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Abstract: Chronic kidney disease (CKD) is associated with significant morbidity and mortality worldwide. In recent years, our
understanding of genetic causes of CKD has expanded significantly with several renal conditions having been identified. This review
discusses the current landscape of genetic kidney disease and their potential treatment options. This review will focus on cystic kidney
disease, glomerular disease with genetic associations, congenital anomalies of kidneys and urinary tract (CAKUT), autosomal
dominant-tubulointerstitial kidney disease (ADTKD), inherited nephrolithiasis and nephrocalcinosis.
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Introduction

The most common causes of CKD include hypertension, diabetes mellitus, glomerular disease as well as polycystic
kidney disease (PKD), which is a genetic disorder. Other forms of genetic kidney disease include those with glomerular
patterns of injury such as genetic nephrotic syndrome, focal segmental glomerulosclerosis, APOL1-related kidney
disease and atypical hemolytic uremic syndrome. Some systemic disorders have glomerular patterns of injury such as
Alport syndrome and Fabry disease. There are also congenital anomalies of kidneys and urinary tract (CAKUT), as well
as tubulointerstitial patterns of kidney disease such as autosomal dominant-tubulointerstitial kidney disease (ADTKD).
Finally, channelopathies may cause nephrolithiasis in the setting of primary hyperoxaluria, and Bartter and Gitelman
syndromes can result in nephrocalcinosis that leads to progressive kidney disease.

As the ability to test for genetic disease has evolved from Sanger sequencing to next-generation sequencing, gene
panel analysis is now widely used to test for specific genes implicated in the development in genetic kidney disease,
resulting in more targeted and cost-effective testing. As a result, it is important for clinicians to understand the
presentation, risks and management of these genetic kidney diseases to provide comprehensive care to those with genetic

kidney disease.'

Cystic Kidney Disease

Autosomal Dominant Polycystic Kidney Disease

Autosomal dominant polycystic kidney disease (ADPKD) is the most common hereditary cystic kidney disease and
accounts for 5-10% of end stage kidney disease (ESKD). Most cases are caused by mutations of the PKD 1 gene on
chromosome 16 and the PKD2 gene on chromosome 4, which encode the polycystin 1 and 2 proteins, respectively. The
PKD 1 mutation accounts for approximately 85% of cases and is associated with more severe disease with onset of renal
failure in the 6th decade, compared to those with the PKD 2 mutation who commonly manifest after the 7th decade of
life. Patients are often asymptomatic with normal renal function in young adulthood due to compensatory hyperfiltration
of the preserved nephrons. However, as the progressive destruction of nephrons occurs, accompanied by severe distortion
of the renal architecture, symptoms begin to manifest in the 4th decade of life. Early diagnosis may sometimes be
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achieved when there is known family history of the disease. Hypertension, polyuria, hematuria, nephrolithiasis, and
complications related to cyst burden such as abdominal pain, recurrent infections, and progressive renal failure
necessitating kidney replacement therapy (KRT) are common presentations for patients with ADPKD.*?

Autosomal Recessive Polycystic Kidney Disease

Autosomal recessive polycystic kidney disease (ARPKD) is a rare fibrocystic reno-hepatic genetic disorder mainly
affecting infants and children. It occurs due to mutation of PKHD1 gene that encodes the fibrocystin protein, leading to
formation of liver and renal cysts primarily affecting the collecting duct, unlike ADPKD that affects any segment of
nephron. Clinical manifestations depend on the degree of loss of function of fibrocystin with complete loss causing
severe disease. ARPKD may present with oligohydramnios in-utero, congenital hepatomegaly causing pulmonary
hypoplasia during infancy and bilateral renal cysts with early onset hypertension during early childhood. About half of
affected children progress to ESKD in early childhood.*?

Diagnosis and Treatment of ADPKD and ARPKD

Kidney ultrasound, computed tomography (CT) and magnetic resonance imaging (MRI) are common modalities used to
assess the number and size of cysts for diagnosis, and for measuring the total kidney volume (TKV). The height adjusted
TKV is used in the Mayo Clinic ADPKD classification to identify patients at risk of progression who may benefit from
treatment. Genetic testing is recommended for those patients with atypical presentations, or those with unknown family
history presenting with clinical features suggestive of inherited cystic disease.®’ Intracranial cerebral aneurysms are
common in ADPKD and it is controversial whether specific patients should be screened such as those with a family
history of sudden death, and those with a personal or family history of aneurysm. However, given the high risk of
rupture, some studies advocate both from a clinical and cost-effectiveness standpoint for universal screening in ADPKD.*

