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Abstrakt

Uvod: Selhani ledvin (ESKD) je spojeno s vysokou morbiditou a mortalitou. Pfi¢ina ESKD
je Casto nezndma. Asi 10 % ptipadi ESKD je podminéna geneticky. Autosomalné
dominantni tubulointersticidlni onemocnéni ledvin (ADTKD) je -charakterizovano
chronickym onemocnénim ledvin (CKD) vedoucim k ESKD ve véku okolo 45 let bez
proteinurie a hematurie. Nejcastéjsi genetickou pfic¢inou ADTKD jsou patogenni varianty
UMOD, MUCI a REN, asi 15% ptipadii ma neznamou genetickou pficinu. Cile: (1) ZvySeni
povédomi o ADTKD mezi klinickymi nefrology. (2) Spravna geneticka klasifikace ADTKD
a identifikace novych geni a jejich variant podminujicich ADTKD. (3) Rozsifeni znalosti
patogenetickych mechanismit ADTKD. (4) Prohloubeni znalosti klinické charakterizace
ADTKD a identifikace faktorti ovliviiujicich progresi ADTKD. (5) Identifikace novych
patogennich variant MUCI v rodinach s ADTKD a vylouc¢enou prevalentni variantou
duplikace cytosinu ve VNTR MUCI. Metody: V ramci prace studentka vyvinula
interaktivni databazi umoziujici pfimy kontakt s pacienty, 1ékati a vyzkumniky. Studentka
zavedla laboratorni protokoly pro izolaci DNA a odbér a odesilani vzorka na pfislusné
genetické testovani. Vyznamné se podilela na interpretaci identifikovanych genetickych
variant. Dale vytvofila pacientské dotazniky pro zlepSeni znalosti klinickych charakteristik
ADTKD. Vysledky: Od roku 2018 jsme rozsifili na§ ADTKD registr o 238 novych rodin na
celkovy pocet 1100. Patogenni varianty UMOD, MUCI a REN jsme identifikovali u 126,
297 resp. 115 ptipadii. Nalezli jsme patogenni varianty APOA4 jako nové genetické priiny
ADTKD. Identifikovali jsme faktory spojené s progresi ADTKD, coz jsou typ patogenni
varianty, dna, vék ESKD u rodi¢l a pohlavi. Definovali jsme odlisné klinické podtypy
ADTKD-REN. Zavér: Zvysili jsem schopnost nefrologti rozpoznat ADTKD a tim zlepsili
spravnost ur¢eni diagndzy ve skupiné¢ CKD. Déle jsme rozsitili spektrum genetickych ptic¢in

ADTKD a identifikovali faktory ovliviiujici progresi ADTKD.



Abstract

Background: End-stage kidney disease (ESKD) is associated with high morbidity and
mortality, with the cause of ESKD unknown in many cases. At least 10% of patients have
a genetic cause of ESKD, with many undiagnosed. Autosomal dominant tubulointerstitial
kidney disease (ADTKD) is characterized by a bland urinary sediment and chronic kidney
disease (CKD) leading to ESKD at a mean age of 45y. The most common genetic causes of
ADTKD are pathogenic variants in UMOD, MUCI, and REN, with an unknown cause in
15%. Specific Aims: (1) To better understand ADTKD prevalence by expanding outreach.
(2) To classify ADTKD families genetically and identify new genetic causes. (3) To expand
existing knowledge of ADTKD pathophysiology. (4) To better characterize ADTKD
clinically and identify factors associated with progression. (5) To identify novel MUCI
pathogenic variants in undiagnosed ADTKD families. Methods: I developed an interactive
computer database that allowed direct contact with participants, clinicians, and researchers.
I oversaw and instituted laboratory protocols to collect samples, isolate DNA, and send for
appropriate genetic testing. I assisted in interpretation of genetic variants. I created patient
surveys to assess ADTKD clinical characteristics. Results: Since 2018, we recruited 238
new families, increasing our total number of families to 1100. We identified UMOD, MUCI,
and REN pathogenic variants in 126, 297, and 115 individuals. We identified APOA4 as a
new genetic cause of ADTKD. We identified an in vitro score, gout, parental age of ESKD,
and gender as factors associated with ADTKD progression. We identified distinct subtypes
of ADTKD-REN. Conclusion: We significantly increased our knowledge of the prevalence,
characteristics, and genetic causes of ADTKD. Future work will focus on identification of

new therapies, based on our clinical, genetic, and pathophysiologic findings.



Identification and Characterization of Inherited Kidney Disease
1. Introduction and Commented Results

Chronic kidney disease (CKD) is characterized by kidney structural or functional
abnormalities, with a worldwide prevalence of 9%-13% [Kovesdy 2022]. Patients with CKD
(CKD) often progress to end-stage kidney disease (ESKD). Understanding the causes of
CKD is of paramount importance in identifying potential therapies to reverse this common
condition. It is estimated that at least 10% of individuals with advanced CKD have an
inherited form of kidney disease. Historically, inherited conditions such as autosomal
dominant polycystic kidney disease and Alport syndrome were recognizable due to obvious
and pathognomonic clinical findings on ultrasound or with kidney biopsy. However, there
are many forms of inherited kidney disease (IKD) that have been undiagnosed or undefined
due to mundane clinical characteristics and inability to perform genetic testing. Over the
last two decades, with expansion of knowledge in genetics and its application, the genetic
basis of many kidney diseases has been identified. Conditions once thought to be rare are
now more commonly identified, and potential therapies are being developed. However, there
remain many genetic conditions for which the genetic cause has not been identified [Devuyst
et al. 2014, Vivante et al. 2016, Levin et al. 2017].

Autosomal dominant tubulointerstitial kidney disease (ADTKD) is an example of an
IKD that was poorly understood until genetic research led to an increasing understanding of
its clinical presentation, prevalence, and pathophysiology. ADTKD is characterized by
CKD leading to ESKD at a variable age, between 22 and 80 years, with a mean age of
approximately 45 years. ADTKD is characterized by a bland urinary sediment, with no

blood or protein in the urine. While kidney biopsies are extremely useful in the diagnosis of



glomerular diseases, pathologic findings in ADKD are nonspecific, with tubular cell
pathologic changes and interstitial fibrosis being most commonly found. Thus, ADTKD is
a condition that is difficult to diagnose or distinguish clinically.

In 2002, pathogenic variants in the UMOD gene were identified as the genetic cause
of ADTKD, allowing further characterization of this disorder and the ability to diagnose this
condition [Hart et al. 2002]. Prior to 2002, less than 50 families had been diagnosed
worldwide with this condition. Since genetic identification of UMOD, and subsequently
REN, MUCI, and SEC61A41 as genetic causes of ADTKD, we now know that there are
thousands of families suffering from these conditions [Zivna et al. 2009, Kirby et al. 2013,
Bolar et al. 2016]. While the major causes of ADTKD have been identified, in
approximately 15% of cases the genetic cause of ADTKD remains unknown [see results,
paper 4.1 Bleyer, Kidd et al. 2020].

The long-term goal of the Rare IKD Team of Charles University and Wake Forest
School of Medicine (RIKD Team) team is to identify the genetic basis of disease in
individuals with IKD, to better characterize clinical and genetic predictors of disease,
improve understanding of clinical progression, and to expand existing knowledge of disease
pathophysiology. The team utilizes a team science approach based upon the research
framework outlined in Figure 1.

Referred families with IKD are contacted by The Wake Forest group, who collect
clinical and family history data and organize sample collections for genetic testing and
biobanking. First, clinical characterization is performed to determine if the participants and
their families suffer from ADTKD. After a clinical diagnosis of possible ADTKD is made,

samples are tested for mutations in genes known to cause ADTKD, including UMOD, REN,



MUCI and SEC61A41. In the RIKD family registry, mutations in these genes are found to
cause kidney disease in about 65% of participating families, with 15% of cases still with an
unidentified etiology. If directed gene testing is negative, whole exome or whole genome

sequencing may follow to attempt to identify a causative gene in the family [Figure 1].
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Figure 1. Rare IKD (RIKD) Team Research Framework. Patients enter the research study and
their clinical, genetic and biobank data are integrated and stored in the rare inherited kidney disease

(RIKD) registry.

To better understand ADTKD, our team has established collaborations with medical
professionals and researchers in the Czech Republic, United States, European Union, United
Kingdom, Australia, Canada, and South America establishing the world’s largest registry of

over 1,100 families with ADTKD. Our collaborative work has expanded the knowledge of



ADTKD and characterization of patients with ADTKD [Bleyer et al. 2014, Gast et al. 2018,
Cormican et al. 2019, Cormican et al. 2020, Elhassan et al. 2023, see results, papers 4.1
Bleyer, Kidd et al. 2020, 4.2 Kidd et al. 2020, 4.3 Zivnzi, Kidd et al. 2020, 4.4 Olinger,
Hofmann, Kidd et al. 2020].

I joined the RIKD team of Wake Forest as a research scientist in 2012. At the start
of my thesis in 2018, the RIKD Team had been referred approximately 862 families with
IKD. As ADTKD is poorly diagnosed, poorly characterized clinically and
pathophysiologically, and all genetic causes have not been identified, the specific aims of
my doctoral study included:

1. To more accurately determine the prevalence of ADTKD by expanding

outreach to families with this condition.

2. To classify families with ADTKD genetically and to identify new genetic
causes of ADTKD.

3. To expand existing knowledge of ADTKD pathophysiology

4. To better characterize ADTKD clinically and identify factors associated with
CKD progression.

5. To identify novel MUCI mutations in suspected ADTKD-MUC! families
who tested negative for the cytosine duplication that commonly causes
ADTKD-MUCI.

In the following text I will discuss the current knowledge of the field and will relate it
to the results of my work. I have authored five papers, and I am first author for two of

them.



1.1 Inherited Kidney Disease
Chronic Kidney Disease

Chronic kidney disease (CKD) is defined as kidney structure or function
abnormalities present for three or more months with health implications . CKD has been
recognized as a global public health burden associated with poor quality of life, increased
hospitalization, mortality and economic cost [Eckardt et al. 2013, Hill et al. 2016, Levin et
al. 2017, Kovesdy 2022]. Global mean estimates of CKD estimate approximately 14% of
adults 30-39 years and 34% of individuals over 70 years having CKD. The endpoint of CKD
progression is ESKD. Once ESKD is reached, patients no longer have enough kidney
function to maintain life and would die shortly without renal replacement therapy (RRT).
RRT options include hemodialysis, peritoneal dialysis, or kidney transplantation. While
hemodialysis and peritoneal dialysis are life-saving for patients with ESKD, they require
patients to receive dialysis three days a week or daily. Both hemodialysis and peritoneal
dialysis are associated with poor quality of life, and patients receiving hemodialysis or
peritoneal dialysis have a shorter life expectancy than patients with cancer. Kidney
transplantation is a superior option but is associated with shortened survival due to
accelerated vascular disease and increased cancer risk due to immunosuppression. In
addition, the mean graft survival for a cadaveric kidney is only 10-12 years. Thus, CKD is
a common problem associated with poor survival and decreased quality of life [Eckardt et

al. 2013, Hill et al. 2016, Kovesdy 2022].

It is estimated that 10% of families that exhibit early-onset CKD have a monogenic
disorder. These disorders have a remarkably high penetrance, resulting in a more rapid loss

of kidney function over time compared to other causes of kidney disease [Vivante et al. 2016,



Levin et al. 2017]. Identification of causative genes for IKD is important for the following
reasons: 1) It provides families and their healthcare providers with a cause for the IKD that
has been present in their family, often for generations. 2) It allows physicians and researchers
to better characterize the clinical phenotype. 3) Genetic testing can be performed to identify
family members with disease and also identify unaffected family members who may be able
to serve potential kidney donors to other family members. 4) A genetic diagnosis prevents
unnecessary diagnostic procedures that may carry risk (e.g. percutaneous kidney biopsy). 5).
More rigorous monitoring of CKD progression can be performed in genetically affected
individuals. 6) Identification of the genetic cause of kidney disease guides research into the
genetics, cell biology, pathology, and clinical manifestations of disease. 7) Identification of

the genetic cause of kidney disease is the first step in identifying a potential treatment.

IKD Gene Discovery

Adult or autosomal dominant polycystic kidney disease (ADPKD) was reported to
be inherited in a 1957 study of 284 probands with polycystic kidneys often leading to ESKD
[Dalgaard 1957]. In 1985, the PKD1 locus was the first IKD locus mapped, the loci
positioned at chromosome 16 [Reeders et al. 1985]. Nine years later, the polycystin 1
(PKD1) gene was sequenced and mutations causing ADPKD were identified in four families
[The European Polycystic Kidney Disease Consortium 1994].

In 1990, the first IKD gene-disease association was identified in families with X-
linked Alport Syndrome. Families with Alport Syndrome present clinically with progressive
CKD and presence of hearing loss. Mutations in the COL4A45 gene encoding alpha 5(IV)
collagen chain, mapped to Xq22.3, segregated within three large families [Barker et al.

1990]. Four years later, COL443 and COL4A4 were reported as causative for autosomal



recessive Alport Syndrome. These genes are both located at 2p36.3 and encode alpha 3(IV)
and alpha 4(IV) collagen chains, respectively. Two families were described with
homozygous mutations in COL443 and two families with homozygous mutations in
COL4A4. These findings supported the idea that individual chains of alpha (IV) collagen are
important for the structural integrity of the glomerular basement membrane, and disruptions

can lead to disease [Mochizuki et al. 1994].

Rare IKD

ADPKD is the most common form of IKD, affecting an estimated 600,000 people in the
US [Nobakht et al. 2020]. Rare diseases are defined by population frequency, with
definitions varying between countries and organizations. In the US, a disease is considered
rare if it is present in less than 200,000 individuals. Alport Syndrome is a rare disease,
affecting an estimated 30,000-60,000 people in the US [Watson et al. 2023]. The vast
majority of IKDs are rare diseases.
Autosomal Dominant Tubulointerstitial Kidney Disease

Smith and Graham described medullary cysts found in an 8-year-old girl who

suffered from anemia, elevated blood urea nitrogen, and CKD without proteinuria or
hematuria. Pathology findings of her kidney described for the first-time medullary cysts
along with interstitial fibrosis and tubular atrophy. Neither parent was clinically affected,

and no siblings were noted [Smith and Graham 1945].

In 1960, Goldman et al. described medullary cystic kidney disease in the proband of
a large family. They were able to identify 60 affected family members through five
generations. Of these 60 family members, 14 had died from kidney disease and three had

CKD. The family findings were consistent with autosomal dominant inheritance. Clinical



findings included anemia, salt wasting, a bland urinary sediment (no blood or protein in the
urine) and CKD. Review of kidney pathology reports revealed medullary cysts, interstitial
fibrosis, dilated tubules and irregularities of the basement membrane. No extrarenal

characteristics were reported [Goldman et al. 1960].

Eight cases referred of medullary cystic disease and familial juvenile
nephronophthisis were reviewed in 1967. The inheritance patterns varied among the
families. All affected individuals suffered from slowly progressive CKD, anemia, polyuria,
and the absence of proteinuria or hematuria. Kidney biopsies revealed interstitial fibrosis,
tubular dilation and atrophy. Chronic idiopathic tubulointerstitial nephropathy was
suggested as a more descriptive encompassing name, or simply nephronophthisis [Mongeau

etal. 1967].

Massari et al. in 1980, described a large family with autosomal dominant inheritance
of kidney disease with hyperuricemia and gout, absence of proteinuria and hematuria. Nine
patients presented with CKD and an additional three presented with hyperuricemia only.
Review of available kidney biopsies showed tubular atrophy, wrinkling, and thickening of

basement membrane and interstitial fibrosis but no medullary cysts [Massari et al. 1980].

Linkage studies in large, well phenotyped families with medullary cystic kidney
disease and/or familial juvenile hyperuricemic nephropathy allowed researchers to map the
disease, revealing genetic heterogeneity with at least three different loci identified at 1921,
1g41, and 16p12.3 [Christodoulou et al. 1998, Scolari et al. 1999, Stiburkova 2000,
Hodanova et al. 2005]. These locations were later identified to be the following causative

genes MUC1, REN, and UMOD [Kirby et al. 2013, Zivna et al. 2009, Hart et al. 2002].



In 2015, a consensus report was written to address the varied and sometimes
misleading names given to this disease group over decades of studying these families. The
following nomenclature was suggested: inheritance-phenotype-gene. This group of diseases
has since been known as autosomal dominant tubulointerstitial kidney disease (ADTKD).
ADTKD features include: 1) autosomal dominant inheritance, 2) progressive CKD with
ESKD between 3™ — 71 decades of life, 3) bland urinary sediment. Biopsy findings tend to
be nonspecific showing 1) tubular atrophy 2) interstitial fibrosis, 3) thickening of basement
membranes, 4) tubule dilation. Additional phenotypes associated are addressed by gene
specific subtypes, as gout seen more often in patients with UMOD mutations [Eckhardt et

al. 2015].

1.2 ADTKD due to UMOD Pathogenic Variants
Cilindrina, Tamm Horsfall Protein and Uromodulin

In 1873, Dr. Carlo Rovida described a cylindrical urinary protein termed “cilindrina”
produced by the renal tubular cells that led to the formation of hyaline casts [Thielemans et
al. 2023]. Drs. Tamm and Horsfall identified a urinary mucoprotein that inhibited viral
hemagglutination in 1950, naming it Tamm Horsfall protein (THP). Further, they found THP
to be the most common protein in human urine. THP is produced exclusively by the thick
ascending limb of the kidney [Tamm and Horsfall 1950, Tamm and Horsfall 1952]. In 1986,
Drs. Muchmore and Decker identified a urinary glycoprotein with immunosuppressive
properties that binds and modulates interleukin-1, naming the protein uromodulin (UMOD)
[Muchmore and Decker 1986]. Pennica et al. determined through protein analysis in 1987
that UMOD was found in human urine regardless of gender or pregnancy and presented

evidence that THP and UMOD were identical proteins [Pennica et al. 1987].



UMOD Gene

The cDNA sequence of UMOD was published in 1987. The gene is composed of 11
exons, which synthesize a 640 amino acid peptide sequence containing a very high number
of cysteine residues (48), which constitute 7.5% of amino acids in the protein. UMOD
contains epidermal growth factor (EGF)-like domains coded within the protein [Pennica et
al. 1987]. In 1993, UMOD was mapped to chromosome 16p12.3-16p13.11, which extends
over 20kb region [Pook et al. 1993].

UMOD Structure

UMOD encodes a signal peptide, four EGF-like domains, a cysteine rich domain
(domain of 8 cysteine residues (D8C)), and a zona pellucida domain used in polymerization.
The 24-amino acid signal peptide guides the precursor UMOD to the endoplasmic reticulum
(ER), where the signal peptide is cleaved, resulting in a 616 amino acid mature peptide. Post-
translational modifications that include formation of 24 disulfide bridges, eight
glycosylation sites, and a glycosyl phosphatidyl inositol (GPI) anchor used to tether the
protein to the cell membrane. UMOD is transported to the apical surface of thick ascending
cells, where it is cleaved by the protease hepsin and enters the tubular lumen [Brunati et al.
2015]. It then polymerizes via the ZP domain to form a filamentous matrix [Mary et al.

2022]. UMOD is then excreted in the urine.
UMOD Function

UMOD has been implicated in a variety of physiological functions. Due to its
filamentous properties in the tubular lumen, the role of UMOD in water reabsorption
affecting urine concentration have been studied, as well as protective effects against urinary

tract infection and kidney stone formation. Data also suggest that UMOD may regulate
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potassium, sodium, calcium, and magnesium transport [Devuyst et al. 2017, Mary et al.

2022].
UMOD Pathogenic Variants as a Cause of ADTKD

In 1999, Scolari et al. mapped a four generation Italian kindred with autosomal
dominant medullary cystic kidney disease type 2 (ADMCKD?2) to chromosome 16p.12. This
study utilized the phenotype of autosomal dominant inheritance, defective urine
concentration, normal to small kidneys with or without medullary cysts, kidney biopsy
findings of tubular-interstitial fibrosis, tubular atrophy or thickening of the tubular basement
membrane. Seven candidate genes in the region were discussed, including uromodulin/THP

[Scolari et al. 1999].

In 2000, Stiblrkovéa et al. mapped three Czech families with familial juvenile
hyperuricemic nephropathy (FJHN) to chromosome 16p11.2. The FJHN phenotype was
described with autosomal dominant inheritance, CKD, presence of gout, and progression to
ESKD during middle age. Additionally, patients presented with reduced fractional excretion
of uric acid, ultrasound findings of small kidneys with increased echogenicity with or
without medullary cysts, and kidney biopsy findings of tubulointerstitial nephropathy. Two
candidate genes were discussed, one of which was UMOD [Stiblrkova et al. 2000].

UMOD was identified as the causative gene for ADMCKD?2 and FJHN in 2002 when
the Wake Forest team published a study of four families (one with ADMCKD?2 and three
with FJHN). A p.HI177-R185 deletion and three missense pathogenic variants
(p.Gly103Cys, p.Cys148Try, and p.Cys217Arg) segregated within the respective families in
all clinically affected individuals. It was noted that the common phenotype among the four

families was CKD of tubulointerstitial origin, with variable presentation of hyperuricemia

11



or medullary cysts. Identifying that both ADMCKD?2 and FJHN resulted from pathogenic
variants in UMOD, a new disease name, UMOD associated kidney disease (UAKD), was
suggested [Hart et al. 2002].

Within a year of publication, 24 families were published with IKD due to UMOD
mutations [Rampoldi et al. 2003, Dahan et al. 2003, Wolf et al. 2003, Bleyer et al. 2003,
Turner et al. 2003]. In 2018 and 2019, UMOD was reported in two large cohort studies as
the third most common genetic cause of IKD identified after ADPKD and Alport Syndrome
[Gast et al, 2018; Groopman et al. 2019]. The number of patients and families identified
with UMOD mutations in our registry [described in Chapter 1.5] continues to grow since

its discovery in 2002, as seen in Figure 2.
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Figure 2. Growth of RIKD ADTKD-UMOD Registry from 2002-2023.
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UMOD Pathogenic Variants

In 2020, I assembled and analyzed the data on the largest international cohort of
ADTKD-UMOD patients that has been studied, describing 125 unique UMOD mutations in
722 genotyped patients from investigators in 13 countries. Of the evaluated UMOD
mutations 120 (96%) were missense, 4 (3%) were in-frame deletions and 1 (1%) was a
deletion-inversion. Fifty-nine (46%) mutations involved a cysteine residue. Thirty-three
(71%) of the 48 cysteine residues in UMOD were altered in 201 (28%) patients. All the
altered cysteine residues were encoded by exons 3 and 4. 124 (99%) mutations were also
located within exons 3 and 4 [see results, paper 4.2 Kidd et al. 2020].

I maintain a registry of known UMOD mutations for the RIKD team, currently
reporting 165 unique mutations, 160 of which cluster to exons 3 and 4 [Figure 3]. The
registry is available for public use (https://redcap.link/UMOD.mutations) and I have created a
survey tool for input of new mutations. I have also created a figure including all available
UMOD pathogenic variants that is available for download website [Figure 4].

UMOD Single Nucleotide Polymorphism Factors of CKD

A genome-wide association study (GWAS) of CKD identified three loci of interest located
in the UMOD promoter. The rs4293393-A-G minor allele G, present in 19% of the general
population, was found to reduce the amount of uromodulin produced and was also associated
with a reduction in CKD risk [Koéttgen et al. 2010]. The rs12917707-G-T minor allele T,
present in 13% of the general population, was found to reduce CKD risk. Individuals with
this allele had a higher estimated glomerular filtration rate (¢GFR), a calculation used to

estimate kidney function. The rs13333226 minor allele G variant, present in 23% of the
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165 pathogenic UMOD variants positioned by exon currently reported in the Wake Forest IKD registry

Figure 3. Genetic map of UMOD. UMOD is composed of 11 exons with number of pathogenic
variants reported in the Wake Forest Rare IKD Registry as cause for ADTKD-UMOD annotated by

exon. Clustering is seen in exons 3 and 4.

Amino Acid Structure of Uromodulin with Mutations that Result in
Uromodulin Kidney Disease
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Figure 4. Annotated UMOD Map. This is an annotated map of UMOD showing each amino acid.
Cysteines are green. Pathogenic variants (labeled as mutations) are color coded: red missense, blue
deletion, and yellow deletion-insertion. This map is available for download at
https://redcap.link/UMOD.mutations.

14



general population, was found to have a decreased risk of hypertension and cardiovascular
event [Rampoldi et al. 2011].
Effects of Mutant UMOD

The first immunohistochemistry reports of UMOD in kidney biopsies revealed
mutant UMOD (mUMOD) forms intracellular aggregates within tubular epithelial cells
[Dahan et al. 2003, Rampoldi et al. 2003, Bleyer et al. 2005]. Immunofluorescence
microscopy further showed accumulation of mUMOD in the endoplasmic reticulum (ER)
[Vylet’al et al. 2006]. This evidence indicates UMOD mutations affect protein folding and
trafficking, leading to intracellular accumulation [Figure 5]. This abnormal deposition leads
to either absent or strongly reduced UMOD secretion in the urine of patients with ADTKD-

UMOD [Rampoldi et al. 2003, Bleyer et al. 2004, Vylet’al et al. 2006].

IR A |

Thick Ascending Limb - NN |
B UR

UMOD

mUMOD

"X
.2}% >
b -'@%%;;

Figure 5. UMOD expression in the nephron. A) UMOD is expressed in the thick ascending limb
of the Loop of Henle (green). B) Typical UMOD processing in the cell (green arrows). Mutant
UMOD (mUMOD) accumulation within the endoplasmic reticulum in ADTKD-UMOD (burgundy
arrows with red “X”).
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Further work demonstrated that thick ascending limb cells do not undergo apoptosis
in response to accumulation of mUMOD within the ER, instead inducing the unfolded
protein response (UPR). The UPR is induced to decrease protein load within the ER by
lowering the amount of protein entering the ER for post-translational modification while
boosting ER folding capacity and ERAD [Schaeffer et al. 2017]. Understanding the
pathophysiologic processes leading to aberrant mUMOD accumulation within the cell and
the signaling pathways induced by its presence are useful for identifying therapeutic targets

[Dvela-Levitt et al. 2019].

1.3  ADTKD due to REN Pathogenic Variants
Renin Angiotensin Aldosterone System

Renin (REN) was one of the first hormones discovered in 1898 when Tigerstedt and
Bergmann identified a substance in renal extracts affecting arterial pressure. The
investigators named this substance “renin” [Basso and Terragno 2001]. REN is expressed in
the juxtaglomerular cells of the kidney and is a major component of the renin-angiotensin-
aldosterone system (RAAS), an extensively studied system that regulates blood pressure and
electrolyte balance [Galen et al. 1984, Basso and Terragno 2001].
REN Gene

REN was mapped to chromosome 1 in 1984 [Chirgwin et al. 1984]. The REN gene
encodes 10 exons translating into 406 amino acids, containing trypsin and pepsin-sensitive

domains to cleave for its activation [Morris et al. 1984].
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REN Structure

The REN peptide is composed of a 23 amino acid signal peptide (SP, “pre-" domain),
43 amino acid prosegment (“pro-” domain), and 340 amino acid mature REN, which
contains two glycosylation sites and three cysteine-cysteine disulfide bridges. Preprorenin
describes the full peptide sequence, including the SP, which guides preprorenin to the ER
for post-translational modifications, where the SP is cleaved.

Prorenin is composed of the prosegment plus the mature REN sequence. The
prosegment of prorenin acts as a plug to block substrates from entering the catalytic site of
renin. Prorenin is guided from the ER to Golgi for post-translational modification via ER-
Golgi intermediate compartment vesicles (ERGIC), which monitor for misfolding or other
aberrations. Prorenin leaves the Golgi apparatus after processing, entering one of two
pathways depending upon cellular signals. The constitutive pathway stores prorenin in clear
vesicles until it is secreted into the circulation. Prorenin may also enter the regulatory
pathway, where protogranules are released containing prorenin and proteases. These
proteases cleave the prosegment to release active, mature REN, which is then secreted into
the circulation [Morris and Smith 1991, Sielecki et al. 1989, Schweda et al. 2007].

REN Function

REN functions within the RAAS in a vitally important enzymatic role. REN is an
aspartyl protease with a single specific substrate, angiotensinogen. Upon hypotensive
conditions, prorenin undergoes proteolysis into its active form, REN. This initiates a cascade
involving the conversion of angiotensinogen to angiotensin I, further proteolyzed by
angiotensin-converting enzyme (ACE) into angiotensin II, which is a potent vasoconstrictor.

Angiotensin II also stimulates aldosterone release from the kidneys, which signals
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reabsorption of sodium and water, raising blood volume and pressure [Persson 2003,
Schweda et al. 2007]
REN Pathogenic Variants as a Cause of IKD and ADTKD

In 2005, homozygous and compound heterozygous pathogenic variants in RAAS
genes REN, AGT, AGTRI and ACE were identified as genetic causes of autosomal recessive
renal tubular dysgenesis (RTD), a rare and fatal disease, in 11 fetuses from six families.
Prenatal oligohydramnios and fetal anuria are the first clinical signs of RTD. Affected
individuals frequently survive only a few days after birth or are stillborn. Kidney pathology
shows absent or few distinct proximal tubules. This was the first report of a monogenic
disease associated with the RAAS, emphasizing the system’s critical involvement in the
kidney and kidney development [Gribouval et al. 2005].

A family with FJHN was mapped to a novel locus at chromosome 1g41, adding to
the genetic heterogeneity of ADMCKD/FJHN/UAKD in 2005. This large family presented
with anemia, hyperuricemia, slowly progressive CKD leading to ESKD between 55 and 68
years. Ultrasound revealed small, echogenic kidneys. Patients did not have proteinuria,
hematuria, or gout [Hodanova et al. 2005].

In 2009, REN was identified as the second gene-disease association for
FJHN/ADMCK?2 in three unrelated families by the RIKD Team of Wake Forest and Charles
University. Two heterozygous pathogenic variants were identified within the SP of
preprorenin: p.Leul6del in two families and p.Leul6Arg in another family. Families
presented with autosomal dominant inheritance, childhood anemia, hyperuricemia, and
progressive CKD leading to ESKD between 43-68 years of age. Kidney biopsies showed

tubulointerstitial fibrosis and tubular atrophy. The proximal tubules were irregular and
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dystrophic [Zivna et al. 2009]. Of note, one of the families identified with a REN pathogenic
variant was described by Hodanova et al. 2005.
REN Pathogenic Variants

Eleven REN pathogenic variants have been published as homozygous or compound
heterozygous causes for RTD. Of these variants, five altered splicing, three resulted in an
early truncation, two were missense, and one was an in-frame duplication [Gribouval et al.
2012].

Schaeffer et al. published a pathogenic variant p.Leu381Pro in mature REN as a
cause for ADTKD-REN, the first non-SP REN pathogenic variant identified as causing
disease [Schaeffer et al. 2019]. In 2020, Zivna, Kidd et al. published a large international
cohort of 111 ADTKD-REN patients, describing 15 unique heterozygous mutations. I
participated in the recruitment of the international cohort, analysis of data and creation of
the manuscript. Fourteen (94%) of the pathogenic variants were missense, and one was an
in-frame deletion. Eight of the pathogenic variants (50%) were positioned within the SP of
preprorenin, three (19%) were positioned within the prosegment of prorenin, and four (31%)
were positioned within mature REN [Figure 6, see results, paper 4.3 Zivna, Kidd et al.

2020].
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Figure 6. Genetic map of REN. REN is composed of 10 exons encoding signal peptide (SP),
prosegment, and mature renin. Number of pathogenic variants reported in the Wake Forest RIKD
Registry as cause for ADTKD-REN annotated by protein segment.
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Effects of Mutant REN

REN is required for embryonic renal development, and the absence of REN, due to
biallelic pathogenic variants results in early death and incomplete kidney development
[Gribouval et al. 2012].

Heterozygous pathogenic variants within the SP of ADTKD-REN reduce the
production of REN in juxtaglomerular cells. This decreased production leads to low REN
and aldosterone levels and mild hyperkalemia. When the SP is altered, the preprorenin is
unable to be translocated to the ER for processing, leading to the overall reduction in REN
observed. The unprocessed aberrant preprorenin accumulates intracellularly, activating the
UPR and triggering apoptosis and inflammation [Figure 7] [Zivna et al. 2009]. Mutant
prorenin and mature REN alter intracellular transport and folding of REN by distinct
mechanisms, as detailed in the manuscript Chapter 1.6 [Figure 7] [Schaeffer et al. 2019, see

results, paper 4.3 Zivna, Kidd et al. 2020].
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Figure 7. REN expression in the nephron. A) REN is expressed in the juxtaglomerular cells
(purple). B) Typical REN processing in the cell (blue arrows). Pathogenic variants in each segment
of REN (shown in red) accumulate in different parts of the cell in ADTKD-REN (burgundy arrows
with red “X”).
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Treatment with Fludrocortisone

9a-fluorohydrocortisone, known as fludrocortisone acetate, was identified as a
treatment for aldosterone deficiency in adrenal insufficiency (Addison's disease) in 1955
[Witten et al. 1955]. In 2010, a 10-year-old girl with ADTKD-REN caused by the SP
pathogenic variant p.Cys20Arg underwent fludrocortisone treatment to ameliorate clinical
symptoms of hyporeninemic hypoaldosteronism. The treatment was successful, resulting in
an increase in blood pressure, lowering of serum potassium, and appropriate sodium
retention [Bleyer et al. 2010]. In 2020, data from nine patients administered fludrocortisone
showed no adverse effects. Studies showed a decrease in serum potassium values, increase
in serum bicarbonate levels, and an increase in blood pressure [see results, paper 4.3 Zivna,
Kidd et al. 2020]. Fludrocortisone treatment improves blood pressure and may decrease
production of both REN and mutated REN, which could result in improvements in kidney

function over time.

1.4 ADTKD due to MUCI Pathogenic Variants

MUC1 Background

Mucin proteins are categorized by their function and structure as heavily
glycosylated proteins. These proteins contain variable number of tandem repeat (VNTR)
regions, with a high proline, threonine, and serine content. Currently, 22 mucins have been
identified and are classified as either membrane-bound or secreted gel-forming [Pajic et al.

2022].

Mucin-1 (MUC1) was first identified in 1981 as a mammary gland milk mucin

[Taylor-Papadimitriou et al. 1981]. Other names for MUCI1 have included polymorphic
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epithelial mucin, peanut-lectin binding urinary mucin and epithelial membrane antigen.
Nomenclature guidance in 1990 proposed using “Mucin” for protein and “MUC” for the
gene, followed by a number chronologically assigned to each mucin cloned [Gendler et al.
1991]. MUCI is expressed throughout the body as a membrane-bound mucin and is
expressed in epithelial tissues such as the oral mucosa, lung, breast, colon, and kidney
[Patton et al. 1995]. In the kidney, MUCI is expressed in the thick ascending limb of the

loop of Henle, distal convoluted tubule, and collecting duct [Zivna, Kidd et al. 2022].
MUCI Gene

The ¢cDNA for MUCI was sequenced and described in 1987 and localized to
chromosome 1g21 in 1990[Gendler et al. 1987, Gendler et al. 1990]. MUCI encodes seven
exons and includes an 82% guanine-cytosine (GC) rich VNTR region, which varies from 2
to 125 repeats, resulting in considerable heterogeneity in peptide sequence length [Lancaster

et al. 1990, Gendler et al. 1991].
MUCI Structure

MUCI contains several distinct domains: signal peptide, extracellular VNTR, SEA
domain, hydrophobic transmembrane domain, and a C-terminus cytoplasmic tail [Gendler
et al. 2001, Kirby et al. 2013]. The polymorphic nature of the VNTR was first described in
1987 analysis of urine samples from a single family, showing each family member having
two distinct lengths of MUCI1 [Swallow et al. 1987]. The proline residues provide a rigidity
to the structure, while threonine and serine residue provide glycosylation sites [Cascio and
Finn 2016]. The polymorphic nature of the VNTR suggests the length is not critical for

function. The VNTR acts as a scaffold for heavy glycosylation regulated by tissue-specific
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factors [Gendler et al. 1987]. At the SEA domain, the extracellular glycosylated VNTR
cleaves from the transmembrane domain. The MUCI SEA domain utilizes mechanical
pressure to induce this proteolysis, perhaps in response to pressure on the epithelial tissue

where it is expressed [Macao et al. 2005].

MCU1 Function

MUCI functions as a protective barrier to epithelial tissue due to its heavily
glycosylated extracellular VNTR domain. It is involved in lubrication, maintenance of cell
hydration and entrapment of potentially harmful particles, cellular debris, or viral pathogens.
The SEA domain may help to regulate cell shedding, rupture and response to pressure and

stimuli [Gendler et al. 1991, Hanisch and Miiller 2000, Chen et al. 2021].

