in Supplementary Material.

In silico predictions

To search for open reading frames (ORFs) in TMEM72, we applied the ORFfinder (NCBI) based on the
nucleotide sequence of the reference genome and the variants found in our patients [37]. Using Uniprot we
assessed whether known isoforms were predicted [38]. We used the Protter tool to visualize the predicted
secondary structure of TMEM72 [39], which aligns with previous in vitro evidence [27].

In vitro and in vivo experiments

In Supplementary Material detailed methods on cell culture, gPCR, Western blot, transfection with
overexpression constructs of TMEM72 and in vivo experiments in zebrafish are provided.

Staining of TMEM?72 in human derived tubuloids
Human subjects

Human healthy kidney tissue-derived tubuloids were established after obtaining written informed consent
from nephrectomies for malignancies in the Kidneybank biobank, which was approved by the Biobank
Research Ethics Committee (TCBio) of the University Medical Center Utrecht (UMCU) in January 2023 (TCBio
22-873). The study was approved by the TCBio of the UMCU under protocol nr. 23-039 and is in accordance
with the Declaration of Helsinki and Dutch law.

Tubuloid culture

Tubuloids were generated from human healthy kidney tissue of four donors and seeded as single cells from
passage 5-7 on coverslips, following previously established protocols [40,41]. Differentiation towards a
distal tubular phenotype was performed as previously described [42].
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Immunofluorescent staining and confocal imaging

2D tubuloid cell monolayers were fixed in 4% paraformaldehyde, permeabilized, and blocked in PBS
containing 0.5% Triton X-100 and 0.5% BSA. Primary antibodies against TMEM72 (Atlas Antibodies,
HPA039894), ARL13B (Proteintech, 30332-1-AP), acetylated tubulin (Sigma-Aldrich, T6793), and/or NPHP1
(Clone 62, gifted by Prof. Schermer) were incubated overnight at 4°C. After washing, appropriate secondary
antibodies were applied for 1.5 hours at room temperature. The samples were then mounted in VectaShield
(Vectorlabs, H-1000-10) and stored at 4°C. Confocal imaging was performed using a Leica DMi8 microscope
with a 63x oil immersion objective.

Affinity proteomics
Constructs generation

To generate SF-TAP (NTAP) tagged TMEM72 long (1-275aa; AOPK05-1), human full-length wild-type TMEM72
complementary DNA (cDNA) was amplified from HEK293T cells and cloned into the NTAP destination vector
using Gateway cloning. NTAP TMEM72 short isoform (119-275aa; AOPK05-2) was created from the full-length
TMEM?72 cDNA using PCR amplification mutagenesis, followed by Gateway cloning into NTAP destination
vector. NTAP tagged RAF1 was used as control [43].

Affinity purification of TMEM?72 protein complexes

HEK293T cells were transfected with NTAP tagged constructs and cultured for 24 hours in DMEM (Sigma-
Aldrich, D0819) supplemented with 1% Penicillin-Streptomycin (Sigma, P4333), 1% Sodium pyruvate
(Sigma-Aldrich, S8636), and 10% Fetal Bovine Serum (FBS, Sigma-Aldrich, F0392). The next day, cells were
lysed in lysis buffer containing 0.5% Nonidet-P40, protease inhibitor cocktail (Roche), and phosphatase
inhibitor cocktails | and Il (Sigma-Aldrich) in TBS (30 mM Tris-HCL, pH 7.4, and 150 mM NaCl) for 30 minutes
at 4°C and cleared by centrifugation at 10,000g for 15 minutes. The cleared lysates were transferred to anti-
FlagM2 affinity gel (Sigma-Aldrich) and incubated for 1.5 hours at 4°C. Subsequently, the affinity gel with
bound protein complexes was washed 3 times with wash buffer (TBS containing 0.1% NP40 and
phosphatase inhibitor cocktails | and Il), followed by 2 times with 1XTBS. The protein complexes were eluted
with Flag peptide (200 pg/ml; Sigma-Aldrich) in TBS. After purification, the samples were precipitated with
methanol and chloroform [43]. The precipitated protein pellets were stored at -80°C until mass
spectrometry (MS) analysis.