The goals of treatment for patients with ADPKD and ARPKD are similar. Blood pressure control with angiotensin
converting enzyme inhibition (ACEi) and angiotensin receptor blockers (ARB), low sodium intake and increased fluid
intake with a goal of achieving low urine osmolality are associated with slower rate of decline of renal function.
Tolvaptan, which is an oral V2 receptor antagonist, may be considered in those at high risk of disease progression and is
approved by the FDA for the treatment of ADPKD only. Tolvaptan has been demonstrated to slow the rate of decline of
glomerular filtration rate (GFR), improve blood pressure control and minimize pain from large kidney cysts. Tolvaptan
use requires frequent monitoring of patients’ laboratory parameters, especially liver function tests as there is a risk of
liver toxicity with its use. Those patients who progress to ESKD require kidney replacement therapy (KRT) with dialysis

or kidney transplantation. The overall outcome post replacement is comparable with non ADPKD patients.”'®

Nephronophthisis

Nephronophthisis (NPHP) is a common autosomal recessive cystic kidney disorder leading to ESKD during the first
three decades of life. Unlike polycystic kidney diseases, patients with NPHP tend to have normal sized or shrunken
kidneys due to predominant tubulointerstitial fibrosis and the fact that cyst concentration is only around the corticome-
dullary junction. Since the first identification of the NPHP gene as a possible cause for NPHP in 1997 by
Hildebrandt et al, more than 20 genetic mutations causing defects in primary cilia and centrosomes have been identified.
About 25% of NPHP is due to homozygous deletion of the NPHP1 gene. Extra-renal involvement causing skeletal
defects, visual impairment, liver fibrosis and cardiac septal defects are not uncommon.'' Affected infants develop early
onset polyuria, severe hypertension and renal failure, unlike juveniles and adolescents who will be normotensive despite
progressive renal failure, due to volume depletion. Unlike other cystic kidney disease, ultrasound may not reveal renal
cysts but may show hyperechogenic kidneys prenatally. Confirmatory genetic testing may reveal associated mutations in
more than 70% of cases. Kidney biopsy is considered for those patients with inconclusive genetic testing. Chronic
tubulointerstitial changes and basement membrane thickening are common findings on biopsy. There is no specific
therapy for affected patients except supportive care such as control of hypertension and adequate fluid intake.'*'* KRT
with dialysis or transplant is the main option for patients progressing to ESKD.
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Genetic Diseases/Mutations with Glomerular Manifestations

Nephrotic Syndrome

Hereditary nephrotic syndrome can occur in both the pediatric and adult population. Primary or autoimmune-mediated
forms of nephrotic syndrome are often steroid responsive, however the minority that are steroid resistant nephrotic
syndrome (SRNS), may have a genetic etiology.'* The majority of hereditary nephrotic syndrome is due to monogenic
genetic mutations affecting podocytes and can present as either isolated glomerular involvement or as part of a syndrome
with extra-renal manifestations.'>'®

Clinically, it is important to recognize when genetic testing for nephrotic syndrome should be offered as doing so can
assist with prognostication, assess the potential for immunosuppression success, and risk of recurrence after kidney
transplant. Commonly accepted indications to test include: congenital or onset of SRNS when <1 year old, strong family
history, onset in an adult <25 years old, absence of response to immunosuppression, presence of extra-renal features
consistent with a syndromic etiology, and in certain ethnic groups (eg, to assess for APOL1 nephropathy in the African
American population).'>'® To determine when to test patients with FSGS for a genetic etiology, the suggested approach
includes assessing clinical and renal pathology findings on electron microscopy — specifically looking for segmental foot
process effacement with the absence of response to immunosuppression or with the absence of nephrotic syndrome.'”
Recessive mutations will be harder to detect clinically as both parents need to be carriers, while dominant mutations often
present with family history, and screening is important for transplantation donor risk assessment.

There are several genetic mutations associated with the development of nephrotic syndrome and these can be
differentiated based on the location of the podocyte protein affected such as nuclear, lysosomal, mitochondrial,
cytoskeletal, intracellular, slit diaphragm, glomerular basement membrane or endothelial cell gene mutations (see
Figure 1 for location, name and mode of inheritance). Clinically, the majority of early onset nephrotic syndrome is
due to NPHS1 (nephrin) mutations resulting in Finnish-type nephropathy, and less commonly by NPHS2 (podocin),
WTI1, PLCE1, LAMB2 or LMXI1B mutations.'>?*?' Mutations in CD2AP, MYOIE, TRPC6 can also cause nephrotic
syndrome in childhood.