In cancer biology, aberrant changes in glycosylation in MUC1 have been well
described. The cytoplasmic tail of MUCI1 can be phosphorylated, with its role in cell signal
cascades leading to tumor formation and metastasis being studied extensively [Hanisch and

Miiller 2000, Rahn et al. 2004, Cascio and Finn 2016].

MUCI Pathogenic Variants as a Cause of ADTKD

The first linkage for a form of ADMCKD was to chromosome 1q21 in 1998, with
this form of ADMCKD subsequently known as ADMCKD1. DNA linkage mapping was
performed in two large Cypriot families comprising of 89 individuals, 25 (28%) of which
were clinically affected. Further genetic findings revealed the two families shared the same
disease haplotype, indicating a common ancestor [Christodoulou et al. 1998]. One of these
families, 4901 was phenotyped by Stavrou et al., characterizing 44 family members and

identifying 23 as clinically affected, 13 still living and able to provide samples for genetic
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testing. Clinically affected family members presented with CKD progressing to ESKD at an
average age of 62 years, without proteinuria or hematuria. Hypertension and hyperuricemia
occurred at a similar level of eGFR as other individuals with non-genetic forms of CKD

[Stavrou et al. 1998].

In 2001, six ADMCKD Finnish families were identified and underwent linkage
analysis, with five of the families mapped to 1g21. Clinical findings include autosomal
dominant inheritance, slowly worsening CKD to ESKD between ages 25 years to 55 years
and hypertension. None of the families linked to 1q21 had hyperuricemia or gout reported

[Auranen et al. 2001].

A large Native American family was identified with ADMCKD1 and linked to 1921
in 2004. Diagnosis of the disease had been missed by more than 10 nephrologists and was
only suspected when a pre-transplant kidney biopsy of an asymptomatic daughter (planning
for living-related kidney donation) revealed tubulointerstitial fibrosis. Clinical information
was obtained for 18 clinically affected family members, and DNA samples were collected
on 50 family members. Linkage analysis was performed for 34 individuals. Clinical findings
included CKD with progression to ESKD between ages 35 and 66 years. Urinalysis showed
no hematuria, and proteinuria present in two of the clinically affected patients. Four
individuals had medullary cysts. Kidney biopsy findings included glomerular sclerosis,
tubular atrophy, tubulointerstitial fibrosis. It was noted that lack of severe symptoms in

ADMCKD can lead to under- or late diagnosis for patients [Kiser et al. 2004].

The causal gene at 1g21 was identified in 2013 in the landmark paper by Kirby et al.,
which included members of the RIKD Team of Charles University and Wake Forest School

of Medicine. The investigation described a pathogenic variant in the MUC! gene, which
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had not been identified by massively parallel sequencing (MPS) due to its presence in the
GC-rich VNTR region of MUCI. Six large diverse families clinically diagnosed with
ADMCKDI1 underwent linkage analysis to identify they shared the genetic loci 1q21. The
families did not share a haplotype, indicating each family harbored an independently arising
pathogenic variant at 1g21. Evaluation of coding and non-coding regions was unremarkable,
leading to dedicated genetic analysis of the VNTR regions. The MUCI VNTR is difficult to
assess due to its 80-82% GC content. A single cytosine duplication within a heptanucleotide
cytosine tract was identified. All six families carried this +C duplication, with each family
having a different VNTR size and different location of the +C duplication within the VNTR
[Kirby et al. 2013]. Of note, one of the families was the Native American family described

previously [Kiser et al. 2004].

Genetic Testing for MUCI1

Due to the difficulty in sequencing the VNTR, The Broad Institute of Harvard and
MIT working together with the RIKD team, developed a probe extension assay to test for
the +C duplication within the VNTR. Utilizing the restriction enzyme Mwol, which cleaves
the MUC1 wild type allele, while +C duplication destroys restriction site and mutated allele
remains intact. Restriction cleavage is following by PCR amplification of intact repeat unit
using nested flanking PCR primers (in 60-bp repeat). Interrogation of +C duplication is
performed by mass spectrometry probe extension assay. In an evaluation of the original 62
clinically affected and 79 asymptomatic individuals evaluated through linkage analysis and
VNTR sequencing, results of the probe extension assay aligned perfectly with the initial

VNTR sequencing results. Twenty-one other smaller families presenting with ADMCKD
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and negative for UMOD and REN pathogenic variants underwent MUC! analysis, with 13

being found to have a +C duplication within their VNTR [Kirby et al. 2013].

The Wake Forest RIKD Team became the MUC1 VNTR testing coordinating center
for The Broad Institute Biological Sample Platform, a research testing center. Coordinating
testing for IKD patients enrolled into the Wake Forest RIKD research study and for any
other IKD researchers (collaborators) interested in having their patients tested for the MUC/
+C duplication. Our coordination with collaborators led to identification of the +C
duplication in the Cypriot families linked to 1q21 by Christodoulo et al. Upon joining the
Wake Forest team in 2012, I became the genetic testing coordinator for MUC! analysis —
sharing sample requirements with collaborators, receiving samples, organizing testing
queues, preparation of each sample according to The Broad Institute’s protocol, shipping
batches of samples for analysis; then upon completion of analysis, review results and
disseminate to each team. The Broad Institute only accepts samples for MUCI! testing

prepared and shipped from our team.

In 2016, our team worked with The Broad Institute to develop a clinically validated
mass spectrometry assay to identify the MUCI +C duplication [Blumenstiel et al. 2016].
This remains the only clinically validated MUCI test. The Wake Forest team is still the
coordinating center for all samples that undergo MUC! analysis, and these results are
documented in our registry [described in Chapter 1.5]. The number of patients and families
identified with MUC] pathogenic variants continues to grow since its discovery in 2013, as
seen in Figure 8. We have tested a total of 2519 individuals and identified 930 individuals

and 330 families with ADTKD-MUC].
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Identification of Novel MUC! Pathogenic Variants

The +C duplication leads to a frameshift for the rest of the MUC! gene, altering the
peptide sequence to an early truncating neopeptide (MUCI1-fs). To study patient biopsies for
abnormal MUC1 aggregation, an antibody for MUC1-fs was developed [Kirby et al. 2013].
Due to MUCI1 expression in epithelial tissue, biopsy staining does not have to be limited to
kidney tissue but can also be performed on breast tissue, skin, and sebaceous glands [Zivné,

Kidd et al. 2018].
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Figure 8. Growth of ADTKD-MUCI Registry from 2013-2023.

Despite many families being identified with pathogenic variants in UMOD, MUCI
and REN there were still families presenting with ADTKD who tested negative for UMOD,

REN and +C duplication in VNTR of MUC! using the probe extension assay but positive
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for MUCI-fs in kidney biopsy. The RIKD team developed a hypothesis that the production
of the specific MUC1-fs protein is critical and required for ADTKD-MUC]I. Due to primary
structure of VNTR, this MUCI1-fs protein is synthesized by all MUCI where is in VNTR
either insertion of (3n+1) nucleotides or deletion of (3n-1) nucleotides than the only +C
duplication. Of note, the Broad assay could only identify the +C duplication. While other
pathogenic variants could not be identified genetically, the frameshift protein could still be
detected by staining tissues for MUC1-fs.

I worked with Mgr. Martina Zivna to develop a protocol to identify the MUC1-fs
protein, both in available tissue biopsies and in urine shipped from distant sites. Patients
were instructed to collect 1% morning urines, cooled via ice bath, and shipped with an ice
pack overnight to Wake Forest. We then fix and stain the slides for shipping to the Charles
University. The urinary cell slides were then stained for normal MUC1 and MUCI1-fs in
ADTKD-MUCI patients and control patients including ADTKD-UMOD and evaluated.
Sensitivity for MUCI1-fs immunostaining of urinary cell slides was found to be 94%
compared to 95% in kidney biopsies. Specificity was found to be 88% for MUCI-fs
immunostaining of urinary cell slides vs. 82% in available kidney biopsies [Zivna, Kidd et
al. 2018]. Urinary cell slides were then evaluated for 17 families presenting with ADTKD
but negative for UMOD pathogenic variants and MUC! +C duplication. Six families were
positive for MUC1-fs staining. These families then underwent Illumina sequencing and five
novel MUC1 VNTR pathogenic variants were identified: a +A insertion, +G insertion, +16
base pair duplication, -C deletion +AT insertion, and another +C duplication found after a

four-cytosine sequence. Eleven families with ADTKD remained without a causal gene
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identified, indicating genetic heterogeneity beyond the currently known ADTKD genes

[Zivna, Kidd et al. 2018].

We then studied plasma wild-type MUC1 (MUC1-wt) levels as a method to screen
for ADTKD-MUCI. We utilized the commercially available CA15-3 assay that has been
used to monitor plasma MUCI levels in breast cancer [Klee et al. 2004]. We hypothesized
that patients with ADTKD-MUC! would have serum MUCI levels that were approximate
half those of unaffected individuals, due to the loss of production of MUC1-wt from the
affected allele. Eighty-five ADTKD-MUCI patients, 6850 non-CKD reference population
values, and 249 control patients (135 ADTKD-UMOD and 114 genetically unaffected family
members) were assessed for CA15-3 values. Patients with a MUC! pathogenic variant had
CA15-3 levels 40% lower than patients with UMOD pathogenic variants, genetically
unaffected family members and non-CKD controls. While there was considerable overlap
of values, 22% of ADTKD-MUC] patients had a CA15-3 level less than 5 U/mL compared
to none in controls and 1% of the reference population. CA15-3 values over 20 U/mL were
found in 1% of ADTKD-MUCI patients, 18% of controls and 25% of the reference
population [Vylet’al, Kidd et al. 2021]. While follow-up genetic testing should be employed,
CA15-3 provides a way to stratify patients for novel MUC! evaluation, using a value of
S5U/mL or less for inclusion and a value of 20U/mL for exclusion intermediate values can be
evaluated further with family history review and/or availability of urinary cell smear or

biopsy for MUCI1-fs staining.
Expansion of MUCI1 Sequencing

A large Dutch family with ADTKD was negative for pathogenic variants in

UMOD and MUC1 +C duplication. Whole-exome sequencing was employed, filtering for
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Figure 9. MUC1 Gene Map. MUC! is compose of seven exons with a variable number of tandem
repeats (VNTR) that may have 2-125 repeats. Schematic for MUC1-wt VNTR sequence compared
to resultant MUC1-fs. CA 15-3 epitope is also labeled. All pathogenic MUCI variants in the RIKD
registry result in the same MUCI1 -fs.

CKD genes including UMOD, MUCI, and REN. A novel MUCI pathogenic variant was
identified before the VNTR, ¢.326 350dup, the 25 base-pair duplication creating the same
+1 frameshift, resulting in MUC1-fs (Figure 9). The pathogenic variant segregated with four
affected family members. Kidney biopsy evaluation of MUC1-fs revealed positive staining

and showed interstitial fibrosis and granular staining [de Haan et al. 2023].

When I reviewed a large whole-exome sequencing cohort published in 2019, 1
identified a patient that had been found to have a MUCI p.Alal35fs
(NM_001204285.2:¢.401dup, ClinVarID: 591327), a variant of unknown significance
(VUS) [Table S6 Groopman et al. 2019]. Our team spoke with the corresponding author on
the status of MUC1 analysis and found out that further MUC! genetic testing had not been
pursued. With the patient's permission, we were able to collect a sample and perform genetic
testing, revealing the presence of the +C duplication [data not published]. We hypothesize
this particular MUC1 +C duplication occurs at the beginning of the VNTR, as whole-exome

sequencing does not pick up the entirety of the MUCI VNTR [Bleyer et al. 2019].
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For the large number of families with ADTKD without a genetic diagnosis,
sequencing the MUCI VNTR for rare variants is crucial. For families with ADKTD that
test negative for UMOD, REN and the MUC1 +C duplication, our team has developed a real-
time single-molecule sequencing workflow using PacBio technology. We have already
successfully identified an additional 10 families with novel MUC1 variation [manuscript in
progress]. Prioritizing families for the PacBio workflow can be done by applying our MUC1 -

fs and CA15-3 screening techniques [Zivna, Kidd et al. 2018, Vylet’al, Kidd et al. 2021].
MUCI Single Nucleotide Polymorphism

Alternate splice forms of MUCI were reported by Gendler et al. in 1991, describing
a site within intron 1/exon2 that resulted in one form having an additional 27 base pairs (9
amino acids). This insertion does not affect the reading frame [Gendler et al. 1991]. This
site has been designated as the SNP rs4072037-C-T. A study in dry eye patients revealed
this to be a codominant trait for MUC1 production. The C allele (40% frequency) is
associated the peptide sequence that includes nine additional amino acids, and the T allele
(60% frequency) is associated with the shorter sequence length [Imbert et al. 2008]. The
rs4072037 TT was identified as a risk allele for gastric cancer [Saeki et al. 2011]. A GWAS
in CKD identified the rs4072037 TT as a risk allele for kidney function decline [Xu et al.
2018]. A study of ectopic pregnancy identified the T allele as a risk allele for ectopic
pregnancy [Pujol Gualdo et al. 2023]. Further, a study in patients with sarcoidosis measuring
plasma MUCI levels, showed that patients with the rs4072037 CC genotype produced a
significantly higher amount of MUCI1 compared to those with the TT genotype, with
heterozygous individuals being intermediate [Janssen et al. 2005]. We have also observed

this in plasma CA15-3 (MUC1-wt) in patients with ADTKD-MUC! and ADTKD-UMOD.
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Patients with ADTKD-MUC! produce significantly less MUCI overall [Vylet’al, Kidd et

al. 2021].
MUCI1-fs Pathophysiology

MUCI 3n+1 pathogenic variants cause a frameshift affecting the remaining VNTR
sequence. The self-terminating mutant MUC]1-fs truncates the peptide and results in loss of
the SEA, transmembrane and cytosolic domains. This creates a new protein that the human
body has never interacted with before. Staining of ADTKD-MUC| patient kidney tissue
with an antibody specific to MUCI1-fs revealed intracellular localization to the distal tubule
and collecting duct [Kirby et al. 2013]. Immunostaining with the MUC1-fs antibody in non-
kidney tissue from patients with ADTKD-MUCI also revealed intracellular deposition.
While the MUCI1-fs deposits intracellulary in all tissues producing MUCI in affected
individuals, it is notable that disease only occurs in the kidney and patients do not have an
increased risk for cancer [Bleyer et al. 2014, Zivna, Kidd et al. 2018]. Staining of ADTKD-
MUCI patient urinary cells with MUC1-wt and MUC 1 -fs antibodies show that MUC1-wt is
localized to the cell surface, showing even coverage compared to MUCI-fs forming

intracellular aggregates [Figure 10] [Zivna, Kidd et al. 2018].

Further Investigations to Understand MUC1-fs Pathophysiology

Dvela-Levitt et al. showed that in patient cells, patient derived organoids, and a
knock-in mouse model, MUCI1-fs accumulation occurs exclusively in the ER-Golgi
intermediate compartment (ERGIC) [Figure 10]. MUCI-fs accumulation activates the

ATF6 branch of the UPR but is unable to clear the MUCI1-fs protein [Dvela-Levitt et al.
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2019]. The constant slow accumulation of MUC1-fs leads to intracellular stress, accelerated

apoptosis, tubular cell death, nephron dropout, and slow progression of CKD.

MucC1
Distal Convoluted Tubule
Thick Ascending Limb

Collecting Duct\

Figure 10. MUC1 expression in the nephron. A) MUCI is expressed in the distal convoluted
tubule, thick ascending limb, and collecting duct (blue). B) Typical MUC1 processing in the cell
(blue arrows). MUCI1 frameshift (MUCI1-fs) accumulation in endoplasmic reticulum Golgi
intermediate compartment (ERGIC) vesicles in ADTKD-MUC! (burgundy arrows with red “X”).

Understanding the processes leading to aberrant intracellular MUC1-fs accumulation
and the signaling pathways induced by its presence are essential for identifying therapeutic
targets. Dvela-Levitt et al. identified a compound designated BRD4780 as a potential
treatment. BRD4780 is a small molecule that binds to TMED?9, releasing the MUC1-fs and
allowing it to enter lysosomal degradation. A modified compound is currently undergoing
animal studies, with an exciting potential as a future therapy in ADTKD-MUC! patients

[Dvela-Levitt et al. 2019].

33



1.5 Rare Inherited Kidney Disease Registry

In 1981 a five-year prospective study of an Australian family with autosomal
dominant familial urate nephropathy was published. The index case presented with ESKD,
a strong family history of gout and CKD. Family history was traced back five generations
with a review of 33 family members. Two deceased family members were known to have
kidney disease, one having gout. Eight living family members were followed over a five-
year period, showing decline in kidney function over time. Serum uric acid measurements
revealed hyperuricemia in asymptomatic family members. Histological findings from five
kidney biopsies revealed tubular atrophy, interstitial fibrosis, and obstructive tubular lesions
even in asymptomatic family members. The mean age of ESKD was 36 years [Richmond
et al. 1981]. Once UMOD genetic testing was available, the family was found to have a
UMOD in-frame deletion, p.Lys246-Ser252del.
Establishment of a Rare IKD Registry

The Wake Forest RIKD registry was established in 1996 when the first family with
IKD was referred to Anthony J. Bleyer, MD, MS, who leads the Wake Forest component of
the RIKD. Information about the family was collected including pedigree, demographics,
medical records on affected individuals, samples collected, and genetic testing results. This
family would later be published in the seminal paper describing UMOD pathogenic variants
in uromodulin as for a cause of ADTKD [Hart et al. 2002]. Over time, the registry has grown
to include over 1100 family referrals.

Identifying families with rare disease requires outreach, education, and

communication. Physicians need to have access to information about the rare disease,
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including presentation, genetic testing available, and treatment plan. Patients are eager to
learn the cause of IKD that may have affected their family for many generations.

Recruitment for the IKD Registry utilizes a multifaceted approach of publications,
reviews, presentations at national meetings, invited lectures, providing information for other
medical and rare disease platforms, and creation of an email list to referring physicians to
share IKD updates. The Internet has become an increasingly useful method for patients with
a rare discase to find the rare clinical research team interested in their condition. [see results,
paper 4.1 Bleyer, Kidd et al. 2020].

I have maintained the websites that allow patients to find our registry:

https://www.wakehealth.edu/condition/m/mucin-1-kidney-disease

https://www.wakehealth.edu/condition/u/uromodulin-kidney-disease.
IKD Registry Framework

Our team utilizes the research framework outlined in Figure 1. From the beginning,
we have accepted patients into the study without physician referral, realizing that many
physicians have little interest in identifying the cause of disease. Patients are also referred
by their academic or non-academic healthcare providers. Patients then are asked to provide
their consent to participate in the study, which has been approved by the institutional review
boards of Wake Forest University School of Medicine and First Faculty of Medicine, Charles
University. Patients provide many types of information: contact information, demographics,
family history, pedigrees, laboratory measurements records, biopsy and ultrasound reports,
any prior genetic testing reports, as well as coordinating to provide samples for DNA
isolation, plasma and urine to store in the biobank.

Genetic testing begins with single gene testing for the common ADTKD genes

MUCI1, UMOD and/or REN. MUC1 analysis is provided by the Broad Institute of Harvard
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and MIT [Blumenstiel et al. 2016], and UMOD and REN testing are performed by the Kmoch
team of First Faculty of Medicine, Charles University [see results, paper 4.2 Kidd et al.
2020, paper 4.3 Zivna, Kidd et al. 2020]. Families negative for pathogenic variants in these
ADTKD genes undergo whole exome or whole genome sequencing to evaluate for
pathogenic variants in other known IKD genes, as well as novel gene candidates. If a
candidate gene is identified, the exomes of other families with unknown causes of IKD are
analyzed for similar findings. Further efforts to determine if a candidate gene is causal
include expansion of pedigrees. In addition, skin biopsies, fibroblast -culture,
immunostaining of renal and non-renal tissues, and collection of samples for mRNA are
performed. The team also utilizes platforms such as GeneMatcher to see if other teams have
patients with pathogenic variants in the candidate gene, match phenotypes and are amenable
to collaboration [Bolar et al. 2016, Hartmannova et al., 2016 Cochran et al. 2018, Zikanova
et al. 2018, Buglioni et al. 2021, Sikora et al.2022, see results, paper 4.5 Kmochova, Kidd
et al. 2023].

The laboratory at Wake Forest has received and processed over 6000 samples since
1996, over 5200 of which are DNA samples for genetic testing [Figure 11]. In 2015 I worked
with our team and external collaborators to establish a protocol for processing, aliquoting,
and storing plasma and urine for studying potential biomarkers of disease. I supervise and
maintain the Wake Forest IKD Biobank, which is the largest ADTKD biobank in the world.
We have 1451 plasma and 1353 urine samples from 939 IKD patients, as well as unaffected

family members that can be used as healthy controls.
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Figure 11. Samples collected and processed by the Wake Forest laboratory. Sample collection
began in 1996. Each year shows the total samples collected divided by sample type: Collaborator
samples are DNA samples for MUCI1 genetic testing, Wake Forest samples are DNA as well as urine
and plasma for biobanking, the Vitamin D Trial and Urine Study were clinical trials coordinated and
run by Wake Forest. Cumulative is the total samples collected and processed.

Growth of the ADTKD Registry

Identification of patients with ADTKD has increased 35% since I began my PhD
programme in 2018 [Table 1]. The ADTKD registry currently has information on 1019
ADTKD-UMOD patients, 930 ADTKD-MUC] patients, and 130 ADTKD-REN patients.
Table 2 shows the sizes of the WF-RIKD cohort and collaborator cohorts currently in the
ADKTD registry. Figures 2 and 8 show growth of numbers of ADTKD-UMOD and
ADTKD-MUCI1 cohorts, showing steady growth since the identification of each causative
gene. As ADTKD is a rare condition, data from each patient increases our knowledge about
this condition and increases statistical power for clinical characterization or future clinical
trials. For example, future clinical trials may require a kidney biopsy before and after a
potential therapy. For this reason, we have collected over 100 kidney biopsies on patients

with ADTKD to better understand the pathologic changes and help to design a biopsy
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component for a future trial [see results, papers 4.2 Kidd et al. 2020, 4.3 Zivna, Kidd et

al. 2020, 4.4 Olinger, Hofmann, Kidd et al. 2020].

Table 1. Identification of Individuals with ADTKD from 2018 to 2023

Individuals 893 1019 +126 14%
UMOD
Families 305 401 +96 32%
Individuals 633 930 +297 47%
MUCI1
Families 197 330 +133 68%
Individuals 15 130 +115 >100%
REN
Families 7 37 +30 >100%
Individuals 1541 2079 +538 35%
TOTAL
Families 509 768 +259 51%

Table 2. Current ADTKD Wake Forest and Collaborator Cohorts in the RIKD Registry

WF cohort ‘ Collab cohort
Individuals 647 372 1019
UMOD
Families 245 156 401
Individuals 449 481 930
MUCI
Families 150 180 330
Individuals 28 102 130
REN
Families 14 23 37
Individuals 1124 955 2079
TOTAL
Families 409 359 768

Building the REDCap RIKD Registry
Research Electronic Data Capture (REDCap) is a secure, dynamic virtual data

collection and management database platform sponsored by the National Institute of Health
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(NIH) available at no cost to REDCap consortium institutions teams. REDCap provides a
wide range of tools for tailoring to allow flexibility in design, including branching logic,
calculated fields, longitudinal data capture capability, research arms, study calendar
building, e-consent, file uploading, and survey functions that can be used to meet the specific
needs of the project. The research team can enter data into the project, and patients can
complete surveys, sharing valuable insight and data directly to their study record. External
collaborators can be provided access to de-identified study data, and teams can specify which
data is accessible to every user to ensure data protection for their patients. Datasets are easily
generated to contain any variable within the project and utilizing Boolean logic set filters to
include or exclude specific data. Data is then exported into a variety of file types for direct
use by statistical programs (SPSS, SAS, STATA, R) [Harris et al. 2009]. The platform is
hosted by over 5,800 consortium institutions including the First Faculty of Medicine and
Wake Forest University School of Medicine.

In 2015, T developed the Wake Forest IKD REDCap Project, which currently houses
1,444 variables and 9,640 records. Each patient in the study has a unique record in the
REDCap project, including each family member reported in a pedigree. This record
synthesizes a variety of data types, including patient’s clinical, genetic, and biobank data
(see Figure 1). The Rare IKD project is designed to capture cross-sectional information, such
as demographics or disease status, as well as longitudinal data such as medical records or
samples collected over time. I oversee data entry of our study coordinators and laboratory
technicians at Wake Forest to maintain consistency and accuracy. We can then generate

robust datasets including any combination of stored data for analysis [Figure 12] [see
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results, papers 4.1 Bleyer, Kidd et al. 2020, 4.2 Kidd et al. 2020, 4.3 Zivna, Kidd et al.

2020, 4.4 Olinger, Hofmann, Kidd et al. 2020, 4.5 Kmochova, Kidd et al. 2023].

Clinical Data

Genetic Testi ﬁEDCap‘ Robust
enetic Testing Rare IKD Analytical
Registry Custom Dataset

Reporting

Biobank Samples

Figure 12. Data flow in the Rare IKD REDCap registry. The REDCap registry collects and
integrates many types of data that can be used to create datasets for aggregate summaries for progress
reports, curating the data for integrity, as well statistical analysis and modeling.

In addition, I wrote four sub-study protocols for institutional approval and developed
the REDCap projects. The goal of these initiatives is to gain a better understanding of the
factors that influence patients IKD progression and how ADTKD impacts other aspects of
health in a subset of patients genotyped with ADTKD-UMOD or ADTKD-MUCI. These
studies are survey-based and designed to collect information directly from patients enrolled
in our study. (1) The IKD Health Survey is an extensive online self-reporting survey for
patients covering clinical and environmental factors [study ongoing]. (2) The Quality of
Life in Patients with ADTKD study examined quality of life in our patients with ADTKD
and the impact of genetic diagnosis [Bleyer, Kidd et al. 2019]. (3) The Women’s Health
Outcomes in ADTKD study showed that mothers with ADTKD do well with pregnancy, and
their babies have excellent outcomes [Bleyer, Kidd et al. 2023]. (4) The COVID-19

Outcomes in ADTKD showed that patients with ADTKD-MUC| are at a markedly increased
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risk of death from COVID-19 [manuscript in progress, see presentation 5.4 Kidd et al.
2022]. (5) The 21 Study: A Prospective Longitudinal Natural History Study of Patients with
ADTKD is following patients over time and evaluating their progressive loss of kidney
function [study ongoing, see presentation 5.4 Kidd et al. 2021, 2022].

Lessons from the IKD Registry

A retrospective analysis of the IKD registry published in 2020 was pivotal in being
the first study of a rare disease registry to investigate individuals with a rare disease and their
journey from referral to diagnosis. The study reviewed 665 referrals for ADTKD evaluation
and their outcomes. 275 participants underwent genetic testing and had an outcome.
Healthcare providers (HCP) from academic institutions provided 41% of referrals, non-
academic HCP provided 33% of referrals, and direct family referrals provided 27% of
referrals. All study participants who contacted us without a referral from their provider
found us through Internet searches. In contract, HCPs were more likely to contact us due to
personally knowing Dr. Bleyer and his work in the field. Thirty-six percent of referrals
were from families with four or more affected family members [see results, paper 4.1
Bleyer, Kidd et al. 2020].

172 families (62%) and 567 family members were genetically diagnosed with
ADTKD. Of those diagnosed with ADTKD, 42 (25%) were families and 116 (21%) were
family members who were direct family referrals. Notably patients who were self-referred
had the same probability of being diagnosed with ADKTD as referrals from physicians. [see
results, paper 4.1 Bleyer, Kidd et al. 2020].

Evaluating demographics of referrals from HCPs compared to direct family referrals,

revealed what is known as the digital divide. 99% of the direct family referrals that resulted
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in enrollment and genetic testing samples were from white households. Furthermore, the
median income of families in zip codes based on direct family referrals was $77,316, which
was much higher than the 2010 US median household income of $49,445 [United States
Census Bureau 2011]. There were no direct family referrals from African American families
and few from non-English speaking countries. Factors that contribute to the digital divide
and limit access to healthcare information via the internet include the availability of
affordable internet services, access to internet-connected devices, and a lack of familiarity
with how to use the internet to access health care information and answer questions about
kidney disease in their family [see results, paper 4.1 Bleyer, Kidd et al. 2020]. These are
challenges faced by our registry and other rare disease researchers. We are working to
discover ways to increase outreach and education to all populations in order to diagnose

families and expand our understanding of these diseases.

Large Scale Genotyping for IKD

Currently, more than 350 genes have been identified as causes of IKD. A seminal
study published in 2019 by Groopman et al. described the results of 3,315 individuals with
CKD who underwent whole exome sequencing. 307 (9.1%) individuals were found to have
a pathogenic variant in 66 different genes associated with monogenic CKD. The most
common causes of CKD were variants causing ADPKD (PKD/ or PKD2 (31%) and Alport
Syndrome COL4A43, COL4A4, or COL4A45 (31%). Pathogenic variants in UMOD were
identified in nine patients (3%), and a SEC61A4 1 pathogenic variant identified in one patient.
Table S6 listed one patient with a variant of uncertain significance (VUS) in REN, one with
a VUS in UMOD, and two were identified with VUS in MUC. Unfortunately, no additional

family or clinical information is given for these cases [Groopman et al. 2019]. A letter to the
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editor was written regarding inclusion of MUCI in analysis, as whole-exome sequencing
does not fully sequences and capture MUC pathogenic variants within the VNTR [Bleyer

etal. 2019].

Commercial genetic testing companies have developed broad gene panels, giving
nephrologists the ability to order testing for their clinic patients instead of stepwise single
gene testing, which can be time consuming and expensive and require physicians to follow
a genetic testing strategy based on clinical characteristics and genes associated with these

particular phenotypes. The Natera Renasight™

panel analyzes 380 IKD genes utilizing next-
generation sequencing including ADTKD genes UMOD, REN, and SEC61A1. Results of
their first 1,007 panels identified 220 (21%) patients with a monogenic cause for CKD in 48
genes. The most prevalent findings were pathogenic or likely pathogenic variants for
ADPKD PKDI or PKD2 (44%) and Alport Syndrome COL4A43, COL444, or COL4A45
(23%). Two patients with UMOD pathogenic variants were identified (1%), and none with
pathogenic or likely pathogenic variants in REN or SEC61A1. 1t is noted in the discussion
that whole exome and next-generation sequencing do not capture MUCI pathogenic

variants, as they occur within VNTR regions and are not properly sequenced [Bleyer et al.

2022].

While these are powerful methods and studies to add to our understanding of IKD,
and patients with pathogenic or likely pathogenic variants find the genetic cause of their
disease, families are often not further referred to research groups that are working to better
understand, characterize and develop curative treatment for their family's rare IKD [see
results, papers 4.2 Kidd et al. 2020, 4.3 Zivné, Kidd et al. 2020, 4.4 Olinger, Hofmann,

Kidd et al. 2020].
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Additionally, families that have negative results or VUS are often considered to have
had a complete evaluation and are not further referred for more advanced genetic testing to
find the cause of their IKD. Specifically, MUCI genetic testing, which is not part of IKD
gene panels due to the requirement of specialized genetic testing, is often not performed [see

results, paper 4.5 Kmochova, Kidd et al. 2023].

1.6 Genetic, Biologic, and Clinical Factors Associated with ADTKD Prognosis

There is significant variation in clinical presentation and disease progression within
all types of IKD. The development of methods that leverage genetic, clinical, and
pathophysiological characteristics to better understand patient outcomes and stratify patients
for clinical trials could be extremely beneficial. The two most well-known approaches
attempting to correlate genotype with phenotype and pathology are found in the study of
ADPKD and Alport Syndrome. The Predicting Renal Outcomes in Polycystic Kidney
Disease (PROKD) study developed a predictive model of age of ESKD by integrating
clinical and pathogenic variant data. Investigators studying Alport Syndrome have used a
similar approach by integrating pathogenic variant type, position, with clinical and
pathology data [Elliott et al. 2023]. Using this as a foundation, we have begun work to better
understand the impact of pathogenic variant and clinical data on patient outcomes in
ADTKD.
Clinical Characterization of ADTKD

ADTKD is a slowly progressive kidney disease, with marked intra and inter-familial
variance in disease progression [Figure 13]. Often individuals are asymptomatic until past

age 20 years, when decreased kidney function may be detected in individuals who undergo
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Figure 13. Variable rate of progression to end stage kidney disease (ESKD) in families with
ADTKD. Each column represents a family. Each circle represents a family member’s age of ESKD.
The black line is the median age of ESKD for the family. Families are arranged by earliest to latest
median age of ESKD.
routine bloodwork. Patients have a bland urinary sediment and may or may not have
hyperuricemia [Bleyer et al. 2021]. The decline in kidney function may be gradual,
occurring over 20 to 50 years. According to our registry data, the rate of decline is often not
linear, and patients may experience several years of decline, followed by stable kidney
function for several years. The reasons for this variable rate of change are unknown. The
median age for ESKD is 45 years of age, ranging from 20 to 80 years [Zivna, Kidd et al.
2022, see results, papers 4.2 Kidd et al. 2020, 4.4 Olinger, Hofmann, Kidd et al. 2020].
Clinical Predictors in ADTKD-UMOD

In 2020, Kidd et al. and Olinger et al. published the two largest cohorts of ADTKD-
UMOD patients. Clinical data evaluated included: gender, weight, height, smoking status,

out presence and age of 1% gout attack, age of ESKD (if reached) or last age without having
goutp g g g g

reached ESKD, family mean age of ESKD, and affected parent age of ESKD. Body mass
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index, smoking status, and presence of gout were found non-significant in predicting decline
to ESKD. The best clinical predictors of rapid loss of kidney function was the age of first
gout attack (P= 0.000053), male gender (P=0.0028), familial age of ESKD (P=0.009) and
age of parent reaching ESKD (P=0.0045), especially if the mother was the affected parent
(P=0.0017) [see results, papers 4.2 Kidd et al. 2020, 4.4 Olinger, Hofmann, Kidd et al.].
Clinical Predictors in ADTKD-MUCI

Individuals with ADTKD-MUC!I have an earlier age of ESKD compared to
ADTKD-UMOD (36 years vs 46 years, P<0.0001). Gout was only present in 26% of
ADTKD-MUCI1 patients, with the age of onset significantly later than that seen with
ADTKD-UMOD (45 years vs 27 years) [see results, paper 4.4 Olinger, Hofmann, Kidd
et al. 2020]. ADTKD-MUC] remains difficult to diagnose unless a doctor is knowledgeable
about the condition, or a family knows how to use the right search terms on the Internet to
locate a group that studies ADTKD and can coordinate genetic testing. ADTKD-MUCI
diagnosis is difficult because the only clinical characteristics are CKD, a bland urine
sediment and family history. This leads to under-diagnosis and under-representation as a
cause of IKD.

The clinically available laboratory test CA15-3, which measures wild-type MUCI in
the blood, is helpful for screening potential ADTKD-MUC! families when the value is less
than 5 U/mL [Vylet’al, Kidd et al. 2021]. However, it was not found to be significantly
associated with decline in kidney function (data not published).

Score Derived to Prioritize Genetic Testing in ADTKD Index Cases
A clinical score was developed utilizing the presence of family history, age of gout

onset, serum uric acid, histological changes (if biopsy is available) and absence of
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proteinuria, hematuria, diabetes or uncontrolled hypertension, and renal cysts/enlarged
kidneys. A score greater than 5 indicates the patient should be genetically tested for UMOD
pathogenic variants, and less than 5 genetically tested for MUC! pathogenic variants. This
score can be useful for clinicians to determine what genetic testing is most appropriate for a
patient, reduce the cost of unjustified genetic testing, improve diagnostic rates, and enhance
clinical management of patients [see results, paper 4.4 Olinger, Hofmann, Kidd et.al.

2020].

Genetic Predictors in ADTKD-UMOD

The 2020 ADTKD-UMOD cohort study evaluated 125 unique UMOD pathogenic
variants to determine if variability of CKD progression to ESKD observed within ADTKD-
UMOD patients was associated with characteristics of the variant. All pathogenic variants
were evaluated for position and domain location, and missense pathogenic variants were
evaluated based upon original versus resultant amino acid and biochemical property of
original versus resultant amino acid. Unfortunately, no association was found between the
type of UMOD pathogenic variant and the age of ESKD [see results, paper 4.2 Kidd et al.

2020].

As the 154293393 G allele (allele frequency 19%) had been found in prior studies to
lower UMOD production by approximately 50% and be protective against progression of
CKD [Trudu et al. 2017], we hypothesized that families with the rs4293393 G allele
immediately preceding their mutant UMOD gene would produce less mutant UMOD and
have a later age of onset of ESKD. Based on population allele frequencies, approximately
19% of the families should have had the rs4293393 G allele in the mutant UMOD promoter.

Instead, only 12% of families in our cohort had the minor G allele in phase with mUMOD
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vs the expected 19% (P=0.0037), suggesting a protective effect. However, as Hardy
Weinberg equilibrium had not been preserved, and we could not carry out a Mendelian

randomization analysis [see results, paper 4.2 Kidd et al. 2020].