MS analysis, protein quantification and statistics

The precipitated proteins were subjected to in-solution tryptic cleavage and StageTip purified (Thermo
Scientific), followed by MS analysis on an Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher) as
described earlier [44]. Label-free quantification (LFQ) was performed, using Maxquant (v.1.6.1.0) and
identified proteins were analyzed using Perseus (v1.6.2.3) [45,46]. All data were filtered for potential
contaminants, peptides only identified by side, and reverse database identifications. The proteins were
filtered to be present in = 4 of the 6 replicates. For TMEM72 long isoform versus RAF1 (control) and TMEM72
short isoform versus RAF1, a one-sided two-sample test with permutation-based FDR correction was
performed (FDR < 0.05). Proteins were considered significantly enriched when passing the two-sample test
and when showing an enrichment of at least 4-fold (log2=2). For TMEM72 long versus TMEM72 short isoform,
a two-sided two-sample test with permutation-based FDR correction was performed (FDR < 0.05). A ratio >4
fold (log2=2) was used as threshold to identify TMEM72 long enriched proteins and a ratio <0.25 (log2=-2)
was used to identify TMEM72 short isoform enriched proteins. Significantly enriched proteins were
subjected to GetGo analysis. Subsequently, identified ciliary landscape proteins were subjected to STRING
analysis to define the functional protein association networks. The ciliary landscape proteins, defined by the
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Syscilia consortium, represent proteins enriched in the cilia specific protein landscape, created by affinity
proteomics of more than two hundred ciliary proteins [43,47].

Results
Biallelic TMEM?72 variants in kidney disease patients

We detected homozygous variants in TMEM72 in the index patients of six families who lacked an alternative
genetic explanation for their kidney disease (Figure 1; Table 1). In five families we observed KFRT in (young)
adulthood (ages ranging from 21-41). Kidney ultrasound was suggestive for NPHP showing small-to-normal-
sized kidneys, increased echogenicity and loss of corticomedullary differentiation. Family F presented with a
different phenotype. The patient had enlarged echogenic cystic kidneys, vesicoureteral reflux (VUR), and
congenital KFRT. She developed epilepsy, but no brain MRI was performed, so the presence of cerebral
malformations could not be assessed. She passed away at the age of 2 years.

In family A, B and E we also detected the TMEM72 variants in homozygous state in an affected sibling (Figure
1). In family A both parents were shown to carry the variant in a heterozygous state, and one unaffected
sister was shown to have two wild-type alleles.

In families A, B and C we detected the same homozygous truncating variant p.Gln2*. These families originate
from the same region in Northern-Africa. Families A and B were known consanguineous. Results of the
genome-wide kinship analysis excluded relatedness up to the 3™ degree between family A and B. However,
manual inspection of a 14 Mb ROH region comprising TMEM72 showed that identical haplotypes were
shared between the two families. We were unable to repeat this analysis for family C.

In families D and E we detected homozygous frameshift variants p.Gln70Serfs*11 and p.Ala236Profs*85,
respectively). There was no evidence for a deletion of TMEM72 in either family and therefore hemizygosity of
the detected frameshift variants is unlikely. Family D reported a deceased affected sibling, in whom genetic
testing had not been performed: further segregation in family D was complicated by the recent death of the
index. The parents of this patient were not known to be consanguineous. The two affected siblings of family
E were both included in the 100kGP. Based on the homozygosity plot this family appears non-
consanguineous, although there is some level of shared ancestry with the largest region of homozygosity of
10.5 Mb comprising TMEM?72.

In family F we detected a homozygous missense variant p.Gly124Ser in a single child of consanguineous
parents. The family history reported a cousin with a similar phenotype, however no genetic testing was
performed at the time.

In silico predictions of TMEM72 variants
Prediction of variant pathogenicity

Table 2 displays the results of the in silico analyses for the TMEM72 variants. All variants have a PHRED-
scaled CADD-score above 15 (15.63-35). In the gnomAD database (v2.1.1) the variants in our patients were
not present in a homozygous state in more than 140.000 healthy controls and in silico loss of function
studies did not detect homozygous protein-truncating variants in TMEM?72 [48]. In addition, there were
significantly fewer instances of predicted loss-of-function variants in this gene than would be expected (o/e
=0.11 with 95% confidence interval 0.05 — 0.5) and none were detected in homozygosity, implying selection
against this type of variant [49]. For the p.Gly124Ser missense variant, effect prediction tools SIFT,
MutationTaster, and PolyPhen-2 predicted a pathogenic effect [50-53]. The substitution affects an
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evolutionary conserved residue and also appears to be located in a conserved region of the protein
(Supplementary Figure 1).

Genotype-first approach in 100,000 Genomes Project and UK Biobank reveals rarity of TMEM?72 variants

We assessed nearly 60,000 participants from the rare disease cohort of the 100kGP and 200,000 individuals
from the population based cohort of the UK biobank for possible deleterious variants in TMEM72. Aside from
the homozygous frameshift variant in family E reported above, we found no additional patients with
convincing TMEM72 variants. A detailed summary of the patients that passed the filtering strategy can be
found in Supplementary Material and Supplementary Table 2.

