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Abstrakt 

Úvod: Selhání ledvin (ESKD) je spojeno s vysokou morbiditou a mortalitou. Příčina ESKD 

je často neznámá. Asi 10 % případů ESKD je podmíněna geneticky. Autosomálně 

dominantní tubulointersticiální onemocnění ledvin (ADTKD) je charakterizováno 

chronickým onemocněním ledvin (CKD) vedoucím k ESKD ve věku okolo 45 let bez 

proteinurie a hematurie. Nejčastější genetickou příčinou ADTKD jsou patogenní varianty 

UMOD, MUC1 a REN, asi 15% případů má neznámou genetickou příčinu. Cíle: (1) Zvýšení 

povědomí o ADTKD mezi klinickými nefrology. (2) Správná genetická klasifikace ADTKD 

a identifikace nových genů a jejich variant podmiňujících ADTKD. (3) Rozšíření znalostí 

patogenetických mechanismů ADTKD. (4) Prohloubení znalostí klinické charakterizace 

ADTKD a identifikace faktorů ovlivňujících progresi ADTKD. (5) Identifikace nových 

patogenních variant MUC1 v rodinách s ADTKD a vyloučenou prevalentní variantou 

duplikace cytosinu ve VNTR MUC1. Metody: V rámci práce studentka vyvinula 

interaktivní databázi umožňující přímý kontakt s pacienty, lékaři a výzkumníky. Studentka 

zavedla laboratorní protokoly pro izolaci DNA a odběr a odesílání vzorků na příslušné 

genetické testování. Významně se podílela na interpretaci identifikovaných genetických 

variant. Dále vytvořila pacientské dotazníky pro zlepšení znalosti klinických charakteristik 

ADTKD. Výsledky: Od roku 2018 jsme rozšířili náš ADTKD registr o 238 nových rodin na 

celkový počet 1100. Patogenní varianty UMOD, MUC1 a REN jsme identifikovali u 126, 

297 resp. 115 případů. Nalezli jsme patogenní varianty APOA4 jako nové genetické příčiny 

ADTKD. Identifikovali jsme faktory spojené s progresí ADTKD, což jsou typ patogenní 

varianty, dna, věk ESKD u rodičů a pohlaví. Definovali jsme odlišné klinické podtypy 

ADTKD-REN. Závěr: Zvýšili jsem schopnost nefrologů rozpoznat ADTKD a tím zlepšili 

správnost určení diagnózy ve skupině CKD. Dále jsme rozšířili spektrum genetických příčin 

ADTKD a identifikovali faktory ovlivňující 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, MUC1, 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 MUC1 

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, MUC1, 

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.  
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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 
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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, MUC1, and SEC61A1 as genetic causes of ADTKD, we now know that there are 

thousands of families suffering from these conditions [Živná 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, 
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MUC1 and SEC61A1.  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]. 

 

 
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 
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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 Živná, 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 MUC1 mutations in suspected ADTKD-MUC1 families 

who tested negative for the cytosine duplication that commonly causes 

ADTKD-MUC1. 

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. 
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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, 
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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 COL4A5 gene encoding alpha 5(IV) 

collagen chain, mapped to Xq22.3, segregated within three large families [Barker et al. 

1990]. Four years later, COL4A3 and COL4A4 were reported as causative for autosomal 
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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 COL4A3 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 
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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 

et al. 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 1q21, 

1q41, and 16p12.3 [Christodoulou et al. 1998, Scolari et al. 1999, Stibůrková 2000, 

Hodanová et al. 2005].  These locations were later identified to be the following causative 

genes MUC1, REN, and UMOD [Kirby et al. 2013, Živná et al. 2009, Hart et al. 2002].  
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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 3rd – 7th 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].  
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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 (ADMCKD2) 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, Stibůrková 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 [Stibůrková et al. 2000].  

UMOD was identified as the causative gene for ADMCKD2 and FJHN in 2002 when 

the Wake Forest team published a study of four families (one with ADMCKD2 and three 

with FJHN).  A p.H177-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 
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or medullary cysts.  Identifying that both ADMCKD2 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. 