As part of this investigation, we attempted to correlate n in vitro and clinical findings.
Schaffer and colleagues had noted that transport and glycosylation of mUMOD varied by
mutation type. With milder mutations, more mature glycosylated UMOD was secreted and
less mUMOD was retained in the endoplasmic reticulum. These authors created a score
from 1 to 4, with 1 having the most mature UMOD secreted and least mUMOD retained
intracellularly, and a score of 4 having the most mUMOD retained within the ER and the
least mature UMOD secreted. In our statistical analysis, we were able to show that a lower
in vitro score correlated with a later age of onset of ESKD. We have applied the findings of
this study to characterize new variants, assess whether they are benign, and help to predict
the mean age of ESKD for individuals affected with de novo pathogenic variants. Use of the
in vitro score may also be helpful in stratifying patients in future clinical trials [see results,

paper 4.2 Kidd et al. 2020].

Other investigators have now begun to correlate age of ESKD with structural models,
also using the in vitro score that we studied [Johannesen et al. 2022, abstract Kwon et al.
Unraveling the conformational dynamics of UMOD protein variants in autosomal dominant
tubule interstitial kidney disease: Insights from molecular dynamics simulations. 2024.

Biophys Journal 123(8).].
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Genetic, Clinical and Pathophysiology Predictors in ADTKD-REN

Zivna, Kidd et al. published the largest cohort of patients with ADTKD-REN,
describing 111 patients and 15 heterozygous pathogenic variants. This landmark study
identified three distinct subtypes of ADTKD-REN that are genetically, clinically, and

pathophysiologically distinct based upon the location of the variant.

Pathogenic variants in the signal peptide affected the ability of prorenin to translocate
into the ER for post-translational modification. Patients with these variants are more severely
affected with clinical presentation at age 20 years. Affected individuals have a high
likelihood of anemia as a child (91%) and reach ESKD at an average age of 53 years [see

results, paper 4.3 Zivna, Kidd et al. 2020].

Prosegment REN mutations accumulate in the ER-Golgi intermediate compartments
(ERGIC) and lead to reduced prorenin and REN levels. Patients with prorenin pathogenic
variants have an intermediate phenotype, with clinical presentation around age 22. Of
affected individuals 69% had childhood anemia and 65% developed gout. The mean age of

ESKD was 51 years [see results, paper 4.3 Zivna, Kidd et al. 2020].

REN pathogenic variants in the mature REN allow prorenin to enter the ER, but the
mutated protein is misfolded and accumulates within the ER, in a similar manner to
ADTKD-UMOD [see results, paper 4.3 Zivna, Kidd et al. 2020]. Patients with these
variants present similarly to ADTKD-UMOD patients. Gout is common (occurring in 64%)
and affected individuals do not suffer from anemia during childhood. ESKD in patients with
mature REN pathogenic variants occurs at a mean age of 64 years, significantly older than

in individuals with other REN pathogenic variants, and at an older age than ADTKD-UMOD
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patients, who reach ESKD at an average of 45 years [see results, papers 4.2 Kidd et al.

2020, 4.3 Zivné, Kidd et al. 2020, 4.4 Olinger, Hofmann, Kidd et al. 2020].

Similar to the PROPKD score in ADTKD and clinical prognostic scoring for Alport
syndrome, the ADTKD-REN subtype (pathogenic variant in signal peptide, prorenin, or
mature renin) informs on prognosis, which is useful in counseling patients [see results,

paper 4.3 Zivna, Kidd et al. 2020, Elliott et al. 2023].

1.7  Rare Inherited Kidney Disease Genes and Novel ADTKD Gene Discovery

The genetic heterogeneity of MCKD, now ADTKD, was explored in the literature
prior to gene-disease discovery [Kroiss et al. 2000, Hildebrandt and Otto 2000]. While this
thesis has examined the most common ADTKD causative genes, UMOD, MUC1, and REN,
rare ADTKD genes have been identified and novel genes remain to be discovered.

ADTKD-SEC61A1

In 2016, Bolar et al., including our RIKD team, identified SEC6/A41 as a cause for
ADTKD in two families presenting with CKD, congenital anemia, and presence of
intrauterine growth delay or neutropenia. Ultrasound and kidney biopsy showed small

kidneys with cysts, tubular atrophy, and secondary glomerular sclerosis [Bolar et al. 2016].

SEC61A1 is a subunit alpha of the SEC61 transport complex, also known as the
translocon. The translocon is an ER transmembrane channel pore that transports proteins
into the ER for post-translational modification, moving misfolded protein into the cytosol
for ER-associated protein degradation (ERAD), and playing a role in cellular calcium
homeostasis. SEC61A1 forms the constriction ring and plug for the translocon, which opens

and closes the channel protein [Bolar et al. 2016].
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Whole exome sequencing identified two heterozygous missense SEC61A41 variants,
p.Thr185Ala and p.Val67Gly. Immunofluorescence microscopy of patient kidney biopsies
showed mutant SEC61A1 mislocalized in the Golgi, indicating this protein is recognized as
misfolded and not able to reach its physiological localization membrane of ER [Bolar et al.

2016].

Groopman et al. identified another family with a SEC6141 p.lle428Met pathogenic
variant in their whole-exome sequencing cohort study [Groopman et al. 2019]. A de novo
case was also reported in 2020 with patients with a p.Thr185Ala pathogenic variant
presenting with CKD, hyperuricemia, anemia and lymphopenia [Espino-Hernandez et al.

2020].

Three other families with immunodeficiency disorders and affected with SEC6/A41
have been reported in the literature [Schubert et al. 2018, Van Nieuwenhove et al. 2020].
One of these families suffered from hyperuricemia (a possible sign of renal transport
abnormality), with the other two families having no evidence of kidney involvement [Van
Nieuwenhove et al. 2020]. Two of the immunodeficiency pathogenic variants, p.Val85Asp
and p.GIn92Arg, are involved with the formation of the translocon pore, and the other,
p.Glu318Ter, is a loss of function variant that is only partially penetrant in the family
[Schubert et al. 2018, Van Nieuwenhove et al. 2020]. Colocalization experiments of the two
missense mutations performed in patient fibroblasts show localization of the mutant
SEC61A1 to the ER and Golgi. Calcium flux measurements were altered in patient cells,
indicating a destabilization of calcium homeostasis, or “leakiness” of the translocon [Van

Nieuwenhove et al. 2020].
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The SEC61A41 p.Arg236Cys variant was reported in a family with autosomal
dominant polycystic liver. The proband presented with liver cysts and hyperuricemia, while
the parent had atypical PKD and CKD. Colocalization studies showed this mutation did not
colocalize to the ER and Golgi but was degraded by the proteasome instead [Schlevogt et al.

2023].

Due to the rarity of this disease the phenotypic variability is of great interest, and a

SEC61A1 cohort study should be performed in the future.

Mitochondrial Tubulointerstitial Kidney Disease

A small family with four affected family members was referred, with a family history
of progressive CKD, without proteinuria or hematuria. The pedigree was indicative of
autosomal dominant inheritance. Genetic testing was performed, and the family was
negative for UMOD and MUC] pathogenic variants. Kidney biopsy showed nonspecific,
chronic tubulointerstitial nephropathy. However renal mitochondria were described as
“dysmorphic mega-mitochondria”. Next-generation sequencing revealed a mitochondria
pathogenic variant in the MT-TF gene, which codes for mitochondrial phenylalanine transfer
RNA. This variant was identified in all four family members [Buglioni et al. 2020].
Pathogenic variants in M7-TF have been reported as a cause for IKD in 14 families [Tzen et

al., 2001, Connor et al. 2017, Buglioni et al. 2020, Popp et al. 2022, Viering et al. 2022].

We have reviewed our registry for unresolved families that have potential
mitochondrial inheritance patterns to perform sequencing and analysis for mitochondrial

pathogenic variants.
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APOA4 - a Novel Cause for ADTKD

A large family was referred to Wake Forest in 2015 presenting with autosomal
dominant inheritance and slowly progressive CKD without proteinuria or hematuria. The
proband's percutaneous kidney biopsy pathology revealed typical ADTKD findings —
tubulointerstitial fibrosis, sclerotic glomeruli, tubular atrophy, along with vascular sclerosis.
The proband tested negative for pathogenic variants in UMOD and MUC . Kidney biopsies,
urinary cell smears and plasma CA15-3 levels of clinically affected family members
indicated a MUC1 pathogenic variant was not present [see results, paper 4.5 Kmochova,

Kidd et al. 2023].

Whole-genome sequencing was performed on five clinically affected family
members, revealing a shared region at chromosome 11q23.2 containing only one candidate
gene, APOA4. APOA4 encodes apolipoprotein A-IV (ApoA4). ApoA4 is expressed in the
small intestine and synthesized in response to dietary fat intake. It is incorporated into
chylomicrons and enters the circulatory system, where ApoA4 dissociates from the
chylomicron and can circulate as a monomer or homodimer [Weinburg et al. 1990, Duverger
et al. 1993]. It is filtered through the glomerulus, reabsorbed, and degraded in the proximal
and distal tubules [Lingenhel et al. 2006]. Thirteen cases of sporadic ApoA4 amyloidosis
have been reported in the literature. Patients presenting with CKD, minimal proteinuria and
no hematuria. In all cases, ApoA4 deposits were identified in the medulla of the kidney [see

results, paper 4.5 Kmochova, Kidd et al. 2023].

Analysis of APOA4 revealed a heterozygous p.Leu66Val variant. Utilizing Sanger
sequencing to perform segregation analysis of 19 family members, 10 individuals were

found to have the p.Leu66Val variant, supporting its pathogenicity. Two genetically affected
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female family members retained normal kidney function. The nine genetically unaffected
individuals were asymptomatic. Evaluation of our IKD whole exome and whole genome
sequencing database identified two additional families with p.Leu66Val variants and two
families with a heterozygous missense variant, p.Asp33Asn. A total of 48 individuals were
identified with an 4APOA4 pathogenic variant [see results, paper 4.5 Kmochova, Kidd et

al. 2023].

Clinical characterization revealed that the plasma lipid profile was similar for
genetically affected and unaffected family members, and premature atherosclerosis was not
present. The mean age of ESKD for patients with the p.Leu66Val pathogenic variant was
58.2+11.1 years and 66.7+£10.2 years for patients with the p.Asp33Asn pathogenic variant.
The mean age of ESKD was higher than for other forms of ADTKD (e.g. mean age of ESKD
of 45 for ADTKD-UMOD and 43 for ADTKD-MUCI). Four of the 48 genetically affected
patients with a pathogenic variant in APOA4 had a kidney biopsy specimen that included
medullary tissue. In all four individuals, ApoA4 amyloid deposits were identified in the
medullary tissue, as observed in sporadic cases. Mass spectrometric analysis of medullary
amyloid from three patients revealed that the mutant ApoA4 was the predominant protein in

the amyloid deposits [see results, paper 4.5 Kmochova, Kidd et al. 2023].

This discovery identified a gene-disease association for APOA4 as another genetic
cause for ADTKD. Patients have clinical findings consistent with other forms of ADTKD
and should be genetically tested for UMOD, MUC 1, and if negative APOA4. Genetic testing
for these families would preclude the need to perform percutaneous kidney biopsies, which
often do not include medullary tissue for amyloidosis identification [see results, paper 4.5

Kmochova, Kidd et al. 2023].
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ADTKD-Unknown

Currently 15% of our referrals that have a suspected ADTKD diagnosis are negative
for pathogenic variants in UMOD, MUCI1, REN, SEC61A41, and now APOA4 [see results,
paper 4.1 Bleyer, Kidd et al. 2020]. Based upon our current successful framework, we are
hopeful to resolve more of these families. Additional work is ongoing to analyze our whole-
exome and whole-genome database to review VUS and phenotype in other known IKD
genes, evaluate novel candidate genes, perform variant interpretation, as well as recruit
additional family members for segregation analysis, coordinate additional samples for

functional evaluation and outreach to colleagues for collaboration.

1.8 Summary and Future Research

Our team’s research framework has provided a foundation for genotyping workflow
to assess new families in parallel for MUCI, UMOD, and REN pathogenic variants. Since
2018, we have been able to increase recruitment in our patient registry 31% (14% UMOD,
47% MUCI, >100% REN). This increase helps us to perform more robust natural history

studies, understand disease prevalence and will help provide patients for future clinical trials.

Identification of novel genes not only gives families a cause for the disease that has
affected their family for generations, but also gives physicians and researchers a better
understanding of the genetic heterogeneity of tubulointerstitial kidney disease. Studying the
pathophysiology of the disease expands our understanding of how these pathogenic variants
lead to development of CKD and ESKD. In the cases of pathogenic variants in UMOD, REN
or MUCI the pathogenetic mechanism that leads to ESKD is intracellular accumulation of

misfolded mutated proteins. These misfolded proteins activate the endoplasmic reticulum
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(ER) stress and unfolded protein response (UPR). Renal epithelial tubular cells have high
protein turnover, metabolic activity and limited regenerative capacities. Sustained ER stress
and UPR initiate processes leading to deterioration of kidney function and development of
ADTKD. UMOD, MUCI, and REN are glycoproteins abundantly expressed in kidney, and
their biosynthesis depends on proper function of the translocon (SEC61A). ADTKD-4POA4
has a separate pathogenetic mechanism. This understanding opens the possibility of targeted,
specific curative treatments based on disease pathophysiology. Table 3 summarizes our

current knowledge of ADTKD.

Table 3. ADTKD Characteristics and Associated Genes

ADTKD Shared Clinical Characteristics

Autosomal dominant inheritance

Chronic kidney disease leading to end stage kidney disease in the 3™ through 7 decade of life

Bland urinary sediment (minimal proteinuria and no hematuria)

Renal ultrasound show normal or small kidneys, may be echogenic with or without cysts

Kidney biopsy often nonspecific show tubulomterstitial fibrosis, tubular atrophy, thickening of basement membrane

ADTKD Gene-Disease Association and Differential Clinical Characteristics

Gene Protein Disease name Differential Characteristics Year Identified
UMOD Uromodulin  ADTKD-UMOD Gout in some families prior to CKD 2002, Hart et al.

REN Renin ADTKD-REN ﬁ;;:;;;loglﬂﬁg’Egpifgls:ﬂf 2009, Zivna et al.
MUC1I Mucin-1 ADTKD-MUCI No other associated symptoms 2013, Kirby et al.
SEC6141 SEC61A1 ADTKD-SEC61A41 Neutropenia, growth delay 2016, Bolar et al.
APOA4 ApoA4d ADTKD-4P0A4 Medullary amyloidosis 2023, Kmochova et al.

In respect to clinical trial development, we have already participated in the 1% two
clinical trials for ADTKD-MUCI, one studying the effect of Vitamin-D on MUCI
production (2019-2020, manuscript in preparation), and the other a non-interventional

specimen collection study to validate our specimen collection and processing protocol for a
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federally regulated trial. with Wake Forest being the only site coordinating patients across
the USA (2022-2023, data unpublished). We are also currently performing a prospective
observational study of ADTKD-UMOD and ADTKD-MUCI! patients with CKD prior
ESKD. This study currently has 209 enrolled, providing labs every 3-4 months with a paired
health survey and a baseline biobanked sample (plasma and urine). We are already in contact
with companies interested in developing a curative treatment for ADTKD. Having a large,
well phenotyped “clinical trial ready” patient cohort will help to garner interest in our

registry population and move ADTKD more quickly towards a future clinical trial.

ADTKD-Unknown families comprise approximately 15% of the RIKD registry. To
further pursue identification of genetic diagnosis these undiagnosed families, we will use
MUCI-fs screening, PacBio sequencing, whole genome sequencing, RNA seq, analysis of

copy number variations and retrospective evaluation of our existing WES data [Figure 1].
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3. Summary and Conclusions

Within this research framework [Figure 1], I have been able to carry out the specific

aims of my doctoral programme:

1. To more accurately determine the prevalence of ADTKD by expanding

outreach to families with this condition.

As part of my work, I developed and maintained websites to attract patients to our
research. I developed a system for collecting laboratory samples from all over the

world, isolating DNA, and preparing genotyping.

e [ developed the REDCap database, which includes 1441 data elements.

e The current ADTKD registry has captured data on 1019 patients with ADTKD-

UMOD, 930 patients with ADTKD-MUC1 and 130 patients with ADTKD-REN.
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25% of ADTKD families are direct family referrals.

We have also established a large network of collaborators in the USA, European
Union, United Kingdom, Canada, Australia, and South America.

We work with 132 collaborators, who have provided over 1800 samples and/or
clinical information for already diagnosed patients to increase our collective
ADTKD registry by 457 ADTKD-MUC| patients, 363 ADTKD-UMOD patients

and 102 ADTKD-REN.

2. To classify families with ADTKD genetically and identify new genetic causes

of ADTKD.

w

We analyzed the outcomes of 275 families referred with clinical features of
ADTKD and have final genotyping results for UMOD, MUCI, REN, and
SEC61A41. families (63%) were diagnosed with a type of ADTKD (UMOD
n=98, MUCI n=65, REN n=7, and SEC61A41 n=1).

We have identified pathogenic variants in APOA4 as a new cause of inherited

kidney disease in five families.

. To expand existing knowledge of ADTKD pathophysiology.

Development of an in-vitro score based upon how retainment of aberrant
mUMOD in the endoplasmic reticulum of cells transfected with the pathogenic
variants compared to control/wild type UMOD. The score ranges from 1 (mild,
little aberrant mUMOD retained) to 4 (severe, more aberrant mUMOD retained)
and correlated significantly with age of ESKD in patients with each evaluated

UMOD pathogenic variant.
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Identification of distinct cellular pathology in ADTKD-REN dependent upon
location of the REN pathogenic variant. These distinct pathologies correlate to
variability in clinical presentation, with pathogenic variants in the signal peptide
being more severe as the aberrant peptide is unable to localize to the endoplasmic
reticulum, pathogenic variants in the pro-peptide have an intermediate phenotype
where the aberrant REN is retained in endoplasmic reticulum-Golgi intermediate
compartment and reduced secretion of prorenin and mature REN, and pathogenic
variants in the mature REN have a mild pathology with aberrant REN retained in
ER, which prevents secretion of REN and prorenin.

ADTKD-MUCI — we contributed to identification of retention of MUCI1-fs in
ERGIC due to interaction with quality control protein TMED?9 in patient kidney
biopsies.

ADTKD-SEC6141 — we found that mutations in SEC61/41 in patients with
ADTKD phenotype result in aberrant translocation capacity and mislocalization
of mutated SEC61A1 into the Golgi. It may affect processing and maturation
process of all proteins with signal peptide targets to ER, such as UMOD, REN or

MUCIL.

4. To better characterize ADTKD clinically and identify factors associated with

CKD progression.

We described large cohorts of patients genotyped with ADTKD-UMOD (249
families and 722 individuals), ADTKD-REN (30 families and 111 individuals).
We clinically evaluated a large cohort patients genotyped with ADTKD-UMOD

(n=216) and ADTKD-MUC]I (n=93).
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e In ADTKD-UMOD, male gender, parent age of ESKD, family mean age of
ESKD, and mother age of ESKD were predictive of disease progression.

o The following genetic factors were not predictive of disease progression:
1s4293393 genotype, mUMOD type, and mUMOD domain.

o The following clinical factors were not predictive of disease progression:
weight, BMI, smoking status, and presence of gout.

e Comparing clinical characteristics of patients with ADTKD-UMOD and
ADTKD-MUCI identified gout is more prominent in ADTKD-UMOD patients
and age of ESKD is younger in ADTKD-MUC] patients.

e In ADTKD-REN, clinical presentation of patients including age at presentation,
anemia as a child, presence of gout, and age of ESKD is significantly impacted
by location of the pathogenic variant within REN.

e Our current ADTKD registry contains 7,478 longitudinal serum creatinine values
for 696 patients that is paired with additional clinical and genetic data ready for

analysis and disease progression modeling.

5. To identify novel MUCI pathogenic variants in suspected ADTKD-MUCI1
families who tested negative for the cytosine duplication that commonly causes
ADTKD-MUCI.

e We developed new diagnostic methods for detection of the MUC1-fs protein that
leads to ADTKD-MUC! (smears, immunohistochemical detection of MUCI1-fs
in kidney biopsy, PacBio sequencing, MUC1 ELISA, and CA15-3)

o Using MUCI1-fs screening and subsequent sequencing, we identified five novel

MUCI VNTR pathogenic variants were identified: a +A insertion, +G insertion,
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+16 base pair duplication, -C deletion +AT insertion, and another +C duplication
found after a four-cytosine sequence.

e Two families with MUCI1 pathogenic variants have been identified by whole-
exome sequencing. One with a novel 25bp duplication and one with a +C
duplication.

e Using a new PacBio workflow we have identified an additional 10 families with

rare MUC1 pathogenic variants.

ADTKD is being increasingly recognized as a cause of inherited kidney disease and
testing for pathogenic variants in genes that we initially identified as causative (UMOD,
REN, and MUCI) is now available. There remain undiagnosed families in whom other
genetic causes are likely to exist. We are working with newer techniques to identify these
genes. We also continue to characterize these conditions clinically and
pathophysiologically. Our next step is to identify new therapies for these conditions, based

on the clinical and pathophysiologic findings we described.
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Results

Outcomes of patient self-referral for the diagnosis of several rare inherited
kidney diseases.

Bleyer AJ, Kidd K, Robins V, Martin L, Taylor A, Santi A, Tsoumas G, Hunt A,
Swain E, Abbas M, Akinbola E, Vidya S, Moossavi S, Bleyer AJ Jr, Zivna M,
Hartmannova H, Hodanova K, Vyletal P, Votruba M, Harden M, Blumenstiel B,
Greka A, Kmoch S.

Genet Med. 2020 Jan;22(1):142-149.
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Purpose: To evaluate self-referral from the Internet for genetic
diagnosis of several rare inherited kidney diseases.

Methods: Retrospective study from 1996 to 2017 analyzing data
from an academic referral center specializing in autosomal
dominant tubulointerstitial kidney disease (ADTKD). Individuals
were referred by academic health-care providers (HCPs) nonaca-
demic HCPs, or directly by patients/families.

Results: Over 21 years, there were 665 referrals, with 176 (27%)
directly from families, 269 (40%) from academic HCPs, and 220
(33%) from nonacademic HCPs. Forty-two (24%) direct family
referrals had positive genetic testing versus 73 (27%) families from
academic HCPs and 55 (25%) from nonacademic HCPs (P =0.72).
Ninety-nine percent of direct family contacts were white and
resided in zip code locations with a mean median income of
$77,316 + 34,014 versus US median income $49,445.

INTRODUCTION
Poor access to health care often refers to individuals in need
of care who cannot obtain it for socioeconomic reasons.
Individuals with rare disorders also have difficulty accessing
proper care, but their obstacles to care are unique. While it is
estimated that 10% of individuals suffer from a rare disease,’
each disease is unique, preventing a common pathway to
diagnosis. Often, the patient’s primary physician is unaware of
the correct diagnosis and the presentation of a rare disorder.
Other factors preventing a physician’s search for a diagnosis
include time constraints from a high patient caseload, a
simple lack of interest, or a belief that securing the diagnosis
will not alter the patient’s treatment plan. Specialists likewise

Conclusion: Undiagnosed families with Internet access bypassed
their physicians and established direct contact with an academic
center specializing in inherited kidney disease to achieve a
diagnosis. Twenty-five percent of all families diagnosed with
ADTKD were the result of direct family referral and would
otherwise have been undiagnosed. If patients suspect a rare disorder
that is undiagnosed by their physicians, actively pursuing self-
diagnosis using the Internet can be successful. Centers interested in
rare disorders should consider improving direct access to families.

Genetics in Medicine (2020) 22:142-149; https://doi.org/10.1038/s41436-
019-0617-8

Keywords: internet; rare disease; autosomal dominant tubuloin-
terstitial kidney disease; uromodulin; mucin-1

may be unable to identify the disorder and do not explore
further. If a researcher with expertise is identified, their
practice may be very far from the patient, possibly on another
continent. The plight of parents of children with undiagnosed,
rare disorders has been described in the lay literature.> Even
physician-parents may be unsure how to pursue a diagnosis.*
While there are anecdotal reports of families finding a
diagnosis when their physicians were unable,” there have been
no systematic investigations of individuals with rare disorders
and their path to diagnosis.

The Internet has become increasingly important in the self-
diagnosis of health conditions,*” and focused information on
rare disorders may lead to increasing diagnoses of these

'Section on Nephrology, Wake Forest School of Medicine, Winston-Salem, NC, USA; *Research Unit for Rare Diseases, Department of Pediatrics and Adolescent Medicine, First
Facully of Medicine, Charles University, Prague, Czech Republic; *Broad Institute of Harvard Medical School and Massachusetts Institute of Technology, Cambridge, MA, USA;
*Department of Anesthesiology, University of Pennsylvania School of Medicine, Philadelphia, PA, USA; *Campbell University School of Osteopathic Medicine, Lillington, NC, USA;
SChildren’s Health of Carolina Pediatrics, Lumberton, NC, USA; "West Virginia University School of Medicine, Morgantown, WV, USA; ®Giza Renal Center, Giza, Egypt; *East
Carolina University, Brody School of Medicine, Greenville, NC, USA; peace Health Southwest Medical Center, Vancouver, WA, USA; ''Division of Nephrology and Vascular
Biology Research Center, Beth Israel Deaconess Medical Center, Boston, MA, USA; "Brigham and Women's Hospital and Harvard Medical School, Boston, MA, USA.
Correspondence: Anthony J. Bleyer (ableyer@wakehealth.edu)

Submitted 29 March 2019; accepted: 11 July 2019
Published online: 24 July 2019

142 Volume 22 | Number 1 | January 2020 | GENETICS in MEDICINE

76



ELEYER et af

conditions. The Internet provides the patient with a rare
disorder the opportunity to find the rare specialist interested
in this disorder.

Background

Since 1999, our group has studied three rare genetic
conditions that result in autosomal deminant tubulointer-
stitial kidney disease (ADTKD).® The cardinal manifestations
of these disorders include autosomal dominant inheritance of
chronic kidney disease and a bland wurinary sediment.
Autosomal deminant inheritance results in many affected
family members. Patients proceed to end-stage kidney disease
requiring a kidney transplant or dialysis between the third
and seventh decades. ADTKD-MUCI (OMIM 174000} is due
to pathogenic variants in the MUCI gene and has no other
associated symptoms.” ADTKD-UMOD (OMIM 162000,
603860) is caused by pathogenic variants in the UMOD
gene' encoding uromodulin and is associated with a high
prevalence of gout. ADTKD-REN (OMIM 613092) is caused
by pathogenic variants in the gene encoding renin'! and is
associated with childhood anemia, gout, and hyperkalemia.
These conditions present a diagnostic challenge because
clinical findings are nonspecific, and the conditions are rare,
recently identified, and not well known to nephrologists.

In 1999, there were fewer than ten US families with
ADTKD described in the literature. After identification of the
genetic cause of ADTKD-UMOD'Y in 2002, a concerted
attempt was made to identify as many ADTKD families as
possible, communicating not only with health-care providers
(HCPs), but also directly with families through Internet
webpages.'” In 2009, pathogenic variants in REN"' and in
2014 pathogenic variants in MUCI” were identified as causes
of ADTKD. Due to complexities in sequencing MUCI, the
Broad Institute is the only laboratory in the US that provides
approved clinical testing for ADTKD-MUCL™ All samples
tested at the Broad Institute are first received and processed at
Wake Forest School of Medicine. Thus, this investigation
included all individuals in the US who underwent clinical
genetic testing for ADTKD-MUCI.

The purpese of this analysis was to determine whether
providing families with suspected rare disorders direct
access to a research team through the Internet would result
in genetic diagnoses of ADTKD and to compare direct
access to families with indirect access to genetic testing
through HCPs. As there was no diagnostic testing for these
disorders prior to gene identification and we were the
primary clinical academic center in in the United States
interested in and actively trying to identify families with
these disorders, we were also able to characterize the natural
history of how rare conditions are diagnosed after they are
definitively characterized.

MATERIALS AND METHODS
Recruitment
The following multifaceted approach was used to educate and
generate potential referrals: publication of articles,"* reviews,'”

GENETICS in MEDICINE | Volume 22 | Number 1 | January 2020
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and a Kidney Disease: Improving Global Outcomes (KDIGO)
consensus report;'® presentations at national meetings and
invited lectures at academic centers; and publication in other
venues, including GeneReviews , Renal and Urology News
and the medical information resource UpToDate@. In 2003,
1000 letters were mailed to US nephrologists requesting
referral of any families with a suspected diagnosis of ADTKD.
Several times over the last decade, Wake Forest School of
Medicine sent brochures that included articles on ADTKD to
US nephrologists. To encourage affected individuals or their
families to contact us directly, a webpage was created.'?
Information was alse provided through the National Orga-
nization of Rare Disorders."”

Family evaluation
UMOD and REN genetic analysis was performed by
commercial laboratories or the laboratory of S.K."* Genetic
testing for ADTKD-MUCI has previously been described ™

Figures 1, S1, S2, and S3 provide flow diagrams of the
evaluation process. All referrals were evaluated by the lead
author. The study did not include data on bulk shipment of
samples specifically for MUCI genetic analysis from interna-
tional centers specializing in renal genetics. For HCP referrals,
the HCP would provide patient contact information if the
patient was agreeable. In some cases, a clinical diagnosis other
than ADTKD was made (either before or after negative
genetic testing), and the patients were referred for genetic
testing elsewhere. If agreeable, patients were consented and
arrangements were made for a local laboratory to obtain a
blood sample for genetic analysis at no cost to the patient. If
patients did not provide consent or provide blood samples
after several reminders by email and phone over one year,
they were considered to have declined participation. In all
cases, genetic testing was provided free to patients. The
characteristics of the person initially referred by HCPs or the
first clinically affected family member who agreed to
participate are described. Median income according to zip
code was obtained from 2010 US Census data.’®

Study data were collected and managed using REDCap
electronic data capture tools hosted at Wake Forest School
of Medicine.'® REDCap is a secure, web-based, National
Institutes of Health (NIH)-sponsored application that
supports confidential data capture for research studies.

This study was approved by the institutional review boards
of Wake Forest School of Medicine; the First Faculty of
Medicine, Charles University (Prague, Czech Republic); and
the Broad Institute of MIT and Harvard (Cambridge, MA)
and adhered to the Declaration of Helsinki.

Statistical analysis

Statistical analysis was performed with SAS statistical
programming (Cary, NC). Chi-squared testing was used to
compare the three referral groups. For continuous variables, a
general linear model was created, with type III sums of
squares reported and the direct family referral group selected
as the reference group.
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Fig. 1 Flow diagram of all referrals for evaluation for autosomal dominant tubulointerstitial kidney disease (ADTKD). Flow diagram of 828

family referrals for ADTKD evaluation. HCP health-care provider.

RESULTS
Over 21 years, there were 828 referrals. There were 77
individuals (9%) who already had a genetic diagnosis, 34
individuals (4%) referred directly from the first author’s
clinical practice, and 52 (6.3%) referrals specifically for
pediatric gout. These three groups were excluded from further
analysis. The remaining 665 referrals included 269 (41%)
from HCPs at academic institutions, 220 (33%) from HCPs at
nonacademic institutions, and 176 (27%) direct family
referrals, defined as an affected or unaffected member of a
family who does not have a known diagnosis of inherited
disease contacting us through our website due to concerns

144

that they might have ADTKD, without the guidance or
assistance from their health-care provider. Eight (1%)
referrals from family members who were also physicians
were included in the direct family referral group.

Of the 489 HCP referrals, 408 (83%) were from nephrol-
ogists, 46 (9%) non-nephrologist physicians, 30 (6%)
geneticists or genetics counselors, and 5 (1%) HCPs not
classified to other groups. There were 37 HCPs who referred 2
families, and 22 HCPs who referred 3 or more families.
Referral sources are listed in Table S1. Multiple avenues led to
referrals. Despite increasing availability of electronic media,
252 (52%) referrals were the result of some form of personal
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contact, of which 97 (20%) were through persenal acquain-
tance with the lead author, 96 (20%) were at the recommen-
dation of a colleague, and 59 (12%) resulted from personal
contact at meetings or lectures. There were 103 (21%)
referrals via the Internet, including UpToDate® and GeneRe-
views®. There were 370 (76%) referrals from the United
States, with 26 (5%) from Canada and 14 (3%) from Australia.

Of the 176 direct family referrals, 116 (66%) of the initial
contacts were female, and 108 (61%) were affected personally.
Of unaffected individuals referring their family, 27 (24%)
were parents and 14 (13%) were spouses, with 46 (41%)
unknown. There were 134 (76%) referrals from the United
States, 7 (4%} from India, and 4 (2%) from Canada, with 2 or
fewer referrals from 19 countries. All direct family referrals
were through our website, except for one family that learned
of our research through the Facebook page of an affected
individual.

A higher number of affected family members could be a
catalyst for trying to establish a diagnosis, especially in the
case of direct family referrals. Therefore, the number of
known, dinically affected individuals in each family was
analyzed according to referral group. The number of affected
family members was similar between groups (see Table S2),
with 22% of direct family referrals having greater than five
affected family members versus 25% for nonacademic HCPs
and 28% for academic HCPs (P =0.17).

Table 1 shows outcomes versus referral type. Thirty-one
percent of direct family referrals were not pursued due to low
likelihood of ADTKD versus 18% for academic HCP and 15%
for nonacademic HCP referrals (P = 0.0003). Twenty-seven
percent of nonacademic HCP and 22% of academic HCP
referrals declined participation versus 17% of direct family
referrals (P=10.04). Twenty-four percent of direct family
referrals underwent genetic testing that resulted in a diagnosis
of ADTKD-UMOD/MUCI/REN versus 27% of academic
HCP and 25% of nonacademic HCP referrals (P=0.72).
Two referrals from nonacademic providers led to the

Table 1 Outcomes according to referral type

ARTICLE

identification of other new genetic causes of kidney
disease.™™*! Heterozygous loss-of-function SECIAI missense
variants resulted in chronic tubulointerstitial kidney disease,
congenital anemia, and pre- and postnatal growth retardation
in one family and chronic kidney disease, anemia, and
neutropenia in another family.”® NDUFAF6 missense variants
are responsible for autosomal recessive Fanconi syndrome
associated with chronic kidney disease and progressive
pulmonary fibrosis.”" Further testing of other family members
(see Table S3) from direct family referrals resulted in the
identification of 81 individuals with ADTKD-UMOD, 32
individuals with ADTKD-MUCI, and 3 with ADTKD-REN.
Direct family referral resulted in the diagnosis of 116 of 565
(21%) individuals from all families identified with ADTKD.
These families would have remained undiagnosed if family
members had not independently sought a diagnosis on the
Internet.

Characteristics of the initial contacts from direct family
referrals who underwent sample collection (see Table 2)
included a high proportion of white race, female gender, and
higher median income by zip code. Of direct family referrals,
99% were white versus 93% from academic and 92% of
nonacademic referrals (P =0.045). Six (5%} academic HCP
referrals were African American families versus 0 for both
nonacademic HCPs and direct family referrals. The median
income by zip code was substantially higher for direct family
referrals ($77,316 + 34,014 versus $65,301 + 29,741 academic
[P=004] and $63,934 + 24,403 nonacademic [P=0.03]).
Most individuals were referred with very advanced kidney
disease, with 93% having an estimated glomerular filtration
rate <45 ml/min/1.73 m* or on dialysis/transplanted.