From a histological perspective, patients can present with several patterns of injury such as minimal change disease,
focal segmental glomerulosclerosis (FSGS), collapsing glomerulopathy or diffuse mesangial sclerosis.”*** In the adult
population, the majority of cases of FSGS are inherited in autosomal dominant fashion with the most common genes
implicated being INF2, TRPC6, ACTN4, SCARB2 and PAX2'® and may not always present with nephrotic range
proteinuria. FSGS due to COL4A3/4/5 mutations associated with Alport syndrome will be discussed later. Diffuse
mesangial sclerosis is more commonly seen in the congenital/infantile setting and usually with mutations in LAMB2,
PLCEI, NPHS1/2, WT1.'7-2!232% Histologically, a clue to differentiate NPHS1 from NPHS2 mutations is the presence of
proximal tubule microcytic dilation in those with NPHS1; however, this is not a universal phenomenon.21 Finally, some
genes may have several glomerular disease presentations such as DGKE and INF2 mutations which can be associated
with membrano-proliferative glomerulonephritis, FSGS and thrombotic microangiopathy (TMA).*>

It must be noted that these genetic mutations do not result in purely renal manifestations, but rather can have
syndromic presentations. A few key genes for the practicing nephrologist to be aware of include WT1 (Wilm’s Tumor 1
protein) — which can lead to Frasier or Denys Drash syndrome, LAMB2 (laminin-B2) mutations which can cause Pierson
syndrome, INF2 mutations which can lead to Charcot-Marie-Tooth disease, LMX1B mutations which can lead to nail-
patella syndrome.'>!'”"'® This highlights the importance of involving genetic counsellors and geneticists in the care of
genetic kidney disease so that extra-renal manifestations are either screened for, identified and managed based on the
mutation identified.

There are no randomized clinical trials or proven treatments for genetic forms of nephrotic syndrome. Currently, the
mainstay of treatment remains RAAS inhibition. In severe forms, in an effort to forgo nephrectomy, the addition of
indomethacin may be necessary.”® The majority of cases are resistant to immunosuppression; however, due to its
podocyte stabilizing effect, cyclosporine may be considered in select cases. In the setting of COQ2 or COQ6 mutation,
supplementation with co-enzyme Q may be beneficial and for ARHGDIA mutations, eplerenone may be considered.'”
Future treatments hinge on the development of gene ‘[herapy.26
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Apolipoprotein LI (APOLI) Nephropathy
The APOL1 gene is located on chromosome 2227 and originates from sub-Saharan Africa, as these variants provided
protection against the trypanosomal transmitted African sleeping sickness.”® APOLI risk alleles are inherited in
a recessive manner as one needs to inherit one of either the G1 or G2 gain of function variants from both parents.
High risk allele combinations of G1/G1, G1/G2 or G2/G2 convey increased risk of kidney disease. The likelihood of
kidney disease when inheriting only one risk allele is minimal.*®

There is a spectrum of kidney disease associated with APOLI, including focal segmental glomerulosclerosis,
hypertension-associated end-stage kidney disease (H-ESKD), and collapsing nephropathy in the setting of HIV infection
or interferon use. Within this spectrum of kidney disease, it is estimated that two risk alleles convey a 7 to 10-fold
increased risk of H-ESKD, 17-fold for FSGS, and 29 to 89-fold for HIV/collapsing nephropathy.* ' However, it is
important to note that not everyone with two risk alleles develop CKD, but rather, require a “second hit” or environ-
mental factor to trigger disease in genetically susceptible individuals.** In addition to these patterns of injury associated
with APOL1 inheritance, lupus nephritis, a disease that disproportionately affects African Americans, can also have an
increased risk of collapsing glomerulopathy and poor prognosis in the presence of APOLI risk alleles.’® The same has
also been described in PLA2R associated membranous nephropathy.**
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Despite the absence of a clear mechanism of disease, there is ongoing progress towards the development of treatments
of APOL1 associated kidney disease. While RAAS inhibition and various immunosuppressive regimens are sub-optimal
/ineffective in primary APOL1 associated disease, targeted therapies hold promise. In secondary disease, such as those in
the setting of HIV/interferon use, there is often improvement once the underlying trigger is treated. For primary APOLI1
disease, APOLI antisense oligonucleotides, APOL1 small molecule inhibitors and inhibitors of inflammatory pathways
implicated in APOL1 disease may be potential available treatment options in the future.*’