 

 

 

 

 

 

 

 

 

 

 

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 [Köttgen 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 (eGFR), a calculation used to 

estimate kidney function. The rs13333226 minor allele G variant, present in 23% of the  
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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.  
 
 
 

 
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. 
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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]. 

 
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 



18 
 

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, AGTR1 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 1q41, 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 [Hodanová et al. 2005]. 

 In 2009, REN was identified as the second gene-disease association for 

FJHN/ADMCK2 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.Leu16del in two families and p.Leu16Arg 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 [Živná et al. 2009]. Of note, one of the families identified with a REN pathogenic 

variant was described by Hodanová 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, Živná, 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 Živná, Kidd et al. 

2020]. 

 

 

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] [Živná 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 Živná, Kidd et al. 2020]. 

 

 
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 

 9-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 Živná, 

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 MUC1 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 MUC1 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]. MUC1 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, MUC1 is expressed in the thick ascending limb of the 

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

MUC1 Gene  

The cDNA for MUC1 was sequenced and described in 1987 and localized to 

chromosome 1q21 in 1990[Gendler et al. 1987, Gendler et al. 1990]. MUC1 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]. 

MUC1 Structure 

 MUC1 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 MUC1 [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 MUC1 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 

 MUC1 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 Müller 2000, Chen et al. 2021]. 

 In cancer biology, aberrant changes in glycosylation in MUC1 have been well 

described. The cytoplasmic tail of MUC1 can be phosphorylated, with its role in cell signal 

cascades leading to tumor formation and metastasis being studied extensively [Hanisch and 

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

MUC1 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 1q21. 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 1q21 

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 1q21 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 MUC1 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 MUC1. Six large diverse families clinically diagnosed with 

ADMCKD1 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 1q21. Evaluation of coding and non-coding regions was unremarkable, 

leading to dedicated genetic analysis of the VNTR regions. The MUC1 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 MUC1 

 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 MwoI, 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 MUC1 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 MUC1 

+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 MUC1 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 MUC1 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 MUC1 +C duplication [Blumenstiel et al. 2016]. 

This remains the only clinically validated MUC1 test.  The Wake Forest team is still the 

coordinating center for all samples that undergo MUC1 analysis, and these results are 

documented in our registry [described in Chapter 1.5].  The number of patients and families 

identified with MUC1 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-MUC1. 
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Identification of Novel MUC1 Pathogenic Variants 

 The +C duplication leads to a frameshift for the rest of the MUC1 gene, altering the 

peptide sequence to an early truncating neopeptide (MUC1-fs). To study patient biopsies for 

abnormal MUC1 aggregation, an antibody for MUC1-fs was developed [Kirby et al. 2013].  

Due to MUC1 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 [Živná, 

Kidd et al. 2018].   

 

 

 

 

 

 

 

 

 

 
 

Figure 8. Growth of ADTKD-MUC1 Registry from 2013-2023. 

 

Despite many families being identified with pathogenic variants in UMOD, MUC1 

and REN there were still families presenting with ADTKD who tested negative for UMOD, 

REN and +C duplication in VNTR of MUC1 using the probe extension assay but positive 
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for MUC1-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-MUC1.  Due to primary 

structure of VNTR, this MUC1-fs protein is synthesized by all MUC1 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 Živná 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 1st 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 MUC1-fs in 

ADTKD-MUC1 patients and control patients including ADTKD-UMOD and evaluated. 

Sensitivity for MUC1-fs immunostaining of urinary cell slides was found to be 94% 

compared to 95% in kidney biopsies. Specificity was found to be 88% for MUC1-fs 

immunostaining of urinary cell slides vs. 82% in available kidney biopsies [Živná, Kidd et 

al. 2018]. Urinary cell slides were then evaluated for 17 families presenting with ADTKD 

but negative for UMOD pathogenic variants and MUC1 +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 

[Živná, Kidd et al. 2018]. 

We then studied plasma wild-type MUC1 (MUC1-wt) levels as a method to screen 

for ADTKD-MUC1.  We utilized the commercially available CA15-3 assay that has been 

used to monitor plasma MUC1 levels in breast cancer [Klee et al. 2004].  We hypothesized 

that patients with ADTKD-MUC1 would have serum MUC1 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-MUC1 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 MUC1 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-MUC1 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-MUC1 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 MUC1 evaluation, using a value of 

5U/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 MUC1-fs staining. 