Figures 2 and 3, Table S4, and Figs. S4, S5, S6, and S7
display the temporal and geographic distribution of referrals.
While genetic testing was available for one form of ADTKD as
early as 2002, referrals have continued to increase over time.
Both patient and academic referrals from Internet sources
increased in approximately 2009. Despite increasing Internet

Direct family Academic Nonacademic Total® Pvalue
referrals® HCp? HCp?
Declined participation or lost 1o follow-up 29(165) 57 (21.2) 59 (26.8) 145 (21.8) 0.04
Genetic diagnosis not pursued due to low likelihcod of ADTKD 54 (30.7) 48 (17.8) 33(15.0) 135 (20.3) 0.0003
In progress 7 (4.0) 21(7.8) 19 (8.6) 47 (7.1) 0.16
ADTKD-MUCI 11 (6.3) 36 (13.4) 18(8.2) 65(9.8) 003
ADTKD-UMOD 30 (17.13 33 (12.3) 35 (15.9) 98 (147) 032
ADTKD-REN 1(0.6) 4(1.5) 2 (0.9) 70.1) 0.63
Genetic testing negative for ADTKD; pursuing other genes 19.(10.8) 32 (11.9) 28(12.7) 79(11.9) 084
Other dlinical diagnosis 25{(14.2) 38 (14.1) 24 (10.9) 87 (13.1) 045
SEC61AT pathogenic variant 0 0 1{0.45) 1¢0.15) 0.36
NDUFAF6E pathogenic variant 0 0 1 (0.45) 1(0.15) 0.36
Total 176 (26.5) 269 (40.5) 220(33.1) 665 (100)
ADTKD autosomal dominant tubulointerstitial kicney disease.
“Data shown as number (%}
GENETICS in MEDICINE | Volume 22 | Number 1 | January 2020 145
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Table 2 Characteristics of first affected contact in families who underwent sample collection for the study

Direct family referrals Academic HCP Nonacademic HCP P value
N 68 120 101
Gender (% male) 40 (58.8) 63 (52.5) 52 (51.5) 0.6
Race (% white) 67 (98.5) 111 (92.5) 93 (92.1) 0.045
Age (years) 479+15.8% 43.7+17.2 447 +14.6
End-stage kidney disease at referral (%) 32 (18.2) 47 (17.5) 38 (17.3) 0.97
Estimated glomerular filtration rate {ml/min/1.73 m?)° 14.8+20.1¢ 22.4+27.1 24.3+26.7
US referrals (%) 134 (76.1) 191 (71.0) 179 (81.4) 0.03

Mean median income by zip code ($)

77,316 34,014

65,301 +29,741 63,934 + 24,403

HCP health-care provider.
“There were no statistical differences between groups

BEstimated glomerular filtration rate defined as O ml/min/1.73 m? for individuals with end-stage kidney disease at the time of referral.
“The mean estimated glomerular filtration rate was significantly different for direct family referrals versus nonacademic referrals (P = 0.03), but not significantly different

versus academic referrals {P = 0.08).

Iedian income was significantly different for direct family referrals versus nonacademic referrals (P =0.03) and versus academic referrals (P = 0.04).

35
——— Direct family referral I\ ‘f
30 4 Academic HCP

Non-academic HCP A

25+ \
20

Number of referrals
@
=
—
—

0

2001 2003 2005 2007 2009 2011 2013 2015 2017
Year

Fig. 2 Temporal distribution for referral type. Red represents direct
family referrals, blue represents academic health-care providers (HCPs), and
agua represents nonacademic HCP.

resources, the primary source of HCP referrals continues to be
some form of personal contact (personal knowledge of the
author, referral at the suggestion of a colleague, or lectures),
which has resulted in a rising number of referrals each year.
Direct family referrals have decreased over the last two years,
while HCP referrals have increased.

DISCUSSION

Comparison with prior work

While prior studies have questioned the effectiveness of
Internet self-diagnosis,”** the current investigation showed
that the Internet is an important tool for the self-diagnosis of
rare disorders. Direct family referrals resulted in the diagnosis
of 116 family members with ADTKD, none of whom would
have received a diagnosis at that time if family members had
not pursued self-diagnosis. Direct family referral via the
Internet contributed 29% of the families and 21% of cases of
these uncommon diseases, a major resource for clinical
characterization and research. Importantly, patients originat-
ing from direct family referrals had similar frequencies of
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Fig. 3 Temporal distribution for method of referral. Red represents
direct family referral via the Internet, with all family referrals being gener-
ated through Internet searches. Blue represents health-care provider (HCP}
personal contact, including personal contact between the first author
and the provider, colleague referral, and also lectures given by the first
author. Green represents HCP referrals via Internet searches. Purple repre-
sents HCP referrals via reading of the literature. Aqua represents HCP
referrals via mass mailing.

positive genetic diagnoses as referrals from HCPs. These
observations provide insights about not only the self-
diagnosis of rare inherited kidney diseases, but also the
increasing empowerment of patients and families with rare
disorders.**

Principal results

This article highlights the strengths and weaknesses of
direct Internet referral of individuals with rare disorders.
Advantages include low cost, low manpower requirements for
initial referral, and the ability to bypass nondiagnosis by
physicians. We observed that patients made judicious
decisions about initiating contact. Based on clinical char-
acteristics, some conditions may lend themselves better to
self-diagnosis. Family members were more likely to diagnose
ADTKD-UMOD than ADTKD-MUCI (see Table 1).
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ADTKD-UMOD is more easily researched on the Internet due
to the presence of both gout and inherited kidney disease,
while ADTKD-MUCT is only associated with inherited kidney
disease, making Internet searches nonspecific and more
difficult. The presence of many affected family members in
autosomal disorders provides more exposure to physicians
and/or family members who might be interested to pursue
diagnesis. Thus, 36% of our referrals were from families with
four or more affected individuals. Autosomal recessive
disorders, with only one or two affected individuals in each
family, may be more difficult to diagnose.

This article also characterized the natural history of
diagnosis once the genetic causes of ADTKD were identified.
Though genetic testing was available for the first of these
diserders in 2002, referrals from HCPs continue to increase
over a decade later. Direct family referrals have begun to
decrease, possibly due to better recognition by HCPs. Despite
the increasing availability of Internet resources, physician
education about these rare disorders appears to occur
primarily through personal interaction, resulting in increasing
referrals over time.

Limitations

A shortcoming of our study is that we only studied one center
that specialized in ADTKD, provided current knowledge on
the topic, and provided a path to diagnesis. Patients searching
for other conditions may be unable to find accurate
information or a path to diagnosis. One report found that
only 20% of English searches for health information yielded
relevant results.” Other studies have noted the poor quality of
health information available on the Internet.”>”*** Finding
accurate information on the Internet is especially problematic
for rare diseases, as approximately 50% of these disorders do
not have a foundation providing specific patient information.'
Despite studies showing frequent use of the Internet by
parents of children with rare conditions,> > one study
reviewing 693 websites about rare diseases found that in
general the quality of information provided was poor.*® Our
results only describe outcomes that may occur when patients
are provided with accurate information, personal contact, and
a path to achieving diagnosis.

The potential use of the Internet for self-diagnesis also
carries with it the inherent weaknesses of the digital divide.
Almost all direct family referrals (99%) providing genetic
samples were from white families. The median income of the
zip codes from the site of referrals was $77,316 + 34,014,
significantly higher than the 2010 US median household
income of $49,4453% There were no direct family
referrals from African Americans, and few individuals from
non-English speaking countries. There is no evidence that the
pathogenic variants causing ADTKD would have a difference
in prevalence between races. Factors that affect access to
health care through the Internet include availability of devices
connected to the Internet. Individuals who use the Internet en
a daily basis (e.g., for work) are likely to have better Internet
search skills. In addition, our webpage information was
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provided only in English. An Italian study characterizing
individuals whe used the Internet to access a federation of
associations of patients with rare diseases found that users
were more likely to be female (68%), have higher education,
and use the Internet at work (74%). Sixty-two percent of the
respondents stated that the Internet helped them to achieve a
diagnosis.

African Americans are more likely to have misgivings about
research® and therefore may have been less likely to contact
us, even though kidney disease is much more prevalent in
African Americans. In a focus group study of African
Americans’ views on the trustworthiness of physicians, Jacobs
et al. reported the importance of interpersonal competence of
physicians.*® Providing a meore interpersonal experience on
the Internet could include the use of more video material and
providing faster methods of direct contact. Screening for
genetic disorders in patients in dialysis centers would also
provide a better interpersonal experience and enhance access
to individuals across the digital divide.

African Americans were also less likely to be referred by
their health-care providers. The high prevalence of chronic
kidney disease in African Americans may have contributed to
decreased consideration of a genetic diagnosis. Decreased
access to health-care providers may have also contributed.

Despite many resources in the literature and on the
Internet, 52% of HCP referrals were based on personal
acquaintance with the lead author, lectures, or conversations
with colleagues who had a personal knowledge of our
research. Once nephrologists referred one family with
ADTKD, they were likely to refer others. Unfortunately, most
individuals from all three referral groups only undertook to
establish a diagnosis when kidney disease was quite advanced
and patients were near dialysis.

Strengths of this article include that this center was one of
very few referral centers involved in the diagnosis of ATKD-
UMOD and the only center arranging clinical genetic testing
for ADTKD-MUCI. Weaknesses of this study include the
unknown prevalence of this disorder. An Austrian study by
Lhotta and colleagues®” estimated a prevalence of ADTKD-
UMOD of 1.67 cases per million. Given a US population of
323 million, one would expect approximately 540 cases of
ADTKD-UMOD, compared with the 283 cases that were
identified. The relative contributions of our multifaceted
interventions could not be determined. We could not
account for how many families reviewed our website
information and presented it to their physicians or how
many individuals underwent commercial testing. We know
that there were 2620 unique page views of our webpages in
2017. Similarly, for the National Organization of Rare
Disorders (NORD)} ADTKD website, there were 1518
unique page views in 2017 (Marsha Lanes, NORD, personal
communication). Of note, 8.2 million users visited NORD
webpages in 2017. We do not know how many families were
tested at commercial laboratories for ADTKD-UMOD,
though we know that all clinical diagnoses for ADTKD-
MUCI were only made in our laboratory.
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Conclusions

Despite these limitations, this investigation highlights the
importance of providing direct knowledge and access to
individuals with undiagnosed rare disorders through the
Internet. Such direct access provided many families with a
genetic diagnosis that had eluded them for generations. These
families in turn provided a significant proportion of
individuals willing to participate in clinical research. We
believe that endeavors such as the Broad Institute Rare
Genomes Project are likely to further empower patients to
find the genetic causes of rare inherited diseases.*® For aid in
the diagnosis of rare inherited kidney diseases, please contact

ablever@wakehealth.edu.
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Introduction: Autosomal dominant tubulo-interstitial kidney disease due to UMOD mutations {ADTKD-
UMOD) is a rare condition associated with high variability in the age of end-stage kidney disease (ESKD).
The mincr allele of rs4293393, located in the promoter of the UMOD gene, is present in 19% of the pop-
ulation and downregulates uromodulin production by approximately 50% and might affect the age of
ESKD. The goal of this study was to better understand the genetic and clinical characteristics of ADTKD-
UMOD and to perform a Mendelian randomization study to determine if the minor allele of rs4293393 was
associated with better kidney survival.

Methods: An internaticnal group of collaborators collected clinical and genetic data on 722 affected in-
dividuals from 249 families with 125 mutations, including 28 new mutations. The median age of ESKD was
47 years. Men were at a much higher risk of progression to ESKD (hazard ratic 1.78, P < 0.001).

Results: The allele frequency of the minor rs4293393 allele was only 11.6% versus the 19% expected (P <
0.01), resulting in Hardy-Weinberg disequilibrium and precluding a Mendelian randomization experiment.
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An in vitro score reflecting the severity of the trafficking defect of uromodulin mutants was found to be a

promising predictor of the age of ESKD.

Conclusion: We report the clinical characteristics associated with 125 UMOD mutations. Male gender and

a new in vitro score predict age of ESKD.
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he cardinal manifestations of ADTKD-UMOD
T include autosomal dominant inheritance, preco-
cious gout in some individuals, and slowly progressive
chronic kidney disease.’ Progression to ESKD is vari-
able, occurring between ages 20 and 70 years.2 > The
reasons for this variation are unknown. Identification
of the causes would lead to a better understanding of
the pathogenesis of ADTKD-UMOD, identify in-
dividuals at risk of progression for clinical trials, and
provide information about prognosis for patients.
In ADTKD-UMOD, retention of mutant uromodulin
(mUMOD) protein in the endoplasmic reticulum (ER) of
tubular epithelial cells in the thick ascending limb leads

to ER stress, tubular cell death, and chronic kidney
disease.*® ** Uromodulin has a high cysteine content,
resulting in a slow transit through the ER as disulfide
bonds form.** Approximately two-thirds of the muta-
tions causing ADTKD-UMOD (mUMOD) involve cysteine
residues, and no mutations have been found resulting in
truncation or loss of ‘cranscription4 Umod knockout mice
also do not develop the ADTKD phenotype.l3 These
findings implicate mUMOD as the principal pathophys-
iologic cause of ADTKD-UMOD. Based on these hy-
potheses, one could theorize the amount of mUMOD
expressed and the type of mutation may contribute to the
pathophysiology and age of ESKD onset.
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Figure 1. Genetic map of rs4293393 and UMOD with a representative autosomal dominant tubulo-interstitial kidney disease due to UMOLD
mutations (ADTKD-UMOD} pedigree demonstrating rs4293393-UMOD haplotype inheritance. (a} Genetic map of rs4293393 and UMOD, showing
the linkage disequilibrium of rs4293393 with the UMOD mutations {mUMGDs} found in this cohort study; 124 of 125 mUMODs occurred in exons 3
and 4 and were in a region of complete linkage disequilibrium with rs4293393. (b) Representative 4-generation ADTKD-UMOD pedigree.
Genetically affected individuals are represented by black symbols, and the rs4293393- mUMOD haplotype is shaded gray. The rs4293393 allele {in
this case A"} is in phase with the mUMOD (designated m). In all genetically affected family members {due to linkage disequilibrium of rs4293393
and the UMOD gene [Al), the rs4293393-mUMOD haplotype is inherited together. In contrast, the rs4293393-wild-type UMOD (designated WT)
haplotype inherited from the unaffected parent varies in subsequent generations based on the rs4293393-WT UMGD haplotypes of the unaf-
fected parent. yJDNA, genomic DNA; SNP, single nucleotide polymorphism; UTR, untranslated region.
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There is a genetic variant (known as single nucleotide
polymorphism [SNP] rs4293393) present in the UMOD
promoter (Figure la). In 19% of Europeans, this SNP has a
guanosine residue and results in an approximately 50%
reduction in uromodulin expression as compared with the
remaining 81% of the European population, which has an
adenosine residue at this site.'* As rs4293393 resides in the
promoter of the UMOD gene, it is virtually always
inherited together with the UMOD gene on the same allele.
Indeed, UMOD promoter variants are within a region of
complete linkage disequilibrium that spans exons 1 to 5.
Because more than 95% of UMOD mutations are within
exons 3 and 4, this implies that for virtually all pedi-
grees the variants in the UMOD promoter and the causal
UMOD mutation cosegregate. In a given family with
ADTKD-UMOD, all affected individuals who inherit the
mUMOD gene will inherit the same rs4293393 allele
adjacent to mUMOD (Figure 1b). The rs4293393 variant
that is present on the wild-type allele will be inherited
from the unaffected parent and will not be the same for
all affected family members (Figure 1b).

The primary aims of this investigation were to better
characterize the genetic and clinical findings of ADKTD-
UMOD in a large population of affected families and to
perform a Mendelian randomization study of individuals
affected with ADTKD-UMOD. In a Mendelian randomiza-
tion study, one studies the effects of genetic variants
randomly distributed in a population on an outcome (e.g.,
kidney failure). We hypothesized that the presence of the
minor rs4293393 variant in the promoter of the mUMOD
allele would lead to a decreased expression of mUMOD.
Thus, families with the minor rs4293393 variant in the
mUMOD promoter should have decreased expression of
mUMOD, which might ameliorate mutant protein deposi-
tion, preserve the tubulo-interstitium, and slow progression
of chronic kidney disease and development of ESKD. This
decreased production of mUMOD would be similar to the
administration of a medication from birth onward (with
100% compliance) that lowers mUMOD production by
approximately 50%. Our goal was to determine if the
presence of the rs4293393 minor SNP variant with the
mUMOD allele results in a later age of onset of ESKD.

Another factor that could affect the age of ESKD
onset is the nature of the mUMOD mutation and its
effect on the transit of uromodulin and mUMOD
through the ER and on apoptosis. Some mutations may
have a more deleterious effect on uromodulin traf-
ficking and consequently ER function.”® Te this end,
we quantified the mUMOD trafficking defect for 35
selected mutations (Supplementary Table S1) through
an in vifro score and investigated whether this score
correlated with the age of onset of ESKD.

The dataset included genetic information and age of
ESKD from 12 international ADTKD research teams
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(international cohort), as well as the Wake Forest ADTKD
registry (WF cohort), which included additional clinical
information (Figure 2). The data from the WF cohort and
from the international cochort were combined to analyze
genetic factors and gender, and the WF cohort data were
then further analyzed to explore other factors that could
affect the age of ESKD, including body mass index,
smoking status, presence of gout, age of gout onset, and
the mean age of ESKD for family members.

METHODS

The study was approved by the Wake Forest School of
Medicine Institutional Review Board, all institutional
review boards of participating centers, and was carried
out in accordance with the Declaration of Helsinki.

Recruitment

(i) Most participants were from the WF cohort™® (Figure 2).
Families were either referred by their physician or self-
referred by a family member. A genetic diagnosis was
made in the index case and then in as many family
members as possible. A family tree was constructed that
included the age of onset of ESKD in both living and
deceased family members. A questionnaire containing
demographic and clinical information was completed by as
many affected family members as possible. (i) Data ob-
tained from affected individuals and families from the
international cohort included the UMOD mutation,
14293393 genotype when available, gender, and current
kidney function or age of ESKD onset.

Genetic Evaluation

An index case in each family underwent mutational
analysis and was found to have a UMOD mutation as
described in the Supplementary Methods. As many
family members as possible then underwent genetic
testing for the at-risk UMOD mutation. Individuals
found to be genetically affected underwent rs4293393
genotyping (Supplementary Methods).

In 209 of 240 families, genetic linkage was used to
identify which of the rs4293393 alleles was present in
the promoter of the mUMOD allele. In 18 families in
whom DNA was available, the phase of the rs4293393
allele and mUMOD was established via cloning, geno-
typing, and sequencing of long-range polymerase chain
reaction products encompassing the promoter and
UMOD genomic sequence (Supplementary Methods). If
the genotype and phase of the rs4293393 variant were
established in at least 1 affected family member, it was
assumed that all affected family members had the same
rs4293393 wvariant, given the wvery high linkage
disequilibrium. All available family members under-
went rs4293393 variant testing to determine if results
were consistent.
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Wake Forest Cohort
UMOD Genotyping

International Cohort
UMOD Genotyping

580individuals screened

129 families

400 UMOD genetically affected
180 genetically unaffected

254 UMOD historically affected
61 unique mUMOD

349 individuals screened
120 families
322 UMOD genetically affected
27 genetically unaffected
7 UMOD historically affected
86 unique mUMOD

ADTKD-UMOD Cohort

249 families

722 UMGD genetically affected
207 genetically unaffected
261 UMGDE historically affected

CLINICAL RESEARCH

125 unique mUMOD

ADTKD-UMOD without
clinical information

ADTKD-UMOD with clinical information

227 families

614 UMOD genetically affected

64 genetically unaffected

348 Phase determined by familial mUMOD haplotype

233 families
631 UMOD genetically affected
124 YMOD historically affected

16 families
91 UMOD genetically affected
137 UMOD historically affected

Determination of rs4293393-mUMOD haplotype

Unable to determine rs4293393-
mUMOD haplotype
12 families
19 UMOD genetically affected
2 genetically unaffected

ADTKD-UMOD Analysis Set with clinical information

and rs4293393-mUMOD haplotype

226 families
554 UMOD genetically affected

186 Phase determined by familial mUMOD haplotype

115 unique muMoD

35 mUMODs with in vitro score

393 UMOD affected individuals with an in vitro score

Figure 2. Flow diagram showing contribution of the Wake Forest and International cohorts to the development of the autosomal dominant
tubulo-interstitial kidney disease due to UMOD mutations (ADTKD- UMOD) registry. A total of 929 individuals underwent genetic testing and 722
were documented to have a UMOD mutation (UMOD genetically affected), and 633 underwent further genstic testing for rs4293393. Historically
affected individuals were from families genetically diagnosed with ADTKD-UMGOD but in whom a DNA sample was unavailable. These in-
dividuals suffered from at least chronic kidney disease stage 3 and clinical findings were consistent with ADTKD-UMGD. Clinical information
was available in most individuals from the Wake Forest cohort. /n vitro scores were developed for 35 UMOD mutations to further understand

disease progression.

DNA could not be cbtained on some family mem-
bers, most often because they were deceased. In-
dividuals were considered historically affected if they
met the following criteria: (i) a DNA sample for genetic
diagnosis could not be obtained; (ii) there was a clinical
history of at least chronic kidney disease stage 3
(estimated glomerular filtration rate <60 ml/min per
1.73 mz] that was consistent with ADTKD-UMOD; and
(iif) the familial inheritance pattern was consistent with
the individual being genetically affected.

In Vitro Score Determination

See Supplementary Methods for a full description. Thirty-
five UMOD mutations were selected based on cohort
prevalence and affected families having the youngest and
oldest mean ages of ESKD onset. MDCK and/or HEK293
cell lines were transfected with expression vectors for each
selected mUMOD and cell Lysates analyzed by Western
blots to evaluate uromodulin trafficking defects. UMOD
mutation scoring was performed by quantifying the ratio
between low- and high-molecular weight uromedulin
glycoforms in 3 independent experiments.

Kidney International Reports {2020} 5, 1472-1485

Statistical Analysis

Descriptive statistics are shown as counts and pro-
portions for categorical variables and mean &+ 8D for
continuous variables. For each variable, comparisons
between WF and international cohorts were made us-
ing ¥” and Fisher’s exact tests for categorical variables
and Wilcoxon rank-sum tests for continuous variables.

Testing for Hardy-Weinberg equilibrium was per-
formed by adopting bootstrapping resampling methods
with 1000 repeated sampling on the cohort subsets to
estimate variance for the minor allele frequency.

A pedigree structure was built using Sequential
Oligogenetic Linkage Analysis Routines (SOLAR] soft-
ware (http://solar-eclipse-genetics.org) based on the
reported family trees and used to create a kinship matrix
with the R package “kinship2” (https://cran.r-project.
org/web/packages/kinship2/kinship2.pdf). Survival
analysis was then performed with the outcome being age
of ESKD (defined as starting dialysis, receiving a kidney
transplant, or dying from kidney failure without
receiving dialysis). Individuals were censored if they
had net yet received dialysis or if they died before

1475
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Tahle 1. Characteristics of individuals with ADTKD-UMOD who were genetically or historically affected, by cohort

Characteristic

ADTKD-UMOD genotyped
ADTKD-UMOD historic

Number of individuals who redched ESKD, 7 (%)

Age of ESKD
Male gender, 71 (%)

Race, n (%)
White
Black
Hispanic
Asian/Pacific Islander
Fiom India
Other
Unisparted
Ethinicity, ## (%)
Hispanic or Latino
Not Hispanic or Lating
Other
Uniepaited
Smoking, /7 (%)
Never
Cunrent
Former
Uncertain
Weight (kg)
Male and female
Male
Female
Height {cm)
Male and Female
Male
Female
BMI (kg/m?)
Gout, 7 (%)
Yes
Male and female
Male
Female
No
Male and female
Male
Female
Uncertain
Male and female
Male
Female
Age of gout onset ()
Male and female
Male
Female
Mutation type, 71 (%)
p.H177-R185del {18%)
p.V93-GI7delinsAAST (8%
pR178P (5%)
p.C106F (5%}
p.C148Y (3%)
p.G88D (2%)

WF cohort

ADTKD- LMOD genotyped
n— 400

159 (40)
4 (1) unknown
46.37
180 (48)

380 (95}
3
0
17 (3)
103
0
5(1)

6{2)
374 (943
82
12 (3)

228 (57
23 (8)
89 (17
80 (20)

769 + 19.9 (1 —287)
883 +£19.2 (1 —127)
894 £ 17.1 {7 — 180)

169.5 & 12.0 (n — 287)

1776 £ 11.8 (7 — 127)
163.2 + 7.5 {11 — 160)
265 + 5.8 (1 —286)

202 (503
106 (59
96 (44)

189 (47)
72 (40)
117 (63)

92
2(1)
73

305+ 115 (7 —197)
291 £ 9.9 (1 — 105)
32.2 4 12.9 (7 — 99)

108 (27)
42 (10
21 ()
26 (6)
12 (3)
0

ADTKD-UMOD historic

n— 254
144 (57)
77 (30) unknown

51.17
145 (57)

247 (97
0
0
5 (2
108
0
108

0
239 (94)
5 (2
10 (@

83
1(0.4)
52
240 (94)

83.0 £ 22.2 (1 — 20)
879+ 184 (n—11)
77.0 £ 25.9 (n — 9)

170.9 + 10.0 (1 — 20)
1770 £63 (n — 113
163.4 + 8.4 (1 —8)
28,15 £ 6.4 (11 —20)

43 017
31 2N
120119

13 (5)
(4
(6

198 (78)
108 (7)
90 (83)

272+ 9.5 (7 — 20)
282 £ 104 (1 —13)
254+ 80(n—7)

85 (26)

30 (12)

27 (1)

21 (8)

1@
0

All

400 (B1%)
254 (39%)
303 (53)

81 (12) unknown
48,65
325 (50)

627 (96)
3(05)
0
16 (2)
2(03)
0
)

6 (1)
813 (94)
122
22 (3)

236 (36)
24 (@)
7400

320 (49)

77.3 £ 202 (1 — 307)
864+ 191 (n —138)
698 & 176 (n — 169)

169.6 + 11.8 (n — 307
1774 £ 115 (n — 138)
163.2 £ 75 (n — 169)
266 = 5.8 (7 — 306)

245 (37)
187 (42)
108 (33)

202 (31)
78 (24)
124 (38)

207 (32)
110 (34)
97 (29)

3024114 (1 —217)
200+ 99 (n—118)
317 +12.7 (7 —99)

173 (26)
200
48 (7)
47 (1
23 ()
0

International cohont Pyalue

322 (98%)

7 (%)
123 (37 0.33°
79 (243 unknown
48.88 0.88
162 (49) 0.20"
2 (1) unknown
<0.0001°
271 (82
0
0
0
0
0
58 (18)
<0.0001°
24 (1)
251 (76)
0
54 (18)
«0.0001%°
0.24°
0.56"
0.27°
<0.0001%°
0.15°
0
R
0
0
25
23 (D)
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Table 1. (Continued} Characteristics of individuals with ADTKD-UMOD who were genstically or historically affected, by cohort

WF cohort
Characteristic ADTKD- LMOD genotyped ADTKD-UMOD histotic All International cohort Palue
pP236L (2%) 10 (2) 73 173 3D
p.C135Y (2%) 14 (4) 3 17.(3) 0
p 891 dol (2%) 0 1(0.4) 102 16 (5)
pP236R (1%) 3 1 (0.4 a 5(2)
Other mutation (54%) 164 (41 88 (35) 252 (39) 278 (84)

ADTKD-UMGD, autosemal dominant tubule-interstitial kidney disease due to U4MOD mutations; BMI, body mass index; ESKD, end-stage kidney disease; WF, Wake Forest.

*Chi-squared test.
“Fisher’s exact test.
WF genotyped versus historic.

developing ESKD. Cox mixed effects models were built
with the R package “coxme” (https://cran.r-project.org/
web/packages/coxmefcoxme.pdf) to incorporate the
kinship matrix as the correlation structure and adjust
for familial relationships. Univariate models were
created for all parameters. Significant predictors from
the univariate models were used develop a best-fit
multivariate model. Because of the absence of some
data for individual variables (for example, parental age
of ESKD), variables were included in modeling only if
100 events had occurred to protect the robustness of the
data. This modeling adjusted for variable family sizes.
The multivariate model was created in a forward step-
wise manner with entry criteria of a P value <0.05. The
model that resulted in the highest C-statistic was
considered the most effective model.

RESULTS

In the WF cohort, 580 individuals from families with
ADTKD-UMOD underwent genotyping, with 180 of 580
(31%) individuals being genetically unaffected and 400 of
580 (69%) individuals being genetically affected
(Figure 2). There were 61 unique mutations in 129 families.
An additional 254 individuals were considered historically
affected, meaning that individuals were known to have
ADTKD-UMOD as demonstrated by clinical findings and
inheritance but did not undergo genotyping because they
were deceased or otherwise unavailable to provide a DNA
sample. The remaining data concern only individuals who
were genetically affected or historically affected. Infor-
mation regarding smoking history, body mass index,
gout, and parental age of ESKD were available only in the
WF cohort (Table 1).

For the international cohort, 349 individuals were
screened from 120 affected families. There were 322 geneti-
cally affected, 27 genetically unaffected, and 7 historically
affected. Table 1 compares characteristics of the 2 cohorts.

There was a total of 722 individuals from 249 families
affected with ADTKD-UMOD, with 125 unique mUMOD
mutations, including 28 mutations neot previously
described. Of the mutations, 117 (94%) were in exon 3, 7
(69) in exon 4, and 1 in exon 7; 47% of mutations

Kidney International Reports {2020} 5, 1472-1485

resulted in the loss of a cysteine residue, 6% in the gain
of a cysteine residue, and 6% resulted in a gain in hy-
drophabicity. Characteristics of individuals affected with
the most common UMOD mutations are listed in Table 2
and Supplementary Table S1 for all mutations. This table
is updated regularly at http://j.mp/2q7Fi8f. The median
age of ESKD for the entire cohort was 47 years (range 18—
87) and mean age 487 £ 12.7 years. Gender had a
marked asseciation with ecarlier age of ESKD (Figure 3},
with an odds ratio of 1.78 (P = 0.00028). ESKD was
uncommon before age 30, with approximately 50% of
the male cohort reaching ESKD between 30 and 50, and
50% of the female cohort reaching ESKD between 30 and
60. In the WF cohort, 55% (245 of 447) of patients with
ADTKD-UMOD developed gout. Figure 4 shows a sur-
vival curve with event defined as onset of gout for in-
dividuals with gout in whom an age of gout onset was
known. The median age of gout onset was 28 years, with
gout most commonly developing between ages 15 and
40. Of 180 men with information available, 106 (59%1)
developed gout at a mean age of 29.1 &= 9.9 years. Of 220
women with information available, 96 (44%) developed
gout at a mean age of 32.2 &= 12.9 years.

Genetic Analysis

Genetic analysis was performed on both the WF and
international cohorts, including 929 individuals from
249 families with 125 distinct UMOD mutations.
Supplementary Table S1 shows a complete list of the
number of individuals with each mutation, the median
age and range of ESKD, and the in vitro score. A family
was defined as a group of individuals from which 1
individual was referred, and in whom there were no
family members known related to other referred fam-
ilies at the time of referral. The most common mUMOD
was p.H177_R185del, with 173 individuals and 25
families from the WF cohort. The second most common
mUMOD was p.V93_G97delinsAASC with 74 in-
dividuals and 11 families. This mutation originated in
England‘l7 The statistical analysis performed (see
Methods) adjusted for the large number of family
members.
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Tahle 2. Most common UMOD mutations (mUMGD) with in vitro score and age of ESKD

In vitre Families Individuals Median age Runge of
mUMoD score 10 ) ESKD ESKD
p.H177_R185dsl 3 25 173 16 20-87
p.v93_G97delins 2 1 74 48 27-75
AASC
pR178P 4 9 48 53 39-79
p.C108F 1 n 47 55 35-72
p.C148Y 4 4 25 44 2566
p.G88D 1 8 23 5.5 55-76
p.P236L 3 4 20 45 43-67
p.C135Y 1 2 17 1 37-47
p.S91 del 2 5 17 50 37-66
p.P236R 4 5 9 10 24-50

Families linked to major

Families linked to minor Families with unknown

variant variant linkage
25 0 0
10 0 1
8 0 1
11 0 0
4 0 0
7 0 1
4 0 0
2 0 0
& 0 0
4 0 1

ESKD, end-stage kidney disease.
Range of ESKD is earliest and latest ages of ESKD.

Genotyping of rs4293393 was performed in 633 of
722 genetically affected individuals and in 64 of 207
genetically unaffected individuals (Figure 2). With the
aid of long-range sequencing in 18 families, it was
possible to determine whether the minor or major allele
was in phase with mUMOD in 614 individuals and 227
of 240 families. In 614 of 614 cases, rs4293393 testing
results were consistent with inheritance of the same
rs4293393-mUMOD haplotype throughout each family.

In 348 individuals (92 genetically affected and 256
historically affected) who were not rs4293393 geno-
typed, the allele in phase with mUMOD was assigned
based on familial results.

Distribution of the rs4293393 SNP Variant in
Families With ADTKD-UMOD

When performing a Mendelian randomization
study, one must first determine that the genetic

Strata =+ Male =~ Female

1.00
o 075
o
7]
wi
[}
{ <
il
o 0.50
2
=
@
)
2
O op25
0.00
0 20 40 60 80
Age (yr)
Number at risk
@ Maleq 375 309 201 47 0
@
o
2 Female 350 336 238 65 5
0 20 40 60 80
Age (yr)

Figure 3. End-stage kidney disease (ESKD} survival according to gender in autosomal dominant tubulo-interstitial kidney disease due to UMOD
mutations (ADTKD-UMOD). This analysis included 675 individuals with ADTKD-UMOD with known gender and clinical information. An event was
defined as starting dialysis, receiving a transplant, or dying of kidney failure. Censoring occurred for death before ESKD or if the individual had not
reached ESKD by the end of the study period. ESKD rarely occurred before age 30, with most patients requiring dialysis by age 70. Male gender
was associated with an increased risk of reaching ESKD at an earlier age (hazard ratio 0562, 0.00028). ESRD, end-stage renal disease.
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Figure 4. Survival curve of gout onset in individuals with autosomal dominant tubulo-interstitial kidney disease due to UMOD mutations (ADTKD-
UMOD). This analysis included only 219 individuals who developed gout. An event was defined as age to onset of gout. Gout rarely occurred
before age 15, with the vast majority of affected individuals developing gout between the ages of 20 and 40.

variant under study is randomly distributed in the
population being investigated. Approximately 19%
of the European population has the minor
rs4293393 allele (G) (defined as the minor allele
frequency [MAF]}).'" In patients with ADTKD-
UMOD, for the rs4293393 allele inherited from the
unaffected parent, the MAF was 0.17, which is
similar to reference populations (Table 3). We then
sought to determine if the rs4293393 minor variant
linked to the mUMOD allele was distributed in the
same proportion as the general population. As some
of the families under study might be distantly
related, we assumed that all individuals with the

same rs4293393-mUMOD haplotype were one fam-
ily. Using this approach, there were 123 families
with the major rs4293393 allele linked to mUMOD
and 24 families with the minor rs4293393 allele
linked to mUMOD. For 9 mUMODs, there were
families with the minor allele-mUMOD haplotype
and also families with the major allele-mUMOD
haplotype. For the rs4293393 variant linked to
-mUMOD, the MAF was only 0.12 versus the MAT
of 0.19 to 0.20 in the TOPMED, gnomAD, and 1000
genome populations, which statistically deviated
from expected proportions (P = 0.0037, Table 3). In
other words, the SNP minor allele, associated with

Table 3. Comparison of minor allele frequencies of the rs42993393 SNP in phase and out of phase with the mutated UMOD (mUMOD)

Observed MAF Comparison MAF in

Testing Population n (minor, major) database comparisen group Pvalue
154293993 in phase with mUMOD 1 per haplofype present in cohort 129° 0.1163 (G, A) TOPMED 0.18639 0.0147
gnomAD 0.1924 0.0082
1000 genomes 0.20 0.0037
154293993 out of phase with mUMOD UMOD genotyped, rs4293393 genotyped 554 0.1645 (G, A) TOPMED 0.18639 0.2693
gnomAD 0.1924 0.1629

1000 Genomes 0.20 0.07958

MAF, minor allele frequency.
"There were 129 unique rs4293393/mUMOD haplotypes.

Conservative testing was used, in which it was assumed that all individuals with the same rs4293393-mUMOD haplotype were related. The MAF of the test population was compared
with the MAF found in TOPMED, gnomAD, and 1000 genomes registries.'” All comparisons showed that the MAF deviates from expected population frequencies. The MAF was then
determined in available samples for the UMOD allele that was inherited from the unaffected parents. This allele was found to have similar allele frequencies as the control populations.

Kidney International Reports (2020) 5, 1472-1485
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Figure 5. Survival curves according to the rs4293393 allele in phase with mutant UMOD {mUMOD). This analysis included 668 individuals with
autosomal dominant tubulo-interstitial kidney disease due to UMOD mutations {ADTKD-UMGD) with clinical information available in addition to
determined rs4293393-mUMOD haplotype. An event was defined as end-stage kidney disease (ESKD) by starting dialysis, receiving a transplant,
or dying of kidney failure. Censoring occurred for death before ESKD or if the individual had not reached ESKD by the end of the study period.
There were only 41 individuals with the minor allele (G} in phase with mUMOD, resulting in insufficient power to detect a difference in survival.

ESRD, end-stage renal disease.

lower uromodulin preduction, is underrepresented
when associated with mUMOD mutation, whereas
this is not the case when it is asscociated with a
wild-type UMOD allele. Given that the rs4293393
variant was not randomly distributed in this pop-
ulation, a Mendelian randomization experiment
could not be performed.