Open reading frame predictions

Open reading frame predictions indicated that the truncating variant p.Gln2*, identified in families A and B,
and the frameshift variant c.208del p.Gln70Serfs*11, identified in family D, leads to the translation of a
known short TMEM72 isoform (AOPK05-2) via an alternative transcription start site (highlighted in Figure 2).
The predicted secondary structure of AOPK05-2 is shown in Supplementary Figure 2.

Kidney biopsies show altered localization and expression of TMEM72 in patients

Kidney biopsy tissue was available for participants A-lI-4, B-I-2, B-1I-1 and B-Il-4. We stained both the long
and short TMEM72 isoform using an antibody epitope directed at the first amino acids of the short isoform
(epitope shown in Figure 2).

TMEM72 staining of healthy control material showed expression of TMEM72 in the distal tubule and the
collecting duct (Figure 3). On higher magnification, it is apparent that TMEM72 is mainly localized in the cell
membrane with distinct sparing of the nucleus (Figure 3). In patient samples with biallelic TMEM72 variants
TMEM72 aggregated at the basolateral membrane as shown in patient A-l1I-4 and was also present in the
nucleus in patients A-ll-4, B-11-1, and B-II-4, while this is was not observed in controls or the unaffected
heterozygous parent (B-1-2). Expression was clearly reduced in patients B-lI-1 and B-1l-4 compared to a
healthy unrelated control, an unrelated CKD control biopsy (patient with ANCA-associated
glomerulonephritis), and their unaffected heterozygous parent. In patient A-lI-4 the reduction in expression

compared to the controls was less pronounced. Costaining of the ciliary axoneme using an ARL13B antibody

showed that primary cilia are formed despite low TMEM72 expression (Supplementary Figure 3). Given the
high amount of extra-ciliary TMEM72 localization we could not determine nor exclude ciliary colocalization
of TMEM72 in patient biopsies.

TMEM?72 localizes to the cilium in human healthy tissue-derived tubuloids

Based on the histological analysis (Figure 3), TMEM72 is predominately expressed in the distal tubule and
collecting duct segments of healthy kidney tissue. Therefore, we employed human kidney tubuloids as a
tubule epithelial model [40,41] to study the subcellular localiation of TMEM72. Tubuloids were differentiated
towards a distal tubular phenotype [42] to more accurately mimic the distal segments of the nephron. In
tubuloids derived from four healthy donors, TMEM72 localized to the primary cilium as marked by ARL13B
and acetylated a-tubulin (Figure 4a,b; Supplementary Video 1), as well as to plasma membrane regions
(Supplementary Figure 4b). To further validate ciliary localization, we co-stained with ciliary transition zone
marker NPHP1, and confirmed the localization of TMEM72 to the cilium (Supplementary Figure 4c).

TMEM?72 is associated with membrane proteins, ciliary landscape proteins, and PEX19

To identify potential TMEM72 interactors and thereby elucidating its function, we have performed Flag pull-
downs with SF-TAP tagged TMEM72 isoforms and RAF1 (control) transiently expressed in HEK293T cells
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followed by MS analysis. Proteins that were enriched in both TMEM72 long isoform samples and TMEM72
short isoform samples were considered as potential TMEM72 interactors. Based on these criteria, a total of
209 proteins were appointed as potential TMEM72 interactors (Figure 5a,b; indicated in orange, blue, and
magenta; Supplementary Table 3; Supplementary Figure 5).

To elucidate the associations between those proteins, a GetGo enrichment analysis was performed [38].
With a minimum group size of 50 proteins per group, the analysis showed that proteins were mainly enriched
for the categories ‘membrane’ and ‘ciliary landscape proteins’, containing 81 proteins and 58 proteins,
respectively (Figure 5¢c; Supplementary Table 3). STRING analysis of the ciliary landscape proteins identified
two main hubs (Figure 5d; indicated in light blue). The left hub mainly consists of mitochondrial proteins. The
right hub mainly consists of exportins, importins, nucleoporins, and transportins. Transportin 1 (TNPO1)
connects this hub to an IFT protein, TTC26.