Atypical Hemolytic Uremic Syndrome

Hemolytic uremic syndrome (HUS) is a life-threatening disorder due to uncontrolled complement pathway activation
causing hemolytic anemia, thrombocytopenia, acute kidney failure with thrombotic microangiopathic injury to several
organs. The majority of cases occur in a setting of Shiga-toxigenic Escherichia coli (STEC) infection. Atypical HUS
(aHUS) which occurs in the absence of an identified infection accounts for about 10% of cases. Inherited or acquired
defects in the alternative complement pathway activation and regulation are the main causes for aHUS.>® More than half
of patients with aHUS have underlying mutations of complement genes causing loss of function of regulatory proteins
such as complement factor (CF) H, CFI, membrane cofactor protein (CD46), complement factor 3 (C3) as well gain of
function mutation of effector proteins such as complement factor B>’ (Figures 1 and 2). If untreated, about half of
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Figure 2 The alternative complement pathway with location of several sites of genetic defects (asterisk) and site of action of Eculizumab.
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patients progress to ESKD and approximately 25% die from the disease. Eculizumab, an anti — C5 monoclonal antibody,
is currently used for treatment of aHUS.>® The risk of recurrence after kidney transplant is reported to be very high.*
However, the use of eculizumab during the peri-transplant period may be helpful.

Alport Syndrome

Alport syndrome is a disease of type IV collagen®” that has been described dating back to the 1800s.*' Although the true
prevalence of Alport syndrome has been disputed, it is generally estimated to be between 1 in 5000 and 1 in 53,000
individuals*? and accounts for about 1-2% of Europeans with ESKD.* Type IV collagen is made of 6 genetically distinct
alpha () chains arranged into three triple helical protomers (a112, a345 and «556).*° Mutations resulting in Alport
syndrome occur in the COL4A3, COL4A4 and COL4A5 genes which code for the a3, a4 and a5 chains, respectively.**
This interferes with the assembly of the a3,4,5 cross-linked network that would normally form in the basement
membrane.*’

Although originally thought of as an X-linked disease, it is now understood that Alport syndrome has multiple types
of inheritance depending on the mutation being passed down. The COL4A3 and COL4A4 genes are coded on
chromosome 2q35-37 while COL4AS5 is coded on chromosome X.** X-linked Alport syndrome makes up 80% of
cases and results from mutations in COL4AS. Mutations in COL4A3 and COL4A4 give rise to Alport syndrome with
autosomal recessive or autosomal dominant inheritance which make up about 15% and 5% of these cases, respectively.*®
Autosomal dominant Alport syndrome is increasingly recognized. As expected, these pathologies of type IV collagen
result in a diseased renal basement membrane giving Alport syndrome its pathological and phenotypical characteristics.
On electron microscopy, thinning of the glomerular basement membrane (GBM) has been well described in patients with
Alport syndrome.*” Splitting or lamellation of the GBM can also be found later in the disease’s course***° (Figure 3).
Findings on light microscopy range from minimal glomerular abnormalities to mesangial proliferation to focal segmental
glomerulosclerosis, with prominent interstitial foam cells due to severe proteinuria. On immunofluorescence, findings
range from negative staining to non-specific staining of IgG, IgA, IgM, C3 or C1q.>°

The characteristic findings of Alport syndrome are those of the kidney, eyes and ear. The renal findings of a patient
with Alport syndrome can vary based on the mutation and inheritance but are generally characterized by microscopic
hematuria and proteinuria which over time can progress to renal failure.’' Lenticonus results from the conical protrusion

of the lens which is found in about 50% of men with X-linked Alport syndrome. Central fleck retinopathy has been

described in 60% of men with X-linked Alport syndrome.>? Finally, sensorineural hearing loss can affect as many as 90%
53

of males with X-linked Alport syndrome.

Figure 3 Electron microscopy highlighting the architectural abnormalities of the glomerular basement membranes in an Alport patient. The GBM ranges from segmentally
thinned, to thickened and lamellated (x6000 magnification).
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Diagnosing Alport syndrome has seen some evolution through the years and genetic testing is often offered to clarify
the diagnosis. Despite recent advancements in testing and a broader understanding in this disease as a whole, treatment of
Alport syndrome remains limited. ACEi and ARB therapy remain the first-line treatment as they have demonstrated the
ability to slow the rate of disease progression. Either ACEi or ARB should be started at the time of diagnosis and titrated
up to the maximal tolerated dose.’* Recently, a case series has shown promise for the use of SGLT2 inhibitors, but large-
scale clinical trials are needed.” Alport syndrome may progress to kidney failure necessitating kidney replacement
therapy or kidney transplantation.>® Future treatment options for Alport syndrome include paricalcitol, epidermal growth
factor receptor inhibition, chaperone therapy and stem-cell-based therapies.”