Tahle 4. Univariate models for individuals with ADTKD-UMGOD

ESKD Survival by rs4293393 Allele

Figure 5 shows the ESKD survival curves for in-
dividuals according to the rs4293393-mUMOD
haplotype. There were 699 (94.5%) genotyped and
historic individuals with the major allele (A) in phase
with mUMOD and 41 (5.5%) genotyped and historic
individuals with the minor rs4293393 allele (G) in

Parameter Observations {n) Events
Gender 875 342
154293393 minor variant in phase with mUMOD 668 337
154293393 minor variant in phase with wiiMoD 494 221
154293393 variant (atf least 1 G allele present) 499 224
LMOD type 675 342

Cysteine gain

Cysleine loss

Deletion/inserticn

Hydrophobic amine acid gain

Proline gain

Other
i vitro score 383 198
Cysteine-rich domains 675 342

Reference category Hazard ratio C-statistic Pvalue
Male 1.78 0.558 0.00028
A {major) 0.6885 0.507 0.36
A (majon 06152 0529 0.064
2 A alleles present 0.8943 0528 0.13
p.(H177_R185del) 0.561
0.8234 0.88
0.9995 1.0
0.6369 0.3
0.3197 0.066
0.56321 013
0.8155 0.15
1.5457 0.591 0.0022
All other domains 0.8247 0521 0.38

ADTKD-UMGD, autosemal dominant tubule-interstitial kidney disease due to UMOD mutations; mUAED, mutant uromedulin; wtMOD, wild-type uremodulin.

Data combine Wake Forest and International cohorts.
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WT A39T (C317Y (217G C135Y

- - Mature
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Mutation score 1 2 3 4

Figure 6. Representative Western blot results from mutant UMOD
{mUMOD} in vitro experiments {Supplementary Methods). Western
blot analysis of HEK cells stably expressing wild-type (WT}) or mutant
uromodulin isoforms. An in witro score reflecting the severity of
trafficking defect was assigned to each mutation. The scoring was
performed by quantifying the ratio between endoplasmic reticulum
(ER}-retained and mature uromodulin glycoforms in cell lysates.

phase with mUMOD. A univariate model (Table 4)
was underpowered because of the presence of only 41
individuals with the minor allele phased with
mUMOD.

Scoring of UMOD Mutations

The trafficking of 35 mUMOD isoforms was charac-
terized in witro (Figure 6, Table 2, Supplementary
Table S1, and Supplementary Figures S1 and S2).
MDCK and/or HEK293 cell lines were transfected with
expression vectors coding for different mUMODs. As
previously described,” Western blot revealed 2 bands:
a lower molecular weight glycoform corresponding to
the uromodulin precursor in the ER that carries Endo
H-sensitive N-glycans, and a higher molecular weight
glycoform that carries post-Golgi, Endo H-resistant
type of glycans. The higher molecular weight form
corresponds to fully glycosylated, mature protein that
proceeded along the secretory pathway into post-Golgi
compartments (trans-Golgi network, secretory vesicles,
plasma membrane). UMOD mutation scoring was per-
formed by quantifying the ratio between low- and
high-molecular weight uromodulin glycoforms in cell
lysates, as a measure of ftrafficking defect. We
normalized these values to the ratio obtained for the
well-characterized, paradigm mutation C1508 that
consistently shows strong ER retention. Mutations
were then subdivided into 4 distinct subgroups based
on the generated ratio before statistical correlation with
age of ESKD (Figure 6).

The different cellular phenotypes of mUMOD forms
and their severity were reproducible between indepen-
dent experiments (Supplementary Figure S1) and
conserved when expressed in different cell lines (e.g.,
HEK293 vs. MDCK) (Figure 6 and Supplementary
Figure §3), regardless of the expression system (tran-
sient or stable transfection) (Supplementary Figure 54).

Kidney International Reports {2020} 5, 1472-1485

UMOD Mutation Type and ESKD Survival

In univariate models, we found no difference in sur-
vival for the different mutation types but did show an
association with the in vitro score (Table 5 and ESKD
survival curve in Figure 7). For individuals with
mUMOD mutations that less hindered uromodulin
export to the cell surface (Group 1), renal survival was
significantly improved.

Multivariate Model

A multivariate model was then created based on the
genetic factors present in both cohorts. In the multi-
variate model, the presence of gender and in vitro score
provided the highest correlation (Table 6). We did not
find that the type of mutation was predictive of age of
ESKD (data not shown). There were no significant
interaction terms.

Analysis of Genetic and Clinical Factors for the
WF Cohort

Analysis of clinical and genetic factors was performed
on the WF cohort (Table 7). The presence of gout was
not associated with age of ESKD; however, a younger
age of gout for individuals who developed gout was
highly correlated with a younger age of ESKD} (P <
0.0001). In univariate analysis (Table 7}, maternal age
was highly associated with survival (P = 0.0017),
whereas the paternal age was not (P = 0.23). When
looking at subgroups, daughter and maternal age of
ESKD were most highly correlated, followed by son
and maternal age of ESKD (Supplementary Figures S1
and S2).

Multivariate clinical and genetic/clinical models
were then created using the WF cohort (Table 8). The
combination of gender and the family mean age of
ESKD were found to be the best predictors of survival.
There were no significant interaction terms.

DISCUSSION

This is the largest study that has been performed in
individuals with ADTKD-UMOD and is the result of a
large multinational collaboration that included 13

Table 5. Mean age of end-stage kidney disease in individuals with
ADTKD-UMOLD according to in vitro score

In vinro score Observations {n) Age {mean = 5D)
1 42 594+ 11.0
2 58 504+ 11.0
3 90 485 + 12.1
4 59 472 £11.7
Not available 179 46.3 £ 13.1

ADTKD-UMOD, autosomal dominant tubulo-interstitial kidney disease due to UMOD
mutations.
Data include only individuals who reached end-stage kidney disease.
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Figure 7. End-stage kidney disease (ESKD) survival in individuals with autosomal dominant tubulo-interstitial kidney disease due to UMOD
mutations (ADTKD-UMOD) according in vitro score. This analysis included 393 individuals with 1 of the 35 UMOD mutations receiving an in vitro
score. An event was defined as ESKD by starting dialysis, receiving a transplant, or dying of kidney failure. Censoring occurred for death before
ESKD or if the individual had not reached ESKD by the end of the study period. ESRD, end-stage renal disease.

different research groups. The age of LESKD onset in
individuals with ADTKD-UMOD ranges from 20 to
>70, and the goal of this study was to identify factors
associated with the highly variable age of ESKD onset.
The principal findings of the study included the
following: (i} the rs4293393 SNP in the mutant UMOD
promoter was not randomly distributed in families
with ADTKD-UMOD, with the minor allele (G) postu-
lated to produce decreased mUMOD significantly un-
derrepresented. (ii} An in vitro score that measured the
effect of the specific mUMOD mutation on uromodulin
trafficking was significantly correlated with kidney
survival. (iii) Women had significantly better renal
survival than men (hazard ratio 1.78, P < 0.001). (iv)
The maternal age of ESKD was significantly associated
with the child’s age of ESKD, particularly for women;
however, there remained significant variation. (v) A
younger age of gout was associated with a younger age

of ESKD. (vi) Twenty-eight new mutations were
described.

A major finding of the study was that the MAF of
the rs4293393 minor variant linked to mUMOD was
only 11% in affected families as opposed to the 18% to
20% found in the general population (P < 0.001) and as
opposed to the observed MAF of the rs4293393 allele in
phase with wild-type UMOD allele (17%). We postu-
late that the decreased allele frequency is due to
decreased mUMOD expression and hence a milder form
of ADTKD-UMOD associated with later age of ESKD
onset. Families with a later age of ESKD onset would be
less likely to be identified with ADTKD-UMOD and
less likely to be referred for evaluation and potential
entry into a disease registry. Because of the rs4293393
MAF of 19% in the general population, we anticipated
the need to collect a large number of affected in-
dividuals for the study. The further decrease in allele

Table 6. Best-fit multivariate model for individuals with ADTKD-UMQOLD using gender and in vitro score

Parameter Observations () Events Reference category Hazard ratio C-statistic Pvalue
Gender 393 198 Male 0.53 0.61 0.002
In vifro score 1.5 0.00085

ADTKD-UMOD, autosomal dominant tubulo-interstitial kidney disease due to UMOD mutations.
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Tahle 7. Univariate models for clinical characteristics for the WF cohort

Parameter Observations {m) Events
Weight 301 130
BMI 300 130
8moking {active or former) 337 197
Gout (yn) 17 178
Age of gout onset 209 110
Parental age ESKD 229 101
Family mean age ESKD 429 217
Mether's age ESKD IRk 53
Father's age ESKD 114 47

Reference category Hazard ratio C-statistic P value

0.9967 0.545 0.23
0.9617 0.564 0.069

Nonsmoker 0.7185 05633 0.17

No 1.2549 0.52 0.29

0.9452 0.666 0.0000053
0.9701 0.629 0.0045
0.9706 0619 0.009
0.9583 0.667 0.0017
0.9816 0.559 0.23

BMI, body mass index; ESKD, end-stage kidney disease; WF, Wake Forest.

frequency resulted in a marked decrease in the number
of individuals with the minor allele and hence a loss of
statistical power for the study. As the rs4293393 minor
SNP variant was not randomly distributed in the
ADTKD-UMOD population, we were not able to
perform a Mendelian randomization study. We did not
find a difference in survival between families with
major versus minor rs4293393-mUMOD haplotypes,
which may have been the result of lack of statistical
power, the fact that there was no difference, or the fact
that families with milder disease due to minor allele
rs4293393-mUMOD haplotypes were undetected.

We found that mutation class (e.g., loss or gain of
polarity or a cysteine residue) was not correlated with
the age of ESKD. This absence of correlation may have
been because of the conservative statistical analysis,
which adjusted for the large number of individuals in
different families. An in vifro score reflecting the
severity of the trafficking defect caused by specific
mUMOD mutations was found to be a promising pre-
dictor of the age of ESKD. In addition, this finding
points to enhanced transit of mUMOD through the ER
as a potential therapeutic approach. Supplementary
Table S1 provides information on all in vitro scores,
as well as the median age of ESKD for each mutation.
Based on the in vitro score, we would predict that the
type of mutation, but not the class of amineo acid sub-
stitution (e.g., cysteine vs. noncysteine substitution)
does have an effect on ESKD survival. Other in-
vestigators have also studied the interaction between
genotype and phenotype in ADTKD-UMOD. Bollee and
colleagues™ reported on 109 patients from 45 families
with 37 distinct UMOD mutations and a median age of
ESKD of 54. These authors found a high intrafamilial

nonsignificant effect of the type of mutation on sur-
vival. In a review of the literature, Moskowitz and
coﬂeagues4 identified 202 patients from 74 families with
59 different UMOD mutations and a median age of
ESKD of 56. Onset of ESKD was significantly earlier
with mutations in the epidermal growth factor domains
2 and 3 (range 45-52 years) compared with the
cysteine-rich domains (range 60-65 years) using a
shared frailty model. The in vitro score is novel and
should be considered a research test at this time.
Further development and validation are required to
assess its relevance as a clinical test that could be useful
in predicting the age of ESKD for individuals with de
nove mutations or from smaller families in which the
age of ESKD is not well characterized.

Male gender was a significant predictor of worse
renal outcomes, with a hazard ratio of 1.78, P < 0.001.
This was similar to the finding of Moskowitz et al® of
an increased risk of ESKD in men (hazard ratio 2.09,
P = 0.04) in their cohort.

As part of this study, we were able to produce a
catalog of UMOD mutations, including the median age
of ESKD onset and in vitro score, which is included in
Supplementary Table S1 and available in an updated
form online at http://j.mp/2q7Fi8f. We believe that this
information will be helpful to clinicians working with
families with ADTKD-UMOD.

A primary weakness of this article was the lack of
power to better detect statistical differences among
groups, a major obstacle in the study of rare diseases.
Another weakness was the retrospective nature of the
study and limited clinical data from the international
cohort. For instance, information on gout was missing
from many of the historically affected individuals, and

variability in the age of ESKD, with only a modest, this may have affected our ability to identify
Tahle 8. Multivariate model for the Wake Forest cohort

Parameter Observafions (m) Events Reference cafegory Haozard ratio C-statistic Palue

Gender 429 217 Male 0.6380 0.634 0.0054
Family mean age ESKD 0.9591 <0.0001

ESKD, end-stage kidney disease.
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significant findings. Formation of a registry of in-
dividuals with ADTKD who contribute genetic sam-
ples, as well as clinical information, will be helpful to
overcome this obstacle in the future. In addition, we
were not able to explain fully the interfamilial and
intrafamilial variation in the age of ESKD onset.

In summary, we studied genetic and clinical factors
associated with the age of ESKD onset. An in vitro score
of mUMOD transit was a predictor of the age of onset of
ESKD, as was the presence of gout, age of gout onset, and
parental age of ESKD. The rs4293393 UMOD minor allele,
associated with decreased uromodulin production, was
underrepresented in families with ADTKD-UMOD.
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There have been few clinical or scientific reports of
autosomal dominant tubulointerstitial kidney disease due
to REN mutations {ADTKD-REN), limiting characterization.
To further study this, we formed an international cohort
characterizing 111 individuals from 30 families with both
clinical and laboratory findings. Sixty-nine individuals had a
REN mutation in the signal peptide region (signal group),
27 in the prosegment (prosegment group), and 15 in the
mature renin peptide (mature group). Signal group
patients were most severely affected, presenting at a mean
age of 19.7 years, with the prosegment group presenting at
22.4 years, and the mature group at 37 years. Anemia was
present in childhood in 91% in the signal group, 69%
prosegment, and none of the mature group. REN signal
peptide mutations reduced hydrophobicity of the signal
peptide, which is necessary for recognition and
translocation across the endoplasmic reticulum, leading to
aberrant delivery of preprorenin into the cytoplasm. REN
mutations in the prosegment led to deposition of prorenin
and renin in the endeplasmic reticulum-Golgi intermediate
compartment and decreased prorenin secretion. Mutations
in mature renin led to deposition of the mutant prorenin in
the endoplasmic reticulum, similar to patients with ADTKD-
UMOD, with a rate of progression to end stage kidney
disease (63.6 years) that was significantly slower vs. the
signal (53.1 years) and prosegment groups (50.8 years)
{significant hazard ratio 0.367). Thus, dinical and laboratory
studies revealed subtypes of ADTKD-REN that are
pathophysiologically, diagnostically, and clinically distinct.
Kidney International (2020} 98, 1589-1604; https://dol.erg/10.1016/
jKint.2020.06.041

KEYWORDS: autosomal dominant tubuleinterstitial kidney disease; charac-
terization; mutation; prosegment; renin; signal peptide

Copyright © 2020, International Society of Mephrology. Published by
Elsevier Inc. All rights reserved.

(ADTKD) is characterized by autosomal dominant

inheritance, bland urinary sediment, and slowly pro-
gressive chronic kidney disease {CKD), leading to end-stage
kidney disease {ESKD) at between 30 and 80 years of age.'
Although ADTKD was described in <10 families before
1990, genetic testing has led to increased detection, with
over 300 families reported.”” ADTKD due to mutations in
the REN gene encoding renin {ADTKD-REN) is one of the
least common forms of ADTKD,” with only § families and
28 individuals reported before 2020.7"!

g utosomal dominant tubulointerstitial kidney disease

1590

Renin is a hormone primarily produced in the kidney that
is requisite for tubulogenesis'” and embryonic kidney for-
mation."” The renin—angiotensin system is a key modulator of
blood pressure’* and CKD progression.'® Renin biosynthesis
constitutes the first enzymatic steps in the renin—angiotensin
system. The human renin precursor is synthesized in the
juxtaglomerular cells of the macula densa as a 406-amino-
acid preprorenin, composed of a 23-amino-acid N-terminal
signal peptide, a 43-amino-acid prosegment, and a 340-
amino-acid mature renin peptide.'® During biosynthesis, the
signal peptide mediates insertion of the nascent preprorenin
into the translocation channel in the endoplasmic reticulum
(ER) and initiates cotranslational translocation of preprorenin
into the ER lumen, where glycosylation and proteolytic pro-
cessing of the nascent preprorenin occur, conditioning further
transit of prorenin and renin through the constitutive and
regulated secretory pathways.'”

In ADTKD-REN, heterozygous REN mutations lead to
decreased synthesis of prorenin and renin, resulting in mild
hyperkalemia, anemia, hyperuricemia, and a predisposition to
the development of acute kidney injury.” REN mutations have
been reported in the segment of the REN gene encoding the
signal peptide”® and the mature renin protein.”'® Mutations
in the prosegment—a segment of the gene after the signal
peptide that assists in protein folding—have not been re-
ported. The lack of case reports of ADTKD-REN has pre-
vented clinical correlation with mutation type and
identification of risk factors for progression to ESKD.

To better characterize this condition, we performed an
international retrospective cohort study and collected clinical
and genetic data on 111 individuals from 30 families with
heterozygous REN mutations. We performed laboratory in-
vestigations on 10 representative mutations (5 in the signal
peptide, 3 in the prosegment, and 2 in mature renin) and
characterized 2 missense REN variants of unknown signifi-
cance found in African Americans, p.P8A and p.R33W.

RESULTS

Of the 111 individuals from 30 families {Table 1, and
Supplementary Figures S1 and S2), 69 (629%) individuals had
a mutation in the signal peptide, 27 (24%) in the prosegment,
and 15 (14%) in the mature renin peptide. A mutation in
p.S45N was identified in 1 individual with ADTKD of un-
known cause. This mutation did not segregate with disease
and was determined to be nonpathogenic; it was included as a
control for laboratory investigations. While searching variant
databases, we noticed 2 additional rare missense variants
{AA_REN variants) found specifically in African Americans, a

Kidney International {2020) 98, 1589-1604
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Table 1| Distribution of heterozygous mutations causing
ADTKD-REN mutations by mutation group and family

Mutation Nucleotide Families  Individuals
group change Mutation {n) {n)
Signal €28T>C p.Trp10Arg 1 5
c35T=>C p.Leu12Pro 1 1
c38T=A p.Leu13Gln 1 1
c45_47del p.delLeu1s 6 28
cA7T=C p.leul6Pro 3 11
c47T>G p.Leul6Arg 2 9
cA9T=C p.Trp17Arg 4 9
c58T>C p.Cys20Arg 3 5
Signal total 21 69
Prosegment C77C>T p.Thr2é6lle 2 19
c116T=A p-Met39Lys 1 5
€142G>A p.Glu4slys 1 3
Prosegment 4 27
total
Mature €973T>C p.Cys325Arg 1 3
c1097T>A p.lle366Asn 1 2
c.1142T>C p.Leu381Pro 1 5
c1172C>G p.Thr391Arg 1 4
€.255G>C p.GIN85His 1 1
Mature total 5 15
Total 36 111

group with an increased prevalence of low-renin hypertension
and CKD.' These variants encode p.P8A in the signal peptide
and p.R33W in the prosegment of preprorenin. Their allelic
frequencies in African Americans are 0.007 and 0.001,
respectively.

Effect of mutation class on clinical characteristics

Presentation.  After excluding patients with missing data
{n = 14) and those identified by genetic screening (n = 16),
81 patients were available for analysis (Table 2, and
Supplementary Table S1, which shows clinical characteristics
according to each mutation). Patients in the signal group were
the most severely affected and presented at the youngest age.
The mean age of dinical presentation was 19.7 + 15.7 years
for the signal group, 22.4 £ 20.2 years for the prosegment
group, and 37.0 + 12.4 years for the mature group (P < 0.001
for comparison of the mature group vs. signal and proseg-
ment groups). Only patients in the signal group presented
with acute kidney injury (10%) or acidosis, anemia, and
kidney failure (139). Thirty-one percent of patients in the
signal group and 50% of patients in the prosegment group
presented with anemia. Patients in the mature group pre-
sented only with gout (75%) or CKD (25%). The mean age of
presentation was similar for men and women (19.3 & 13.7 vs.
19.9 £ 19.4 years, P = 0.6).

Kidney function. Kidney function was less severely affected
in the mature group vs. the signal and prosegment groups.
Figure la displays all estimated glomerular filtration {¢GFR)
values obtained for the entire cohort of patients. An eGFR of
10 ml/min per 1.73 m® was assigned at the age of ESKD.

Kidney International {2020) 98, 1589-1604

Patients in the signal and prosegment groups presented much
earlier in life. At earliest clinical presentation, the majority of
eGFR readings in these groups were <60 ml/min per 1.73 m?,
suggesting that decreased kidney function is present at birth
in most patients. Despite early decreased function, eGFR
values tended to remain relatively stable during childhood
and through adolescence. Figure 1b shows data for 13 chil-
dren in the signal group with multiple eGFR measurements.
In almost all cases, eGFR remained steady with minimal
decline, including 1 patient whose eGFR remained stable at
approximately 30 ml/min per 1.73 m” from ages 2 through 16
{p.C20R with red marking in Figure 1b). Ancther patient
{p.M39K) presented during infancy with an eGFR of 19 ml/
min per 1.73 m® and had a relatively stable eGFR through
childhood before proceeding to renal replacement therapy at
15 years of age, being the only individual reaching ESKD
before age 30. After adolescence, there was, in general, a slow
decline in eGFR in the signal and prosegment groups
(Figure la). The median age of ESKD was 57 years in the
signal group, 62 years in the prosegment group, and 68 years
in the mature group {Figure 2). Patients in the mature group
had no laboratory values until age 20, due to milder

Table 2| Characteristics according to mutation group

P
Signal Prosegment  Mature value
Individuals 69 {62) 27 {24) 15 (14)
Families 21 {(70) 4{13) 5(17)
Age at presentation” 23 (39) 11 {61) t] 0.003
<10 yr
Age at presentation” 19 (32 2{1M) ¢ 0.02
10 to <20 yr
Age at presentation” 17 {29) 5{28) 12 {100) <0.001
=20 yr
Age abt presentation, 197 =157 224+ 202 370+ 124"
Y
Reason for 0.014
presentation™”
Acute kidney injury  5/55 {10) ¢} ¢}
Anemia, acidosis, 7/55{13) o ]
kidney failure
Anemia 17/55 (31) 7/14 {50} ]
Chronic kidney 12/55 (22) 2114 {14) 3/12 {25)
disease
Gout 14/55 (25) 5/14 {36) 9112 {75)
Total, n 55 14 12
Anemia as child 39/43(91)  11/16 (69) o7 {0) <0.001
Gout developed 31/55(56)  13/20 {65) 914 {64) .74
during course
of disease
Age at first gout 207 £99 257 +£82 329+ 112 0.4
attack, yr
Age at ESKD 531106 508+ 17.6 63.6+ 7.6"
onset, yr

ESKD, end-stage kidney disease.

“Excduding individuals who presented for asymptomatic genetic screening. Six of 61
{10%) patients in the signal group, 7 of 21 (33%) in the prosegment group, and 3 of
15 (20%) in the mature group were identified by asymptomatic genetic screening.
PP < 0.001 vs. the other 2 groups.

Data are n (%) or mean % SD, unless otherwise noted.

1591

102



clinical investigation

M Zivnd et al.: International cohort study of ADTKD-REN

a 140
o @ signal peptide
a
,.-g 120 @ ° ® prosegment
°
i ° ° ® mature
I~
-
o
@
o
E
£
=
E
o
i
o
]

90
Age (yr)
b 1o ep.l13Q
%0 ®p.dell16
;g 80 @ p.dell16
o 70 p.delL16
‘:‘ 60 @ p.delLle
g s ®p.L16P
= ®p.L16P
£ w ®p.L16R
5, 30 ®p.WI7R
& o ®p.C20R
o ®p.C20R
10 p.T261
0 ® p.M39K
0 5 10 15 20
Age (yr)

Figure 1| Age versus estimated glomerular filtration (eGFR) rate in ADTKD-REN patients. (a} All eGFR measurements for each group are
included (green, signal group; red, prosegment group; black, mature group). A best-fit line is included for each group. Patients in the mature
group presented later in life and had normal kidney function at the earliest measurement. Patients in the signal and prosegment groups often
presented early in life, and eGFR was significantly decreased from the time of first measurement in most patients. (b) eGFR values in 13

children with longitudinal follow-up from the signal group. Each child

is represented by a different color with a best-fit line, and the REN

mutation is given in the legend. Despite having low eGFR values at the earliest measurement, kidney function remained stable until 20 years of

age in most patients.

manifestations (Figure la). Patients in the mature group
presenting at this age appeared to have normal kidney
function.

To evaluate risk factors for ESKD progression, univariate
Cox proportional hazards models were created, with the event
being age of ESKD. Patients in the mature group had a
significantly decreased risk of developing ESKD over time as
compared with the signal and prosegment groups combined,
with a hazard ratio of 0.37 (P = 0.023) (Table 3 and Figure 2).
In other univariate models, anemia in childhood (hazard ratio
2.82, P = 0.03) (Table 3 and Figurc 3) was significantly
associated with an earlier age of ESKD, whereas gender was
not associated with progression to ESKD. The best-fit Cox
proportional hazards model included only anemia in child-
hood (Table 3 and Figure 3).

Anemia. Figure 4a shows hemoglobin levels in patients
not on erythropoietin. The lowest hemoglobin value was 7.5
g/dl. The mean hemoglobin levels were 9.6 & 1.04 g/dl for
those <10 years, 10.1 &+ 1.1 g/dl for those 10 to <15 years,

1592

and 10.5 & 1.2 g/dl for those 15 to <20 years of age. Fe-
males were more likely to have anemia as children (97% vs.
46%, P = 0.005) and have lower hemoglobin levels (Table 4
and Figure 4a). Hemoglobin levels in women tended to
remain low over time, whereas, in men, hemoglobin levels
appeared to rise after age 20. For 14 children who never
received erythropoietin, the mean hemoglobin level was 9.8
+ 1.2 g/dl (range 7.4-13.8 g/dl) for children who received
erythropoietin, whereas for those not receiving erythro-
poietin the mean hemoglobin level was 10.1 £ 1.3 g/dl
(range 7.6-12.6 g/dl).

Hyperkalemia and acidemia. Hyperkalemia was present
but rarely reached life-threatening levels. Figure 4 shows
serum potassium values according to age (Figure 4b) and
eGFR (Figure 4c). Serum bicarbonate levels vs. age are
depicted in Figure 4d. Serum bicarbonate values were
frequently <24 mEq/l.

Gout, In individuals not taking allopurinol or febuxostat,
males had a higher mean serum urate level than women (9.4

Kidney Intemational (2020) 98, 1589-1604
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Figure 2| End-stage kidney disease (ESKD) survival in ADTKD-REN individuals according to REN mutation group. The analysis included
111 individuals. An event was defined as starting dialysis or receiving a transplant. Censoring occurred if the individual had not reached ESKD
by the end of the study period. Patients in the mature group had a later age of onset of ESKD compared with the signal and prosegment

groups (hazard ratio — 0.237, P — 0.023).

+ 2.7 vs. 7.7 £ 1.6 mg/dl, P = 0.02) and were more likely to
have gout (49.3% vs. 39.5%, P < 0.01).

Renin levels. Plasma renin levels were low, with the mean
random plasma renin activity (normal range 2.9 to 24 ng/ml
per hour) 0.5 & 0.8 ng/ml per hour in the signal group (n —
18), 0.5 & 0.6 ng/ml per hour in the prosegment group (n —
4), and 0.8 & 0.7 ng/ml per hour in the mature group (n —
5).

Fludrocortisone. Fludrocortisone was administered to 2
patients consistently and in 7 patients for a short period of
time. There were no adverse effects from fludrocortisone. In 1
patient, the drug was taken consistently from age 11 onward,
and in another patient from age 13 (Figure 5). The serum
potassium values were lower in 9 individuals while taking
versus not taking fludrocortisone (4.37 & 0.54 vs. 4.77 £ 0.55
mEg/l, P < 0.01). The serum bicarbonate values were also
higher (25.9 £ 2.3 vs. 23.7 + 3.5 mEq/l, P = 0.003).

in silico analysis. Tigure 6a displays the REN mutations
identified in ADTKD families. Except for the p.T26I and the
nonpathogenic p.545N, all amino acid residues at mutation
sites were absolutely conserved across species (Iigure 6b).
SignalP 4.1 prediction software’” indicated that all signal
peptide mutations except p.C20R decreased the cleavage site
prediction scores (C-score) (Figure 6¢), suggesting a decrease
in the efficacy of the signal peptidase—mediated release of the
signal peptide from preprorenin. Scores for the AA_REN
p.P8A variant were similar to those of wild-type (Figure 6¢).
The mutations in the prosegment, including the AA_REN
variant p.R33W, are categorized by the Mendelian Clinically
Applicable Pathogenicity classifier” as either likely benign
(p.T261, p.M39K, and p.S45N [nonpathogenic|) or possibly

Kidney International (2020) 98, 1589-1604

pathogenic (p.R33W). Mutations in mature renin (p.C325R
and p.I366N) are classified as possibly pathogenic (Figure 6d).

All mutations have significant effects on prorenin structure
(Figure 7) and may modulate renin activity by affecting the
folding, constitutive secretion, and proteolytic processing of
prorenin.”’

Functional studies of identified REN variants

Wild-type and mutant proteins were transiently expressed in
human embryonic kidney 293 cells (Figure 8). Western blot
and immunodetection of corresponding proteins showed that
the wild-type protein was present in the cell lysate in 3 major
forms (Figure 8a) corresponding to preprorenin (45 kDa),
prorenin (47 kDa), and renin (43 kDa), with preprorenin
being less abundant. Only prorenin was detected in the cul-
ture media (Figure 8b). Except for the p.L16del mutation that
allows partial translocation, processing, and secretion, pro-
teins with other mutations in the signal peptide were present

Table 3| Proportional hazards models including all
individuals, with event being age of ESKD

Hazard P
Model Risk Reference ratio value
Univariate Mutation Mutations affecting signal 0367 0.023
affecting mature peptide and prosegment
renin
Univariate Anemia in No anemia in childhood or  2.82  0.003
childhood unknown
Univariate Male Female 092 0.80

ESKD, end-stage kidney disease.
The univariate model showing anemia in childhood was also the best-fit multivariate
madel.
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Figure 3| End-stage kidney disease (ESKD) survival according to presence of anemia in childhood. The analysis included 111 ADTKD-
REN individuals. An event was defined as starting dialysis or receiving a transplant. Censoring occurred if the individual had not reached ESKD
by the end of the study period. A diagnosis of anemia in childhood was associated with a worse prognosis (hazard ratio — 2.82, P = 0.03).

in cell lysates, mostly in the form of preprorenin, with no
prorenin or renin detected in the culture media. Proteins with
mutations p.T261 and p.M39K in the prosegment were
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present in cell lysates in all 3 forms similar to the wild-type
protein, whereas the nonpathogenic p.S45N was present
mostly in the form of prorenin. Prosegment mutations
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Figure 4| Hemoglobin, hyperkalemia, and acidemia in ADTKD-REN patients. (a) Hemoglobin values according to age. For females,
hemoglobin values were low throughout the period of measurement. For males, hemoglobin values began to rise at 20 years of age. (b) Serum
potassium values according to age. Values remained consistent over time. (¢} Serum potassium according to estimated glomerular filtration
rate (eGFR). (d) Serum bicarbonate values according to age. Many of the serum bicarbonate values were <24 mEg/l.
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Table 4| Characteristics of presentation according to gender for patients with signal peptide or prosegment mutations

Female Male P value
Individuals, n 44 52 041
Age at presentation” <10 yr 18/35 (48.6) 17/43 (39.5) 0.42
Age at presentation” 10 to <20 yr 9/35 (25.7) 12/43 (27.9) 0.85
Age at presentation” >20 yr 9/35 (25.7) 13/43 (30.2) 0.66
Age at presentation, yr 199 + 194 193 + 137 0.6
Anemia as child 31/32 (96.7) 19/27 (45.8) 0.005
Gout 15/38 (39.5) 29/37 (49.3) 0.0006
Age at first gout attack, yr 303+ 96 278 +97 0.45
Age at ESKD onset, yr 50.1 + 114 558 + 105 025
Serum potassium, mEegq/| 5.1 £ 05 51+ 06 0.75
Serum bicarbonate, meg/l 213 + 04 222+ 25 038
Serum urate without urate-lowering therapy, mg/dl 77 £ 16 94 + 27 0.02

ESKD, end-stage kidney disease.
“Excluding individuals who presented for asymptomatic genetic screening.
Data are n (%) or mean - SO, unless otherwise noted.

affected secretion of p.M39K prorenin into culture media, but
secretion of p.T261 and p.S45N was unaffected. Proteins with
mutations in the mature renin were present in cell lysate
predominantly as prorenin and were not secreted into culture
media. Proteins with AA_REN variants in the signal peptide
(p.P8A) or prosegment (p.R33W) showed similar profiles to
wild-type protein in cell lysates. The mutation p.R33W
affected secretion of prorenin into culture media (Figure 8a
and b). Quantitative immunoradiometric assay (Figure 8c and
d) showed that mutations in the signal peptide either signif-
icantly reduced (p.Llédel) or entirely prevented renin and
prorenin synthesis in cells and their secretion into culture
media. Mutations in the prosegment had either no effect or a
marginal effect (p.M39K) on renin and prorenin synthesis but
affected secretion of p.T261 and p.M39K into culture media.
Secretion of nonpathogenic p.S45N was unaffected. Muta-
tions in the mature renin led to the synthesis of prorenin and
renin that were either inactive or undetectable by the anti-
body used in the assay. The AA_REN variant p.P8A had no
effect on renin and prorenin synthesis in cells and secretion of
prorenin and renin into the culture media. For the AA__REN

variant p.R33W, there was reduced secretion of prorenin into
the culture media (Figure 8c and d). Proteolytic activity assay
showed that mutations in the signal peptide cither reduced
(p.Ll6del) or entirely abolished renin activity in culture
media. Mutations in the prosegment led either to a produc-
tion of proteolytically “hyperactive” prorenin (p.M39K) or
reduced the activity of renin in the culture media (p.T26I,
p.545N). Mutations in the mature renin abolished production
of active renin. The AA_REN variant p.P8A had no effect on
the proteolytic activity of secreted renin and prorenin. The
AA_REN variant p.R33W reduced renin activity via low
prorenin secretion (Figure 8e and f). Mutated proteins had
altered intracellular localization (Figure 9, and Supplementary
Figures S3 and 4A). Wild-type protein was present in coarsely
granular structures that were localized in the cytoplasm and
in the lysosome-associated membrane protein-2 (LAMP-2)—
positive lysosomal-like structures. Proteins with signal pep-
tide mutations demonstrated mostly diffuse cytoplasmic
staining. Proteins with prosegment mutations were localized
mainly to the ER intermediate compartment. Proteins with
mutations in the mature renin formed intracellular clumps
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Figure 5| ADTKD-REN treatment with fludrocortisone. Thirteen young patients in the signal (n = 11) and prosegment (n = 2) groups with
mutations are listed in the column at right. The patient denoted with burgundy-colored marking (p.C20R) began fludrocortisone at 11 years of
age, with an increase in estimated glomerular filtration rate (eGFR) that was sustained. The patient denoted with red-colored marking (p.C20R)

started fludrocortisone at age 13.
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Figure 6| In silico analysis of REN variants. (a) Preprorenin, a precursor of prorenin and renin, consists of (i) the signal peptide (SP) essential
for targeting and insertion of the synthesized protein into the endoplasmic reticulum (ER) membrane; (i) the prosegment that determines the
biosynthesis, cellular trafficking, and enzymatic activity; and (iii) the mature enzymatically active renin that is formed upon the proteolytic
cleavage of prorenin. Novel pathogenic mutations identified and characterized in this study are shown in red. Previously reported
dominant mutations associated with ADTKD are shown in green. The p.545N is considered nonpathogenic and is shown in blue. Variants of
unknown significance identified in African American variants are shown in yellow. Epitope 288—317 denotes the protein segment
recognized by the anti-preprorenin antibody used in this study. The n-, h-, and c-regions, respectively, denote stretches of positively charged
amino acids (n-region), hydrophobic amino acids (h-region) essential for targeting and insertion of the signal peptide into ER membrane, and
polar amino acids (c-region), forming a recognition site for the signal peptidase that releases translocated preproprotein from its ER
membrane—anchored signal peptide. (b) Amino acids conservation across mutated segments of REN in higher mammals. Asterisks (*) indicate
amino acid residues that are absolutely conserved, a colon () indicates residues with strong conservation, and a dot () indicates residues
with weak conservation between species. (¢) Computational prediction by the SignalP 4.1 server of the impact of missense REN mutations
located in the signal peptide on the conformation of the signal peptide cleavage site location {C-score) and on the sequence characteristics
of the signal peptide (Y-score). SP denotes presence (yes/no) of the signal peptidase cleavage site within the given sequence. The first

60 N-terminal amino acids of REN were used for this calculation. (d) Computational prediction by Mendelian Clinically Applicable Pathogenicity
score of the pathogenicity of missense REN mutations located in the propeptide and mature renin.