To find out which of the potential TMEM72 interactors are more strongly associated to the full-length (long)
isoform or to the short isoform we compared TMEM72 long to TMEM72 short isoform. We found that 46
proteins (of the 209) were more strongly associated to the long isoform of TMEM72 (Figure 5a,b; indicated in
blue; Supplementary Table 3). GetGo analysis (minimum group size of 20 proteins per group) of these 46
proteins showed that proteins were enriched in the membrane (Figure 5¢; Supplementary Table 3). The
membrane association of the long isoform was also confirmed by analysis of proteins specifically
associated to TMEM72 long isoform (Supplementary Figure 6; Supplementary Table 3). Only one protein (of
the 209) was more strongly associated to the short isoform compared to the long isoform (Figure 5a,b;
indicated in magenta; Supplementary Table 3). This protein is named peroxisomal biogenesis factor 19
(PEX19) and plays an important role in peroxisome membrane assembly and maintenance [54,55].

Challenges in functional analysis of TMEM72

TMEM72 appears to be a particularly challenging gene to study, likely due to its low expression in commonly
used cell lines. Details on additional functional work can be found in Supplementary Material. In summary,
we performed gPCR and western blotting on several cell(-line)s — skin fibroblasts, HEK293T cells, IMCD3
cells, MDCK cells and RPE1 cell - to investigate which cells expressed TMEM72. We could not find a cell type
with sufficiently detectable endogenous TMEM72 expression that would warrant experiments to knock-out
or knock-down TMEM72. Despite extensive efforts, we were unable overexpress fluorescently-tagged
TMEM72 in ciliated cell lines by transfecting the cells with expression constructs. We attempted to generate
TMEM727” mutants using iPSC-derived kidney organoids (Supplementary Material). However, expanded
genetically edited clones were all repeatedly found to be heterozygous (TMEM72*). In vivo studies revealed
that CRISPR-Cas9 mediated knock-out zebrafish were homozygously viable, but showed no distinct kidney
phenotype.

Discussion

TMEM?72 is a previously unknown disease gene expressed primarily in the kidney, with distinct expression in
distal renal tubules and collecting duct cells. We identified four homozygous TMEM72 variants in six families
with a phenotype suggestive for NPHP and early-onset KFRT. We provide new insights into TMEM72 function
through carefully assessing patient phenotypes, in silico predictions, altered localization in patient biopsies,
ciliary localization in human-derived tubuloids, and proteomic data linking TMEM72 to ciliary function. We
propose TMEM?72 as novel kidney disease candidate gene involved in ciliary function.

TMEM?72 as novel kidney disease gene

We detected two homozygous frameshift variants, one homozygous truncating variant and one homozygous
missense variantin TMEM?72. In silico analyses support that loss-of-function variants are likely not tolerated.
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No additional convincing biallelic TMEM72 variants were found in T00kGP and UK biobank, underscoring the
severity and the overall rarity of potentially disease causing TMEM72 variants. With this genotype-first
approach we found no evidence contradicting our hypothesis that TMEM72 could be a novel disease gene.

TMEM72 expression in distal tubule cell (with granular cytoplasmic and basal membrane localization [32])
and collecting duct cells [33] has previously been reported and was confirmed in our study.
Immunohistochemistry in kidney biopsies of patients from family A and B showed an altered localization
compared to healthy and CKD controls. Nuclear localization has previously been found in in vitro modelling
of TMEM72 lacking all transmembrane domains and in the known short isoform AOPK05-2 [27,56].
Furthermore, expression of TMEM72 was clearly reduced in the patients from family B as compared to
controls. Although patients from family A and B carry the same TMEM?72 variant, biopsy staining differed,
which may reflect technical variation as the biopsies were processed in different laboratories at different
time points. Our findings indicate altered TMEM72 localization and possibly reduced expression, resulting in
an altered or potentially dysfunctional TMEM72 in these patients.

In families A-C with the p.Gln2* variant the short TMEM72 isoform is predicted to be expressed. Exon
specific gene expression databases show no evidence for endogenous expression of this isoform in healthy
kidneys [57,58]. Its presence may suggest a non-canonical function for the short isoform in our patients.
Costaining of TMEM72 with the ciliary axoneme in family B (Supplementary Figure 3) possibly indicates a
gain of function effect of the small amount of remaining protein. In family E, the p.Ala236Profs*85 variant is
located in the last exon of TMEM72 and is therefore expected to escape nonsense-mediated decay, likely
explaining its relative low CADD score. The variant is predicted to result in a protein with an extended
intracellular tail that misses the last disordered region (amino acids 236-262), which contains highly
conserved residues, with probable functional effects [38,59].