Expansion of MUC1 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. MUC1  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 MUC1 variants in the RIKD 
registry result in the same MUC1-fs. 
 

CKD genes including UMOD, MUC1, and REN. A novel MUC1 pathogenic variant was 

identified before the VNTR, c.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, I 

identified a patient that had been found to have a MUC1 p.Ala135fs 

(NM_001204285.2:c.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 MUC1 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 MUC1 VNTR [Bleyer et al. 2019]. 
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For the large number of families with ADTKD without a genetic diagnosis, 

sequencing the MUC1 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 [Živná, Kidd et al. 2018, Vylet’al, Kidd et al. 2021]. 

MUC1 Single Nucleotide Polymorphism 

 Alternate splice forms of MUC1 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 MUC1 levels, showed that patients with the rs4072037 CC genotype produced a 

significantly higher amount of MUC1 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-MUC1 and ADTKD-UMOD. 



32 
 

Patients with ADTKD-MUC1 produce significantly less MUC1 overall [Vylet’al, Kidd et 

al. 2021].  

MUC1-fs Pathophysiology 

MUC1 3n+1 pathogenic variants cause a frameshift affecting the remaining VNTR 

sequence.  The self-terminating mutant MUC1-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-MUC1 patient kidney tissue 

with an antibody specific to MUC1-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-MUC1 also revealed intracellular deposition.  

While the MUC1-fs deposits intracellulary in all tissues producing MUC1 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, Živná, Kidd et al. 2018]. Staining of ADTKD-

MUC1 patient urinary cells with MUC1-wt and MUC1-fs antibodies show that MUC1-wt is 

localized to the cell surface, showing even coverage compared to MUC1-fs forming 

intracellular aggregates [Figure 10] [Živná, 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, MUC1-fs accumulation occurs exclusively in the ER-Golgi 

intermediate compartment (ERGIC) [Figure 10].   MUC1-fs accumulation activates the 

ATF6 branch of the UPR but is unable to clear the MUC1-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.  

Figure 10. MUC1 expression in the nephron. A) MUC1 is expressed in the distal convoluted 
tubule, thick ascending limb, and collecting duct (blue). B) Typical MUC1 processing in the cell 
(blue arrows). MUC1 frameshift (MUC1-fs) accumulation in endoplasmic reticulum Golgi 
intermediate compartment (ERGIC) vesicles in ADTKD-MUC1 (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 TMED9, 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-MUC1 patients 

[Dvela-Levitt et al. 2019]. 
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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 disease 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 

MUC1, 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 Živná, 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, Hartmannová et al., 2016 Cochran et al. 2018, Zikánová 

et al. 2018, Buglioni et al. 2021, Sikora et al.2022, see results, paper 4.5 Kmochová, 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 MUC1 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-MUC1 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-MUC1 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 Živná, Kidd et 

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

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

ADTKD- 
 

2018 2023 Increase (n) Increase (%) 

UMOD 
Individuals 893 1019 +126 14% 

Families 305 401 +96 32% 

MUC1 
Individuals 633 930 +297 47% 

Families 197 330 +133 68% 

REN 
Individuals 15 130 +115 >100% 

Families 7 37 +30 >100% 

TOTAL 
Individuals 1541 2079 +538 35% 

Families 509 768 +259 51% 

 

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

ADTKD 
 

WF cohort Collab cohort Total 

UMOD 
Individuals 647 372 1019 

Families 245 156 401 

MUC1 
Individuals 449 481 930 

Families 150 180 330 

REN 
Individuals 28 102 130 

Families 14 23 37 

TOTAL 
Individuals 1124 955 2079 

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, I 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 Živná, Kidd et al. 