Fabry Disease

Fabry disease is a rare X-linked lysosomal storage disease caused by o-galactosidase A (0-Gal A) deficiency. a-Gal A is
a lysosomal hydrolase crucial for glycosphingolipid metabolism. Glycosphingolipids are normal constituents of the cell
membrane as well as the membranes of intracellular organelles and in Fabry disease, a-Gal A deficiency leads to a tissue
accumulation of trihexosylceramide causing the diseases’ manifestations.’® The incidence of Fabry disease in males is
estimated to be between 1 in 50,000 and 1 in 117,000.%° There have been over 1000 different mutations identified of the
GLA gene that lead to a deficiency in a-Gal.°*"®* This deficiency results in a systemic disorder that can be diagnosed at
almost any age ranging from newborns to adults in their 50s.%

The renal defects seen in Fabry disease often present as just mild to moderate proteinuria.®> Nephrotic syndrome and
microscopic hematuria can occur but they are not as common.** Glomerular filtration rate (GFR) tends to be preserved at
the time of presentation.®” Urinary lipiduria, when examined under the microscope with polarized light, can reveal oval
fat bodies with a Maltese cross configuration due to the glycosphingolipid in the urine.°®®’ Patients generally experience
a gradual deterioration of their renal function with hypertension and ESKD often developing when the patient is in their
40s-50s.> From a renal pathology perspective on light microscopy, glomerular epithelial cells are enlarged and packed

with small, foamy appearing clear vacuoles that represent glycosphingolipid material®®

(Figure 4). Vacuoles can also be
seen in endothelial cells and smooth muscle cells of arterioles and arteries.®® This causes a progressive segmental and
global glomerulosclerosis.®® Immunofluorescence is generally negative. On electron microscopy, podocytes are filled
with osmiophilic, granular-to-lamellated membrane structures often termed “zebra bodies”*"° (Figure 5).

The other systemic manifestations seen in Fabry disease include neurological symptoms such as autonomic dysfunc-
tion, acroparesthesia, hearing loss, seizures, transient ischemic attacks, and cerebral hemorrhage. Angiokeratomas
distributed in the bathing area, and whorl like corneal opacities are characteristic findings of Fabry disease. Cardiac

findings include left ventricular hypertrophy, coronary disease, arrhythmias and congestive heart disease.’® Diagnosing

Figure 4 Renal biopsy from a patient with Fabry disease, confirmed after renal biopsy with genetic testing. The biopsy showed glomeruli with “foamy” podocytes due to the
accumulation of lipid material within the cytoplasm. Jones methenamine silver x600 magnification.
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Figure 5 Electron microscopy shows lipid inclusions within podocyte cell bodies with the characteristic appearance of “zebra bodies” and “myelin figures” (x9300
magnification).

Fabry disease can be challenging due to the non-specific symptoms on presentation, and genetic testing is often needed to
confirm the diagnosis particularly in female patients, because the enzyme level is less reliable in females. Enzyme
replacement therapy (ERT) has been available for treatment of Fabry disease in Europe since 2001 and USA since 2003
and this treatment option has already demonstrated a beneficial effect on the complications and mortality of Fabry
disease.”' The introduction of pharmacologic chaperone therapy with migalastat provides an alternative to ERT for
certain individuals with amenable mutations.

CAKUT - Congenital Anomalies of the Kidney and Urinary Tract
Congenital anomalies of the kidney and urinary tract is the most common cause of kidney failure in children. It occurs in more
than 40% of children and adolescents starting dialysis, unlike adults where its prevalence was reported to be below 5%.*"* It
occurs due to the aberrant development of the kidney and out flow tract during embryogenesis. It may present as an isolated
disorder or as a part of a syndrome affecting multiple organs.’ It accounts for about 20-30% of all congenital malformations
among live births.”® The underlying cause is not completely understood due to genetic and phenotypic heterogeneity but it is
presumed to be multifactorial involving both genetic mutations and environmental factors. More than 40 monogenic genes are
identified as causes for CAKUT if mutated. Mutations of HNF1B and PAX2 account for about 5—15% of patients affected with
CAKUT. 737576

Clinical presentation depends on the severity of anomaly, ranging from life incompatible bilateral renal agenesis or
hypoplasia causing intrauterine fetal death to structural and functional anomalies such as renal dysplasia, horseshoe kidney,
pelvic kidney, congenital hydronephrosis, ureteropelvic junction (UPJ) obstruction, vesicoureteral reflux (VUR), bladder
exstrophy and asymptomatic posterior urethral valves (PUV) leading to severe hypertension, proteinuria, recurrent infection
and progressive kidney failure. Most of the affected patients with unilateral defects will remain asymptomatic. The risk of
ESKD is highest among affected live births in the first few months of life and later during adolescence.”’*"778