Gene expression data in humans show that TMEM72 is mainly expressed in the kidney, with limited
expression in the brain cortex, large intestine and reproductive organs [33,60]. This fits our patients’
phenotype of isolated kidney disease (family A-E) and may also explain the cortical epilepsy in patient F-II-1.
However, caution is warranted when interpreting the pathogenicity of the variant identified in this patient.
The clinical features overlap with characteristics of both CAKUT and infantile NPHP. While VUR has been
reported in ciliopathies such as Bardet-Biedl syndrome [61], similar renal imaging have been described in
infantile NPHP [18], and even neurological symptoms have been described in the context of NPHP [62], this
case remains distinct from the rest of the cohort in terms of both variant type and clinical presentation.
Given the consanguinity in this family, we cannot exclude that the neurological features result from a
separate, undetected genetic condition, despite WES analysis of all protein-coding genes for biallelic
variants. Also heterozygous variants, which are more common in neurological phenotypes, were assessed..

Interestingly, KidneyNetwork associates TMEM72 with Reactome and human phenotype ontology (HPO)
pathways that are related to kidney functions and neurological functions linked to electrolyte transport [63].
KidneyNetwork uses expression patterns to predict gene functions and associated phenotypes, based on
established gene-phenotype associations [63]. Relevant kidney-related HPO phenotypes with z-scores 25
associated with TMEM72 are: polyuria, polydipsia, abnormal renal tubule morphology, abnormal nephron
morphology, tubulointerstitial abnormality, decreased glomerular filtration rate, tubulointerstitial nephritis,
and renal salt wasting [63]. Although not specific, these all fit with the NPHP phenotype.

Linking TMEM72 to ciliary function

After linking TMEM72 to kidneys, the next step was exploring the disease mechanism of this gene. Patients
from family A-E show a shared renal phenotype that is seen in patients with NPHP, namely KFRT at a (young)
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adult age in combination with small-to-normal-sized kidneys, increased echogenicity, loss of
corticomedullary differentiation, and kidney biopsies with interstitial fibrosis and/or tubular atrophy. No
kidney cysts were seen, as is often the case in NPHP. A potential link of TMEM72 to NPHP is the
immunohistochemistry staining of kidney biopsies that show altered expression and localization of TMEM72
in cells known to be affected in NPHP. Although these findings are not individually specific to NPHP (and in
some patients overlap with for instance Alport spectrum disorder could be considered), the combination of
findings is suggestive for the NPHP phenotype.

Furthermore, we demonstrated localization of TMEM72 to the primary cilium in human-derived differentiated
tubuloids using immunofluorescence microscopy. Skin fibroblasts, HEK293T, IMCD3, MDCK, and RPE1 cells
did not exhibit sufficient TMEM72 expression, however, differentiated tubuloids showed TMEM72 to
consistently localize to the cilium across all four donor-derived tubuloid lines. Based on our stainings, we
hypothesize TMEM72 is localized at the base of the cilium or the transition zone region. Not every cilium
displayed detectable signal, which could reflect the dynamic nature of primary cilia, which assemble and
disassemble with progression of the cell cycle—being fully assembled only during GO and G1 phases [64].
Thus, the variability in TMEM72 ciliary localization may result from cell cycle-dependent regulation of its
expression or trafficking. Moreover, recent studies have highlighted significant heterogeneity in ciliary
composition. Transcriptomic variability among cilia within the same tissue was demonstrated in embryonic
structures [65], and spatial transcriptomics of three different mammalian cell lines revealed ciliary
heterogeneity at the single-cell level [66]. These findings support the notion that the observed variability in
TMEM72 localization may also occur due to intrinsic ciliary diversity, reflecting cell type-specific functions
or states.

Taken together, our immunofluorescence and proteomics data indicate that TMEM72 localizes to the cilium
and plasma membrane regions. The affinity proteomics studies showed that TMEM72 is significantly
associated to membrane and ciliary landscape proteins [43]. Over 27 percent of the potential interactors of
TMEM72 were previously identified as ciliary landscape proteins, suggesting a strong association of TMEM72
with ciliary function. This association was mainly based on two hubs. The first hub consists of several
mitochondrial proteins, with voltage-dependent anion-selective channel protein 1 (VDAC1) being one of the
central proteins in this hub. Interestingly, up- or down-regulation of VDAC1 affects ciliogenesis [67]. The
second hub consists of components of the nuclear import and export machinery. These proteins also
localize to the base of primary cilia and form a size-dependent diffusion barrier for selective import and
export of ciliary proteins [68-70]. This hub seems associated to the IFT-B protein TTC26 (IFT56). Knockdown
of ttc26 in zebrafish resulted in a kidney defect (i.e. enlarged pronephric tube and duct in combination with
disrupted ciliogenesis), which therefore may be related to the kidney phenotype of our patients [71].