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

 

 

 

 

 

 

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-MUC1. 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-MUC1 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 (PKD1 or PKD2 (31%) and Alport 

Syndrome COL4A3, COL4A4, or COL4A5 (31%). Pathogenic variants in UMOD were 

identified in nine patients (3%), and a SEC61A1 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 MUC1.  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 MUC1 in analysis, as whole-exome sequencing 

does not fully sequences and capture MUC1 pathogenic variants within the VNTR [Bleyer 

et al. 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 RenasightTM 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 PKD1 or PKD2 (44%) and Alport Syndrome COL4A3, COL4A4, or COL4A5 

(23%). Two patients with UMOD pathogenic variants were identified (1%), and none with 

pathogenic or likely pathogenic variants in REN or SEC61A1. It is noted in the discussion 

that whole exome and next-generation sequencing do not capture MUC1 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 Živná, 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, MUC1 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 Kmochová, 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 [Živná, 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, 

gout presence and age of 1st gout attack, age of ESKD (if reached) or last age without having 

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-MUC1 

 Individuals with ADTKD-MUC1 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-MUC1 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-MUC1 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-MUC1 

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 MUC1 in 

the blood, is helpful for screening potential ADTKD-MUC1 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 MUC1 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 rs4293393 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  

 Živná, 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 Živná, 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 Živná, 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 Živná, 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 Živná, 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 Živná, 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 SEC61A1 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 SEC61A1 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 SEC61A1 p.Ile428Met 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 SEC61A1 

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.Gln92Arg, 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 SEC61A1 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 MUC1 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 MT-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 MUC1. 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 Kmochová, 

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 Kmochová, 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 APOA4 pathogenic variant [see results, paper 4.5 Kmochová, 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-MUC1). 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 Kmochová, 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, MUC1, 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 

Kmochová, 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, MUC1, REN, SEC61A1, 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 MUC1, UMOD, and REN pathogenic variants. Since 

2018, we have been able to increase recruitment in our patient registry 31% (14% UMOD, 

47% MUC1, >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 MUC1 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, MUC1, and REN are glycoproteins abundantly expressed in kidney, and 

their biosynthesis depends on proper function of the translocon (SEC61A). ADTKD-APOA4 

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 

In respect to clinical trial development, we have already participated in the 1st two 

clinical trials for ADTKD-MUC1, one studying the effect of Vitamin-D on MUC1 

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-MUC1 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 

MUC1-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.  

• I developed the REDCap database, which includes 1441 data elements. 

• 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-MUC1 patients, 363 ADTKD-UMOD patients 

and 102 ADTKD-REN.  

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

of ADTKD.   

• We analyzed the outcomes of 275 families referred with clinical features of 

ADTKD and have final genotyping results for UMOD, MUC1, REN, and 

SEC61A1.    families (63%) were diagnosed with a type of ADTKD (UMOD 

n=98, MUC1 n=65, REN n=7, and SEC61A1 n=1). 

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

kidney disease in five families. 

3.  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-MUC1 – we contributed to identification of retention of MUC1-fs in 

ERGIC due to interaction with quality control protein TMED9 in patient kidney 

biopsies.  

• ADTKD-SEC61A1 – we found that mutations in SEC61A1 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 

MUC1. 

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-MUC1 (n=93).  
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• 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: 

rs4293393 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. 

• Comparing clinical characteristics of patients with ADTKD-UMOD and 

ADTKD-MUC1 identified gout is more prominent in ADTKD-UMOD patients 

and age of ESKD is younger in ADTKD-MUC1 patients. 

• 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. 

• 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 MUC1 pathogenic variants in suspected ADTKD-MUC1 

families who tested negative for the cytosine duplication that commonly causes 

ADTKD-MUC1. 

• We developed new diagnostic methods for detection of the MUC1-fs protein that 

leads to ADTKD-MUC1 (smears, immunohistochemical detection of MUC1-fs 

in kidney biopsy, PacBio sequencing, MUC1 ELISA, and CA15-3) 

• Using MUC1-fs screening and subsequent sequencing, we identified five novel 

MUC1 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.   

• Two families with MUC1 pathogenic variants have been identified by whole-

exome sequencing. One with a novel 25bp duplication and one with a +C 

duplication. 

• 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 MUC1) 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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4.  Results 

4.1 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, Živná M, 
Hartmannová H, Hodaňová K, Vyleťal P, Votruba M, Harden M, Blumenstiel B, 
Greka A, Kmoch S.  

 
 

Genet Med. 2020 Jan;22(1):142-149. 
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4.2 Genetic and Clinical Predictors of Age of ESKD in Individuals with Autosomal 
Dominant Tubulointerstitial Kidney Disease Due to UMOD Mutations. 