Antenatal screening with obstetric ultrasound may help in the early diagnosis of CAKUT. For those with structural
deformities and signs of renal failure during childhood, renal ultrasound and voiding cystourethrography are tests of
choice.” Genetic work up will help identify the underlying etiology which may help determine whether it is an isolated
disorder or part of a syndrome affecting multiple organs.”>’*”” Treatment of patients with CAKUT involves
a multidisciplinary approach from routine follow up, reconstructive surgery to kidney replacement therapy with dialysis
or kidney transplant. Among those patients undergoing KRT, survival is better compared to adults due to lower
cardiovascular mortality.”®

ADTKD - Autosomal Dominant Tubulointerstitial Kidney Disease
Autosomal dominant tubulointerstitial kidney disease is an under recognized monogenic kidney disease that affects the
renal tubules and interstitium leading to progressive kidney fibrosis.** In 2015, a KDIGO consensus report reclassified
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ADTKD based on underlying genetic defects and distanced the nephrology community from previous misnomers.*® The
most common mutations occur in the tubular cell genes encoding uromodulin (UMOD),*'~# hepatocyte nuclear factor-1b
(HNFIB),** renin (REN),* and mucin-1 (MUCI)® (see Table 1). The corresponding terminologies for gene-specific
diseases are ADTKD-UMOD, ADTKD-HNF1B, ADTKD-REN, and ADTKD-MUC1.%° If a genetic mutation is not
found or is not tested, the umbrella diagnostic term is ADTKD-NOS (not otherwise specified).*> ADTKD-UMOD is the
most frequent subtype followed by ADTKD-MUC1.%® Next-generation sequencing has increased diagnosis and aware-
ness of ADTKD.*® Clinical features of ADTKD include variably progressive kidney disease leading to ESKD between
the second and seventh decades.®”**

Approximately 3% of ESKD in the United States of America is thought to be due to UMOD mutations.®® A family
history of kidney disease is common at diagnosis with an autosomal dominant inheritance pattern.®® Urinalysis is often
bland and a renal ultrasound is consistent with normal to small sized kidneys.*”°' Kidney biopsy histology typically
reveals interstitial fibrosis with tubular atrophy and intact glomeruli.”*** Usual histologic findings include thickening and
lamellation of the tubular of tubular basement membranes.***** When family history is absent, kidney biopsy may be
helpful as it can detect uromodulin (UMOD) accumulation to help establish the ADTKD-UMOD diagnosis.”* However,
kidney biopsy may not always be necessary for diagnosis with the advancement of genetic testing.”**> Hyperuricemia
and gout are associated with UMOD and REN mutations.®**’

Uromodulin is encoded by UMOD in the loop of Henle epithelial cells and the pathophysiology of ADTKD-UMOD is
not fully understood.”® The disease is thought to be due to impaired intracellular transport of uromodulin and resultant
endoplasmic reticulum accumulation.’® Hyperuricemia in ADTKD-UMOD is thought to be due to a downregulation of
the Na™—K "—2CI~ cotransporter and reactive Na*-urate cotransporter upregulation.”®”” Mucin-1 is encoded by MUCI
and functions as a transmembrane protein in the distal tubule luminal epithelium.”®° Similarly, a frameshift mutation in
MUCI is thought to precipitate intracellular accumulation of mucin-1 negating its luminal barrier protection role.5*'%°
HNF'1B encodes a transcription factor hepatocyte nuclear factor 1b (HNF1b) which regulates UMOD amongst many
other genes.'®""'%? This explains how isolated kidney disease is rare with HNFIB mutations and extrarenal findings
involving the liver and pancreas are common.”"'% Preprorenin is encoded by REN and proteolysis leads to renin
production.'® Renin is known to lead to angiotensin activation, but it is also expressed in the renal tubules and mutations
affecting REN are thought to cause intracellular accumulation of abnormal renin.'®*'% It is worth mentioning that the

mechanism of the mutations leading to tubulointerstitial fibrosis is unknown.

Table | Potential Genes Mutations and Clinical Manifestations That Result in Autosomal Dominant Tubulointerstitial Kidney Disease
(ADTKD)

Type of Genes/Encoding Clinical Features

ADTKD proteins

ADTKD- UMOD/Uromodulin Most common cause of ADTKD

UMOD Characterized by progressive CKD and early onset gout

ADTKD- MUCI/Mucin | Corticomedullary or medullary cysts are common.

MUCI Cytosine insertion is the most common pathogenic variant
ADTKD- HNF I b/Hepatocyte nuclear Also known as mature onset diabetes of the young (MODY) type 5
HNFIB factor 1b Associated with kidney cysts and renal dysplasia.