We also compared the binding capacities of the different TMEM72 isoforms. The long isoform showed
stronger interaction with membrane proteins, confirming that the full-length membrane protein binds more
membrane proteins compared to the intracellular part of the protein, consistent with previous findings [27].

PEX19, a protein involved in peroxisome membrane assembly and maintenance, was the only protein that
was associated more strongly to the short isoform. An explanation for this could be that the short isoform
has less affinity to the membrane compared to the long isoform (Figure 2; Supplementary Figure 2) resulting
in more interactions with the mainly cytoplasmic PEX19. This is confirmed by the analysis of proteins
specifically associated to TMEM72 short isoform, which showed a strong association to the cytoplasm
(Supplementary Figure 6; Supplementary Table 3) in line with previous studies [27,56].

Pathogenic variants in PEX79 result in Zellweger syndrome (ZS). Patients with ZS display various clinical
characteristics, including neurologic dysfunction, hypotonia, and liver dysfunction. Additional features
include cardiovascular and skeletal defects, hearing impairment, ocular abnormalities, including retinitis
pigmentosa, and polycystic kidneys, which are hallmark features of ciliopathies [72,73]. PEX molecules have
been shown to regulate ciliary cholesterol transport, supporting an association with ciliopathies [55,74].

Interestingly, PEX19 interactor exportin-1 (XPO1), which has functions in centrosomes and peroxisome
biogenesis was enriched as a potential TMEM72 interactor in our dataset (Figure 5 a-b; Supplementary Table
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3) [75]. Further studies are needed to further elucidate the connection between TMEM72, PEX19 and XPO1
in context of ciliary cholesterol transport. It is noteworthy in this context, that another TMEM protein,
TMEM135, was already shown to regulate primary ciliogenesis by modulating intracellular cholesterol
distribution [76].

Other functional assays did not provide additional insights. We were unable to establish a cellular model
system due to low endogenous TMEM72 expression in all assessed cell lines, probably explained by the
highly cell type specific expression of TMEM72. Hitherto there is no known kidney cell line with TMEM72
expression [33]. Also, overexpression of TMEM72 in ciliary cell lines was unsuccessful despite extensive
efforts. Furthermore, we were unable to generate TMEM72-/- mutants using iPSC-derived kidney organoids,
which we suspect is due to non-viability of the model, rather than TMEM72 being directly essential for iPSC
survival or pluripotency (Supplementary Material). Additionally, in vivo analysis in a knock-out zebrafish
model did not show obvious signs of kidney failure at adult age. The zebrafish orthologue of TMEM72 is only
39% conserved, possibly leading to different functions in fish compared to humans [59]. Also, in Tmem?72
knock-out mice no distinct kidney phenotype has been observed, although a neurological phenotype has
been described [77]. While this is remarkable, it could be that the renal phenotype is specific to humans.
Other known NPHP genes have not resulted in a renal phenotype in knock-out mice either (e.g. in Nphp4
knock-out mice no renal phenotype was explicitly reported, and also in Igcb 1, Wdr19, Cep83 and Zfp423
knock-out mice only non-renal phenotypes are reported, although it is unclear whether kidney phenotypes
were fully assessed) [77]. This appears unrelated to a specific ciliary domain or function. Generating a
Tmem72 knock-out mouse model with targeted renal phenotyping could be considered for future studies.
However, rodent models are not always a suitable model as they may not reflect the human situation.
Ideally, functional assessment would start by analysis of phenotypes in patient-derived cells, such as urine-
derived renal epithelial cells (URECs) or tubuloids [41,78,79]. However, for this study it was not possible to
obtain patient derived cells, since the patients were either deceased or post kidney transplantation. With
immunofluorescence staining in kidney biopsies we observed that cilia are formed despite low TMEM72
expression, however quantification studies could not be obtained. Cilia formation can even be unchanged in
these ciliopathies, as described for GANAB and MAPKBP1 [80-82]. Future work is required to provide further
insights on the role of TMEM72 in the kidney. [83]

To conclude, in this paper we present the first genetic results, immunohistochemistry results and affinity
proteomics studies that link TMEM72 to patients with KFRT. The phenotype of these patients with advanced
kidney disease, including their imaging and kidney biopsy results, together with the immunohistochemistry
findings are suggestive for NPHP. The localization of TMEM72 at the base of the cilium in human-derived
tubuloids, along with the affinity proteomics results suggest that TMEM72 is indeed implicated in ciliary
function and underlines our hypothesis that biallelic TMEM72 variants could cause NPHP. Because of the
difficulty to obtain functional proof that reveals the exact cellular function of TMEM72 and that
unequivocally links our patients’ variants with their phenotype, we conclude TMEM?72 is a strong candidate
gene for NPHP. Although we were unable to elucidate the disease mechanism of TMEM72, based on the
provided evidence clinicians can consider including TMEM72 in gene panel testing of patients with a NPHP-
like phenotype or unexplained kidney failure. This will lead the way to more knowledge about this gene and
the possible related phenotypes. Future work could focus on further characterizing TMEM72 variants and
unraveling its function.
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Figure legends