1596 Kidney International {2020) 98, 1589-1604

107



M Zivnd et al.; International cohort study of ADTKD-REN

clinical investigation

[

Figure 7 | Structural topology and impact of prosegment and REN mutations. The crystal structure of prorenin (PDB ID 3VCM) was used
for modeling. The prorenin segment (amino acid residues 24—66) and the renin core (amino acid residues 67—406) are colored in magenta and
green, respectively. The location of mutated residues is shown in the full structural model using red spheres. The effects of each mutation are
illustrated in detail in individual images. Mutated residues and their interactions are highlighted as sticks and dashed lines. The mutation
p.R33W loses polar contacts with p.Q241 and p.D248. Possible compensatory interactions between the proximal 2 [} sheets are highlighted as
3 dashed lines. These changes decrease affinity between prorenin and renin. The mutation p.M39K causes steric clashes and charge repulsion
with K100, resulting in decreased affinity between prorenin and renin. The nonpathogenic mutation p.545N changes the interaction network,
with p.S45 interacting with p.541, and with p.N45 interacting with p.L137 and p.D139. These changes increase affinity due to a changed
interaction network. The mutation p.C325R disrupts a disulfide bridge (highlighted as sticks), and incorporation of the arginine residue causes
steric clashes (shown as red areas). The mutation p.I366N results in the loss of hydrophobic contacts (shown by red spheres) in the renin core.

localized in the ER (Figure 9, and Supplementary Figures 54
and 55). There was little renin staining in the Golgi appa-
ratus for wild-type and REN mutations (Supplementary
Figure S6). Wild-type protein and proteins with prosegment
mutations were localized in lysosomes, whereas proteins with
signal peptide mutations (except for p.L16del) and proteins
with mutations in the mature renin were not (Supplementary
Figure 57). All functional data are summarized in Table 5.

DISCUSSION

In this work we describe distinct clinical and pathophysio-
logic differences (Figure 10) in signal, prosegment, and
mature peptide mutations of the REN gene in a cohort of 111
patients from 30 families with ADTKD-REN.

Patients with mutations in the signal peptide region were
the most severely affected. One third of the patients presented
before 10 years of age, with 10% having acute kidney injury
and 13% presenting with anemia, acidosis, and kidney failure.
The mean age of presentation was lower than in the other 2
groups (19.7 + 15.7 vs. 22.4 £ 20.2 years and 37.0 + 12.4
years, respectively). We demonstrated that transiently
expressed proteins with mutations in the signal peptide lead

Kidney International (2020) 98, 1589-1604

to proteosynthesis of preprorenin that, according to immu-
nofluorescence studies, is probably located in the cytoplasm
or faces the cytoplasmic side of the ER or the ER intermediate
compartment membranes. This phenomenon has been
described previously in a case of signal peptide mutations of
preproinsulin leading to B-cell failure and autosomal domi-
nant diabetes,”"”” and in a mutation in the preproparathyroid
hormone (PTH) gene, resulting in familial isolated hypo-
parathyroidism.”® The effects of aberrant renin production
not only resulted in manifestations of clinical renin deficiency
but likely also affected normal renal embryogenesis, resulting
in decreased kidney function at birth. The presence of
significantly decreased renin activity in the setting of a het-
erozygous mutation was likely due to the mutated protein
blocking the translocon and affecting synthesis of functional
renin from the wild-type allele, a phenomenon that has been
observed in ADTKD caused by mutations of translocon
subunit alpha 1 (SEC61A1)" or in preproinsulin signal pep-
tide mutations, resulting in permanent neonatal diabetes
despite the presence of a wild-type insulin allele.””

Sixty-one percent of individuals in the prosegment group
presented at <10 years of age (61%), often presenting with
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Figure 8| Transient expression and functional characterization of REN variants in human embryonic kidney 293 cells. The wild-type
(WT) renin; signal peptide, prosegment, and mature renin mutations; African American (AA_REN) variants; and empty vector were analyzed.
(a,b) Western blot analysis of (a) cell lysates and (b) culture media. Molecular weights of immunoreactive proteins present in the WT
lysates correspond with expected molecular weights of prorenin (47 kDa), preprorenin (45 kDa), and renin (43 kDa). (¢,d) Immunoradiometric
assay (IRMA) of prorenin and renin amounts in (c) cell lysates and (d) culture media employing a radiolabeled antibody that specifically
recognizes the active site of renin. The concentration of prorenin was calculated as the difference between the renin concentration measured
before and after trypsin treatment, which activates renin by proteclytic cleavage of the prosegment from prorenin. Amounts of mutated renin
(gray bars) and prorenin (black bars) were normalized to the amount of WT renin. The values represent mean + SD. Measurements were
performed in 3 independent clones for each of the constructs. The individual measurements were carried out in triplicate. The statistical
significance of the differences between the WT and renin variant protein amounts was assessed by t test. *P < 0.05; **P > 0.01; ***P > 0.001;
n.d, not done. (e,f) Enzymatic activity of (&) mature renin secreted into culture media and {f) prorenin secreted into culture media. Values were
normalized to the WT (100%) and represent the mean =+ SD of relative fluorescent units (RFU) generated by renin-mediated cleavage of the
5-FAM- and QXL520-conjugated renin substrate. Measurements were performed in 3 independent clones for each of the constructs. The
individual measurements were carried out in triplicate. The statistical significance of the differences between activity of the WT renin and renin
variants was assessed by t test. *P < 0.05; **P > 0.01; ***P > 0.001; n.d., not done.

gout (36%) and anemia (50%). The prosegment (propeptide)
is a structural element that determines the biosynthesis,
cellular trafficking, and function of most proteases,™
including prorenin.”' * Mutations in the prosegment lead-
ing to dominant phenotypes have been reported in several
other preproteins, including proinsulin (leading to diabetes)”

1598

and factor IX deficiency (hemophilia).”” The prosegment
mutations in prorenin described herein are classified as likely
benign by various pathogenicity prediction programs. How-
ever, based on structural studies, they are predicted to change
interactions of the prosegment region with renin that are
critical for the maintenance of the protease in its inactive

Kidney International (2020) 98, 1589-1604
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Figure 9| Transient expression and intracellular localization of transiently expressed mutated preprorenin, prorenin, and renin in
human embryonic kidney 293 cells. (a) Preprorenin, prorenin, and renin were detected using an antibody recognizing the epitope 288-317
of preprorenin and colocalized with a marker of endoplasmic reticulum—Golgi intermediate compartment (ERGIC53); wild-type (WT) protein
was present in coarsely granular structures that were localized exclusively in the cytoplasm. Proteins with signal peptide mutations
(represented here by the p.L13Q mutation) demonstrate intense diffuse cytoplasmic staining (see Supplementary Figure 53 for detailed renin
staining). Proteins with prosegment mutations (represented here by the p.T26] mutation) demonstrated a less distinct and diffuse (continued)
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state.”* Accordingly, found that mutations in the prosegment
do not significantly affect the amounts of synthesized pro-
renin and renin, but instead they alter secretion and enzyme
activity—regulating properties of the prosegment, as demon-
strated by altered proportions of synthesized, enzymatically
active renin and prorenin (Table 5). This altered proportion
may also reflect the effect of prosegment mutations on traf-
ficking through the intracellular vesicular network, within
which processing of prorenin to renin occurs. Such an effect is
suggested by specific accumulation of proteins with proseg-
ment mutations (vs. other REN mutations) in the ER—Golgi
intermediate compartment, where the quality control system
of the early secretory pathway and the concentration process
of nascent secretory proteins into secretory granules take
place.”” The age of presentation and severity of prosegment
mutations may vary significantly due to the type of mutation
and its specific effects on biosynthesis, cellular trafficking, and
proteolytic processing of prorenin and renin activity regula-
tion. In addition to causing cellular toxicity, these dominant
negative effects may be due to abnormal interactions between
the mutant and wild-type proteins that are being processed in
parallel, as seen in early-onset insulin-deficient diabetes.”
The nonpathogenic p.S45N variant showed normal in vitre
scores and normal (actually increased) enzyme activity.
However, accumulation in the ER intermediate compartment
suggests that the p.S45N mutation affects protein trafficking
and could potentially lead to late-onset CKD.

Mutations in the genetic region encoding the mature renin
peptide had a much milder course compared with patients
with mutations in the region encoding the signal peptide or
preprorenin, as first noted by Schaeffer ef al. in their case
report of a family with the p.L381P REN mutation."" In
contrast to patients in the signal and prosegment groups, who
often present in childhood, patients in the mature group first
present in their 20s with gout or present later in life with
unexplained CKD. These patients appear to have normal
kidney function early in life. It is unclear whether individuals
in the mature group had anemia in childhood, but, if so, it
was asymptomatic in the patients in our cohort. Although
patients in this group presented later and had a higher mean
age of ESKD, they appeared to have a faster rate of eGFR
decline in adulthood (Figure 1b) than the other 2 groups.
This finding may have been related to the small sample size,
fewer measurements of eGFR earlier in life, and/or case
ascertainment bias. Two mutations in mature renin were
studied in vitro. These mutations destabilize renin structure
and produce an enzymatically inactive prorenin that is trap-
ped within the ER, similar to the mature REN mutation

-

p1381P™ The localization of the mutated mature renin
protein and pathophysiologic changes are very similar to
changes found in ADTKD due to UMOD mutatiens, and the
2 conditions are quite similar clinically. Better clinical ocut-
comes in the mature group may be due to decreased cellular
toxicity of the mature renin mutations and decreased effects
on cellular processing of the wild-type renin produced by the
normal allele, similar to mutations in the mature insulin
peptide found in diabetes mellitus, with onset of symptoms in

adulthood.**™>*

REN mutations identified in African Americans
We also evaluated 2 missense REN variants of unknown sig-
nificance, p.P8A and p.R33W, both located in the signal
peptide and prosegment of preprorenin and are present in
relatively high frequencies in African Americans. Individuals
of African descent show a higher prevalence of low-renin
hypertension and ESKD,"® and we sought to evaluate their
functional impact. Our analyses demonstrate that, although
the p.P8A variant had no effect, the p.R33W variant showed
altered properties very similar to those of other ADTKD-REN
prosegment mutations. With population frequencies of 0.001,
the p.R33W may thus represent a genetic factor contributing
to heritability of low circulating plasma renin and CKD in a
small group of African Americans. We were unable to recruit
and study any individuals with the p.R33W mutation, who
could have mild hyperkalemia, gout, and CKD with aging.
Although this is the largest study of patients with ADTKD-
REN, the small number of participants still limited our ability
to assess the effects of fludrocortisone. Moreover, data were
limited in teenage males and patients in the mature group. As
the study was retrospective and these individuals were
asymptomatic, there was no need for clinicians to perform
laboratory studies earlier in life. We are interested in adding
more families to our registry to improve clinical character-
ization, and we would appreciate information on other
families with this disorder {contact ableyer@wakehealth.edu).
In summary, families with ADTKD-REN can be divided
into 3 groups. Patients with mutations in the region encoding
the mature peptide present with gout in early adulthood or
CKD later in life. Their course is milder than in patients with
mutations in the regions encoding the signal peptide and
prosegment. In these latter 2 groups, kidney function appears
to be decreased starting from birth in many patients but re-
mains stable through early adulthood. Anemia, hyperkalemia,
and acidosis are frequently present, with acidosis being
inadequately treated in a number of patients. Fludrocortisone
raises eGFR, lowers serum potassium, and improves serum

<&

Figure 9 (continued) pattern localized mainly to ERGIC. Mutations in mature renin portion (represented here by the p.C325R mutation)
demonstrated a less distinct and more diffuse pattern. See Supplementary Figures 54A and S5 for renin and ERGIC staining of other mutations.
(b} Co-staining of renin with protein disulfide isomerase (PDI), a marker of ER demonstrating localization of mature renin mutations
(represented here by the p.C325R mutation) in the ER. See Supplementary Figure S4B for renin and ER staining of other mature renin
mutations. The degree of renin colocalization with selected markers is demonstrated by the fluorescent signal-overlap coefficient values
ranging from 0 to 1. The resulting overlap coefficient values are presented as the pseudo color (scale shown in corresponding lookup table). To
optimize viewing of this image, please see the online version of this article at www kidney-international.org/.
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Figure 10| Pathophysiology of ADTKD-REN. (a) Wild-type preprorenin is cotranslationally translocated into the endoplasmic reticulum (ER).
The signal sequence is cleaved during translocation, and nascent prorenin is glycosylated. Prorenin then transits through the ER—Golgi
intermediate compartment (ERGIC), which monitors proper protein folding and detects aberrant protein forms. In the Golgi apparatus,
prorenin is both sorted to clear vesicles and constitutively secreted to protogranules, where it is proteolytically processed to renin, which is
later subjected to regulated secretion. (b) Mutations in the signal peptide prevent translocation across the ER membrane and the preprorenin
is aberrantly located in the cytoplasm. This results in clinical renin deficiency and ER stress in renin-producing cells. Mutations in the mature
renin lead to retention of mutated protein in ER. This initiates ER stress similar to that seen in UMOD mutations and uromodulin retention in
ADTKD-UMOD. Mutations in the prosegment introduce structural changes affecting protein biosynthesis, folding, and travel along the
secretory pathway, causing clinical renin deficiency and potentially also cellular toxicity, leading to chronic kidney disease.

bicarbonate; however, only a few patients received treatment
with this medication, limiting our ability to understand the
advantages and disadvantages of treatment.

METHODS

This investigation was approved by the institutional review boards of
the participating centers and was carried out in accordance with the
Declaration of Helsinki.

Identification of cases

Between January 1, 2019 and February 29, 2020, the literature
was reviewed for families reported with heterozygous REN
mutations, and the authors were contacted for additional

1602

information regarding affected patients. Academic centers with
an interest in ADTKD were contacted and asked to provide
clinical and genetic data from families with ADTKD-REN that
had not been reported (Supplementary Figure S1}. Investigators
were asked to provide the following information for each in-
dividual from birth through February 29, 2020: mutation; age
and reason for presentation; all hemoglobin values and use of
erythropoietin; all serum electrolyte, uric acid, blood urea ni-
trogen, and creatinine values; age of onset of ESKD; and use of
fludrocortisone, allopurinol, or alkali supplementation. These
mutations were not present in the Genome Aggregation Data-
base®® and segregated with disease in affected families, with the
exception of p.S45N, which was found not to segregate with
disease in the 1 family found to have this mutation.

Kidney Intemational (2020) 98, 1589-1604

113



M Zivnd et al.: International cohort study of ADTKD-REN

clinical investigation

Genetic evaluation

REN mutations were identified using either Sanger sequencing of
individual REN exons, panel
sequencing, essentially as described elsewhere.™”

sequencing, or whele-exome

Calculation of eGFR

The eGFR was determined using the Pottel equation.”” This equation
takes into account age, gender, and serum creatinine values. It was
specifically chosen because it has been shown to be accurate in all age
groups and allows for a continued comparison of data from child-
hood into adulthood,” a critical period of analysis in this cohort.

Statistical analysis

Statistical analysis was carried out using SAS statistical software (SAS,
Inc, Cary, NC), using standard analytical tests such as the £ test, chi-
square test, multivariate regression, and Cox propertional hazards
regression. For comparison of laboratory values (including serum
potassium, uric acid, hemoglobin, and bicarbonate), the mean values
for each patient were determined and compared with the mean
values of other patients. This analysis was chosen to maximize the
use of data while alse controlling for an increased number of mea-
surements for some individuals.

In silico analysis

Properties of the signal sequences were assessed as described else-
where,>® Mutations were mapped into the prorenin structure (PDB
ID 3VCM). Structural models were visualized using PyMOL viewer
(DeLano Scientific, Palo Alto, CA).

Transient expression of preprorenin in human embryonic
kidney 293 cells

Wild-type REN cloned inte pCR3.1 a eukaryotic expression vector
was used and the corresponding mutated constructs were prepared
by site-directed mutagenesis, as in our previous study.® Transfection
and qualitative and quantitative assays and immunofluorescence
analysis of renin were performed as described elsewhere™® and in the
Supplementary Methods.
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preprorenin, prorenin, and renin in HEK293 cells.
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Figure 86. Localization of transiently expressed mutated preprorenin,
prorenin, and renin in Golgi apparatus of HEK293 cells.

Figure 87. Localization of transiently expressed mutated preprorenin,
prorenin, and renin in lysosomes of HEK293 cells.

Table 51. Clinical characteristics of each ADTKD-REN mutation by
preprorenin domain.

Supplementary Methods. Transient expression of preprorenin in
HEK293 cells, Western blot analysis, quantitative analysis of renin and
prorenin by immunoradiometric assay (IRMA), measurement of the
enzymatic activity of renin secreted into the culture media, confocal
microscopy, and image acquisition and analysis.
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Autosomal dominant tubulointerstitial kidney disease
(ADTKD) is an increasingly recognized cause of end-stage
kidney disease, primarily due to mutations in UMOD and
MUCT. The lack of clinical recegnition and the small size of
cchorts have slowed the understanding of disease
ontology and development of diagnostic algorithms. We
analyzed two registries from Europe and the United States
to define genetic and clinical characteristics of ADTKD-
UMOD and ADTKD-MUCT and develop a practical score to
guide genetic testing. Our study encompassed 726 patients
from 585 families with a presumptive diagnosis of ADTKD
along with clinical, biochemical, genetic and radiologic
data. Collectively, 106 different UMOD mutations were
detected in 216/562 (38.4%) of families with ADTKD (303
patients), and 4 different MUCT mutations in 72/205
(35.1%) of the families that are UMOD-negative (83
patients). The median kidney survival was significantly
shorter in patients with ADTKD-MUCT compared to ADTKD-
UMOD (46 vs. 54 years, respectively), whereas the median
gout-free survival was dramatically reduced in patients

with ADTKD-UMOD compared to ADTKD-MUCT (30 vs. 67
years, respectively). In contrast to patients with ADTKD-
UMOD, patients with ADTKD-MUCT had normal urinary
excretion of uromodulin and distribution of uromodulin in
tubular cells. A diagnestic algorithm based on a simple score
coupled with urinary uromodulin measurements separated
patients with ADTKD-UMOD from those with ADTKD-MUC1
with a sensitivity of 94.1%, a specificity of 74.3% and a
positive predictive value of 84.2% for a UMCD mutation. Thus,
ADTKD-UMOD is more frequently diagnosed than ADTKD-
MUC1, ADTKD subtypes present with distinct clinical features,
and a simple score coupled with urine uromodulin
measurements may help prioritizing genetic testing.
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(ADTKD) is characterized by tubular damage and

interstitial fibrosis of the kidney in the absence of
glomerular lesions. Affected individuals present with progres-
sive chronic kidney disease (CKD), normal-to-mild protein-
uria, and normal-sized kidneys, often with a positive family
history."” The disease invariably progresses to end-stage kidney
disease (ESKD). Dominant mutations in UMOD were first
associated with ADTKD.>* UMOD encodes uromodulin, a
kidney-specific protein that is abundant in normal urine and
plays multiple roles in the kidney.* Mutations in MUCI were
subsequently identified as a cause for ADTKD.” MUCI encodes
the glycoprotein mucin-1, which is important in epithelial bar-
rier function and intracellular signaling”® Rare forms of
ADTKD have also been associated with mutations in HNF1B,
which encodes the transcription factor hepatocyte nudear fac-
tor 15™'%; REN, which encodes preprorenin, the precursor of
renin''; and SEC61A1, which encodes the o1 subunit of the
SEC61 complex that forms the core of the endoplasmic retic-
ulum (ER) translocon.’”

Due to the nonspecific nature of the clinical, biological,
and pathological findings, ADTKD is underdiagnosed. In a
recent study of whole exome sequencing in ~ 3000 patients
with CKD, UMOD mutations were detected in 3% of patients
with a monogenic cause of CKD, making it the sixth most
common genetic diagnosis in CKD."” A single tertiary center
survey in England estimated that up to 2% of patients with
ESKD had ADTKD-UMOD, that is, the most common
monogenic kidney disease after autosomal dominant poly-
cystic kidney disease."* The prevalence of ADTKD-MUCI
remains unclear, as mutations in MUCI are not detected by
next-generation sequencing and require specialized genetic
testing.”” However, previous studies have identified
ADTKD-MUC! and ADTKD-UMOD as the most common
subtypes of ADTKD.»"® The pathophysiology of ADTKD-
UMOD involves retention of mutant UMOD in the ER with
ensuing ER stress (“gain of toxic function”) and a cascade
leading to inflammatory cell infiltrate, tubular dysfunction,
and interstitial fibrosis."*'¥ ADTKD-MUCI is caused by
mutations in the variable number of tandem repeat (VNTR)
region of MUCI, leading to the formation of a frameshift,
truncated protein (MUCIfs) that accumulates in intracellular
vesicles and causes tubulointerstitial damage.™

To date, the largest clinical analysis of ADTKD-UMOD
was performed in a cohort of French and Belgian patients
with ADTKD-UMOD (n = 70 from 38 families), showing a
median renal survival of 54 years and a 66% prevalence of
gout.” The phenotype of ADTKD-MUCI was reported in a
cohort of 95 patients from 24 families, with an age of onset of
ESKD ranging from 16 to 80 years and a 24% prevalence of
gout.” A Spanish cohort of 90 patients with ADTKD-MUCI
(16 families) showed a trend toward earlier age at ESKD and a
lower prevalence of gout compared with that of patients with
ADTKD-UMOD {n = 41 from 9 families). The small size of
these cohorts prevented the detection of significant differ-
ences between ADTKD subtypes.'

n utosomal dominant tubulointerstitial kidney disease
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Because of the nonspecific presentation and relative rarity,
a clinical characterization of ADTKD subtypes and practical
tools to guide genetic testing for suspected ADTKD are
missing. Here, we compared the phenotype of the ADTKD-
UMOD and ADTKD-MUCI subgroups in 2 large cohorts
from Europe (Belgo-Swiss ADTKD registry) and the United
States (US ADTKD registry), representing the largest multi-
center ADTKD cohort (726 patients from 585 families) to
date. We observed distinct features among these ADTKD
subtypes and established a simple score to orient diagnosis
and prioritize genetic testing in ADTKD.

RESULTS

Clinical and genetic characteristics of patients with ADTKD
The International ADTKD Cohort included 726 patients from
585 families: 451 patients from 429 families from the US
ADTKD registry and 275 patients from 156 families from the
Belgo-Swiss ADTKD registry {Figure 1).” In the international
cohort, 84% of patients presented with CKD and 43% had
reached ESKD. Gout had an overall prevalence of 66% and a
family history of either CKD and/or gout was reported in
92% of all cases (Table 1). The main differences between the
Belgo-Swiss and US registries included age at presentation,
which was older, and prevalence of ESKD, which was higher
in the US registry, possibly due to a higher rate of patient self-
referral when the disease became symptomatic.

Most patients (703 of 726), from 562 of 585 families,
underwent mutational screening in the UMOD gene as a first
diagnostic test. UMOD mutations were detected in 216 of 562
tested families {38.4%), corresponding to 303 of 703 tested
patients (43.1%) (Figure 1). The UMOD mutation detection
rate was 40.0% in the US registry and 34.6% in the Belgo-
Swiss registry (Table 1). Next, mutations in MUCI were
screened in 218 patients who were UMOD-negative, from 205
families that were UMOD-negative, mostly from the US
registry. Of these, 83 patients from 72 families screened
positive for MUCI mutations, yielding a proportion of 35.1%
(72 of 205) of families with ADTKD-MUCI among families
with UMOD-negative ADTKD. Of note, a subset of 23 pa-
tients from 23 families with ADTKD (most of them previ-
ously linked to chromosome 1g22) were first screened for
MUCI, with a mutation in MUCI detected in 21 patients in
this group (Figure 1). At the end of the screening process, 135
patients from 133 families were negative for mutations in
both UMOD and MUCI {Figure 1). Based on these genetic
results, the prevalence for ADTKD-UMOD is 37.1%
[(216 positive) / (585 — 2) tested families | and for ADTKD-
MUCI is 21.0% [(93 positive) / (585 — 141) tested families |
among ADTKD families in this real-life cohort.

Spectrum of UMOD and MUCT mutations

A total of 106 different UMOD mutations were detected in the
216 families with ADTKD-UMOD (Figure 2a; Supplementary
Table S1). Variant calling was based on in sifico prediction
tools, previous reports, and/or family segregation analysis for
undescribed variants. Missense mutations were by far the most
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Inclusion criteria for ADTKD:

- In absence of a positive family history of CKD:

Exclusion criteria:
- Different genetic diagnosis (non-ADTKD}
Enlarged cystic kidneys
Proteinuria (> 1 g/24 h} and/or consistent hematuria

- Family history compatible with autosomal dominant inheritance of CKD fulfilling the clinical characteristics of ADTKD

+ Demonstration of tubuleinterstitial damage on kidney biopsy or
+ History of early-onset hyperuricemia and/or gout

Longstanding/uncontrolled diabetes mellitus/arterial hypertension

N =429 families (n = 451 patients) fram US registry

| | N = 156 families {n = 275 patients) from Belgo-Swiss registry

¥

| International ADTKD Cohort (N = 585; n = 726) |

2

First screening: UMOD mutations

v

First screening: MUCI mutations
N=23;n=23

N=562;n=703

©

/'

ADTKD-UMOD
N =216/562 (38.4%)
n =303/703 (43.1%)

UMOD-negative
N = 346/562 (51.6%)
n = 400/703 (56.9%)

UMOD-negative T
N=141;n=182 [~ W
Second screening: MUCT mutations}
N=205;n=218

MUCI-negative
N=2,n=2

®

ADTKD-MUCI in UMOD-negative
N = 72/205 (35.1%)
n=83/218 (38.1%)

ADTKD-MUCI total: N=93; n = 104 <

RO

©

UMOD- and MUCI-negative
N=133;n=135

Figure 1| Design and flowchart of mutation detection in the International ADTKD Cohort. Clinical characteristics of autosomal
dominant tubulointerstitial kidney disease (ADTKD) are based on the Kidney Disease: Improving Global Outcomes consensus report’; see the
Methods for more details. CKD, chronic kidney disease; n, number of patients; N, number of families.

common type of UMOD mutations (101 of 106, 95.3%). Four
different deletions (H177-R185del, E188-1.221del, K246-
S252del, Y272del) and 1 indel (V93-GY97deldins) mutations
were found. Of 106 mutations, 95 (89.6%) were clustered in
exon 3 of the UMOD gene. Of the 101 missense mutations, 57
(56.4%) involved cysteine bonds, either by substituting a
cysteine residue by another amino acid or by inserting a new
cysteine (Figure 2b). Among the 17 mutations not described
before (Supplementary Table S1), 6 involve a previously re-
ported amino acid (N85S, C92G, CI20R, C135W, V273L,
C300S); 2 (Y272del, G201D) were validated in segregation
analyses; and 1 (L284P) was clearly associated with ER reten-
tion in functional studies, similar to paradigm mutation C150S
(Supplementary Figure S1), along with family history (3 gen-
erations with CKD and gout, bland urine sediment) and the
absence of this substitution in the Genome Aggregation Data-
base. Using in silico prediction tools, the remaining 8 mutations
were predicted to be disease-causing (Supplementary Table 52).

Kidney International (2020) 98, 717-731

We detected 2 families with genetically proven de novo
UMOD mutations ¢.855C>A (p.A285E) and c.707C>T
(p.P236L) and 1 family with clinically suspected neo-
mutation ¢.707C>T (p.P236L). We did not detect UMOD
mutations in the homozygous state.

Four different types of MUC! mutations (27dupC, 28dupA,
26_27insG, 23delinsAT) in the VNTR domain of MUCI were
detected in this cohort (nomenclature based on the mutation
position inside the canonical 60 nucleotide-long wild-type
VNTR repeat as identified by MUCI VNTR sequencing’).
Their localization inside the MUCI VNTR as well as their effect
on the MUCI structure are shown in Figure 2c. All these
mutations are predicted to lead to the same frameshift and
premature stop codon.” Among the 93 families with ADTKD-
MUCI, 87 presented with a cytosine duplication (27dupC,
93.5%), 3 with an adenine duplication (28dupA, 3.2%), 2 with
a guanine insertion (26_27insG, 2.2%), and 1 with a small
indel (23delinsAT, 1.1%) (Figure 2d).
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Table 1| Clinical and genetic characteristics of patients with ADTKD

Intemational ADTKD

Belgo-Swiss ADTKD Us ADTKD

Characteristic Cohort (N = 726) registry {n = 275) registry {n = 451) n {BE-CH/US)
Number of families 585 156 429
Sex, female 332/726 (46) 115/275 (42) 217/451 {48)
Age at presentation {yr) 45 {31, 58) 34 (22, 49) 48 (37, 62) 174/377
Positive family history, gout and/or CKD 625/679 {92) 191/227 (84) 434/451 {96)
eGFR at diagnosis {ml/min) 443 + 300 45.1 £ 209 438 £ 343 137/229
CKD 492/586 (84) 205/258 {80) 287/328 (88)
ESKD 216/503 (43) 70/258 (27) 146/245 {60)
Age at ESKD {yr) 44 (32, 55) 44 (33, 56) 44 (32, 55) 245/146
Serum uric acid {umol/l) 472 + 141 479 + 145 455 + 128 173/74
Female 452 + 149 457 4+ 158 443 + 129 67/33
Male 485 + 134 494 + 135 464 + 129 106/41
Gout 305/461 (66) 130/218 (60) 175/243 (72)
Female 98/256 (38) 40/91 (44) 58/165 (35)
Male 207/305 (68) 90/127 (71) 117/178 {66)
Age at gout onset {yr) 30 (20, 45) 31 {20, 47) 30 {21, 40) 235/160
Female 35 (22, 50) 40 (23, 56) 35 (22, 50) 98/55
Male 28 (20, 40) 30 (20, 41) 28 (20, 40) 135/105

UMOD mutations 216/562 {384)

54/156 (34.6) 162/406 (40.0)

ADTKD, autosornal dominant tubulointerstitial kidney disease; BE-CH, Belgo-Swiss; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; ESKD, end-stage

kidney disease.

Quantitative parameters are presented as medians (interquartile ranges) or means & SD. Qualitative parameters are presented as fractions with percentages. n (BE-CH/US)
denotes the number of patients from the Belgo-Swiss and US registries analyzed for the respective parameter.

Clinical characteristics of ADTKD-UMOD and ADTKD-MUCT
The size of the International ADTKD Cohort allowed us to
analyze the clinical characteristics of ADTKD-UMOD and
ADTKD-MUCI subtypes (Figure 3). Age at presentation (first
patient contact) was earlier {median: 42 years [interquartile
range {IQR): 27, 53] vs. 47 years [IQR: 37, 57], P = 0.005)
and a positive family histery of CKD and/or gout was more
frequent (95% vs. 86%, P = 0.007) in patients with ADTKD-
UMOD than in patients with ADTKD-MUCI. While the
overall prevalence of CKD was significantly higher in patients
with ADTKD-UMOD, ESKD was significantly more prevalent
{449% vs. 58%, P = 0.04) and of earlier onset {median: 46
years [IQR: 39, 57] vs. 36 years [IQR: 30, 46], P < 0.001) in
patients with ADTKD-MUC! (Figure 3b, upper panel).
Conversely, the prevalence of gout was significantly higher
{79% vs. 26%, P < 0.001) and gout onset was significantly
earlier {median: 27 years [IQR: 19, 37] vs. 45 years [IQR: 29,
51], P = 0.001) in patients with ADTKD-UMOD (Figure 3b,
lower panel). These findings were generally consistent in both
sexes. In patients with ADTKD-UMOD, gout onset was
significantly earlier in men than in women (median: 26 years
[IQR: 18, 34] ws. 30 years [IQR: 21, 43], P = 0.013)
(Figure 3a).

The key differences in terms of renal function and uric acid
handling were substantiated by survival curves depicting
freedom from ESKD and gout {Figure 4). Renal survival was
significantly shorter in ADTKD-MUC! than in ADTKD-
UMOD (median: 54 years, 95% confidence interval [CI]:
51.5-56.5 in ADTKD-UMOD vs. 46 years, 95% CI: 39.3-52.7
in ADTKD-MUCI, log rank test: P = 0.013) (Figure 4a).
Conversely, gout-free survival was dramatically shorter in
ADTKD-UMOD than in ADTKD-MUC! (median: 30 years,
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95% CI: 27.3-32.7 in ADTKD-UMOD vs. 67 years, 95% Cl:
57.9-76.1 in ADTKD-MUCI, log rank test: P < 0.001)
(Figure 4b).

Among patients with ADTKD-UMOD, carriers of
missense mutations involving cysteines {either by substituting
a cysteine residue by another amino acid or by inserting a new
cysteine) did not experience a worse prognosis in terms of
onset of ESKD or age of gout onset when compared with
patients with non-cysteine-involving ADTKD-UMOD
{Supplementary Figure S2).

Comparing ADTKD-UMOD with ADTKD-NOS {(not
otherwise specified, i.e, no mutation detected) in the US
ADTKD registry, we found that CKD {94.09 vs. 82.7%, P <
0.001) and ESKD (46.5% vs. 26.296, P < 0.001) were more
prevalent and the estimated glomerular filtration rate {¢GFR)
at diagnosis lower {(34.7 ml/min vs. 48.1 ml/min, P < 0.001)
in ADTKD-UMOD versus ADTKD-NOS, respectively.
Similarly, CKD and ESKD were more prevalent in ADTKD-
MUCI than in ADTKD-NOS (86.4% vs. 82.7%, P < 0.001
and 54.8% vs. 262%, P < 0.001, respectively)
(Supplementary Table S3). These findings suggest a more
severe kidney phenotype in ADTKD-UMOD and ADTKD-
MUCI than in ADTKD cases without genetic diagnosis—a
finding confirmed in the Belgo-Swiss registry.

UMOD biclogy in ADTKD-UMOD and ADTKD-MUCT

Given the colocalization of MUCI with UMOD in the kidney
tubule” and the fact that MUC1fs accumulates in several tissues
without causing extrarenal manifestations,” we tested the hy-
pothesis that MUCLfs might interact with UMOD processing
in the thick ascending limb {TAL) in ADTKD-MUC!. We used
a validated enzyme-linked immunosorbent assay” to assess the

Kidney International (2020) 98, 717-731
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Figure 2| Spectrum of mutations in UMOD and MUCT. (a) UMOD gene and protein domain structure with the 106 UMOD mutations
reported in the international cohort depicted relative to domain localization. Mutations involving cysteine residues are indicated in italics, on
top of each box. (b) The prevalence of different UMOD mutations: missense mutations {101 of 106; 95.3%), affecting cysteine ([Cys]; 57 of 106;
53.8%) or noncysteine (44 of 106; 41.5%) amino acids and indels (5 of 106; 4.7%). (¢} MUCT gene exon-intron structure (middle panel) and
normal protein structure (above) with the 4 detected mutations (in red} in the variable number tandem repeat (VWNTR) domain and the
consequence on protein structure {below). {d) Prevalence of identified MUCT mutations in reported families with autosomal dominant
tubulointerstitial kidney disease (ADTKD)-MUCT. SEA, self-cleavage module; term, terminal; TM, transmembrane domain.

levels of urinary UMOD in a population-based cohort
(Cohorte Lausannoise}, confirming the positive correlation
between urinary UMOD (mg/g creatinine) and eGFR between
15 and 90 ml/min per 1.73 m? (test for linear trend: P — 0.001)
(Supplementary TFigure S3A), as previously described.”
Normalizing urinary UMOD for eGFR (by dividing UMOD
concentrations by urinary creatinine and by eGFR) mitigated
the linear dependency (test for linear trend: P = 0.54)
(Supplementary Figure S3B), allowing a more robust com-
parison of urinary UMOD levels between patients and con-
trols. We next measured urinary UMOD levels in patients with
ADTKD-MUCI and ADTKD-UMOD compared with levels in
controls (# = 180) from the population-based cohort strictly
matched for eGFR (45-60 ml/min per 1.73 m?). In contrast to
patients with ADTKD-UMOD, who showed strongly reduced
urinary UMOD levels (median: 2.8 vs. 14.7 mg/g creatinine,
P < 0.0001), patients with ADTKD-MUC! showed urinary
levels of UMOD similar to those of controls (median: 15.7 vs.

Kidney internationai (2020) 98, 717-731

14.7 mg/g creatinine, P = 099) (Figure 5a, left panel).
Normalizing urinary UMOD levels to eGFR [(mg/g creati-
nine)/eGFR] confirmed strongly reduced levels in patients with
ADTKD-UMOD versus in controls (n — 2717) with eGFR
spanning 15 to 90 ml/min per 1.73 m* {{(0.05 vs. 0.23 mg/g
creatinine)/eGFR], P < 0.0001, respectively}, in contrast with
unchanged levels in patients with ADTKD-MUCI versus in
controls {[(0.29 vs. 0.23 mg/g creatinine)/eGFR], P = 0.29,
respectively} (Figure 5a, right panel).