Extrarenal manifestations include pancreatic hypoplasia, early onset diabetes, uterus abnormalities
and hypomagnesemia

ADTKD-REN | REN/Renin Hypotension and hyperkalemia are common

ADTKD-NOS | Includes SEC61AI/SEC6I May present with neutropenia or intrauterine growth retardation
translocon alpha | subunit
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Family history is helpful in diagnosing ADTKD-related disease based on the autosomal dominant inheritance pattern
of these mutations.***'*” De novo mutations that cause ADTKD are known to occur.®**’ There is also variable
penetrance of disease which is manifested by a wide variation in age when kidney replacement therapy is needed.
Unrecognized chronic kidney disease in family members can make the diagnosis difficult and testing for genetic
mutations is critical for establishing a diagnosis. ADTKD-MUCI is the most diagnostically challenging, with diagnosis
only achievable by molecular diagnostics in very few labs.50-%392

There are no available targeted therapies for ADTKD. Kidney transplantation offers the best treatment for advanced
kidney disease related to ADTKD with no evidence of recurrence of disease.****> Urate lowering therapy can manage
hyperuricemia associated with UMOD and MUCI mutations.”> RAAS blockade and drugs with propensity for volume
depletion should be avoided in ADTKD-REN.”>'% Novel targeted therapeutics including small molecule inhibitors are

currently under investigation.”’

Nephrolithiasis and Nephrocalcinosis

While most renal stones are due to complex polygenic derangements, exacerbated by environmental and anatomical
factors, up to 15% of patients may have monogenic disorders.'®” The detection of these disorders can affect treatment,
prognosis, likelihood of recurrence and risk to family members. Factors that identify possible inherited stone disease
include early age at onset, positive family history, or history of consanguinity. The presence of a high stone burden,
radiologic evidence of nephrocalcinosis, or impaired renal function are also important clues. In addition, the presence of
extrarenal factors such as hearing or vision abnormalities, and neurological disorders is strongly suggestive of monogenic
disease.'” This review will examine some of the monogenic disorders that lead to the metabolic derangements that
characterize renal stone disease.

Primary Hyperoxaluria

The primary hyperoxalurias (PH) is a group of three autosomal recessive disorders in which enzyme defects produce
insoluble calcium oxalate that results in renal stones or nephrocalcinosis. These disorders are due to abnormal glyoxylate
metabolism in the hepatocyte. PHI is due to alanine: glyoxylate aminotransferase (AGT) deficiency in the peroxisomes
and PH2 is due to deficiency of glyoxylate/hydroxypyruvate reductase (GRHPR) in the cytosol. These conditions both
result in excess glyoxylate which is converted to oxalate by the enzyme lactate dehydrogenase. PH3 is due to a defect in
the mitochondrial enzyme hydroxyoxoglutarate aldolase that results in metabolism of hydroxyoxoglutarate to oxalate.'®
PHI is the most common type affecting 70-80% of patients.''® It is also the most severe with half of young patients
progressing to ESKD by early adulthood.'"

The disease may present in early childhood but is sometimes diagnosed in adults with recurrent calcium oxalate
stones and marked renal insufficiency. Timely diagnosis and intervention are crucial to prevent progression to ESKD, or
recurrence after renal transplantation. Elevated 24-hour urine oxalate levels are common, and the subtypes may be
differentiated by measuring specific urinary metabolites. Genetic testing is confirmatory. General management includes
increased fluid intake aiming for at least three liters of urine per day, reduced dietary oxalate and urinary alkalinization
with potassium citrate. Pyridoxine supplementation in PHI can reduce oxalate production by acting as a coenzyme of
alanine-glyoxylate aminotransferase (AGT) which is most effective in cases with ¢.508 G>A allele. Lumasiran, an RNA
interference (RNA1) therapeutic agent that targets glycolate oxidase, was approved by the Food and Drug Administration
in 2020 for PH1. Liver transplantation is curative.

Cystinuria

Cystinuria is an autosomal recessive disorder due to defects in the cystine/dibasic amino acid transporter. There is
decreased proximal tubular reabsorption of cystine which results in high levels of urinary cysteine. This leads to the
formation of cystine stones because of the low solubility of cystine at normal urinary pH. Cystinuria is caused by
mutations in the SLC3A41 gene or in the SLC7A49 gene. Patients typically present with stone disease in childhood, often
with staghorn calculi or recurrent stone disease. The finding of the pathognomonic hexagonal cystine crystals on urine
microscopy, or stone analysis demonstrating 100% cystine stones, establishes the diagnosis. Genetic testing can confirm
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the diagnosis but is not required. All patients should have 24-hour urine quantification of cystine. Most patients excrete
more than 400 mg per day of cystine, compared to normal urinary excretion of 30 mg/day. Conservative measures for
treatment include high fluid intake, alkalinization of urine and decreased dietary sodium and animal protein intake.
Definitive treatment with thiol containing compounds such as tiopronin and D-penicillamine results in the formation of
more soluble drug-cysteine disulphides. This step is usually reserved for more severe stone disease due to the high

. 112
incidence of adverse effects.