Figure 1. Pedigrees of the families described in this study.

n.c. = reported as non-consanguineous

Figure 2. Visual representation of the predicted secondary structure of TMEM72. Adapted from the
Protter tool.*” The amino acids changed by the variants detected in the 5 families are highlighted in orange.
Variant c.4C>T leads to a stop codon, resulting in translation of a shorter isoform at the start of the second
methionine (highlighted in red), consisting solely of the intracellular C-terminal side of the protein
(Supplementary Figure 2). Also variant ¢.208del is predicted to result in this known short TMEM72 isoform
(AOPKO05-2). Every tenth amino acid is numbered. The location of rabbit-anti-TMEM72 antibody epitope is
represented by the red bar. The blue circle represents the amino acid changed by the missense variant found
in the control patientin the 100,000 Genomes Project (Supplementary Material).

Figure 3. TMEM72 immunohistochemistry in healthy and diseased kidney biopsies (a)
Immunohistochemistry using a rabbit-anti-TMEM72 antibody (which epitope targets both isoform 1 and
isoform 2) shows that in healthy kidney tissue, TMEM72 is present in the distal tubules (left panel) and
collection ducts (right panel). (b) On higher magnification, it is apparent that TMEM72 is mainly localized in
the cell membrane with distinct sparing of the nucleus. (c) In the native kidney biopsy of A-ll-4, TMEM72 is
mainly localized in the tubular cell basal membrane and in some nuclei. In the biopsies of B-II-1 and B-11-4,
no prominent staining was present, apart from weak staining in some nuclei. The biopsy of B-I-2 (unaffected
parent) is similar to A-lI-4, but without staining of the nucleus. (d) TMEM72 staining in a CKD control kidney
biopsy (patient with ANCA-associated vasculitis) shows a staining pattern similar to the healthy control
biopsy. | Brown: TMEM72, purple: hematoxylin staining | Scale bars indicate 50 pm.

Figure 4. TMEM72 localizes to primary cilia in human healthy tissue-derived tubuloids.

(a) Image showing primary cilia stained with ARL13B (red) and acetylated a-tubulin (magenta), co-localizing
with TMEM72 (green) in differentiated tubuloids. (b) Close-up single channel and merge images
demonstrating co-localization of TMEM72 (green) with ARL13B (red) and acetylated tubulin (magenta). |
Scale bars indicate 20 pm.

Figure 5. Identification and clustering of potential TMEM72 interactors. (a) Scatterplot showing enriched
proteins comparing TMEM72 long to control (RAF1). Bait protein is shown in red. Potential TMEM72
interactors shown in orange, blue, and magenta. Proteins equally strong associated to both isoforms are
indicated in orange. Proteins more strongly associated to TMEM72 long isoform compared to TMEM72 short
isoform are indicated in blue. The protein more strongly associated to TMEM72 short isoform compared to
TMEM72 long isoform is indicated in magenta. X-axis represents log2 ratio between TMEM72 long and RAF1
(control) and Y-axis represents LFQ intensity score, indicating the relative amount of proteins in the dataset.
(b) Scatterplot showing enriched proteins comparing TMEM72 short isoform to control (RAF1). Indicated
colors and axis are identical to (a). (c) GetGo analysis of potential TMEM72 interactors (left) and GetGo
analysis of proteins more strongly associated to TMEM72 long isoform (right). (d) Representation of the
STRING analysis of the ciliary landscape proteins that are associated with TMEM72. The two main hubs are
indicated in light blue. | Supplementary Figure 5 provides additional explanation for interpretation.
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Table 1. Phenotypical characteristics of the patients described in this study