Next, we performed immunofluorescence staining for
UMOD on kidney biopsies from healthy individuals (normal
human kidney), from 2 patients with ADTKD-UMOD, and
from 2 patients with ADTKD-MUCI. While we were able to
see the characteristic intracellular UMOD deposits in the pa-
tients with ADTKD-UMOD, UMOD staining was largely
confined to the apical membrane in patients with ADTKD-
MUCI, similar to the pattern observed in normal kidney
(Figure 5b). The accumulation of mutant UMOD in the TAL

A
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Figure 3 | Clinical characteristics of autosomal dominant tubulointerstitial kidney disease {ADTKD)}-UMOD and ADTKD-MUCT. (a)
Quantitative parameters are presented as medians and interquartile ranges or means = SD. Qualitative parameters are presented as fractions
Wlth percentages. % test for categorial variables and Mann-Whitney U test and unpaired t test for quantitative parameters were used.
#S5ex comparison within ADTKD-UMOD and ADTKD-MUCT, respectively. The n (UMOD/MUCT) column denotes the number of patients with
ADTKD-UMOD and ADTKD-MUCT analyzed for the respective parameter. (b) Scatter plots for age at end-stage kidney disease (ESKD) and
onset of gout for patients with ADTKD-UMOD and ADTKD-MUCT. Bars indicate means &+ SD. ##P < 0.007, **#¥P < 0.0001. CKD, chronic

kidney disease; eGFR, estimated glomerular filtration rate.

cells from patients with ADTKD-UMOD induced ER stress, as
shown by colocalization with the unfolded protein response
regulator glucose-regulated protein 78 ([GRP78], also known
as binding Ig protein). Conversely, GRP78 could not be
detected in the TALs of patients with ADTKD-MUCI
(Figure 5b; Supplementary Figure S4).

Establishment of a clinical UMOD-score in the Belgo-Swiss
ADTKD registry

Based on the Belgo-Swiss ADTKD registry with detailed
phenotyping, including 54 families that are UMOD-positive
{n = 132 patients) and 102 families that are UMOD-negative
{n = 143 patients) (Figure 1; Supplementary Figure S5), we
designed a clinical score to estimate the probability of
ADTKD-UMOD. Clinical characteristics in patients with
ADTKD with or without UMOD mutations guided the
scoring system (Supplementary Figure S6). Compared with
patients who are UMOD-negative, patients with a UMOD
mutation had a more frequent family history of CKD and/or
gout {90% vs. 76%, P < 0.001); a higher prevalence of CKD
(83% vs. 75%, P = 0.03) and ESKD (33% vs. 20%, P = 0.02),
with earlier onset of CKD (median: 32 years vs. 42 years, P =
0.002) and ESKD (median: 42 years vs. 48 years, P = 0.007); a
higher level of serum uric acid {mean: 507.0 £ 131 vs. 4545
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+ 153.4 pmol/l, P = 0.017); and an earlier onset of gout
(median: 24 years vs. 33 years, P = 0.001). Of note, the
prevalence of renal cysts, as detected by sonography and/or
computed tomography or magnetic resonance imaging, was
lower in patients with ADTKD-UMOD compared with in
patients who were UMOD-negative (36% vs. 57%, P = 0.001)
{Supplementary Figure Sé).

The weighted UMOD-score was developed on 8§ items
using these discriminative clinical, biochemical, histological,
and Imaging characteristics of ADTKD-UMOD (Figure 6a).
The maximal item value of +3 points was attributed to gout
before 30 years and uricemia >500 [mol/l, which are the
most specific discriminants (Supplementary TFigure S6).
Because the prevalence of CKD and autosomal dominant
inheritance was higher in ADTKD-UMOD, these criteria were
weighted with +2 points. Clinical findings suggesting an
alternative diagnosis {e.g., proteinuria, uncontrolled hyper-
tension) were attributed negative points. Values for each
available item are added to obtain a final additive score for
each patient. The clinical UMOD-score was applied on pa-
tients with ADTKD from the Belgo-Swiss registry, for which
information for at least 5 of the 8 items were present {rn = 211
patients: 106 UMOD-positive and 105 UMOD-negative). The
receiver-operating  characteristics curve, with UMOD

Kidney International (2020) 98, 717-731
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Figure 4| Freedom from end-stage kidney disease (ESKD) and gout in autosomal dominant tubulointerstitial kidney disease
(ADTKD)-UMOD and ADTKD-MUC1. (a) Kaplan-Meier curve of renal survival in patients with ADTKD-UMOD and ADTKD-MUCT. Median renal
survival was 54 years (95% confidence interval [Cl]: 51.5-56.5) in ADTKD-UMOD and 46 years (95% Cl: 39.3-52.7) in ADTKD-MUC]T. (b} Kaplan-
Meier gout-free survival curve in patients with ADTKD-UMOD and ADTKD-MUC1. Median gout-free survival was 30 years (95% Cl: 27.3-32.7)
in ADTKD-UMOD and 67 years (95% Cl: 57.9-76.1) in ADTKD-MUCT. Log rank test was used. Censored: event of interest has not

occurred during the follow-up time.

mutation status as the dependent variable yielded an area
under the curve (AUC) of 0.72 (95% CI: 0.66-0.79, P <
0.001) (Figure 6b). The UMOD-score cut-off of =5 was
selected, yielding a sensitivity of 98.1% and specificity of
41.4% for positive UMOD mutation testing, corresponding to
a negative predictive value (NPV) of 94.3% and a positive
predictive value (PPV) of 59.1% (Figure 6¢; Supplementary
Table 54). This cut-off also proved to be optimal for group
discrimination  corresponding to a Youden index
(sensitivity + specificity — 1) of 0.395 (Supplementary
Table S4).

UMOD-score and urine UMOD levels to guide genetic testing
in ADTKD

The score was validated in patients that were UMOD-positive
(n = 124) and UMOD-negative (n — 183) from the US
ADTKD registry, yielding similarly high sensitivity and low
specificity for UMOD mutations using a cut-off of =5
(sensitivity: 97.6%, specificity: 16.4%, NPV: 91.0%, PPV:
44.2%, data not shown), altogether making ADTKD-UMOD
very unlikely for score results <5. We tested how the clinical
score separated the 2 most common etiologies of ADTKD in a
subset of patients with ADTKD-UMOD (n = 125) and
ADTKD-MUCI (n = 80) from the US registry for which at
least 5 of the 8 clinical items and/or urinary UMOD levels

Kidney International (2020) 98, 717-731

were available. The clinical UMOD-score alone separated the
2 entities with an AUC of 0.69 (95% CI: 0.62-0.77, P = 0.037)
(Figure 7a, left panel). However, the specificity for UMOD
increased considerably with higher UMOD-score values (for
instance, a score =8 had a sensitivity of 48.8%, a specificity of
83.7%, an NPV of 50.8% and a PPV of 81.3% for UMOD
mutation} (Supplementary Table S5). Only a few patients,
mostly those with ADTKD-MUCI, had score results of <5
(Figure 7a, right panel).

We next investigated whether addition of urinary UMOD
levels to the clinical score improved its ability to discriminate
ADTKD-UMOD from ADTKD-MUCI. Based on the
normalized urinary UMOD values in the reference popula-
tion [(mg/g creatinine)/eGFR]| (Figure 5a, right panel), we
assigned, respectively, +1 and 3 points for urinary UMOD
values between the median and 25th percentile [(0.14-0.23
mg/g creatinine)/eGFR] and below the 25th percentile.
Similarly, we assigned, respectively, —1 and —3 points for
urinary UMOD values between the median and 75th
percentile [(0.23-0.35 mg/g creatinine)/eGFR| and above the
75th percentile. Applied to a cohort of 51 patients with
ADTKD-UMOD and 35 patients with ADTKD-MUCI for
which urinary UMOD data were available, this combined
clinical and biochemical score separated ADTKD-UMOD
from ADTKD-MUCI with an improved AUC of 0.89 (95%

723

123



clinical investigation

E Olinger et al.: ADTKD due to UMOD and MUCT

a b
504 0.8+ NS
0.74 ¥
404 NS
| -
o &5 ==
=
o
304

Urinary uromodulin (mg/g creat)
Urinary uromodulin (mg/g creat) normalized to eGFR

20
(=]
104 ° e
=
2
g
x
o & 00 5 oD <
o® 0% W
o o W ot o
ot o ‘@1 [ ) %01

Urinary uromodulin
Jereatinine

Urinary uromodulin
/creatinine and eGFR

Controls {n = 180)
eGFR: 55.5 (51.7, 58.0)
uUMOD: 14.7 (8.6, 22.6)

Controls (n = 2717)
eGFR: 78.0(70.3, 84.1)
uUMOD: 0.23 (0.14, 0.35)

ADTKD-MUCI (n = 35)
eGFR: 55.1(45.0, 68.3)
uUMOD: 15.7 (9.7, 22.0)

ADTKD-MUCI (n = 35)
eGFR: 55.1(45.0, 68.3)
uUMOD: 0.29 (0.22, 0.36)

ADTKD-MUCI

ADTKD-UMOD (n = 51)
eGFR: 51.6 (37.0, 69.2)
uUMOD: 2.8 (1.1, 5.9)

ADTKD-UMOD (n =53}
eGFR: 53.5 (37.0,73.6)
uUUMOD: 0.052 (0.029, 0.10)

GRP78 Uromodulin/GRP78/DAPI

A
e af .

Figure 5| UMOD processing in autosomal dominant tubulointerstitial kidney disease (ADTKD)-UMOD and ADTKD-MUCT. (a) Urinary
UMOD excretion normalized to urinary creatinine (creat) (left panel) and normalized to urinary creatinine and estimated glomerular filtration
rate (eGFR) (right panel) in patients with ADTKD-MUCTand ADTKD-UMOD and a reference population (controls). Median, 25th percentile, and
75th percentile values in the reference population are indicated (right panel). Numerical values (medians and interquartile ranges) for
urinary UMOD (uUMOD), eGFR, and sample size are below the graph. Outlier removed with GraphPad (ROUT Q = 1%), 1-way analysis of
variance P < 0.0001 for both graphs, and Tukey’s multiple comparison test was applied with not significant (NS) and ***P < 0.0001. (b)
Immunofluorescence staining for UMOD {green} and glucose-regulated protein 78 (GRP78; red) in ADTKD-MUCT, ADTKD-UMOD, and normal
human kidney (NHK) biopsy. Bars — 50 um. DAPI, 4',6-diamidino-2-phenylindole. To optimize viewing of this image, please see the

online version of this article at www kidney-international.org.

CI: 0.82-0.96, P < 0.001). The cut-off value of =5 still ap-
pears as the optimal cut-off value to discriminate ADTKD-
UMOD from ADTKD-MUCT (Youden index: 0.684) with a
sensitivity of 94.1%, a specificity of 74.3%, an NPV of 89.7%,
and a PPV of 84.2% for a UMOD mutation (Figure 7b;
Table S5). Based on the clinical and
biochemical UMOD-score, we suggest a diagnostic algorithm
to guide genetic testing in ADTKD (Figure 8)."*>"*

Supplementary

DISCUSSION

This international cohort study represents the largest
dataset of patients with ADTKD-UMOD and ADTKD-
MUCI reported to date, providing new insights into the
phenotype and disease progression of the main subtypes
of ADTKD. Because of the autosomal dominant inheri-
tance and regional familial clustering, considerable differ-
ences in the prevalence of ADTKD subgroups are
mentioned in national cohorts.”'>* In the International
ADTKD Cohort, ADTKD-UMOD represents the most
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frequent subtype of ADTKD with an estimated prevalence
of 37.1%, followed by ADTKD-MUCI in 35.1% of fam-
ilies that are UMOD-negative, and an estimated overall
prevalence of 21.0%. Of note, a systematic effort to screen
for mutations in HNFIB, REN, DNAJBI1, and SEC6IA] is
ongoing in the 133 families that are UMOD- negative and
MUCI-negative and for mutations in MUCI in the 141
families that are UMOD-negative in the registry.

Based on the large sample size, we observed distinct fea-
tures in the clinical presentation of ADTKD-UMOD and
ADTKD-MUCI, with relevance for clinical practice and pa-
tient counselling. Kidney disease appears more severe in pa-
tients with ADTKD-MUCI, with a higher prevalence of
ESKD (58% vs. 44% in ADTKD-UMOD, P = 0.04}, an earlier
onset of ESKD (36 years vs. 46 years in ADTKD-UMOD, P <
0.001), and a shorter median renal survival (46 years vs. 54
years in ADTKD-UMOD, P = 0.013). Previous studies re-
ported an older age at ESKD (mean: 44.9 years) in patients
with ADTKD-MUC!," which could be explained by inclusion

Kidney Intemational (2020) 98, 717-731
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Figure 6| Clinical UMOD-score and performance in the Belgo-Swiss ADTKD registry. (a) Clinical UMOD-score based on clinical,
biochemical, histological, and imaging data. Attributed points for specific characteristics are shown on the right. “After routine work-up
including urinary sediment and urinalysis and kidney imaging. ®Interstitial fibrosis, tubular atrophy, thickening and lamellation of tubular
basement membranes, tubular dilatation (microcysts), negative immunofluorescence for complement, and lgs. “Proteinuria >300 mg/d|,
persistent hematuria (both eumorphic and dysmorphic) in repeated urinalysis. “Hemoglobin Alc >10% or repeated blood pressure
measurements > 160/100 mm Hg and/or corresponding clinical findings of hypertensive cardiopathy and/or nephropathy. “At least 1 cyst at
any location diagnosed by ultrasonography, computed tomography scan, or magnetic resonance imaging. Example: 35-year-old patient, gout
onset at 32 years (+1); serum uric acid 550 pmol/l (+3); estimated glomerular filtration rate 55 ml/min per 1.73 m?, bland urine analysis and
sediment, kidneys without cysts and normal size on magnetic resonance imaging, no diabetes or hypertension (+2 for chronic kidney disease
[CKD] of unknown origin); and family history of CKD documented on 3 generations (+2) yields a total clinical UMOD-score of 8 points.

(b) Receiver-operating characteristics curve of the clinical UMOD-score in the Belgo-Swiss registry {(n = 211 patients with autosomal dominant
tubulointerstitial kidney disease [ADTKD] with available data) are as follows: area under the curve (AUC): 0.72; 95% confidence interval (Cl):
0.66-0.79; P < 0.001; the cut-off value of =5 has a sensitivity of 98.1% and specificity of 41.4% for UMOD mutation; negative predictive value:
94.3%; positive predictive value: 59.1%. () Histogram of clinical UMOD-score results in patient who are UMOD-positive (n = 106) and UMOD-
negative (n = 105). The red horizontal line indicates the cut-off value of 5.

of historically affected patients (clinically affected relatives of — described in patients with ADTKD-UMOD, most likely
genetically diagnosed patients), whereas we only included  because of impaired activity of TAL-based Na™-K*-2Cl~-
individuals with an established genetic diagnosis. The het-  cotransporter.”™'” Plasma volume contraction and compen-
erogeneity of ADTKD-MUCT in terms of CKD and/or renal ~ satory higher reabsorption activity of the proximal tubule
discase progression is intriguing and suggests considerable including upregulation of Na'-coupled urate transporters
modifier effects. most likely explain the hyperuricemia phenotype in

Gout has been classically described in patients with ~ADTKD-UMOD.”*® A similar mechanism was shown in
UMOD mutations. Indeed, our data suggest that gout is aged Umod knockout mice that displayed reduced activity
strikingly more prevalent and of significantly earlier onset in  of the Na*-K*-2Cl™-cotransporter.” Even though ADTKD-
ADTKD-UMOD than in ADTKD-MUCI. Defective urinary ~ MUCI presumably originates from the distal tubule, gout was
concentration resulting in polydipsia and polyuria has been  considerably less prevalent in this disorder.
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Figure 7| UMOD-score comparing autosomal dominant tubulointerstitial kidney disease (ADTKD)-UMOD versus ADTKD-MUCT in the
US ADTKD registry. (a, left panel) Receiver-operating characteristics curve of the clinical UMOD-score in the US registry (n = 205 patients with
ADTKD-UMOD and ADTKD-MUCT with available data) are as follows: area under the curve (AUC): 0.69; 95% confidence interval (Cl): 0.62-0.77;
P < 0.037. A cut-off value of =8 has a sensitivity of 48.8% and specificity of 83.7% for UMOD mutations, while a cut-off value of =5 has a
sensitivity of 97.6% and specificity of 15.0% for UMOD mutations. (a, right panel) Histogram of clinical UMOD-score results in patients with
ADTKD-UMOD (n = 125) and ADTKD-MUCT (n = 80). (b, left panel) Receiver-operating characteristics curve of the clinical UMOD-score
including urine UMOD levels in the US registry (n = 86 patients with ADTKD-UMOD and ADTKD-MUCT with available urinary UMOD data) are
as follows: AUC: 0.89; 95% Cl: 0.82-0.96; P < 0.001. The cut-off value of =5 has the highest Youden index for discrimination (0.684) and has a
sensitivity of 94.1% and specificity of 74.3% for UMOD mutation; negative predictive value: 89.7%; positive predictive value: 84.2%. (b, right
panel) Histogram of clinical + urinary UMOD-score results in patients with ADTKD-UMOD (n = 51) and ADTKD-MUCT {(n = 35). The red

horizontal line indicates the cut-off value of 5. Q, quartile.

We investigated 2 cardinal biological features described in
ADTKD-UMOD with likely pathophysiological relevance:
aberration in UMOD export mechanisms and induction of
ER stress. Based on the observation that MUC1 is expressed
in the distal kidney tubule including the TAL where it
colocalizes with UMOD® and on the observation that
MUCIfs is accumulating in other MUCI-expressing tissues
(skin, breast, lung, colon) without causing extrarenal mani-
festations,” onme could hypothesize that MUCIfs might
interact with UMOD in TAL. Yet, in contrast to ADTKD-
UMOD, we found no difference in the urinary level of
UMOD between patients with ADTKD-MUCI and the
normal population. Furthermore, analysis of MUCI-mutant
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kidney biopsies revealed a normal distribution of UMOD in
TAL cells, without evidence for ER stress (GRP78 expression),
which is a hallmark of ADTKD-UMOD. These novel findings
suggest that the processing of UMOD is not altered in
ADTKD-MUCI and that ER stress is not a main finding in
ADTKD-MUCI. Along the same line, a recent study found
entrapment of MUCIfs in vesicles of the early secretory
pathway in models of ADTKD-MUCI."”

Previous reports described intracellular accumulation of
UMOD in kidney biopsies from patients with ADTKD-
UMOD."* However, such staining is not available in a large
number of patients, preventing us from speculating on its
value in clinical decision making. In our experience, the

Kidney Intemational (2020) 98, 717-731
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Criteria for suspecting a diagnosis of ADTKD
— Family history compatible with autosomal dominant inheritance of CKD
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- Inabsence of a positive family history of CKD:
« Demonstration of tubulointerstitial damage on kidney biopsy or
+ History of early-onset hyperuricemia and/or gout
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Figure 8 | Diagnostic algorithm for suspected autosomal dominant tubulointerstitial kidney disease (ADTKD) based on clinical
UMOD-score and urinary UMOD levels. “Progressive loss of renal function, bland urinary sediment, normal-to-mild albuminuria and/or
proteinuria, normal-sized kidneys on ultrasound, and no consumption of drugs linked to tubulointerstitial nephritis. "Assessed by validated
enzyme-linked immunosorbent assay and normalized to urinary creatinine and estimated glomerular filtration rate. Obtained values should
be interpreted against family members who are UMOD-negative or reference populations.””* See Results and Discussion sections for more
details. “For diagnostic algorithm including other ADTKD genes, refer to Devuyst et al.' Alternative diagnoses include nephroncphthisis
(autosomal recessive), autosomal dominant polycystic kidney disease {large cystic kidneys), autosomal dominant glomerulopathies
(proteinuria and/or hematuria), other causes of tubulointerstitial kidney disease (autoimmune, tubulointerstitial nephritis, and uveitis
syndrome) including drugs and toxins (nonsteriodal anti-inflammatory drugs, aristolochic acid, calcineurin inhibitors, lithium). CKD, chronic

kidney disease.

UMOD staining is operator-dependent, requiring rigorous
positive and negative controls, and it might depend on the
underlying UMOD mutation. Furthermore, the availability of
kidney biopsies is restricted. The assessment of urinary
UMOD levels in patients at time of diagnosis and during
disease progression might offer a noninvasive diagnostic tool
and biomarker in ADTKD-UMOD. Because urinary UMOD
levels show a positive correlation with eGFR (for eGFR <90
ml/min per 1.73 m”) and tubular mass,”** they need to be
normalized for residual eGFR and interpreted against
matched controls. Based on data from a large control cohort,
we show here that urinary UMOD {in mg/g creatinine to
account for urine concentration) normalized for eGFR can be
applied in the clinical setting of ADTKD.

A recent study based on exome sequencing reported mu-
tations in UMOD accounting for ~ 3% of all patients with a
genetic finding in this cohort.” However, considerable hur-
dles in the diagnostic approach of ADTKD subtypes persist.
These include but are not limited to (i) limited availability of
MUCI testing due to technical challenges, (i) lack of

Kidney International {2020) 98, 717-731

validated diagnostic or genetic algorithm due to unappreci-
ated clinical differences between ADTKD subtypes, and (iii)
missing disease biomarkers due to small and scattered disease
cohorts. For everyday practice and cost-effectiveness, practical
tools such as scoring systems are very useful to guide genetic
testing." The Belgo-Swiss registry was instrumental in delin-
eating a dinical UMOD-score because it revealed key
discriminatory clinical features, including positive family
history of CKD and/or gout, age at presentation, prevalence of
kidney disease and progression to ESKD, and history of gout.
Of interest, renal cysts are less common in patients with
ADTKD-UMOD, which is in line with previous studies.®'>*"
The delineated clinical UMOD-score showed an excellent
NPV for UMOD mutations {cut-off =5) in the Belgo-Swiss
(NPV: 94.3%) and US (NPV: 91.0%) registries. As ADTKD-
UMOD and ADTKD-MUC! present considerable clinical
overlap, we were not surprised that the clinical UMOD-score
separated modestly between these 2 entities (AUC: 0.69). Yet,
higher UMOD-score values showed a solid specificity for
UMOD mutations (e.g., cut-off =8: specificity of 83.7% and
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PPV of 81.3% for an UMOD mutation). Adding urinary
UMOD measurements, a pathophysiological biomarker for
ADTKD-UMOD, considerably increased the discriminating
power of the score {AUC: 0.89) with a PPV of 84.2% for an
UMOD mutation {cut-off =5 points). Because the progres-
sion of kidney disease and the prevalence and onset of gout
seem dependent on the underlying genetic diagnosis, a ge-
netic diagnosis is recommended as it might impact on the
management of patients with ADTKD {e.g., follow-up,
scheduling of renal transplantation, and gout-preventive
strategies). Furthermore, targeted therapies might be in
reach at least for ADTKD-MUCL.

The limits of this study include the retrospective “real-life”
cohort design of consecutively recruited patients, with
inherent difficulties such as limited access to full clinical in-
formation, missing DNA samples for further genetic testing,
and lack of strict inclusion and exclusion criteria. We
included all genetically resolved cases of a given family,
potentially introducing the risk for selection bias. However,
we estimate that this represents a negligible risk as in general
only 1 to 2 patients were included per family and considerable
intrafamilial clinical variability exists in ADTKD.**" Because
kidney biopsies are rarely performed in these diseases and
yield nonspecific findings (e.g., interstitial fibrosis, tubular
atrophy), we did not include histopathology information in
the analysis. A survey of histopathology results from the
Belgo-Swiss registry showed that interstitial fibrosis with
tubular atrophy {in ~60% of available pathology reports)
and interstitial nephritis (in ~40% of available pathology
reports) were the preponderant histological findings in pa-
tients with ADTKD-UMOD and those who were UMOD-
negative. A more detailed histological description of biopsies
performed in ADTKD-UMOD and ADTKD-MUC! warrants
a dedicated analysis.

It should be pointed out that systematic screening for
UMOD mutations in all 10 coding exons has only been per-
formed in a subset of patients with ADTKD. Based on pre-
vious screens and whole exome sequencing, we estimate that
very few UMOD mutations outside exons 3 and 4 might have
been missed in ADTKD-UMOD."*'* Furthermore, large de-
letions or insertions in UMOD are not detected by direct
sequencing methods. With the availability of gene panel
testing and next-generation sequencing approaches, the utility
of a dinical score in directing targeted gene testing will
probably decrease. However, at the current stage, MUCI
mutations are missed by next-generation sequencing and
availability of specialized testing is limited. To the best of our
knowledge, clinical-grade genetic testing for MUCI is only
performed by the Broad Institute. For these reasons, we es-
timate that simple clinical and biochemical tools to estimate
pretest probability impacts on diagnostic work-up and
potentially reduces the costs associated with unjustified
genotyping.

In conclusion, this large international retrospective cohort
study provides a detailed phenotype analysis of patients with
ADTKD-UMOD and ADTKD-MUC!. The dinical hallmarks
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of the 2 most common ADTKD subtypes are hyperuricemia
and early gout in ADTKD-UMOD and a heterogeneous, but
generally more severe kidney disease in ADTKD-MUCI. The
clinical UMOD-score is a sensitive and, coupled to urinary
UMOD levels, potentially specific tool to select patients for
genetic UMOD testing. These results should help clinicians to
improve diagnostic rates, clinical management, and patient
counselling in ADTKD.

METHODS

International ADTKD Cohort

The International ADTKD Cohort consists of patients from the
Belgo-Swiss ADTKD registry and the US ADTKD registry. The in-
clusion criteria were those defined by the Kidney Disease: Improving
Global Outcomes consensus” and included the following in any
combination: a family history compatible with autesomal dominant
inheritance of CKD with features of ADTKD, including progressive
loss of kidney function, bland urinary sediment, absent-to-mild
albuminuria and/or proteinuria, normal-sized or small-sized kid-
neys on ultrascund; and/or (in absence of a positive family history of
CKD) a history of early-onset hyperuricemia and/or gout and/or the
presence of interstitial fibrosis and/or tubular atrophy on kidney
biopsy. Exclusion criteria included the following: a different genetic
diagnosis (non-ADTKD), the presence of enlarged cystic kidneys,
proteinuria (>>1 g/24 h) and/or consistent hematuria, long-standing
or uncontrolled diabetes mellitus or arterial hypertension, and the
consumption of drugs linked to tubulointerstitial nephritis. Only
patients screened for mutations of UMOD and/or MUCI were
included in the cohert. Anenymized demegraphics and clinical and
genetic information were recorded in a database. This study was
approved by the institutional review board of Wake Forest School of
Medicine), the Université catholique de Louvain (UCL) Medical
Scheol, and the European Community’s Seventh Framework Pro-
gramme “Burepean Consortium for High-Throughput Research in
Rare Kidney Diseases (EURenOmics).

Belgo-Swiss ADTKD registry.  The Belgo-Swiss ADTKD registry
includes patients referred to UCLouvain and University of Zurich
(UZH) by clinical partners mostly frem Europe (Supplementary
Appendix S1). In 2019, the registry included 275 patients who had
been enrolled since 2003. The dlinical data included a family pedi-
gree, onset and evolution of kidney function decline, onset of hy-
peruricemia and/or gout (age of gout onset was defined as the
patient’s age at the first episode of gouty arthritis) and fractional
excretion of uric acid, imaging and histopathelegy data (where
available), and information en potential extrarenal manifestations
(e.g., pancreatic enzymes, liver function tests). ESKD was defined as
eGFR< 10 ml/min or initiation of renal replacement therapy (dialysis
or kidney transplantation).

US ADTKD registry. 'The US ADTKD registry includes families
with tubulointerstitial kidney disease referred to Wake Forest School
of Medicine since 1999 (Supplementary Appendix S1). Information
collected included demographics, pedigree, age of ESKD, laboratory
values, and ultrasound results.

Genetic testing
Informed written consent was cbtained from all patients. Genomic
DNA was isolated from peripheral blood leukocytes using standard
procedures and DNA was stored at 4 °C.

Direct sequencing of UMOD exons was initially performed by
Sanger sequencing, as previocusly described.?” More recently, the

Kidney International (2020) 98, 717-731

128



E Olinger et al.: ADTKD due to UMOD and MUCT

clinical investigation

UMOD gene is analyzed by massive parallel sequencing using a
tubulopathy gene panel designed by the work package tubulopathies
of the Buropean Consortium EURenOmics.”*** Mutational analysis
was carried out in exens 3 and 4 for all enrolled patients and in all 10
coding exons for a subset of patients.

MUC! genotyping was performed using a MUC! VNTR
sequencing appreach coupled with a spectrometry-based probe
extension assay as previously described.””" MUCI testing was pro-
vided by the Broad Institute of MIT and Harvard ** and the First
Faculty of Medicine, Charles University.” Nucleotide numbering
reflects cDNA numbering with +1 corresponding to the A of the
ATG translation initiation codon in the reference sequence
(NM_003361.3). Alamut Visual software (Interactive Biosoftware,
Rouen, France; www.interactivebiosoftware.com) was used to assist
in determining variant pathogenicity. Identified variants were suc-
cessively checked against relevant databases, such as Clinvar (Na-
tional Center for Biotechnology Information, Bethesda, MD; https://
www.nebinlm.nih.gov/clinvar/), Human Gene Mutation Database
(Institute of Medical Genetics in Cardiff, Cardiff, UK; http://www.
hgmd.cfacuk/ac/index.php), VarSome (Saphetor, Lausanne,
Switzerland,; https://varsome.com/), and local databases to assess for
previous publication.

Variants were considered disease-causing based on previous re-
perts, family segregation analysis, er prediction algerithms (Serting
Intolerant from Tolerant [SIFT], Align GVD, mutation taster, and
Polymeorphism Phenotyping v2 [PolyPhen-2]) for pathogenicity.

The variants were classified according to the guidelines published
by the American College of Medical Genetics in 2015.” Variants of
interest were verified by Sanger sequencing.

Measurements of urinary levels of UMOD

A validated enzyme-linked immunosorbent assay method was used
to measure urinary UMOD levels (second morning urine sample)
from 86 patients with ADTKD.*" Urinary creatinine was measured
using a Synchron DXCB800 analyzer (Beckman Coulter, Fullerton,
CA). The reference samples (n = 2717) were obtained from the
Cohorte Lausannoise, a population-based study including 6000
people 35 te 75 years of age from the city of Lausanne,
Switzerland.”” eGFR was calculated using the Chronic Kidney
Disease Epidemiology Collaboration equation. Informed consent
was obtained from all participating individuals.

UMOD expression constructs

c¢DNA of human wild-type UMOD was clened in pcDNA 3.1(+)
(Thermo Fisher Scientific, Waltham, MA) and a hemagglutinin tag
was inserted after the leader peptide in between T26 and S27 in the
protein sequence.”” The C150S and L284P mutant isoforms were
obtained by mutagenesis using the QuikChange Lightning muta-
genesis kit (Agilent, Santa Clara, CA) following the manufacturer’s
instructions. Primers were designed using the software QuikChange
Primer Design Program (Agilent). Primers used for mutation C1508:
forward (5'—3') gatggcactgtgagtcctoccegggetectg, teverse (5'—37)
caggagcecggggaggactcacagtgecac and for mutation L248P: forward
(5 >3 cecgagtgtcacceggegtactgeaca, reverse (5'—3"
tgtgcagtacgccgggtgacactcggg.

Cell culture conditions

HEK293 cells were grown in Dulbeccos modified Eagle’s medium
supplemented with 10% fetal bovine serum, 200 U/ml penicillin, 200
Ug/ml streptomycin, and 2 mmeol/l glutamine at 37 °C, 5% CO,.
HEK293 cells were transfected using Lipofectamine 2000 (Thermo
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Fisher Scientific) following the manufacturer’s protecol and analyzed
24 hours after transfection.

Western blot

Cells were lysed in octylglucoside lysis buffer (50 mmol/l Tris-HCI,
pH 7.4, 150 mmel/l NaCl, 60 mmel/l octyl B—D—glucopyranoside,
10 mmeol/l NaF, 0.5 mmol/l sedium orthovanadate, 1 mmol/l glyc-
erophosphate and protease inhibitor cocktail [Sigma-Aldrich, St.
Louis, MOJ} for 1 hour at 4 °C followed by 10 minutes of centri-
fugation at 17,000g. Seluble fractions were quantified by the Bio-Rad
Protein Assay (Bio-Rad Laberatories, Hercules, CA). Western blot
experiments were performed as described in Schaeffer et al” An-
tibodies used were mouse purified anti-HA.11 Epitope ‘Tag antibody
(dilution 1:1000; 901502; BioLegend, San Diego, CA) and mouse
monoclonal anti-B-actin (dilution 1:20,000; A2228; Sigma-Aldrich).

Immunofluorescence

Kidney biopsies. Immunodetection of UMOD and GRP78 was
performed on 5-pum-thick kidney sections obtained from nephrec-
tomy samples of patients with ADTKD-UMOD (female, 41 vears
old, ESKD; male, 42 years old, ESKD) and ADTKD-MUC! (female,
60 years old, ESKD; male, 47 years old, ESKD). Slides were depar-
affinized in xylene and rehydrated in a graded ethanol series. Antigen
retrieval was carried out for 10 minutes with citrate buffer (pH 6.0)
at 98 °C. After 20 minutes in blocking selution, slides were incu-
bated overnight with GRP78 primary antibody (1:300; ab21685;
Abcam, Cambridge, UK}, followed by incubation with Alexa-
Fluor555-conjugated goat anti-rabbit antibody for 45 minutes
(1:200; Invitrogen, Thermo Fisher Scientific). The slides were probed
with sheep anti- UMOD primary antibody (1:800; K90071C; Me-
ridian Life Selence Inc.,, Memphis, TN}, followed by AlexaFluor488-
conjugated donkey anti-sheep (1:200; Invitrogen). Coverslips were
mounted with Prolong gold antifade reagent with 4',6-diamidine-2-
phenylindole (Invitrogen) and analyzed under a Zeiss LSM 510 Meta
Confocal microscope (Carl Zeiss, Jena, Germany) with high nu-
merical aperture lenses (Plan-Neofluar 20x/0.5). The use of these
samples has been approved by the Université catholique de Louvain
Ethical Review Board.™

HEK293 celfs. Cells grown on covemslip were fixed in 4%
paraformaldehyde for 15 minutes, permeabilized 10 minutes with
0.5% Triton, and blocked 30 minutes with 10% donkey serum. Cells
were labelled for 1 hour, 30 minutes at room temperature with a
mouse purified anti-HA.11 Epitope Tag antibody (dilution 1:500;
901502; BioLegend) and a rabbit polyclonal anti-calreticulin (dilu-
tion 1:500; C4606; Sigma-Aldrich) followed by incubation for 1 hour
with the appropriate AlexaFluor conjugated secondary antibodies
(dilution 1:500; Therme Fisher Scientific). Cells were stained with
4',6-diamidino-2-phenylindole and mounted using fluorescence
mounting medium (Dake; Agilent}. All pictures were taken with an
UltraVIEW ERS spinning disk confocal microscope (UltraVIEW
ERS-Imaging Suite Software; Zeiss 63X/1.4; PerkinElmer Life and
Analytical Sciences, Boston, MA}). All images were imported in
Photoshop CS (Adebe Systems, Mountain View, CA) and adjusted
for brightness and contrast.

Generation and validation of the ADTKD UMOD-score

The weighted UMOD-score was based on ADTKD criteria, specific
clinical characteristics of ADTKD-UMOD (i.e., early gout onset and
hyperuricemia), and parameters that are negatively associated with
ADTKD (i.e., providing alternative explanation for CKD: proteinuria
and/or hematuria, diabetes and/or uncentrolled hypertensien, renal
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cysts and/or enlarged kidneys).>*" For weighting the items of the
score, we used integer values between —1 and +3. A score of +2 was
given for the general ADTKD criteria,” +1 or +3 for the UMOD-
specific clinical and laboratory findings, and —1 for each negatively
associated item. The score was first tested in the Belgo-Swiss ADTKD
registry and validated in the US ADTKD registry. To discriminate
ADTKD-UMOD from ADTKD-MUCI, we defined a nermal range of
urinary UMOD [(mg/g creatinine)/eGFR] using 2717 urine samples
from the general population. Based on the pathophysiology of
ADTKD-UMOD, on previous reports,”® as well as on our findings
(Figure 5a), we assigned, respectively, +1 and +3 peints for urinary
UMOD values between the median and 25th percentile and below the
25th percentile of normal urinary UMOD levels. Similarly, we assigned,
respectively, —1 and —3 points for urinary UMOD values between the
median and 75th percentile and above the 75th percentile of normal
urinary UMOD levels. Conceptualization of the score was based on the
previously published hepatocyte nuclear factor 1B score.™

Statistical analysis

Quantitative parameters are presented as median and IQR (25th, 75th
percentiles) (for scale variables) or means & SD (for continuous var-
iables), and qualitative parameters are presented as fractions with
percentages. Categorical variables were compared using the % test.
Continuous variables were compared using the Mann-Whitney U test
or unpaired ¢ test. Analysis of variance testing with Tukey’s multiple
comparisen test was used to compare urinary UMOD levels. Kaplan-
Meier curves were generated to display ESKD-free and gout-free sur-
vival. Patients who had not reached ESKD or developed gout at the end
of the study (outcome of interest not occurred during follow-up time)
were considered censored individuals. Censoring time was defined as
age at last fellow-up. A log-rank test was used for comparison of
survival curves. The performance of the UMOD-score was assessed
by calculating the AUC of the receiver-operating characteristic curve.
The Youden index was used to define the optimal discriminatory
cut-off peint for the UMOD-score. Statistical analysis was performed
using SPSS Statistics (IBM Corp., Armonk, NY). P < 0.05 was
considered statistically significant, 2-sided tests were used.
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Autosomal dominant ApoA4 mutations present as
tubulointerstitial kidney disease with medullary
amyloidosis
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Sporadic cases of apolipoprotein A-IV medullary
amyloidosis have been reported. Here we describe five
families found to have autosomal dominant medullary
amyloidosis due to two different pathogenic APOA4
variants. A large family with autosomal dominant
chronic kidney disease (CKD) and bland urinary sediment
underwent whole genome sequencing with identification
of a chr11:116692578 G>C (hg19) variant encoding the
missense mutation p.L66V of the ApoA4 protein. We
identified two other distantly related families from our
registry with the same variant and two other distantly
related families with a chr11:116693454 C>T (hg19)
variant encoding the missense mutation p.D33N. Both
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mutations are unique to affected families, evolutionarily
conserved and predicted to expand the amyloidogenic
hotspot in the ApoA4 structure. Clinically affected
individuals suffered from CKD with a bland urinary
sediment and a mean age for kidney failure of 64.5
years. Genotyping identified 48 genetically affected
individuals; 44 individuals had an estimated glomerular
filtration rate (eGFR) under 60 ml/min/1.73 m? including
all 25 individuals with kidney failure. Significantly, 11 of
14 genetically unaffected individuals had an eGFR over
60 ml/min/1.73 m> Fifteen genetically affected
individuals presented with higher plasma ApoA4
concentrations. Kidney pathologic specimens from four
individuals revealed amyloid deposits limited to the
medulla, with the mutated ApoA4 identified by mass-
spectrometry as the predominant amyloid constituent in
all three available biopsies. Thus, ApoA4 mutations can
cause autosomal dominant medullary amyloidosis, with
marked amyloid deposition limited to the kidney
medulla and presenting with autosomal dominant CKD
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with a bland urinary sediment. Diagnosis relies on a
careful family history, APOA4 sequencing and pathologic
studies.