 
 

Kidd K, Vylet'al P, Schaeffer C, Olinger E, Živná M, Hodaňová K, Robins V, 
Johnson E, Taylor A, Martin L, Izzi C, Jorge SC, Calado J, Torres RJ, Lhotta K, 
Steubl D, Gale DP, Gast C, Gombos E, Ainsworth HC, Chen YM, Almeida JR, de 
Souza CF, Silveira C, Raposeiro R, Weller N, Conlon PJ, Murray SL, Benson KA, 
Cavalleri GL, Votruba M, Vrbacká A, Amoroso A, Gianchino D, Caridi G, Ghiggeri 
GM, Divers J, Scolari F, Devuyst O, Rampoldi L, Kmoch S, Bleyer AJ.  

 
 

Kidney Int Rep. 2020 Jul 3;5(9):1472-1485. 
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4.3 An International Cohort Study of Autosomal Dominant Tubulointerstitial 
Kidney Disease due to REN Mutations Identifies Distinct Clinical Subtypes. 

 
 

Živná M, Kidd K, Zaidan M, Vyleťal P, Barešová V, Hodaňová K, Sovová J, 
Hartmannová H, Votruba M, Trešlová H, Jedličková I, Sikora J, Hůlková H, Robins 
V, Hnízda A, Živný J, Papagregoriou G, Mesnard L, Beck BB, Wenzel A, Tory K, 
Häeffner K, Wolf MTF, Bleyer ME, Sayer JA, Ong ACM, Balogh L, Jakubowska 
A, Łaszkiewicz A, Clissold R, Shaw-Smith C, Munshi R, Haws RM, Izzi C, Capelli 
I, Santostefano M, Graziano C, Scolari F, Sussman A, Trachtman H, Decramer S, 
Matignon M, Grimbert P, Shoemaker LR, Stavrou C, Abdelwahed M, Belghith N, 
Sinclair M, Claes K, Kopel T, Moe S, Deltas C, Knebelmann B, Rampoldi L, Kmoch 
S, Bleyer AJ.  

 
 

Kidney Int. 2020 Aug 1:S0085-2538(20)30838-3. 
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4.4 Clinical and genetic spectra of autosomal dominant tubulointerstitial kidney 
disease due to mutations in UMOD and MUC1. 

 
 

Olinger E, Hofmann P, Kidd K, Dufour I, Belge H, Schaeffer C, Kipp A, Bonny O, 
Deltas C, Demoulin N, Fehr T, Fuster DG, Gale DP, Goffin E, Hodaňová K, Huynh-
Do U, Kistler A, Morelle J, Papagregoriou G, Pirson Y, Sandford R, Sayer JA, Torra 
R, Venzin C, Venzin R, Vogt B, Živná M, Greka A, Dahan K, Rampoldi L, Kmoch 
S, Bleyer AJ Sr, Devuyst O.  

 
 

Kidney Int. 2020 Sep;98(3):717-731. 
 
*EO, PH, and KO are co-first authors 
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4.5  Autosomal dominant ApoA4 mutations present as tubulointerstitial kidney 
disease  with medullary amyloidosis.   

 
 

Kmochová T, Kidd KO, Orr A, Hnízda A, Hartmannová H, Hodaňová K, Vyleťal 
P,   Naušová K, Brinsa V, Trešlová H, Sovová J, Barešová V, Svojšová K, Vrbacká 
A, Stránecký V, Robins VC, Taylor A, Martin L, Rivas-Chavez A, Payne R, Bleyer 
HA, Williams A, Rennke HG, Weins A, Short PJ, Agrawal V, Storsley LJ, Waikar 
SS, McPhail ED, Dasari S, Leung N, Hewlett T, Yorke J, Gaston D, Geldenhuys L, 
Samuels M, Levine AP, West M, Hůlková H, Pompach P, Novák P, Weinberg RB, 
Bedard K, Živná M, Sikora J, Bleyer AJ Sr, Kmoch S.  

 
 
     Kidney Int. 2023 Dec 12;. doi: 10.1016/j.kint.2023.11.021 
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