Age CKD Presenting Other renal Extra-renal  Renal ultrasound? Renal biopsy  Age at Family Homozygous
(years)! stage! symptom features features KFRT history variant in
(years) TMEM72*
A-l1-2 20 v Nycturia Hypertension, None Right kidney 8.0 cm, Not performed 21 Sib = A-1l-4 c.4C>T
(NL_NG_00 mild left kidney 9.9 cm, due to p.(GIn2*)
8_02) erythrocyturia both with increased advanced CKD
and proteinuria echogenicity
A-llI-4 19 1} Hypertension  Proteinuria 0.9 None Right kidney 9.7 cm, Glomeruloscle- 22 Sib = A-11-2 c.A4C>T
(NL_NG_00 g/24h, mild left kidney 10.7 cm, rosis and p.(GIn2*)
8_01) erythrocyturia both with increased tubular
and leukocyturia echogenicity atrophy. EM
failed, IF no
abnormalities
B-1I-1 32 b Hypertension, Mild proteinuria Polycythemia Right kidney 8.9 cm, Interstitial 41" Sib = B-lI-4 c.4C>T
(France_TN CKD 1g/day. 16.9 g/dL left kidney 9.3 cm, fibrosis, p.(GIn2*)
N1) No hematuria increased echogenicity, vascular
no cysts lesions
B-11-4 24 v Hypertension, Proteinuria Relative Right kidney 9.7 cm, Interstitial 30" Sib = B-II-1 c.4C>T
(France_TN CKD 1.5g/day. polycythemia left kidney 10.4 cm, fibrosis, p.(GIn2*)
N3) No hematuria 17.4 g/dL increased echogenicity, vascular
presence of 3 small lesions, FSGS
cysts
C-1I-1 20 I} CKD, Hypertension None Absence of renal cyst.  Not performed Preemptive Negative c.4C>T
pyelonephritis Details not available. transplan- p.(GIn2*)
tation at 45
y/o
D-lI-1t 23 v Malignant Mild proteinuria Relative Absence of renal cyst.  Interstitial 26 Sib KFRT at  ¢.208del
(France_TN hypertension, 1.35g/day. polycythemia Right kidney 10 cm, left fibrosis, ~25vy/o, p.(GIn70Serfs
N250) post-partum No hematuria 16.1 g/dL kidney 11 cm vascular deceased at  *11)
CKD fibrosis, FSGS 54y/o
E-lI-1* 20-25 NA NA NPHP, NA Renal atrophy, cyst of NA 25-30 Sib = E-1I-2 c.705del
(UK_GEL1) hematuria, kidney, details not p.(Ala236Pro
hypertension available fs*85)
E-11-2% 20-25 NA NA Hypertension NA NA NA 30-35y/o  Sib=E-ll-1 c.705del
(UK_GEL2) with CKD p.(Ala236Pro
stage IV fs*85)
F-ll-1t Prenatal V Intra-uterine  Hypertension, Epilepsy Increased echogenicity, Not performed Prenatal Cousin with  ¢.370G>A
(US_NP705 oligohydram-  vesicoureteral medullary cysts, diagnosis PKD, dialysis p.(Gly124Ser)
_B2436-21) nios reflux enlarged kidneys, loss for 2 yr
of corticomedullary before he

differentiation

passed away
at 2 yr

520z Jequiada( g uo Jasn uopuo 869)j09 Ausieaun Aq pd-8656+¥5000/2. L 2Ly 1I8656¥5000/6G1 L°0L/10P/pd-8oiE/JoU W00 IaBIeN//:dRY Woly papeojumoq

tpassed away at age 2, *at presentation, *NM_001123376.2, “detailed data unavailable due to policy of the 100,000 Genomes Project. Family F is presented below the dotted line, as this
case differs from the rest of the cohort in both variant type and clinical presentation. | CKD, chronic kidney disease; cm, centimeter; EM, electron microscopy; KFRT, kidney failure with
replacement therapy; IF, immunofluorescence staining; NA, not available; NPHP, nephronophthisis; PKD, polycystic kidney disease; yr, years



Table 2. In silico assessment of patient variants in TMEM72

Variant in TMEM72# gnomAD allele CADD Phred SIFT
frequencyv2.1.1 v14

Mutation-Taster PolyPhen-2

c4C>T 0 35 NA NA NA

p.(GIn2¥)

c.208del 1.22e-5 27.0 NA NA NA

p. (GIn70Serfs*11) x3 het; x0 hom

c.705del 2.14e-5 15.63 NA NA NA
p.(Ala236Profs*85)  x6 het; x0 hom

c.370G>A 4.72e-5 23.6 Deleterious Disease causing Probably damaging
p.(Gly124Ser) x11 het; x0 hom (score:0.04) (prob:0.998) (0.997)

#NM_001123376.2 | The variant from Family F (c.370G>A) is presented below the dotted line, as this case
differs from the rest of the cohort in both variant type and clinical presentation. | het, heterozygous; hom,

homozygous; NA, not applicable
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