Stone Disease Due to Disorders of Purine Metabolism

Deficiency of the enzymes adenine phosphoribosyl transferase (APRT) and xanthine dehydrogenase (XDH) leads to
accumulation of insoluble substances that cause radiolucent stones. 2,8-dihydroxyadenine (DHA) and xanthine stones are
formed respectively. These are autosomal recessive diseases that result in ESKD. 2-8% of children with renal stones
have hyperuricosuria.''> Monogenic metabolic disorders such as Lesch Nyhan Syndrome (hypoxanthine-guanine phos-
phoribosyltransferase (HPRT) deficiency) and phosphoribosyl pyrophosphate synthase (PRPPS) hyperactivity can cause
severe hyperuricosuria and uric acid nephrolithiasis. These rare recessive disorders can also lead to ESKD.

Dent Disease

Dent disease is an X-linked recessive disorder that causes ESKD in adulthood. It is caused by mutations in the CLCN5
gene that encodes the chloride/hydrogen ion exchanger, CIC-5. The disease causes a Fanconi syndrome as well as
hypercalciuria, nephrocalcinosis and nephrolithiasis. Other proximal tubule disorders include Lowe syndrome and mutant
variants of the sodium phosphate (NaPi-2) transporter.

Bartter Syndromes

Bartter syndromes are autosomal recessive disorders due to mutations in the thick ascending limb transporter proteins.
Patients have hypokalemic metabolic alkalosis, low normal blood pressure, and hypercalciuria that often leads to
nephrocalcinosis. There are 5 types of Bartter syndrome described. The most recent discovery, Bartter syndrome
type 5, is due to a gain of function mutation of the calcium sensing receptor (CaSR). This leads to inhibition of the
renal outer medullary potassium channel (ROMK) and inactivation of the Na-K-2Cl cotransporter (NKCC2) with
resultant hypercalciuria and salt wasting. Nephrocalcinosis occurs in all types of Bartter syndrome, but may be more
severe in types 1, 2 and 5.'" Nephrolithiasis is related to distal RTA can be autosomal dominant or recessive in
inheritance. Mutations in the basolateral anion (CI /HCO3") exchanger AE1 or subunits of the H+ATPase ion pump
result in disease phenotypes ranging from severe bilateral stone disease with failure to thrive in childhood, to mild
metabolic acidosis and nephrocalcinosis in adults.

Single Nucleotide Polymorphisms and Nephrolithiasis

Single nucleotide polymorphisms (SNP) in certain genes are associated with hypercalcemia and nephrolithiasis. Claudins
are transmembrane proteins that regulate paracellular transport in tight junctions. Claudin 14 (CLDN14) regulates
calcium reabsorption in the thick ascending limb of the Loop of Henle, and its expression is modulated by the calcium
sensing receptor. CLDN14 SNP’s, 15219780 and rs219781 have been shown to be associated with nephrolithiasis.''> The
gene that encodes an alkaline phosphatase isoenzyme (ALPL) has also been identified as a candidate gene for
nephrolithiasis. ALPL located in the proximal tubule, hydrolyses pyrophosphate (an inhibitor of stone formation), to
phosphate. The SNP ALPL rs1256238 is associated with a higher risk of stone disease.''

Molecular genetics has the potential to alter our approach to renal stone disease, as there will undoubtedly be more
mutations and variants identified that cause nephrolithiasis and nephrocalcinosis. Phenotypic expression is highly
variable and may be due to a complex interplay of environmental and genetic factors. Identification of these genetic
variants and understanding of their pathophysiological effects can lead to early diagnosis and treatment. This will
alleviate the morbidity associated with stone disease and in some cases, reduce the likelihood of progression to ESKD.
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Conclusion

Historically, many genetic causes of kidney disease were poorly understood and often various forms of CKD were
thought to be related to other modifiable risk factors. Now with the ongoing understanding of these pathologies,
diagnosing inheritable disorders is done more effectively and earlier and can potentially have a positive impact on the
care of a large segment of the CKD population. As our knowledge and understanding of these conditions continues to
grow, proper and timely diagnosis of these conditions may lead to a more patient centered approach of CKD management
as well as future novel therapeutics.
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