Kidney Interational {2024) B, B-1; https//dol.org/10.1016/
j-kint2023.11.021
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Lay Summary

In this article, we identify changes (“mutations”) in the
gene APOA4 as a cause of inherited kidney disease.
Apolipoprotein A-IV (ApoAd) is a protein that transports
fat molecules from the intestines via the bloodstream to
cells throughout the body. After the fat molecules are
removed from ApoA4, it is filtered by the kidney and
reabsorbed back into the bloodstream. In this study of 5
families, we identified 1 mutation in 3 families, and
another mutation in 2 families. In both cases, the mu-
tations affect the ApoA4 structure and result in deposi-
tion of abnormal ApoA4 in the middle (medulla) of the
kidney. This abnormal protein deposition leads to slowly
progressive kidney failure, often leading to the need for
dialysis later in life. The article is important because it
identifies a new form of inherited kidney disease. Now
patients can be tested for the disease, and scientists can

start to develop treatments.
G families presenting with chronic kidney disease (CKD)
with a bland urinary sediment and autoscmal domi-
nant inheritance.” The most common causes are autosomal
dominant tubulointerstitial kidney disease {ADTKD) due to
UMOD* or MUCI” mutations, each accounting for approx-
imately 0.3% of cases of kidney failure resulting in the need
for dialysis or kidney transplantation in the US.*™ Other
families also have an ADTKD-like presentation (autosomal
dominant CKD with a bland urinary sediment) in which the
genetic cause of kidney disease has not been identified.

In this investigation, we identify 2 different variants in the
APOA4 gene encoding human apolipoprotein A-IV (ApoAd)
in 48 individuals from 5 families with an ADTKD-like pre-
sentation. ApoA4 is a 46-kDa apolipoprotein that is synthe-
sized in intestinal enterocytes in response to dietary fat
absorption” and incorporated onto the surface of nascent
chylomicrons. Once chylomicrons enter the circulation,
ApoAd dissociates from the chylomicron and circulates in a
manner loosely associated with high-density lipoproteins® as a
lipid-free glycoprotein with a molecular weight of 46 kD” and
as a stable homodimer with a molecular weight of 92 kD.'"
The kidney plays a major role in ApoA4 metabolism.
Monomeric ApoAd4 is small enough to undergo glomerular
filtration,'* with subsequent reabsorption and degradation in

proximal and distal tubules.""

enetic causes increasingly are being identified in

ApoA4 has been found in rare cases to be the primary
constituent of amyloid deposits occurring exclusively in the
kidney medulla, with 13 cases of sporadic AApoAIV (amyloid-
ApoAIV) medullary amyloidosis having been described in the
literature*™* or presented as an abstract {Sheikh SN, Li T,
Kunjal RA. Apolipoprotein A-IV amyloidosis: an unusual cause
of renal amyloidesis and CKD. Presented at: American Society
of Nephrology Kidney Week. October 23-25, 2018; San Diego,
CA. TH-PO523). In all cases, AApoAIV deposition was limited
to the kidney medulla. Of the 13 cases, 12 presented with CKD
and a bland urinary sediment with minimal proteinuria; 1
presented with advanced CKD and 5.8 g/d of urinary protein."”

As in reports of sporadic AApoalV medullary amyloidosis,
pathologic examination of kidney tissue from 4 genetically
affected individuals from our investigation revealed isclated
medullary amyloid deposition, with mass-spectrometric
analysis of tissue available from 3 patients revealing mutated
ApoAd protein as the predominant constituent. Thus, in this
investigation, we report for the first time cases of APOA4
variants causing autosomal dominant medullary amyloidosis
and a presentation of CKD with a bland urinary sediment.

METHODS

This investigation was approved by the institutional review boards of
Wake Forest School of Medicine (Winston-Salem, NC, United
States), Charles University (Prague, Czech Republic}, and Nova
Scotia Health (Halifax, Nova Scotia, Canada).

The Wake Forest Rare Inherited Kidney Disease Registry includes
DNA from 429 families with autosemal dominant CKD with a bland
urinary sediment.’® Participants with autosomal deminant CKD
with a bland urinary sediment who are not found to have a known
causative mutation then undergo whole-exome or whole-genome
analysis with systematic reanalysis for unselved cases.

Genetic evaluation

Genomic DNA of all available individuals was extracted from whole
blood or saliva. Sanger sequencing, whole-exome and whole-genome
sequencing, data analysis, variant prioritization, and targeted geno-
typing were performed as described.® Obligate heterozygotes were
included in the analysis only if age of initiation of dialysis or
transplantation was available.

In silico analysis

Mutations were mapped into the ApoA4 crystal structure’” or a
theoretical model of the dimeric full-length protein generated by
AlphaFold2-multimer available via ColabFold."® Structural models
were visualized with PyMOL viewer (Schrédinger Inc.) and UCSF
ChimeraX (Delano Scientific). Amyloidegenic regions in ApoAd
were identified using MetAmyl' and AmyloPred2.”

Amyloid proteomic analysis
The proteomic content of microdissected amyleid deposits from
pathologic specimens was analyzed as previously described.””

Histopathologic, immunohistochemical, immunofluorescent,
and ultrastructural electron microscopic analyses of kidney
biopsies

Standard staining was performed as previously described.® See the
Supplementary Methods for information on the specific antibodies
that were used.
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Immunoblot analysis of ApoA4 in plasma

Plasma samples were separated by non-denaturing polyacrylamide
gel electrophoresis, and ApoA4 was immunodetected as previously
described.”’ For immunodetection, mouse anti-human ApoA4
antibody (G-8) (sc-374543, Santa Cruz) was used. Immunoaffinity
enrichment of plasma ApoA4 with mass spectrometry analysis
typing was performed as previously described,” with details pro-
vided in the Supplementary Methods.

Statistical analysis

Standard statistical analyses were performed with SAS (SAS Insti-
tute). Estimated glomerular filtration rate (eGFR) was calculated
with the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation.”” To assess the differences in plasma ApoAd
levels between those with APOA4 risk genotypes and those unaf-
fected, a mixed-effects model with compound-symmetry covariance
structure was applied to account for the correlation between related
individuals.

RESULTS

The index case II1.12 from Family 1 (Figure 1) is a male
patient who presented at age 54 years with CKD of un-
known cause. In his early 40s, the patient was diagnosed
with hypertension, gout, and hypercholesterolemia. The
patient was placed on atorvastatin, 60 mg daily, for

Family 1 - p.L66V

hyperlipidemia. The patient never experienced a cardio-
vascular event. The patient’s father died in his 80s without
CKD, and his mother’s ¢GFR was 55 ml/min per 1.73 m? at
age 90 years. A sister of the proband (II1.9) underwent
kidney transplantation at age 68 years, and a brother’s
(II1.11) eGFR was 19 ml/min per 1.73 m® at age 57 years.
Cardiovascular disease occurred only after age 50 years in
family members with and without CKD. Physical exami-
nation was unremarkable. The patient’s urinalysis was
bland, with pH 5.5 and no urinary protein. The eGFR was
44 ml/min per 1.73 m”. A fasting lipid panel of the patient
at age 52 years while on atorvastatin revealed a total
cholesterol of 193 mg/dl (normal range [nr| 25-200 mg/
dl), triglycerides 176 mg/dl (nr <150 mg/dl), high-density
lipoprotein cholesterol 49.6 mg/dl (nr 35-135 mg/dl), and
low-density lipoprotein cholesterol 108 mg/dl (nr <130
mg/dl). On kidney imaging at age 55 years, the right kidney
was 11.3 cm with 2 cortical cysts, and the left kidney was
12.7 cm with a simple cyst. A kidney biopsy at age 54 years
(Table 1) revealed advanced chronic changes in all com-
partments of the kidney parenchyma, with about 60%
globally sclerotic glomeruli, tubular atrophy, interstitial
fibrosis, and severe vascular sclerotic changes. No amyloid
deposition was noted. CKD progressed to initiation of
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disease, and unshaded shapes denote normal kidney function. A

question mark (?) denotes lack of information on clinical status. A plus sign (+) indicates the presence of the p.L66V or p.D33N APOA4 variant,
and a minus sign {-) indicates the presence of the wild-type APOA4 variant in a genotyped individual. Two plus signs (+/+) indicates the
presence of 2 p.L66V APOA4 variants. Unfortunately, no clinical and/or laboratory data were available for the parents of the 2 homozygotes in
Family 3b, IV.1 and IV.2. Additional pedigree branches of Family 3 are presented in Supplementary Figure S1.
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dialysis at age 66 years. Family history revealed numerous
family members who were affected similarly clinically, with
an autosomal dominant inheritance pattern (Figure 1).

Genetic analysis

Upon negative results of UMOD and MUCI genotyping,

whole-genome sequencing was performed in 5 clinically

affected individuals from family 1 (II1.9, IIL.11, II1.12, IIL.25,

and II1.30). A search for shared genetic material identified

only one ~15-megabase pair (Mbp)-sized genomic region
on chromosome 11 (chrll: 110012896-124998347), with
only one relevant candidate variant—chr11:116692578 G>C

(hgl9)—encoding for a missense mutation in APOA4

(NM_000482.4): ¢.196C>G (p.L66V). No other rare protein

coding or conserved regulatory variants were shared by

affected individuals elsewhere in their genomes. Using Sanger
sequencing and segregation analysis, we genotyped 19 in-
dividuals from Family 1. Of 11 genetically affected individuals

(10 genotyped and one obligate heterozygote), 9 had CKD,

with 2 female members (II1.10 and II1.23) being as yet clin-

ically unaffected (eGFR 100 ml/min per 1.73 m® at age 55

years, and eGFR 86 ml/min per 1.73 m® at age 54 years,

respectively). Of 9 genetically unaffected individuals, the
lowest eGFR was 59 ml/min per 1.73 m?” at age 69 years

(Figure 2a).

A search for rare APOA4 variants from our internal whole-
genome  sequencing/whole-exome  sequencing  database
revealed the following results:

(i) The same chr11:116692578 G>C (p.L66V) variant was
present in 7 clinically affected individuals (5 genotyped
and 2 obligate heterozygotes) from Family 2 (Figure 1)
and in the proband IV.10 from Family 3a, who was later
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found to be part of a large kindred from a rural area in
Nova Scotia, Canada, where an unusually high incidence
of CKD had been noted by researchers from Dalhousie
University. The different branches of this kindred are
displayed as Families 3a and 3b in Figure 1, and Families
3¢—f in Supplementary Figure S1. High-density single-
nucleotide polymorphism genotyping was carried out on
13 affected members of the Nova Scotia pedigrees and an
analysis was performed using the combinatorial con-
flicting homozygosity (CCH) method, an efficient
nonparametric technique that is well suited to identifying
haplotypes shared identical-by-descent in founder pop-
ulations.”* This revealed a 2.8-Mbp region at chrll:
116369171-119235404 shared by all 13 individuals. Taken
together with the mapping described above, this nar-
rowed the critical interval to an ~ 1 Mbp-sized region at
chrll: 116369171-117651600, still containing APOA4.
The p.L66V variant segregated with affected status. In
further analysis, the p.L66V variant was identified in 17
individuals, all of whom were clinically affected. Two
clinically affected individuals were genetically unaffected:
I11.14 from Family 3a, with an eGFR of 12 ml/min per
1.73 m* at age 94 years, and V.3 from Family 3b, with an
eGFR of 30 ml/min per 1.73 m® at age 77 yecars
(Figure 2a). Two individuals homozygous for the p.L66V
variant (IV.1 and IV.2 from Family 3b) had clinical
findings similar to those for heterozygous individuals
(Figure 2a).

(ii) The ch11:116693454 C>T (hgl9) variant encoding for
another missense mutation in APOA4 (NM_000482.4):
c.97G>A (p.D33N) was identified in 5 clinically affected
individuals (3 genotyped and 2 obligate heterozygotes)

[+ Censored
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Figure 2| Kidney function in affected individuals. (a) The most recent estimated glomerular filtration rate (eGFR, ml/min per 1.73 m?)
versus age in individuals affected with the ApoA4 p.D33N mutation, the ApoA4 p.L66V mutation, and genetically unaffected individuals from
the 5 families. Individuals on dialysis/transplanted were assigned an eGFR of 10 ml/min per 1.73 m? at the time of first initiation of dialysis or
transplantation. All genetically unaffected individuals had an eGFR = 59 ml/min per 1.73 m®. Individuals affected with the p.L66V mutation
started dialysis or underwent kidney transplantation at a later age and had milder eGFR decline than individuals with the p.D33N mutation.
Two individuals affected with the p.L66V variant had an eGFR > 80 ml/min per 1.73 m” at age =50 years, and one genetically affected
individual with the p.L66V variant had an eGFR of 58 ml/min per 1.73 m? at age 91 years. The genetically unaffected individuals had normal
kidney function, except for 3 individuals—one patient had an eGFR of 59 ml/min per 1.73 m? at age 69 years, another had an eGFR of 30 ml/
min per 1.73 m? at age 77 years, and another had an eGFR of 12 ml/min per 1.73 m” at age 94 years. (b) Survival curve to first initiation of
dialysis or kidney transplantation according to mutation and sex. Events included start of dialysis, date of preemptive kidney transplantation,
and date of death from uremia. Censoring occurred at end of follow-up or at death from non-kidney causes.
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Figure 3| Structural impact of ApoA4 mutations. (a) Domain architecture of ApoA4, with the signal peptide (SP) spanning amino acid (aa)
residues 1-20 and the mature protein (aa 21-396) composed of the N-terminal, middle, and C-terminal domains. Red triangles show the locations
of the identified mutations. (b) Theoretical model of dimeric ApoAd4 molecule generated by AlphaFold2-Multimer. Upper and lower panels
illustrate the domain architectures of the ApoA4 monomer and the tail-to-head oriented dimer. Each ApoA4 subunit is depicted in a different
color. () Homology of the mutant and wild-type ApoA4 N-terminal domain with those of higher mammals shows a high degree of sequence
conservation at the mutated residues. (d) Localization of mutations in the structural model of mature ApoA4 is highlighted by red spheres in a
single subunit of dimeric assembly. Amyloidogenic regions predicted by MetAmyl'® and AmyloPred2*® software are detailed in orange.

from Family 4, and 8 clinically affected individuals (6
genotyped and 2 obligate heterozygotes) from Family 5.
Thus, the identified APOA4 variants segregated in an
autosomal dominant pattern. In summary, 44 of 48 geneti-
cally affected individuals had an eGFR <60 ml/min per 1.73
m?, and 11 of 14 genetically unaffected individuals had an
eGFR >60 ml/min per 1.73 m? (Figure 2a; P < 0.0001). All 25
of the 25 individuals who developed the need for dialysis or
kidney transplantation were genetically affected.
Examination of haplotypes across the APOA4 genomic re-
gion showed that probands carrying the same variant shared
identical mutation-carrying chromosomal segments from a
common ancestor, indicating that affected families are highly
likely to be related. Both genetic variants reside on the “wild-
type” ApoAd-1 isoform in all families.”” Neither of these vari-
ants have been reported in The Genome Aggregation Database
(gnomAD), and both affect an evolutionarily conserved amino
acid located in the ApoA4 N-terminal amyloidogenic domain

(Figure 3; Supplementary Figure $2).%°

Clinical findings in the 5 families

Urinary protein/creatinine measurements (Supplementary
Figure 53) were <300 mg/g in 10 of 11 genetically affected
individuals, with one individual with an eGFR of 52 ml/min
per 1.73 m* having a measurement of 867 mg/g, consistent
with proteinuria in CKD due to reduced nephron mass.”” In 8
patients with urinary albumin/creatinine measurements, 6
were <250 mg/g, with one patient with an eGFR of 25 ml/
min per 1.73 m® having a measurement of 949 mg/g, and
another with an eGFR of 30 ml/min per 1.73 m” having a
measurement of 720 mg/g. Kidney function in genetically
unaffected versus genetically affected individuals is shown in
Figure 2a. Two individuals are affected with the p.Lé6V
variant, with an eGFR > 80 ml/min per 1.73 m? at age >50
vears, and one individual is genetically affected with the
p.L66V variant, with an eGFR of 58 ml/min per 1.73 m” at age
91 years. Two patients homozygous for the p.L66V mutation
had rates of eGFR decline similar to those of heterozygous
individuals (Figure 2a). Kidney imaging was consistent with
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Figure 4| Light microscopy, including Congo-red staining, of the cortex and medulla in the nephrectomy specimen from an affected
individual. Three serial sections were stained with (a-¢,f-h,k-m,p-r), Congo red (d,i,n,s) Jones methenamine silver, and (e,j,0,t) anti-ApoA4
Ab, Dashed white rectangles in {c-e) correspond to areas shown in {f=j), respectively. White solid rectangles in (a-e} correspond to areas
shown in (k-0), respectively. Identical fields of view in Congo-red staining are shown under (a,fk,p) normal transmitted light, (b,g,l,q)
polarized light, and (¢,h,m,r} epifluorescence (for example, BP 510-560/DM575/LP 590). Amyloid accumulation can be seen in the inner
medulla (kidney papilla). Amyloid localizes interstitially but also under the epithelia of collecting ducts. (f-h,i) Subepithelial amyloid
accumulation is highlighted by white arrows (white arrowheads mark the epithelial basal membranes}. (k-n} Some of the collecting ducts are
completely lined by amyloid deposits and lack surface epithelium. (n) Residual epithelial basal membranes are highlighted by white
arrowheads. (e,j,0) Amyloid deposits (variably) stain with anti-ApoA4 Ab, compared to corresponding serial sections stained by (¢,h,m) Congo
red and (d,i,n) Jones methenamine silver. {p-t) Numerous amyloid tubular casts can be found in outer kidney medulla and cortex
(highlighted by white arrows. Similar intratubular casts can be also found in inner medulla collecting ducts {not shown). Asterisks highlight
one glomerulus. Bar = (a~e) 200 im; (f=0) 50 pm; and (p-t} 100 pm. IHC, immunohistochemical. To optimize viewing of this image, please see

the online version of this article at www.kidney-international.org.

CKD. Supplementary Figure S4A shows a similar figure by sex
and pathogenic variant, including genetically unaffected in-
dividuals, obligate carriers, and clinically affected individuals
(CKD stage =3b) in whom DNA could not be obtained. The
mean age of initiation of dialysis or kidney transplantation
was 58.2 £ 11.1 years (range: 45-71 vyears) for individuals
with the p.D33N variant, and 66.7 &= 10.2 years (range: 55-85
years) for individuals with the p.L66V variant (P = 0.1). To
compare disease severity between the p.D33N and the p.L66V
variants, survival curves (Figure 2b; Supplementary
Figure S4B) and a Cox proportional hazards model were
created with the outcome variable being age of first initiation
of dialysis or kidney transplantation, and with independent
variables including sex and mutation. In univariate models,
the hazard ratio for the p.D33N genotype was 7.8 (95%
confidence interval [CI] 1.30-46.97, P — 0.01), and for male

Kidney International (2024) |, -

sex, it was 4.51 (95% CI 0.75-27.27), P = 0.07. The best-fit
model included only genotype.

In 22 genetically affected individuals with available data,
4 suffered cardiac events at age 55, 58, 65, and 70 years.
Eight of 24 affected individuals were receiving lipid-
lowering agents. Lipid profiles were available in 5 geneti-
cally affected individuals who were not receiving statins.
The mean cholesterol level was 199 + 49 mg/dl; high-
density lipoprotein cholesterol was 62.4 + 20.1 mg/dl;
very-low-density lipoprotein cholesterol was 13 & 1.4 mg/dl
(nr 2-30 mg/dl); and low-density lipoprotein cholesterol
was 118 £ 50 mg/dl.

To identify other potential clinical manifestations of
amyloidosis, a chart review and/or interview revealed normal
serum alkaline phosphatase and normal serum albumin levels
in 9 of 9 available patients. In surveying 14 genetically affected
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Figure 5| Electron microscopy of amyloid fibrils at {a) x50,000 and (b) x150,000 demonstrates a crisscrossing pattern with a fibril

diameter of approximately 8.5 nm.

individuals, 1 of 14 (Family 5, I11.3) had heart failure (diag-
nosed with cardiac transthyretin amyloidosis), and 0 of 14
had hepatomegaly or chronic problems with diarrhea or
constipation. Three of 14 patients, all aged >60 years and
with advanced CKD, reported increased susceptibility to
bruising that had not required physician referral. Besides the
cardiac biopsy showing transthyretin amyloidosis, 0 of 14
patients underwent biopsies of the intestine, heart, liver, or
other organs, except for the kidney.

Histopathologic, immunochistochemical, and proteomic
analyses

Pathologic findings from 8 kidney specimens are presented in
Table 1. Pathology consistently showed secondary global
glomerulosclerosis and tubulointerstitial fibrosis. Four of 8
pathologic specimens contained inner medulla, with all
showing hyaline material restricted to the medulla (Figure 4).
Of the 4 cases with inner medulla, 2 were nephrectomy
samples (II1.12 from Family 1 and I11.14 from Family 3a), 1
was a core biopsy with limited material (IV.10 from Family
3a), and in 1 case (IV.1 from Family 2), only a biopsy report
was available. In 3 of the 4 cases, hyaline deposits consistent
with amyloid deposition were noted only in secondary anal-
ysis after the mutation had been identified. Congo-red
staining revealed apple-green birefringence under polarized
light (Table 1; Figure 4; Supplementary Figure S5) in all 4
cases. For I11.12, electron microscopy of the medulla showed
fine nonbranching fibrils approximately 8.5 nm in diameter
arranged in crisscrossed bundles (Figure 5a). Similar findings
appeared in the electron microscopy report from IV.1. Four

8

biopsies containing only kidney cortex showed no pathologic
staining with Congo red or ApoA4 (Table 1).

Patient II1.12 underwent nephrectomy at age 67 years
after a genetic diagnosis had been made, allowing detailed
immunohistologic examination of both the cortex and me-
dulla. Examination of the kidney cortex revealed tubular
atrophy, and interstitial fibrosis with advanced global glo-
merulosclerosis (Figure 4). In the inner medulla (kidney
papilla), extensive amyloid accumulation was present in the
interstitium and under the epithelia of collecting ducts.
Some of the collecting ducts were completely lined by am-
vloid and lacked surface epithelium. Numerous amyloid
intratubular casts were found in the medulla and cortex. We
categorized the tubules containing amyloid casts as collect-
ing ducts based on their light microscopic morphology,
localization, and distribution in the tissue. No cytoplasmic
amyloid deposits in the tubular epithelia were detected
anywhere in the tissue.

Aside from the normal granular ApoA4 signal in epithelia
of proximal tubules, we identified an abnormal and intense
diffuse ApoA4 signal in the cytoplasm of epithelia of a frac-
tion of cortical and medullary tubules that were uromodulin-
negative. Lack of the granular cytoplasmic ApoA4 signal,
together with absence of uromodulin in these abnormally
ApoA4-stained epithelia, suggested that they were likely col-
lecting ducts. The majority of the interstitial amyloid deposits
stained positive with ApoA4 antibody (Figure 4;
Supplementary Figures S5, 6, and S7).

Congo red-positive amyloid deposits
microdissected and subjected to proteomics

laser-
analysis

were
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Figure 6| Proteomic identification of mutant ApoA4 in amyloid deposits. Congo red-positive amyloid deposits were laser microdissected
and subjected to proteomics analysis. Two independent microdissections were performed, and each was analyzed separately. (a) Protein
identification profile showing top 10 proteins detected in the patient amyloid deposits. The yellow star highlights universal amyloid
signature proteins. The blue star represents amyloidogenic protein in the patient's amyloid deposits. Values in green boxes are the total
number of tandem mass spectrometry (MS/MS) spectra matching to the corresponding protein in each sample. (b) Sequence coverage of
ApoA4 protein detected in the patient. Bold letters on yellow highlighted background represent the portions of protein detected in the

patient. (c) The MS/MS spectrum corresponding to the pLée6V is shown

. The red asterisk shows the mutated amino acid. (d) Mutant-C and

wild type-C represent the total number of MS/MS spectra matching to the p.L66V peptide and the corresponding wild-type ApoA4d peptide
present in the patient’s amyloid deposit. Wild type-OAT (other amyloid type) represents the average total number of MS/MS spectra
matching to the same wild-type ApoA4 peptide in non-AApoAIV kidney amyloidosis cases (N = 905). The p.L66V mutant peptide was not

detected in these N = 905 non-AApoAlV kidney amyloidosis cases.

(Figure 6). Approximately 100 proteins were in the deposit,
with the mutant ApoA4 being the most abundant amyloi-
dogenic protein. Approximately 350 spectral counts of ApoA4
were present, similar to cases of sporadic AApoAIV
amyloidosis. The ratio of the ApoA4 peptide containing the
mutated p.L66V residue to wild-type ApoA4 was 1.46 to 1.
The nephrectomy sample from II1.14 showed extensive
amyloid deposition (see Supplementary Figure S5) and pos-
itive ApoA4 immunohistochemical staining. The tissue was
from a patient with advanced kidney failure on dialysis,
precluding detailed analysis of ApoA4 deposition similar to
that of the specimen from IIL.12. Laser microdissection and
proteomic analysis revealed approximately 121 proteins in the
deposit, with the mutant ApoA4 being the most abundant
amyloidogenic protein. Approximately 137 spectral counts of
ApoA4 were present, similar to cases of sporadic AApoAIV
amyloidosis. The ratio of the ApoA4 peptide containing the
mutated p.L66V residue to wild-type ApoAd was approxi-
mately 2 to 1. The needle biopsy from IV.10 revealed amyloid
deposition in the medulla, but no tissue remained for ApoA4
immunostaining. Laser microdissection and proteomic anal-
ysis revealed approximately 335 spectral counts of ApoAd.
The ratio of the ApoA4 peptide containing the mutated
p.L66V residue to wild-type ApoA4 was approximately 2 to 1.
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Skin biopsy samples were available from two family
1 members, II.12 and II1.28. Amyloid deposits were
not detected in these samples using Congo-red staining
(not shown).

Plasma ApoA4 analysis

Plasma ApoA4 was immunodetected in 15 individuals with
the ApoA4 variants (7 with the p.D33N variant, and 8 with
the p.L66V variant), and 49 controls (6 genetically unaffected
family members, 6 with MUCIT mutations, 12 with UMOD
mutations, and 24 population controls; Figure 7a and b).
Plasma total ApoA4 levels were increased for patients with
ApoA4 mutations versus controls (840 £ 226 vs. 515 + 188
ng, P = 0.0001), as well as plasma monomeric ApoA4 (578 +
151 vs. 406 & 110 ng, P = 0.0001) and plasma dimeric ApoA4
(262 £ 83 vs. 109 £ 132 ng, P — 0.06). Immunoaffinity
enrichment with mass spectrometry analysis revealed that the
ratio of mutated ApoA4 and wild-type ApoA4 was approxi-
mately 1 to 1 (Supplementary Figure S8).

In silico analysis

ApoA4 consists of a middle domain comprised of 13 proline-
punctuated amphipathic helices (residues 84-355) and glob-
ular and/or coiled domains at the N- and C-terminus
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controls), whereas dimeric levels were not (P = 0.06}. Plasma levels were not significantly different in comparisons between genetically
affected and individuals with UMOD or MUCT mutations or between genetically affected individuals and controls, likely due to lack of statistical

power.

(residues 21-83 and 356—394, respectively; Figure 3a). These
terminal domains are involved in transient interactions
among themsclves and with the central helical domains™
(Figure 3b), which play a major role in stabilizing ApoA4
tertiary and quaternary structure.

The p.D33N and p.L66V mutations are located at the
structurally flexible N-terminal domain (Figure 3c). The
altered charge and size of the substituted amino acid

10

residues may disturb the association with other protein
domains, such as the C-terminus”’ and may thereby alter
protein stability, self-association, and/or lipid binding.
Destabilization of the ApoA4 helical structure by amino
acid substitutions could also induce formation of alternate
secondary structures—including beta-sheets, a basic struc-
tural unit of amyloid fibrils (Figure 3d; Supplementary
Figure S2).
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Two in silico prediction programs consistently revealed 2
amyloidogenic regions at the N- and C- terminal domains
overlapping at positions of 27-32 and 353-356
(Supplementary Figure S2). Notably, these regions form
several contacts in the structural model generated by
AlphaFold-Oligemer and may thus form a single amyloido-
genic hotspot in the ApoAd4 structure. In addition, both
pathogenic mutations are near this hotspot. The p.D33N
mutation is located in the proximate vicinity, whereas the
p.L66V mutation is found in the adjacent interhelical loop. In
the analysis of specific mutations, p.D33N caused an expan-
sion of the amyloidogenic region, with both predictive soft-
ware tools. Similar expansion was found for the p.L66V
mutant, using the MetAmyl, but not the AmyloPred2,

program.

DISCUSSION

In this investigation, we identified 2 pathogenic variants in
APOA4 as causes of autosomal dominant CKD with a bland
urinary sediment in 48 individuals from 5 families. In all, 44 of
47 family members with an eGFR < 60 ml/min per 1.73 m?
carried an APOA4 pathogenic variant, and neither variant has
been found in the general population. Both variants are
evolutionarily conserved and encode for missense mutations in
the N-terminal domain relevant to oligomerization of
Apoad.” All dinically affected individuals presented with a
bland wrinary sediment, CKD, and, no clinical evidence of
systemic amyloidosis. Routine kidney biopsies limited to the
kidney cortex showed tubulointerstitial fibrosis and secondary
glomerulosclerosis and no amyloid deposition. Four genetically
affected individuals were identified with isolated medullary
deposition of amyloid, with mass spectrometry showing the
mutated Apoad as the primary constituent in 3 available cases.

The majority of filtered ApoA4 likely undergoes intact
proximal tubular reabsorption'’ through vesicular trans-
port,”" similar to albumin.”* Immunohistochemical studies in
normal kidney have demonstrated the presence of ApoA4 in
proximal tubular cells, capillaries, blood vessels, and the
Iymphatic system, but not in glomeruli or distal tubular cells.
In proximal tubules, ApoA4 was present in the brush border
and in intracellular granules and plasma membranes. ApoA4
was net found in the tubuleinterstitium, with no APOA4
mRNA expression detected in the kidney.” These findings are
all consistent with reabsorption and degradation of the ma-
jority of filtered ApoA4 in proximal tubule cells.

We hypothesize that the amino acid substitutions alter the
tertiary or quaternary structure of the mutated ApoAd, leading
to increased plasma and primary urine concentrations and
isolated medullary amyloid deposition, a finding that is specific
to AApolV amyloidosis—in both sporadic cases'” ' and pa-
tients who have ApoA4 mutations. Pathologic studies per-
formed on the kidney of the proband demonstrated ApoAd-
positive amyloid casts in the outer kidney medulla, cortex,
and the inner medulla collecting ducts, indicating the ability of
ApoA4 to transit the glomerular basement membrane. Abun-
dant ApoAd4 staining in the proximal tubule cells indicated
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increased proximal tubular reabsorption consistent with
increased plasma apo4 levels. The mutant ApoA4 is then
preferentially deposited in amyloid form in the medulla,
possibly because of the increased concentration and due to the
medullary gradient and the lower pH environment of the
kidney medulla. In fact, the pH of the kidney medulla,
approximately 5.5,"* is very close to the ApoA4 isoelectric
point of 5.13,” where it denatures and aggregates. Alternatively,
N-terminal pathogenic variants may impair intramolecular
electron transfer,” thus impairing its antioxidant properties™
and rendering it more vulnerable to free radical attack in the
relatively hypoxic environment of the kidney medulla. The
deposition of amyloid leads to slowly progressive CKD. As the
condition does not primarily affect the glomerulus, the urinary
sediment contains no blood or protein.

Identification of pathogenic APOA4 variants will be clini-
cally challenging for several reasons. Patients present with the
mundane clinical findings of slowly progressive CKD with a
bland urinary sediment. Given the relatively late onset of
kidney disease and the incomplete penetrance in some in-
dividuals, the genetic nature of the condition may be missed.
In addition, nephrologists may not perform a kidney biopsy
due to the slowly progressive nature of the disease and the
bland urinary sediment. If a biopsy is performed, it often will
include only cortical tissue and result in a nonspecific diag-
nosis, as occurred in 4 of 6 needle biopsies in this study.
Similar to the findings for our proband, Rosenstiel and Alves
reported on a patient with sporadic medullary amyloidosis
that was found after nephrectomy but not on a prior biopsy.'*
In addition, amyloid deposition was initially missed on 3 of 4
pathologic specimens containing medulla. Thus, diagnosis
will rely on a careful family history, APOA4 sequencing, and
ApoA4 immunostaining.

The identification of several genetically affected family
members with well-preserved kidney function suggests that
environmental or genetic factors may ameliorate the course of
disease in this condition. ApoA4 is produced in the intestinal
epithelium in response to dietary fat consumption.” Reduc-
tion in dietary fat content lowers plasma ApeAd levels,” and
in the absence of enteral intake, as in patients on total
parenteral nutrition, plasma ApoAd4 levels fall to nearly un-
detectable levels.”” Less ApcA4 production may result in
decreased kidney deposition of the mutant protein and could
potentially ameliorate kidney disease. We are pursuing in-
vestigations in this area. A shortcoming of our study was the
small patient population. Given the late onset of disease and
its autosomal dominant inheritance, a number of large fam-
ilies have likely suffered from this condition for generations,
similar to families with UMOD**™" and MUCI muta-
tions.”** A limitation of this study is the lack of other organ
or tissue biopsies to definitively rule out AApoAIV deposition
occurring outside of the kidney. Systematic investigations
with echocardiography, computed tomography scanning, and
12[_labeled serum amyloid P component (SAP) scintigraphy
should be performed in the future to rule out systemic am-
yloid deposition in these patients.
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In summary, we describe 5 families presenting with
autosomal dominant medullary amyloidosis due to APOA4
mutations. ApoAd is a small protein produced by the small
intestine to facilitate fat uptake. Once fat is transported,
ApoAd is filtered by the glomerulus and undergoes tubular
reabsorption. Pathogenic APOA4 variants produce small
changes in ApoA4 that do not show clinical signs of affecting
lipid transport. However, when mutant ApoA4 is filtered by
the glomerulus, the mutation results in fibril formation and
amyloid deposition isolated to the kidney medulla, with no
clinical evidence of non-kidney deposition. Routine kidney
biopsies (which often do not sample the kidney medulla)
often show only secondary nephrosclerosis and tubuleinter-
stitial sclerosis but no amyloid deposition. Thus, diagnosis
relies on genetic testing. In addition, if medullary amyloidosis
is identified in the kidney, formal diagnosis of AApoAIV
medullary amyloidosis relies on the identification of the
mutated protein either by mass spectrometry, or if the mu-
tation is not known, by the number of spectral counts in the
deposits.”” If the condition is found, patients should undergo
genetic analysis of the APOA4 gene via commercial testing or
consultation with an academic center interested in this
disorder.
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